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Introduction	

I.1. Interferon 

One of the key mechanisms that empowers the cell to recognize and fight 

against pathogens is the interferon (IFN) system. Interferons are cytokines secreted by 

all nucleated cells in the early steps of the innate immune response. IFN secretion 

induces a strong antiviral environment in response to infections and has also been 

described to trigger anti-proliferative and immune modulatory activities (Teijaro, 2016). 

IFNs are classified in 3 groups: Type I IFN includes the well characterized IFNα (with 

12 subtypes) and IFNβ, as well as, IFNε, IFNκ and IFNω; Type II IFN is composed by 

IFNγ; and type III by IFNλ, including IFNλ1, IFNλ2, IFNλ3 and IFNλ4 subtypes 

(Bruening et al., 2017; Lin and Young, 2014; O’Brien et al., 2014). In this work, we 

will focus on type I IFN.  

The type I IFN pathway is generally divided into two fundamental processes: (i) 

the IFN synthesis pathway, which initiates with the recognition of the pathogenic 

molecules and ends with the secretion of IFN, and the expression of proinflammatory 

cytokines and some antiviral factors, and (ii) the IFN signaling pathway, which initiates 

when the secreted IFN is bound by the IFN receptor and ends with the production of 

IFN-stimulated genes (ISGs) and the constitution of the antiviral response.  

 

I.1.1. Interferon synthesis pathway 

Bacteria, viruses and other pathogens produce molecules that can be recognized 

by the cell as foreign factors. These are either molecules that are not produced by 

eukaryotic cells or more general compounds that are miss-localized as a result of 

infection. Examples are lipopolysaccharides (LPS), which are the major components of 

the outer membranes of Gram-negative bacteria, or deoxyribonucleic acid (DNA) or 

ribonucleic acid (RNA) molecules located out of the cell or inside the cytoplasm. These 

factors are collectively classified as pathogen-associated molecular patterns (PAMPs) 

and can be sensed in the cells by PAMP recognition receptors (PRRs). These receptors 

are located on the cell surface (to detect pathogens that are approaching the cell), in 

intracellular compartments within endosomes (to detect infections that enter through the 

endocytic pathway) or inside the cytoplasm (to detect invasions that have released 

genomic material in the cytoplasm or pathogen replication).  
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Figure I.1. Schematic of PAMP recognition receptors. CLR and TLR receptors 1, 2 and 4-6 
locate in the cell membrane; TLRs 3 and 7-9 locate in endosomes; and RLRs (RIG-I and MDA5), 
NLRs (NOD1, NOD2, NALP3 and NLRP3) and ALR (AIM2) locate in the cytoplasm. PAMPs are 
indicated for each receptor. See the text for more details. 

 

PRRs include Toll-like receptors (TLRs), NOD like receptors (NLRs), C-type 

lectin receptors (CLRs), absent in melanoma 2 (AIM2)-like receptors (ALR) and 

retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) (Fig. I.1) (Reikine et al., 

2014). TLRs are located in the cell membrane or in endosomes and recognize a wide 

range of PAMPs. In the cytoplasm, there are two RLRs named retinoic acid-inducible 

gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) that recognize 

viral RNA according to the length and 5’ end of the RNA. RIG-I senses single stranded 

RNA (ssRNA) and short double stranded RNA (dsRNA), while MDA5 responds to 

long dsRNA (Reikine et al., 2014). RIG-I is auto inhibited by its regulatory domain. 

Upon sensing viral RNA, RIG-I undergoes conformational changes and ubiquitination 

by E3 ligase tripartite motif containing 25 (TRIM25), which leads to its dimerization 

and activation (Gack et al., 2007; Oshiumi et al., 2013b). Then RIG-I associates with 

mitochondrial antiviral signaling protein (MAVS) via caspase activation and 

recruitment domains (CARD)-CARD interactions and this recruits tumor necrosis factor 

(TNF) receptor associated factors (TRAFs) (Liu et al., 2012). On one hand, MAVS can 

activate TANK binding kinase 1 (TBK1) and Iκβ kinase ε (IKKε) (Hemmi et al., 2004). 
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Then, interferon regulatory factors (IRFs) 3 and 7 are phosphorylated by IKKε and 

activated. On the other hand, MAVS activates nuclear factor κB (NF-κB) through 

IKKα/IKKβ/IKKγ (Sharma et al., 2003; Sun et al., 2015; Thompson et al., 2011; Yang 

and Zhu, 2015). Once activated, IRFs and NF-κB translocate to the nucleus and bind to 

specific target sites on the promoter of certain genes to induce their transcription. IRFs 

induce a first wave of ISGs, NF-κB induces inflammatory cytokines and, together, they 

activate IFNβ synthesis and secretion (Fig. I.2).  

 

 
Figure I.2. Schematic of RIG-I activation and signaling. RIG-I recognizes cytoplasmic RNA, 
changes its conformation, suffers ubiquitination, dimerizes and binds MAVS through its CARD 
domains. MAVS activates NF-κB (p50/p65) via IKKα/β/γ complex, and IRF3 and 7 via 
TBK1/IKKε. These transcription factors translocate to the nucleus and help transcription of 
cytokines, ISGs and INFβ. 

 

IFNβ transcription activation requires transcription factor binding, as well as 

chromatin state modification. NF-κB binds to the IFNβ promoter, recruits IRFs together 

with activating transcription factor 2 (ATF-2)/c-JUN and establishes the scaffold 

required for the recruitment of (i) the p300/CREB binding protein (CBP) associated 

factor (PCAF) chromatin-modifying complex, (ii) its co-activator the histone acetyl 

transferase (HAT) p300/CBP, and (iii) the chromatin remodeling complexes 
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switch/sucrose non-fermentable (SWI/SNF). These factors lead to changes in the 

chromatin that allow the recruitment of complexes that allow transcription initiation of 

IFNβ (Bhatt and Ghosh, 2014). Interestingly, p300/CBP acetylates histones and lysine 

310 of the p65 subunit of NF-κB, also known as V-rel avian reticuloendotheliosis viral 

oncogene homolog A (RELA). This acetylation favors the interaction between NF-κB 

and positive transcription elongation factor b (P-TEFb), which promotes RNA 

polymerase II elongation (Bhatt and Ghosh, 2014). 

Similarly to RIG-I, induction of MDA5 or TLRs can also result in increased 

transcription of ISGs, pro-inflammatory cytokines and type I IFN. Further, there are 

several non-canonical pathways in which cellular proteins that are not classified as 

PRRs, can bind to certain PAMPs and induce antiviral states. This is the case of the 

protein kinase R (PKR) or the DEAD box RNA helicase 3 (DDX3) among others. PKR 

is a cytoplasmic protein that binds dsRNA. PKR activation after dsRNA binding 

triggers interaction of PKR with MAVS, MAVS activation and ISG transcription via 

NF-κB (Dabo and Meurs, 2012). Further, active PKR phosphorylates eukaryotic 

translation initiation factor eIF2α and impairs translation (Dabo and Meurs, 2012; 

Meurs et al., 1992). DDX3 also senses dsRNA and interacts with MAVS to activate 

IKKs. Moreover, it participates in the downstream signaling events by associating with 

TBK1, IKKε or IRF3 (Fullam and Schröder, 2013). 

Most cells secrete type I IFN after infection and respond to secreted type I IFN. 

However, plasmacytoid dendritic cells (pDC) are professional IFN producers. They 

sense viral RNA or DNA with TLR7 and TLR9 receptors and produce massive amounts 

of type I IFN without being infected (Sozzani et al., 2017). 

 

I.1.2. IFN signalling pathway 

Type I IFN secreted from the infected cells or the pDCs binds to IFNα receptors 

(IFNAR) present on the surface of cells. IFN-receptor is composed of two 

transmembrane subunits, IFNAR-1 and IFNAR-2 that associate to Janus kinase 1 

(JAK1) and Tyrosine kinase 2 (TYK2) in the cytoplasm. IFN binding to IFNAR on 

infected and non-infected neighboring cells activates the Janus kinase/signal transducer 

and activator of transcription (JAK/STAT) pathway (Fig. I.3). JAK 1 and TYK2 kinases 

phosphorylate STAT molecules, STAT1 dimerizes with STAT2 and the heterodimer 

binds IRF9 to form the interferon-stimulated gene factor 3 (ISGF3). ISGF3 is 

translocated to the nucleus where it binds the interferon-stimulated response elements 
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(ISREs) present in ISG promoters to induce transcription (Hertzog and Williams, 2013; 

Ivashkiv and Donlin, 2014; Schneider et al., 2014). ISG transcription requires the 

recruitment of several chromatin-modifying complexes. While STAT1 and IRF9 are in 

charge of DNA recognition and stable binding, STAT2 recruits p300/CBP or GCN5 

HATs to the ISG promoter. Once the transcription initiation complex is activated in 

response to type I IFN, transcription results in a tremendous upregulation of many ISGs 

with complementary functions. These establish the cellular antiviral state.  

 

 
Figure I.3. Schematic of IFN signaling pathway. IFNα and β are recognized by IFNAR receptor 
that activates the JAK/STAT pathway. ISGF3 complex recognizes ISRE motifs. Activation of 
STAT1 or STAT3 can also lead to the formation of homodimers that bind the gamma activated sites 
(GAS) motifs present in several genes related to the inflammatory pathway. Modified from Ivashkiv 
and Donlin (Ivashkiv and Donlin, 2014). 

 

I.1.3. ISGs 

ISGs can be divided into three groups according to their function: (i) to increase 

the antiviral response; (ii) to inhibit viral replication and (iii) to help cells return to 

homeostasis. PKR, oligoadenylate synthetase (OAS) or ribonuclease L (RNaseL), 
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myxovirus resistance-A (MxA), STAT1, STAT2, IRF1, IRF3, IRF7 and IRF9 are ISGs 

that belong to the first group. They function as positive regulators to reinforce pathogen 

detection and IFN synthesis and/or signaling, and to increase ISG expression. PKR 

functions as a dsRNA sensor (see section I.1.1). OAS recognizes PAMPs and activates 

latent endoribonuclease (RNase L) that cleaves viral and cellular RNAs reinforcing the 

antiviral response and providing new PAMPs (Schneider et al., 2014). MxA stimulates 

the production of IFNα and IFNβ and enhances the JAK/STAT pathway (Shi et al., 

2017). IRF3 and 7 are required for IFN synthesis, and STAT1, STAT2 and IRF9 for 

IFN signaling (see sections I.1.1 and I.1.2) (Fig. I.2 and I.3). IRF1 is a transcription 

factor that binds ISRE-like sequences present in the promoter of several ISGs and 

induces a secondary wave of ISG transcription, probably developed to maintain an 

antiviral state after pathogen-mediated inhibition of the first wave of IFN response 

(Schoggins et al., 2011). In addition, ISGs affect several steps of the viral cycle.  IFN-

induced transmembrane proteins (IFITM) avoid viral entry to the cell of a wide 

spectrum of viruses including influenza virus or dengue virus (Bailey et al., 2014). IFN-

induced proteins with tetratricopeptide repeats (IFIT) proteins inhibit virus replication 

by affecting translation initiation factor eIF3 and blocking cellular and viral protein 

synthesis. Moreover, IFIT1 can sequester viral RNAs with free 5’triphosphate ends and 

inhibit its replication (Fensterl and Sen, 2015; Zhou et al., 2013). Besides, tripartite-

motif-containing (TRIM) proteins affect infection of several viruses at different steps. 

For example, TRIM5α binds viral capsids to accelerate viral disassembly and has been 

well studied in relation to retroviruses, while TRIM22 inhibits viral transcription and 

regulation (Hattlmann et al., 2012; Schneider et al., 2014). Viperin and tetherin are 

other ISGs that impede viral assembly and release (Fitzgerald, 2011; Mahauad-

Fernandez and Okeoma, 2016). 

Finally, among the ISGs that allow the cell to return to homeostasis are ubiquitin 

specific peptidase 18 (USP18), a protein inhibitor of activated STATs (PIAS) and a 

suppressor of cytokine signaling (SOCS). USP18 (UBP43) is a protease that blocks IFN 

signaling by binding to the IFNAR-2 receptor and interfering with JAK binding 

(Malakhova et al., 2006). The SUMO E3 ligase protein PIAS1 interacts with STAT1 or 

IRF3 and blocks their binding to DNA, decreasing the STAT1- or IRF3-induced IFN 

response (Li et al., 2013b; Liu et al., 1998). SOCS1 and SOCS3 bind to phosphorylated 

tyrosine residues on the IFN receptors or the JAK proteins, resulting in inhibition of 

JAK activity and STAT binding (Yoshimura et al., 2007). 
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The extensive number of ISG functions demonstrates the potent antiviral 

protection given by type I IFN. Indeed IFN defends the cells from infections with 

viruses such as herpes simplex virus, cytomegalovirus, human immunodeficency virus 

(HIV), and hepatitis virus (Doyle et al., 2015; Giraldo et al., 2017; Trilling et al., 2012; 

Woo et al., 2017). For this reason, IFNα is used as a therapy for some chronic infections 

and in cancer immunotherapy as well (Snell et al., 2017). However, prolonged IFN 

treatment causes cell toxicity and can lead to autoimmune diseases (Chen et al., 2017a). 

Therefore, it is important the use of alternative drugs to treat viral infections. A 

successful example is that of hepatitis C virus (HCV). For many years, IFNα was the 

treatment of choice for HCV infection, however nowadays small molecules that target 

viral proteins, such as daclatasvir or sofosbuvir are the gold standard for the treatment 

of HCV infections (Flisiak et al., 2017). 

 

I.2. Hepatitis C virus infection 

HCV is a hepatotropic virus member of the Flaviviridae family discovered 

almost 30 years ago (Choo et al., 1989, 1991). HCV infection affects 1.6% of the 

world’s population (≅115 million people). The disease has a prevalence of 0.1% to 23% 

depending on the region (Daw et al., 2016; Gower et al., 2014). Asia has the highest 

prevalence, with 60% of the HCV-infected people. Out of the 6 major genotypes (1a, 

1b, 2-6) described for HCV, the most common is genotype 1, which is responsible for 

46% of all infections, followed by genotypes 3, 2, 4 and 6. HCV infection is mainly 

caused by iatrogenic transmission in low- and middle-income countries, and by risky 

sexual practices and sharing needles while tattooing or injecting drugs in developed 

countries (Lanini et al., 2016). After HCV entry, the virus produces an acute infection 

which spontaneously resolves in 15-50% of cases within the first 12-16 weeks, but 

which may become chronic in 55-85% of the cases (Ghany et al., 2009; Hepatitis C 

guidance: AASLD-IDSA recommendations for testing, managing, and treating adults 

infected with hepatitis C virus, 2015). In many cases, the infection remains undiagnosed 

for many years, because chronic infection is often asymptomatic. The liver injury 

caused by the infection may progress to liver steatosis, fibrosis, cirrhosis and eventually 

hepatocellular carcinoma (HCC) (Carnero and Fortes, 2016; Miao et al., 2017) (Fig. 

I.4). Therefore, it is important to detect chronic HCV infection before the development 

of liver disease. Detection methods include identification of HCV RNA by polymerase 
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chain reaction (PCR) and HCV proteins by enzyme linked immunosorbent assay 

(ELISA) (Chevaliez and Pawlotsky, 2008; Ghany et al., 2009; Hepatitis C guidance: 

AASLD-IDSA recommendations for testing, managing, and treating adults infected 

with hepatitis C virus, 2015). There is no vaccine for prevention of HCV infection but 

direct antivirals have recently been developed that have attained sustained virological 

response (SVR) rates higher than 90% (Bhamidimarri et al., 2017; Cento et al., 2017; 

Poordad and Khungar, 2011; Sarrazin et al., 2012; Sheridan et al., 2013). However, 

given the prevalence of the infection and the high mutation rate of HCV, which helps 

the virus to generate escape mutants resistant to the inhibitors, a strict epidemiological 

vigilance and a dedicated scientific research into HCV-infection should not stop (Kan et 

al., 2017; Perales et al., 2015; Raj et al., 2017; Wyles et al., 2017). Effective vaccines 

against HCV will be required before the goal of a complete cure for HCV can be 

achieved. 

 

 
Figure I.4. Schematic of liver disease in HCV-infected patients. After HCV entry, the virus 
produces an acute infection that can be spontaneously resolved or become chronic. The chronic 
infection may stay asymptomatic. The liver injury caused by the infection may progress to liver 
steatosis, fibrosis, cirrhosis and finally to HCC. Some HCCs develop in a non-cirrhotic HCV-
infected liver (Barriocanal and Fortes, 2017).  
 

 

I.2.1. The viral particle 

The viral particle is small (40-80 nm in size), enveloped, and contains the 

genetic material bound to the core protein (Catanese et al., 2013; Gastaminza et al., 

2010). The viral genome is a positive-sense single-stranded RNA molecule of 9.6 

kilobases (Lemon et al., 2007) (Fig. I.5). The genome serves as messenger RNA and 

consists of a long open reading frame (ORF) flanked by highly structured 3’ and 5’ 

untranslated regions (UTRs), which are required for viral translation, replication and 
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encapsidation. Interestingly, the 3’ and 5’ ends of HCV interact with each other 

(Romero-Lopez and Berzal-Herranz, 2009).  

 

 
Figure I.5 Schematic of HCV genome. The structure of the 5’ and 3’UTRs is shown. The ORF 
encodes for a polyprotein. Cleavage sites and the name and functions of the viral proteins are 
indicated. See the text for details (Abdel-Hakeem and Shoukry, 2014). 

 

The 5’UTR includes an internal ribosome entry site (IRES) that allows cap-

independent translation of a single polyprotein (Adams et al., 2017; Sagan et al., 2015). 

The polyprotein is approximately 3000 amino acids in length and is co- and post-

translationally cleaved by viral and cellular proteases to produce all mature viral 

proteins: 3 structural proteins (core, E1 and E2) and 7 non-structural (NS) proteins (p7, 

NS2, NS3, NS4A, NS4B, NS5A and NS5B). Importantly, HCV proteins are 

characterized by their multi-functionality (Moradpour and Penin, 2013). The core 

protein is the main component of the HCV nucleocapsid and promotes nucleocapsid 

assembly (Boulant et al., 2006). The envelope of the viral particle contains the viral E1 

and E2 glycoproteins, required for cell attachment and entry and for the assembly of the 

infectious HCV particle. p7 forms an ion-channel and participates in virus assembly and 

in the release of infectious virions (Atoom et al., 2014; Moradpour and Penin, 2013). 

NS2 autoprotease is required for the cleavage of NS2/NS3 and participates in virus 

assembly (Jirasko et al., 2010; Schregel et al., 2009). NS3, NS4A, NS4B, NS5A and 

NS5B form the replicase complex. NS3 is another viral protease and helicase. As a 

protease, NS3 processes non-structural proteins and cleaves some host factors involved 

in the antiviral response (Moradpour and Penin, 2013). As a helicase, NS3 is crucial for 
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HCV RNA unwinding and replication and for viral particle assembly. NS4A is a 

cofactor that tethers NS3 to the endoplasmic reticulum (ER), and increases NS3 stability 

and protease and helicase activity. NS4B participates in viral assembly and is a key 

protein for the formation of the membranous web (MW) required for replication (Han et 

al., 2013). NS5A binds several proteins, the viral RNA, and the membranes to 

participate in MW formation, virus replication and assembly, and to block the antiviral 

response (Moradpour and Penin, 2013; Schoggins and Rice, 2013). Finally, NS5B is the 

RNA-dependent RNA polymerase required for replication and HCV assembly 

(Lohmann, 2013). Similar to other RNA polymerases, NS5B lacks proofreading 

activity. Viral progeny is a collection of viruses with mutated viral genomes known as 

quasi-species with a high capacity to escape the immune host system (Marascio et al., 

2014). 

 

I.2.2. The viral cycle 

HCV viral particles circulate in the blood stream as lipoviroparticles (LVPs), 

attached to lipids and apolipoproteins (Apo) from the host (Grassi et al., 2016) (Fig. 

I.6). This shell may help evasion from neutralizing antibodies and facilitates the 

infection of hepatocytes, which are the primary target cells for infection. HCV entry 

into the hepatocytes is a highly regulated multi-step process that involves various 

cellular proteins. Once the virus is in the liver, at the space of Disse, it is captured by 

heparan sulphate proteoglycan receptors (HSPR) present in the basolateral membrane of 

the hepatocytes (Xu et al., 2015). There, LVPs are sequentially hydrolysed, the 

associated ApoB is uncovered, and ApoB exposure enables low-density lipid receptor 

(LDLR) binding to the LVPs. Then, these LVPs interact with scavenger receptor class B 

type I (SR-BI) and cluster of differentiation 81 (CD81) (Chang et al., 2017), which 

allows migration of the particle to tight junctions, binding to claudin 1 (CLDN1) and 

occludin (OCLN) and internalization by endocytosis. After uncoating driven by the 

acidification of the endosome, the viral genome is released into the cytosol (Grassi et 

al., 2016; Miao et al., 2017).  
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Figure I.6. Schematic of the HCV viral cycle. Lipoviroparticles are recognized by SR-BI and 
CD81 receptors, are bound to OCLN and CLDN, and internalized into the cytoplasm by endocytosis. 
Then, the viral genome is released into the cytosol. Viral replication occurs in the membranous web. 
HCV new viral particles are assembled in the ER close to lipid droplets and are released via Golgi 
adhered to LDL or VLDL particles. Modified from Zeisel et al. (Zeisel et al., 2013). 

 

Once the HCV genome is in the cytoplasm, viral replication takes place in the 

MW, a specialized structure formed by double-membrane vesicles originating from the 

ER (Grassi et al., 2016). NS5A binds the HCV RNA and the viral RNA polymerase 

NS5B is in charge of replication. First, the positive-stranded RNA serves as template 

for the production of intermediate negative-stranded RNAs that are then amplified to 

large amounts of new positive-strand RNA viral genomes. Nascent genomes can be 

translated, replicated or packaged into new viral particles (Manns et al., 2017).  

HCV viral particle assembly occurs in the ER in close proximity to membrane-

bound lipid droplets (LDs). NS5A binds the 3’ UTR of positive-stranded HCV RNAs 

and transfers the genomes from the replication complexes in the MW to the core 

proteins bound to the ER (Shi et al., 2016a; Targett-Adams et al., 2010). Newly formed 

nucleocapsids seem to acquire their envelope after budding into the ER. The new HCV 

virions adhere to nascent very low density lipoprotein (VLDL) or low density 

lipoprotein (LDL) particles and form the LVPs that are transported to the Golgi for 

virus release (Syed et al., 2017). Thus, HCV release is intimately associated with the 
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synthesis of VLDLs and the lipid secretion pathway (Bassendine et al., 2013). HCV can 

be also transmitted directly from cell to cell, escaping the inhibitory action of 

neutralizing antibodies (Brimacombe et al., 2011; Timpe et al., 2007).  

 

I.2.3. HCV host factors 

HCV draws on multiple host cell factors for entry, replication, assembly and 

release. As mentioned previously, key factors in the HCV cycle are: (i) host lipoproteins 

such as ApoE, ApoA, ApoB or microsomal triglyceride transfer protein (MTP) that 

attach to HCV nucleocapsid and are required for entry (Chang et al., 2007; Fukuhara et 

al., 2015; Huang et al., 2007; Mancone et al., 2012); (ii) several hepatocyte receptors 

including CLDN1 and OCLN (Li et al., 2016b); (iii) host factors required for MW 

formation, such as cyclophilin A (CypA) or kinases like phosphatidylinositol-4-kinase 

III alpha (PI4KIIIα) (Colpitts et al., 2015; Delang et al., 2012; Rosnoblet et al., 2012; 

Ross-Thriepland et al., 2013); (iv) cellular proteins that attach to the IRES and allow 

translation, like DEAD box helicase 5 (DDX5) and poly(ADP-ribose) polymerase 1 

(PARP1) (Ríos-Marco et al., 2016). 

All of these are protein factors. However, efficient HCV infection also requires 

the expression of cellular non-coding RNAs. In fact, upon HCV infection, the 

expression of many host micro RNAs (miRNAs) and long non-coding RNAs 

(lncRNAs) is altered (Carnero and Fortes, 2016; Singaravelu et al., 2014b). 

Remarkably, one of the most restricting factors for HCV replication and development of 

HCV-associated HCC is miR-122 (Jopling et al., 2005; Kutay et al., 2006). miR122 is a 

liver-specific microRNA whose levels are upregulated by HCV. miR122 binds two 

different regions upstream of the HCV IRES which are conserved across HCV 

genotypes (Adams et al., 2017). This association leads to increased levels of viral RNA 

and viral proteins by enhancing HCV RNA replication, protecting viral RNA from 

degradation by exonucleases, stimulating IRES-mediated translation and hiding the 5´ 

end of the HCV genome from cellular sensors that activate the antiviral response 

(Henke et al., 2008; Li et al., 2013d; Sedano and Sarnow, 2014; Shimakami et al., 

2012). It is not surprising that a drug that blocks miR122 shows prolonged dose-

dependent reduction of HCV RNA levels in infected patients (Janssen et al., 2013).  

Interestingly, binding by HCV genome sequesters miR-122 and prevents regulation of 

cellular miR-122 targets, increasing the oncogenic potential of HCV (Israelow et al., 

2014; Luna et al., 2015). Finally, it has been recently reported that miR122 also binds 
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the NS5B coding region and the 3’UTR, which is essential for HCV replication 

(Gerresheim et al., 2017). Other miRNAs altered upon HCV infection include 

miR199a-3p, let7-b or miR-181c, which binds directly to E1 and NS5A sequences and 

inhibits replication. miR185-5p and miR-27 are induced by core protein and control 

genes involved in lipid metabolism (Cheng et al., 2012; Li et al., 2015b; Mukherjee et 

al., 2015; Murakami et al., 2011; Shirasaki et al., 2013; Singaravelu et al., 2014a). miR-

208b and miR-499a-5p are induced by HCV and target a polymorphic region of 

interferon lambda (IFNL3) in the 3’UTR in charge of controlling IFNL3 mRNA 

stability, decreasing the antiviral response against HCV infection (McFarland et al., 

2013). 

 

I.2.4.  The antiviral response against HCV 

When HCV infects the cell, its genome is sensed by both canonical (RIG-I and 

TLR3) and non-canonical (PKR and DDX3) intracellular sensors described above (see 

section I.1.1) (Arnaud et al., 2011; Imran et al., 2012). RIG-I and DDX3 sense the 

3’UTR region of HCV, in the case of RIG-I, by a poly uracil/uracil cytosine (pU/UC) 

tract located in this region (Li et al., 2013a; Saito et al., 2008). Further, RIG-I can also 

sense dsRNA produced by viral replication, as it does TLR3 (Binder et al., 2011; Dabo 

and Meurs, 2012; Li et al., 2012). On the other hand, PKR binds the dsRNA IRES 

located at the 5’UTR of the HCV genome in a sequence-independent manner (Dabo and 

Meurs, 2012). The stimulation of RIG-I, PKR and DDX3 leads to MAVS activation, 

which triggers a cascade of signals that cause the activation of the IFN pathway and the 

production of cytokines and ISGs (see sections I.1.1 and I.1.2). 

 

I.2.4.1. ISGs affecting HCV infection 

Several ISGs affect HCV entry or uncoating, viral RNA replication, translation 

and stability or viral release (Schneider et al., 2014). For example, IFITM proteins block 

HCV entry by interacting with the CD81 receptor (IFITM1) or by capturing the virions 

at the endosomes for their degradation (IFITM2 and IFITM3) (Narayana et al., 2015; 

Perreira et al., 2013), and  TRIM22 ubiquitinates NS5A viral protein, impeding 

replication in HCV-infected cells (Yang et al., 2016).  Viperin/RSAD interacts with 

NS5A protein in the LDs to affect HCV assembly and binds NS5A in the replication 

complex to block viral replication (Helbig et al., 2005, 2011). Finally, bone marrow 

stromal protein 2 (BST2) also called Tetherin, affects HCV release and assembly. 
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Tetherin is known to anchor HIV-1 virions to the plasma membrane, impeding the 

budding of the particle which is later degraded by the lysosomes (Perez-Caballero et al., 

2009), however, in HCV-infected cells the effect of viperin is milder than in HIV-1 

(Dafa-Berger et al., 2012; Pan et al., 2013).  

 

I.2.5. HCV evasion from immune system 

Given the potent antiviral properties of ISGs, it is not surprising that HCV has 

evolved to hide from cellular sensors, block IFN induction and interfere with the action 

of several antiviral factors. This is achieved by several viral proteins and by the HCV-

mediated induction of cellular ISGs that function as negative regulators of the IFN 

pathway (Arnaud et al., 2010; Gokhale et al., 2014; Horner and Gale Jr, 2013; Imran et 

al., 2012; Oshiumi et al., 2013a; Yang and Zhu, 2015).  

 

 
Figure I.7. Schematic of the HCV evasion strategy mediated by viral proteins. NS3/4A cleaves 
and inactivates TRIF and MAVS cellular proteins, inhibiting NF-κB and IRF3 activation. NS5A and 
E2 inhibit PKR sensor, avoiding protein translation inhibition by eIF2α. Core protein activates 
SOCS3, inhibiting JAK/STAT pathway and the induction of ISGs. Modified from Wong & Chen 
(Wong and Chen, 2016). 
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A key component of the HCV evasion strategy is the viral protease. NS3-NS4A 

interferes with the signaling induced by the major HCV sensors by cleaving and 

inactivating MAVS, TIR domain containing adapter inducing IFNβ (TRIF), a TLR3 

signaling adaptor protein, and Riplet E3 ubiquitin ligase, required for RIG-I 

ubiquitination, binding to TRIM25 and activation (Foy et al., 2005; Gokhale et al., 

2014; Li et al., 2005; Meylan et al., 2005; Oshiumi et al., 2010). Further, NS4A/B 

precursor inhibits the transport of MHC Class I molecules to the cell surface and NS5A 

and the core proteins block the STAT pathway by several means. Core protein 

upregulates expression of SOCS3 or the protein phosphatase PP2Ac, leading to a 

decreased phosphorylation of STAT1 and inhibition of IFN signaling (Bode et al., 2003; 

Duong et al., 2004) (Fig. I.7).  

Interestingly, several factors with a proven antiviral role against different viruses 

favor HCV replication. These include the non-canonical sensors PKR and DDX3. As 

mentioned above, these factors help IFN synthesis and therefore have an antiviral 

function. However, induction of IKKα by DDX3 induces the expression of lipogenic 

genes required by HCV for nucleocapsid assembly (Fullam and Schröder, 2013; Li et 

al., 2013a; Pène et al., 2015). PKR blocks cap-dependent translation of viral proteins by 

eIF2α phosphorylation. Interestingly, HCV protein translation is not impaired as 

translation occurs through an IRES that does not require eIF2α (Garaigorta and Chisari, 

2009). Instead, PKR blocks translation of transcripts induced soon after viral infection 

such as antiviral ISGs. Then, in HCV infection PKR blocks translation of cellular 

antiviral factors while it does not affect the translation of viral proteins.  

ISG15 is another general antiviral factor that promotes HCV replication. ISG15 

is a ubiquitin-like molecule that can be covalently attached to proteins in a process 

called ISGylation. As ISGylation occurs co-translationally, after HCV infection, the 

IFN pathway induces ISG15 and the ISGylation machinery, which modifies newly 

synthesized proteins such as viral proteins and ISGs. IRF3, PKR, MxA, STAT1, JAK1 

or RIG-I can be modified by ISGylation. Protein ISGylation changes protein structure 

and stability, affecting functionality. ISGylation of RIG-I interferes with RIG-I 

ubiquitination and functionality, limiting IFN production and resulting in increased 

HCV replication (Broering et al., 2010; Kim et al., 2008). 

Similar to proteins, several miRNAs and long non-coding RNAs (lncRNAs) are 

regulated during infection to promote or repress the antiviral pathway, exerting antiviral 

or proviral functions. 
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I.3. Long noncoding RNAs  

LncRNAs are non-protein coding transcripts longer that 200 nucleotides. 

Similarly to mRNAs, most lncRNAs are transcribed from RNA polymerase II and are 

capped at the 5´ end, spliced and polyadenylated (Guttman et al., 2009; Quinn and 

Cahng 2015). Compared to mRNAs, most lncRNAs localize preferentially to the 

nucleus, are more cell type-specific and are expressed at lower levels (Djebali et al., 

2012). According to the last version of GENCODE (version 27, January 2017 freeze, 

GRCh38), there is a total of 58,288 known genes, 19,836 of which correspond to 

protein coding genes, 15,788 to lncRNAs, and 14,694 to pseudogenes. However, a 

study by Iyer et al. suggests that lncRNA genes are more numerous than coding genes, 

and indicate that the human genome may contain more than 90,000 genes and that 

approximately 60,000 of them would be lncRNAs (Iyer et al., 2015).  

LncRNAs are not easy to classify according to functionality, as the function of 

most of them is unknown. Instead, most lncRNA classifications are based on genomic 

localization compared to neighboring genes (Garitano-Trojaola et al., 2013). According 

to their location in the genome lncRNAs can be grouped into: (i) sense lncRNAs, those 

that overlap with one or more exons from another transcript in the same strand; (ii) 

antisense lncRNAs, those that overlap with one or more exons from another transcript 

in the opposite strand; (iii) bidirectional or divergent lncRNAs, those that share their 

promoter with another gene in the opposite strand and (iv) intergenic lncRNAs, those 

that are independent transcripts located between two genes (Fig. I.8).  

 

 
Figure I.8. LncRNA classification according to genomic location. Arrows indicate transcription 
initiation (Barriocanal and Fortes, 2017).  
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Interestingly, the genomic location may help to predict the function of some 

lncRNAs which act as regulators of neighboring genes. In line with this, enhancer 

RNAs or eRNAs are lncRNAs transcribed from enhancer regions that may participate in 

enhancing transcription from the promoters of genes located in the same nuclear 

territory (Lai et al., 2013; Melo et al., 2013; Orom et al., 2010;Kim TK 2015). In many 

cases, transcription activation requires the binding of the enhancer to the promoter of 

the gene that is about to be transcribed. This interaction requires binding of Mediator 

and cohesin to the enhancer and promoter (van Arensbergen et al., 2014; Zabidi and 

Stark, 2016). Several eRNAs interact with these proteins and facilitate DNA looping 

(Eidem et al., 2016). In this case, eRNAs need to act in cis, at their site of transcription. 

Other lncRNAs have been shown to act in cis. Instead, trans-acting lncRNAs function 

far from their site of synthesis. Both cis and trans-acting RNAs can regulate 

transcription by different mechanisms, including modifying epigenetic regulators and 

chromatin remodelers, and/or regulating transcription initiation or elongation.  Other 

functions of lncRNAs in the nucleus are as splicing regulators or organizers of 

subnuclear structures (Mao et al., 2011; Tripathi et al., 2010). They can also be 

transported to the cytoplasm where they may regulate mRNA translation and stability 

(Carrieri et al., 2012; Cesana et al., 2011; Yoon et al., 2012), protein transport (Dong et 

al., 2017) or post-translational modifications (Wang et al., 2014). As the function of 

most lncRNAs is unknown, it is expected that novel functions of lncRNAs will be 

discovered in the future. Similarly to proteins, functionality of lncRNAs is driven by 

their linear sequence or by their secondary or tertiary structure. Thus, lncRNAs 

generally have complex structures with higher folding energies than those observed in 

mRNAs (Kertesz et al., 2010). The resulting domains allow binding of the lncRNA to 

DNA, proteins or other RNAs to form functional complexes. 

Over the last decade, lncRNAs have been proved to be key regulators of most 

cell processes, including cell proliferation, development or cell return to homeostasis 

(Li et al., 2013d, 2016a). Therefore, lncRNAs are implicated in all kinds of diseases, 

including cancer (Harries, 2012; Hu et al., 2016; Prensner and Chinnaiyan, 2011; 

Spizzo et al., 2012; Wapinski and Chang, 2011). Further, lncRNA genes could play a 

special role in processes with a strong evolutionary pressure, as they have more 

plasticity than conserved genes and they are highly modified by evolution (Cech and 

Steitz, 2014; Marques and Ponting, 2014; Ulitsky et al., 2011). One of the drivers of 
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evolution is the antiviral response. In fact, there is evidence that the expression of 

several lncRNAs is altered in response to infection.  

 

I.3.1.  LncRNAs in infection and in the antiviral response 

Infections induce strong modifications in the coding and non-coding 

transcriptome of the infected cells. These changes lead to deregulation of cellular 

lncRNAs and expression of pathogen-derived lncRNAs or chimeric lncRNAs formed 

by pathogen and cellular sequences (Valadkhan and Gunawardane, 2016).  

 

I.3.1.1. Cellular lncRNAs  

Expression of cellular lncRNAs may be altered in response to viral replication or 

viral protein expression or in response to the antiviral pathways induced by infection. 

Indeed, activation of canonical or non-canonical PAMP sensors, or treatment with IFN 

or TNFα (which induces transcription by NF-κB) leads to changes in the expression of 

many lncRNAs that are deregulated in infected cells.  Some of these lncRNAs affect 

directly the viral cycle, while others regulate different factors of the antiviral response 

pathways. 

I.3.1.1.1. lncRNAs involved in infection 

Both proviral an antiviral lncRNAs have been described. Noncoding repressor of 

nuclear Factor of T-cells (NFAT)-lncRNA (NRON) and nuclear paraspeckle assembly 

transcript 1 (NEAT1) act to repress viral infection, while virus inducible lincRNA 

(VIN) helps influenza replication (Imam et al., 2015; Ma et al., 2017b; Winterling et al., 

2014). NRON decreases HIV transcription in T cells by controlling subcellular 

localization of NFAT. Inhibition of NRON by Nef HIV protein increases NFAT 

localization in the nucleus leading to enhanced HIV transcriptional activity (Imam et al., 

2015). In addition, NEAT1 is a well-studied lncRNA that works as scaffold for 

paraspeckle formation contributing to the HIV transcript reservoir. In fact NEAT1 

decrease by small interfering RNAs (siRNAs) leads to deficient export of HIV 

transcripts from the nucleus to the cytoplasm (Lazar et al., 2016). Besides, a recent 

study shows that NEAT1 favours RIG-I signalling in Hantavirus infection (Ma et al., 

2017b). On the other hand, VIN is localized in the host cell nucleus and it is induced in 

response to influenza and vesicular stomatitis virus (VSV) infections. Interestingly, 

downregulation of VIN by siRNAs reduces influenza replication and protein synthesis 

by an unknown mechanism (Winterling et al., 2014). 
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I.3.1.1.2. lncRNAs involved in the type I IFN synthesis pathway 

Several PAMPs and factors from the IFN synthesis pathway have been shown to 

increase or decrease the levels of cellular lncRNAs, which, in turn, modulate the IFN 

pathway. TLR activation leads to the induction of lincRNA-Cox2 and lncRNA 

interleukin 7 receptor (lncRNA IL7R). lincRNA-Cox2 is activated in a NF-κB 

dependent manner, to regulate several immune genes that control the inflammatory 

response in mice, while lncRNA interleukin 7 receptor (lncRNA IL7R) is upregulated 

by LPS and reduces the LPS-response (Carpenter et al., 2013; Cui et al., 2014). In 

addition, Lethe, NF-κB-interacting lncRNA (NKILA) and TNFα and heterogenous 

nuclear ribonucleoprotein L (hnRNPL) related immunoregulatory lncRNA (THRIL) are 

directly involved in inflammation. Lethe and THRIL are induced by TNFα, and in turn, 

THRIL regulates the induction of TNFα by interacting with hnRNPL, while Lethe is 

involved in the negative regulation of NF-κB by binding NF-κB RELA subunit and 

inhibiting transcription of target genes (Li et al., 2014b; Rapicavoli et al., 2013). 

Besides, NKILA is induced by NF-κB and impedes the phosphorylation of IKß, which 

causes retention of NF-κB in the cytoplasm and reduces NF-κB responses (Liu et al., 

2015). 

 

I.3.1.1.3. lncRNAs that regulate ISGs expression 

Some lncRNAs function as regulators of the innate antiviral response by 

controlling ISG expression. Two examples of negative regulators are the negative 

regulator of antiviral response lncRNA (NRAV) and the negative regulator of IFN 

response lncRNA (NRIR). At homeostasis NRAV levels are high and silence MxA and 

IFITM3 expression by modulating histone 3 lysine 4 tri-methylation and histone 3 

lysine 27 tri-methylation (H3K4me3 and H3K27me3) marks. Upon infection with 

influenza virus or other viruses, NRAV levels are downregulated leading to an increase 

in MxA and IFITM3 expression. Then, overexpression of NRAV in mice produces 

hypersensitivity to influenza infection (Ouyang et al., 2014; Ouyang et al., 2016). In 

addition, NRIR is an IFN-induced lncRNA that functions as a negative regulator of the 

IFN pathway, and can be considered a proviral factor. NRIR is a conserved lncRNA 

located close to cytidine/uridine monophosphate kinase 2 (CMPK2) and viperin coding 

genes, and is a bona fide ISG induced by IFN type I and type II (IFNα and IFNγ). NRIR 

regulates the transcription of several coding ISGs, including CMPK2, viperin, ISG15, 

C-X-C motif chemokine 10 (CXCL10), IFIT3 or IFITM1, but not others as Mx1, IFIT1 
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or IFNβ. However, how NRIR can silence transcription of both neighboring and distal 

genes is still unknown (Kambara et al., 2014). On the other hand, lncRHOXF1 may 

have a negative role over the IFN response by controlling RIG-I or MDA5 expression, 

as lncRHOXF1 inhibition with siRNAs leads to increased expression of MDA5, RIG-I 

and several ISGs (Penkala et al., 2016). 

 

I.3.1.2. Viral lncRNAs 

Many viruses have been shown to express viral lncRNAs. In fact, viroids and 

some virusoids are plant pathogens whose genome is a lncRNA, as it lacks any protein 

coding capacity (Gago-Zachert, 2016; Shimura and Masuta, 2016). Animal viruses such 

as adenovirus, Epstein-Bar virus, HIV, cytomegaloviruses, flaviviruses and 

herpesviruses encode non coding RNAs that function to affect transcription and RNA 

stability, and control RNA interference, the antiviral response, the energy of the infected 

cell and viral pathogenesis (Fortes and Morris, 2016). For example, integration of the 

hepatitis B (HBV) genome in repetitive sequences of the genome of the infected cell 

produces fusions of the Hepatitis B X protein with host LINE1 sequences. These fusion 

transcripts, named HBx-LINE1, are found in many HBV-derived hepatocellular 

carcinomas and have oncogenic effects (Lau et al., 2014; Moyo et al., 2016). 

	

38



 

 

 

 

 

 

 

 

 

II. HYPOTHESIS AND OBJECTIVES 





Hypothesis	and	objectives	

One of the principles of molecular biology is that the information collected in 

the DNA is transcribed to RNA and then translated to proteins that will exert their 

function in the cell. This DNA comprises only around 2-4% of the human genome. For 

many years the rest of the genome was considered “junk DNA” that did not have any 

function. However, in the last decades, the study of the non-coding transcriptome has 

led to the discovery of multiple functional non-coding RNAs, including long non-

coding RNAs (lncRNAs).  

LncRNAs are deregulated in most cell processes; and some lncRNAs have been 

identified that act as key regulators of cell proliferation, development or cell 

homeostasis (Li et al., 2013c, 2016a). However, the function of most lncRNAs is still 

unknown. Further, lncRNAs are highly modified by evolution, suggesting that they may 

play a relevant role in those processes with a strong evolutionary pressure (Cech and 

Steitz, 2014; Marques and Ponting, 2014; Ulitsky et al., 2011). As one of the drivers of 

evolution is the cellular antiviral response, we hypothesized that lncRNAs could play a 

fundamental role in this response.  

The aim of this work was to identify and analyse lncRNAs involved in the 

antiviral cellular response. Our objectives were: 

 

1. To identify by transcriptome analyses those lncRNAs whose expression 

is altered after IFNα treatment or HCV infection.	

2. To validate and analyse the features and function of selected lncRNA 

candidates.  

3. To study the molecular mechanism that allows the function of the most 

interesting lncRNA candidates. 
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III. PAPER 1 
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Type I interferon regulates de expression of long non-coding RNAs 

 

After infection, the cell recognises PAMPs and activates type I IFN synthesis. 

Then, IFN signalling leads to the expression of several ISGs that are required to build a 

proper cellular antiviral response. Most of the ISGs are coding genes, however several 

studies have demonstrated the existence of lncRNAs involved in a number of cellular 

processes, suggesting that there could also be lncRNAs implicated in the antiviral 

response.  

This article describes the use of microarray analysis to identify lncRNAs 

differentially expressed in HuH7 cells after treatment with 10,000 U/ml of IFNα for 72 

hours. Then, we studied in more detail three IFN-stimulated lncRNAs, called ISRs. 

ISR2, ISR8 and ISR12 genes are located close to GBP1, IRF1 and IL6 coding genes 

respectively, and transcribe for lncRNAs induced by IFNα at early times (ISR2 and 

ISR8) or late times (ISR12) post treatment. Moreover, ISR2 and ISR8 are also induced 

by viruses unable to block the IFN response, and in liver samples from HCV-infected 

patients. Finally, the levels of ISR2 and ISR8 correlate with those of their neighbouring 

genes, suggesting that ISR2 and ISR8 could function to control the expression of these 

coding genes. In line, guilt-by-association studies predict that ISR2, ISR8 and ISR12 

could function to control the IFN response. 

The analysis of the microarray, and the screening and validation of the candidate 

lncRNAs were done before I arrived to the laboratory. My contribution was the study of 

ISR2, ISR8 and ISR12; which include the experiments performed for figures 1, 3, 4, 5 

and 6, and supplementary figure 2. 
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Interferons (IFNs) are key players in the antiviral response. IFN sensing by the cell activates
transcription of IFN-stimulated genes (ISGs) able to induce an antiviral state by affecting
viral replication and release. IFN also induces the expression of ISGs that function as neg-
ative regulators to limit the strength and duration of IFN response. The ISGs identified so
far belong to coding genes. However, only a small proportion of the transcriptome cor-
responds to coding transcripts and it has been estimated that there could be as many
coding as long non-coding RNAs (lncRNAs). To address whether IFN can also regulate the
expression of lncRNAs, we analyzed the transcriptome of HuH7 cells treated or not with
IFNα2 by expression arrays. Analysis of the arrays showed increased levels of several well-
characterized coding genes that respond to IFN both at early or late times. Furthermore,
we identified several IFN-stimulated or -downregulated lncRNAs (ISRs and IDRs). Further
validation showed that ISR2, 8, and 12 expression mimics that of their neighboring genes
GBP1, IRF1, and IL6, respectively, all related to the IFN response.These genes are induced
in response to different doses of IFNα2 in different cell lines at early (ISR2 or 8) or later
(ISR12) time points. IFNβ also induced the expression of these lncRNAs. ISR2 and 8 were
also induced by an influenza virus unable to block the IFN response but not by other wild-
type lytic viruses tested. Surprisingly, both ISR2 and 8 were significantly upregulated in
cultured cells and livers from patients infected with HCV. Increased levels of ISR2 were also
detected in patients chronically infected with HIV. This is relevant as genome-wide guilt-
by-association studies predict that ISR2, 8, and 12 may function in viral processes, in the
IFN pathway and the antiviral response. Therefore, we propose that these lncRNAs could
be induced by IFN to function as positive or negative regulators of the antiviral response.

Keywords: IFN, lncRNAs, HCV, HIV, viral infection, IRF1, GBP1

INTRODUCTION
Transcriptome analysis by tiling arrays and RNA sequencing has
led to the conclusion that while 70–90% of the genome is tran-
scribed, only 2% is dedicated to the transcription of protein-
coding sequences (1, 2). Among the non-coding transcriptome,
there is a group of poorly studied transcripts longer than 200 nt
and with low coding potential that have been collectively called
long non-coding RNAs (lncRNAs) (1, 3). It has been estimated
that there could be as many lncRNA genes as coding genes, but the
number of lncRNAs is still growing and some authors consider
that it could increase to up to ~200000 (4, 5). Therefore, there is
a great need to identify novel lncRNAs and to understand their
function and regulation.

Long non-coding RNAs genes are very similar to coding genes
at the chromatin, DNA, and RNA level (6). Compared to mRNAs,
most lncRNAs are more cell-type specific, less expressed, and
less conserved at the nucleotide sequence level (7). Many lncR-
NAs have been shown to be functional. Some lncRNAs function
to regulate the expression of neighboring or antisense genes by

transcriptional interference, by recruitment of chromatin modi-
fiers and remodelers, or by regulation of imprinting, editing, splic-
ing or translation, and stability (8–12). Enhancer RNAs (eRNAs)
and lncRNA-activating RNAs (lncRNA-a) are transcripts that con-
trol the expression of neighboring genes in“cis”(13–15). However,
lncRNAs can also function in “trans,” away from their site of syn-
thesis. For instance, some pseudogenes regulate the expression of
their parental gene, located in a distant genomic location (16–19).
LncRNAs have especially emerged as regulators of development,
pluripotency, and proliferation as some function as oncogenes or
tumor suppressors (6, 12, 20–23). Therefore, several lncRNAs have
been implicated in cancer and in other human diseases (24–26).

Proliferation, differentiation, and pluripotency factors regulate
the expression of some lncRNAs (27). Besides, several signaling
molecules, including those involved in the immune response, have
been shown to induce the expression of specific lncRNAs (28–31).
Induction of TLR2, TLR3, or TLR4 leads to the activation of lncR-
NAs, including lncRNA-COX2, which regulates the expression of
several immune genes or NEAT1, which functions to increase the
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expression of some antiviral genes such as IL8 (32–34). Down-
regulation of IL1β-eRNA and IL1β-RBT46 lncRNAs decreases
IL1β and the accumulation of LPS-induced RNAs (34). Similarly,
downregulation of lnc-IL7R decreases the LPS-induced inflam-
matory response (35). Treatment of THP1 macrophages with an
innate immunity activator also induces the expression of several
lncRNAs. One of them, linc1992 (or THRIL) activates the expres-
sion of TNFα and other genes involved in the immune response
(36). In turn, TNFα also induces many lncRNAs in fibroblasts,
including Lethe, a pseudogene that responds to NFκB and inhibits
NFκB DNA-binding activity leading to reduced inflammation
(37). Besides, dendritic cells (DCs), CD4+, and CD8+ T-cells
express a specific set of lncRNAs that may regulate cell activa-
tion and differentiation (6, 38, 39). NEST lncRNA controls the
IFNγ locus in CD8+ T-cells causing decreased Salmonella enter-
ica pathogenesis (40, 41). Downregulation of lnc-DC, expressed
in conventional DCs, impairs DC differentiation from monocytes,
and reduces the capacity of DCs to activate T-cells (42). LncR-
NAs also respond to viral infections. Infection with enterovirus,
influenza virus, HIV, hepatitis B, and C (HCV) viruses as well
as the SARS coronavirus leads to altered levels of lncRNAs (33,
43–50) (Carnero et al., in prep). From the collection of infection-
altered lncRNAs, it is difficult to distinguish those that respond to
the virus from those that respond to the cellular antiviral path-
ways activated by the infection. Recently, some lncRNAs regulated
by infection have also been found to be regulated by IFNα in
mice (46).

Interferon is a key molecule in the cellular antiviral response
(51). Detection of pathogens by the cell triggers transcription of
the interferon (IFN) genes. When type I/III IFN is released, it is
sensed by the IFN receptors, which induce the JAK/STAT pathway.
STAT1 and 2 coupled to IRF9 form a complex that binds IFN-
stimulated response elements (ISRE) in the promoters of IFN-
stimulated genes (ISGs) and activates their transcription. ISGs
induce an antiviral state by several means, including inhibition of
viral replication, transcription,and translation. Well-characterized
ISGs are Mx1, OAS, GBP1, but also STAT1 and IRF9, which amplify
the IFN response. Further, STAT1 induces the expression of pro-
inflammatory genes such as IRF1, a transcription factor that also
activates ISGs, and whose induction is dependent on de novo pro-
tein synthesis (52, 53). Besides, IFN also induces the expression
of negative regulators that limit the strength and duration of the
IFN response (54–56). Finally, IFN activates expression of several
miRNAs that contribute to the antiviral state or to the control of
the IFN response (57).

Here, we have postulated that IFN could also regulate the
expression of lncRNAs that may have key roles in the antiviral
response. Therefore, we have performed a high-throughput analy-
sis of lncRNAs whose expression is deregulated in response to
IFNα. The conditions we used aimed to identify genes controlled
by the IFN pathway directly or by other ISGs. The results show
that several lncRNAs are controlled in response to type I IFN in
several cell lines tested. The best candidates are lncRNA genes
upregulated in response to IFN that are found in the genome adja-
cent to IFN-related coding genes. They have been called ISR2,
8, and 12. Interestingly, guilt-by-association genome-wide stud-
ies predict that the function of these lncRNAs is related to the

cellular antiviral response and to viral infections. In fact, ISR2, 8,
and their neighboring genes are also increased after infection of
cultured cells with HCV. A similar increase is detected in the livers
of patients infected with this virus or, in the case of ISR2, in blood
cells of patients infected with HIV.

MATERIALS AND METHODS
CELLS AND PATIENT SAMPLES
HuH7 cells, derived from a human hepatocarcinoma, were pro-
vided by Dr. Chisari’s lab (Scripps Research Institute, La Jolla, CA,
USA). A549 and THP1 cells were kindly provided by Estanislao
Nistal (CIMA, University of Navarra, Spain), and HeLa and 293
cells were obtained from ATCC. Liver samples from patients with
or without HCV infection were obtained from the Biobank of the
University of Navarra under approval from the Ethics and Scien-
tific Committees. Liver tissue sections were snap frozen and stored
at −80°C. The clinical data from HCV and HIV-infected subjects
are shown in Table S1 and S2 in Supplementary Material.

CELL CULTURE
Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)
enriched with 10% fetal bovine serum (FBS) and 1% penicillin–
streptavidin in a 5% CO2 atmosphere. Twenty-four hours before
treatment with IFN, HuH7, A549, THP1, 293, or HeLa cells were
seeded in six-well plates. Then, 0, 5, 50, 250, 1000, or 10000 u/ml
of IFNα2 (Sicor Biotech) or IFNβ (PBL Pestka Biomedical Labo-
ratories) were used in a final volume of 2 ml. HuH7 cells were also
treated with 250 ng/ml IL28B/IFN-λ3 (R&D Systems) in a final
volume of 2 ml. Cells were harvested for RNA extraction 6, 12, 24,
48, and/or 72 h after treatment.

VIRAL INFECTIONS
HCV JFH-1 was obtained from an initial viral stock from the geno-
type 2a JFH-1 plasmid (pJFH-1) previously described by Wakita
et al. (58). To amplify the virus, HuH7 cells were infected at low
multiplicity of infection (moi) with the initial viral stock and
supernatants from the cells were harvested at different days post-
infection. The presence of virus was evaluated by infecting fresh
cells with the supernatant and checking infected cells by immuno-
fluorescence against the HCV core protein. The supernatants with
higher titers were selected to perform the experiments. Influenza
virus strain A/PR8/34 WT (PR8) and the mutant lacking NS1
(∆NS1) were kindly provided by Estanislao Nistal (CIMA, Uni-
versity of Navarra, Spain) (59), Semliki Forest Virus (SFV) was a
gift from Cristian Smerdou (CIMA, University of Navarra, Spain),
and Adenovirus serotype 5 (Ad5) was amplified as described (60).
Twenty-four hours before infection, cells were seeded in six-well
plates in a final volume of 2 ml. Cells were infected with HCV at
a moi of 0.3, and with a moi of 10 of Influenza A, ∆NS1, Ad5,
and SFV. In the case of the lytic viruses, we used a moi of 10 as
this led to cytopathic effects at 24 h (for Influenza and SFV) or
48 h (for Ad5) in HuH7 cells. Infection with HCV was performed
for 4 h, versus 2 h in the case of Ad5 and 1 h in the case of the
other viruses. A final volume of 1 ml was used for infection. After
infection, the virus was removed and fresh medium was added to
the cells. Cells were harvested for RNA extraction at the indicated
times post-infection.
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CELLULAR FRACTIONATION
Two million HuH7 cells were incubated in 100 µl of cytoplasmic
buffer (50 mM Tris HCl pH7.4, 1 mM EDTA, and 1% NP40) for
5 min at 4°C. Then, cells were centrifuged for 5 min at 3000 g and
the supernatant was used to isolate cytoplasmic RNA. The pellet
was washed with cytoplasmic buffer and centrifuged as before. The
supernatant was discarded and the pellet was used to isolate the
nuclear RNA. RNA from nuclear and cytoplasmic fractions was
isolated with MaxWell 16 research system (Promega).

RNA EXTRACTION AND MICROARRAY HYBRIDIZATION
Total RNA from tissue samples was extracted in 1 ml TRIZOL
(Sigma-Aldrich) using the ULTRA-TURRAX homogenizer (t25
basic IKA-WERKE) (61). Then, 200 µl chloroform was added
and the samples were mixed vigorously and then centrifuged at
12000 g for 15 min at 4°C. The aqueous phase was mixed with
800 µl isopropanol and centrifuged at 12000 g for 10 min at 4°C.
The pellet of total RNA obtained from the centrifugation was
washed with 70% ethanol. Finally, the pellet was resuspended in
30 µl DNase/RNase-free PCR water (Bioline). DNase I (Fermen-
tas) treatment was performed to eliminate DNA from the samples
before the reverse transcription (RT)–PCR reactions.

To isolate RNAs from total blood, 2.5 ml blood were collected
into PAXgene Blood RNA tubes with RNA stabilization solution.
Total RNA was extracted by using the PAXgene Blood RNA kit
(Qiagen GmbH) according to the manufacturer’s instructions.
Briefly, prior to the actual RNA isolation, the frozen samples were
first incubated at RT for at least 2 h to achieve complete lysis of
blood cells. Then, the PAXgene Blood RNA tubes were centrifuged
for 10 min at 3000 g, the supernatant was removed and the pellet
was washed with 4 ml RNase-free water. The pellet was then dis-
solved in 350 µl of the provided lysis buffer BM1 and transferred
into a 1.5 ml microcentrifuge tube. To this mixture, 300 µl buffer
BM2 and 40 µl proteinase K were added and incubated for 10 min
at 55°C in a shaking incubator at 1000 rpm. The samples were next
transferred to a PAXgene Shredder spin column and centrifuged
for 3 min at full speed. The flow-through was transferred into a
new tube without disturbing the pellet and mixed with 700 µl iso-
propanol (100%, purity grade p.a.). This mixture was then passed
through a PAXgene RNA spin column by centrifugation for 1 min
at 8000 g. Following a wash step (350 µl BM3), an on-column
DNase digest (RNase-Free DNase Set, Qiagen) was performed by
addition of DNase I and incubation on the benchtop (20–30°C)
for 15 min. The column was washed three times, before RNA was
eluted with 80 µl buffer BR5. The final eluate was incubated for
5 min at 65°C, and several aliquots of the RNA were stored at
−80°C.

RNA extraction from cells or cellular fractions was performed
using the MaxWell 16 research system from Promega according
to the manufacturer’s recommendations. For each condition, a
minimum of a confluent well of a M6-plate was used in order to
obtain enough RNA. In all cases, the RNA concentration was mea-
sured using a NanoDrop 1000 Spectrophotometer. The quality of
the RNA was determined in a Bioanalyzer (Agilent technologies).
For microarray hybridization, the samples were processed using
manufacturer protocols and hybridized to the Agilent SurePrint
G3 Human Gene Expression 8× 60 K microarray. Transcriptome

data are available at the NCBI Gene Expression Omnibus (GEO)
data repository1.

QUANTITATIVE POLYMERASE CHAIN REACTION
Reverse transcription was performed using 1.2 µl M-MLV-RT and
8 µl M-MLV-RT 5× buffer (Promega), 4 µl 5 mM dNTPs, 4 µl
Random Primers at 100 ng/µl, 2 µl DTT 0.1 M, and 1 µg RNA
in a final volume of 40 µl. The reaction was run in the C1000
Touch Thermal Cycler from Bio-Rad. The samples were incubated
at 37°C for 60 min, then at 95°C for 60 s, and next immediately
placed at 4°C.

Quantitative polymerase chain reaction was performed in the
CFX96 Real-Time system from Bio-Rad. For the reaction, 10 µl IQ
Syber Green mix from Bio-Rad, 0.4 µl of each primer at 15 µM,
and 2 µl of the DNA sample at 0.01 µg/µl were mixed in a final
volume of 20 µl. The mixture was first incubated at 95°C for 3 min,
and then at 95°C for 15 s, 60°C for 15 s, and 72°C for 25 s for 34
cycles. The PCR ended after 1 min at 95°C and 1 min at 65°C.
The results were analyzed with Bio-Rad CFX-manager software.
GAPDH levels were evaluated in all cases as a reference. Only the
samples with similar GAPDH amplification were analyzed further.
The primers used are listed in Table S3 in Supplementary Mater-
ial and were designed using the Primer3 program2. Initial setups
included GC percentage between 30 and 70%, product size from
150 to 300 bp and primer length between 18 and 27 nt.

BIOINFORMATIC AND STATISTICAL ANALYSIS
Microarray data normalization was performed using the quantile
algorithm. After quality assessment, a filtering process was carried
out to eliminate low expression probe sets. Applying the criterion
of an expression value >64 in the three samples of at least one
of the experimental conditions, 45322 probe sets were selected
for statistical analysis. LIMMA (Linear Models for Microarray
Data) (62) was used to identify the probe sets with significant
differential expression between experimental conditions. Genes
were selected as significant using a B statistic cut-off of B > 1.5.
Data processing and statistical analyses were performed with R
and Bioconductor (63).

Functional enrichment analysis of Gene Ontology (GO) cat-
egories was carried out using standard hypergeometric test
(64). The biological knowledge extraction was complemented
through the use of Ingenuity Pathway Analysis (Ingenuity Sys-
tems)3, whose database includes manually curated and fully trace-
able data derived from literature sources. All the differentially
expressed sequences obtained by the analysis were compared to
the ENSEMBL and ENCODE databases and searched for in the
Genome Browser from UCSC4 for more information (65, 66).
ORF Finder (NCBI) was used to evaluate the length of all proba-
ble ORFs in ISR2, 8, and 12. Coding potential was assayed with the
coding potential assessment tool (CPAT) (67, 68) and by search-
ing the LNCipedia database (69) for the presence of our candidates
in the Pride archive (70) or in lists of transcripts associated with

1http://www.ncbi.nlm.nih.gov/geo
2http://frodo.wi.mit.edu
3http://www.ingenuity.com
4https://genome.ucsc.edu/
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ribosomes (71, 72). Phylogenetic Codon Substitution Frequencies
(PhyloCSF) was also used to predict the coding potential of ISR2,
8, and 12 (73).

A guilt-by-association approach was used to predict the GO
categories (74) in which the differentially expressed lncRNAs
could be implicated. First, we collected data from 120 samples
hybridized to SurePrint G3 microarrays. These samples include
the 6 RNAs isolated from HuH7 cells treated or not with IFN,
and 114 RNAs obtained from human samples of different origin,
including healthy tissues and several leukemias and other tumors.
Then, a Pearson correlation analysis was performed between ISR2,
8, and 12 and all the genes represented in the SurePrint G3 Human
microarray. Coding genes related to cellular antiviral pathways
were randomly selected and included in the analysis as positive
controls. The obtained correlation matrix was used as input for
giTools (75) where an enrichment analysis of GO categories was
performed using Z -score (76) and FDR (77).

Statistical analysis of the expression levels obtained by
quantitative RT-PCR (qRT-PCR) was performed using graph-
path. Statistical significance of treated or infected versus non-
treated or non-infected samples was calculated using a two-tailed
non-parametric Mann–Whitney t -test. In correlation studies, a
two-tailed non-parametric Spearman analysis was used. Similar
results were obtained by Pearson correlation. P values lower than
0.05 were deemed as significant.

RESULTS
HIGH DOSES OF IFNα INDUCE THE EXPRESSION OF SEVERAL GENES
INVOLVED IN THE IFN RESPONSE
We wanted to identify lncRNAs that respond to IFN. IFN induces
the expression of ISGs very fast. Some ISGs are transcription
factors able to regulate the expression of genes with antiviral
potential in a secondary wave of IFN response. Other ISGs are
inhibitory factors that function to decrease the response. There-
fore, to identify lncRNAs regulated by IFN or by ISGs, one should
analyze the transcriptome of cells treated by IFN at different time
points. However, to simplify the analysis, we decided to check first
whether we could find conditions showing a wide IFN response
at a single time point. To this aim, we tested whether high doses
of IFN could lead to increased expression of well-known ISGs
even at late times post-IFN treatment. HuH7 cells were treated
for 6, 24, 48, or 72 h with increasing doses of IFNα2 up to
10,000 units/ml, and the expression levels of GBP1, IRF1, BST2,
OAS, IL6, and ISG15 were evaluated by qRT-PCR (Figure 1). The
results show that GBP1 and IRF1 are induced to highest levels
at 6 h post-treatment, while BST2 and OAS are induced to simi-
lar levels at all times tested. In contrast, IL6 is only significantly
induced at 3 days post-treatment (Figure 1 and data not shown).
However, compared to untreated cells, a significant upregulation
of all the genes, including GBP1 and IRF1, can be detected at
3 days post-treatment with 10,000 units/ml of IFNα2 (Figure 1B).
In fact, this dose induced the highest levels of these transcripts
at most of the time points. Before analyzing the transcriptome
of cells treated with 10,000 units/ml of IFNα2 for 3 days, we con-
firmed that these conditions induced antiviral effects. When HuH7
cells infected with HCV were treated with these conditions, we
indeed detected a drastic decrease in viral protein expression by

FIGURE 1 | High doses of IFN induce the expression of genes involved
in the IFN response at late times post-treatment. HuH7 cells were
treated for 6, 24, 48, or 72 h (A) or for 72 h (B) with 0, 5, 50, 250, 1000, or
10,000 units/ml of IFNα2 and the expression levels of GAPDH, GBP1, IRF1,
BST2, OAS (A and B), or of IL6 and ISG15 (B) were evaluated by qRT-PCR.
The relative expression was calculated using GAPDH as a reference. The
experiment was performed three times and each value shows the average
of three replicas from a representative experiment. Error bars indicate
standard deviations.

immunofluorescence and a decrease in the levels of HCV viral
genomes by qRT-PCR (data not shown).

IDENTIFICATION OF LncRNAs REGULATED BY IFNα

An Agilent array that evaluates expression of 27958 Entrez genes
and 7419 lncRNAs was used to hybridize RNA isolated in three
independent experiments from control cells or HuH7 cultures
treated with 10,000 units/ml of IFNα2 for 3 days. Analysis of the
array showed that genes upregulated with a high statistical signif-
icance (B > 7) includes well-known IFN-related genes from the
GBP, IFI, OAS, ISG, MX, or IRF families (Figure 2A). Analysis
using less stringent criteria (B > 1.5) showed that 90% of the genes
were upregulated in response to IFN treatment (Figure 2B). Inge-
nuity analysis of this set indicated that IFN signaling is the pathway
with the highest enrichment followed by other antiviral responses
(Figure 2C). Similarly, the IFN-induced STAT pathway and the
TLR/IRF network are well represented in the set of upregulated
genes (Figure S1 in Supplementary Material).

We selected the probes described as long intergenic non-coding
RNAs (lincRNAs) that showed a significantly altered expression by
the IFN treatment (B > 1.5). First, we determined the position in
the genome of the sequences from these probes using the BLAT
searches available at UCSC (78, 79). Many sequences corresponded
to coding genes or seemed to be 3′UTR extensions of coding
genes and were discarded for further analysis. The remaining
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Carnero et al. lncRNAs regulated by IFN

FIGURE 2 | Microarray analysis of samples treated with IFN. HuH7
cells were treated for 72 h with 0 or 10,000 units/ml of IFNα2 in three
independent experiments. RNA isolated from these cells was hybridized
to an Agilent array that interrogates the expression of 27958 Entrez
genes and 7419 lncRNAs. Heat map clustering of all genes with

B > 7 (A), B > 1.5 (B), or the curated probes described as lincRNAs with
B > 1.5 (D) is shown. Ingenuity analysis of the set described in B is also
shown (C). The color scale is indicated for each heat map and uses log 2
units. Upregulated probes are shown in red. Downregulated probes are
shown in green.
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sequences corresponded to 48 genes, including 29 genes annotated
as lncRNAs and 19 located in non-annotated areas of the genome
(Figure 2D, Table S4 in Supplementary Material). Surprisingly,
while 90% of coding genes were upregulated by IFN, only 54% of
the lncRNAs were upregulated. Most of the downregulated lncR-
NAs corresponded to the non-annotated category. This suggests
that there could be a relevant IFN-mediated repression of genes
that more strongly affects lncRNAs. We named these genes IDRs,
for IFN-downregulated RNAs, and accordingly named the IFN-
stimulated RNAs ISRs. The fact that almost 40% of the ISRs and
IDRs correspond to non-annotated areas of the genome suggests
that the percentage of the genome able to react to different stimuli
could be even larger than expected.

As many lncRNAs have been described to regulate the expres-
sion of neighboring genes, we looked for the closest coding
gene for each ISR or IDR (Table S4 in Supplementary Mater-
ial). We considered candidates to have no neighbor when the
closest coding gene was not within a distance of 100 kb from
the start or the end of the candidate or when the closest gene
was non-coding. Forty candidates had neighboring coding genes
according to these criteria. Half of the coding-non-coding pairs
were in tandem, convergent, or divergent, 12 were antisense to
each other, 4 were overlapping, and 5 pairs seem to share the
same promoter according to the DNase I hypersensitivity and
the histone marks described by ENCODE for the respective area.
Therefore, these couples of coding-non-coding genes could be co-
regulated. Three upregulated candidates, ISR2, ISR8, and ISR12
were neighbors of the IFN-related genes GBP6, IRF1, and IL6,
respectively.

IFNα ALTERS THE EXPRESSION OF LncRNAs AT DIFFERENT TIME
POINTS AND IN DIFFERENT CELL LINES
We next wanted to validate the IFN effect on these candidates in
independent samples using a different technique. Furthermore,
we wanted to determine whether the levels of ISRs and IDRs were
altered early after IFN treatment. Therefore, the expression levels
of 24 ISRs and 16 IDRs were evaluated by qRT-PCR in HuH7 cells
treated with 0 or 10,000 units/ml of IFNα for 6, 12, 24, 48, or 72 h.
The fold-change observed for each candidate at each time point
is shown in Figure 3 and Table S5 in Supplementary Material. At
72 h post-treatment, 11 ISRs and 8 IDRs showed a fold-change
higher or lower, respectively, than 1.5. Only ISR13 and 20 were
not significantly upregulated, or IDR3, 5, 9, 12, and 13 were not
significantly downregulated, at any time tested. However, the fold-
change was relatively low in most of the cases, indicating a weak
response to IFN. Moreover, 40% of the candidates showed low
overall expression levels (Table S4 in Supplementary Material and
data not shown). Interestingly, ISR2 and ISR8 were induced more
than 50-fold at 6 h post-IFN treatment, and ISR1 was induced
more than 20-fold at later times. Therefore, we decided to study
these candidates further. We also opted to focus on ISR10 and 12, as
they were upregulated at later time points. IDR1 and IDR2, which
were downregulated at most times studied, were also analyzed
further.

As many lncRNAs are cell-specific, we decided to study the
response to IFN of these selected ISRs/IDRs in different cell
lines. HeLa, 293, A549, or THP1 cells were treated with 0 or

FIGURE 3 | Validation of IDRs and ISRs at different times after IFN
treatment. Expression levels of 24 ISRs (A) and 16 IDRs (B) were
evaluated by qRT-PCR in HuH7 cells treated with 0 or 10,000 units/ml of
IFNα for 6, 12, 24, 48, or 72 h. GAPDH was also evaluated by qRT-PCR and
used as a reference to calculate the relative levels of each transcript. The
ratio of levels with IFN versus no IFN is shown for each candidate at each
time point. The results have been clustered and are shown in the form of a
heat map. The color scale is shown at the top. Red denotes upregulation
and green downregulation. A maximum of linear units from −5 to +5 (A) or
−3 to +3 (B) has been set as indicated in the color scale.

10,000 units/ml of IFNα for 6, 12, 24, 48, or 72 h and RNA was
isolated and used to evaluate the expression of ISR1, 2, 8, 10, and
12 as well as IDR1 and 2. The results showed that in the new cell
lines tested, expression of ISR1 and 10 was not detected and IDR1
and 2 showed only a mild downregulation in response to IFN (data
not shown). Importantly, ISR2, 8, and 12 were well expressed in all
cell lines tested and their expression was strongly induced by IFN
at early (ISR2 and 8) or late times (ISR12) (Figure 4A and data
not shown).

Interestingly, ISR2, 8, and 12 have neighboring genes related to
IFN response (Figure 4B). ISR2 is located in tandem with GBP6,
at the end of the cluster of GBP genes formed by GBP3, 1, 2, 7, 4, 5,
and 6. In fact, ISR2 is GBP1P1, a pseudogene of GBP1. This may be
interesting as some pseudogenes have been described to regulate
the expression of their parental genes (16–19). ISR12 is located
in tandem with IL6 and ISR8 is convergent with IRF1. There-
fore, we decided to evaluate the expression of GBP1, IRF1, and
IL6 in response to IFN in the same cell lines. The results showed
a similar induction pattern of each ISR and of the correspond-
ing neighboring coding gene in response to IFN (Figures 4A,C).
Note that in the case of ISR2, we evaluated the expression of its
parental neighboring gene GBP1 instead of the closest neighbor
GBP6, as we speculated that there could be a co-regulation of the
parental gene and the pseudogene. Furthermore, we could not
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FIGURE 4 | ISR2, 8, and 12 and their neighboring coding genes respond
to IFN in different cell lines. A549 or HeLa cells were treated with 0 or
10,000 units/ml of IFNα for the indicated times and RNA was isolated and
used to evaluate the expression of ISR2, 8 [(A), A549], ISR12 [(A), HeLa] or
their neighboring genes GBP1, IRF1 [(C), A549], and IL6 [(C), HeLa].
GAPDH was also evaluated by qRT-PCR and used as a reference to
calculate the relative levels of each transcript. The experiment was
performed three times and each value shows the average of three replicas
from a representative experiment. Error bars indicate standard deviations.
The fold-change of IFN-treated versus non-treated samples is indicated at
the top of each bar. (B) Schematic representation of the genomic location
of ISR2, 8, and 12 and their neighboring genes taken from UCSC database.
Coding genes are shown with rectangles and non-coding genes with thick
lines. GBP6, IRF1, and IL6 are shown with filled rectangles and in bold.
ISR2, 8, and 12 are also in bold. Arrows indicate sense and antisense
orientation. The scale bar is shown at the bottom to the right.

detect expression of GBP6 in control or IFNα-treated HuH7 cells
(data not shown).

All the experiments performed so far with these lncRNAs have
studied the response to high doses of IFN. To determine whether
ISR2, 8, and 12 also respond to lower doses, their expression level
was evaluated in HuH7 cells treated for 6, 24, 48, or 72 h with
5, 50, 250, 1000, or 10,000 units/ml of IFNα2 (Figure 5). The
results show that induction of these lncRNAs is similar to that
observed for their corresponding neighboring coding genes (com-
pare Figure 5 with Figure 1). Similar results were observed when
IFNβ was used instead of IFNα2 (data not shown). Further, we
evaluated whether expression of these transcripts was induced
after treatment with TNFα. TNFα, similarly to some pathogen-
associated molecular patterns, induces NFκβ signaling and expres-
sion of pro-inflammatory genes. However, the NFκβ pathway is a
poor inducer of ISGs. A treatment of HuH7 cells with 20 ng/ml
of TNFα for 6 h, induced the expression of CXCL10, used as a
positive control, more than 100-fold. A significant increase in
expression of only 2–3-fold was observed after TNFα treatment
for GBP1, IRF1, IL6, and ISR12, but not for ISR2. Similar results

were obtained in HuH7 cells treated with LPS or polyI:C (data not
shown).

To obtain more information about these ISRs, we looked in
detail at the data from ENCODE. Even though we did not observe
a strong activation after TNFα treatment, transcription factor chIP
Seq from ENCODE showed that ISR8 and ISR12 promoters have
NFκB binding sites. Interestingly, the ISR8 promoter has sites for
STAT1 and 2 as well as IRF1 and 2, suggesting that ISR8 could
be a bona fide ISG. Besides the non-coding transcript that we
name ISR8, six other transcripts could be expressed from the
ISR8 area according to UCSC and Ensembl databases (Figure
S2A in Supplementary Material). These transcripts have certain
coding capacities and could be translated to proteins of up to 126
amino acids named C5ORF56. The syntenic region in the mouse
also comprises non-coding transcripts together with transcripts
with certain coding potential that lead to peptides no longer than
32 amino acids (data not shown). Only five amino acids in the
N-terminal part of the putative protein predicted in mouse are
conserved in human. Given the poor conservation and the short
size of the predicted peptides all the transcripts from this mouse
region could be classified as non-coding (80, 81). To analyze the
expression of ISR8 and all the putative coding transcripts anno-
tated in the human ISR8 area, we used qRT-PCR. The results show
that most of the transcripts are poorly detected in HuH7 or HeLa
cells treated or not with IFN. The highest expression is observed
for the ISR8 lncRNA (Figure S2B in Supplementary Material).

Finally, UCSC database also shows that ISR8 is convergent to
IRF1 and antisense to a longer IRF1 transcript with poor coding
capacity that we named lncIRF1 (Figure 4B, Figure S2A in Supple-
mentary Material). If expressed, lncIRF1 could regulate the level
of ISR8 via antisense mechanisms. Therefore, we have evaluated
the expression of lncIRF1 in response to IFN. The results show
that lncIRF1 is expressed and its levels are induced at short times
after IFN treatment (Figure S2C in Supplementary Material).
Unlike ISR8, ISR2, or ISR12 transcripts did not overlap with anno-
tated transcripts from GBP6 or IL6 (Figure S3 in Supplementary
Material).

ANALYSIS OF THE CODING POTENTIAL OF ISR2, 8, AND 12
We evaluated the coding capacity of ISR2, 8, and 12 bioinformati-
cally. ORF Finder (NCBI) was used to determine all possible open
reading frames in these ISRs (Figure S4A in Supplementary Mate-
rial). The analysis shows that all putative ORFs are shorter than
100 aa. Then, we evaluated their coding potential with the CPAT
(67, 68) (Figure S4B in Supplementary Material). CPAT uses a
model built with open reading frame size and coverage together
with codon (Ficket score) and hexamer (hexamer score) usage bias.
According to this program, ISR2, 8, and 12 are non-coding as they
have a coding probability much lower than 0.364, used as a thresh-
old with the highest sensitivity and specificity to differentiate
between coding and non-coding transcripts in humans (68). ISR2,
8, and 12 were also described as non-coding in LNCipedia (69).
This lncRNA database shows that ISR2, 8, or 12 are not found in
the Pride archive, a database for proteomic data, or in lists of tran-
scripts associated to ribosomes in ribosome profiling experiments
(70–72). ISR8 and ISR12 were also described as non-coding by the
analysis of PhyloCSF, which uses multiple alignments to calculate
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Carnero et al. lncRNAs regulated by IFN

FIGURE 5 | ISR2, 8, and 12 respond to low doses of IFN. HuH7 cells
were treated for 6, 24, 48, or 72 h with 0, 5, 50, 250, 1000, or
10,000 units/ml of IFNα2 and the expression levels of ISR2 and 8 and
ISR12 were evaluated by qRT-PCR. GAPDH expression was also
evaluated and used as a reference to calculate the relative levels of

each transcript. The experiment was performed three times and each
value shows the average of three replicas from a representative
experiment. Error bars indicate standard deviations. The fold-change of
treated versus non-treated cells is indicated at the top of each bar
when higher than two.

the phylogenetic conservation score and determines whether a
multi-species nucleotide sequence alignment is likely to represent
a protein-coding region (73).

Finally, we evaluated the subcellular localization of ISR2, 8, and
12 in HuH7 cells mock-treated or treated with 10,000 units/ml
of IFNα. RNA was isolated from nuclear or cytoplasmic fractions
and quantified by qRT-PCR. The results show that the coding
GAPDH or ISG15 mRNAs accumulate preferentially in the cyto-
plasm while the nuclear lncRNA MALAT1 is preferentially nuclear
(Figure 6). Similarly, ISR2, 8, and 12 accumulate preferentially in
the nucleus. This result, together with the bioinformatic analyses,
strongly suggests that ISR2, 8, and 12 are non-coding RNAs.

PREDICTION OF ISR2, 8, AND 12 FUNCTION
As indicated above, each ISR and its neighboring coding gene have
similar induction patterns in response to IFN (compare Figure 1
and Figure 5 or Figures 4A,C). This suggests that they could be
co-regulated and therefore, that they could share similar func-
tions. To analyze in more detail whether the expression level of
each ISR correlates significantly with the expression level of its
neighboring coding gene, we performed correlation studies. We
compared the levels of each coding/non-coding pair in all the
samples evaluated in Figures 1, 4, and 5. The results show a highly
significant positive correlation between ISR2 and GBP1 or ISR8
and IRF1. In contrast, ISR12 had a non-significant correlation with
IL6 (Figure 7A). Expression of neither ISR2 nor ISR8 significantly

FIGURE 6 | ISR2, 8, and 12 accumulate preferentially in the nucleus.
HuH7 cells were mock-treated or treated with 10,000 units/ml of IFNα2 and
divided into nuclear and cytoplasmic fractions. RNA was isolated from each
fraction and used to evaluate the expression levels of ISR2, 8, and 12 by
qRT-PCR. MALAT1, GAPDH, and ISG15 mRNA was also quantified and
used as a reference to calculate the relative levels of each transcript and as
a control to evaluate the subcellular fractionation. The ratio of cytoplasmic
to nuclear levels is shown. The experiment was performed three times and
each value shows the average of three replicas from a representative
experiment. Error bars indicate standard deviations.

correlated with the expression of other ISGs such as OAS or BST2
(data not shown).

Arguably, this correlation analysis has been done with few ISGs
and using homogeneous samples. Therefore, we decided to per-
form a more stringent high-throughput analysis of correlation.
Accordingly, we carried out a guilt-by-association genome-wide
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FIGURE 7 | Correlation of expression between ISR2, 8, and 12 and their
coding partners, and guilt-by-association analysis. (A) Expression levels
observed for ISR2, 8, and 12 in Figures 4A and 5 were compared to the
expression levels of their coding neighbors GBP1, IRF1, and IL6, respectively,

in Figures 1 and 4C. A correlation analysis was performed and statistical
significance was calculated using a two-tailed non-parametric Spearman
analysis. (B) Clustering of the guilt-by-association results showing significant
GO terms. The z -score color scale is shown at the bottom of the image.

analysis (74), which also predicts the function of unknown genes
with high statistical confidence (Figure 7B). We compared the
expression levels of ISR2, 8, and 12 and coding genes related
to cellular antiviral pathways, used as positive controls, with the
expression levels of all the genes represented in a SurePrint G3
microarray. We used data obtained from microarray experiments
performed with 120 human samples of different origin. The results
show a significant positive correlation between ISR8 and IRF1
(corr= 0.41 and p < 10e−0.5), indicating that these genes are co-
regulated. Significant correlations were not observed for GBP1 and
ISR2 or IL6 and ISR12. Furthermore, the correlation analysis of
each candidate organized all the microarray genes from the ones
with the highest positive correlation to the ones with the high-
est negative correlation. This matrix was used to search for GO
categories with highly significant enrichment in genes that cor-
relate positively (positive z-score) o negatively (negative z-score)
with ISR2, 8, or 12. This analysis revealed that ISR2, 8, and 12
clustered very closely but away from other genes related with the
IFN pathway and the antiviral response. ISR2, 8, and 12 showed
a negative correlation with genes that significantly enriched GO
categories related to viral processes including viral life cycle and

viral transcription. ISR2 and 12 also shared a negative correlation
with response to viral infection and IFN pathway genes. However,
ISR8, similar to IRF1 and TLR3, showed a positive correlation with
IFN signaling and immune response genes.

ISR2 AND ISR8 RESPOND TO VIRAL INFECTIONS
The results obtained in the guilt-by-association analysis led us to
hypothesize that ISR2, 8, and 12 could respond strongly to viral
infections or to the IFN response induced by viral infections. To
study this hypothesis, we evaluated the expression of these lncR-
NAs in cells infected with Ad5, a DNA virus, or RNA viruses such as
influenza virus, SFV, or HCV. All of them have developed mecha-
nisms to block the cellular antiviral response. Influenza virus con-
trol of IFN is exerted primarily by the influenza NS1 protein (59).
Therefore, we also infected cells with an influenza virus mutant
that lacks NS1. All the viruses used, with the exception of HCV, lead
to a fast lytic infection that initiates cell death at 24 h post-infection
in the case of influenza virus and SFV, or at 48 h post-infection in
the case of Ad5. Therefore, several time points post-infection were
evaluated in each case. The results show that ISR12 expression
was not altered by infection (data not shown). ISR2 and ISR8
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expression was only induced in cells infected with the influenza
virus unable to control IFN at later times post-infection, when
the IFN response is strongest (Figure 8). In general, the induction
pattern was similar for GBP1 and IRF1.

We were surprised to see that the strongest increase in ISR2
and 8 was observed in cells infected with HCV, an IFN-sensitive
virus that employs several viral proteins to block the IFN pathway.
Increased expression was also observed for GBP1 and IRF1 but
not for other ISGs such as OAS (Figure 8 and data not shown).
To determine whether a similar upregulation could be observed
in HCV patients, levels of ISR2, 8, and 12 were evaluated in livers
from HCV-negative (n= 19) to HCV-positive (n= 13) patients.
The results show that both ISR2 and 8 are significantly upregulated
in HCV patients (Figure 9A). No differences were observed in
the levels of ISR12 in the same samples. Finally, we wanted to
determine whether these lncRNAs also respond to other chronic
viral infections relevant for human health. Therefore, we evalu-
ated the expression of ISR2, 8, and 12 in blood cells isolated from
healthy patients or from patients chronically infected with HIV.
We could not detect expression of ISR8 or 12 in these samples.
However, both ISR2 and GBP1 were significantly upregulated in
HIV-infected patient cells (Figure 9B).

DISCUSSION
In this work, we show that IFN treatment alters the expression of
several lncRNAs in human cells. These lncRNAs were identified in
a high-throughput analysis using conditions that detect increased
levels of coding genes that respond to IFN both at early or late times
(Figures 1 and 2 and Figure S1 in Supplementary Material). In the
cells treated with IFN for 3 days, we found, with a very high sta-
tistical significance (B > 7), an upregulation of well-characterized
ISGs such as Mx1, STAT1, IRF9, ISG15, BST2 and several members
of the GBP, OAS, and IFI families (Figure 2). Besides, the IFN-
induced STAT pathway shows the highest enrichment by Ingenuity
analysis (Figure S1 in Supplementary Material). This suggests that
high levels of IFN could maintain an active JAK/STAT pathway in
HuH7 cells even at late times post-IFN treatment. Therefore, we
feel that among the lncRNAs identified in this work, there may
be some candidates whose expression is controlled directly by the
JAK/STAT pathway, while other candidates could be controlled by
other ISGs or by later downstream effectors of the IFN response.

Comparison of the results obtained in the array between coding
and lncRNA genes gave an unexpected result: 90% of the altered
coding genes but only 54% of the lncRNAs were upregulated by
IFN. This suggests that there could be an IFN-mediated repression
of genes that affects more strongly lncRNAs. However, even if IDRs
showed a generally decreased expression in the presence of IFN
(Figure 3B), the downregulation was mild. Validation of down-
regulated genes showed that only IDR16 was strongly affected by
IFN at late times post-treatment (Table S5 in Supplementary Mate-
rial). Further experiments will be required to determine whether
there is a relevant downregulation of lncRNA genes in response
to IFN. Notably, the majority of the IDRs match with genomic
regions that have not been associated with active transcription in
public databases. This is surprising, as some of them such as IDR4,
7, 15, or 16 are expressed at high levels in HuH7 cells according to

FIGURE 8 | ISRs respond to viral infections in cultured cells. HuH7 cells
were mock-treated or infected with wild-type influenza virus (PR8) or a
mutant that lacks NS1 (∆NS1), SFV, Ad5, or HCV for the indicated times.
RNA was isolated and the expression levels of ISR2, GBP1, ISR8, and IRF1
were evaluated by qRT-PCR. GAPDH expression was also evaluated and
used as a reference to calculate the relative levels of each transcript. The
experiment was performed three times. The fold-change of infected versus
non-infected cells is indicated. Each value shows the average of three
replicas from a representative experiment. Error bars indicate standard
deviations. The fold-change of treated versus non-treated cells is indicated
at the top of each bar when higher than 2.5.

the qRT-PCR data (Table S5 in Supplementary Material). There-
fore, it would be interesting to analyze IFN regulation of lncRNAs
using RNASeq, as this may yield a more comprehensive picture
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FIGURE 9 | ISRs respond to viral infections in vivo. Expression levels of
ISR2 (A and B), ISR8 (A), ISR12 (A), and GBP1 (B) were evaluated in livers
from HCV-negative (n=19) to HCV-positive (n=13) patients (A) and in
blood cells (B) isolated from healthy patients (n=14) or from patients
infected with HIV (n=7). Statistical significance was calculated using a
two-tailed non-parametric Mann–Whitney t -test.

of the lncRNA transcriptome and its manipulation by IFN. In
fact, during the revision of this paper, another manuscript was
accepted showing that transcriptome analysis by RNASeq allowed
the identification of several lncRNAs whose expression is altered
in response to IFN (82). Similar results have been obtained using
RNASeq in our lab (Barriocanal et al., submitted).

Several ISRs were clearly validated by qRT-PCR. Specifically,
ISR1, 2, 8, 12, and 22 were upregulated more than fivefold, and
ISR2 and ISR8 even more than 50-fold. ISR1 was expressed at very
low levels. In contrast, ISR2, 8, and 12 were well expressed in all cell
lines tested and their expression was strongly induced by IFN at
early (ISR2 and 8) or late times (ISR12) (Figure 4A). Furthermore,
low doses of type I IFNα or IFNβ also induced the expression of
these ISRs (Figure 5 and data not shown). We did not detect sig-
nificant induction of these ISRs, GBP1, IRF1, or IL6 with type III
IFNλ using doses able to induce other ISGs such as OAS, ISG15,
or BST2 (data not shown). Further experiments are required to
determine whether these genes could show some specificity for
type I IFN, as the repertoire of genes that are induced by type III
IFNs is essentially the same as those induced by type I IFNs (83).
Finally, ISR12 was also induced after the activation of the NFκβ

pathway by TNFα, LPS, or polyI:C (data not shown). This result
is in line with the identification of NFκβ binding sites in ISR12
promoter by chIP Seq.

Our molecular and bioinformatic analyses strongly suggest that
ISR2, 8, and 12 are indeed long non-coding RNAs. The reasons are:
(i) they accumulate preferentially in the nucleus of IFN-treated
or untreated cells (Figure 6); (ii) they are marked as lncRNAs
with high sensitivity and specificity after analysis of their ORF size

and coverage, analysis of their codon and hexamer usage bias,
or analysis of PhyloCSF; (iii) they have not been identified as
associated with ribosomes in ribosome profiling experiments; and
(iv) if they are translated to small peptides, such peptides have not
been identified by proteomic analyses (Figure S4 in Supplementary
Material).

Given that some lncRNAs regulate the expression of neigh-
boring genes, we searched for the closest coding gene for each
ISR or IDR. Interestingly, ISR2, 8, and 12 have neighboring genes
related to the IFN response (Table S4 in Supplementary Material,
Figure 4B, Figure S2 and S3 in Supplementary Material). ISR2 is
in tandem and downstream of GBP6. It is very unlikely that ISR2
results from run-off transcription from GBP6, as GBP6 expression
could not be detected in HuH7 cells (data not shown). ISR12 is in
tandem and upstream of IL6 while ISR8 is convergent with IRF1.
None of the transcripts annotated for ISR2 or ISR12 overlaps with
the transcripts annotated for GBP6 or IL6, respectively (Figure
S3 in Supplementary Material). However, the region of ISR8 and
IRF1 is more complex. While ISR8 does not overlap with its coding
neighbor IRF1, the IRF1 gene also transcribes a longer transcript
of poor coding capacity called lncIRF1 (Figure 4B, Figure S2A
in Supplementary Material). LncIRF1 expression is induced by
IFNα to similar levels than ISR8 (Figure S2C in Supplementary
Material). As ISR8 is antisense to lncIRF1, they could potentially
regulate each other by transcriptional interference or by antisense
mechanisms, although only 17 nt of the mature form of ISR8 are
antisense to the mature form of lncIRF1 (Figure 4B and Figure
S2A in Supplementary Material).

None of the coding/non-coding pairs share the promoter, mak-
ing it unlikely that they are co-regulated at the transcriptional level,
which would otherwise be a way to explain that both are induced
in response to IFN. Instead, the promoters of these ISRs seem
to be independent. ISR2 is located within the GBP locus, which
could be indicative of a general co-regulation in response to IFN.
The ISR8 and ISR12 promoters have NFκB binding sites, although
only ISR12 is reproducibly induced in response to TNFα under the
conditions tested. Furthermore, ISR8 seems a bona fide ISG as the
promoter has sites for STAT1 and 2 as well as IRF1 and 2. In spite
of this, the possibility exists that IFN activation of a coding ISG
could result in an unintended recruitment of transcription factors
to the promoter of lncRNAs located nearby. We do not think that
this is a general phenomenon, as in the microarray or RNASeq
analysis, we do not observe that many lncRNAs located close to
ISGs are induced after IFN treatment. Besides, if such unintended
transcription occurs, we would expect that the expression of ISR2,
8, and 12 should always correlate with the expression of their
neighboring coding genes. This, however, is not the case.

Upon further analysis of the results in Figures 1, 4, and 5,
we observed a highly significant positive correlation between
the expression levels of ISR2 and GBP1, or of ISR8 and IRF1
(Figure 7A). These correlations may reflect the fact that ISR2
and ISR8 are genes induced by IFN at early time points. In fact,
the expression of ISR2 and ISR8 also correlated significantly with
the expression of IRF1 and GBP1, respectively (data not shown).
Therefore, to analyze correlation in a more stringent manner, we
compared the expression of ISR2, 8, and 12 with the expression
of all the genes represented in the SurePrint G3 microarray using
data from 120 human samples. In this case, we only observed
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a significant correlation for ISR8 and IRF1 (corr= 0.41 and
p < 10e−0.5), suggesting that these two genes are co-expressed.
In fact, the ISR8 promoter has a conserved IRF1 binding site.

Guilt-by-association genome-wide analysis predicts that ISR2,
8, and 12 could function in the IFN pathway and the antiviral
response (Figure 7B). Furthermore, they could be involved in
viral processes including viral life cycle and viral transcription.
In fact, ISR2 and 8 are upregulated at later times post-infection
with an influenza virus mutant that lacks NS1, unable to block
the IFN response (Figure 8). This suggests that ISR2 and 8 are
increased in response to the physiological amounts of IFN secreted
by the cells as a consequence of infection. We did not observe sig-
nificant responses of ISR2, 8, and 12 to other lytic viruses able
to block the IFN response. However, both ISR2 and 8 were sig-
nificantly upregulated in cells infected with HCV compared to
controls. This was observed in HCV-infected cells in culture but
also in the livers of HCV-infected patients (Figure 9A). Intrigu-
ingly, increased levels of ISR2 and GBP1 were also detected in
patients chronically infected with HIV (Figure 9B). We did not
observe significant correlations between the levels of ISR2 and
ISR8 and clinical symptoms, although patients with higher HIV
load tend to have higher levels of ISR2 and GBP1 (data not shown).

HCV is a chronic virus that employs several viral proteins to
block the IFN pathway (84). However, the ISG expression profile
of some patients with chronic HCV infections indicates that IFN
is being produced by the infected cells as well as by neighboring
cells (85). This may in turn explain upregulation of ISR2 and ISR8.
Upregulation was also observed for the neighboring genes GBP1
and IRF1 but not for other ISGs such as OAS (Figure 8 and data not
shown). This raises the question why the infection persist in spite
of increased levels of antiviral factors? Different viruses are tar-
geted by unique sets of ISGs (86). In the case of HCV both GBP1
and IRF1 have been shown to have antiviral potential (86–88).
IRF1 overexpression on its own can activate a similar set of genes
as IFN and can lead to a control of the replication of HCV and
other viruses (86). Therefore, for infection to persist, the effects
of IRF1 and probably other ISGs should be inhibited in infected
cells (84). One intriguing hypothesis for future work is that this
inhibition is in fact exerted by ISG lncRNA neighbors.

Further experiments will be required to determine whether
these ISRs have a proviral or an antiviral role by affecting the
function of ISGs. The only preliminary evidence of an anti-IFN
role is the highly significant anti-correlation between ISR2/ISR12
and key factors of the IFN pathway found by genome-wide guilt-
by-association studies. Similarly, inhibition of a lncRNA located
close to viperin, an ISG that also inhibits HCV replication, has been
shown to increase the levels of many IFN-inducible genes (82, 89).
Therefore, several lncRNAs could act as negative regulators of the
IFN pathway. The guilt-by-association study also shows a positive
correlation of ISR8/IRF1 and the IFN response, suggesting that
ISR8 could have a positive role in the IFN pathway. One possible
approach to further dissect the function of these ISRs in the future
will be their inhibition via RNAi. However, resistance to RNAi
is a common feature of many lncRNAs that locate in the nucleus
away from the RNAi machinery or contain poorly accessible struc-
tured sequences. An alternative could be the use of gene editing
technologies, provided that the function of the targeted lncRNAs

is not essential for the cell, which would prevent their complete
deletion. Moreover, it may also be feasible to overexpress selected
lncRNAs from plasmids or viral vectors, in order to study gain-of-
function phenotypes. In the long run, we are optimistic that these
and other approaches will help to further delineate the potential
role of lncRNAs in the IFN pathway and in the antiviral response.
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SUPPLEMENTARY FIGURES AND TABLES 

Table S1. Clinical data for the HCV-infected patients used in this study. The table 

shows the age, gender and the date the sample was collected from a liver transplantation 

(tx) or a hepatectomy (hepa). The virus subtype is also indicated for most of the patients. 

 

Table S2. Clinical data for the HIV-infected subjects in our study. The table shows 

the age, gender, CD4+ cell count and viral load of the recruited patients. 

 

Table S3. Sequences of the oligonucleotides used in this study. 

 

Table S4. List of putative lncRNAs upregulated (ISRs) or downregulated (IDRs) in 

response to IFN. The table indicates for each candidate the description of the best 

probe from the array, the log fold-change (logFC), the statistical significance (B), the 

position in the genome of the gene that matches the sequence of the probe used in the 

array (non-annotated, NA, indicates that transcription has not been linked to the 

sequence of the probe in public databases), name and alternative names of the gene and 

sense (S) or antisense (AS) orientation (strand). “Next to” indicates the closest coding 

gene of each transcript within a distance of 100 kb. “None” denotes that the lncRNA is 

isolated in the genome or the closest gene is another lncRNA. Further information about 

the neighboring coding gene includes the strand, the relative position to the ISR or IDR 

(L, left; R, right; In, overlapping) and a classification. The coding – noncoding pairs can 

be in tandem, convergent or divergent, when their sequences or their promoters do not 

overlap and they are tail-to-head, tail-to-tail, or head-to-head, respectively. When the 

coding – noncoding pairs are closer, they can be antisense (AS) when they are in the 

opposite direction, overlapping (overlap) when they are in the same direction and 

“shared promoter” when they seem to share the same promoter according to the DNase 

I hypersensitivity and the histone marks described by ENCODE for that area. 

 

Table S5. Validation of IDRs and ISRs at different times after IFN treatment. The 

exact values of Fig. 3 are shown. The relative expression levels are also indicated for 

each candidate. VL, very low; L, low; M, medium; H, high; and VH, very high. ND 

denotes non-determined. 
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Figure S1. Ingenuity pathway analysis of genes differentially expressed in response 

to IFN. The genes upregulated in the array with a B>1.5 have been analyzed using 

Ingenuity to find pathways and networks significantly enriched. The best outcome has 

been obtained for the IFN-induced STAT pathway (A) and the TLR / IRF network (B). 

Genes shown in red are upregulated by IFN. 

 

Figure S2. Analysis of ISR8 transcript expression. (A) UCSC representation of ISR8 

genomic location and annotated transcripts. CpG islands and H3K27Ac marks are also 

shown. A number (from 1 to 7) has been assigned to each ISR8 gene transcript in the 

sense orientation. Location of the primers used to evaluate the levels of each transcript 

is indicated with a red arrowhead. ISR8 noncoding RNA, IRF1 and lncIRF1 are 

highlighted in red. Location of the primers that evaluate the expression of lncIRF1 is 

indicated with a brown arrowhead (B) Expression levels of each ISR8 transcript have 

been evaluated by qRT-PCR in RNA isolated from HuH7 or HeLa cells treated with 0 

or 10000 units/ml of IFNα. (C) Expression levels of ISR8 noncoding RNA, IRF1 and 

lncIRF1 were evaluated by qRT-PCR in RNA isolated from HuH7 cells treated with 0 

or 10000 units/ml of IFNα for 6, 12 or 24 hours. GAPDH expression was also evaluated 

and used as a reference to calculate the relative levels of each transcript. The foldchange 

of treated versus non-treated cells is indicated at the top of each bar. The experiment 

was performed twice and each value shows the average of three replicas from a 

representative experiment. Error bars indicate standard deviations. 

 

Figure S3. Database analysis of ISR2 and ISR12. UCSC representation of ISR2 (A) 

and ISR8 (B) genomic location and annotated transcripts. The regions of ISR2, GBP6, 

ISR12 and IL6 are highlighted with a red square to show that they do not overlap. 

 

Figure S4. Bioinformatic analysis of the coding potential of ISR2, 8 and 12. The 

figure shows the results for ISR2 ENST00000513638, ISR8 ENST00000461203 and 

ISR12 ENST00000435127, but similar results have been observed for other transcripts 

of the same genes. (A) The analysis with ORF Finder (NCBI) shows all start (green) 

and stop (pink) codons in the three ORFs (left). The nucleotide position and the peptide 

length is indicated for each ORF longer than 33 aa (right). (B) Results obtained from 

CPAT and LNCipedia. ISR2, 8 and 12 have a coding probability and a coding label of 

"noncoding RNAs" according to these analyses. See the text for details. 
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Table S1. Clinical data for the HCV-infected patients used in this study. 

 

 
 
 

 

 

Table S2. Clinical data for the HIV-infected subjects in our study. 

 

 
 

 

 

 

 

 

 

 

 

 

Patient ID Age Gender Date Sample HCV
10235 43 M 28/1/06 TX HCV 4
10239 50 M 22/2/06 TX HCV 1b
10346 56 F 24/10/09 TX HCV 1a
10387 62 M 12/1/11 TX HCV 1a
10410 64 F 28/6/11 TX HCV 1b
10442 43 M 16/6/12 TX HCV 4
10449 45 F 4/10/12 TX HCV 3a
10467 55 M 22/7/13 TX HCV
10359 80 F 24/2/10 Hepa HCV
10451 58 M 5/1/13 TX HCV 1b
10330 63 M 28/4/09 TX HCV
10463 69 M 21/5/13 TX HCV
10454 72 M 28/1/13 Hepa HCV 1

Patient
Age at the time of 

study
Gender Virus load / ml CD4 count

#11_77_f_1HB 34 F 3.1 x 10^4 436
#15_79_m_5HB 32 M 1.2 x 10^5 349
#32_78_m_6HB 33 M 5.03 x 10^3 442
#33_66_m_7HB 45 M 2.18 x 10^4      383
#37_41_m_9HB 70 M 7.84 x 10^2 427

#39_64_m_11HB 47 M 4.53 x 10^3 542
#45_50_f_13_HB 61 F 2.67 x 10^4 291
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Table S3. Sequences of the oligonucleotides used in this study. 

 

Genes Forward (5' → 3') Reverse (5' → 3') 
GAPDH CCAAGGTCATCCATGACAAC TGTCATACCAGGAAATGAGC
GBP1 GCAATTCTCCAGACAGACCAG CGTTCCACTTCAATCTCCTTTT
IRF1 ACATCAACAAGGATGCCTGTTT TGTATCGGCCTGTGTGAATGG
ISG15 AGTGTCCCAGAGTTCATTTTTG GTCGCCCAGGCTGATCTC
IL6 CCTTCCAAAGATGGCTGAAA TTTCTGCAGGAACTGGATCA
BST2 CGTGCCAGCCTGTATTCAT CCAGTCTCACCTGTTGCTCA
OAS TTAAGAGGCAACTCCGATGG AGCAGACTGCAAACTCACCA
MALAT AACTGGGGGTTGGTCTGG AAATTCCAAAAGAGAACCACACA
ISR1 GCATTGACTCACCTTGCAGA CGTGCCCATGGAATTTAATC
ISR2 GGTGACAACCAGAATGACTCC TGCTGTTCTGGGTCACAAAG
ISR3 ACACACAGCACCCTCAAGACT CACTCTTCGTTGAGTGCATCC
ISR4 CCTCTCCACCCTGGTCTTCT CCTTTCCTGGTTCAAAGCAC
ISR5 GCCTGTGCGATGGATTATCT CTCCAGGGCGCTCCTAAT
ISR6 AAGGGGAAAGGACAGAAACG TGCTTGGTGCTTGATTTCAG
ISR7 TCTGACAGAGGACAATAACAAACA AAAAAGAACGCATGAGCTGGT
ISR8 AGTTTGTAGCCTATTGGAGGAAAA TCACTGTCCCCAGGACTCTC
ISR9 CGAAGCTTTTGAAGGTTTAAGG TTAAGCCACGGAAACAATTT
ISR10 TTAGGATAAATGATTGAGTGTTCCTG TTGAACCAGGGGAACAATTC
ISR11 TCATTGCAGAGAGGAATTGATG GAAAAAGAAGTTTTTCCAGCAG
ISR12 GCAGCTCTAAGGACCACAGG CTGTTGCCACATCTCCTGAA
ISR13 CCTGAGAATGGGTCATTTGC TTGTACTGACGTTTGGCATTG
ISR14 AACCATGCACTGGAATGACA CCAAAGGAAGTTGGCAGAGA
ISR15 TCAAATCCCTGTTGCTCAAA TGCTACTTGTAGATAAGAATGAGCTA
ISR16 CATAAGTTAGCTCAGAGCAATTCCA CTACTGGATCACAGACCATACTTG
ISR17 AAAGGATGAGGAGGAGCAGA ATCCAGGGACCTCTTGTTTG
ISR18 CCATGAGGGAGTCTGAAACC AAGAGAAGCAGAGAGTCCTTGG
ISR19 GGCTTAATAAGACCAGCCCTTT TGAGAGAAAGGATAGAGCGTGT
ISR20 GACTGGGACTGAGAGAAAAGAG AAATCGGTAATAGGGTTTGATG
ISR21 GGCAGCAGGAATCTGAAGTAG CCTTCCCATACCAGCATCTC
ISR22 TCCTTTTCTGGGGGATCCTA GTGCCTTCTCTGCCTTTGTC
ISR23 TGACTCGCTTGAAACAGCAC GAGGCGCATTTCCCTACTC
ISR24 ATTTCAGGGCTTCTTCTTTGA CCATGTGGTGCTGCAATC
IDR1 TGAGGGAGTGAAGTTGAAATTG TGTTTAATGATGAAAGAGTGAGC
IDR2 CTCTGGTACACTTCAGATTACTTACC CTAAGGGTTAAAAGCCCTCAAT
IDR3 TCCTGTTGCTTGAGTCCAAA TCCCTAGGAGGTTTCCAACA
IDR4 TGAATTCCACAGCTTCTTGATG CTGAACTGGGCTAAGATGC
IDR5 TTCCAAAGTTGCAACGATTTC TCTAAGCAAACAGAAAAACTCCA
IDR6 AGCCAGAGAAGCACAATTT AGCAGCTTGGGTTCGTTTT
IDR7 TGGAAGAGGACAAAGGAAGC GAGGGTAGCAAAAGCCAAAA
IDR8 GAGGTTGTTGTCCTGGTCCT CTTTAGTGTCGACTGACTCATGG
IDR9 TCTCTCCTTCAGACGCTTTTT GCAGAATTGACCTGAGCAGA
IDR10 AACAAGAACTGGCAACACAGG TCCAGTCATCCATTTCTCTCC
IDR11 CCTAGCCCTAACCCTTGCAC AATTAGTGATAAGGATTTTGTGTGTG
IDR12 AGCACCTACAGATGCTGAGACT TCCAATTTTACAAGCACTTTGTTC
IDR13 GTGGAGTGCCCTTTCTTCC TGGGCCAGGTATTCTCAGAT
IDR14 TGAAAGAGCAAGTGACAGACG ACCACATCTCAATGCCCTCT
IDR15 TTATGCCACCTTCTGCTGTT AAAGCACCCATCAACCAGAT
IDR16 AACAGGAATTCGACCTGTGG AATGTTCGCTGTAGGATTTTT
C5orf56-1 AGTTTGTAGCCTATTGGAGGAAAA TCTTGGCTGTAAGCAGCAGA
C5orf56-2 AGTTTGTAGCCTATTGGAGGAAAA TGGGAGCTCTGCCATATACA
C5orf56-3 AGTTTGTAGCCTATTGGAGGAAAA TTTCTCTTGGAGGCATGGTG
C5orf56-5 AGTTTGTAGCCTATTGGAGGAAAA GGATCTCCACCATCCACAGT
C5orf56-6 AGTTTGTAGCCTATTGGAGGAAAA CTCCCCTGGCTGTTATGAAA
C5orf56-7 CACTGGAAGCTGGGCAAAG TAATAAGTAAAGTATTCGCCTTGGTC
lncIRF1E1 CGAGCCAGAGACTGGAAGAG CTGGATATAAGCCCCAGTCG
lncIRF1E2 TTTCAACTTCCATCCAGGC GCTACAAACTCTGGCACCTG
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Table S4. List of putative lncRNAs upregulated (ISRs) or downregulated (IDRs) in 

response to IFN. 
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Table S5. Validation of IDRs and ISRs at different times after IFN treatment.  

 

 
	 	

Name ID 6h 12h 24h 48h 72 h Expression
TCONS_00000061 ISR1 1.3 1.2 4.7 22.0 23.0 VL
GBP1P1 ISR2 181 ND 7.0 4.0 4.4 M
SOCS2AS1 ISR3 1.5 1.6 2.6 2.2 -1.3 L
Linc00673 ISR4 1.3 1.9 -1.1 -1.3 -1.1 M
TCONS_00005171 ISR5 1.6 -1.7 -1.1 1.7 1.0 L
RP11-689K5.3 ISR6 1.4 2.9 -1.3 -1.4 -3.3 VL
RP11-5D19.1 ISR7 -5.0 -10.0 1.2 2.4 1.5 VL
ENST00000461203 ISR8 87.8 ND 8.8 8.6 5.6 M
RP11-345L23.1 ISR9 1.3 1.7 2.0 1.2 1.0 L
RP1-90L14.1 ISR10 -1.4 -3.3 1.2 4.5 3.4 VL
LOC100996266 ISR11 1.8 1.5 1.6 -1.1 -1.3 VL
LOC100506178 ISR12 1.0 ND 2.4 2.9 5.4 L
LINC01372 ISR13 -1.3 -1.3 -1.3 -1.1 -1.3 VL
PVT1 ISR14 -1.4 2.7 -1.1 -1.1 -1.1 M
RP11-37B2.1 ISR15 3.4 2.6 1.9 1.7 1.5 M
CDKN2B-AS1 ISR16 3.8 -1.3 2.5 3.6 1.3 M
RP11-125B21.2 ISR17 -2.0 1.4 -2.5 2.1 2.6 M
TCONS_00001233 ISR18 -2.0 1.1 2.4 3.0 2.3 M
TCONS_00004564 ISR19 1.5 1.5 -1.1 -2.0 -2.5 L
NA: lincRNA:chr2:62367371-62385846_F ISR20 -2.5 1.0 -1.4 -2.0 -2.5 M
NA: lincRNA:chr2:68919771-68927296_F ISR21 -1.7 2.1 1.4 1.0 1.0 M
LOC643977 ISR22 8.4 5.3 3.2 2.4 1.8 H
NA: lincRNA:chr6:29701971-29740296_F ISR23 3.5 1.9 1.3 1.5 1.2 M
NA: lincRNA:chr6:43770929-43810362_F ISR24 1.1 -1.4 2.1 2.9 2.8 M

Name ID 6h 12h 24h 48h 72 h Expression
ZNRD1-AS1 IDR1 -1.3 -1.4 -1.7 -1.7 -2.0 M
CASC7 IDR2 1.2 -2.0 -1.7 -2.5 -2.5 H
PCBP1-AS1 IDR3 1.7 1.0 -1.4 -1.3 -1.3 H
NA: lincRNA:chr22:35829799-35830277_F IDR4 1.2 -3.3 -2.0 1.0 -1.7 H
SNHG5 IDR5 1.2 1.8 1.3 1.0 -1.1 VH
AC009120.3 IDR6 -1.3 1.0 -1.3 -1.4 -1.7 H
NA: lincRNA:chr1:150582126-150591026_R IDR7 1.1 -1.3 -1.1 -1.3 -1.7 H
NA: lincRNA:chr11:126055515-126071261_F IDR8 -1.7 1.5 -2.0 -1.3 -1.4 M
NA: lincRNA:chr13:30884300-30899600_F IDR9 1.6 -1.4 1.0 1.3 1.1 VL
NA: lincRNA:chr18:34811352-34822377_F IDR10 -1.7 1.0 -2.0 -1.7 -1.7 L
NA: lincRNA:chr4:24814752-24827052_F IDR11 2.0 5.0 -2.0 1.2 -1.7 L
TCONS_l2_00020391 IDR12 -1.1 1.2 1.0 -1.3 -1.1 M
NA: lincRNA:chr5:133837051-133848098_R IDR13 -1.1 1.4 -1.1 1.9 1.2 M
NA: lincRNA:chr8:142273943-142316018_R IDR14 1.8 -3.3 -1.4 1.1 -1.3 L
NA: lincRNA:chr9:123606154-123611279_R IDR15 -2.5 1.6 -1.7 -1.4 -1.1 H
NA: lincRNA:chr9:2756150-2773400_F IDR16 1.0 -1.7 -2.5 -5.0 -10.0 VH
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Figure S1. Ingenuity pathway analysis of genes differentially expressed in response 
to IFN		

	
 
Figure S2. Analysis of ISR8 transcript expression.	
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Figure S3. Database analysis of ISR2 and ISR12.	
	

	
	
 
Figure S4. Bioinformatic analysis of the coding potential of ISR2, 8 and 12.	
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Long	non-coding	RNA	BST2/BISPR	is	induced	by	IFN	and	regulates	the	

expression	of	the	antiviral	factor	tetherin	

	

In the last decades, lncRNAs have been described as key regulators of many 

cellular processes. However, little has been studied about lncRNAs implicated in the 

antiviral cellular response. We have previously identified lncRNAs regulated in 

response to IFNα by microarray studies. However, recent transcriptome analyses 

performed using several high throughput technologies have demonstrated that lncRNA 

genes are very abundant in the genome and raise the possibility that many have not yet 

been annotated. 

This article describes the use of RNA-sequencing to identify lncRNAs 

differentially expressed in HuH7 cells after treatment with 10,000 U/ml of IFNα for 72 

hours. Then, we studied in more detail two IFN-stimulated lncRNAs: BST2 IFN-

stimulated positive regulator (BISPR) and lncISG15. BISPR and lncISG15 are induced 

at early times after IFNα-treatment by the JAK/STAT pathway. These lncRNAs are also 

induced by type II IFN and by infection with influenza and vesicular stomatitis mutant 

viruses unable to block the IFN response. The expression of BISPR and lncISG15 is 

also increased in liver samples from HCV infected patients compared to control livers. 

Interestingly, BISPR and lncISG15 are near to BST2 and ISG15 genes respectively, 

which encode key antiviral factors, and the levels of the coding and non-coding pairs 

correlate significantly. Finally, inhibition of BISRPR indicates that it functions to 

favour the expression of the neighbouring coding gene BST2.  

The performance and data analysis of the RNA-sequencing, and the screening 

and validation of the candidate lncRNAs were done before I arrived to the laboratory. 

My contribution was the study of BISPR and lncISG15; which includes the experiments 

performed for figures 2, 5, 6 and 7, and supplementary figure 1. 
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Many long non-coding RNAs (lncRNAs) are expressed in cells but only a few have been well
characterized. In these cases, lncRNAs have been shown to be key regulators of several
cellular processes. Therefore, there is a great need to understand the function of more
lncRNAs and their regulation in response to stimuli. Interferon (IFN) is a key molecule in
the cellular antiviral response. IFN binding to its receptor activates transcription of several
IFN-stimulated genes (ISGs) that function as potent antivirals. In addition, several ISGs are
positive or negative regulators of the IFN pathway. This is essential to ensure a strong
antiviral response and a later return of the cell to homeostasis. As the ISGs described to
date are coding genes, we sought to determine whether IFN also regulates the expression
of long non-coding ISGs. To this aim, we used RNA sequencing to analyze the transcrip-
tome of control and HuH7 cells treated with IFNα2. The results show that IFN-treatment
regulates the expression of several unknown non-coding transcripts. We have validated
two lncRNAs upregulated after treatment with different doses of type I IFNα2 in different
cells or with type III IFNλ. These lncRNAs were also induced by influenza and vesicular
stomatitis virus mutants unable to block the IFN response, but not by several wild-type lytic
viruses tested.These lncRNA genes were named lncISG15 and lncBST2 as they are located
close to ISGs ISG15 and BST2, respectively. Interestingly, inhibition experiments showed
that lncBST2 is a positive regulator of BST2.Therefore lncBST2 has been renamed BISPR,
from BST2 IFN-stimulated positive regulator. Our results may have therapeutic implica-
tions as lncBST2/BISPR, but also lncISG15 and their coding neighbors, are increased in
cells infected with hepatitis C virus and in the liver of infected patients.These results allow
us to hypothesize that several lncRNAs could be activated by IFN to control the potency
of the antiviral IFN response.

Keywords: IFN, lncRNAs, BST2, ISG15, HCV, tetherin

INTRODUCTION
The interferon (IFN)-mediated innate immune response provides
a potent defense against pathogens (1). Upon invasion, pathogen-
associated molecular patterns (PAMPs) are detected by specific
receptors in the cells. These can be located on the surface of the
cell, as in the case of Toll-like receptors (TLRs), or intracellu-
larly, as in the case of the retinoic acid-inducible gene I (RIG-I).
PAMP recognition triggers a series of signaling cascades that lead
to the production and secretion of Type I IFN. Type I IFN (IFNα,
IFNβ, and others) binds to IFN receptors present on the surface
of all cell types and activates Janus-activated kinase/signal trans-
ducer and activator of transcription (JAK/STAT) signaling. This
gives rise to the nuclear translocation of the STAT1/STAT2/IRF9
(IFN regulatory factor 9) complex that binds IFN-stimulated
response elements (ISRE) in the promoters of IFN-stimulated
genes (ISGs) and activates their transcription. A similar response
is induced by Type III IFN (IFNλ) upon binding to its receptor
(2, 3). In contrast, Type II IFN or IFNγ, produced by cells of the
immune system, binds to the widely expressed IFNγ receptor (4,
5) leading to nuclear translocation of STAT1 homodimers, which

bind to gamma-activated sequences (GAS) in the promoter of
immunoregulatory genes.

IFN-stimulated genes are antiviral factors, positive regulators
of the IFN pathway (STAT1 and 2 and IRF1) or negative regula-
tors that help IFN-induced cells to return to cellular homeostasis
(SOCS and UPS18) (6–11). Among antiviral genes, there are fac-
tors that function to increase cell sensitivity to PAMPs (OAS and
PKR) or true antiviral effectors that block viral entry (Mx, IFITM,
and TRIM), virus replication, translation and stability (IFIT, OAS,
PKR, and ISG15), or viral release (viperin and tetherin/BST2)
(8). While most IFN-induced factors known to date are proteins,
IFN also activates the expression of several microRNAs that con-
tribute to the antiviral state or to the control of IFN response
(12). Few studies have been performed to address whether IFN
could also regulate expression of long non-coding RNAs (lncR-
NAs) (13–15). In recent years, viral infection has been reported to
be able to induce the expression of cellular lncRNAs. This has been
shown for infection with enterovirus, influenza, HIV, hepatitis B
and C viruses, and the SARS coronavirus (13, 16–23) (Carnero
et al., in preparation). The lncRNA signature found after infection
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should be a mixture of transcripts induced by the virus and tran-
scripts that respond to the cellular antiviral pathways activated by
the infection. In fact, activation of TLRs by PAMPs induces the
expression of several lncRNAs. TLR2 signaling leads to the acti-
vation of lncRNA-COX2, which regulates the expression of genes
related to the immune system (24). Activation of TLR3 results in
increased NEAT1, which increases the expression of genes such
as IL8 (19). TLR4 controls IL1b-eRNA and IL1b-RBT46 lncR-
NAs whose downregulation diminishes IL1b and accumulation
of LPS-induced RNAs (25). Likewise, the LPS-induced inflamma-
tory response is controlled by lnc-IL7R (26). Innate activation also
induces linc1992/THRIL, which controls TNFα and other genes
involved in the immune response (27). In turn, TNFα induces
Lethe, a pseudogene that responds to NFκB and reduces inflam-
mation by inhibiting NFκB DNA binding activity (28). LncRNA
responses are also critical for the functionality of dendritic cells,
CD4+ and CD8+ T-cells (29–32). Thus, NEST lncRNA con-
trols IFNγ locus in CD8+ T-cells leading to decreased Salmonella
enterica pathogenesis (33, 34).

These studies illustrate the interest in identifying novel lncR-
NAs and elucidating their function and regulation. LncRNAs are
thought to be at least as numerous as protein-coding genes, but
only a few are well characterized (35–38). LncRNAs are tran-
scripts similar to mRNAs but with poor coding potential. They are
more cell type-specific, less expressed, and less well conserved than
mRNAs (29, 39). Interestingly, lncRNAs are cell regulators that can
function in cis, co-transcriptionally, or in trans. Some control the
expression of coding genes located in the same genomic region.
Therefore, the genomic location of lncRNAs can provide hints as
to their functionality. They can be sense or antisense (when over-
lapping with one or more exons of another transcript in the same
or in the opposite strand, respectively); intronic (when derived
from an intron of another transcript); divergent or bidirectional
(when they share a promoter with another transcript in the oppo-
site strand and therefore are co-regulated); or intergenic (when
they are independent, located in between two other genes). Several
mechanisms are involved in the regulation of neighboring or anti-
sense genes by lncRNAs. These include transcriptional activation
or interference, recruitment of chromatin modifiers and remodel-
ers, regulation of imprinting, editing, splicing or translation, and
stability (40–44).

To address the issue of whether IFN could also regulate expres-
sion of lncRNAs, which may play key roles in the antiviral response,
we analyzed the transcriptome of cells treated or not with IFNα2
by RNA sequencing (RNASeq). In this analysis, we identified two
lncRNAs upregulated in response to IFN in different cell lines.
Interestingly, these lncRNAs are expressed from positions in the
genome divergent from the well-characterized ISGs ISG15 and
BST2. Therefore, we have called them lncISG15 and lncBST2.
These lncRNAs and their coding counterparts are also induced
in cells infected with mutants of influenza or vesicular stomatitis
viruses (VSV) that fail to block the IFN response. Surprisingly,
they are also induced in culture cells infected with hepatitis C
virus (HCV) and in the liver of patients with HCV infections.
Finally, according to HUGO regulation, we have renamed lncBST2
BISPR, from BST2 IFN-stimulated positive regulator, as we show
that inhibition of lncBST2 expression by RNAi leads to decreased

levels of BST2 mRNA, providing a new layer of regulation of the
IFN response.

MATERIALS AND METHODS
CELLS AND PATIENT SAMPLES
The HuH7 cell line, derived from a human hepatocarcinoma, was
provided by Dr. Chisari’s lab (Scripps Research Institute, La Jolla,
CA, USA). A549 cells, from human non-small cell lung carcinoma,
were kindly provided by Estanislao Nistal (CIMA, University of
Navarra, Spain). Human liver samples with or without HCV infec-
tion were obtained from the Biobank of the University of Navarra
under approval from the Ethics and Scientific Committees. Liver
tissue sections were snap frozen and stored at −80°C. The clin-
ical data from HCV-infected subjects are shown in Table S1 in
Supplementary Material.

CELL CULTURE
Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptavidin and maintained at 37°C in a 5% CO2

atmosphere. Twenty-four hours before treatment with IFN, HuH7
and A549 cells were seeded in six-well plates. Then, 0, 5, 50, 250,
1000, or 10000 units/ml of IFNα2 (Sicor Biotech, Lithuania) were
used in a final volume of 2 ml. HuH7 cells were also treated
with 250 ng/ml of IL28B/IFN-λ3 (R&D Systems) in a final vol-
ume of 2 ml. For treatment with ruxolitinib (Selleckchem), cells
were seeded out 24 h before and treated with 0.8 µM ruxolitinib
in a final volume of 2 ml. One hour after treatment media were
discarded and replaced by media containing 100 units/ml IFNα.
Cells were harvested for RNA extraction at the indicated times
post-treatment.

CELL TRANSFECTIONS
siRNAs targeting lncBST2/BISPR were designed using iScore
Designer and RNA Scales (45, 46) and purchased from Dhar-
macon. The lncBST2/BISPR siRNAs targeted the sequence
GACUAGUGUGAGCAACAAA. For cell transfection with siR-
NAs, lipofectamine 2000 reagent (Invitrogen) was used accord-
ing to manufacturer’s instructions. Cells were seeded 24 h before
transfection. For each well of a six-well plate, 80 pmoles siRNA
were used. The siRNA was mixed with 50 µl OPTIMEM. Fur-
thermore, 6 µl lipofectamine were mixed with 250 µl OPTIMEM
media and incubated for 5 min. Then, lipofectamine and siRNA
solutions were mixed and incubated for 20–60 min at room tem-
perature. After incubation, half of the volume of the cell media
was discarded and 300, 150, or 75 µl of the lipofectamine mixture
were added to each well of 6, 12, or 24-well plates, respectively.
Six hours post-transfection the media from the cells was discarded
and substituted with DMEM media enriched with 10% FBS and
antibiotics.

VIRUS INFECTIONS
Hepatitis C virus JFH-1 was obtained from an initial viral
stock from the genotype 2a JFH-1 plasmid (pJFH-1) previously
described by Wakita et al. (47). The virus was amplified as
described (15). Influenza virus strain A/PR8/34 WT (PR8), a
mutant lacking NS1 (∆NS1), VSV-GFP, and the mutant M51R
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were kindly provided by Estanislao Nistal (CIMA, University of
Navarra, Spain) (48–50), Semliki Forest Virus (SFV) was a gift
from Cristian Smerdou (CIMA, University of Navarra, Spain), and
Adenovirus serotype 5 (Ad5) was amplified as previously described
(48). VSV-eGFP titration was performed in quadruplicates on
A549 cells. The supernatant from infected cells was collected and
1:10 serial dilutions were performed. Cells were seeded 24 h before
infection in 96-well plates and infected with 50 µl of each dilution.
Twenty-four hours after infection, GFP expression was visualized
by microscopy and used to determine the titer. Cells were infected
with HCV at a multiplicity of infection (moi) of 0.3, with VSV at
a moi of 5 and with a moi of 10 of Influenza A, ∆NS1, Ad5, and
SFV. In the case of the lytic viruses, we used a moi of 5 or 10 as
this causes cytopathic effects at 24 h (for VSV, influenza and SFV)
or 48 h (for Ad) in HuH7 or A549 cells. After infection, the virus
was removed and fresh medium was added to the cells. Cells were
harvested for RNA extraction at the indicated times post-infection.

CELLULAR FRACTIONATION
Two million HuH7 cells were incubated in 100 µl of cytoplasmic
buffer (50 mM Tris HCl pH7.4, 1 mM EDTA, and 1% NP40) for
5 min at 4°C. Then, cells were centrifuged for 5 min at 3000 g and
the supernatant was used to isolate cytoplasmic RNA. The pellet
was washed with cytoplasmic buffer and centrifuged as before. The
supernatant was discarded and the pellet was used to isolate the
nuclear RNA. RNA from nuclear and cytoplasmic fractions was
isolated with MaxWell 16 research system (Promega).

RNA EXTRACTION AND QUANTITATIVE RT-PCR
Human tissue was homogenized using the ULTRA-TURRAX dis-
persing machine (t25 basic IKA-WERKE) (51). Total RNA from
the tissue was extracted in 1 ml TRIZOL (Sigma-Aldrich) and
recommendations of the supplier were followed (52). DNase (Fer-
mentas) treatment was performed to eliminate DNA from the
samples before RT-PCR reactions. RNA was extracted from cells
with the MaxWell 16 research system from Promega following the
manufacturer’s recommendations. RNA concentration was mea-
sured using NanoDrop 1000 Spectrophotometer. The quality of
the RNA was analyzed by Bioanalyzer (Agilent Technologies).
Reverse Transcription (RT) was performed as described (53).
The reaction was performed in the C1000 Touch Thermal Cycler
from Bio-Rad. The samples were incubated at 37°C for 60 min,
then at 95°C for 60 s and then immediately cooled to 4°C. qPCR
was performed in the CFX96 Real-Time system from Bio-Rad
as described (54). The results were analyzed with Bio-Rad CFX-
manager software. GAPDH levels were evaluated in all the cases
as a reference. Only the samples with similar GAPDH amplifica-
tion were analyzed further. The primers used are listed in Table S2
in Supplementary Material and were designed with the Primer3
program1.

HIGH THROUGHPUT SEQUENCING
RNA of excellent quality, as determined by Bioanalyzer (Agilent
Technologies) was treated with the Ribo-Zero rRNA removal kit

1http://frodo.wi.mit.edu

(Epicenter) to deplete from ribosomal RNA. Library preparation
with TruSeq RNA sample preparation kit (Illumina) and sequenc-
ing was performed at the EMBL genomics core facility (Genecore)
in an Illumina HiSeq 2000. Sequences were paired-end, 150 bases
long, and strand specific. RNASeq data are available at the NCBI
Gene Expression Omnibus (GEO) data repository2.

BIOINFORMATIC ANALYSIS
RNA sequencing data analysis was performed using the follow-
ing workflow: (1) the quality of the samples was verified using
FastQC software; (2) the preprocessing of reads was performed by
elimination of contaminant adapter substrings with Scythe and by
quality-based trimming using Sickle; (3) the alignment of reads to
the human genome (hg19) was performed using the Tophat2 map-
per (55); (4) transcript assembly and quantification using FPKM
of genes and transcripts was carried out with Cufflinks 2 (56); (5)
the annotation of the gene locus obtained was performed using
Cuffmerge with Gencode v16 as reference; and (6) differential
expression analysis was performed using Cuffdiff 2 (56). Genes
were selected as differentially expressed using a p-value thresh-
old of 0.01. Further analysis and graphical representations were
performed using an R/Bioconductor (57). Reads from all the dif-
ferentially expressed sequences were visualized in the Integrative
Genomics Viewer (IGV)3 (58, 59) and the sequences were com-
pared to the ENSEMBL and ENCODE databases and searched for
in the Genome Browser from UCSC4 for more information (60,
61). Candidates were divided into coding, non-coding (according
to UCSC classification), or non-assigned, when the transcription
of the sequence had not been annotated in the databases. Func-
tional enrichment analysis of Gene Ontology (GO) categories was
carried out using a standard hypergeometric test (62). Biological
knowledge extraction was complemented through the use of Inge-
nuity Pathway Analysis (Ingenuity Systems)5, with a database that
includes manually curated and fully traceable data derived from
literature sources.

Open reading frame Finder (NCBI) was used to evaluate the
length of all probable open reading frames (ORFs) in lncISG15
and lncBST2/BISPR. Coding potential was assayed with the cod-
ing potential assessment tool (CPAT) (63, 64) and by searching
the LNCipedia database (65) for the presence of our candidates
in the Pride archive (66) or in lists of transcripts associated with
ribosomes (67, 68). Phylogenetic Codon Substitution Frequen-
cies (PhyloCSF) were also used to predict the coding potential of
lncISG15 and lncBST2/BISPR (69).

STATISTICAL ANALYSIS
Statistical analysis of the RNASeq data has been already described.
Remaining analysis was performed using graph-path. Statistical
significance of infected versus non-infected samples was calculated
using a two-tailed non-parametric Mann–Whitney t -test or with
a two-tailed Students t -test when the samples followed a normal
distribution according to the Shapiro–Wilk test. Welch’s correction

2http://www.ncbi.nlm.nih.gov/geo/
3http://www.broadinstitute.org/igv
4http://genome.ucsc.edu
5http://www.ingenuity.com
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was applied for samples with heterogeneous variance. For correla-
tion studies, a two-tailed non-parametric Spearman analysis was
used. P values lower than 0.05 were deemed as significant.

RESULTS
IDENTIFICATION OF IFNα-REGULATED LncRNAs BY RNASeq
To identify lncRNAs that respond to IFN, we treated HuH7 cells
with 10000 units/ml of IFNα2 for 3 days. These conditions serve
to induce the expression of well-known ISGs such as GBP1,
IRF1, BST2, OAS, or ISG15 (15). In addition, this treatment
induces an antiviral effect, as HCV-infected HuH7 cells treated
with 10000 units/ml of IFNα2, show decreased levels of viral pro-
teins and viral genomes compared to untreated infected cells (data
not shown). Finally, the RNA isolated from HuH7 cells treated
with 10000 units/ml of IFNα2 for 3 days was used to hybridize an
Agilent array. Analysis of the array showed that well-characterized
ISGs such as Mx1, STAT1, IRF9, ISG15, BST2, and several mem-
bers of the GBP, OAS, and IFI families were upregulated with a
very high statistical significance (B > 7) (15). Ingenuity analysis
of the data showed that IFN signaling was the pathway with the
highest enrichment followed by other antiviral responses.

The microarrays were used to identify lncRNAs regulated by
IFNα (15). However, an array will only evaluate the expression
levels of the transcripts that hybridize to probes spotted in the
array. In the case of the lncRNAs, the array used only addresses
the expression of 7419 regions described as long intergenic non-
coding RNAs (lincRNAs). However, it has been estimated that
there could be as many lncRNA genes as coding genes, and some
authors consider that the number of lncRNAs could be as high as
~200000 (37, 38). Therefore, to achieve a more complete identifi-
cation of lncRNAs that respond to IFN, we analyzed the transcrip-
tome by RNASeq. RNA isolated from control cells or HuH7 cells
treated with IFN as described, was sequenced after ribodepletion.
Around 130 million reads were obtained per sample. Analysis was
performed using a bioinformatic workflow that includes Tophat2
and Cufflinks 2 as described in the methods section. The analy-
sis showed that, among the genes upregulated in response to IFN,
there were several ISGs such as Mx1, ISG15, BST2, or members of
the IFI and OAS families (Figure 1A and Table S3 in Supplemen-
tary Material). Ingenuity analysis showed that IFN signaling is a
top canonical pathway (p= 3.3× 10−3), the top upstream regu-
lator is IFNα2 (p= 1.9× 10−8), and cell signaling and infectious
and inflammatory diseases are among the main functions. The
expression of ~1000 coding genes was altered by IFN (Table S3 in
Supplementary Material).

The RNASeq analysis also showed that the expression levels
of many regions that do not correspond to coding genes were
also significantly modified in response to IFN (Figure 1B). Out of
the 890 putative non-coding genes whose expression was signifi-
cantly altered, half were upregulated (Table S3 in Supplementary
Material). All candidates where visualized using IGV (Figure S1
in Supplementary Material) (58, 59). We also paid special atten-
tion to altered sequences located close to well-known ISGs and
to genomic regions that were highly expressed and deregulated in
response to IFN. Eight candidates that fulfill at least one of these
two criteria were chosen for further validation (Table 1 and Figure
S1 in Supplementary Material).

IFN INDUCES THE EXPRESSION OF SEVERAL LncRNAs
To validate the eight candidates chosen, we treated HuH7 cells
with different doses of IFNα2. RNA was isolated from the cells
at 6, 24, 48, or 72 h post-treatment and the expression levels
of the candidates were evaluated by quantitative RT-PCR (qRT-
PCR) (Table 1; Figure 2). All the candidates were induced after
IFN-treatment from 2 to more than 1000-fold. However, many
of the candidates were detected at very low cycles in the PCR
amplification. A closer examination of their sequences indicated
that they contained repetitive sequences or sequences similar to
mitochondrial or ribosomal RNAs that could have led to an erro-
neous alignment of the RNASeq reads to the human genome. We
believe that, even when the oligonucleotides used for amplification
were specific, a partial homology to other sequences could allow

FIGURE 1 | RNASeq analysis of IFN-induced genes. RNA isolated from
HuH7 cells treated for 72 h with 0 or 10000 units/ml of IFNα2, was
sequenced in an Illumina platform. More than 130 million reads per sample
were obtained. Analysis of the sequences resulted in more than 200000
cufflink structures that were divided into coding (A) or non-coding/
non-assigned (B) and positioned in dispersion graphs according to
expression levels. Red dots show cufflink structures significantly
upregulated in IFN-treated samples. Green dots are downregulated
structures. The position of well-known ISGs is indicated (A).
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Table 1 | Characteristics of the lncRNA candidates.

Chr Position Length UCSC Ensembl Validation Ct Rep Seq Features

1 11 85195002–85195217F 216 Intron DLG2 ENSG00000150672 3.6 × 20–21 Yes LSU ribosomal RNA

2 13 110076414–110076761FR 348 No None 3.8 × 8–10 No 99% homology

mitochondrial DNA

3 1 237766286–237766644R 359 miRNA inside ENSG00000198626 5.0 × 5–8 Yes LSU ribosomal RNA

Intron RYR2

4 13 82264067–82264606F 539 ENSG00000214182 1.9 × 29–31 Yes

5 11 77597481–77597691R 211 Intron C11orf67=AAMDC ENSG00000087884 6.9 × 5–7 Yes

Intron INTSA ENSG00000149262

6 9 79186718–79186900R 183 ENSG00000241781 3.7 × 12–14 No LSU ribosomal RNA

7 1 947220–948350 1130 Annotated ENSG00000224969 21.1 × 28–31 No Close to ISG15

8 19 17516503–17529713F 13210 Annotated ENSG00000269640 6530 × 22–31 No Close to BST2

The table indicates for each candidate the chromosome and genomic position, the length of the peaks identified by the sequencing analysis, relevant UCSC infor-

mation, Ensemble gene name, fold-change after IFN-treatment (validation), number of PCR cycles required for detection (Ct), presence of repetitive sequences (rep

seq), and other special features.

FIGURE 2 | lncISG15 and lncBST2/BISPR are induced by IFN. HuH7
cells were treated with 0, 5, 50, 250, 1000, or 10000 units/ml IFNα2 (A) or
with 250 ng/ml IFNλ for the indicated times (B). Then RNA was isolated
from each condition and used to evaluate the expression of lncISG15,
lncBST2/BISPR, ISG15, BST2, and GAPDH mRNAs by qRT-PCR. GAPDH

was used as a reference. The experiments were performed three times
and each value shows the average of three replicas from a representative
experiment. Error bars indicate standard deviations. When significant, the
fold-change of treated versus non-treated cells is indicated at the top of
each bar.

cross-amplification and thus increased possibilities of misleading
results. These candidates were not studied further.

We focused on two lncRNAs with no repetitive sequences whose
expression was highly upregulated in response to IFN (Table 1;
Figure 2). Interestingly, database analysis showed that they are
expressed from positions in the genome located close to ISG15
and BST2, both of which are well-characterized ISGs. This may
have functional relevance as some lncRNAs have been described
to regulate the expression of neighboring genes. Therefore, we

originally named these lncRNAs after their neighbor, lncISG15 and
lncBST2. Later, lncBST2 was renamed BISPR to follow HUGO reg-
ulations. When we evaluated the expression of these lncRNAs and
their neighboring transcripts, we observed that both were strongly
upregulated at early times in response to IFN (Figure 2A). Fur-
thermore, they responded to IFNα2 doses as low as 5 units/ml.
These are similar levels to those found in the sera of some HCV
patients (70). The induction was also observed at late times post-
IFN-treatment. To evaluate further the robustness of the effect
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of IFN on these lncRNAs, we tested whether they also respond to
IFNλ, a type III IFN. HuH7 cells treated with IFNλ for 6, 12, 24, 48,
or 72 h also showed increased levels of lncISG15, lncBST2/BISPR,
and their neighbors (Figure 2B). In this case, all the transcripts
showed a higher upregulation at later times post-IFNλ treatment.

VIRAL INFECTIONS INDUCE THE EXPRESSION OF lncISG15 AND
lncBST2/BISPR
Viruses activate the IFN response by several mechanisms. There-
fore, they have evolved to block IFN production and the activation
of the IFN pathway. The molecular mechanisms involved in this
IFN blockade have been characterized for many viruses. Thus,
for instance, NS1 protein from influenza virus and matrix pro-
tein from VSV are key factors in controlling IFN in infected
cells (48–50, 71). We sought to check whether lncISG15 and
lncBST2/BISPR were induced by the physiological IFN induced
by an influenza virus that lacks NS1. Therefore, we evaluated the
expression of these lncRNAs in cells infected with an influenza
wild-type virus or a NS1 mutant. We also included cells infected
with other RNA viruses such as SFV and HCV or DNA viruses

such as adenovirus. All these viruses have developed mechanisms
to block the cellular antiviral response and, with the exception
of HCV, lead to a lytic infection. Different times post-infection
were evaluated. The last point was collected when the cytopathic
effect was apparent. This occurred at 24 h post-infection in the
case of influenza and SFV or 48 h post-infection, in the case of
adenovirus. HCV-infected cells were collected at 48 and 72 h post-
infection. The results showed that at later times post-infection
with the influenza virus lacking NS1, there was increased expres-
sion of lncISG15, lncBST2/BISPR, and their neighboring cod-
ing transcripts (Figure 3A). This increase was not observed in
cells infected with wild-type influenza virus, or with other wild-
type lytic viruses, suggesting that the induction may be mediated
by IFN.

Most lncRNAs are tissue-specific. To determine whether
lncISG15 and lncBST2/BISPR respond to infection only in HuH7
cells or whether this effect is specific for influenza viruses, we
infected alveolar epithelial A549 cells with VSV-GFP wild-type
virus or with a M51R matrix mutant that fails to control IFN.
We chose A549, because lung cells serve as the primary site for

FIGURE 3 | LncISG15 and lncBST2/BISPR respond to viral infections
in cultured cells. (A) HuH7 cells were mock-treated or infected with
wild-type influenza virus (PR8) or a mutant that lacks NS1 (∆NS1), SFV,
Ad5, or HCV for the indicated times. (B) A549 cells were mock-infected
or infected with VSVM51R for 4, 6, or 10 h. Then, RNA was isolated and
the expression levels of lncISG15, lncBST2/BISPR, ISG15, BST2

(A and B), GBP1 (B), and GAPDH mRNAs were evaluated by qRT-PCR.
GAPDH expression was used as a reference. The experiment was
performed three times. Each value shows the average of three replicas
from a representative experiment. Fold-changes of infected versus
non-infected cells higher than two are indicated. Error bars indicate
standard deviations.
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productive infection of VSV and many respiratory viruses (72).
Infection with the wild-type virus did not increase the expression
of lncBST2/BISPR or BST2 (data not shown). However, A549 cells
infected with the VSV mutant M51R for 4, 6, or 10 h did show
increased levels of lncISG15, lncBST2/BISPR, ISG15, BST2, and
other ISGs such as GBP1 (Figure 3B).

Surprisingly, infection with HCV also increased the expression
of lncISG15, lncBST2/BISPR, and other ISGs, including ISG15,
BST2, and IRF1 (Figure 3A and data not shown). To determine
whether these genes were also upregulated in infected patients, we
used liver samples from HCV-negative and HCV-positive donors.
After quantification of the RNA levels, we observed a significant
increase in lncISG15, lncBST2/BISPR, ISG15, and BST2 in HCV-
infected patients compared to controls (Figure 4A). With the
number of patients evaluated, a significant correlation was not
found between expression levels and infection with a particular
genotype of HCV, presence of HCV-induced hepatocellular carci-
noma (HCC), liver cirrhosis, or with a particular cirrhosis stage.
Therefore, there were no significantly different levels of these tran-
scripts in HCV-infected livers without HCC compared with the
peritumoral tissue of HCV-infected livers with HCC. Although
most of the samples belong to patients that are still alive, no signif-
icant correlation was observed between the levels of the evaluated
transcripts and survival post-diagnosis. Finally, we performed cor-
relation studies to analyze whether in the patients, the expression
level of lncISG15 or lncBST2/BISPR correlates significantly with
the expression level of their neighboring coding genes. The results
show a highly significant positive correlation between lncISG15
and ISG15 or lncBST2/BISPR and BST2 (Figure 4B).

ANALYSIS OF lncISG15 AND lncBST2/BISPR PROMOTERS
The experiments performed so far suggest that a general corre-
lation could exist between the expression of lncISG15 and ISG15
or lncBST2/BISPR and BST2. Each lncRNA and its neighboring

coding gene have similar induction patterns in response to IFN
or to viral infection (compare their levels in Figures 2 and 3).
Furthermore, the levels of each coding/non-coding pair correlate
significantly in patient samples (Figure 4B). To analyze this in
more detail, we performed correlation studies of the coding/non-
coding pairs in all the samples evaluated in Figures 2 and 3. The
results show that the correlation of each pair was highly signif-
icant (Figure S2 in Supplementary Material). This suggests that
they could be co-regulated, and therefore, they could share similar
functions. However, expression of lncISG15 and lncBST2/BISPR
also correlated significantly with the expression of other ISGs such
as OAS, GBP1, or IRF1 (data not shown).

To obtain more information on the relationship between the
coding/non-coding pairs, we searched several databases. LncISG15
and lncBST2/BISPR genes are in head-to-head orientation with
their coding neighbors (Figure S3 in Supplementary Material) and
they could share the same promoter. This is based on the following
facts: (i) the distance between the two genes is <1000 bp, a cut-off
for bidirectional promoters (73, 74); (ii) there is a single DNase
hypersensitivity region located between the genes, and (iii) Poly-
merase II (Pol II) ChipSeq analysis of K562 cells shows a single
peak covering the H3K27Ac region between both genes. Interest-
ingly, the peaks observed for Pol II ChipSeq are increased at 30 min
or 6 h post-treatment with IFNα or IFNγ. Finally, the promoter
regions contain conserved ISRE sites and binding sequences for
IRF1, IRF2, and IRF7.

To discriminate whether lncISG15 and lncBST2/BISPR are
induced directly by the JAK/STAT signaling pathway or by a sec-
ondary wave of the IFN response, we evaluated the expression of
these lncRNAs and their coding neighboring genes in HuH7 or
A549 cells incubated or not with the JAK/STAT inhibitor ruxoli-
tinib. Expression of GBP1, a bona fide ISG, was also evaluated
as a positive control (Figure 5). The results show that the lev-
els of GBP1, BST2, and lncBST2/BISPR are significantly reduced

FIGURE 4 | LncISG15 and lncBST2/BISPR are increased in the liver of
HCV-infected patients. (A) Liver samples from HCV-negative and
HCV-positive donors were used to quantify the levels of lncISG15,
lncBST2/BISPR, ISG15, BST2, and GAPDH mRNAs. Statistical significance
was calculated using a two-tailed non-parametric Mann–Whitney t -test for
lncBST2/BISPR, ISG15, and lncISG15 and with a two-tailed Students t -test

with Welch’s correction for BST2, which follows a normal distribution
according to the Shapiro–Wilk test. (B) Expression levels observed for
lncISG15, lncBST2/BISPR in patient samples were compared to the
expression levels of their coding neighbors ISG15 and BST2, respectively. A
correlation analysis was performed and statistical significance was calculated
using a two-tailed non-parametric Spearman analysis.
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FIGURE 5 | Analysis of the expression of lncISG15, lncBST2/BISPR, and
their coding neighboring genes after inhibition of the JAK/STAT
pathway. HuH7 (A) or A549 (B) cells were mock-treated or incubated with
ruxolitinib for 1 h. Then IFNα was added for 8 h and RNA was isolated to

quantify the expression levels of GBP1, BST2, lncBST2/BISPR, ISG15,
lncISG15, and GAPDH, used as a reference. The experiment was performed
twice in triplicates and the average value is indicated. Error bars indicate
standard deviations. A star denotes statistical significance.

in the presence of ruxolitinib, indicating that their expression is
STAT-dependent. Levels of BST2 and lncBST2/BISPR were also
reduced in cells treated with siRNAs targeting STAT1 or by inhi-
bition of IRF1, a transcription factor that acts downstream of IFN
(data not shown). This indicates that BST2 and lncBST2/BISPR
respond to STATs but also to other transcription factors induced
by IFN. These results agree with the possibility that BST2 and
lncBST2/BISPR share a bidirectional promoter.

In contrast, the effect of the JAK/STAT pathway on ISG15 and
lncISG15 expression was less robust. Treatment with ruxolitinib
decreased the expression of ISG15 and lncISG15, but in the latter,
this effect was only observed in A549 cells. No effect on ISG15
or lncISG15 expression was observed with a milder inhibition of
STAT1 or inhibition of IRF1 using RNA interference (data not
shown). Thus, although ISG15 is induced very rapidly after IFN-
treatment, we do not observe a strong regulation of ISG15 or
lncISG15 by the STAT pathway under the conditions used. In fact,
it has been reported that a major regulator of ISG15 is IRF3, a
transcription factor activated in response to PAMPs, but also a
downstream effector of the IFN response (75).

ANALYSIS OF THE CODING POTENTIAL OF lncISG15 AND
lncBST2/BISPR
We evaluated the coding capacity of lncISG15 and lncBST2/BISPR
bioinformatically. ORF Finder (NCBI) was used to determine all
possible ORFs in these lncRNAs (Figure S4 in Supplementary
Material). The analysis shows that all putative ORFs are shorter
than 50 amino acids. Only two ORFs could be translated according
to their poor susceptibility to nonsense mediated decay. However,
these ORFs have non-consensus Kozak sequences at the initiation
codon and therefore a poor coding capacity. Then,we evaluated the
coding potential of lncISG15 and lncBST2/BISPR with the CPAT
(63, 64) (Figure 6A). CPAT uses a model built with ORF size and
coverage together with codon (Ficket score) and hexamer (hexa-
mer score) usage bias. According to this program, lncISG15 and
lncBST2/BISPR are non-coding as they have a coding probabil-
ity of 0.001 and 0.064, respectively, much lower than 0.364, used
as a threshold with the highest sensitivity and specificity to dif-
ferentiate between coding and non-coding transcripts in humans

FIGURE 6 | lncISG15, lncBST2/BISPR have poor coding potential and
accumulate preferentially in the nucleus. (A) Bioinformatic analysis of
the coding potential of lncISG15 and lncBST2/BISPR. Results obtained from
CPAT and LNCipedia. Two transcripts have been evaluated for
lncBST2/BISPR. lncISG15 and lncBST2/BISPR have a coding probability and
a coding label of “non-coding RNAs” according to these analyses. “Lists”
indicated the number of times that these transcripts have been found in the
pride archive or in lists containing ribosome-associated RNAs published by
Lee or Bazzini. See the text for other details. (B) Subcellular localization of
lncISG15 and lncBST2/BISPR. HuH7 cells were mock-treated or treated
with 10000 units/ml of IFNα2 and divided into nuclear and cytoplasmic
fractions. RNA was isolated from each fraction and used to evaluate the
expression levels of lncISG15 and lncBST2/BISPR by qRT-PCR. MALAT1,
GAPDH, and ISG15 mRNA was also quantified and used as a reference to
calculate the relative levels of each transcript and as a control to evaluate
the subcellular fractionation. The ratio of cytoplasmic to nuclear levels is
shown. The experiment was performed three times and each value shows
the average of three replicas from a representative experiment. Error bars
indicate standard deviations.

(64). LncISG15 and lncBST2/BISPR were also described as non-
coding in LNCipedia (65). This lncRNA database shows that these
lncRNAs are not found in the Pride archive, a database for pro-
teomic data, or in lists of transcripts associated with ribosomes in
ribosome profiling experiments (66–68). Further, lncISG15 and
lncBST2/BISPR were also described as non-coding by the analy-
sis of PhyloCSF, which uses multiple alignments to calculate the
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phylogenetic conservation score and determines whether a multi-
species nucleotide sequence alignment is likely to represent a
protein-coding region (69).

Finally, we evaluated the subcellular localization of lncISG15
and lncBST2/BISPR in HuH7 cells mock-treated or treated with
10000 units/ml of IFNα. RNA was isolated from nuclear or cyto-
plasmic fractions and quantified by qRT-PCR. We found that the
coding GAPDH or ISG15 mRNAs accumulate preferentially in
the cytoplasm while the nuclear RNAs MALAT1 or U6 are prefer-
entially nuclear (Figure 6B data not shown). Similarly, lncISG15
and lncBST2/BISPR, compared to mRNAs, accumulate preferen-
tially in the nucleus. This result, together with the bioinformatic
analyses, strongly suggests that lncISG15 and lncBST2/BISPR are
non-coding RNAs.

LncBST2/BISPR REGULATES THE EXPRESSION OF BST2
To address the role of lncBST2/BISPR, we used RNA interference.
HuH7 cells treated or not with IFN, were transfected with siR-
NAs targeting lncBST2/BISPR and RNA expression was evaluated
by qRT-PCR. The results show that expression of lncBST2/BISPR
was decreased compared to cells transfected with control siRNAs
(Figure 7A). Surprisingly, inhibition of lncBST2/BISPR also led to
decreased levels of BST2 mRNA. Expression of lncISG15, ISG15,
GBP1 or expression of genes located in the genome close to BST2
or lncBST2/BISPR, such as GTPBP3 or MVB12A, was not affected
(Figure 7A and data not shown). To determine whether this
was a general phenomenon, we transfected the siRNAs targeting
lncBST2/BISPR into A549 cells infected or not with the VSV M51R
mutant or treated with IFN. Similarly to what has been observed
in HuH7 cells, the siRNA that targets lncBST2/BISPR leads to
decreased levels of lncBST2/BISPR and BST2 mRNA while the

levels of ISG15 mRNA are not significantly affected (Figure 7B).
Similar results were observed with a different siRNA targeting
lncBST2/BISPR.

DISCUSSION
RNA sequencing analysis of human cells treated with IFNα2 and
controls has allowed the identification of lncRNAs induced in
response to IFN (Figure 1). Analysis of the RNASeq data shows
that several of the upregulated genes are well-known coding ISGs
such as ISG15 or OAS (Figure 1A, Table S3 in Supplementary
Material). Ingenuity analysis confirms the enrichment of genes
involved in the IFN response among the regulated factors. We have
used RNAs from similar IFN-treated and control cells to hybridize
expression arrays (15). Comparison of the datasets obtained in
the analysis of the array and the RNASeq shows that only 13 cod-
ing genes were identified in both studies, including OAS, ISG15,
Mx1, and some members of the IFI family. Generally, overlap
between microarray and RNASeq analysis is not high (76). Fur-
thermore, the overlapping decreases with sequencing depth and
when low fold-changes or low abundance genes are analyzed.
(77). This is because sequencing of low transcript abundances
is characterized by high variance, which impedes their identi-
fication in RNASeq analysis. We believe that this may explain
the poor correlation found between the array and the RNASeq
datasets. In fact, we have determined by qRT-PCR that some IFN-
related low abundance transcripts are detected only in the array
analysis. These are early responders to IFN, which increased only
marginally 3 days after IFN-treatment, when the analysis was per-
formed. Therefore, we believe that some lncRNAs induced early
post-IFN-treatment may have not been identified in our analysis.
Interestingly, in the process of writing this manuscript, a paper

FIGURE 7 | LncBST2 controls the expression of BST2 mRNA. HuH7 (A) or
A549 (B) cells were transfected with control siRNAs (Mock) or siRNAs
targeting lncBST2 for 48 h. HuH7, cells were treated or not with IFNα for 6 h
before RNA isolation (A). A549 cells were infected or not with VSV M51R

(B). Levels of lncBST2, BST2, ISG15, and GAPDH mRNAs were evaluated by
qRT-PCR. The experiments were performed at least three times. Values are
refereed to 100% of the control samples. Error bars indicate standard
deviations from a minimum of three independent experiments.
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was accepted describing the identification of IFN-induced lncR-
NAs by RNASeq in samples treated with IFN for short times (14).
We believe that this study will be complementary to our work.
Together, the datasets should contain lncRNAs regulated at early
and later times post-IFN-treatment. Similarly, the lack of correla-
tion between the microarray and RNAseq datasets also indicates
that they can complement each other.

We have identified two lncRNAs whose expression is highly
upregulated in response to different doses of IFNα (Table 1;
Figure 2A) or IFNλ (Figure 2B). Our results show that induc-
tion of these lncRNAs by IFNα seems faster than that observed for
IFNλ. We cannot rule out the possibility that a fast response to
IFNλ may also be observed when higher doses are used. ENCODE
analysis of polymerase II binding to the promoters of these lncR-
NAs also shows that they may be induced by treatment with IFNα

and IFNγ (Figure S3 in Supplementary Material). These lncRNAs
have been named lncISG15 and lncBST2/BISPR after their neigh-
boring genes, which play a key role in the antiviral IFN response.
Our molecular and bioinformatic analyses strongly suggest that
lncISG15 and lncBST2/BISPR are indeed lncRNAs, as they accu-
mulate preferentially in the nucleus of IFN-treated or untreated
cells (Figure 6B) and they have poor coding potential (Figure 6A
and Figure S4 in Supplementary Material).

In general, the upregulation of lncISG15 and lncBST2/BISPR
mimics that of their coding counterparts (Figures 2–4). In fact,
analysis performed with all the expression data obtained in our
studies, shows a highly significant correlation between lncISG15
and ISG15 and between lncBST2/BISPR and BST2. Significant cor-
relations also exist between these lncRNAs and other IFN-induced
genes such as OAS, GBP1, or IRF1 (Figure S2 in Supplemen-
tary Material and data not shown). This may reflect the fact
that all these genes are induced by IFN with a similar kinetics.
In the case of the lncRNAs and their coding counterparts, cor-
relation of the expression may result from their transcriptional
co-regulation. Experimental and bioinformatic analyses indicate
that BST2 and lncBST2/BISPR are bona fide ISGs strongly induced
by the JAK/STAT pathway in response to IFN (Figure 5 and Figure
S3 in Supplementary Material). Furthermore, expression of BST2,
ISG15, and their neighboring non-coding genes is induced by
downstream effectors of the IFN response. These studies allow
us to suggest that lncISG15/ISG15 and lncBST2/BISPR/BST2 may
share bidirectional promoters. Other IFN-induced gene pairs
may also be co-regulated by bidirectional promoters as these are
enriched in STAT1 binding (78).

Bidirectional promoters often couple genes involved in the
same process, allowing for coordinated temporal and environ-
mental responses (73, 78–82). Non-coding RNAs generated from
bidirectional promoters may have functional roles that affect the
bidirectional promoter, the neighboring protein-coding gene, or
more distal genes (83). These effects could lead to activation or
repression of the expression and could be mediated by either the
transcription process itself or by the produced ncRNA transcript
(84). In this study, we show that post-transcriptional inhibition of
lncBST2/BISPR leads to reduced levels of BST2 mRNA (Figure 7).
Therefore, lncBST2/BISPR should increase transcription or sta-
bility of its coding neighboring gene. Our results demonstrate
that this regulation seems specific for BST2, as lncBST2/BISPR

downregulation does not affect the expression of genes located
nearby, which has been described for compact genomes (85).
Moreover, inhibition of lncBST2/BISPR does not affect expression
levels of other IFN-related genes such as ISG15 or GBP1 (Figure 7
and data not shown).

We anticipate that inhibition of lncBST2/BISPR, and there-
fore of BST2, could impact the antiviral effects of IFN. BST2
is also named tetherin, as it inhibits viral budding by using
anchors that trap virions on the cell membrane (86–88). Several
enveloped viruses have been shown to be susceptible to the action
of BST2/tetherin and have evolved to develop evasion strategies
(87). Interestingly, HIV, influenza, HCV, and VSV are among the
susceptible viruses and could be used to test the antiviral role of
lncBST2/BISPR (49, 89–95). In fact, we show that lncBST2/BISPR
and BST2 are induced after infection with HCV or influenza and
VSV mutant viruses that activate the IFN response (Figure 3).

Upregulation of lncBST2/BISPR, lncISG15, and their coding
neighbors was also observed in patients infected with HCV com-
pared to controls (Figure 4). Similarly, a significant upregulation
of lncBST2/BISPR and ISG15 was also detected in human T-
lymphocytes infected with HIV compared to controls (data not
shown). A non-significant increase in BST2 and lncISG15 was
also observed in these samples. This leads to the possibility that
interference with these factors could have therapeutic relevance. It
is unclear why cells infected by these viruses, which employ several
viral proteins to block the IFN pathway, show activation of these
IFN response genes (96). In the case of HCV, it has been previously
shown that patients with chronic HCV infections express ISGs,
including high levels of ISG15 (97–99). In fact, HCV has evolved
to use some ISGs for viral replication (100, 101). This is the case for
ISG15. ISG15 is an ubiquitin-like protein that attaches to its tar-
gets in a process called ISGylation (102, 103). Protein ISGylation
may result in increased or decreased functionality depending on
the target (104). ISG15 preferentially conjugates newly synthesized
proteins affecting more strongly viral proteins or cellular proteins
translated into IFN-induced cells (105). Viruses such as influenza,
HIV, or VSV are susceptible to the action of ISG15 (103, 106).
In the case of HCV, a pro-HCV role for ISG15 has been reported
(105, 107). ISG15 has been shown to negatively regulate RIG-I and
thus to inhibit the signaling process leading to IFN induction that
affects HCV replication (108). Furthermore, ISG15 expression in
the liver of chronically infected patients is considered a negative
predictive biomarker of the ability of the patients to respond to
IFN therapy (97–99) (Figure 4). In our study, we cannot address
whether lncISG15, BST2, or lncBST2/BISPR are markers for the
susceptibility of HCV patients to respond to IFN-treatment, as the
HCV patients that we have studied are non-responders to IFN.

We believe that, similar to lncBST2/BISPR, lncISG15 could
affect the expression of ISG15 or other genes. This lncRNA-
mediated control has also been described for a lncRNA located
close to the ISG viperin, which has been shown to regulate the
levels of many IFN-inducible genes (14, 109). Further experi-
ments will be required to address the role of lncISG15 and to
decipher the molecular mechanisms that allow the control exerted
by lncBST2/BISPR on BST2. We believe that these studies may be
important to better understand the IFN response and its pro or
antiviral functions on HCV and other viruses.
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SUPPLEMENTARY FIGURES AND TABLES 

 

Table S1. Clinical data for the HCV-infected patients used in this study. The table 

shows the age, gender and the date the sample was collected from a liver transplantation 

(tx) or a hepatectomy (hepa). The virus subtype is also indicated for most of the patients. 

 

Table S2. Sequences of the oligonucleotides used in this study. 

 

Table S3. List of coding and non-coding genes identified as differentially expressed 

in the RNASeq analysis. The table includes a gene ID, the gene short name (for coding) 

or the locus (for non-coding), the relative values or the fpkm for each sample, the log2 

fold-change and the p value. 

 

Figure S1. Maps of selected IFN-regulated non-coding RNAs are shown using 

Integrative Genomics Viewer (IGV). 

 

Figure S2. Correlation of expression between lncISG15, lncBST2/BISPR, and their 

coding partners. Expression levels observed for lncISG15 and lncBST2/BISPR were 

correlated with those of their coding neighbors ISG15 and BST2, respectively. Statistical 

significance was calculated using a two-tailed non-parametric Spearman analysis. 

 

Figure S3. UCSC map of lncISG15, lncBST2/BISPR, and their coding partners. 

UCSC representation of the genomic location of lncISG15 and ISG15 (A) and 

lncBST2/BISPR and BST2 (B). From top to bottom genomic positions, structure of each 

coding and non-coding gene arranged in exons and introns, location of CpG islands, peaks 

of H3K27Ac marks, location of conserved transcription factor binding sites and peaks of 

polymerase II according to Chip-Seq data of K562 control cells or cells treated with IFNα 

or IFNγ for 30 minutes or 6 hours extracted from ENCODE are shown. 

 

Figure S4. Analysis of potential ORFs expressed from lncISG15 and 

lncBST2/BISPR. The analysis with ORF Finder (NCBI) shows all start (green) and stop 

(pink) codons in the three frames (left). The total length and the position of the exon-exon 

junctions is indicated with an arrowhead. The nucleotide position and the peptide length 

are indicated for each ORF longer than 35 aa (right). ORFs with poor susceptibility to 
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NMD are shown in red and analyzed in more detail. Nucleotides that differ from the 

Kozak consensus sequence gccRccAUGG, where R is A or G, are indicated in red. The 

predicted isoelectric point (ppI) of the putative protein is also indicated. 
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Table S1. Clinical data for the HCV-infected patients used in this study. 

 

	
	

Table S2. Sequences of the oligonucleotides used in this study. 

 

 
 

ID Date Gender Age Sample HCV
10239 22/2/06 M 50 TX 1b
10274 28/6/07 M 58 TX 1b
10387 12/1/11 M 62 TX 1a
10235 28/1/06 M 43 TX 4c/d
10346 24/10/09 F 56 TX 1a
10286 1/12/07 M 50 TX 2
10245 2/5/06 M 69 TX 1b
10347 25/11/09 M 52 TX 1b
10370 18/5/10 M 49 TX 2a+HIV
10241 23/4/06 F 65 TX _
10197 22/4/04 M 75 Hepa _
10290 27/3/08 F 50 Hepa _
10211 11/2/05 M 59 TX 1b
10159 4/2/02 M 74 Hepa 1b
10295 28/4/08 F 62 TX 1
10410 28/6/11 F 64 TX 1b
10442 16/6/12 M 43 TX 4
10449 4/10/12 F 45 TX 3a
10467 22/7/13 M 55 TX _
10359 24/2/10 F 80 Hepa _
10451 5/1/13 M 58 TX 1b
10452 10/1/13 M 77 Hepa _
10463 21/5/13 M 69 TX _
10454 28/1/13 M 72 Hepa 1

Gene Forward (5' → 3') Reverse (5' → 3') 
GAPDH CCAAGGTCATCCATGACAAC TGTCATACCAGGAAATGAGC
GBP1 GCAATTCTCCAGACAGACCAG CGTTCCACTTCAATCTCCTTTT
ISG15 AGTGTCCCAGAGTTCATTTTTG GTCGCCCAGGCTGATCTC
BST2 CGTGCCAGCCTGTATTCAT CCAGTCTCACCTGTTGCTCA
OAS TTAAGAGGCAACTCCGATGG AGCAGACTGCAAACTCACCA
MALAT1 AACTGGGGGTTGGTCTGG AAATTCCAAAAGAGAACCACACA
VSV1 AGTTATCAAACGGCCCAGTG CAACAAACTCGTTGGGAGGT
VSV2 CGATTTTCCGTGGAGTGATT ATGGCATTGATTGGGTTCTC
lncISG15 GCCCTCATCAGATAGATAATTTGC TAAAGCGATCCTCTCACCTCAGCC
lncBST2 CAGTGATGGAGTGTCGCAAT CCTCAAGCTCCTCCACTTTC
lnc1A GTCTTCCAGGAGTCGGGTTG CGGACCTGACCCATTTACCT
lnc2A TTGAGGTTGATCGGGGTTTA GCTTAGCCCTAAACCTCAACAGTT
lnc3A GGTAGCCAAATGCCTAGTCATC TCTCATGGCTCTTCACCGTG
lnc4A GCGGACTGCGGCAGCTTTAT TCTTCATCTACTTCACTGTCAGCTTC
lnc5A CATGTGATTTCTGCCCAGTG TCATCCATTCATGTGCGTCA
lnc6A GTCCGGGGCGGAGTGCCCTT CTGCTAAGTAGGAAACCCCGA 
lnc1B ATTGGCCCGGGTCTTCCAGG CACGCCCTCTTGTACTCTCTCTTC
lnc2B TTGTTGATTTAACTGTTGAG CATATCTGAACACACAATAGCT
lnc3B TAGTGACGTTCATGAATGGATGAAC CACCAGGGGCCTCCCACTTA
lnc6B CGGAAAGGCGGCCGCCCCCT GCTGCTCTGCTAAGTAGGAAACCCC
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Figure S1. Maps of selected IFN-regulated non-coding RNAs are shown using 

Integrative Genomics Viewer (IGV). 

 

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 

Figure S2. Correlation of expression between lncISG15, lncBST2/BISPR, and their 

coding partners.  
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Figure S3. UCSC map of lncISG15, lncBST2/BISPR, and their coding partners.	

	
	
	
Figure S4. Analysis of potential ORFs expressed from lncISG15 and 

lncBST2/BISPR.	
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Long	noncoding	RNA	EGOT	negatively	affects	the	antiviral	response	and	

favors	HCV	replication	

	

Viral infections lead to the expression of several viral and cellular genes. Some 

of these genes function to build the infection, while others are part of the cellular 

response raised to fight the virus. Most of the proviral and antiviral genes studied to 

date are coding genes. However, the recent discovery of the high number of genes that 

transcribe for lncRNAs made us wonder whether these transcripts could also be 

deregulated after infection to play proviral or antiviral roles. 

This article describes the use of microarray and RNA-sequencing analysis to 

identify lncRNAs differentially expressed in HuH7 cells after HCV infection. Then, we 

studied in more detail 10 HCV-stimulated RNAs (CSRs) to determine whether they are 

also deregulated in response to the activation of the IFN synthesis pathways or after 

treatment with IFNα. Thus, some CSRs are induced by the infection and other by the 

antiviral response. EGOT belongs to the latter. HCV, influenza and semliki forest virus 

(SFV) induce EGOT, and its expression is high in liver samples from HCV infected 

patients. Moreover, EGOT is induced by RIG-I and PKR in a NF-κB dependent 

manner. Interestingly, EGOT depletion increases the expression of some ISGs and 

decreases HCV RNA, HCV titer and HCV protein levels. This agrees with the results 

showed by genome-wide guilt-by-association analyses that prognosticate EGOT as 

negative regulator of the antiviral pathway. 

The analyses of the microarray and RNASeq data and the screening and 

validation of the candidate lncRNAs was done before I arrived to the laboratory. My 

contribution was the study of EGOT; which includes taking part in the experiments 

performed to obtain figures 3, 4, 5 and 8, supplementary figures S3 and S5, and 

extensive view figure1 EV1 and EV3, as well as in the experiments included in the 

response to referees (see appendix). 
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APPENDIX 

 

Table S1. List of putative lncRNAs significantly altered by HCV infection identified 

by microarray analysis. The gene names and the position of the probes used in the array 

are indicated. F and R indicate forward or reverse orientation, respectively. The average 

expression (AverExp), log fold-change (log FC) and statistical significance (B) are also 

indicated. 

 

Table S2. List of putative lncRNAs upregulated after HCV infection. The table 

indicates for each HCV Stimulated RNA or CSR, the log fold-change (logFC) and the 

statistical significance (B) obtained after analysis of the microarray data. It is indicated 

whether the candidates were identified only by microarray or also by analysis of the 

RNASeq data, the position in the genome of the gene in the sense (forward F) or antisense 

(reverse R) strand, and their names and alternative names. Relative expression levels in 

HCV infected cells have been classified as low (L), medium (M) and high (H) according 

to the Ct values obtained in the qRT-PCR. Low levels indicate Ct values > 30 (generally 

corresponding to one or less than one copy per cell), medium levels are Ct values of 26-

29 and high levels correspond to Ct values < 25. As a reference, the abundant GAPDH 

mRNA (more than 1000 copies per cell) has an average Ct value of 17 in our experiments 

while most coding genes evaluated in this work have Ct values of 21-25. ND means non-

detected. 

 

Table S3. List of HCV-induced lncRNA genes analyzed in this study. The table 

indicates for each CSR gene, name and alternative names, position in the genome and 

length of the shortest and longest transcripts according to lncipedia 

(http://www.lncipedia.org/). Indicated also are transcription factors (TFs) related to IFN 

or HCV that bind to CSR promoters according to conservation analysis or ChIP-Seq 

performed by ENCODE (https://www.encodeproject.org/) and represented in the UCSC 

browser (https://genome.ucsc.edu/). Neighbors indicate genes located close to the CSR 

(limit 10,000 nucleotides). The CSR and the neighbor gene can share a bidirectional 

promoter (BDP), can be positioned in tandem in a sense (S) or antisense (AS) orientation, 

or the CSR can be located in the intron or antisense to a neighboring gene. Conservation 

in mouse is also indicated. nd means no data. 
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Table S4. Clinical data for the HCV-infected patients used in this study. Data from 

the two cohorts of patients are shown. The tables show the age, gender and the date the 

sample was collected from a liver transplantation (tx) or a hepatectomy (hepa). The virus 

subtype is also indicated for most of the patients. HCC indicates that the patient developed 

hepatocellular carcinoma. 

 

Table S5. Sequences of the oligonucleotides used in this study. 

 

Figure S1. RNASeq and Ingenuity analysis of genes altered by HCV. AB. RNA from 

control cells and cells infected with HCV for 6 days was also sequenced in an Illumina 

platform. The obtained cufflink structures were divided into coding (A) or non-

coding/non assigned (B) and positioned in dispersion graphs according to expression 

levels. Red and blue dots show structures significantly upregulated or downregulated in 

HCV infected samples, respectively. The position of some coding genes is indicated (A). 

C. Ingenuity analysis of functions enriched in coding genes whose expression is altered 

in HCV-infected cells. The study was carried out with data generated by array or RNASeq 

analysis (B>2). The threshold for significant differences is indicated. 

 

Figure S2. Expression analysis across 16 healthy tissues of the 35 CSRs. RNASeq 

data from the Human Body Map were used. FPKMs have been used to grade blue 

intensity. 

 

Figure S3. Effect of IFN and infection with other viruses in CSR expression. A-B. 

HuH7 cells were mock treated, treated with 10,000 U/ml of IFNα for 6h (A), or treated 

with increasing doses of IFNα (5, 50, 250, 1,000 or 10,000 U/ml) for 6 or 72 h (B). Then, 

the levels of the indicated CSRs were quantified by qRT-PCR. GAPDH mRNA was also 

measured and used as a reference. Fold increase of each CSR in treated versus control 

cells is shown. C. Genome equivalents of HCV (GE)/µg of total RNA were quantified by 

qRT-PCR (see Materials and Methods for details) in HuH7 cells infected with a moi 0.3 

of HCV for 6 days (HCV) or in infected cells treated with 10,000 U/ml IFNα the last three 

days of infection (HCV+IFN). D. The indicated CSRs were quantified by qRT-PCR in 

control HuH7 cells or in cells infected for 8h with influenza virus (Flu) or with SFV. The 

experiments were performed at least twice in triplicate (n=6) and each value shows the 

average. Error bars indicate standard deviations and asterisks mark significant differences 
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(ns, non-significant; *** denotes p<0.001) obtained with a two-tailed non-parametric 

Mann-Whitney U-test. 

 

Figure S4. Gapmers targeting EGOT do not affect cell proliferation. HuH7 cells were 

transfected with control gapmers or gapmers targeting EGOT. The number of cells was 

counted at 72h post-transfection. The number of cells in the control sample was set to 

100%. The experiments were performed twice in quadruplicates (n=8). Average values 

are shown and error bars indicate standard deviations. Non-significant differences were 

found as evaluated with a two-tailed non-parametric Mann-Whitney Utest. 

 

Figure S5. Gapmers targeting EGOT but not against UCA1, lead to an upregulation 

of ISGs. (A) The levels of the indicated ISGs were evaluated in RNA isolated from the 

HuH7 cells described in Fig. 7A. (B) HuH7 cells were transfected with a control gapmer 

(ga Ctrl) or a gapmer targeting UCA1 (ga·1αUCA1). One day later, the cells were 

infected with a moi 0.3 of HCV for 48h and the levels of UCA1, ISG15 mRNA and GBP1 

mRNA were evaluated by qRT-PCR. The experiments were performed at least twice in 

triplicate (n=6). Average values are shown. Asterisks mark significant differences (ns, 

non-significant, * denotes p<0.05, ** p<0.01) obtained with a two-tailed non-parametric 

Mann-Whitney U-test. 
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Table S1. List of putative lncRNAs significantly altered by HCV infection identified 

by microarray analysis. 
GeneName /Probe AveExpr log FC B GeneName /Probe AveExpr log FC B
NEURL3 15,45 3,96 17,78 chr1:180915452-180922102_R 12,21 -2,35 8,14
chr9:22097311-22120320_F 12,13 4,29 16,60 chr6:43770929-43810362_F 8,06 2,88 7,91
chr2:62367371-62385846_F 9,30 3,95 15,93 chr1:200384492-200384678_F 7,96 2,38 7,70
chr6:3902502-3903380_R 6,89 3,18 14,73 chr10:80703084-80722151_R 9,10 2,19 7,61
chr17:70399468-70588943_R 14,65 2,73 13,97 chr15:58506416-58571520_R 9,99 2,02 7,54
chr10:113880935-113887685_R 11,45 -3,55 13,90 chr13:63629474-63649499_R 6,49 6,31 7,41
chr8:590406-605477_F 8,96 3,85 13,72 chr13:112554849-112555251_F 9,74 -2,49 7,30
SNHG12 16,74 2,15 13,65 chr8:90733132-90733552_R 10,81 2,07 7,21
chr6:3897476-3911798_R 7,47 4,46 13,19 chr6:53480866-53497141_F 8,65 4,61 7,17
chr9:132092579-132108579_F 11,08 3,44 13,16 chr6:29701971-29740296_F 6,99 2,30 7,07
UCA1 16,85 2,66 13,15 chr17:67547498-67549996_F 12,74 -2,07 6,99
chr12:93956069-93961669_R 8,45 2,94 12,83 chr2:114724555-114767355_R 6,11 -3,60 6,97
chr13:113925599-113933724_R 7,88 3,44 12,79 chr5:92746841-92890702_R 10,58 2,00 6,94
chr20:61399055-61409155_R 6,27 4,34 12,63 chr2:10696899-10710849_F 8,28 2,38 6,92
chr2:139362079-139370737_F 9,22 -3,76 12,28 INGX 5,97 2,91 6,81
chr6:151713007-151720482_F 10,20 -2,73 12,22 chr3:16094021-16196696_F 11,36 2,23 6,80
chr8:129008804-129108894_F 8,66 2,68 11,82 chr15:95807796-95868971_R 7,15 2,13 6,70
chr2:121300485-121301954_F 8,80 9,74 11,63 chr22:27062507-27064189_R 9,35 -2,15 6,58
chr2:121300485-121301954_F 8,80 9,74 11,63 chr3:37218471-37224846_F 9,04 2,32 6,52
chr3:8235936-8543332_R 10,72 2,46 11,49 chr6:21667771-22160821_F 7,96 2,19 6,45
chr22:29203850-29211650_F 9,95 -3,20 11,45 chr2:46756871-46768867_F 7,82 3,15 6,34
chr13:52490949-52502949_R 11,65 -2,99 11,05 EGOT 8,94 2,04 6,27
chr2:107293518-107358418_F 16,01 -2,31 11,01 chr15:70477371-70577596_R 6,53 -2,16 6,16
chr3:156470851-156534851_R 9,60 2,53 10,90 chr1:32515613-32529913_F 9,66 -2,05 6,08
chr7:25978475-25989975_R 11,28 -2,09 10,86 chr3:184997356-185033531_R 10,38 -2,38 6,04
chr12:100578919-100591844_F 6,45 -2,43 10,86 chr15:89032571-89042596_F 12,19 -2,07 5,88
chr5:167692897-167704922_F 11,05 -3,01 10,79 chr6:41014072-41020197_F 10,67 -2,59 5,83
OR2A9P / 20P 10,37 2,23 10,73 chr5:37874113-37875064_F 8,49 2,75 5,82
chr5:131798076-131807951_F 6,53 2,34 10,66 chr5:85742844-85867069_F 8,27 -2,26 5,82
chr6:3898282-3898847_R 7,77 4,32 10,63 MYCNOS 11,05 -1,95 5,81
chr5:123961601-123972101_R 7,36 2,33 10,53 chr2:75145274-75159921_F 7,46 2,66 5,68
chrX:115401722-115413847_R 13,95 2,11 10,47 chr4:76460401-76476026_R 9,40 -2,12 5,62
chr21:44751672-44819297_R 10,78 3,84 10,41 chr5:159303797-159311222_F 8,05 -2,05 5,45
chr8:27416133-27435258_F 9,86 -2,72 10,31 chr6:3908054-3908574_R 7,70 2,49 5,27
chr6:3899696-3900109_R 7,81 3,04 10,29 chr8:32785489-32902343_F 7,02 2,43 5,20
chr2:179914333-179915343_R 10,46 -2,33 10,21 chr7:105517604-105553086_R 8,83 -3,09 5,19
chr3:195441633-195441971_R 8,73 3,94 10,19 PSORS1C3 7,21 2,23 4,72
chr11:126055515-126071261_F 7,21 -2,24 10,17 chr2:165509129-165519404_R 9,51 -2,63 4,60
chr2:67402674-67442459_R 10,86 2,95 10,17 chr1:9226160-9226803_F 6,74 -2,18 4,59
chr1:200443400-200443852_F 7,22 2,11 10,11 chr21:17256004-17265311_F 12,56 -2,35 4,55
chr2:217384052-217394177_F 11,83 -2,44 10,05 chr13:31404935-31457531_F 8,75 -2,36 4,37
chr7:64768415-64791279_F 10,06 -2,39 9,98 chr14:69328476-69329245_R 7,71 -2,08 4,27
chr6:53596641-53636866_R 11,30 -2,33 9,91 chr6:28695421-28709221_R 12,04 -2,91 4,04
PRINS 14,01 -2,27 9,84 PTTG3P 12,88 -2,19 4,03
chr1:201482952-201545677_F 9,42 2,85 9,82 chr2:165508379-165527004_R 7,84 -2,27 3,76
chr21:44751672-44819297_R 10,73 3,80 9,81 chr4:24517527-24528051_R 9,77 -2,02 3,73
chr2:161109154-161115329_R 13,08 2,48 9,76 chr13:21897375-21908850_F 6,80 2,21 3,61
chr7:20046727-20168878_F 7,65 -2,60 9,63 chr11:36494424-36500099_R 6,13 2,11 3,60
chr5:42985502-42991219_R 10,15 2,60 9,63 chr2:62367371-62385846_R 11,54 -2,41 3,50
chr12:5351264-5359564_R 11,04 7,31 9,49 chr9:118235816-118285098_F 8,93 -2,05 3,38
chr19:53702413-53709013_F 8,55 2,85 9,48 chr5:148786807-148792331_F 8,39 -2,01 3,29
chr15:80489770-80496195_R 7,91 -2,11 9,47 TERC 12,32 -2,13 3,23
chr12:92378756-92535489_R 9,70 -3,17 9,43 chr9:34666200-34672975_R 10,35 -2,01 3,18
chr4:109412651-109519913_R 8,30 -2,01 9,40 chr5:147329082-147362557_F 10,66 -2,17 3,16
chr5:92864719-92917133_F 11,49 -3,42 9,32 chr1:238631677-238645627_R 10,58 -2,35 3,10
chr19:42774860-42784435_R 12,33 -2,56 9,26 chr4:68286476-68300496_R 7,18 -3,22 3,08
chr13:41015400-41029450_R 9,45 3,67 9,16 chrX:70247475-70252650_R 6,15 2,06 3,07
chr10:19981424-20023407_F 10,35 -2,32 9,07 chr8:38616218-38630243_R 7,10 -2,34 2,99
chr18:33466152-33528357_F 9,16 -2,18 9,05 chr5:135949526-135959451_F 9,18 -2,23 2,97
chr13:74245699-74258424_R 10,63 -2,07 9,05 TCL6 5,78 2,42 2,92
chr20:37050934-37057222_R 14,71 2,00 9,00 chr18:34811352-34822377_F 7,69 -1,12 2,86
chr6:44006347-44033347_R 8,81 -2,18 9,00 chr2:208102876-208103386_R 6,87 3,04 2,85
chr2:165531204-165538379_R 9,71 -3,63 8,96 chr16:17970874-17975999_F 8,83 -2,03 2,80
RAET1K 7,62 3,12 8,96 chrX:97546119-97657219_F 9,99 -2,10 2,79
chr6:43858764-43905943_F 9,26 2,26 8,94 chr20:61892573-61892967_F 8,63 -2,28 2,78
chr10:102495660-102501110_F 13,03 -2,75 8,91 PLAC2 6,09 1,87 2,78
chr15:58538381-58623829_R 9,90 2,18 8,72 chr9:248650-264187_F 7,30 -2,21 2,68
chr1:33591725-33592125_R 7,47 2,00 8,63 chr8:145986196-145991421_F 13,24 -2,90 2,59
chr10:134136360-134144210_F 11,21 -2,86 8,58 chr16:87325199-87333574_F 8,17 -2,02 2,59
chr12:5231714-5344139_R 12,22 -3,55 8,51 chr7:105517604-105553086_R 8,83 -2,17 2,45
chr4:89637527-89646627_R 10,34 -3,01 8,44 chr5:135949526-135959451_F 9,18 -2,23 2,28
chr6:40308181-40347628_F 11,62 -2,80 8,43 chr20:31148894-31161799_F 6,35 2,00 2,23
chr5:1173272-1178707_R 11,39 -2,01 8,42 chr3:80797935-80808406_R 6,86 -2,26 2,07
chr4:93175777-93192627_F 15,20 -2,67 8,34 chr18:53750605-53752602_F 8,85 -2,34 2,07
chr9:2452800-2552025_R 9,36 2,67 8,34 FAM99A 6,30 -3,42 2,00
chr5:92864719-92917133_F 11,49 -2,92 8,21 chr2:139334705-139365180_F 8,00 -2,15 2,00
chr21:44922353-44923757_R 8,32 3,09 8,18 chr3:106830493-106959431_R 6,29 2,10 2,00
chr2:67402588-67442409_R 9,80 3,02 8,15
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Table S2. List of putative lncRNAs upregulated after HCV infection. 

 

 
 

Table S3. List of HCV-induced lncRNA genes analyzed in this study. 

 

 
 

Table S4. Clinical data for the HCV-infected patients used in this study. 

 

 
 

Name logFC B Identification Position Name Alternative names Expression
CSR1 2,1 10,1 Array +Rseq chr1:200443048-200447421F RP11-469A15.2 ENST00000427825.1, lnc-NR5A2-1 L
CSR2 2,2 7,6 Array +Rseq chr10:80703085-80827652R ZMIZ1-AS1 ENST00000456353 L
CSR3 3,4 15,0 Array +Rseq chr12:93936239-93965544R SOCS2-AS1 ENST00000500986 M
CSR4 2,2 3,6 Array chr13:21872312-21906571F MIPEPP3 TCONS_l2_00007361 L
CSR5 3,7 9,2 Array +Rseq chr13:40921271-41055143R LINC00598 ENST00000400430 L
CSR6 2,1 6,7 Array +Rseq chr15:95819690-95832714R CTD-2536I1.1 ENST00000508732 M
CSR7 2,9 16,1 Array +Rseq chr17:70399463-70588479R LINC00673 ENST00000457958 M
CSR8 9,7 11,6 Array chr2:121300485-121301902R AC073257.2 ENST00000413991 L
CSR9 2,9 11,0 Array +Rseq chr2:67402555-67442409R AC078941.1 ENST00000414404 L
CSR10 3,6 8,1 Array +Rseq chr2:75155366-75160151F AC104135.3 ENST00000377469.1 M
CSR11 2,0 9,0 Array +Rseq chr20:37049235-37063976R SNHG17 ENST00000436764 H
CSR12 4,3 12,6 Array chr20:61405480-61406764R LINC00659 ENST00000412500 L
CSR13 3,8 12,4 Array +Rseq chr3:106830332-106959474R LINC00882 ENST00000479612 L
CSR14 2,5 10,9 Array +Rseq chr3:156470852-156534851R LINC00886 ENST00000473352 L
CSR15 2,5 11,5 Array +Rseq chr3:7996326-8543284R LMCD1-AS1 ENST00000420095 H
CSR16 2,3 10,7 Array chr5:131806224-131811702F ENST00000464024 ND
CSR17 2,7 5,8 Array +Rseq chr5:37840540-37874996F GDNF-AS1 ENST00000510986 L
CSR18 2,2 8,1 Array +Rseq chr5:92746727-92906525R NR2F1-AS1 ENST00000606739 H
CSR19 3,3 10,3 Array +Rseq chr6:21666675-22194616F CASC15 ENST00000606851 H
CSR20 8,0 19,8 Array +Rseq chr6:53493178-53496192F RP11-345L23.1 ENST00000448327 M
CSR21 3,5 15,3 Array +Rseq chr8:128806779-128903221F PVT1 ENST00000521951 H
CSR22 2,4 5,2 Array +Rseq chr8:32853696-32902373F RP11-11N9.4 ENST00000500843 L
CSR23 3,2 11,7 Array +Rseq chr8:90733132-90737158R RP11-37B2.1 ENST00000521996 M
CSR24 3,7 14,7 Array +Rseq chr9:132096185-132109678F LINC01503 ENST00000436710 M
CSR25 4,4 17,6 Array +Rseq chr9:21994790-22121094F CDKN2B-AS1 ENST00000428597 M
CSR26 3,3 17,6 Array +Rseq chr9:2503280-2522019R RP11-125B21.2 ENST00000416826 M
CSR27 3,1 9,0 Array chr6:150319155-150326280R RAET1K ENST00000533735 L
CSR28 2,1 13,6 Array chr1:28905050-28908354R SNHG12 ENST00000488745 M
CSR29 3,4 3,0 Array +Rseq chr1:173832386-173833079F GAS5-AS1 ENST00000602767 H
CSR30 1,1 5,9 Array chr7:130628926-130794935R LINC-PINT ENST00000451786 H
CSR31 4,0 17,8 Array chr2:97163383-97173846R NEURL3 ENST00000435380 M
CSR32 2,0 6,3 Array +Rseq chr3:4790876-4793274R EGOT ENST00000414938 M
CSR33 1,9 2,8 Array chr19:5558178-5568045R TINCR ENST00000448587 L
CSR34 2,7 13,2 Array +Rseq chr19:15939771-15947130F UCA1 ENST00000397381 H
CSR35 2,2 10,7 Array +Rseq chr7:143995112-143998024F OR2A9P ENST00000461471 M

Name Position Name Alternative names Lenght IFN·HCV-rel TFs Neighbour Relation Conservation 
CSR3 chr12:93936239-93965544R SOCS2-AS1 lnc-UBE2N-2 555-3325 IRF·STAT1·NFKB·MYC SOCS2 AS/BDP Mouse
CSR6 chr15:95819690-95832714R CTD-2536I1.1 lnc-AC016251.1-8 614-1147
CSR7 chr17:70399463-70588479R LINC00673 lnc-SLC39A11-1 1696-1956 IRF·MYC LINC00511 Tandem AS Mouse
CSR19 chr6:21666675-22194616F CASC15 LINC00340 · lnc-SOX4-1 1288-4461 IRF SOX4 Tandem S Mouse
CSR20 chr6:53493178-53496192F RP11-345L23.1 LINC01564 · lnc-LRRC1-3 566 MYC Mouse
CSR21 chr8:128806779-128903221F PVT1 lnc-MYC-2 221-1699 IRF·NFKB·MYC Mouse
CSR26 chr9:2503280-2522019R RP11-125B21.2 lnc-KIAA0020-1 423-3167 MYC VLDLR AS/BDP
CSR31 chr2:97163383-97173846R NEURL3 nd IRF·STAT1·NFKB·MYC Mouse
CSR32 chr3:4790876-4793274R EGOT lnc-AC018816.3.1 1464-1496 IRF·NFKB ITPR Intron Mouse
CSR34 chr19:15939771-15947130F UCA1 lnc-OR10H5-2 436-2313 STAT1·MYC

ID Date Gender Age Diagnosis Sample Serotype ID Date Gender Age Diagnosis Sample Serotype
10239 22/2/06 V 50 HCV TX 1b 10508 8/1/15 V 49 HCV TX 3a
10274 28/6/07 V 58 HCV TX 1b 10494 13/6/14 V 42 HCV TX 1b
10387 12/1/11 V 62 HCV TX 1a 10467 22/7/13 V 55 HCV TX 1
10235 28/1/06 V 43 HCV TX 4c/d 10491 22/4/14 V 64 HCV TX 1b
10346 24/10/09 M 56 HCV TX 1a 10449 4/10/12 M 45 HCV TX 3a
10286 1/12/07 V 50 HCV TX 2 10442 16/6/12 V 43 HCV TX 4
10245 2/5/06 V 69 HCV TX 1b 10410 28/6/11 M 64 HCV TX 1b
10347 25/11/09 V 52 HCV TX 1b 10387 12/1/11 V 62 HCV TX 1a
10370 18/5/10 V 49 HCV TX 2a+HIV 10511 20/1/15 V 72 HCV+HCC HEPA
10241 23/4/06 M 65 HCV TX _ 10509 13/1/15 M 57 HCV+HCC HEPA 1a
10197 22/4/04 V 75 HCV+HCC HEPA _ 10501 15/11/14 M 69 HCV+HCC TX 1b
10290 27/3/08 M 50 HCV+HCC HEPA _ 10493 27/5/14 V 56 HCV+HCC TX 1
10211 11/2/05 V 59 HCV+HCC TX 1b 10475 5/11/13 V 55 HCV+HCC TX
10159 4/2/02 V 74 HCV+HCC HEPA 1b 10492 1/5/14 V 70 HCV+HCC TX
10295 28/4/08 F 62 HCV+HCC TX 1b 10455 14/2/13 V 64 HCV+HCC TX 1b

10497 18/8/14 V 46 HCV+HCC TX 4
10450 4/12/12 V 58 HCV+HCC TX 1a
10440 23/5/12 V 45 HCV+HCC HEPA
10433 30/3/12 V 52 HCV+HCC TX 3a
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Table S5. Sequences of the oligonucleotides used in this study. 

 

 
  

Name Forward primer Reverse primer
CSR1 GCATTGACTCACCTTGCAGA CGTGCCCATGGAATTTAATC
CSR2 ATCCTGCCACTTGTTTCCAC AAAGGGCCAAGGCTAAAGAG
CSR3 ACACACAGCACCCTCAAGACT CACTCTTCGTTGAGTGCATCC
CSR4 CACCCCTGCATTTGCTAAGT GCTCACCCTGTCTTTGCTTC
CSR5 GCCTCAGCTTCTGGTCATTC CTTCTGGGTGTCTTGGTGGT
CSR6 TGCAAGGGAAAGAATTCAGAGT CATGCGCACTTTCGATAAAA
CSR7 CCTCTCCACCCTGGTCTTCT CCTTTCCTGGTTCAAAGCAC
CSR8 GGGTTTCCTGGGCAAAATAC TGCTTGTTTGCTGGTGAAGA
CSR9 GCCTGTGCGATGGATTATCT CTCCAGGGCGCTCCTAAT
CSR10 GTGACCAGCAGCATGTGTTT TTACTGGGTGGTGCAGTCA
CSR11 CAGCTGACCTCTGTCCTGTG CGCAGCTCAGCCTCTTCTT
CSR12 AGCGGAGATCCACTCTTTCA AAAAGTGATTCATTCTCTTGTGAAG
CSR13 CTTCTCGGGTCCCCTAGGTC TTAGGCTGAATCACATGACA
CSR14 CTGCTTCCGCCGCTTTAGT GATGCCTCGCCGGATTAC
CSR15 GACTTAACCGGACACCTGGA AGCGATGATCCTTGGAGAAA
CSR16 CACTGGAAGCTGGGCAAAG TAATAAGTAAAGTATTCGCCTTGGTC
CSR17 TGCTAGCAGTTCCACCAATG GATGCCTGGGTTTGAATCTC
CSR18 AACTAGCCCATGATGAACCTGT CGCCATTCATCCTGGTTA
CSR19 GCTGTGGAGTCCAAGTGTGA AGCATGGAGAGAGGACCTGA
CSR20 CTGGCTCAAGTGAATGCTCA ATGATGTGCTGGGTGTTTTT
CSR21 AACCATGCACTGGAATGACA CCAAAGGAAGTTGGCAGAGA
CSR22 CCCAGCTAGAGTGTGGAAGC TTAACCTGCAGGGAGAGTCC
CSR23 TCAAATCCCTGTTGCTCAAA TGCTACTTGTAGATAAGAATGAGCTA
CSR24 ATGACCGTGTGGAGAAAGTTC GGTAGTGCACGCGTCCACTC
CSR25 GGATCACAGACCATACTTGCAC TAAGTAGATTCACCATAAGTTAGCTC
CSR26 AAAGGATGAGGAGGAGCAGA ATCCAGGGACCTCTTGTTTG
CSR27 ACAAGGAGGTGACCGTGTTC GGGATCATGAGCGAAGGTAA
CSR28 GACTTCCGGGGTAATGACAG GCTCCAGAAACAAGCTCACC
CSR29 TTCCCAGCCTCAGACTCAAC CAAATTGTCAGGTTTCATAGGC
CSR30 GGAAAATGGAAGAAACGGAGA CCCTCTTCCTGGCTCGTT
CSR31 GACCTCAGCAACAAGGCTGT ACTGGGAAGCCTCCTTTCAT
CSR32 GCCATACCGACTGTCCAACT TCCTCTCAGTTCAAGCCACA
CSR33 CTGGGTACTGGCTGAAGGAA GAGACTGCAATCCCAGGTGT
CSR34 CGGGTAACTCTTACGGTGGA ATGGGCATGGCTTTATTCTG
CSR35 ATCCTGGGGCTCATCTCAC CACTGTGTTGCAGGCATAGG
GAPDH CCAAGGTCATCCATGACAAC TGTCATACCAGGAAATGAGC
MALAT1 AACTGGGGGTTGGTCTGG AAATTCCAAAAGAGAACCACACA
CXCL10 CTGTACGCTGTACCTGCATCA TTCTTGATGGCCTTCGATTC
HCV GCTGCCTGGGAAACAGTTAG TATGGCTGGAAGGTCCAAAG
cEGOT TTAATTCTCGAGCAACTTCTGGGCAAGGCAGAG TTAATTAGATCTTTTTGTTCTGGTCATTTTATGAGTC
RIG-I CCTACCTACATCCTGAGCTACAT TCTAGGGCATCCAAAAAGCCA
PKR TCTGACTACCTGTCCTCTGGT GCGAGTGTGCTGGTCACTAAA
ISG15 AGTGTCCCAGAGTTCATTTTTG GTCGCCCAGGCTGATCTC
TNFa CCCCAGGGACCTCTCTCTAA CAGCTTGAGGGTTTGCTACA
SFV CTGTTCTCGACGCGTCGTC  GAGGTGTTTCCACGACCC 
GBP1 GCAATTCTCCAGACAGACCAG CGTTCCACTTCAATCTCCTTTT
Mx1 TGCATCGACCTCATTGACTC ACCTTGCCTCTCCACTTATC
BST2 CAGTGATGGAGTGTCGCAAT CCTCAAGCTCCTCCACTTTC
ISG56 TGAAGTGGACCCTGAAAACC TCAGGGCAAGGAGAACCTTA
IFI6 CTCGCTGATGAGCTGGTCT TGCTGGCTACTCCTCATCCT
IFITM1 ACTAGTAGCCGCCCATAGCC GCACGTGCACTTTATTGAATG
IFITM2 ATGTGGTCTGGTCCCTGTTC CATGAAGATGCCCAAAATCA
CD4 AGTCCCTTTTAGGCACTTGC CGATCATTCAGCTTGGATGG
CD8B GGCTGTGGCTCCTCTTGG GATTTTAGCCTCGCAGGACA
CD56 GTGTGGTTACAGGCGAGGAT GATGACATCTCGGCCTTTGT
CD68 GCAACTCGAGCATCATTCTTTCACC GATGAGAGGCAGCAAGATGGAC
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Figure S1. RNASeq and Ingenuity analysis of genes altered by HCV. 
 

	
	
Figure S2. Expression analysis across 16 healthy tissues of the 35 CSRs. 
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Figure S3. Effect of IFN and infection with other viruses in CSR expression.  
 

	
 
Figure S4. Gapmers targeting EGOT do not affect cell proliferation. 
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Figure S5. Gapmers targeting EGOT but not against UCA1, lead to an 
upregulation of ISGs. 
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ISR8 enhancer region is essential for IFNa and NF-kB responses 

 

The study of the transcriptome of IFNα-treated cells shows several lncRNAs 

deregulated compared to control cells. One of the IFNα-upregulated lncRNAs is ISR8. 

ISR8 is transcribed from a locus close to IRF1 coding gene, which is an important 

transcription factor involved in ISG induction.  

This article describes the functional study of ISR8. In addition to IFNα, IFNγ 

and RELA are also able to induce ISR8. All this data suggests a potential role of ISR8 

in the cellular antiviral response. Indeed, disruption of ISR8 locus by CRISPR-Cas 

system led to cells that failed to induce an antiviral response after IFNα-treatment. 

Interestingly, depletion of ISR8 RNA does not affect IFNα signalling and 

overexpression of ISR8 RNA did not restore ISG-induction in ISR8-disrupted cells. 

Further, luciferase reporter assays show that the type I IFN and NF-κB pathways can 

function in ISR8-deficient cells. These results suggest that ISR8 locus might play an 

essential regulatory role at DNA level. Given that ISR8 locus shows enhancer marks, 

and several SNPs related to inflammatory diseases have been identified in ISR8 region, 

we believe that ISR8 locus is essential to induce antiviral and inflammatory responses. 

All the work developed in this manuscript in preparation has been performed as 

part of this PhD. 
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ISR8 enhancer region is essential for IFNα and NF-κB responses 

Marina Barriocanal, Nerea Razquin, Celia Prior, Puri Fortes 

 

Abstract 

The study of the interferon (IFN) α-induced cell transcriptome has showed altered 

expression of several long non-coding RNAs (lncRNAs). ISR8 (IFN stimulated RNA 

8), located close to IFN regulatory factor 1 (IRF1) coding gene, transcribes for a 

lncRNA induced at early times after IFNα treatment or IRF1 or NF-κB activation. 

Depletion or overexpression of ISR8 RNA does not lead to deregulation of the IFN 

response. Surprisingly, disruption of ISR8 locus with CRISPR-Cas9 genome editing, 

results in cells that fail to induce several key IFN stimulated genes (ISGs) and pro-

inflammatory cytokines after a trigger with IFNα, or overexpression of IRF1 or the NF-

κB subunit RELA. This suggests that ISR8 locus may play a relevant role in IFNα and 

NF-κB pathways. Interestingly, IFNα, IRFs and NF-κB-responding luciferase reporters 

are normally induced in ISR8-disrupted cells, indicating that IFNα and NF-κB pathways 

are functional to induce expression of exogenous transcripts but fail to activate 

transcription from certain endogenous promoters. Transcription from these promoters is 

not restored by methyltransferase or histone deacetylase silencing inhibitors or by 

decreasing the levels of several negative regulators. Our results agree with the 

possibility that ISR8 locates in an enhancer region that is fundamental for proper IFNα 

and NF-κB responses. These results are relevant because several SNPs located in ISR8 

region associate with chronic inflammatory and autoimmune diseases including Crohn’s 

disease, inflammatory bowel disease, ulcerative colitis or asthma. 

 

Keywords: IFNα, NF-κB, ISR8, IRF1, enhancer, lncRNA, GBP1, gene silencing 

Running title: ISR8 enhancer in antiviral and inflammatory response  
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Introduction 

The IFN pathway is a key cellular mechanism to tackle infections (Raftery and 

Stevenson, 2017). Bacteria and viruses produce pathogen associated molecular patterns 

(PAMPs) that are recognized by intracellular or extracellular PAMP recognition 

receptors (PRRs). Upon stimuli, these PRRs activate several pathways leading to 

activation of IFN response factors (IRF3 and IRF7), and NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells) transcription factors, which induce the 

expression of pro-inflammatory cytokines (CXCL10, IL6, IL12) and type I IFN (IFNα 

and IFNβ) (Gürtler and Bowie, 2013). The released IFN is recognized auto- and 

paracrinaly by IFN-α/β receptor (IFNAR) that activates the JAK/STAT pathway. Signal 

transducer and activator of transcription (STAT1 and STAT2) proteins are 

phosphorylated, form heterodimers and bind IRF9 to conform the IFN stimulated gene 

factor 3 (ISGF3) complex. ISGF3 translocates to the nucleus and binds to promoter and 

enhancer regions that contact each other. Correct spatial architecture of the 

chromosome, including topologically associated domains (TADs) flanked by insulator 

elements as the CCCTC-binding factor (CTCF), allow the enhancer-promoter 

interactions (van Arensbergen et al., 2014; Zabidi and Stark, 2016). The exact 

mechanism of enhancer-promoter binding is not fully understood; however, it is clear 

that Mediator and Cohesin proteins play important roles. Cohesin connects two DNA 

segments by forming rings, and Mediator connects with Cohesin to stabilize enhancer-

promoter interactions (Allen and Taatjes, 2015; Kagey et al., 2010). Then, Mediator 

helps RNA polymerase II (RNA pol II) loading to the promoters and preinitiation 

complex (PIC) formation. In some cases, transcription initiation starts but RNA pol II is 

paused by the negative elongation factor (NELF) and the DRB-sensitivity inducing 

factor (DSIF). BRD4 binding to enhancers recruits CDK9 and allows that the positive 

transcription elongation factor b (P-TEFb) phosphorylates both NELF leading to its 

release, and DSIF, which becomes a positive elongation factor, allowing elongation and 

gene transcription (Jonkers and Lis, 2015). The superelongation complex (SEC) can 

also bind P-TEFb and induce elongation. RNA pol II elongation allows the expression 

of hundreds of IFN stimulated genes (ISGs). Most of them are positive regulators that 

will act to clear the infection (IRF1 or GBP1) while others help the cell to go back to 

homeostasis (USP18 or SOCS) (Hertzog and Williams, 2013; Ivashkiv and Donlin, 

2014; Schneider et al., 2014). While most ISGs described to date transcribe for proteins, 

the type I IFN pathway can also induce the expression of short and long non coding 

128



Barriocanal et al.    ISR8 enhancer region 

	

RNA (lncRNA) genes (Barriocanal et al., 2015; Carnero et al., 2015; Forster et al., 

2015; Kambara et al., 2014; Yang et al., 2015).  

LncRNAs are non-coding transcripts longer than 200 nucleotides with poor coding 

potential. Compared to mRNAs, lncRNAs are less conserved and they tend to be more 

tissue specific, and to localize preferentially to the nucleus (Garitano-Trojaola et al., 

2013; Harrow et al., 2012; Morris and Mattick, 2014; Nitsche and Stadler, 2017; 

Ulitsky, 2016). Similarly to mRNAs, most lncRNAs are transcribed from RNA pol II 

and may be spliced and polyadenylated. Although most lncRNAs remain unstudied, it 

has been clearly shown that some lncRNAs have important regulatory functions that can 

be performed in cis or in trans. Enhancer RNAs (eRNAs) are a particular category of 

cis-acting lncRNAs transcribed from enhancer regions. Although eRNAs were thought 

to be by-products of promoter transcription, some eRNAs are required for enhancer 

function and for transcriptional activation of coding genes located in the same territory 

(Chen et al., 2017; Lam et al., 2014). In fact, some eRNAs can reinforce DNA looping, 

including enhancer-promoter interaction and stability, as well as mRNA transcription by 

affecting RNA pol II progression and TF recruitment to the promoter region (Eidem et 

al., 2016; Hu and Tee, 2017). Arc eRNA, for example, interacts with NELF helping its 

release (Eidem et al., 2016). 

The number of lncRNAs described to play a role in the immune response is 

increasing. Several regulate the expression of ISGs or proinflammatory genes in a 

positive or negative manner. LncRNA Cox2 is a lipopolysaccharide (LPS)-induced 

lncRNA that regulates ISG expression by interacting with heterogeneous 

ribonucleoproteins (hnRNP)-A/B and -2A/B (Carpenter et al., 2013). LPS-induced 

IL1β-eRNA and IL1β-RBT46 eRNAs, located close to the IL1B gene, regulate 

transcription of IL1B and CXCL8 proinflammatory genes (IIott et al., 2014). The 

eosinophil granule ontogeny transcript (EGOT) and the negative regulator of IFN 

response (NRIR) are lncRNAs induced by IFN that block ISG transcription and favour 

viral replication (Carnero et al., 2016; Kambara et al., 2014).  

Previously, we have identified several lncRNAs whose expression is induced by 

IFNα treatment of HuH7 cells (Barriocanal et al., 2015; Carnero et al., 2015). One of 

them is the IFNα-stimulated RNA ISR8, transcribed from a gene located tail-to-tail to 

IRF1. In this work we show that disruption of ISR8 in HeLa cells using the CRISPR-

Cas system results in clones with abrogated IFNα and NF-κB signalling. Interestingly, 

depletion of ISR8 RNA does not affect IFNα signalling, and overexpression of ISR8 
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RNA does not recover the IFNα response in ISR8-disrupeted cells, suggesting that ISR8 

locus plays an essential regulatory role at DNA level that can be tracked by ISR8 RNA 

expression.  

 

Material and methods 

Cells and cell culture 

HeLa cells derived from human epithelial cervix cancer were obtained from ATCC. 

HuH7 hepatocarcinoma cells were provided by Dr. Chisari’s laboratory (Scripps 

Research Institute, La Jolla, CA, USA). HeLa and HuH7 were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) enriched with 10% foetal bovine serum 

(FBS) and 1% penicillin-streptomycin, and incubated in a 5% CO2 atmosphere. 

Twenty-four hours before transfection or treatment, cells were seeded in 6-well plates. 

Peripheral blood mononuclear cells (PBMCs) and macrophages were kindly isolated 

from healthy donors by Dr. Sandra Hervás (CIMA, University of Navarra, Spain) after 

approval from the Ethics and Scientific Committees, and used immediately after their 

isolation. These cells were maintained in RPMI media enriched with 10% foetal bovine 

serum (FBS) and 1% penicillin-streptomycin, and incubated in a 5% CO2 atmosphere.  

 

Plasmids  

For ISR8 overexpression, cDNA from HeLa cells was amplified with the primers 

described in Supplementary Table 1 with Phusion High-Fidelity DNA polymerase 

(#F530S, Thermo Scientific). The amplified product was cloned into a pGEM-T Easy 

intermediate vector (#A1360, Promega) and the resulting plasmid (pGEM-T-ISR8) was 

verified by sequencing. Then, pGEM-T-ISR8 was digested with EcoRI and ClaI and 

was cloned into the same sites of pCAGGS (#LMBP 2453, BCCM) to obtain the 

mammalian expressing plasmid pCAGGS-ISR8. pCMV6-XL5-empty and pCMV6-

XL5-IRF1 plasmids were kindly provided by Dr. Esther Larrea (CIMA, University of 

Navarra, Spain) (Larrea et al., 2014). IRF3 expressing pIRF3 plasmid was obtained 

from Dr. Nistal-Villán (University San Pablo, CEU) (Escalante et al., 2007). p-RELA 

plasmid expressing p65/RELA was obtained with the mediation of addgene (#21984, 

Addgene) (Chen et al., 2001). Plasmid containing p300 acetylase was obtained from Dr. 

Revilla (CBM/CSIC, Madrid) (Granja et al., 2006). Luciferase reporter gene responding 

to: (i) NF-κB (pNF-κB -luc) was purchased from Clontech (NF-κB 3xLuc), (ii) IFN 

(pISRE-luc) was obtained from Dr. Nistal-Villán (University San Pablo, CEU) (Nistal-
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Villan et al., 2016) or (iii) IRF (pIRF3-luc, (PRDIII-I)4-Luc) was obtained from Dr. 

Ludwig (Universitat Munster) (Ehrhardt et al., 2004). The plasmid expressing luciferase 

reporter from a CMV promoter (pCMV-luc) was used as a negative control (Kramer et 

al., 2003) and the plasmid expressing a renilla reporter gene (pCMV-RL, Promega) was 

used in all cases as a transfection and loading control.  

CRISPR-Cas9 gene editing system was used to disrupt ISR8 locus following the 

protocol established by Zhang’s lab (Ran et al., 2013). Primers with guide sequences to 

ISR8 promoter are described in Supplementary Table 1. Primers were hybridized and 

cloned into pX334-U6-DR-BB-DR-Cbh-NLS-hSpCas9n(D10A)-NLS-H1-shorttracr-

PGK-puro and pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) plasmids (#42333 and 

#42335 respectively, Addgene) (Cong et al., 2013). In order to obtain homologous 

recombination, the guide-expressing plasmids were transfected into HeLa cells together 

with a DNA fragment containing a neomycin resistant gene flanked by sequences 

homologous to those surrounding each ISR8 guide RNA target. These neomycin 

cassettes were amplified by PCR (Phusion High-Fidelity DNA polymerase #F530S, 

Thermo Scientific) from a pGEMT plasmid (#A3600, Promega) containing the 

neomycin resistant gene followed by polyadenylation sequences. The PCR reaction was 

performed with primers described in Supplementary Table 1. Twenty-four hours after 

transfection positive clones were selected in DMEM media containing 1250 µg/ml of 

neomycin (Gibco) for 3 weeks, and validated by PCR. 

 

Virus infection 

Encephalomyocarditis virus (EMCV) was kindly provided by Dr. Esther Larrea 

(CIMA, University of Navarra, Spain) and amplified in HeLa cells. Cells were plated in 

a 150 cm3 flask, infected with 100 µl of an EMCV stock, diluted in 5 ml of DMEM and 

incubated at 37°C for 1h. Then, 15 ml of media were added and infection was allowed 

to proceed for 24h at 37°C. Finally, the supernatant was collected, the detritus 

eliminated by centrifugation, and the virus was titrated. To this aim, HeLa cells and 

pNISR8 clones were seeded into 96 well plates with 100 µl of DMEM. One day later, 

100 µl of fresh media were added with 1:5 serial dilutions of the EMCV stock. Cell 

death was detected under a microscope 17h later. Then, the cells were washed 2 times 

with phosphate buffered saline (PBS) and stained with crystal violet for 10 min in a 

platform rocker shaker. The crystal violet was washed extensively in PBS and cells 

were lysed with 100 µl of SDS 0.1% for 4h. Absorbance was measured at λ=540 in the 
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Multiskan Ascent equipment (Mtx lab systems) and analysed with the Ascent Software 

(modified from (Arbillaga et al., 2013)). According to our results, a 1:125 dilution of 

EMCV was used to evaluate the antiviral effect of IFN in HeLa cells and pNISR8 

clones. 

 

Transfections and treatments 

Plasmid (1 µg) and gapmer (0.05 nmol) (Exiqon) transfections were performed into 

6 well plates using Lipofectamine 2000 (#11668019, Invitrogen) according to 

manufacturer’s recommendations.  The sequence of the gapmers used is G1 

AAGTCAACGCAAAGTC, Gint1A CGATCAGAATTGCATG and Gint1B 

CCACATTAGTCGATTG. LPS (DIFCO) kindly provided by Dr. Lasarte (CIMA, 

University of Navarra, Spain) was used at a final concentration of 5 µg/ml together with 

15 µg/ml polyinosinic-polycytidylic acid (poly (I:C)) (Invivogen). Tumor necrosis 

factor alpha (TNFα) (#300-01A, Prepotech) was used at a final concentration of 20 

ng/µl. Tunicamycin (#T7765-5MG, Sigma-Aldrich) kindly provided by Dr. Aragón 

(CIMA, University of Navarra, Spain) was used at 1 µg/ml final concentration. 

Treatments with JQ1 and I-BET151 (GSK1210151A) bromodomain inhibitors 

(#SML0974-5MG and #SML0666-5MG, Sigma-Aldrich) were performed at 1 or 10 

µM, and 250 or 1000 nM respectively. Treatment with flavopiridol (#52679, 

Selleckchem) was performed at 100 or 300 nM. When indicated, cells were treated with 

1000 U/ml human-IFNα5b (Lot: 060505-03T, Sicor Biotech) for the designated times. 

For EMCV experiments 11 U/ml of IFNα followed by 1:3 serial dilutions were added to 

the cells 24 h prior to infection. Cells were seeded in M6 well plates 24 h previous to 

any transfection or treatment, except in EMCV, that 96 well plates were used. 

 

Western blot and luciferase measurement 

For western blot analysis we used GAPDH (Sigma), IRF1 (sc-497, Santa Cruz), 

NF-κB p65 (#8242, Cell Signaling) and NF-κB p65 acetyl K310 (ab19870, AbCam) 

antibodies. Thirty µg of protein in RIPA buffer were denatured at 95°C for 5 min, and 

run through a 12% polyacrylamide gel and transferred onto a nitrocellulose membrane 

(Protran Whatman) (Abad et al., 2010). After transfer, membranes were blocked in 5% 

milk/TBST for 1 h and incubated with monoclonal antibodies against GAPDH diluted 

1:10,000, or IRF1, NF-κB p65 or NF-κB p65 acetylK310 diluted 1:1000. After 

washing, secondary anti-mouse antibody conjugated with peroxidase diluted 1:10,000 
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(Sigma) and anti-rabbit antibody conjugated with peroxidase diluted 1:5,000 (Cell 

Signalling) were used. Western blots were developed with ECL (Perkin-Elmer). Renilla 

and firefly luciferase activities were measured using the Dual Luciferase System 

(Promega) in a Berthold Luminometer (Lumat LB 9507) as previously described 

(Blazquez et al., 2012). The values obtained for firefly luciferase were corrected for 

equal transfection efficiency with renilla luciferase activity. 

 

RNA extraction, RT-PCR and qPCR 

RNA extraction from treated cells was performed using the MaxWell 16 research 

system from Promega following the manufacturer’s recommendations. The RNA 

concentration was measured using a NanoDrop 1000 Spectrophotometer. For reverse 

transcription, 1 µg of RNA was incubated in M-MLV-RT buffer, 0.005 mM DTT, 200 

units M-MLV-RT enzyme (#28025013, Invitrogen), 0.5 mM dNTPs (#10297018, 

Invitrogen) and 10 ng/ml random primers (#48190011, Invitrogen) in a final volume of 

40 µl. The reaction was set at 37 °C for 60 min and 95 °C for 1 min in the C1000 Touch 

Thermal Cycler from Bio-Rad and immediately placed at 4 °C. Quantitative polymerase 

chain reaction was performed with 5 µl Syber-Green mix (#1708880, Bio-Rad), 0.27 

µM of each primer and 2µl of the cDNA mix in a final volume of 11 µl in the CFX96 

Real-Time system from Bio-Rad. The mixture was incubated at 95 °C for 3 min, then at 

95 °C for 15 s, 60 °C for 15 s and 72 °C for 25 s for 34 cycles, and finally, 1 min at 95 

°C and 1 min at 65 °C. The results were analysed with Bio-RadCFX manager software. 

The primers used were designed using the Primer3 program 

(http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and are listed in Supplementary Table 1. 

 

Statistics 

Statistical analysis was performed using GraphPad. Statistical significance was 

calculated using a two-tailed nonparametric Mann–Whitney U-test for samples that do 

not follow a normal distribution. When the samples followed a normal distribution 

according to the Shapiro–Wilk test, a two-tailed Student’s t-test was used. P-values 

lower than 0.05 were deemed as significant. In all data shown, * denotes P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. 
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Results 

ISR8 transcript is induced by IFNα in several cells 

ISR8 is an IFNα-induced lncRNA transcribed from a gene located tail-to-tail to 

IRF1 gene (Fig. 1A). To determine whether ISR8 is also induced by IFNα in primary 

cells and cell lines from different origin, HuH7, HeLa, and purified macrophages and 

PBMCs obtained from three healthy donors were incubated with IFNα for 6hours and 

ISR8 expression was evaluated by qRT-PCR. The results indicate that IFNα treatment 

induces the levels of ISR8 several fold in these cells (Fig. 1B to E). Similar results have 

been observed with A549, HEK293 or THP1 cells, while purified CD4 cells did not 

induce ISR8 after IFNα treatment for 6 hours (Carnero et al., 2015). Treatment of 

PBMCs with IFN-inducing agents such as LPS and poly (I:C) also increased ISR8 

expression (Fig. 1E).  

 

IFNα-mediated induction of several ISGs is abrogated in ISR8-disrupted cells  

To determine whether ISR8 plays a role in the IFN response, we altered ISR8 locus 

using CRISPR-Cas9 genome editing technique (Fig. 2A). First, we targeted the ISR8 

promoter. We introduced a neomycin resistant gene followed by polyadenylation 

sequences after ISR8 promoter, we selected neomycin resistant clones and we 

determined that the selected clones had introduced the neomycin cassette in ISR8 locus 

and that ISR8 expression was not detected (Fig. 2B and Supp Fig. 1A). To determine 

whether these clones, called pNISR8 (from ISR8promoter::NeopA), have a proper 

antiviral response, we performed a survival assay to a lethal amount of 

encephalomyocarditis virus (EMCV) with increasing doses of IFNα (see material and 

methods for details). Survival was evaluated in HeLa cells and clones pNISR8, 

pNISR8_2 and pNISR8_3. As expected, all IFNα-untreated cells died after infection 

while non-infected cells showed similar survival rates (Fig. 2C). Surprisingly, while 

HeLa infected cells increased survival as IFNα doses augmented, pNISR8 infected cells 

were insensitive to the antiviral effect of IFNα. In agreement with this, IFNα treatment 

for 6 hours failed to induce the expression of representative ISGs such as GBP1 or IL7 

in pNISR8 clones compared to HeLa cells (Fig. 2D). 

To confirm these results, we generated new ISR8-disrupted cells. This time we 

designed the CRISPR-Cas9 genome editing system to introduce the neomycin cassette 

into the second exon of ISR8 (Fig. 2A). Then, we selected a neomycin resistant clone 

ex2NISR8 (from ISR8exon2::NeopA), which has incorporated the neomycin cassette in 
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ISR8 locus and does not express full length ISR8 (Fig. 2B and Supp Fig. 1B). To 

evaluate ISG induction in response to IFNα, ISG mRNA levels were quantified in 

HeLa, pNISR8 and ex2NISR8 cells treated with IFNα for 0, 6, 24 or 48 hours (Fig. 2E). 

As expected, IRF1, GBP1 and IL7 mRNAs were very significantly induced by IFNα in 

HeLa cells. Instead, IFNα failed to induce these ISGs in pNISR8 cells and led to a 

milder although significant induction in ex2NISR8 cells. 

 

Inhibition or re-expression of ISR8 does not affect ISG induction by IFNα 

The effects described so far could result from a genomic alteration at ISR8 locus or 

from depletion of ISR8 transcripts. Trying to discriminate between these possibilities 

we evaluated the effect of exogenous ISR8 expression and of ISR8 inhibition with 

gapmers. HeLa cells were transfected with gapmers targeting ISR8 lncRNA (G1) or 

ISR8 pre-lncRNA at intron 1 (Gint1A and B) (Fig. 3A). Two days later, cells were 

treated with IFNα for 6 hours and the levels of ISR8 and GBP1 mRNAs were evaluated 

by qRT-PCR. All gapmers decreased ISR8 levels efficiently (Fig. 3B). However, ISR8 

depletion did not affect the levels of GBP1 mRNA or other ISG transcripts evaluated 

(Fig. 3B and data not shown). Similar results were obtained when ISR8 was inhibited 

for 4 or 21 days by transfection of the gapmers every 72 hours (Supp. Fig. 2). ISG 

expression was also similar when ex2NISR8 cells were transfected with Gint1A, 

Gint1B or control gapmers (data not shown). 

For ISR8 re-expression, ISR8 sequences were cloned in a mammalian expression 

vector to obtain plasmid pCAGGS-ISR8 (see materials and methods for details). Then, 

enough pCAGGS-ISR8 was transfected into pNISR8 cells to obtain ISR8 levels similar 

to the levels observed in IFNα-induced HeLa cells. HeLa cells transfected with the same 

amount of pCAGGS-ISR8 and cells transfected with an empty pCAGGS were used as 

controls. Two days later, cells were treated or not-treated with IFNα for 6 hours and 

ISR8, IRF1 and GBP1 mRNA levels were evaluated (Fig. 3C). The results show that 

IRF1 and GBP1 mRNA levels are not increased by ISR8 expression in pNISR8 cells, 

however, in HeLa cells GBP1 induction is significantly lower when ISR8 is 

overexpressed. In ex2NISR8 cells ISR8 re-expression led to results similar to pNISR8 

(data not shown). 
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Defective ISG induction by IFNα is not due to IRF1 deficiency in ISR8-disrupted 

cells 

ISR8-disrupted clones fail to induce several ISGs, including IRF1 (Fig. 2E). IRF1 

expresses a transcription factor that binds the promoter of several ISGs to induce their 

expression after IFNα treatment (Dou et al., 2014; Nguyen et al., 1997). In fact, the 

promoter regions of GBP1 and IL7 have target sites for IRF1 according to ChIP 

experiments performed by ENCODE (data not shown, (Consortium et al., 2012)). As 

IRF1 is located close to the ISR8 locus, we hypothesized that ISR8-disruption would 

affect IRF1 induction by IFNα, and therefore, result in a defective activation of several 

ISGs (Fig. 2E). To determine whether IRF1 re-expression was able to recover ISG 

induction in pNISR8 cells, we transfected HeLa and pNISR8 cells with a control or an 

IRF1-expression plasmid (pCMV6-XL5-IRF1, called pIRF1 for simplicity). Forty-eight 

hours later, we treated the cells with IFNα for 0, 6 and 24 hours. Then, extracts were 

collected and we evaluated IRF1 expression by Western-blot and the levels of several 

ISG mRNAs by qRT-PCR. Surprisingly, IRF1 mRNA and protein expression was very 

high in pIRF1-transfected pNISR8 cells compared to HeLa cells (Fig. 4A). Increased 

levels of IRF1 in pNISR8 cells transfected with pIRF1 result from increased 

transcription, as IRF1 pre-mRNA is also enhanced in these cells and IRF1 mRNA 

stability is not altered, as determined by Actinomycin D experiments (data not shown).  

As expected, overexpression of IRF1 resulted in a very significant increase of 

GBP1 mRNA levels in IFNα-treated HeLa cells (Fig. 4B). Instead, GBP1 mRNA levels 

were not induced in pNISR8 cells overexpressing IRF1. Similar results were observed 

after evaluation of other ISG transcripts such as IL7 mRNA (data not shown). We 

hypothesized that the functionality of IRF1 could be compromised in pNISR8 cells. To 

determine whether this was the case, HeLa and pNISR8 cells were transfected with a 

control plasmid or pIRF1 and co-transfected with pCMV-Luc, as a control, pISRE-Luc, 

which responds to type I IFN and IRFs, or pIRF-Luc, which responds to IRFs. 

Luciferase levels from pISRE-Luc and pIRF-Luc plasmids were increased when pIRF1 

was co-transfected both in HeLa and pNISR8 cells (Fig. 4C and D). Surprisingly, after 

co-transfection with pIRF1, luciferase levels were much higher in pNISR8 cells than in 

HeLa cells. Similar results were obtained in cells co-transfected with a plasmid 

expressing IRF3 (Supp. Fig 3). This indicates that IRF1 protein is active in pNISR8 

cells but it does not induce the expression of the analysed endogenous ISGs.  
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pNISR8 cells have a functional IFN signalling 

Given that IFNα treatment or IRF1 overexpression did not induce endogenous ISGs 

in pNISR8 cells, we wondered whether these cells have a functional IFN signalling 

pathway. After IFNα binding to the receptor, STAT1, STAT2 and IRF9 form the ISGF3 

complex, which translocates to the nucleus and induces ISG expression (Fig. 5A). 

STAT1, STAT2 and IRF9 mRNAs were induced at early time post-IFNα treatment in 

HeLa cells (Fig. 5B). Surprisingly, these transcripts were also induced by IFNα in 

pNISR8 cells, although at delayed times post-IFNα incubation compared to HeLa cells. 

Furthermore, IFNα treatment of HeLa or pNISR8 cells transfected with pISRE-Luc 

showed similar luciferase induction in both cells (Fig 5C). Together, these results 

indicate that although IFNα cannot induce the expression of some endogenous ISGs in 

pNISR8 cells, IFNα signalling can induce the expression of exogenous genes and, 

although with a delay, of certain endogenous ISGs. 

 

pNISR8 cells fail to respond to NF-κB pathway 

To determine whether pNISR8 cells also fail to respond properly to other inducers, 

HeLa and pNISR8 cells were treated with tunicamycin, and mRNA induction of the 

unfolded protein response (UPR) factors CHOP and TRIB3 was evaluated by qRT-

PCR. Similar responses were observed in both cell lines indicating that pNISR8 cells do 

not have a general defect in the induction of endogenous genes (Fig. 6A). However, 

treatment with IFNγ, more related to the antiviral response, failed to induce the 

expression of GBP1 and CXCL10 target genes in pNISR8 cells (Fig. 6B). Similar 

results were observed when IFNα was used to induce CXCL10 or IL6 mRNAs (Supp. 

Fig. 4). GBP1, CXCL10 and IL6 are NF-κB targets whose expression increases with the 

activity of NF-κB transcription factor RELA; and as it has been previously shown, in 

HeLa cells RELA overexpression induces cytokines such as CXCL10, IL7, IL12p35, 

IL12p40 or IL13 and ISG factors such as IRF1 or GBP1 (Fig. 6C and Supp. Fig 5). 

Instead, in pNISR8 cells, these genes were poorly induced by RELA and/or IFNα. 

Similar results were observed when the expression of these genes was evaluated in 

pNISR8 cells overexpressing IRF1 alone or in combination with RELA and/or IFNα 

(data not shown).  
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pNISR8 cells have a functional NF-κB signalling 

Similar to what has been observed before for IFNα, treatment of pNISR8 cells with 

the NF-κB-inducer TNFα, results in increased luciferase expression from a plasmid that 

expresses luciferase from an NF-κB-inducible promoter (pNF-κB-Luc) (Fig. 7A). 

Therefore, in pNISR8 cells, the NF-κB pathway induces the expression of exogenous 

genes but fails to increase the expression of endogenous transcripts. Surprisingly, in this 

case, luciferase expression was higher in pNISR8 than in HeLa cells. This may result 

from increased mRNA and protein levels of RELA in pNISR8 compared to HeLa cells 

(Fig. 7B and C). In line with these results, the basal expression of CXCL10 is higher in 

pNISR8 cells than in Hela cells (Fig. 6B). Increased RELA expression does not explain 

the phenotype observed in pNISR8 cells, as this phenotype is not altered after inhibition 

of the NF-κB pathway (data not shown). In summary, pNISR8 cells fail to induce 

endogenous ISGs and NF-κB targets in response to stimuli while they can induce the 

expression of UPR mediators. Interestingly, in HeLa cells, ISR8 lncRNA was induced 

by IFNα-treatment and RELA-overexpression but not after activation of the UPR 

response (Fig. 2B and Fig. 7D and E). 

 

Analysis of GBP1 and CXCL10 induction after blocking silencing in pNISR8 cells 

Gene expression requires proper transcription complex assembly and activation at 

gene promoters. This requires removal of repressive marks and insertion of active 

marks, DNA accessibility, binding of transcription factors at gene promoters and 

enhancers and activation of RNA polymerase, first to initiate transcription and then, to 

proceed to elongation. We hypothesised that pNISR8 cells do not respond properly to 

STATs, IRF1 or RELA because ISG promoters have repressive chromatin marks 

(H3K27me3 and H3K9me3) or poor levels of active chromatin marks (H3K4me3 and 

H3K27ac). Several works show that deacetylase and/or methyltransferase repressors 

favour type I IFN and NF-κB responses, and that these pathways can be silenced by 

KAP1, or CTCF binding at promoters of target genes (Fang et al., 2012; Feng and 

Barnes, 2013; Iyengar and Farnham, 2011; Kamitani et al., 2008; Kramer et al., 2009). 

Therefore, we treated HeLa and pNISR8 cells with small molecules that inhibit histone 

deacetylases (HDAC; Panovinostat), DNA methyltransferases (DNMT; Azacytidine), or 

histone methyltransferases as G9a (HMT G9a; CM272) alone or in combination (G9a 

+DNMT, G9a +HDAC inhibitors), or with siRNAs against KAP1, CTCF, or against 

EZH2, an essential subunit of the histone methyltransferase complex PRC2. We 
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confirmed the functionality of silencing suppressors by detecting expression of 

endogenous retroviruses whose transcription is normally repressed in heterochromatic 

regions (Supp. Fig. 6) (Chiappinelli et al., 2015; Liang et al., 2010). In fact, reinduction 

of endogenous retroviruses by silencing suppressors leads to activation of IFN response 

and to very significantly increased levels of GBP1 in HeLa cells (Fig. 8A) (Rowe et al., 

2010). However, silencing inhibitors did not affect the expression of GBP1 in IFNα-

treated or untreated pNISR8 cells. Similar results were observed with, Panovinostat, 

inhibitor of G9a and DNMTs CM876 or MLL inhibitor OICR-9429 (data not shown). 

Analysis of CTCF, KAP1 or EZH2 mRNAs showed that their levels are higher in 

pNISR8 than in HeLa cells (Supp. Fig. 7). However, inhibition of the expression of 

these genes with siRNAs does not result in a significant induction of GBP1 or other 

ISGs in IFNα-treated pNISR8 cells (Fig. 8B and data not shown). 

Given the negative results obtained by blocking silencing, we tried to favour 

H3K27 acetylation by overexpression of p300 histone acetylase. Interestingly, p300 

also acetylates RELA to increase its activity (Chen Lf et al., 2001). In fact, transfection 

of a plasmid expressing p300 increased the levels of acetylated RELA in pNISR8 cells 

(Fig. 8C). However, overexpression of p300 and/or RELA in pNISR8 cells failed to 

induce the expression of RELA targets CXCL10 or GBP1 (Fig. 8D). 

 

Enhancer function of ISR8 locus 

Transcription requires proper enhancer function. ISR8 locus is an enhancer region 

according to ChIP experiments for H3K4me1, H3K4me3 or H3K27ac (Integrative and 

Discriminative Epigenome Annotation System (IDEAS)) (Fig. 9A). Therefore, the 

phenotypes observed in pNISR8 cells may be related to a defect in the enhancer 

function of the ISR8 locus caused by integration of the neomycin cassette by genome 

editing. Enhancer-promoter interaction is a complex process that involves the 

recruitment of several factors. One of them is BRD4. BRD4 binding at enhancers 

recruits CDK9 and allows RNA pol II elongation at promoters. To determine whether 

BRD4-CDK9 binding is essential for the induction of genes that respond to the type I 

IFN pathway in HeLa cells, we treated control and IFNα-incubated HeLa cells with 

control media, and JQ1 and I-BET BRD4 bromodomain inhibitors. Inhibiting BRD4 

bromodomain results in a drastic blockade of IFNα-mediated induction of GBP1 and 

CXCL10 mRNAs (Fig. 9B). Inhibition of CDK9 with flavopiridol leads to similar 

results (Fig. 9B). These inhibitors also affect gene induction after activation of the UPR 
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response (Supp. Fig. 8). The results observed with bromodomain and CDK9 inhibitors 

resemble those observed in IFNα-treated pNISR8 cells.  

Finally, to determine whether the alteration of ISR8 locus may have clinical 

relevance, we searched for phenotypes associated to SNPs located in ISR8 region (Fig. 

9A). Five SNPs have been described in the region and all associate to inflammatory 

diseases such as Crohn’s disease, inflammatory bowel disease, ulcerative colitis or 

asthma (Supp. Table 2).  

 

Discussion 

We have previously identified ISR8 as a lncRNA induced at early times post-IFNα 

treatment (Carnero et al., 2015). Here we show that IFNα increases expression of ISR8 

mRNA in cell lines and primary cells (Fig 1). Interestingly, ISR8 is also induced by 

RELA, suggesting that ISR8 locus may play a role in antiviral and inflammatory 

processes related to cell stress (Fig. 7D). To determine ISR8 function, we disrupted 

ISR8 locus in HeLa cells using the CRISPR-Cas system (Fig. 2A). We failed to isolate 

cells with a complete ISR8 deletion, suggesting that this region might be essential for 

cell viability (data not shown). Instead, we obtained clones with a neomycin resistance 

gene followed by polyadenylation sequences inserted after the promoter (pNISR8) or in 

exon 2 (ex2NISR8) of the ISR8 locus (Fig. 2A). In pNISR8 cells, transcription from 

ISR8 promoter should transcribe the neomycin resistance gene and stop at the poly A 

sequences. In ex2NISR8 cells, transcription from ISR8 promoter should result in a 

chimeric ISR8 mRNA with the first exon and the initial nucleotides of the second exon 

fused to the neomycin resistance gene. In fact, we have failed to detect ISR8 mRNAs by 

qRT-PCR in IFNα-treated pNISR8 and ex2NISR8 cells using primers corresponding to 

the initial nucleotides of exon 2 and exon 3 (Fig. 2B). However, we have detected low 

levels of ISR8 transcripts in ex2NISR8 cells using primers corresponding to exon 1 and 

exon 3 (data not shown). Detailed analyses of these amplification products indicated 

that they correspond to an alternative splicing from exon 1 to exon 3. Originally, we 

thought that the low levels of the alternative spliced ISR8 in ex2NISR8 cells could be 

functional, as these cells have a milder phenotype than pNISR8 cells, however, our 

results do not support a functional role of ISR8 transcripts (see below).  

Several independent clones of pNISR8 and ex2NISR8 show a defective IFNα 

response, indicating that this is due to ISR8 locus disruption rather than to random 

insertions or deletions generated by Cas9 in other regions of the genome (Fig. 2E). 
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pNISR8 and ex2NISR8 clones fail to express normal levels of ISR8 mRNAs and 

several ISG mRNAs after IFNα treatment (Fig. 2B and 2E). We cannot exclude the 

possibility that ISR8 mRNA plays a role in ISG expression; however, our results do not 

support this hypothesis. Depletion of ISR8 mRNAs with gapmers in HeLa cells does 

not result in a defect on ISG expression and re-expression of ISR8 mRNAs in pNISR8 

cells does not restore ISG expression (Fig. 3). Instead, we think that ISR8 mRNA levels 

may serve as readout for the activity exerted by the enhancer located at ISR8 locus. 

Interestingly, ISR8-disrupted cells show a defective response to IFNα, IFNγ, and 

NF-κB, pathways that are strongly related to antiviral and inflammatory responses, but 

not to inducers of UPR (Fig. 2C-E and 6, and Supp. Fig. 4). Thus, a general mechanism 

of induction is not affected in these cells. Furthermore, overexpression of transcription 

factors such as IRF1 and RELA fail to induce the expression of some ISGs and NF-κB 

targets in pNISR8 cells (Fig. 4B, 6C and 8D, and Supp. Fig. 5). In fact, IRF1 is an 

ISR8-neighboring ISG whose expression is reduced in IFNα-treated ISR8-disrupted 

cells, while RELA is increased in these cells compared to HeLa controls (Fig. 2E and 

7B). However, deregulation of RELA and/or IRF1 in HeLa cells to mimic the levels 

found in pNISR8 cells does not reproduce the lack of ISG induction observed after 

IFNα treatment of pNISR8 cells (data not shown). Other cellular factors involved in 

gene silencing and chromatin dynamics such as EZH2, KAP1 and CTCF are also 

increased in the cells edited at ISR8 locus compared to HeLa cells (Supp. Fig. 7). 

Similarly, downregulation of these factors in pNISR8 cells does not allow a normal 

expression of IFNα and NF-κB targets after their induction (Fig. 8B and data not 

shown). These results suggest that increased RELA, EZH2, KAP1 and CTCF 

expression and lack of IRF1 induction may be a consequence rather than the cause of 

the altered regulation observed in ISR8-disrupted cells.  

Among the deregulated pathways in ISR8-disrupted cells, we have studied in more 

detail the response to IFNα, RELA and IRF1 (Fig. 2, 4, 5, 6C, 7A-D, and 8). In these 

cells, IFNα induces the expression of some ISGs and not others. IRF1, GBP1, IL7, 

CXCL10 or ISG15 mRNAs are not induced by IFNα in these cells whereas STAT1, 

STAT2 or IRF9 mRNAs show a delayed induction (Fig. 2E, 5B and data not shown). 

Comparison of ChIP data from public databases of the promoters of these genes did not 

allow the identification of factors that regulate only the ISGs affected in ISR8-disrupted 

cells (data not shown). Interestingly, IRF1 is located close to ISR8 while the other ISGs 

are in other regions of the genome. In addition, in pNISR8 cells, RELA fails to induce 
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cytokine genes located close or very close to ISR8 (IL12p40 and IL13, respectively), 

genes located far from ISR8 (IL7 and IL12p35) and genes that are induced (IL7) or not 

(IL12 and IL13) by IFNα. Interestingly, expression of RELA and IRF1 or treatment 

with IFNα of pNISR8 cells resulted in good induction of luciferase reporters that 

respond to RELA, IRFs or type I IFNs, respectively (Fig. 4C and D, 5C and 7A). This 

indicates that the IFN signalling pathway is functional in these cells and that they can 

express functional IRF1 and RELA transcription factors. In conclusion, in the disrupted 

cells these pathways can regulate exogenous genes but they fail to increase the levels of 

some endogenous genes located close or far from ISR8 locus. These results suggest that 

pNISR8 cells may have a defect at chromatin level that impedes promoter activation. 

Promoters can be active, poised or repressed depending on their chromatin state. 

Active promoters show high H3K4me3 and H3K27ac marks, repressed promoters are 

characterized by high H3K27me3 and H3K9me3 marks, while poised promoters present 

repressive and active chromatin marks simultaneously (H3K27me3 together with 

H3K4me3 marks) (Barth and Imhof, 2010; Lesch and Page, 2014; Woodworth and 

Holloway, 2017). In addition to these histone marks, DNA methylation is also 

associated with gene repression (Blattler and Farnham, 2013; Moore et al., 2013). 

Repressive epigenetic marks are deposited by the coordinated action of HDACs, 

DNMTs or certain histone methyltransferases. However, forced removal of silencing 

chromatin marks in pNISR8 cells by inhibition or downregulation of HDACs, DNMTs 

or histone methyltransferases failed to recover proper IFN induction in these cells (Fig. 

8A and data not shown). KAP1 and CTCF proteins can inhibit ISG expression. KAP1 is 

a transcriptional repressor recruited to the DNA by binding to KRAB domains of Zn 

finger protein transcription factors. Once in the genome, KAP1 regulates transcription 

by interacting with HDACs and histone methytransferase complexes that lead to histone 

modification changes. In addition, KAP1 association to STAT1 inhibits IRF1 mRNA 

and the expression of its target genes most likely via HDACs (Iyengar and Farnham, 

2011; Kamitani et al., 2008). CTCF binds DNA to mediate long-range interactions 

between DNA regions and allow the formation of TADs, important in enhancer-

promoter interactions. However, CTCF can also act as a negative regulator. Indeed, 

CTCF binding to IFNα and IFNβ gene promoters blocks their transcription (Feng and 

Barnes, 2013; Ong and Corces, 2014). Downregulation of KAP1 or CTCF did not 

restore ISG induction in IFNα-treated pNISR8 cells (Fig. 8B and data not shown). 

Preliminary ChIP experiments indicate that IFNα-treated pNISR8 cells have similar 
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H3K4me3 marks in GBP1 promoter, but less RNA pol II binding in the gene body in 

comparison to IFNα-treated HeLa cells. Similarly, acetylated RELA is bound to the 

promoter of GBP1 and CXCL10 in HeLa and pNISR8 cells. These experiments suggest 

that GBP1 and CXCL10 promoters could be poised in pNISR8 cells. 

A poised promoter is an accessible but silenced promoter ready for gene 

transcription to start upon enhancer activation (Lesch and Page, 2014). The deregulation 

observed in ISR8-disrupted cells may result from the loss of an enhancer essential for 

the activation of several ISGs and pro-inflammatory genes. We believe that ISR8 locus 

may contain such enhancer. ISR8 gene has enhancer marks according to ChIP 

experiments (Fig 9A) and building a proper enhancer-promoter connection is 

fundamental for induction of GBP1 and CXCL10 after a trigger with IFNα or 

overexpression of RELA (Fig. 9B) (Meng et al., 2014; Zou et al., 2014). We 

hypothesize that genome editing in pNISR8 cells could have led to defects in enhancer 

function at ISR8 locus. 4C experiments would be decisive to determine what are the 

normal partners of ISR8 enhancer in IFNα-treated and untreated HeLa and pNISR8 

cells. Scrupulous analysis of public 4C data shows that ISR8 region is connected to 

sequences located close in the same chromosome that belong to the same TAD 

(Lieberman-Aiden et al., 2009; Wang et al., 2017). Interaction between ISR8 region and 

CXCL10 or GBP1 genes is not detected. However, these experiments have been done in 

IFNα-untreated cells. Indeed, it is possible that in response to certain stimuli, ISR8 

enhancer is directly required for the transcription of several ISGs and pro-inflammatory 

genes (Fig. 10). Alternatively, ISR8 enhancer could activate the expression of a 

mediator that is essential to allow IFNα and NF-κB responses. Both possibilities are 

appealing given the drastic effects observed after genetic disruption of ISR8.   

Enhancers can act as operative transcriptional units that transcribe for eRNAs. This 

transcription has been suggested as a by-product of RNA polymerase II binding to the 

enhancer region. However, some eRNAs mediate in the enhancer function. In some 

cases, only the act of enhancer transcription is required for enhancer function, while in 

others eRNA transcripts are essential for enhancer function. Indeed, some eRNAs 

favour DNA looping by binding to Mediator complex or Cohesin as is the case of 

Kallikrein-related peptidase 3 (KLK3) eRNA and ncRNA-a7, or NRIP1 eRNA 

respectively (Eidem et al., 2016; Hu and Tee, 2017; Li et al., 2016). ISR8 does not fulfil 

the general characteristics of most eRNAs (Chen et al., 2017; Li et al., 2016). Unlike 

eRNAs, ISR8 is an abundant transcript spliced and polyadenylated. Inhibition of ISR8 
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with gapmers that target intronic regions should degrade ISR8 RNA precursors co-

transcriptionally. HeLa cells treated with these gapmers do not show any defect in ISG 

expression after IFNα treatment, suggesting that ISR8 transcript is not required or that 

transcription of just few nucleotides could be enough for enhancer functionality. In the 

same line, cells disrupted in ISR8 locus to introduce a neomycin cassette, have to allow 

transcription initiation for expression of the neomycin resistance gene. However, 

pNISR8 and ex2NISR8 cells do not induce ISG expression, suggesting that the mere act 

of transcription in the ISR8 region is not enough for ISR8 enhancer function. In turn, our 

current hypothesis is that activation of the ISR8 enhancer after a trigger with IFNα or 

NF-κB induction leads to ISR8 enhancer binding to certain promoters and transcription 

initiation complexes, which allow ISR8 transcription. Then, ISR8 transcription marks 

enhancer functionality. Therefore, ISR8-disrupted cells respond properly to the 

induction of the UPR pathway, which does not induce ISR8 expression, while they fail 

to respond to IFNα and NF-κB pathways, which increase ISR8 levels in HeLa cells. 

Independently of the ISR8 mechanism of action, we believe that the results 

presented in our work are relevant for human health. Five SNPs that associate with 

several inflammatory and autoimmune diseases have been described in ISR8 region 

(Supplementary Table 2). These diseases include Crohn’s disease, inflammatory bowel 

disease, ulcerative colitis and asthma, where the response to IFN and inflammatory 

cytokines is excessive and leads to damage of the affected tissues by these cytokines 

(Coskun et al., 2013; D’Haens, 2003; Gonzales-van Horn and Farrar, 2015). Indeed, 

ISR8 locus has been described to be among the susceptibility loci for Crohn’s disease 

(Barrett et al., 2008; Franke et al., 2010). In conjunction with our results, this suggests 

that ISR8 region is essential to control the expression of ISGs and pro-inflammatory 

molecules and that ISR8 locus might be a good target for new treatments against 

inflammatory diseases. 
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Figures 

 

 

 

Figure 1. ISR8 is induced by IFNα in different cell lines. A. Schematic of ISR8 and 

IRF1 coding gene. B to E. HuH7 (B) and HeLa (C) cells, macrophages (D) and PBMCs 

(E) were treated with none or 1000 U/ml IFNα for 6h. PBMCs were also treated with 5 

µg/ml LPS plus 15 µg/µl poly (I:C) for 6 h (E). ISR8 mRNA expression levels were 

measured by qRT-PCR. GAPDH mRNA was also evaluated and used as a reference. 

Error bars indicate standard deviations. Fold increase is indicated at the top of each bar. 

Experiments were performed at least twice and a representative figure is shown. 
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Figure 2. Analysis of ISR8-disrupted clones obtained by CRISPR-Cas9 genome 

editing technique. A. Schematic of the neomycin cassette (1260 bp) and the insertion 

in ISR8 promoter and exon 2 to obtain the pNISR8 and ex2NISR8 stable cell lines. B, D 

and E. HeLa, pNISR8 (B, D and E) and ex2NISR8 cells (D and E) were treated with 0 

or 1000 U/ml IFNα for 6 h or the indicated times. Then, ISR8 (B), IRF1 (E), GBP1 and 

IL7 (B and E) mRNA levels were measured by qRT-PCR. GAPDH mRNA was also 

evaluated and used as a reference. Error bars indicate standard deviations. Experiments 

were performed at least four times and a representative figure is shown. C. HeLa and 

pNISR8 cells were plated in M96 well plates for 24h, treated with 0.045, 0.123, 0.41, 

1.23, 3.7 and 11.11 U/ml IFNα for 6 h and infected with 1:125 dilution of EMCV for 18 

h, and cell survival was measured by quantifying cells stained with crystal violet. (ns 

denotes non-significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
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Figure 3. Analysis of ISG induction after transient inhibition or overexpression of 

ISR8. A. Schematic of gapmer binding to ISR8 sequences. B. HeLa cells were 

transfected with control (Gc) or ISR8 gapmers (G1, Gint1A and Gint1 B). C. HeLa and 

pNISR8 cells were transfected with a control plasmid (pC) or pCAGGS-ISR8 (pISR8). 

Forty-eight hours later cells were treated with 0 or 1000 U/ml IFNα for 6 h and ISR8, 

GBP1 (B, C) and IRF1 (C) mRNA levels were measured by qRT-PCR. GAPDH mRNA 

was also evaluated and used as a reference. Error bars indicate standard deviations. 

Experiments were performed at least four times and a representative figure is shown. 

(ns denotes non-significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
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Figure 4. Analysis of IRF1 overexpression in ISR8-disrupted cells. A-B. HeLa and 

pNISR8 cells were transfected with a control plasmid (pC) or pIRF1. Forty-eight hours 

later cells were treated with 0 or 1000 U/ml IFNα for 6 h (A and B) and 24 h (A), and 

IRF1 (A) and GBP1 (B) mRNA levels were measured by qRT-PCR, and IRF1 was 

evaluated by Western-blot (A). GAPDH mRNA and protein was also evaluated and 

used as a reference or loading control, respectively. C and D. HeLa and pNISR8 cells 

were co-transfected with the indicated luciferase-expression plasmids (pCMV-Luc, 

pISRE-Luc (C) and pIRF-Luc (D)) and with a control plasmid (pC) or pIRF1. A 

plasmid expressing renilla’s luciferase was also co-transfected in all cases as a control. 

Forty-eight hours later luciferase signal was measured and relative luciferase units 

(RLU) were plotted. Error bars indicate standard deviations. Experiments were 

performed at least four times and a representative figure is shown. (ns denotes non-

significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
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Figure 6. Analysis of UPR, IFNγ, and NF-κB pathways in pNISR8 cells. HeLa and 

pNISR8 cells were treated with tunicamycin (T) for the indicated times (A), treated with 

IFNγ for 6 h (B) or transfected with a control plasmid (pC) or pRELA, and collected 48 

hours later. Transfected cells were incubated with 0 or 1000 U/ml of IFNα 6 hours 

before cell lysis. Then, CHOP and TRIB3 (A), GBP1, CXCL10 (B, C) IRF1 and IL7 

(C) mRNA levels were evaluated by qRT-PCR. GAPDH mRNA was also evaluated and 

used as a reference. Error bars indicate standard deviations. Experiments were 

performed at least twice and a representative figure is shown. (ns denotes non-

significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
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Figure 7. Analysis of NF-κB pathway in ISR8-disrupted cells. A. HeLa and pNISR8 

cells were co-transfected with pNF-κB-Luc and a plasmid expressing renilla’s luciferase 

as a control. Forty-eight hours post-transfection, cells were treated with TNFα for 6 h, 

luciferase expression was measured and relative luciferase units (RLU) were plotted. B 

and C. RELA mRNA (B) and protein levels (C) were evaluated in HeLa and pNISR8 

cells by qRT-PCR and Western-blot. D-E.  HeLa cells were transfected with a control 

plasmid (pC) or pRELA (D) and collected 48 hours later, or treated with tunicamycin 

(T) for the indicated times (E). Then, ISR8 RNA levels were evaluated by qRT-PCR. 

GAPDH mRNA and protein (C) was also evaluated and used as a reference. Error bars 

indicate standard deviations. Experiments were performed at least twice and a 

representative figure is shown. (ns denotes non-significant, * denotes P ≤ 0.05, **P ≤ 

0.01, and ***P ≤ 0.001). 
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Figure 8. Analysis of the effect of repressors and activators in ISR8-disrupted cells. 

A and B. HeLa and pNISR8 cells were mock-treated, incubated with IFNα, and treated 

with G9a inhibitors (A) or transfected with control siRNAs (siC) or siRNAs targeting 

KAP1 (siKAP1) (B). Forty-eight hours after transfection GBP1 mRNA levels were 

evaluated by qRT-PCR. C. pNISR8 cells were transfected with a control plasmid (pC) 

or a plasmid expressing p300 forty-eight hours later, total and acetylated RELA was 

evaluated by Western-blot. D. HeLa and pNISR8 cells were transfected with a control 

plasmid (pC), a plasmid expressing p300 and/or pRELA. Forty-eight hours later GBP1 

and CXCL10 mRNA levels were quantified by qRT-PCR. GAPDH mRNA and protein 

(C) was also evaluated and used as a reference. Error bars indicate standard deviations. 

Experiments were performed at least twice and a representative figure is shown. (ns 

denotes non-significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). 
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Figure 9. Analysis of enhancer function in IFNα-treated cells. A. Schematic of ISR8 

locus from UCSC showing ISR8 and IRF1 genomic region, transcription, the summary 

of 3 epigenetic marks (H3K4me3, H3K4me1, and H3K27ac), the IDEAS segmentation 

on HeLa cells (where red symbolize promoter-like signatures, yellow enhancer-like 

signature, green elongating RNA polymerase II signature and grey low signals for any 

of the features), and SNPs (https://genome.ucsc.edu/). B. HeLa cells were mock-treated 

or treated with JQ1 for 1 h, flavopiridol, or I-BET1 for 24 h. Then, 0 or 1000U/ml of 

IFNα were added for 6h and GBP1 and CXCL10 mRNA levels were measured by qRT-

PCR. GAPDH mRNA was also evaluated and used as a reference. Error bars indicate 

standard deviations. Experiments were performed at least twice and a representative 

figure is shown. (ns denotes non-significant, * denotes P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 

0.001). 
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Figure 10. Current model for ISR8 locus function in ISG activation. After IFNα 

treatment, ISR8 enhancer binds the promoter that regulates certain ISGs or an unknown 

gene (XX) required for ISG expression. This interaction needs CTCF binding sites close 

to the enhancer and the promoter, and is mediated by Cohesin and Mediator proteins. 

RNA polymerase II (RNA pol II) is recruited to the TSS of the promoter and starts 

transcription of the coding gene, as well as transcription of the eRNA from the enhancer 

region. BRD4 binding to enhancers recruits P-TEFb to the promoter by interacting with 

CKD9 subunit of P-TEFb. Then CDK9 phosphorylates Ser2 from the carboxyl terminal 

domain of RNA pol II and other proteins allowing transcription elongation.  
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Supplementary Figure 1. Genomic analysis of the clones obtained by CRISPR-

Cas9 technique. Schematic of the position of the primers used for PCR analysis of 

pNISR8 (A) and ex2NISR8 (B) and result of the PCR amplification after 

electrophoresis in agarose gels. The distance between each set of primers and the sizes 

of the amplified products are indicated. 

  

 

Supplementary Figure 2. Analysis of ISG induction after long-term inhibition of 

ISR8. HeLa cells were transfected with control (Gc) or ISR8 gapmer (Gint1A) every 72 

hours for 4 or 21 days. Cells were treated with 0 or 1000 U/ml IFNα for 6 h prior to the 

isolation of total RNA and quantification of ISR8 (A) and GBP1 (B) mRNA levels by 

qRT-PCR. GAPDH mRNA was also evaluated and used as a reference. 
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Supplementary Figure 5. Analysis of NF-κB pathway in pNISR8 cells. HeLa and 

pNISR8 cells were transfected with a control plasmid (pC) or pRELA. Forty-eight 

hours later, cells were treated with 0 or 1000 U/ml of IFNα. Then, RELA (A), IL13 (B), 

IL12p35 (C) and IL12p40 (D) mRNA levels were evaluated by qRT-PCR. GAPDH 

mRNA was also evaluated and used as a reference. Error bars indicate standard 

deviations. Experiments were performed at least twice and a representative figure is 

shown. 

 

 

 

Supplementary Figure 6. Analysis of the functionality of G9a inhibitors. HeLa cells 

were mock-treated or treated with G9a inhibitors and ERV RNA expression was 

evaluated by qRT-PCR. GAPDH mRNA was also evaluated and used as a reference. 

Error bars indicate standard deviations. 
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Supplementary Figure 7. Analysis of CTCF, KAP1 and EZH2 expression in Hela 

and pNISR8 cells. Levels of CTCF (A), KAP1 (B) and EZH2 (C) mRNAs were 

evaluated by qRT-PCR in HeLa and pNISR8 cells treated or not with IFNα for 6 hours. 

GAPDH mRNA was also evaluated and used as a reference. Error bars indicate 

standard deviations. Experiments were performed at least twice and a representative 

figure is shown. 

 

 

 

Supplementary Figure 8. Analysis of enhancer dependence of UPR response. HeLa 

and pNISR8 cells were mock-treated or treated with JQ1 for 1 h or I-BET1 for 24 h 

while UPR response was induced with tunicamycin. Then, TRIB mRNA levels were 

measured by qPCR. GAPDH mRNA was also evaluated and used as a reference. Error 

bars indicate standard deviations. Experiments were performed at least twice and a 

representative figure is shown. 
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Supplementary Table 1. Table containing the primers used and their sequences. 

 

 

Supplementary Table 2. Table containing the SNPs and their associated diseases. 

 

METHOD  NAME  SEQUENCE

ISR8cloning_F ATCAGAATTCAGAATGCAGCGGCCGCCA 

ISR8cloning_R ATCAATCGATTAGGGAAGTGAGGGCAAGAGGGC 

GuideA_F CACCGGCAGCTGCCGTTTCAGGCGA

GuideA_R AAACTCGCCTGAAACGGCAGCTGC

GuideB_F CACCGCATCCTCAGGACTTGCGGC 

GuideB_R AAACGCCGCAAGTCCTGAGGATGC 

GuideA_CassetteNeo_F TGAAAGCGGTCGTGGCCAGGACTGGCGCAGCTGATCGTTTCGCATGATTGAA

GuideA_CassetteNeo_R CTCCAGGCTGGCGGCCGCTGCATTCTGCGCCCTTTCTTAAGGCTATGGCAGG

GuideB_CassetteNeo_F GGGCCGTTGCTTATGTTTTATAACTTCGTATAGCATACATTATACGAAGTTATGATCGTTTCGCATGATTGAA

GuideB_CassetteNeo_R TGGCATTCAACTCTCCAGCAATAACTTCGTATACGTATGTATATACGAAGTTATTTTCTTAAGGCTATGGCAGG

p1 GACGTCAGATGCCTGGTACCTCATGG

p2 GGGCGTACTTGGCATATGAT

p3 TCTCGGGCACTCGGCTG

p4 CCTCGCCTGAAACGGCA

p5 GCCCTGTGTAAGAGTTTGCTG

p6 CTCCGGTCAGGCTCTCCA

p7 GCCATCACGAGATTTCGATT

p8 CTGGCACTCTGTCGATACCC

GAPDH_F CCAAGGTCATATCCATGACAAC

GAPDH_R TGTCATACCAGGAAATGAGC

ISR8_F AGTTTGTAGCCTATTGGAGGAAAA

ISR8_R TCACTGTCCCCAGGACTCTC

IRF1_F ACATCAACAAGGATGCCTGTTT

IRF1_R TGTATCGGCCTGTGTGAATGG

GBP1_F GCAATTCTCCAGACAGACCAG

GBP1_R CGTTCCACTTCAATCTCCTTTT

CXCL10_F CTGTACGCTGTACCTGCATCA

CXCL10_R TTCTTGATGGCCTTCGATTC

IL6_F CCTTCCAAAGATGGCTGAAA

IL6_R TTTCTGCAGGAACTGGATCA

IL7_F CTCCAGTTGCGGTCATCATG

IL7_R ACAGAACAAGGATCAGGGGA

ISG15_F AGTGTCCCAGAGTTCATTTTTG

ISG15_R GTCGCCCAGGCTGATCTC

IL13_F TACTGTGCAGCCCTGGAATC

IL13_R CTGTCCCTCGCGAAAAAGT

IL12p35_F CTTGAAGATGTACCAGGTGG

IL12p35_R CTATCAATAGTCACTGCCCG

IL12p40_F AAGCAGCAGAGGCTCTTCTG

IL12p40_R GTGGGTCAGGTTTGATGATG

RELA_F CTGCCGGGATGGTTCTAT

RELA_R CCGCTTCTTCACACACTGGAT

EZH2_F GGGAGATGAAGTTTTAGATCAGGA

EZH2_R CAGGATCGTCTCCATCATCA

CTCF_F CAACCAGCCCAAACAGAACC

CTCF_R CGGTCCATCATGCTGAGGAT

KAP1_F GATGACAGTGCCACCATTTG

KAP1_R CATCCTCCTCCTTCAGGTCA

MTL2B4_F GGAGAAGCTGATGGTGCAGA

MTL2B4_R ACCAACCTTCCCAAGCAAGA

TRIB3_F TGCCCTACAGGCACTGAGTA

TRIB3_R GTCCGAGTGAAAAAGGCGTA

CHOP_F GAGCTGGAAGCCTGGTATGAGGA

CHOP_R ACTCTGACTGGAATCTGGAGAG

qPCR

ISR8 cloning

CRISPR-Cas9 guides

 NeomycinR Cassette

ISR8 clon checking

SNP Diseases
rs6596075 Crohn's disease
rs2188962 Inflammatory bowel disease

Crohn's disease
Asthma

rs17622378 Inflammatory bowel disease
Crohn's disease
Ulcerative colitis

rs12521868 Crohn's disease
rs11745587 Asthma
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Over the last decade, the study of lncRNAs has advanced considerably, with the 

discovery of their relevance, their abundance, their processing and, in some cases, their 

functionality. It has been demonstrated that lncRNAs are involved in numerous cell 

responses, including the immune response (Carpenter, 2016; Ouyang et al., 2016; 

Valadkhan and Gunawardane, 2016)  

 
VII.1. Transcriptome studies 

Transcriptome analyses of microarray and RNA sequencing (RNASeq) data 

obtained from human cells treated with IFNα or infected with HCV showed several 

deregulated lncRNAs (Barriocanal et al., 2015; Carnero et al., 2014; Kambara et al., 

2014; Kambara H. et al., 2015). Both techniques have been largely used to determine 

gene expression differences between two or more conditions. Each technique has 

benefits and disadvantages. The microarray allows the detection and quantification of 

lncRNAs that are expressed at very low levels, but it is only useful for annotated 

lncRNAs whose probes have been spotted in the array. In our case, the Agilent array 

only had probes against 7419 lncRNAs. At the time of the study, it was the most 

complete Array for lncRNA detection, although nowadays it is estimated that there are 

at least as many lncRNAs as coding genes. On the other hand, RNASeq allows the 

detection and quantification of any transcript. However, those lncRNAs with very low 

expression might be missed when the sequencing is not deep enough, as they can 

generate very few reads or a number of reads that it is not enough to reconstruct the 

transcript of origin. This was the case in our experience for most lncRNAs. Although 

the correlation obtained by microarray and RNASeq analyses has been demonstrated to 

be considerably high (Chen et al., 2017b), we believe that this is only the case for 

abundant coding transcripts or with very deep sequences. In our studies, not all 

deregulated lncRNAs were identified with both techniques. Only the microarray 

analysis of the transcriptome of HuH7 cells treated or not with IFNα, allowed the 

identification of the lncRNAs induced by IFNα that were named ISRs, from IFN 

Stimulated RNAs. RNASeq analysis of the same transcriptomes led to the identification 

of other differentially expressed lncRNAs that were not evaluated in the microarray: 

lncISG15 and lncBST2/BISPR. Instead, we obtained a better overlap with HCV 

infected and control samples. Out of the 35 lncRNAs detected by the microarray 

analysis, 26 were also found by RNASeq analysis. We only studied one lncRNA that 

was only detected by RNASeq analysis (data not shown). In summary, the combination 
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of microarray and RNASeq analyses has allowed us to study a higher number of 

lncRNAs. Interestingly, the lncRNAs deregulated after transcriptome analyses of HuH7 

cells infected by HCV and treated with IFNα, are the combination of those lncRNAs 

deregulated after IFNα treatment and those altered after HCV infection.  

 

VII.2. LncRNAs induced after IFNα treatment 

The treatment of HuH7 cells with IFNα leads to the induction of several well-

known ISGs, such as guanylate binding protein (GBP1), BST2, OAS or ISG15. In fact, 

in this condition the expression of most of the altered coding genes is up-regulated. 

However, according to both the microarray and the RNASeq, approximately 50% of the 

altered lncRNAs were up-regulated and 50% were down-regulated after IFNα 

treatment. This suggests that the gene repression accomplished by IFN affects more the 

non-coding transcripts than the coding genes. In this work, we further studied the up-

regulated lncRNAs, or ISRs (Barriocanal M. et al., 2015; Carnero et al., 2014). 

ISR2, ISR8, ISR12, BST2 IFN-induced positive regulator (BISPR) and 

lncISG15 were first characterised as IFN-induced lncRNAs. According to ChIP 

analyses performed by ENCODE, ISR12 promoter has NF-kB binding sites, ISR8 

promoter NF-kB, STAT1 and IRF1 binding sites, and BISPR and lncISG15 promoters 

IRF1, IRF2 and IRF7 binding sites. ISR2, ISR8, BISPR and lncISG15 are induced at 

early times after IFNα treatment between 20 and 6000-fold (Fig. 5 Paper 1 and Fig. 2A 

Paper 2). Interestingly, these lncRNAs, seem to respond to viral infection, as they show 

increased levels in infected cells compared to non-infected controls. They are 

upregulated in liver samples from HCV-infected patients and, in the case of ISR2, in 

samples from HIV-infected patients (Fig. 9 Paper 1 and Fig. 4A Paper 2). Moreover, 

ISR2, ISR8, lncISG15 and BISPR, are also induced in cultured cells infected with HCV 

and other viruses (Fig. 8 Paper 1 and Fig. 3A Paper 2). Interestingly, Semliki Forest 

Virus (SFV) or influenza wild type virus that block IFN pathway do not induce ISR2 

and ISR8. Instead, they are induced by influenza NS1-mutant viruses that fail to block 

the IFN response. This induction is most likely caused by the IFN pathway that is 

activated after the infection. However, we were surprised to find that these lncRNAs are 

highly induced in response to HCV infection, where the IFN pathway is blocked by 

several viral proteins (Broering et al., 2010; Chen et al., 2011; Kim et al., 2008). One 

explanation to this is that ISR2 and ISR8 could be induced by HCV also in an IFN-

unrelated manner. Alternatively, the increased levels of these lncRNAs could represent 
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the response exerted in neighboring non-infected cells to the antiviral pathways induced 

in infected cells. 

Unlike ISR2, ISR8, BISPR and lncISG15, ISR12 is induced at a later time after 

IFNα treatment, suggesting that ISR12 could be induced by a slow or a secondary wave 

of IFN response or by an additional factor that is induced more directly by IFN. 

However, we have not performed special experiments to discriminate between these 

possibilities. Interestingly, ISR12 is located close to interleukin 6 (IL6) and both are 

induced about 5-fold from 48 to 72 hours post-IFNα treatment (Fig. 5 Paper 1). As IL6 

responds to NF-κB activation, we hypothesize that ISR12 may also be a NF-κB-induced 

gene. 

Interestingly, also ISR2, ISR8, BISPR and lncISG15 are located close to coding 

ISGs known to affect the replication of HCV and other viruses. ISR2 is located close to 

the GBP cluster and ISR8 locates tail to tail to IRF1, while BISPR and lncIGS15 share a 

bidirectional promoter with BST2 and ISG15, respectively (Fig. 4B and Supp. Fig. 3 and 

4 Paper 1, and Supp. Fig. 2 Paper 2). The closeness of these lncRNAs to ISGs, the fact 

that they have nuclear localization and that both the lncRNAs and the ISGs are induced 

by IFNα suggests that they could function regulating the expression of their 

neighbouring coding genes (Fig. 6 Paper1 and Fig.6B Paper 2). In fact, correlation 

studies show significant positive correlation between the expression of these lncRNAs 

and the levels of their closest ISGs (Fig. 7A Paper 1 and Fig. 4B Paper 2). This suggests 

that either the lncRNA and the neighboring ISG are co-regulated or the lncRNA could 

play a role in the regulation of the neighboring ISG. It would be interesting to address 

whether this is the case and whether lncISG15 regulates ISG15 mRNA expression upon 

HCV infection. In the case of ISR8 and BISPR we have already demonstrated that they 

impact on ISGs expression by several means (see below). 

 

VII.2.1. BISPR 

BISPR has been studied in more detail. On one hand, we have determined that 

BISPR is induced directly by the IFN pathway. BISPR promoter has STAT and IRFs 

binding sites, and ruxolitinib, a JAK inhibitor, or siRNAs targeting STAT1 decrease 

BISPR stimulation in response to IFNα (Fig. 5 and data not shown Paper 2). On the 

other hand, we have found that BISPR positively regulates the expression of BST2, 

both in the presence and absence of IFNα (Fig. 7 Paper 2). Thus, the expression of 

BISPR and BST2 is positively correlated in all tested experiments and inhibition of 
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BISPR with siRNAs results in decreased levels of BISPR and BST2 (Fig. 4B and 7 

Paper 2). A parallel study by Kambara et al., confirmed our findings on other cell lines 

and described that BISPR stimulates in trans BST2 transcription and not BST2 mRNA 

stability. Preliminary experiments showed that BISPR regulatory function might be 

accomplished by opposing EZH2 polycomb repressive complex (PRC2) subunit action 

over this locus (Kambara H. et al., 2015). Indeed, other lncRNAs have been shown to 

regulate the expression of a coding gene that is transcribed from a common bidirectional 

promoter (Uesaka et al., 2014). It is likely that BISPR function may be relevant in viral 

infections. BISPR induction in HCV infection would result in increased levels of BST2 

which anchors the viral progeny to the cell membrane avoiding virion release. Then 

BISPR seems to be an antiviral factor.  

 

VII.2.2. ISR12 

LncRNA ISR12 is induced by TNFα, LPS and poly (I:C) in addition to IFNα. 

This agrees with chromatin immunoprecipitation-sequencing (ChIP-seq) experiments 

performed by ENCODE that show NF-κB binding on ISR12 promoter. However, 

influenza, adenovirus 5, SFV or HCV viruses do not induce ISR12. Accordingly, there 

is not a significant up-regulation of ISR12 in liver samples from HCV infected patients 

compared to control livers. However, ISR12 may play a relevant role in the regulation 

of ISGs. ISR12 downregulation with two independent siRNAs leads to increased levels 

of GBP1 (data not shown). In cells infected with HCV, ISR12 inhibition decreases viral 

RNA, most likely, as consequence of the increased ISG expression (data not shown). 

Therefore, ISR12 seems to be a negative regulator of the IFN response that decreases 

ISG levels at late time post-IFN treatment to help the cell go back to homeostasis. Thus, 

ISR12 may act as a proviral factor during viral infection (data not shown). To go deep 

into ISR12 function, we have cloned ISR12 into a mammalian expression vector. 

Overexpression of ISR12 has also led to increased levels of GBP1. This result, although 

interesting, does not support the hypothesis that ISR12 is only a negative regulator of 

the IFN response. Further experiments will be required to understand why both 

increasing and decreasing ISR12 leads to a similar phenotype.  

 

VII.2.3. ISR8 

ISR8 expression is induced by IFNα, by infection with HCV and other viruses, 

and by RELA NF-kB subunit, suggesting that ISR8 function might be related to the 
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antiviral and inflammatory responses. In fact, ISR8 promoter has binding sites for IRF1, 

STAT1 and STAT2, and NF-κB transcription factors. ISR8 induction was firstly 

detected and studied on HuH7 cells. However, we failed to isolate ISR8-disrupted HuH7 

cells. Therefore, we studied ISR8 function in stable ISR8-disrupted clones obtained 

from HeLa cells. Disruption of ISR8 results in cells that fail to respond to IFN properly; 

several ISGs are not induced after IFNα-treatment (Fig. 2 Paper 4) and, probably as a 

result of the lack of ISGs, IFNα cannot protect these cells against a challenge with 

EMCV (Fig. 2 Paper 4). Moreover, ISR8-disrupted cells do not respond to IFNγ or NF-

κB, which are also involved in the antiviral and inflammatory response of the cell (Fig. 

6B and C Paper 4). However, increasing or decreasing ISR8 transcript levels does not 

lead to a detected alteration in the antiviral and inflammatory responses (Fig. 3 Paper 4). 

Further, these responses seem functional in ISR8-disrupted cells when plasmids 

expressing IFN- IRF- or NF-κB-induced luciferase reporters are used (Fig. 4C and D, 

5C and 7A Paper 4). All together these results allow us to suggest that ISR8-disrupted 

cells have a deficiency at chromatin level. 

The chromatin marks of a promoter region inform about its transcriptional state. 

Repressed promoters maintain the genes constantly silenced, active promoters allow the 

transcription of the genes at any time, and poised promoters keep the genes silenced but 

ready to be transcribed upon enhancer-promoter interaction (Barth and Imhof, 2010; 

Blattler and Farnham, 2013; Lesch and Page, 2014; Woodworth and Holloway, 2017). 

Chromatin silencing inhibitors do not recover normal ISG transcription after IFNα-

treatment of ISR8-disrupted cells, suggesting that these promoters are not repressed. 

Instead, we believe that they are poised. Then, they would need to be activated by 

enhancers, and the lack of enhancer-promoter interactions may lead to the defects in 

gene transcription (Hu and Tee, 2017). Indeed, proper enhancer-promoter binding is 

necessary for ISG and cytokine induction after IFNα or NF-κB stimuli (Meng et al., 

2014; Zou et al., 2014). Inhibition of factors necessary for enhancer-promoter activation 

such as bromodomain containing 4 (BRD4), leads to lack of ISG induction (Fig. 9B 

Paper 4). Consequently, the ISG-induction deficiency observed in ISR8-disrupted cells 

might be a result of a miss-functional enhancer.  

Preliminary ChIP experiments performed in the lab and by the ENCODE 

consortium (Fig. 9A Paper 4) agree with the possibility that the promoters of the ISGs 

that do not respond to IFNα in ISR8-disrupted cells are poised and that ISR8 is an 

enhancer. In fact, according to the level of Mediator MED1 binding and H3K27ac 
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modification, ISR8 region has been described as a super-enhancer in most tissues by the 

dbSUPER database (Khan and Zhang, 2016). Super-enhancers were firstly described as 

clusters of enhancers that are closely located in the genome and that have high levels of 

Mediator complex binding in comparison to regular enhancers. However, the line that 

separates enhancers and super-enhancers is weak. They differ in the enrichment of 

transcription factor binding sites and chromatin marks. Super-enhancers show higher 

intensity of RNA pol II, p300/CBP or Cohesin binding, higher H3K27ac and H3K4me1 

marks, or higher association with eRNAs in comparison to regular enhancers. 

Moreover, super-enhancers are enriched for disease-associated SNPs (Cheng et al., 

2016; Niederriter et al., 2015; Pott and Lieb, 2014; Thibodeau et al., 2017). ISR8 locus 

accomplishes many of these characteristics. Then, ISR8 could behave as a super-

enhancer required to activate expression from key ISGs. Alternatively, ISR8 could be 

required to induce the expression of a key factor necessary for ISG induction (Fig. 10 

Paper 4). Indeed, it has been previously demonstrated that deletion of other super-

enhancers leads to a great decrease of the expression of genes that are regulated by that 

enhancer (Li et al., 2014a). Public 4C experiments do not show ISR8 interaction with 

CXCL10 or GBP1 genes, but these experiments have been done in the absence of IFN. 

To discriminate between the hypotheses that ISR8 contacts ISGs directly or that 

contacts a gene that is essential for ISG transcription, we have initiated RNASeq and 4C 

experiments on IFNα-treated control and pNISR8 cells. We hope that the results of 

these experiments will help us to identify promoters bound by ISR8 locus after IFN 

stimulation that transcribe for genes deregulated by IFN. It would be very interesting if 

the results show that ISR8 binds the promoters of GBP1 and CXCL10 after IFN 

signalling. If this is the case, ISR8 locus could be a hub that builds several long-range 

chromatin interactions upon treatment with IFNα and NF-κB activation, to allow proper 

expression of antiviral and anti-inflammatory molecules. These results would disagree 

with those showing that TADs and nuclear compartments are not drastically altered 

after signalling. Once the mechanism of ISR8 locus function is understood, it will be 

fundamental to address whether such mechanism helps to understand the role played by 

the SNPs found in ISR8 region in the development of auto-immune and inflammatory 

diseases. 
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VII.3. LncRNAs induced after HCV infection 

Like the studies performed with IFNα, transcriptome analysis of HCV infected 

HuH7 cells showed several lncRNAs whose expression is modified compared to control 

cells. As expected, some of them were downregulated, while others were upregulated 

and were named CSRs for HCV Stimulated RNAs (Fig. 1 Paper 3). From the initial 35 

altered lncRNAs selected, we validated and studied CSR3, 6, 7, 19, 20, 21, 26, 31, 32 

and 34 to show that they were induced more than seven-fold at 6 days post HCV 

infection (Fig. 2A and B Paper 3). Infection with other viruses also induced the 

expression of these CSRs, although to milder levels than infection with HCV. CSR3, 

CSR7 and CSR31 are induced after infection with both DNA and RNA viruses as 

adenovirus, influenza, HCV or SFV, and preferentially, if the viruses fail to block the 

IFN pathway; CSR6 is only induced in response to adenovirus and HCV; CSR20 in 

response to influenza virus and HCV; and CSR32 in response to all RNA viruses tested 

(HCV, influenza and SFV) but not in response to DNA viruses (adenovirus or HBV) 

(Fig. 4 Paper 3 and data not shown).  

Interestingly, CSR19/cancer associated susceptibility candidate 15 (CASC15), 

CSR21/PVT1, CSR34/urothelial cancer associated 1 (UCA1), CSR3/suppressor of 

cytokine signaling 2-antisense 1 (SOCS2-AS1) and CSR7/LINC00673 had already been 

described as lncRNAs deregulated in different cancers. In 2008 Maris et al., described 

that CASC15, located in 6p22 locus, had a single nuclear polymorphism (SNP) 

associated with clinically aggressive neuroblastoma (Maris et al., 2008), and CASC15 

was later shown to be involved in melanoma progression (Lessard et al., 2015). This 

lncRNA is induced around 7-fold by HCV.  

 HCV infection increases the levels of CSR21/PVT1 around 10-fold. PVT1 was 

first described as a site of retroviral insertions that led to murine T lymphomas, probably 

via long-range effects on its downstream neighboring gene MYC (Graham et al., 1985). 

Later, it was shown that PVT1 is upregulated in other tumors, including hepatocellular 

carcinoma (Cui et al., 2016). In fact, integration of Hepatitis B virus genome between 

MYC and PVT1 is detected in 12.4% of early-onset HCCs and induces overexpression of 

MYC and PVT1, which could contribute to the development of HCC (Yan et al., 2015). 

PVT1 expression is induced by MYC and functions to increase MYC mRNA levels, 

activating a regulatory loop that leads to increased proliferation (Carramusa et al., 2007; 

Tseng et al., 2014). HCV infection could cause increased PVT1 levels by NS5A-

mediated induction of MYC (Higgs et al., 2013). Although PVT1’s oncogenic role is 
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closely associated with MYC, the PVT1 gene also encodes for several miRNAs and 

participates in different DNA rearrangements that lead to aberrant expression and 

tumorigenesis (Cui et al., 2016). Interestingly, PVT1 transcription also generates a 

circular RNA that abolishes senescence by sequestering let-7 and allowing accumulation 

of let7-targetted proliferative genes (Panda et al., 2017).  

CSR34/UCA1 is induced in HCV-infected cells over 20 fold, probably by 

activation of MYC, specificity protein (SP1) and/or hypoxia inducible factor 1 alpha 

(HIF1α) (Carnero et al., 2016; Nasimuzzaman et al., 2007; Wang et al., 2017a, 2017b). 

HCV-induced reactive oxygen species (ROS) inhibit CCAAT/enhancer binding protein 

alpha (C/EBPα) activity and stabilize the expression of HIF1α, which are a negative and 

a positive regulator of UCA1 expression, respectively (Miura et al., 2008; Nishina et al., 

2008). UCA1 RNA has been involved in anti-cancer drug resistance in several tumors 

(Wang et al., 2017a). Therefore, UCA1 is overexpressed in different cancers and 

correlates with poor prognosis. The role of UCA1 RNA in drug resistance is mediated 

by UCA1 interference with miR27b, miR18a, miR16 and other miRNAs, depending on 

the tumor cell studied. This increases AKT serine-threonine kinase/mechanistic target of 

ripamicyn/HIF1α (AKT/mTOR/HIF1α) and Wnt/ß-catenin signaling which in turn 

increase multidrug resistant 1 (MDR1) gene expression and drug resistance (Wang et al., 

2017b). UCA1 together with lncRNA WR repeat containing antisente to TP53 (lncRNA 

WRAP53) are increased in the liver and serum of patients with HCV-derived HCC 

compared to HCV-derived cirrhotic tissues and healthy livers (Kamel et al., 2016). 

CSR3/SOCS2-AS1, located in the genome antisense to the Suppressor of 

Cytokine Signaling-2 (SOCS2) gene, is induced by androgen receptor signaling in 

prostate cancer cells and promotes androgen-dependent cell growth (Misawa et al., 

2016). Depletion of SOCS2-AS1 increases apoptosis-related genes by modulating the 

epigenetic control of target genes of the androgen receptor signaling pathway.  

CSR7/LINC00673 has been studied in several tumors. In human pancreatic 

ductal adenocarcinoma, LINC00673 was significantly downregulated compared to 

peritumoral tissue. Low expression of the lncRNA correlated with higher occurrence of 

metastasis, poor differentiation and poor survival. Decreased levels of the lncRNA were 

shown to promote cell proliferation by repressing the HNF1 homeobox A (HNF1A). 

These results indicate that LINC00673 could be a tumor suppressor (Yang et al., 2017). 

In fact, detailed studies show that a mutation in the region of LINC00673 is associated 

with susceptibility to pancreatic cancer (Childs et al., 2015).  A G to A change in exon 4 
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creates a target site for miR-1231 and decreased LINC00673 levels. Then, LINC00673 

does not favor the binding between the E3 ubiquitin ligase pre-mRNA processing factor 

19 (PRPF19) and protein tyrosine phosphatase non receptor type 11 (PTPN11), and 

PTPN11 is not ubiquitinated and degraded by the proteasome. High levels of PTPN11 

increase SRC-ERK oncogenic signaling and decrease the STAT1 antitumor response, 

leading to increased risk of tumorigenesis (Zheng et al., 2016). However, LINC00673 

has also been described as significantly upregulated in gastric, non-small cell lung 

cancer and tongue squamous cell carcinomas, where the levels correlate with poor 

prognosis (Huang et al., 2017; Ma et al., 2017a; Shi et al., 2016b; Yu et al., 2017). In 

cells derived from these tumors, downregulation of LINC00673 results in decreased cell 

proliferation, invasion and migration and increased apoptosis. In non-small cell lung 

cancer and gastric cancer cells, overexpression of LINC00673 has the opposite effect, 

indicating that this lncRNA is working in trans (Huang et al., 2017; Ma et al., 2017a; 

Shi et al., 2016b). In these cells, it has been shown that LINC00673 works by 

interacting with the epigenetic regulators lysine demethylase 1 (LSD1) and enhancer of 

zeste homolog 2 (EZH2). RNA immunoprecipitation, RNA pull down, and chromatin 

immunoprecipitation (ChIP) experiments performed with gastric cancer cells show that 

LINC00673 binds to LSD1 and the Polycomb essential factor EZH2 and induces 

repression of Kruppel like factor 2 (KLF2) and large tumor suppressor kinase 2 (LATS2) 

(Huang et al., 2017). In non-small cell lung cancer cells binding of LINC00673 to EZH2 

decreases transcription of homeobox A5 (HOXA5), a tumor suppressor that blocks 

metastasis by affecting cytoskeletal remodeling (Ma et al., 2017a). 

Out of the 10 CSRs characterized in more detail, half of them have been 

implicated in tumorigenesis. The function of most of the remaining candidates has not 

been elucidated yet. It would be interesting to determine whether they also play a role in 

tumorigenesis. In fact, our results allow us to suggest that after infection with HCV 

there is a deregulation of oncogenic lncRNAs that could explain, at least in part, the 

high risk of development of liver tumors observed in patients infected with HCV. 

 

VII.4. LncRNAs induced by HCV and IFN. 

The eosinophil granule ontology transcript (EGOT) was firstly described in early 

eosinophil development, where it was expressed to high levels along with cytokines and 

chemokines (Wagner et al., 2007). However, genotype tissue expression (GTEx) 

analysis of the human transcriptome indicates that EGOT is preferentially expressed in 
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the breast and vagina, pancreas, pituitary and kidney cortex, while the cancer genome 

atlas (TCGA) analysis shows that EGOT is upregulated in liver, lung and thyroid 

carcinomas and downregulated in prostate, breast and kidney tumors, where low levels 

correlate with poor prognosis (Li et al., 2015a; Lonsdale et al., 2013). Further, we have 

shown that EGOT levels increase in HuH7 cell line infected with HCV or other RNA 

viruses as influenza virus or SFV, and in human livers infected with HCV compared to 

controls (Carnero et al., 2016). In addition, in more recent studies, we have observed 

high expression of EGOT in Epstein-Barr virus infected lymphoma cells (data not 

shown). Increased expression results from NF-κB induction by RIG-I and PKR-sensing 

of viral sequences (Dabo and Meurs, 2012; Li et al., 2013a; Saito et al., 2008). 

EGOT is located within an exon of the inositol triphosphate receptor type 1 

(ITPR1) coding gene, however its function does not seem to be related to this gene. In 

eosinophils, it has been described that EGOT regulates the expression of the major basic 

protein (MBP) and the eosinophil-derived neurotoxin (EDN) (Wagner et al., 2007). In 

our hands, EGOT inhibition leaded to a significant reduction of HCV and SFV 

replication concomitant with an increase of ISG levels. These results are similar to those 

obtained for NRIR or NRAV that had already been described as negative regulators of 

the IFN pathway. Downregulation of NRIR increases ISG expression and decreases 

HCV replication, while overexpression of NRAV produces hypersensitivity to flu in 

mice (Kambara et al., 2014; Ouyang et al., 2016). In the case of EGOT, the expression 

levels of some ISGs, such as GBP1, ISG15, Mx1, BST2, ISG56, IFNα inducible protein 

6 (IFI6) and IFITM1 are increased after EGOT inhibition (Fig. S5 Paper 3). Some of 

these ISGs had already been described to play important roles in HCV infection (Amet 

et al., 2014; Broering et al., 2016; Minami et al., 2017; Narayana et al., 2015). 

Therefore, EGOT induction in HCV infected cells should help viral replication, 

encapsidation and release. Then, EGOT acts as a proviral lncRNA.  

 

VII.5. Final considerations 

In summary, in this work we have identified several lncRNAs that respond to 

viral infections, and to the cellular antiviral response and have studied some of them in 

more detail. EGOT functions as a negative regulator of the immune response and exerts 

a proviral function. BISPR lncRNA is a positive regulator of the expression of its 

neighbouring ISG BST2 and therefore, it should decrease viral viability. In turn, ISR8 is 

a lncRNA that may mark the function of an enhancer with a fundamental function in the 
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cellular antiviral and inflammatory response. Our work has served to raise new 

questions. Further experiments will be required to understand the mechanisms of action 

of EGOT, BISPR and the ISR8 locus. Nevertheless, the data collected in this work, 

strongly suggest that lncRNAs are part of a new layer of a fine cellular	 system required 

to regulate the antiviral and inflammatory pathways. 
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1. The expression of several long non-coding RNAs is altered after interferon-α 

treatment and/or hepatitis C virus infection. 

 

2. ISR2, ISR8, BISPR and lncISG15 are induced at early times after interferon-α 

treatment, while ISR12 is induced at a later time. 

 

3. ISR2, ISR8, BISPR and lncISG15, as well as, CSR3, CSR6, CSR7, CSR19, 

CSR20, CSR21, CSR26, CSR31, CSR32/EGOT and CSR34 long non-coding 

RNAs are induced in response to hepatitis C virus infection in cell lines.  

 

4. ISR2, ISR8, BISPR, lncISG15 and EGOT are significantly increased in liver 

samples from hepatitis C virus infected patients compared to control livers. And 

ISR2 is also significantly increased in samples from human immunodeficiency 

virus-infected patients compared to controls. 

 

5. EGOT is induced after treatment with interferon-α or polyinosinic:polycytidylic 

acid or after infection with RNA viruses such as influenza or semliki forest 

virus. 

 

6. ISR2, ISR8, lncISG15 and BISPR accumulate preferentially in the nucleus of 

the cell after induction with interferon-α. 

 

7. BISPR regulates the expression of BST2, but not other ISGs, both in presence 

and absence of interferon-α. 

 

8. EGOT induction results from NF-κB pathway activation, either directly by TNF 

α or by RIG-I and PKR sensing of viral genomes. 

 

9. EGOT inhibition leads to induction of several interferon stimulated genes and to 

a significant reduction of hepatitis C virus titer, hepatitis C virus genomes and 

viral proteins. 

 

10. ISR8 is induced by interferon-α and the NF-κB subunit RELA. 
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11. ISR8-disrupted cells have a deficient response to interferon-α or NF-κB as they 

are not able to induce the expression of endogenous target genes such us GBP1, 

IL7 or CXCL10. 

 

12. Interferon-α treatment and NF-κB activation can induce gene expression from 

exogenous episomic promoters in ISR8-disrupted cells. 

 

13. In ISR8-disrupted cells there is a deregulation in the levels or RELA, CTCF, 

KAP1 and EZH2 mRNAs. 

 

14. Chromatin silencing inhibitors do not restore a proper interferon-α signalling in 

ISR8-disrupted cells. 

 

15. ISR8 locus has enhancer marks and ISR8 might be acting as an enhancer 

essential for the induction of ISGs and proinflammatory genes. 
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ABSTRACT

Long non-coding RNAs (lncRNAs) play critical roles
in diverse cellular processes; however, their involve-
ment in many critical aspects of the immune re-
sponse including the interferon (IFN) response re-
mains poorly understood. To address this gap, we
compared the global gene expression pattern of
primary human hepatocytes before and at three
time points after treatment with IFN-� . Among ∼200
IFN-induced lncRNAs, one transcript showed ∼100-
fold induction. This RNA, which we named lncRNA-
CMPK2, was a spliced, polyadenylated nuclear tran-
script that was induced by IFN in diverse cell types
from human and mouse. Similar to protein-coding
IFN-stimulated genes (ISGs), its induction was de-
pendent on JAK-STAT signaling. Intriguingly, knock-
down of lncRNA-CMPK2 resulted in a marked re-
duction in HCV replication in IFN-stimulated hepato-
cytes, suggesting that it could affect the antiviral role
of IFN. We could show that lncRNA-CMPK2 knock-
down resulted in upregulation of several protein-
coding antiviral ISGs. The observed upregulation
was caused by an increase in both basal and IFN-
stimulated transcription, consistent with loss of tran-
scriptional inhibition in knockdown cells. These re-
sults indicate that the IFN response involves a
lncRNA-mediated negative regulatory mechanism.
lncRNA-CMPK2 was strongly upregulated in a sub-

set of HCV-infected human livers, suggesting a role
in modulation of the IFN response in vivo.

INTRODUCTION

Recent global gene expression analyses have revealed that,
while protein-coding sequences occupy <2% of the genome
in mammalians, a much larger fraction of the genome is
transcribed into long non-coding transcripts (1,2). These
transcripts, the long non-coding RNAs (lncRNAs), con-
stitute a novel layer of regulatory factors with important
roles in almost every aspect of cellular function (3–9). The
expression of many lncRNAs is tightly regulated by vari-
ous cellular signals, including stress signaling (10–14), tis-
sue or differentiation-specific signals (15–18) and hormones
(19–21). Emerging evidence points to the involvement of
lncRNAs in many aspects of the immune response, includ-
ing several pathways related to innate immunity (22–24).
Carpenter et al. (25) have shown that the newly identi-
fied lncRNA-Cox2 was upregulated upon stimulation of
Toll-like receptors and played a role in regulating the in-
flammatory response. In addition, lncRNA THRIL and
a pseudogene-derived lncRNA named Lethe were shown
to be induced in response to tumor necrosis factor alpha
(TNF-�), creating a negative feedback loop in the nuclear
factor-�B pathway (26,27). Most recently, Imamura et al.
reported that lncRNA NEAT1 regulates interleukin-8 ex-
pression through transcription factor SFPQ (28). Despite
these exciting discoveries, the role of lncRNAs in key as-
pects of the immune response including the nearly ubiqui-
tous and functionally crucial interferon (IFN) response re-
mains largely unstudied.
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The IFN response is a central component of the innate
immune system and all three classes of mammalian IFNs
(types I, II and III) have been shown to possess antivi-
ral activity (29–31). Binding of IFNs to their receptors
triggers the JAK-STAT signaling pathway, which in turn
leads to transcriptional upregulation of hundreds of IFN-
stimulated genes (ISGs) (32–34). IFNs are especially effec-
tive against viral infections, and their potent antiviral ac-
tion against hepatitis C virus (HCV) has made HCV-based
in vitro models uniquely suitable for the study of antiviral
activity of the IFNs (35–39). Using these model systems,
recent studies have revealed that several ISGs have signif-
icant antiviral activity against HCV in either additive or
synergistic ways (40–42). However, current studies of ISGs
suggest that their combined antiviral activity is not suffi-
cient to account for the entirety of the antiviral action of
the IFN response, raising the possibility that additional,
novel ISGs may possess significant antiviral activities. While
many protein-coding ISGs are actively studied for their an-
tiviral activity (43–46), the contribution of long non-coding
transcripts to the IFN response has not been investigated.
A recent high-throughput analysis in primary mouse lung
epithelial cells by Peng et al. (47) has shown that a num-
ber of host lncRNAs were upregulated in response to vi-
ral infection and IFN-�, although whether the observed
upregulation has functional significance remains to be de-
termined. However, study of the role of small non-coding
RNAs has shown that expression of cellular microRNAs is
modulated by IFN to combat viral infection (48), raising the
intriguing possibility that novel functional lncRNAs may
be similarly regulated by IFNs and in turn contribute to the
antiviral activity of the IFN response. As many lncRNAs
show rapid evolutionary divergence even between closely re-
lated species, the pattern of induction and function of lncR-
NAs may be highly species-specific (49–51) underscoring
the need for analysis of IFN-induced lncRNAs in human
cells.

Here we describe the JAK-STAT signaling pathway-
dependent induction of a nuclear-localized multiexonic, al-
ternatively spliced lncRNA in response to IFN in primary
human hepatocytes and other cells, which appears to reg-
ulate other IFN-responsive genes and affect HCV replica-
tion. Our results indicate that the IFN-induced lncRNA-
CMPK2 acts as a negative regulator of the IFN response,
at least partially through suppression of transcription of
a subset of antiviral ISGs. Further, the level of lncRNA-
CMPK2 was increased in liver samples from patients chron-
ically infected with HCV, raising the possibility that it may
play a similar regulatory role in vivo.

MATERIALS AND METHODS

Plasmids and reagents

Human recombinant IFN-� was purchased from PBL
Biomedical laboratory. The IFN was diluted with phos-
phate buffered saline (PBS) and stocked at −80◦C. JAK
inhibitor ruxolitinib was purchased from Fisher Scien-
tific. Actinomycin D was purchased from Life Technolo-
gies. Lentiviral shRNA control plasmid (Sigma clone
SHC002) and STAT2 shRNA plasmids (Sigma clone
ID #1: TRCN0000364400 and #2: TRCN0000007460)

were purchased from Sigma. Lentiviral shRNA constructs
for lncRNA-CMPK2 (Target sequence #1: GGAGT-
GCAGTGGTGCGATA and #2: CGATGCATGGGAA-
GACTAA) were generated by inserting polymerase chain
reaction (PCR) products into pLKO.1 vector backbone
(Sigma), which is also the backbone used in control, non-
targeting shRNA plasmid. The following antibodies were
used: anti-beta-actin (Sigma, A2228), anti-STAT2 (Pierce,
PA5-11629), Goat anti-Mouse IgG (Invitrogen, G-21040)
and Goat anti-Rabbit IgG (Invitrogen, G-21234). HCV
constructs were kindly provided by Dr Takaji Wakita (Na-
tional Institute of Infectious Diseases, Tokyo).

Cell culture

All cells were cultured at 37◦C in a humidified atmo-
sphere at 5% CO2. Plateable cryopreserved human hepa-
tocytes from five individual donors were purchased from
Celsis In Vitro Technologies. All donors were negative for
human immunodeficiency virus (HIV), HCV, hepatitis B
virus (HBV) and cytomegalovirus (CMV) (see Supplemen-
tary Figure S1A for additional donor information). Pri-
mary hepatocytes were counted using Trypan blue exclu-
sion method to determine cell viability. The hepatocyte cul-
tures that showed >80% viability were used in this study.
The cells were seeded onto collagen-coated plates and cul-
tured with InVitroGRO hepatocyte media complemented
with Torpedo Antibiotic Mix (Celsis). Human hepatocel-
lular carcinoma Huh7.5 cell line (kindly provided by Dr
Charles Rice), HeLa, H1975 (kindly provided by Dr Af-
shin Dowlati) and 293T cell lines were maintained in Dul-
becco’s modified Eagle’s medium (Life Technologies Cor-
poration) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. Jurkat and THP1 cell lines
(kindly provided by Dr Jonathan Karn) were maintained in
RPMI 1640 (Life Technologies Corporation) supplemented
with 10% FBS and 1% penicillin/streptomycin. Primary hu-
man keratinocytes (kindly provided by Mary Consolo at the
Skin Disease Research Center’s Cell Culture and Molecular
Technology Core at Case Western Reserve University) were
maintained in keratinocyte-SFM media (Gibco).

Cells were plated for experiments ensuring that cellular
density at all plates were equal, and that the level of har-
vested total cellular RNA was closely similar between the
control and test cells. Experiments were repeated a mini-
mum of three times, with at least two biological repeats.
In experiments with ruxolitinib, Huh7.5 cells were treated
with the JAK inhibitor ruxolitinib (0.8 �M) for 1 h, with or
without a subsequent treatment with IFN-� (100 units/ml)
for 8 h followed by harvest of cellular RNA. To gener-
ate STAT2-knockdown cells, cells were stably transfected
with vectors containing one of the two shRNA constructs
against STAT2 (see above) and were subsequently treated
with IFN-� (100 units/ml) or vehicle for 8 h, followed
by harvest of cellular RNA. For actinomycin D blockage
of transcription, knockdown or control cells were treated
with IFN-�. After 9 h, the medium was replaced with one
containing 3 �g/ml of actinomycin D and the cells were
collected for RNA extraction at indicated time points fol-
lowed by detection of the level of desired genes by re-
verse transcription-quantitative PCR (RT-qPCR). In ex-
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periments that involved testing the induction of lncRNA-
CMPK2 by cytokines, IFN-� and TNF-� were added to
the cell culture media at 100 and 20 ng/ml concentrations,
respectively.

High-throughput sequencing

Total cellular RNA was extracted from primary hepato-
cytes using TRIzol Reagent (Invitrogen) followed by DNase
I treatment (Affymetrix), phenol:chloroform extraction and
ethanol precipitation. The RNA pellets were dissolved with
RNase free water and treated by Ribo-Zero rRNA Removal
kit (Epicenter) to remove ribosomal RNAs. RNA-seq li-
braries were made with Scriptseq v2 (Epicenter) or TruSeq
stranded total RNA (illumina) according to the manufac-
turer’s instructions. Sequencing was performed on an Il-
lumina HiSeq 2500 instrument at a depth of ∼70 million
paired-end, 100 bp long, strand-specific reads per sample.
Two independent RNA-seq experiments were performed
several months apart using different library preparation kits
(see above) to ensure the reproducibility of the data. RNA-
seq reads were aligned to Hg19 using Tophat 2 (52) with
transcriptome annotations for protein-coding and non-
coding RNAs obtained from both UCSC Genome Browser
website (53) and the GENCODE Project (54), release 17.
Mapped sequence reads were visualized and analyzed us-
ing the Integrative Genomics Viewer (www.broadinstitute.
org/igv) (55,56) and SeqMonk Mapped Sequence Analysis
Tool (www.bioinformatics.bbsrc.ac.uk/projects/seqmonk).
In parallel, the data were analyzed using the Cufflinks suite
as described (57). RNAs that reproducibly showed over 4-
fold induction compared to control in a statistically signifi-
cant manner (P-value < 0.05) were selected for further anal-
ysis (Supplementary Table S2).

Characterization of lncRNA-CMPK2 sequence

Rapid Amplification of cDNA Ends (RACE) was per-
formed using SMARTer RACE cDNA Amplification Kit
(Clontech) according to manufacturer’s instructions on to-
tal cellular RNA. We used RNA obtained from both con-
trol and IFN-stimulated cells to identify the relevant, IFN-
induced species. To identify any potential isoforms, RT-
PCR reactions were performed using primers that targeted
the 5′ and 3′ ends of the RNA (Supplementary Table S1).
The amplified species were resolved on a gel and indi-
vidually purified, followed by sequencing to define the se-
quences present in each species and verify the exon–exon
junctions. Open reading frames (ORFs) were analyzed us-
ing ORF finder (www.ncbi.nlm.nih.gov/gorf/orfig.cgi). Se-
quence alignments were performed using GENETYX Mac
15.0.1. RNA-seq data from this study will be deposited at
the NCBI Gene Expression Omnibus or SRA (accession
code will be provided).

Subcellular fractionation

Isolation of nuclear and cytoplasmic fractions was per-
formed as previously described (58). Briefly, Huh7.5 cells
were treated with IFN-� at 500 units/ml and incubated for
12 h along with vehicle-treated control. Next they were lysed

with a hypotonic buffer (50 mM Tris–HCl pH 7.4, 1.5 mM
MgCl2, 1 mM Dithiothreitol (DTT), 10 mM KCl) contain-
ing protease inhibitor cocktail (Roche) and incubated for 20
min on ice. Subsequently the cells were homogenized with
30 strokes of Dounce homogenizer followed by addition of
Triton-X (final concentration 0.1%) and centrifuged at 1200
rpm for 10 min. The pellet, corresponding to the nuclear
fraction, was washed twice with hypotonic buffer. The su-
pernatant, corresponding to the cytoplasmic fraction, was
further centrifuged at 13 000 rpm at 4◦C for 30 min. RNA
content of nuclear and cytoplasmic fractions was extracted
with TRIzol Reagent.

RT-PCR

cDNA was generated with PrimeScript RT-PCR Kit
(TAKARA Bio) using both oligo(dT) and random hexam-
ers. For strand-specific RT-qPCR, specific reverse primers
(Supplementary Table S1) were used in the RT reaction us-
ing MMLV reverse transcriptase (Invitrogen). The result-
ing cDNA was used in qPCR reactions with Biorad SYBR
Green Kit (Biorad) on a Mastercycler Realplex2 system
(Eppendorf). The results were normalized to �-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) ac-
cording to the manufacturer’s protocol. Samples showing
over one Ct value difference in the level of housekeeping
genes compared to controls were not used in analysis to en-
sure that any observed difference in the expression level of
target genes was not an artefact of the difference in the level
of input. The results of all biological replicates (minimum of
two) and technical replicates (minimum of two) were used
to derive the final data with standard error of the mean
graphed as error bars. Supplementary Table S1 lists the
primers used in this study along with their sequences. For
the radiolabeled RT-PCR, the forward primer of lncRNA-
CMPK2 was 5′ labeled with 32P using Optikinase (United
States Biochemicals). Reverse transcription was performed
as described above. The PCR reaction was performed using
PrimeSTAR GXL DNA polymerase and the products were
loaded on a 5% native polyacrylamide gel electrophoresis
(PAGE) along with a radiolabeled size marker.

Western blotting

The samples were boiled after the addition of equal vol-
ume of loading buffer (0.25 M Tris-HCl pH 6.8, 10%
2-mercaptoethanol, 4% sodium dodecyl sulfate (SDS),
10% sucrose, 0.004% Bromophenol blue) and were loaded
onto a 10% SDS-PAGE. The proteins were transferred to
polyvinylidene difluoride membranes (Thermo Scientific).
The membranes were blocked with 2% bovine serum al-
bumin (Santa Cruz) and incubated with primary antibod-
ies. Subsequently, the membranes were incubated with sec-
ondary antibodies. Antibody incubations were performed
for 1 h at room temperature in Can Get Signal (TOYOBO,
Takara scientific) solution. The membranes were incubated
with SuperSignal West Pico (Pierce) and visualized using
LAS-2000 analyzer (GE).

 at U
niversidad de N

avarra on O
ctober 3, 2014

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

215

http://www.broadinstitute.org/igv
http://www.bioinformatics.bbsrc.ac.uk/projects/seqmonk
http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi
http://nar.oxfordjournals.org/


Nucleic Acids Research, 2014, Vol. 42, No. 16 10671

In vitro transcription, RNA transfection and HCV infection

HCV infection was performed as previously described with
slight modification (35,38,59). Briefly, the plasmid pJFH1
was linearized with XbaI and treated with Mung bean ex-
onuclease. The linearized DNA was transcribed in vitro by
using a MEGAscript T7 kit (Applied Biosystems) accord-
ing to the manufacturer’s protocol. The in vitro-transcribed
RNA was transfected into Huh7.5 cells. After several pas-
sages, supernatant was collected and infectious titer of the
HCV viral particles was determined by the 50% tissue cul-
ture infectious dose (TCID50) assay. Cells were infected
with HCV JFH1 viral particles at multiplicity of infection
(MOI) of 0.1 for 2 h. Next, the media was changed to fresh
media and IFN-� was added at 500 units/ml. After 24 h,
the RNA was harvested and analyzed by RT-qPCR.

Knockdown studies

The lentiviral expression vectors containing the shRNA
constructs (Sigma) and lentiviral packaging plasmid mix
were cotransfected into Lenti-X 293T cells (Clontech) and
the supernatants were collected 48 h after transfection. The
culture supernatants were centrifuged at 1000 × g for 10 min
and cleared through 0.45 �m pore size filter. The infectious
supernatant was used to infect cells, which were subjected
to selection by puromycin to eliminate non-transfected cells
prior to being used in experiments.

Patient samples

Subjects undergoing liver transplantation for end-stage dis-
ease included those with chronic HCV infection (HCV an-
tibody and serum RNA positive), autoimmune hepatitis, �-
1 antitrypsin deficiency, alcohol-related liver disease, pri-
mary sclerosing cholangitis and non-alcoholic steatohep-
atitis. Subjects provided written informed consent for use
of native liver explant, conforming to the ethical guide-
lines of the 1975 Declaration of Helsinki with prior ap-
proval of the institutional review board for human studies
at Henry Ford Health System and University Hospitals of
Cleveland. Liver explant tissue sections were snap frozen.
Frozen liver samples were homogenized with tissue grinder
in PBS on ice. The samples were centrifuged at 3000 rpm
for 10 min to remove the cell debris. Subsequently the super-
natant was subjected to RNA extraction as described above
followed by RT-qPCR reaction. We confirmed the pres-
ence and absence of HCV genome in samples from HCV-
infected and non-HCV-infected donors, respectively, using
RT-qPCR (Supplementary Table S3). An independent set of
liver samples were obtained from the Biobank of the Uni-
versity of Navarra under approval from the Ethical and Sci-
entific Committees. Total RNA from frozen samples was ex-
tracted in 1 ml of TRIZOL using the homogenizer ULTRA-
TURRAX (t25 basic IKA-WERKE).

RESULTS

Identification of IFN-stimulated lncRNAs

To gain insight into the potential role of the non-coding
transcriptome in the IFN response, we performed high-

throughput RNA sequencing on total cellular RNA ob-
tained from IFN-�-stimulated human primary hepatocytes.
As mentioned above, IFN-� induces a highly effective an-
tiviral response against hepatitis resulting from HCV in-
fection, and thus hepatocytes provide an ideal model sys-
tem for functional analysis of IFN-mediated antiviral ac-
tivity. Primary hepatocytes were obtained from five donors
of both genders ranging from 10 months to 57 years of age
(Supplementary Figure S1A). We selected donors who were
negative for HIV, HBV, HCV and CMV infections and had
no history of alcohol abuse or other conditions that may
affect liver function (Supplementary Figure S1A) to ensure
that the observed gene expression patterns were not affected
by these conditions. The cells demonstrated high viability
and were treated with 500 units/ml of IFN-� for 3, 9 and
24 h prior to harvest of total cellular RNA for sequenc-
ing. We also extracted RNA from mock-treated cells that
had not received IFN-� as a control. Using RT-qPCR, we
confirmed that the known protein-coding ISGs Mx1 and
ISG15 were significantly upregulated in each of the five in-
dividual donor samples (Supplementary Figure S1B and C),
and in pooled samples containing equal amounts of RNA
from each donor (Figure 1A). These results indicated that
the primary hepatocytes used in this study exhibited an ap-
propriate biological response to IFN-�.

We performed paired-end strand-specific RNA-seq on
the pooled control and IFN-treated samples used in Fig-
ure 1A. Analysis of the sequencing results indicated that
several protein-coding genes were upregulated over 10-fold
in IFN-treated cells compared to untreated controls (Fig-
ure 1B). Consistent with previous reports, known ISGs,
such as viperin (RSAD2), IFIT1, IFIT2, IFIT3 and Mx2
showed a significantly increased expression in sequencing
results from IFN-treated samples compared to controls.
Analysis of the expression changes in transcripts annotated
as putative lncRNAs in public databases indicated that 138,
117 and 119 lncRNAs showed a statistically significant up-
regulation of 4-fold or more in IFN-�-treated cells at 3, 9
and 24 h time points, respectively (Figure 1C and D, Sup-
plementary Figure S2A–C and Table S2). Of these, 25 lncR-
NAs showed more than 4-fold upregulation across all time
points (Figure 1D). While in this study we focused our anal-
ysis on the putative lncRNAs that were upregulated in re-
sponse to IFN stimulation, we could detect several anno-
tated putative lncRNAs that were downregulated over 4-
fold as a result of IFN stimulation at one or more of the
three analyzed time points (Figure 1E). Although the identi-
fied IFN-stimulated lncRNAs have been annotated as puta-
tive lncRNAs by large-scale transcriptome analyses in pub-
lic databases, to our knowledge none of them has been func-
tionally studied to date. Clustering analysis indicated that
in terms of temporal pattern of expression, the upregulated
lncRNAs fell into several categories that differ in the on-
set of upregulation (early versus late) and its duration (Fig-
ure 1C and Supplementary Figure S2A–C), potentially of-
fering clues into their mode of induction and function. We
confirmed the IFN-mediated upregulation of a subset of the
annotated putative lncRNAs using RT-qPCR in the IFN-
treated primary human hepatocytes (Figure 1F). Together,
these results demonstrated that type I IFN induces over a
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Figure 1. IFN-� induces hundreds of protein coding and long non-coding RNAs in human hepatocytes. (A) Induction of expression of ISG15 and Mx1
mRNAs at three time points following IFN-� addition in primary human hepatocytes measured by RT-qPCR. In this and the following panels, results are
averages for at least two independent biological duplicate experiments with a minimum of two technical replicates per experiment. Error bars represent
standard error of the mean. (B) Expression profiles of protein-coding RNAs that show over 10-fold change in expression following 3, 9 and 24 h of IFN-�
treatment compared to untreated cells (samples shown as 0 h time point). The color scale is shown at the bottom. (C) Heat map and (D) Venn diagram of
putative lncRNAs showing 4-fold or greater change in expression following IFN-� treatment. The time points shown are identical to those in panel (B).
The color scale is shown at the bottom of heat map. (E) Scatter plots depicting the annotated putative lncRNAs that show a statistically significant change
of 4-fold or more after 3 (top), 9 (middle) and 24 h (bottom) of IFN stimulation. The gray dots mark putative lncRNAs that did not show a significant
change in expression. Red and blue dots correspond to upregulated and downregulated putative lncRNAs, respectively. The location of lncRNA-CMPK2
is shown. (F) RT-qPCR analysis of representative lncRNAs at indicated time points following IFN-� treatment. Strand-specific RT was performed using
lncRNA-specific primers to ensure the specificity of detection, followed by qPCR. The locus of each analyzed lncRNA is shown on top. Numbers at the
bottom refer to time point after IFN stimulation.

hundred lncRNAs in addition to protein-coding genes in
primary human hepatocytes.

lncRNA-CMPK2 is highly upregulated in response to IFN-�
treatment

Among the identified lncRNAs, an RNA annotated
as AC017076.5 which maps to chr2p25.2 (hg19,
chr2:6,968,644-6,980,595, Supplementary Figure S3A)
showed the highest level of induction after IFN stimulation
and was thus chosen for further analysis. AC017076.5 is
a multiexonic transcript positioned downstream of the
known protein-coding ISG CMPK2 in a non-overlapping,
head to tail orientation (Figure 2A and Supplementary
Figure S3A). Considering this proximity, we named this
transcript lncRNA-CMPK2. We confirmed the induction
of lncRNA-CMPK2 in response to IFN-� in Huh7.5
hepatocytes, which showed a very strong induction based
on RT-qPCR (Figure 2B and C). Analysis of the functional
motifs near the locus of the RNA indicated the presence
of an IFN-stimulated response element ∼4 kb upstream
of the transcriptional start site of lncRNA-CMPK2. We
could detect the expression of two alternatively spliced
isoforms for lncRNA-CMPK2 in Huh7.5 cells with the

shorter isoform being more abundant (Figure 2A and
B). By performing qPCR assays on cDNAs made using
oligo(dT) primers, we could show that lncRNA-CMPK2
is polyadenylated (Figure 2D). PCR reactions on cDNAs
made in mock reverse transcription reactions that lacked
oligo(dT) primers did not result in a detectable qPCR sig-
nal (Figure 2D). 3′ RACE analysis indicated the presence
of a single polyadenylation site at the 3′ end, which was
located ∼350 nucleotides downstream of the annotated
3′ end of the transcript (Supplementary Figure S3A and
B). We analyzed the sequence of the two isoforms of
lncRNA-CMPK2 to define the location of the exon–intron
junctions in both isoforms and observed that the longer
isoform results from the inclusion of a cassette exon that is
absent in the shorter, more abundant isoform (Figure 2A).
Analysis of the annotation databases indicated that the
longer isoform is a novel, previously unreported transcript.
In addition to the main isoform, another isoform resulting
from alternative promoter and splice site usage has been
annotated in public databases; however, we could not
detect the presence of this latter transcript in our samples
(data not shown). To define if either of the two isoforms
detected in Figure 2B had any protein-coding potential, we
analyzed them for the presence of ORFs. Neither transcript
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Figure 2. Characterization of lncRNA-CMPK2. (A) The genomic architecture of lncRNA-CMPK2. Exons and introns are shown as filled rectangles
and thin lines, respectively. The two splicing isoforms of the RNA are shown. The numbers at the top and bottom indicate the size of introns and exons
in nucleotides, respectively. (B) RT-PCR assays indicating the presence of the two isoforms of lncRNA-CMPK2 in Huh7.5 hepatocyte cell line, with the
shorter isoform being more abundant. The longer isoform is not detectable in primary human hepatocytes (lanes marked Primary). Plus and minus signs
indicate the presence and absence of IFN treatment. (C) The temporal induction pattern of lncRNA-CMPK2 and its neighboring CMPK2 protein-coding
RNA in Huh7.5 cells at three time points after IFN-� treatment (shown below each graph) measured by RT-qPCR. In this and the following panels,
results are averages for at least two independent biological duplicate experiments with a minimum of two technical replicates per experiment. Error bars
represent standard error of the mean. (D) lncRNA-CMPK2 is polyadenylated. RNA extracted from Huh7.5 cells is used in RT reactions with oligo(dT)
primers followed by qPCR using primers specific to lncRNA-CMPK2 (top), CMPK2 (middle) and GAPDH (bottom). + and – signs at the bottom indicate
the included or omitted ingredient. (E and F) lncRNA-CMPK2 is a nuclear transcript. Lanes marked nucleus or cytoplasm contain the RNA extracted
from nuclear and cytoplasmic fractions obtained from Huh7.5 cells, respectively. Expression of lncRNA-CMPK2, CMPK2, U99 (nuclear marker) and
GAPDH (cytoplasmic RNA) in the nuclear and cytoplasmic fractions were detected by RT-PCR followed by agarose gel electrophoresis (E) or RT-qPCR
(F). Identity of the genes detected in each gel or graph is shown to the left of the gel or in the X axis label. + and – signs at the bottom indicate the presence
or absence of IFN treatment.

had an ORF longer than 69 amino acids (Supplementary
Figure S3C–E and data not shown). The existing short
ORFs lacked the Kozak sequence and were positioned such
that translation would most likely trigger the nonsense-
mediated decay pathways due to the presence of very long
3′UTRs and upstream ORFs (Supplementary Figure S3C–
E). Further, analysis of the pattern of their phylogenetic
conservation indicated the presence of frameshift-inducing
insertion/deletions and sequence variations that were not
consistent with conservation of protein-coding capacity
and resulted in a high ratio of non-synonymous to synony-
mous codon changes (Supplementary Figure S3F). As the
longer isoform detected in Figure 2B was present in very
low abundance in the Huh7.5 cells and was not detectable
in primary human hepatocytes, we focused the rest of our

study on the shorter isoform which was also by far the
more abundant one.

We analyzed the subcellular localization of the main iso-
form of lncRNA-CMPK2 using nuclear and cytoplasmic
fractions obtained from Huh7.5 hepatocytes followed by
RT-qPCR-based detection. As can be seen in Figure 2E
and F and Supplementary Figure S3G, the vast major-
ity of lncRNA-CMPK2 transcripts were nuclear, while
the protein-coding ISGs CMPK2 and viperin mRNAs
were mainly cytoplasmic. These results also indicated that
lncRNA-CMPK2, which was transcribed from a locus close
to the loci of protein-coding genes CMPK2 and viperin
(Supplementary Figure S3A), was an independent tran-
script and did not co-localize with its neighboring mR-
NAs. Further, the nuclear localization of lncRNA-CMPK2
further confirmed that it was indeed a non-protein-coding
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transcript. Taken together, these results indicated that
lncRNA-CMPK2 was an IFN-induced nuclear long non-
protein-coding RNA.

lncRNA-CMPK2 is a bona fide ISG induced by both type I
and type II IFNs

The IFN-stimulated induction of previously-investigated,
protein-coding ISGs is mediated through the JAK-STAT
signaling pathway (32,33). Binding of IFN-� to its recep-
tor results in phosphorylation of JAK proteins and the re-
ceptor itself, which in turn leads to recruitment and phos-
phorylation of the transcription factors STAT1 and STAT2
and their translocation into the nucleus (32,33). To deter-
mine whether the expression of lncRNA-CMPK2 was sim-
ilarly dependent on the JAK-STAT pathway, we treated the
Huh7.5 hepatocytes with IFN-� along with the commonly
used JAK inhibitor, ruxolitinib. RT-qPCR analyses indi-
cated that ruxolitinib almost completely abrogated the tran-
scriptional upregulation of lncRNA-CMPK2 along with
known protein-coding ISGs such as its neighboring ISG,
CMPK2 (Figure 3A). To further confirm this result, we used
a shRNA-mediated knockdown strategy to reduce the cel-
lular level of STAT2 (Figure 3B). During the IFN response,
together with STAT1 and IRF9, STAT2 binds the promoter
of ISGs to induce transcription. Consistent with the results
from the use of the JAK inhibitor, lncRNA-CMPK2 upreg-
ulation by IFN-� was almost completely blocked in STAT2-
knockdown Huh7.5 cells (Figure 3C). It is known that many
ISGs are induced by both type I and type II IFNs (40,43).
To determine if lncRNA-CMPK2 is similarly responsive to
type II IFN, Huh7.5 cells were treated with IFN-� for 3,
9 and 24 h followed by analysis of lncRNA-CMPK2 ex-
pression using RT-qPCR. Similar to many studied ISGs,
lncRNA-CMPK2 was strongly induced by IFN-� (Supple-
mentary Figure S4A). However, treating cells with TNF-
�, a non-IFN cytokine that acts through activation of the
NF-kB pathway, did not result in induction of lncRNA-
CMPK2 (Supplementary Figure S4B). In contrast, the level
of CXCL10, which is known to be induced by both IFN and
TNF-� showed the expected upregulation under these con-
ditions (Supplementary Figure S4B). Together, these results
indicated that lncRNA-CMPK2 was a bona fide ISG and
was specifically induced by the JAK-STAT pathway.

We could also show that the induction of lncRNA-
CMPK2 in response to IFN treatment is not restricted to
cells of liver origin, as in addition to Huh7.5 cells and pri-
mary hepatocytes, it is induced after IFN-� treatment in
several human cell lines such as HEK293T (kidney origin),
THP1 (monocyte origin), H1975 (lung epithelial origin), Ju-
rkat (T cell origin), HeLa (cervical origin) and primary hu-
man keratinocyte (Figure 3D). Analysis of the phylogenetic
conservation of the RNA showed that lncRNA-CMPK2
is highly conserved among primates. Similarly, about half
of the exonic sequences in lncRNA-CMPK2 are conserved
among mammals with syntenic conservation of the locus
between mouse and human; however, it is not conserved
in non-mammalian organisms (Supplementary Figure S4C
and D). To determine if the induction of lncRNA-CMPK2
in response to IFN was conserved, we treated mouse C2C12
myoblast cells with IFN-� followed by RT-qPCR using

two different sets of primers that targeted the region con-
served between mouse and human. Interestingly, we were
able to detect the upregulation of putative mouse lncRNA-
CMPK2 in response to IFN stimulation (Figure 3E). These
results indicated that IFN-mediated induction of lncRNA-
CMPK2 is likely conserved among mammals and is not
tissue-specific, but rather part of the global transcriptional
response to IFN stimulation.

lncRNA-CMPK2 is a negative regulator of the IFN response

The conservation pattern of lncRNA-CMPK2 and its in-
duction in response to IFN-� in diverse cell types suggested
that it may play a functional role in the IFN response.
To investigate this possibility, we used a shRNA-mediated
knockdown approach. Of the five tested shRNA constructs,
only two could effectively reduce the level of the lncRNA
both before and after its strong induction by IFN-� stimu-
lation (Figure 4A and B). As control, cells were transduced
in parallel with a non-targeting shRNA construct. To deter-
mine if the reduced level of lncRNA-CMPK2 had a func-
tional impact on the IFN response, we infected control and
knockdown cells with JFH1 HCV, which is known to be
sensitive to IFN-� treatment, followed by measuring the
level of HCV genome after IFN stimulation. Intriguingly,
we observed a significant reduction in the level of HCV ge-
nomic RNA in the knockdown cells compared to control
(Figure 4C and Supplementary Figure S5). In the absence
of IFN stimulation, however, knockdown and control cells
had similar levels of HCV genomic RNA (Figure 4C and
Supplementary Figure S5), raising the possibility that the
observed effect involved attenuation of the antiviral activ-
ity of IFN response on HCV replication.

To determine if the impact of lncRNA-CMPK2 knock-
down on HCV replication was mediated through direct
modulation of the IFN response, we analyzed the IFN-
stimulated expression level of a number of protein-coding
ISGs with known antiviral activity against HCV (60–62).
Surprisingly, the level of the majority of tested ISGs showed
an increase in lncRNA-CMPK2-knockdown cells (Fig-
ure 4D and E). In contrast, the level of a subset of tested
ISGs including Mx1 and IFIT1, and housekeeping genes
such as �-actin and GAPDH or the endogenous IFN-�
remained unchanged (Figure 4E and F). Among the ana-
lyzsed ISGs, the genomic loci of CMPK2 and viperin neigh-
bor the locus of lncRNA-CMPK2 (Supplementary Fig-
ure S3A), while IFIT3, IFIT1, IFIT1M, Mx1, CXCL10
and ISG15 are located on different chromosomes and thus,
the impact of knockdown of lncRNA-CMPK2 must be
mediated through a trans-acting mechanism. As lncRNA-
CMPK2 is a nuclear transcript, it is likely that it exerts its
action through regulation of a nuclear event. Comparison
of the IFN induction of viperin and CMPK2 in knockdown
and control cells indicated that, although the most promi-
nent difference was observed after 9 h of IFN-� stimula-
tion, the magnitude of their induction was also increased
at earlier and later time points (Figure 4D). Surprisingly,
even in the absence of IFN-�, the basal levels of viperin
and CMPK2 were higher in lncRNA-CMPK2-knockdown
cells (Figure 4G), suggesting that the reduction in the basal
level of lncRNA-CMPK2 (Figure 4A) led to induction of
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Figure 3. lncRNA-CMPK2 is a bona fide ISG and is induced by IFN in diverse cell types in human and mouse. (A) Induction of lncRNA-CMPK2 by
IFN is mediated through the JAK pathway. RT-qPCR assays to detect lncRNA-CMPK2 (left) or CMPK2 (right) were performed on cellular RNA from
Huh7.5 cells treated with JAK inhibitor Ruxolitinib (Ruxo). + and – signs at the bottom indicate the added or omitted ingredient, respectively. In this
and the following panels, results are averages for at least two independent biological duplicate experiments with a minimum of two technical replicates per
experiment. Error bars represent standard error of the mean. (B) Western blot assay on total cellular protein extracted from cells transfected with one of the
two shRNA constructs against STAT2 (shSTAT2) or a non-targeting, control shRNA construct (NT). The specificity of the antibody used is shown to the
left. (C) IFN-induced upregulation of lncRNA-CMPK2 is mediated through STAT2. RT-qPCR assays were performed on RNA from STAT2-knockdown
cells (shSTAT2) and control cells transfected with a non-targeting shRNA (NT) to detect the level of lncRNA-CMPK2 (top) or CMPK2 (bottom). (D)
lncRNA-CMPK2 is induced by IFN in diverse cell types. The identity of the cell type tested is indicated above each panel. Numbers at the bottom indicate
the time point after addition of IFN-� (500 units/ml) in hours. (E) IFN-mediated induction of lncRNA-CMPK2 is conserved between mouse and human,
as shown by RT-qPCR assays on IFN-treated mouse myoblast C2C12 cells. Numbers at the bottom of graphs indicate the time point after IFN addition
in hours. To ensure the specificity of the signal, two different primer sets against the putative mouse lncRNA-CMPK2 ortholog were used.
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Figure 4. lncRNA-CMPK2 is a negative regulator of the IFN pathway. (A) Basal level of lncRNA-CMPK2 in Huh7.5 cells stably transfected by one of the
two targeting shRNA vectors (lanes marked #1 and #2) or a control, non-targeting shRNA (NT). Expression of lncRNA-CMPK2 in the absence of IFN
was detected by RT-PCR using radiolabeled primers followed by analysis on PAGE (top panel). Expression of GAPDH was detected by RT-PCR followed
by agarose gel electrophoresis (bottom panel). (B) RT-qPCR assays on cells analyzed in panel (A) after 24 h of IFN-� treatment. In this and the following
panels, results are averages for at least two independent biological duplicate experiments with a minimum of two technical replicates per experiment. Error
bars represent standard error of the mean. (C) Knockdown of lncRNA-CMPK2 results in a significant decrease in replication of HCV in the presence
of IFN. RT-qPCR assays were performed on RNA from lncRNA-CMPK2 stable knockdown Huh7.5 cells that had been infected with HCV JFH1 at an
MOI of 0.1 for 2 h followed by IFN-� treatment for 24 h (black columns) or mock treatment (white columns). In this and the following panels, asterisks
indicate a significant difference from the control as calculated by Student’s t-test (P < 0.05). NS: not significant (D) Time course of induction of ISGs by
IFN in control (NT) and lncRNA-CMPK2-knockdown cells. The level of viperin (top) and CMPK2 (bottom) is determined before (0 h), and 3, 9 and 24
h after IFN treatment. Numbers at the bottom indicate the time point in hours. (E) lncRNA-CMPK2 knockdown results in a rise in expression of several
ISGs. The level of ISGs after 9 h of IFN stimulation of Huh7.5 cells is shown. (F) lncRNA-CMPK2 knockdown does not affect housekeeping genes or the
endogenous IFN-� gene expression. The level of expression after 9 h of IFN stimulation of Huh7.5 cells is shown. (G) The level of viperin and CMPK2
are raised in lncRNA-CMPK2-knockdown cells even in the absence of IFN stimulation.

expression of these two ISGs under both basal and IFN-
stimulated conditions.

To determine whether the rise in the level of ISGs caused
by lncRNA-CMPK2 knockdown was the result of tran-
scriptional induction or increased stability, we blocked
RNA Pol II transcription using actinomycin D, followed
by monitoring the level of the two RNAs and GAPDH
as control at several time points. We could show that both
viperin and CMPK2 mRNAs were stable RNAs with esti-
mated half-lives of 6–9 h (Figure 5A). Importantly, the half-
lives of viperin and CMPK2 were not significantly changed
in lncRNA-CMPK2-knockdown cells compared to control,
indicating that the observed rise in the level of these ISGs
was transcriptional (Figure 5A). Together, these results sug-
gest that reducing the cellular level of lncRNA CMPK2 by
shRNA-mediated knockdown results in transcriptional up-
regulation of a subset of ISGs both under basal conditions
and after IFN stimulation. Thus, lncRNA-CMPK2 has an
inhibitory effect on transcription of IFN-stimulated antivi-
ral genes.

lncRNA-CMPK2 is upregulated in liver samples from HCV-
infected patients

Finally, to determine if lncRNA-CMPK2 may potentially
play a similar regulatory role in vivo, we tested the expres-
sion of the RNA in liver samples from non-HCV-infected
donors and donors with chronic HCV infection, which is
known to lead to activation of the IFN response (60). As ex-
pected, we could confirm the presence of the HCV genome
and activation of the IFN response in the HCV-infected
donors (Figure 5B, and Supplementary Table S3). Interest-
ingly, the level of lncRNA-CMPK2 was significantly higher
in liver tissue from a subset of HCV-infected patients com-
pared to controls (Figure 5C), suggesting that lncRNA-
CMPK2 may play a similar regulatory role in response to vi-
ral infections in vivo. To ensure reproducibility, we repeated
the above analysis on a second set of liver samples that were
processed and analyzed in an independent manner. Impor-
tantly, these experiments also showed an increase in the level
of lncRNA-CMPK2 in HCV-infected liver samples com-
pared to non-HCV samples (Figure 5D), confirming the in-
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Figure 5. Transcriptional regulation of the IFN response by lncRNA-CMPK2. (A) lncRNA-CMPK2 knockdown does not affect the stability of the ISGs.
The steady-state level of GAPDH, viperin and CMPK2 mRNAs are determined by RT-qPCR at the indicated time points following blockage of Pol II
transcription by actinomycin D in IFN-stimulated control transfected with non-targeting shRNAs (NT) or lncRNA-CMPK2-knockdown cells. (B, C) The
levels of CMPK2 (B) and lncRNA-CMPK2 (C) were measured in liver samples from HCV-infected donors compared to non-HCV-infected controls by
RT-qPCR. In HCV-positive group n = 6; in HCV-negative group n = 5. (D) Analysis of the level of lncRNA-CMPK2 in an independently-obtained and
processed second set of HCV-infected and non-infected human liver samples confirmed the induction of lncRNA-CMPK2 in response to HCV infection in
vivo. Horizontal bars indicate the average value of the datapoints in each group with the standard error of the mean as error bars. In HCV-positive group n
= 16; in HCV-negative group n = 43. The Y axis is in log scale. The HCV profile of each group of donors is shown below the graph. Statistical significance
in (C) and (D) panels was determined by Mann–Whitney U test.

duction of lncRNA-CMPK2 in response to HCV infection
in vivo.

DISCUSSION

We have shown that the cellular level of a large number of
human long non-coding transcripts are altered during the
IFN response. Functional analysis of one of the most highly
induced lncRNAs, which we named lncRNA-CMPK2, in-
dicated that it acts as a negative transcriptional regulator
of a subset of IFN-induced genes. Prevention of excessive
or uncontrolled IFN response is critical for preventing in-
flammatory damage, and several proteins are known to neg-
atively regulate the IFN response at the level of IFN re-
ceptor, production of endogenous IFN or activation of the
JAK-STAT pathway (63–66). A recent report by Li et al. has
shown that a protein-coding ISG, ASCC3, has a mild nega-
tive regulatory effect on the expression of a number of ISGs
by regulating transcription factors IRF3 and IRF7 (44). Al-
though the subset of ISGs that were regulated by ASCC3 do

not correlate with those regulated by lncRNA-CMPK2, it
is possible to envision that the RNA may similarly function
by regulation of transcriptional factors involved in the IFN
response. An alternative possibility is that the lncRNA may
bind ASCC3 or similar negative regulatory factors and po-
tentiate their function. Indeed, existing data indicate that
many lncRNAs function through negative regulation of the
expression of other genes via modulation of transcription
or epigenetic mechanisms (3,26,27,67–69).

Our results indicate that knockdown of the lncRNA re-
sulted in transcriptional upregulation of several ISGs both
under basal conditions and after IFN stimulation, result-
ing in a significant decrease in HCV replication in knock-
down cells. The impact of knockdown of lncRNA-CMPK2
on ISG levels under basal conditions indicates that its
transcriptional regulatory function is independent of the
IFN response, which is not consistent with potentiation
of the function of another IFN-stimulated negative regu-
latory factor such as ASCC3. Rather, it is likely that similar
to many other lncRNAs, lncRNA-CMPK2 forms RNA–
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protein interactions with transcription factors or chromatin
remodeling complexes that are present in significant lev-
els under basal cellular conditions in the absence of IFN.
The lncRNA–protein interactions in turn result in a tran-
scriptional or epigenetic repressive state at genomic targets,
which include a subset of ISG loci (3,5,6,25–27).

Interestingly, it has been recently shown that the IFN re-
sponse is epigenetically regulated through di-methylation of
histone 3 lysine 9 by G9a (70). As lncRNA-CMPK2 is a
nuclear RNA, it may play a role in modulation of epige-
netic marks by G9a or other chromatin-modifying factors
such as PRC-2 (71) at the loci of a subset of ISGs. Alterna-
tively, it may inhibit transcription at its target loci through
non-epigenetic mechanisms, such as interference with the
formation of transcriptional complexes at the promoter of
the target genes, or blocking the interaction of these pro-
moters with enhancer regions that form the binding site for
the STAT1/STAT2 dimers. Based on our results, we pro-
pose a model in which lncRNA-CMPK2 interacts with and
helps guide chromatin modifying factors or transcriptional
inhibitory factors to the locus of a subset of ISGs, resulting
in a block to transcription or induction of a repressive chro-
matin state at these loci and negative regulation of the IFN
response. Reducing the cellular level of the lncRNA results
in loss of inhibition at these loci and transcriptional upreg-
ulation of both basal and induced expression. While the re-
duction in basal level of the lncRNA is sufficient to increase
the basal transcription level at the target ISG loci, an im-
pact on viral replication will not be observed until the level
of ISGs is raised to functionally active levels by IFN stim-
ulation. In the absence of shRNA-mediated knockdown,
lncRNA-CMPK2 maintains a transcriptionally repressed
state at its target loci, thus reducing the magnitude of the
IFN response and likely helping to end the transcriptional
induction cascade along with other negative inhibitory fac-
tors (44,63–66).

Taken together, our results indicate, for the first time, that
some members of the human non-coding transcriptome are
induced in response to IFN stimulation and, at least in the
case of one IFN-induced lncRNA, this can lead to modu-
lation of the expression of the known antiviral ISGs and
a change in viral replication. While the detailed mecha-
nism of function of this lncRNA as a negative regulator of
the IFN response remains to be determined, the data pre-
sented above provide a first glimpse of the involvement of
the long non-coding transcriptome in regulation of the IFN
response.

ACCESSION NUMBERS

RNA-seq data is deposited in GEO (SRP045406).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

We thank Drs Jonathan Karn, Daniel Popkin and Robert
Silverman for insightful discussions and advice. We also
thank Drs Takaji Wakita, Jonathan Karn, Afshin Dowlati

and Charles Rice for providing plasmids and cell lines,
Drs Jo Ann wise and Daniel Popkin for comments on the
manuscript, and Dr Maria Hatzoglou for sharing labora-
tory instruments and the core facilities at the Department
of Molecular Biology and Microbiology. We also thank
Simone Edelheit at Genomic Sequencing Core Facility of
Case Western Reserve University for performing the library
preparations and RNA-seq experiments; and Mary Con-
solo at the Cell Culture and Molecular Technology Core Fa-
cility of the Case Skin Diseases Research Center for prepa-
ration of primary keratinocytes. We acknowledge the Ge-
nomics Core Facility of the Department of Genetics and
Genome Sciences and Case Comprehensive Cancer Center
at Case Western Reserve University for providing the RNA-
seq library preparation and high-throughput sequencing.
We also acknowledge the liver sample donors for their par-
ticipation and the Biobank of the University of Navarra for
its collaboration.

FUNDING

Postdoctoral fellowship awards from Uehara memorial
foundation and Kanae Foundation [to H.K.]; NIH [R01
DK068361, VA Merit 110BX001894-01 to D.D.A.]; Min-
isterio de Economia [SAF2012-40003], FEDER funding,
UTE project CIMA, project RNAREG [CSD2009-00080];
the Ministry of Science and Innovation under the pro-
gramme CONSOLIDER INGENIO 2010 [to P.F.]; Na-
tional Center for Research Resources (NCRR), the Na-
tional Center for Advancing Translational Sciences, compo-
nents of the National Institutes of Health [the Case Western
Reserve University/Cleveland Clinic CTSA Grant Number
UL1 RR024989]; Case Skin Diseases Research Center [P30
AR039750]; intramural awards from Case Western Reserve
University [to S.V.]. Funding for open access charge: intra-
mural award from Case Western Reserve University.
Conflict of interest statement. None declared.

REFERENCES
1. Bernstein, B.E., Birney, E., Dunham, I., Green, E.D., Gunter, C., and

Snyder, M. Bernstein, B.E., Birney, E., Dunham, I., Green, E.D.,
Gunter, C., and Snyder, M. (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature, 489, 57–74.

2. Clark, M.B., Choudhary, A., Smith, M.A., Taft, R.J., and Mattick,
J.S.Clark, M.B., Choudhary, A., Smith, M.A., Taft, R.J., and
Mattick, J.S. (2013) The dark matter rises: the expanding world of
regulatory RNAs. Essays Biochem., 54, 1–16.

3. Rinn, J.L. and Chang, H.Y.Rinn, J.L. and Chang, H.Y. (2012)
Genome regulation by long noncoding RNAs. Annu. Rev. Biochem.,
81, 145–166.

4. Wapinski, O. and Chang, H.Y.Wapinski, O. and Chang, H.Y. (2011)
Long noncoding RNAs and human disease. Trends Cell Biol., 21,
354–361.

5. Yang, L., Froberg, J.E., and Lee, J.T.Yang, L., Froberg, J.E., and Lee,
J.T. (2014) Long noncoding RNAs: fresh perspectives into the RNA
world. Trends Biochem. Sci., 39, 35–43.

6. Ulitsky, I. and Bartel, D.P.Ulitsky, I. and Bartel, D.P. (2013)
lincRNAs: genomics, evolution, and mechanisms. Cell, 154, 26–46.

7. Amaral, P.P., Dinger, M.E., and Mattick, J.S.Amaral, P.P., Dinger,
M.E., and Mattick, J.S. (2013) Non-coding RNAs in homeostasis,
disease and stress responses: an evolutionary perspective. Brief Funct.
Genomics, 12, 254–278.

8. Moran, V.A., Perera, R.J., and Khalil, A.M.Moran, V.A., Perera,
R.J., and Khalil, A.M. (2012) Emerging functional and mechanistic

 at U
niversidad de N

avarra on O
ctober 3, 2014

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

223

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku713/-/DC1
http://nar.oxfordjournals.org/


Nucleic Acids Research, 2014, Vol. 42, No. 16 10679

paradigms of mammalian long non-coding RNAs. Nucleic Acids
Res., 40, 6391–6400.

9. Garitano-Trojaola, A., Agirre, X., Prósper, F., and Fortes,
P.Garitano-Trojaola, A., Agirre, X., Prósper, F., and Fortes, P. (2013)
Long non-coding RNAs in haematological malignancies. Int. J. Mol.
Sci., 14, 15386–15422.

10. Huarte, M., Guttman, M., Feldser, D., Garber, M., Koziol, M.J.,
Kenzelmann-Broz, D., Khalil, A.M., Zuk, O., Amit, I., and Rabani,
M. et al. Huarte, M., Guttman, M., Feldser, D., Garber, M., Koziol,
M.J., Kenzelmann-Broz, D., Khalil, A.M., Zuk, O., Amit, I., and
Rabani, M. (2010) A large intergenic noncoding RNA induced by
p53 mediates global gene repression in the p53 response. Cell, 142,
409–419.

11. Wan, G., Hu, X., Liu, Y., Han, C., Sood, A.K., Calin, G.A., Zhang,
X., and Lu, X.Wan, G., Hu, X., Liu, Y., Han, C., Sood, A.K., Calin,
G.A., Zhang, X., and Lu, X. (2013) A novel non-coding RNA
lncRNA-JADE connects DNA damage signalling to histone H4
acetylation. EMBO J., 32, 2833–2847.
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de Nadal, E., and Posas, F. (2014) Control of Cdc28 CDK1 by a
stress-induced lncRNA. Mol. Cell, 53, 549–561.

13. Place, R.F. and Noonan, E.J.Place, R.F. and Noonan, E.J. (2014)
Non-coding RNAs turn up the heat: an emerging layer of novel
regulators in the mammalian heat shock response. Cell Stress
Chaperones, 19, 159–172.

14. Lakhotia, S.C.Lakhotia, S.C. (2012) Long non-coding RNAs
coordinate cellular responses to stress. Wiley Interdiscip. Rev. RNA, 3,
779–796.

15. Fatica, A. and Bozzoni, I.Fatica, A. and Bozzoni, I. (2014) Long
non-coding RNAs: new players in cell differentiation and
development. Nat. Rev. Genet., 15, 7–21.

16. Nahkuri, S. and Paro, R.Nahkuri, S. and Paro, R. (2012) The role of
noncoding RNAs in chromatin regulation during differentiation.
Wiley Interdiscip. Rev. Dev. Biol., 1, 743–752.

17. Ghosal, S., Das, S., and Chakrabarti, J.Ghosal, S., Das, S., and
Chakrabarti, J. (2013) Long noncoding RNAs: new players in the
molecular mechanism for maintenance and differentiation of
pluripotent stem cells. Stem Cells Dev., 22, 2240–2253.

18. Hu, W., Alvarez-Dominguez, J.R., and Lodish, H.F.Hu, W.,
Alvarez-Dominguez, J.R., and Lodish, H.F. (2012) Regulation of
mammalian cell differentiation by long non-coding RNAs. EMBO
Rep., 13, 971–983.

19. Hah, N. and Kraus, W.L.Hah, N. and Kraus, W.L. (2014)
Hormone-regulated transcriptomes: lessons learned from estrogen
signaling pathways in breast cancer cells. Mol. Cell. Endocrinol., 382,
652–664.

20. Takayama, K.-I., Horie-Inoue, K., Katayama, S., Suzuki, T.,
Tsutsumi, S., Ikeda, K., Urano, T., Fujimura, T., Takagi, K., and
Takahashi, S. et al.Takayama, K.-I., Horie-Inoue, K., Katayama, S.,
Suzuki, T., Tsutsumi, S., Ikeda, K., Urano, T., Fujimura, T., Takagi,
K., and Takahashi, S. (2013) Androgen-responsive long noncoding
RNA CTBP1-AS promotes prostate cancer. EMBO J., 32,
1665–1680.

21. Vicent, G.P., Nacht, A.S., Zaurin, R., Font-Mateu, J., Soronellas, D.,
Le Dily, F., Reyes, D., and Beato, M.Vicent, G.P., Nacht, A.S.,
Zaurin, R., Font-Mateu, J., Soronellas, D., Le Dily, F., Reyes, D., and
Beato, M. (2013) Unliganded progesterone receptor-mediated
targeting of an RNA-containing repressive complex silences a subset
of hormone-inducible genes. Genes Dev., 27, 1179–1197.

22. Fitzgerald, K.A. and Caffrey, D.R.Fitzgerald, K.A. and Caffrey,
D.R. (2014) Long noncoding RNAs in innate and adaptive immunity.
Curr. Opin. Immunol., 26, 140–146.

23. Pang, K.C., Dinger, M.E., Mercer, T.R., Malquori, L., Grimmond,
S.M., Chen, W., and Mattick, J.S.Pang, K.C., Dinger, M.E., Mercer,
T.R., Malquori, L., Grimmond, S.M., Chen, W., and Mattick, J.S.
(2009) Genome-wide identification of long noncoding RNAs in
CD8+ T cells. J. Immunol., 182, 7738–7748.

24. Gomez, J.A., Wapinski, O.L., Yang, Y.W., Bureau, J.-F., Gopinath, S.,
Monack, D.M., Chang, H.Y., Brahic, M., and Kirkegaard, K.Gomez,
J.A., Wapinski, O.L., Yang, Y.W., Bureau, J.-F., Gopinath, S.,
Monack, D.M., Chang, H.Y., Brahic, M., and Kirkegaard, K. (2013)
The NeST long ncRNA controls microbial susceptibility and
epigenetic activation of the interferon-� locus. Cell, 152, 743–754.

25. Carpenter, S., Aiello, D., Atianand, M.K., Ricci, E.P., Gandhi, P.,
Hall, L.L., Byron, M., Monks, B., Henry-Bezy, M., and Lawrence,
J.B. et al.Carpenter, S., Aiello, D., Atianand, M.K., Ricci, E.P.,
Gandhi, P., Hall, L.L., Byron, M., Monks, B., Henry-Bezy, M., and
Lawrence, J.B. (2013) A long noncoding RNA mediates both
activation and repression of immune response genes. Science, 341,
789–792.

26. Li, Z., Chao, T.-C., Chang, K.-Y., Lin, N., Patil, V.S., Shimizu, C.,
Head, S.R., Burns, J.C., and Rana, T.M.Li, Z., Chao, T.-C., Chang,
K.-Y., Lin, N., Patil, V.S., Shimizu, C., Head, S.R., Burns, J.C., and
Rana, T.M. (2014) The long noncoding RNA THRIL regulates
TNF� expression through its interaction with hnRNPL. Proc. Natl
Acad. Sci. U.S.A., 111, 1002–1007.

27. Rapicavoli, N.A., Qu, K., Zhang, J., Mikhail, M., Laberge, R.-M.,
and Chang, H.Y.Rapicavoli, N.A., Qu, K., Zhang, J., Mikhail, M.,
Laberge, R.-M., and Chang, H.Y. (2013) A mammalian pseudogene
lncRNA at the interface of inflammation and anti-inflammatory
therapeutics. Elife, 2, e00762.

28. Imamura, K., Imamachi, N., Akizuki, G., Kumakura, M.,
Kawaguchi, A., Nagata, K., Kato, A., Kawaguchi, Y., Sato, H., and
Yoneda, M. et al.Imamura, K., Imamachi, N., Akizuki, G.,
Kumakura, M., Kawaguchi, A., Nagata, K., Kato, A., Kawaguchi,
Y., Sato, H., and Yoneda, M. (2014) Long noncoding RNA
NEAT1-dependent SFPQ relocation from promoter region to
paraspeckle mediates IL8 expression upon immune stimuli. Mol. Cell,
53, 393–406.

29. Ivashkiv, L.B. and Donlin, L.T.Ivashkiv, L.B. and Donlin, L.T.
(2014) Regulation of type I interferon responses. Nat. Rev. Immunol.,
14, 36–49.

30. Platanias, L.C.Platanias, L.C. (2005) Mechanisms of type-I- and
type-II-interferon-mediated signalling. Nat. Rev. Immunol., 5,
375–386.

31. Zhang, S.-Y., Boisson-Dupuis, S., Chapgier, A., Yang, K.,
Bustamante, J., Puel, A., Picard, C., Abel, L., Jouanguy, E., and
Casanova, J.-L.Zhang, S.-Y., Boisson-Dupuis, S., Chapgier, A., Yang,
K., Bustamante, J., Puel, A., Picard, C., Abel, L., Jouanguy, E., and
Casanova, J.-L. (2008) Inborn errors of interferon (IFN)-mediated
immunity in humans: insights into the respective roles of
IFN-alpha/beta, IFN-gamma, and IFN-lambda in host defense.
Immunol. Rev., 226, 29–40.

32. Sadler, A.J. and Williams, B.R.G.Sadler, A.J. and Williams, B.R.G.
(2008) Interferon-inducible antiviral effectors. Nat. Rev. Immunol., 8,
559–568.

33. Schneider, W.M., Chevillotte, M.D., and Rice, C.M.Schneider, W.M.,
Chevillotte, M.D., and Rice, C.M. (2014) Interferon-stimulated genes:
a complex web of host defenses. Annu. Rev. Immunol., 32, 513–545.

34. Morrison, J., Aguirre, S., and Fernandez-Sesma, A.Morrison, J.,
Aguirre, S., and Fernandez-Sesma, A. (2012) Innate immunity
evasion by Dengue virus. Viruses, 4, 397–413.

35. Lindenbach, B.D., Evans, M.J., Syder, A.J., Wölk, B., Tellinghuisen,
T.L., Liu, C.C., Maruyama, T., Hynes, R.O., Burton, D.R., and
McKeating, J.A. et al.Lindenbach, B.D., Evans, M.J., Syder, A.J.,
Wölk, B., Tellinghuisen, T.L., Liu, C.C., Maruyama, T., Hynes, R.O.,
Burton, D.R., and McKeating, J.A. (2005) Complete replication of
hepatitis C virus in cell culture. Science, 309, 623–626.

36. Horscroft, N., Lai, V.C.H., Cheney, W., Yao, N., Wu, J.Z., Hong, Z.,
and Zhong, W.Horscroft, N., Lai, V.C.H., Cheney, W., Yao, N., Wu,
J.Z., Hong, Z., and Zhong, W. (2005) Replicon cell culture system as
a valuable tool in antiviral drug discovery against hepatitis C virus.
Antivir. Chem. Chemother., 16, 1–12.

37. Lohmann, V., Körner, F., Koch, J., Herian, U., Theilmann, L., and
Bartenschlager, R.Lohmann, V., Körner, F., Koch, J., Herian, U.,
Theilmann, L., and Bartenschlager, R. (1999) Replication of
subgenomic hepatitis C virus RNAs in a hepatoma cell line. Science,
285, 110–113.

38. Wakita, T., Pietschmann, T., Kato, T., Date, T., Miyamoto, M., Zhao,
Z., Murthy, K., Habermann, A., Kräusslich, H.-G., and Mizokami,
M. et al.Wakita, T., Pietschmann, T., Kato, T., Date, T., Miyamoto,
M., Zhao, Z., Murthy, K., Habermann, A., Kräusslich, H.-G., and
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Hepatitis C virus (HCV) often leads to a chronic infection in the liver that may progress
to steatosis, fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). Several viral and
cellular factors are required for a productive infection and for the development of liver
disease. Some of these are long non-coding RNAs (lncRNAs) deregulated in infected
cells. After HCV infection, the sequence and the structure of the viral RNA genome
are sensed to activate interferon (IFN) synthesis and signaling pathways. These antiviral
pathways regulate transcription of several cellular lncRNAs. Some of these are also
deregulated in response to viral replication. Certain viral proteins and/or viral replication
can activate transcription factors such as MYC, SP1, NRF2, or HIF1a that modulate
the expression of additional cellular lncRNAs. Interestingly, several lncRNAs deregulated
in HCV-infected cells described so far play proviral or antiviral functions by acting as
positive or negative regulators of the IFN system, while others help in the development
of liver cirrhosis and HCC. The study of the structure and mechanism of action of these
lncRNAs may aid in the development of novel strategies to treat infectious and immune
pathologies and liver diseases such as cirrhosis and HCC.

Keywords: lncRNAs, HCV, proviral, antiviral, IFN response, liver cirrhosis, fibrosis, HCC

HEPATITIS C VIRUS (HCV) INFECTION

Hepatitis C virus is a hepatotropic virus member of the Flaviviridae family discovered almost
30 years ago (Choo et al., 1989, 1991). HCV infection a�ects 1.6% of the world’s population (⇠=115
million people) with a prevalence of 0.1–23% depending on the region (Gower et al., 2014; Daw
et al., 2016). Asia has the highest prevalence, with 60% of the HCV-infected people. Out of the
six major genotypes described for HCV, the most common is genotype 1, which is responsible
for 46% of all infections, followed by genotypes 3, 2, 4, and 6. HCV infection is mainly caused
by iatrogenic transmission in low- and middle-income countries, and by risky sexual practices and
sharing needles while tattooing or injecting drugs in developed countries (Lanini et al., 2016). After
HCV entry, the virus produces an acute infection which spontaneously resolves in 15–50% of cases
within the first 12–16 weeks, but which may become chronic in 55–85% of the cases (Ghany et al.,
2009; AASLD/IDSA HCV Guidance Panel, 2015) (Figure 1). In many cases, the infection remains
undiagnosed for many years, as chronic infection is frequently asymptomatic. The infection causes
a liver injury that may progress to liver steatosis, fibrosis, cirrhosis and eventually hepatocellular
carcinoma (HCC) (Carnero and Fortes, 2016; Miao et al., 2017) (Figure 1). Therefore, it is
important to detect chronic HCV infection before the development of liver disease. Detection
methods include identification of HCV RNA by PCR and HCV proteins by ELISA (Chevaliez
and Pawlotsky, 2008; Ghany et al., 2009; AASLD/IDSA HCV Guidance Panel, 2015). There is
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no vaccine for prevention of HCV infection but direct antivirals
have recently been developed that have attained sustained
virological response rates higher than 90% (Poordad and
Khungar, 2011; Sarrazin et al., 2012; Sheridan et al., 2013;
Bhamidimarri et al., 2017; Cento et al., 2017). However, given the
prevalence of the infection and the high mutation rate of HCV,
which helps the virus to generate escape mutants resistant to
the inhibitors, a strict epidemiological vigilance and a dedicated
scientific research into HCV-infection should not stop (Perales
et al., 2015; Kan et al., 2017; Raj et al., 2017; Wyles et al., 2017).
E�ective vaccines against HCV will be required before the goal of
a complete cure for HCV can be achieved.

The Viral Particle
Hepatitis C virus is a small (40–80 nm in size), enveloped
virus that contains the viral genome bound to the core protein
(Gastaminza et al., 2010; Catanese et al., 2013). The viral genome
is a single-stranded RNA molecule of 9.6 kilobases and positive
polarity (Lemon et al., 2007). The genome serves as messenger
RNA and consists of a long open reading frame (ORF) flanked by
highly structured 30 and 50 un-translated regions (UTRs), which
are required for viral translation, replication and encapsidation.
Interestingly, the 30 and 50 ends of HCV interact with each other
(Romero-Lopez and Berzal-Herranz, 2009).

The 50 UTR includes an internal ribosome entry site (IRES)
that allows cap-independent translation of a single polyprotein
(Sagan et al., 2015; Adams et al., 2017). The polyprotein is
approximately 3000 amino acids in length and is co- and post-
translationally cleaved by viral and cellular proteases to produce
all mature viral proteins: three structural proteins (core, E1,
and E2) and seven non-structural proteins (p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B). Importantly, HCV proteins
are characterized by their multi-functionality (Moradpour and
Penin, 2013). The core protein is the main component of
the HCV nucleocapsid and promotes nucleocapsid assembly
(Boulant et al., 2006). The envelope of the viral particle contains
the viral E1 and E2 glycoproteins, required for cell attachment
and entry and for the assembly of the infectious HCV particle.
P7 participates in HCV assembly and release (Moradpour and
Penin, 2013; Atoom et al., 2014). NS2 autoprotease is required
for the cleavage of NS2/NS3 and participates in virus assembly
(Schregel et al., 2009; Jirasko et al., 2010). The replicase complex
is formed by NS3, NS4A, NS4B, NS5A, and NS5B. NS3 is
another viral protease and helicase. As a protease, NS3 processes
non-structural proteins and cleaves some host factors involved
in the antiviral response (Moradpour and Penin, 2013). As a
helicase, NS3 is crucial for HCV RNA unwinding and replication
and for viral particle assembly. NS4A helps binding of NS3
to the endoplasmic reticulum (ER), and increases NS3 activity.
NS4B participates in viral assembly and is a key protein for the
formation of themembranous web (MW) required for replication
(Han et al., 2013). NS5A binds several proteins, the viral RNA
and the membranes to participate in MW formation, virus
replication and assembly and to block the antiviral response
(Moradpour and Penin, 2013; Schoggins and Rice, 2013). Finally,
NS5B is the RNA-dependent RNA polymerase essential for viral
replication and assembly (Lohmann, 2013). Similar to other RNA

polymerases, NS5B lacks proofreading activity. Viral progeny is a
collection of viruses with mutated viral genomes known as quasi-
species with a high capacity to escape the immune host system
(Marascio et al., 2014).

The Viral Cycle
Hepatitis C virus viral particles circulate in the blood stream as
lipoviroparticles (LVPs), attached to lipids and apolipoproteins
(Apo) from the host (Grassi et al., 2016). This shell facilitates
the infection of hepatocytes and may aid in viral escape from
neutralizing antibodies. HCV entry into the hepatocytes is a
highly regulated multi-step process that involves various cellular
proteins. Once the virus is in the liver, at the space of Disse,
it is captured by heparan sulfate proteoglycan receptors present
in the basolateral membrane of the hepatocytes (Xu et al.,
2015). There, LVPs are sequentially hydrolysed, the associated
ApoB is uncovered, and ApoB exposure enables low-density
lipid receptor (LDLR) binding to the LVPs. Then, these LVPs
interact with scavenger receptor class B type I and CD81
(Chang et al., 2017), which allows migration of the particle to
tight junctions, binding to claudin 1 (CLDN1) and occludin
(OCLN) and internalization by endocytosis. After uncoating
driven by the acidification of the endosome, the viral genome
is released into the cytosol (Grassi et al., 2016; Miao et al.,
2017).

Once the HCV genome is in the cytoplasm, viral replication
takes place in the MW, a specialized structure formed by double-
membrane vesicles originating from the ER (Grassi et al., 2016).
NS5A binds the HCV RNA and the viral RNA polymerase NS5B
is in charge of replication. First, the positive-stranded RNA
serves as template for the production of intermediate negative-
stranded RNAs. Then, the negative-stranded RNAs are copied
into new positive-strand RNA viral genomes, which can be used
for translation, replication, or packaging (Manns et al., 2017).

Hepatitis C virus viral particle assembly occurs in the ER close
tomembrane-bound lipid droplets (LDs). NS5A binds the 30 UTR
of positive-stranded HCV RNAs and transfers the genomes from
the replication complexes in the MW to the core proteins bound
to the ER (Targett-Adams et al., 2010; Shi G. et al., 2016). Then,
the nucleocapsids acquire their envelope, most probably, after
budding into the ER. The new HCV virions adhere to nascent
VLDL or LDL particles and form the LVPs that are transported
to the Golgi for virus release (Syed et al., 2017). Therefore, a
proper functionality of the lipid secretion pathway and a proper
synthesis of VLDLs is essential for HCV release (Bassendine et al.,
2013). HCV can be also transmitted directly from cell to cell,
escaping the inhibitory action of neutralizing antibodies (Timpe
et al., 2007; Brimacombe et al., 2011).

HCV Host Factors
Hepatitis C virus draws on multiple host cell factors for entry,
replication, assembly, and release. As mentioned previously, key
factors in the HCV cycle are: (i) host lipoproteins such as
ApoE, ApoA, ApoB, or MTP that attach to HCV nucleocapsid
and are required for entry (Chang et al., 2007; Huang et al.,
2007; Mancone et al., 2012; Fukuhara et al., 2015); (ii) several
hepatocyte receptors including CLDN1 and OCLN (Li Q.
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FIGURE 1 | Schematic of liver disease in HCV-infected patients.

et al., 2016); (iii) host factors required for MW formation,
such as cyclophilin A or kinases like phosphatidylinositol-4-
kinase III alpha (PI4KIIIalpha) (Delang et al., 2012; Rosnoblet
et al., 2012; Ross-Thriepland et al., 2013; Colpitts et al.,
2015); (iv) cellular proteins that attach to the IRES and
allow translation, like DDX5 and PARP1 (Ríos-Marco et al.,
2016).

All of these are protein factors. However, e�cient HCV
infection also requires the expression of cellular micro and long
non-coding RNAs (miRNAs and lncRNAs). The latter are the
focus of this review and deserve a special chapter. In fact,
upon HCV infection, the expression of many host miRNAs
and lncRNAs is altered (Singaravelu et al., 2014b; Carnero and
Fortes, 2016). Surprisingly, the miRNA miR-122 is one of the
most limiting factors for HCV viability and development of
HCV-associated HCC (Jopling et al., 2005; Kutay et al., 2006).
miR122 is a liver-specific microRNAwhose levels are upregulated
by HCV. miR122 binds two conserved regions located at the
50 end of the viral genome (Adams et al., 2017). Binding protects
viral RNA from degradation by exonucleases, enhances HCV
RNA replication, stimulates IRES-mediated translation and hides
the 50 end of the HCV genome from cellular sensors that
activate the antiviral response (Henke et al., 2008; Shimakami
et al., 2012; Li Y. et al., 2013; Sedano and Sarnow, 2014).
This results in increased levels of viral RNA and viral proteins.
It is not surprising that HCV RNA levels can be reduced in
infected patients with a drug that blocks miR122 (Janssen et al.,
2013). Remarkably, sequestration of cellular miR-122 by the
viral genome results in increased levels of miR-122-targets and
increased oncogenic potential of HCV (Israelow et al., 2014;
Luna et al., 2015). Finally, it has been recently reported that
miR122 also binds the NS5B coding region and the 30 UTR,
which is essential for HCV replication (Gerresheim et al., 2017).
Other miRNAs altered upon HCV infection include miR199a-3p,
let7-b or miR-181c, which inhibits replication by binding to E1
and NS5A sequences. miR185-5p and miR-27 are induced by
core protein and control genes involved in lipid metabolism
(Murakami et al., 2011; Cheng et al., 2012; Shirasaki et al., 2013;
Singaravelu et al., 2014a; LiM. et al., 2015;Mukherjee et al., 2015).
miR-208b and miR-499a-5p are induced by HCV and target a
polymorphic region of interferon lambda (IFNL3) in the 30 UTR
in charge of controlling IFNL3 mRNA stability, decreasing the

antiviral response against HCV infection (McFarland et al.,
2013).

THE ANTIVIRAL RESPONSE AGAINST
HCV

Interferon Synthesis Pathway
The cell has several mechanisms to recognize and fight against
exogenous pathogens. Viruses produce pathogen-associated
molecular patterns (PAMPs) that can be recognized by PAMP
recognition receptors (PRRs). These PRRs are located on the
cell surface or in intracellular compartments as endosomes, and
identify viral RNA structures not present in the host cell by
discriminating between viral RNA and RNA from the host. Toll-
like receptors (TLRs) are able to recognize viral nucleic acids
both in and out of the cell, while retinoic acid-inducible gene I
(RIG-I) andmelanoma di�erentiation-associated gene 5 (MDA5)
sense intracellular viral ssRNA or dsRNA, according to the
50 end structure and length, respectively (Scheel and Rice, 2013)
(Figure 2). In the case of the HCV genome, the pU/UC tract
located in the 30 UTR is sensed by RIG-I in the cytoplasm of
the cell soon after the virus has released its genome (Saito et al.,
2008). Further, RIG-I and TLR3 can also sense dsRNA produced
by viral replication (Binder et al., 2011; Dabo and Meurs, 2012;
Li et al., 2012). RIG-I is auto inhibited by its regulatory domain,
and upon sensing viral RNA, RIG-I undergoes conformation
changes and ubiquitination by E3 ligase TRIM25 that lead to
its dimerization and activation (Gack et al., 2007; Oshiumi
et al., 2013b). Then, RIG-I associates with mitochondrial antiviral
signaling protein (MAVS) via CARD-CARD (caspase activation
and recruitment domains) interactions and this recruits TNF
receptor associated factors (TRAFs) (Liu et al., 2012). On one
hand, MAVS can activate TBK1/IKK+ kinase (Hemmi et al.,
2004). Then, interferon regulatory factors (IRFs) 3 and 7 are
phosphorylated by IKK+ and activated. On the other hand,MAVS
activates nuclear factor kB (NF-kB) through IKKa/IKKb/IKKg

(Sharma et al., 2003; Thompson et al., 2011; Sun et al., 2015;
Yang and Zhu, 2015). IRFs induce a first wave of interferon
(IFN)-stimulated genes (ISG), NF-kB induces inflammatory
cytokines and, together, they activate type I IFN synthesis and
secretion.
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FIGURE 2 | Schematic of the IFN synthesis and signaling pathways induced by HCV infection. See text for details.

While this is the major IFN synthesis pathway, the HCV
genome can also be sensed by non-canonical receptors such
as protein kinase R (PKR) and DEAD box RNA helicase
3 (DDX3X) (Figure 2). PKR is a cytoplasm protein that binds
the dsRNA IRES located at the 50 UTR of the viral genome in
a sequence-independent manner. PKR activation after dsRNA
binding triggers interaction of PKRwithMAVS,MAVS activation
and transcription of ISGs (Dabo and Meurs, 2012). Further,
active PKR phosphorylates eukaryotic translation initiation
factor eIF2a and impairs translation (Garaigorta and Chisari,
2009) (see below). DDX3X interacts with the 30 UTR region of
HCV and activates IKKa. Unexpectedly, PKR and DDX3X are
cellular sensors that favor HCV replication (Ariumi et al., 2007;
Garaigorta and Chisari, 2009; Li Q. et al., 2013) (see below).

Professional bystander plasmacytoid dendritic cells (pDCs)
can also secrete type I and type III IFNs after contacting
HCV-infected cells (Stone et al., 2013). Infected cells release
exosomes containing HCV-RNA that are sensed by the TLR7
receptor of the pDCs (Takahashi et al., 2010; Dreux et al., 2012;
Nakai et al., 2015). Interestingly, pDCs respond to viral RNA even
though they are not infected by HCV and they do not allow viral
replication.

IFN Signaling Pathway
IFNa receptors (IFNAR), present on the surface of all cell types,
bind to type I IFN (IFNas, IFNb, and others) (Figure 2). Less
promiscuous are IFNl receptors (IFNLR), which bind type III
IFN or IFNl and have a strong influence on HCV replication

(Ge et al., 2009; Thomas et al., 2009; Boisvert and Shoukry, 2016).
IFN receptor binding to infected and non-infected neighboring
cells activates the Janus kinase-signal transducer and activator
of transcription (JAK-STAT) pathway. JAK and Tyk2 kinases
phosphorylate STAT molecules, STAT1 dimerizes with STAT2
and the heterodimer binds IRF9 to form the IFN-stimulated gene
factor 3 (ISGF3). ISGF3 is translocated to the nucleus where
it binds the IFN-stimulated response elements (ISREs) present
in the ISG promoters to induce their transcription (Hertzog
and Williams, 2013; Ivashkiv and Donlin, 2014; Schneider et al.,
2014).

Production of ISGs Affecting HCV
Infection
ISGs can be divided into three groups according to their
function: (i) to increase the antiviral response; (ii) to inhibit viral
replication and (iii) to help cells return to homeostasis. PKR,
OAS or RNaseL, MxA, STAT1, STAT2, IRF1, 3, 7, and 9 are
ISGs that belong to the first group. They function as positive
regulators to reinforce pathogen detection, IFN synthesis and/or
signaling and increase ISG expression. Oligoadenylate synthetase
(OAS) recognizes PAMPs and activates latent endoribonuclease
(RNase L) that cleaves viral and cellular ssRNAs reinforcing the
antiviral response and providing new PAMPs (Schneider et al.,
2014). Myxovirus resistance-A (MxA) stimulates the production
of IFNa and IFNb and enhances the JAK/STAT pathway (Shi
et al., 2017). IRF1 is a transcription factor that binds ISRE-like
sequences present in the promoter of several ISGs and induces
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ISG transcription after the first wave of IFN response (Schoggins
et al., 2011).

Other ISGs a�ect several steps of the HCV life cycle: viral
entry or uncoating, viral RNA replication, translation and
stability or viral release (Schneider et al., 2014). IFITM proteins
(IFN-induced transmembrane proteins) block viral entry by
interacting with the CD81 receptor (IFITM1) or by capturing
the virions at the endosomes for their degradation (IFITM2
and IFITM3) (Perreira et al., 2013; Narayana et al., 2015). IFIT
proteins (IFN-induced proteins with tetratricopeptide repeats)
inhibit virus replication and protein translation by a�ecting eIF3
(Zhou et al., 2013). TRIM proteins (tripartite-motif-containing
proteins) a�ect infection of several viruses at di�erent steps.
TRIM5a binds viral capsids to accelerate viral disassembly while
TRIM22 inhibits viral transcription and regulation (Hattlmann
et al., 2012; Schneider et al., 2014). TRIM22 ubiquitinates
NS5A viral protein, interrupting replication in HCV-infected
cells (Yang et al., 2016). Viperin/RSAD binds to NS5A to
a�ect virus replication and assembly (Helbig et al., 2005, 2011).
Tetherin/BST2 a�ects HCV release and assembly. Tetherin is
known to anchor HIV-1 virions to the plasma membrane,
blocking the release of the viral particle (Perez-Caballero et al.,
2009). In HCV-infected cells the e�ect of viperin is milder than
in HIV-1 (Dafa-Berger et al., 2012; Pan et al., 2013). Finally, the
function of several ISGs is to help the IFN-induced cell to return
to homeostasis (Malireddi and Kanneganti, 2013; Chen et al.,
2017). Interestingly, as these ISGs decrease IFN signaling, they
have proviral e�ects.

HCV Evasion from Immune System
Given the potent antiviral properties of ISGs, it is not surprising
that HCV has evolved to hide from cellular sensors, block
IFN induction and interfere with the action of several antiviral
factors. This is achieved by several viral proteins and by the
HCV-mediated induction of cellular ISGs that function as
negative regulators of the IFN pathway (Arnaud et al., 2010;
Imran et al., 2012; Horner and Gale, 2013; Oshiumi et al., 2013a;
Gokhale et al., 2014; Yang and Zhu, 2015).

NS3-NS4A is one of the most relevant factors in the HCV
evasion strategy. The protease interferes with the signaling
induced by the major HCV sensors by cleaving and inactivating
MAVS, TRIF, a TLR3 signaling adaptor protein, and Riplet E3
ubiquitin ligase, required for RIG-I ubiquitination, binding to
TRIM25 and activation (Foy et al., 2005; Li et al., 2005; Meylan
et al., 2005; Oshiumi et al., 2010; Gokhale et al., 2014). Other
relevant viral factors are NS4A/B, NS5A and the core proteins,
which function by inhibiting the transport of MHC Class I
molecules to the cell surface and by blocking the STAT pathway.
Core upregulates the protein phosphatase PP2Ac or SOCS3,
leading to reduced STAT1 phosphorylation and IFN signaling
blockade (Bode et al., 2003; Duong et al., 2004).

Interestingly, several factors with a proven antiviral role
against di�erent viruses favor HCV replication. These include the
non-canonical sensors PKR and DDX3X. As mentioned above,
these factors help IFN synthesis and therefore have an antiviral
function. However, induction of IKKa by DDX3X induces the
expression of lipogenic genes required by HCV for nucleocapsid

assembly (Fullam and Schröder, 2013; Li Q. et al., 2013; Pène
et al., 2015). PKR blocks cap-dependent translation of viral
proteins by eIF2a phosphorylation. Remarkably, in the case of
HCV, the IRES does not require eIF2a for translation (Garaigorta
and Chisari, 2009). Instead, PKR blocks translation of transcripts
induced soon after viral infection such as antiviral ISGs. Then, in
HCV infection PKR blocks translation of cellular antiviral factors
while it does not a�ect the translation of viral proteins.

ISG15 is another general antiviral factor that promotes
HCV replication. ISG15 is an ubiquitin-like molecule that
can be attached to proteins covalently. This ISGylation occurs
co-transcriptionally. Therefore, after HCV infection, the IFN
pathway induces ISG15 and the ISGylation machinery, which
modifies newly synthesized proteins such as viral proteins and
ISGs. IRF3, PKR, MxA, Stat1, Jak1, or RIG-I can be modified
by ISGylation. Protein ISGylation changes protein structure and
stability, a�ecting functionality. RIG-I ISGylation blocks RIG-I
ubiquitination and functionality. This increases HCV replication
by limiting IFN production (Kim et al., 2008; Broering et al.,
2010).

Several ISGs are induced by IFN that allow the cell to return to
homeostasis and therefore may function as proviral factors. Good
examples are ubiquitin specific peptidase 18 (USP18), a protein
inhibitor of activated STATs (PIAS) and a suppressor of cytokine
signaling (SOCS). USP18 (UBP43) is a protease that displaces
ISG15 from its targets and blocks IFN signaling by binding to the
IFNAR2 receptor and interfering with JAK binding (Malakhova
et al., 2006). The SUMO E3 ligase protein PIAS1 interacts with
STAT1 or IRF3 and avoids their binding to DNA, decreasing the
STAT1- or IRF3-induced IFN response (Liu et al., 1998; Li R.
et al., 2013). SOCS1 and SOCS3 bind the JAK proteins or the IFN
receptors and inhibit JAK activity and STAT binding (Yoshimura
et al., 2007).

Similar to proteins, several miRNAs and lncRNAs are
regulated during infection to promote or repress the antiviral
pathway, exerting antiviral or proviral functions.

LONG NON-CODING RNAs (lncRNAs)

Long non-coding RNAs are non-protein coding transcripts
longer that 200 nucleotides. Similarly to mRNAs, most lncRNAs
are transcribed from RNA polymerase II and are capped at
the 50 end, spliced and polyadenylated (Birney et al., 2007;
Guttman et al., 2009). Compared to mRNAs, most lncRNAs are
expressed at lower levels, are more cell type-specific and localize
preferentially to the nucleus (Djebali et al., 2012). LncRNAs
genes are more numerous that coding genes (Iyer et al., 2015).
Re-annotation of the cell transcriptome indicates that the human
genome may contain more than 90.000 genes, being ⇠60.000 of
them lncRNA genes.

Long non-coding RNAs are not easy to classify according
to functionality, as the function of most of them is unknown.
Instead, most lncRNA classifications are based on genomic
localization compared to neighboring genes (Garitano-Trojaola
et al., 2013). According to their location in the genome lncRNAs
can be grouped into: (i) sense lncRNAs, those that overlap
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with one or more exons from another transcript in the same
strand; (ii) antisense lncRNAs, those that overlap with one or
more exons from another transcript in the opposite strand;
(iii) bidirectional or divergent lncRNAs, those that share their
promoter with another gene in the opposite strand and (iv)
intergenic lncRNAs, those that are independent transcripts
located between two genes (Figure 3). Interestingly, some
lncRNAs act as regulators of neighboring genes. Therefore, the
genomic location of a given lncRNA gene may help to predict
its function. In line with this, enhancer RNAs or eRNAs are
lncRNAs transcribed from enhancer regions that participate in
enhancing transcription from the promoters of genes located in
the same nuclear territory (Orom et al., 2010; Lai et al., 2013;
Melo et al., 2013). For function, eRNAs and other lncRNAs
need to act in cis, at their site of transcription. Instead, trans-
acting lncRNAs function far from their site of synthesis. Both
cis and trans-acting RNAs can regulate transcription by di�erent
mechanisms, including modifying epigenetic regulators and
chromatin remodelers, and/or regulating transcription initiation
or elongation. Other functions of lncRNAs in the nucleus are
as splicing regulators or organizers of subnuclear structures
(Tripathi et al., 2010; Mao et al., 2011). In the cytoplasm
some may regulate mRNA translation and stability, protein
transport or post-translational modifications (Willingham et al.,
2005; Cesana et al., 2011; Carrieri et al., 2012; Yoon et al.,
2012; Wang et al., 2014). As the function of most lncRNAs is
unknown, it is expected that novel functions of lncRNAs will
be discovered in the future. Functionality of lncRNAs normally
requires a linear sequence or a secondary or tertiary structure
that binds to DNA, proteins or other RNAs to form functional
complexes. Thus, compared to mRNAs, lncRNAs tend to

have structures with higher folding energies (Kertesz et al.,
2010).

Over the last decade, lncRNAs have been proved to be key
regulators of most cell processes, including cell proliferation,
development or cell return to homeostasis (Li X. et al., 2013; Li
J. et al., 2016). Therefore, lncRNAs are implicated in all kinds
of diseases, including cancer (Prensner and Chinnaiyan, 2011;
Wapinski and Chang, 2011; Harries, 2012; Spizzo et al., 2012; Hu
et al., 2016). Further, lncRNAs are highly targeted by evolution,
suggesting that they may play a relevant role in those processes
with a strong evolutionary pressure (Ulitsky et al., 2011; Cech and
Steitz, 2014; Marques and Ponting, 2014). One of the drivers of
evolution is the antiviral response. In fact, we and other groups
have shown that the expression of several lncRNAs is deregulated
in response to viral infection.

LncRNAs in Viral Infection
Viral infections induce strong modifications in the coding and
non-coding transcriptome of the infected cell. Infected cells may
deregulate cellular lncRNAs and may express viral lncRNAs or
chimeric lncRNAs formed by viral and cellular sequences. Many
viruses have been shown to express viral lncRNAs. In fact, there
are some plant pathogens (viroids and virusoids) whose genome
is a lncRNA with replication capacity (Gago-Zachert, 2016;
Shimura and Masuta, 2016). Animal viruses such as adenovirus,
Epstein–Bar virus, HIV, cytomegaloviruses, flaviviruses, and
herpesviruses encode non-coding RNAs that function to a�ect
transcription and RNA stability, and control RNA interference,
the antiviral response, the energy of the infected cell and viral
pathogenesis (Fortes andMorris, 2016). Interestingly, integration
of the HBV genome in repetitive sequences of the genome of

FIGURE 3 | Classification of lncRNAs. Arrows indicate transcription initiation.
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the infected cell produces fusions of the Hepatitis B X protein
with host LINE1 sequences. These fusion transcripts, named
HBx-LINE1, are found in many HBV-derived HCCs and have
oncogenic e�ects (Lau et al., 2014; Moyo et al., 2016).

Cellular lncRNAs may be deregulated by viral proteins, in
response to viral replication or in response to the antiviral
pathways induced by infection. X protein from HBV decreases
the tumor suppressor lncRNA Dreh (Huang et al., 2013), while
the Nef protein from HIV decreases lncRNA NRON, leading to
increased NFAT and transcription of viral genes (Imam et al.,
2015; Lazar et al., 2016). Activation of TLR3, TLR4, or other
canonical and non-canonical PAMP sensors and treatment with
IFN or TNFa (which triggers NF-kB) lead to changes in the
expression of many lncRNAs that are deregulated in infected
cells. Some of them have been shown to function as inducers
or repressors of the innate antiviral response. This is the case
of the negative regulator of antiviral response lncRNA (NRAV)
(Ouyang et al., 2014). At homeostasis NRAV levels are high and
silence MxA and IFITM3 expression by modulating H3K4me3
and H3K27me3 marks. Upon infection with influenza virus or
other viruses, NRAV levels are downregulated leading to an
increase in MxA and IFITM3 expression. Then, overexpression
of NRAV in mice produces hypersensitivity to influenza infection
(Ouyang et al., 2016).

LncRNAs in HCV Infection
Similar to what has been described for other viruses, the lncRNA
transcriptome is altered in HCV-infected cells (Figure 4).
The deregulation of cellular lncRNAs may respond to HCV
replication and viral protein expression or to the antiviral
response induced against the infection. Further, lncRNAs from
the viral genome may also be detected in infected cells.

Viral LncRNAs
Transcriptomic analysis of viral RNA in tissue-culture infected
cells shows high levels of viral genome enriched in point
mutations that generate quasi-species. Major internal deletions
or fusions of the viral genome are not detected. Instead, there
are HCV subgenomic RNAs that have lost the 50 end of the
IRES sequence, indicating that they could be non-coding RNAs of
unknown function. These subgenomic RNAs are generated by the
action of XRN1, a cellular exoribonuclease (Moon et al., 2015).
XRN1-mediated degradation is not e�cient, as miR-122 binding
to the 50 end of the viral RNA protects the genome, leading in
part to the essential role played by miR-122 in HCV replication
(Thibault et al., 2015).

Cellular LncRNAs Induced by the Antiviral Response
In some cases, it is di�cult to discriminate whether the
deregulation of certain lncRNAs in HCV-infected cells results
from the induction of the antiviral response rather than from
pure viral replication and viral protein expression (Figure 4 and
Table 1). As a general rule, lncRNAs deregulated by the antiviral
response are those altered in response to several viruses, di�erent
PAMPs and/or IFNs. Transcriptome analysis of cells treated with
IFN has allowed the identification of several IFN-stimulated
lncRNAs (ISRs) whose levels also increase after HCV infection.

They include NRIR, ISR2 (IFN-stimulated lncRNA2), ISR8,
lncISG15, and BISPR (BST2 interferon stimulated positive
regulator) (Carnero et al., 2014; Kambara et al., 2014, 2015;
Barriocanal et al., 2015). Interestingly, all of these are located
in the genome very close to ISGs that a�ect the replication of
HCV and other viruses. Thus, NRIR is next to CMPK2 and
viperin/RSAD, ISR2 is a neighbor of the GBP cluster, ISR8 is
located tail to tail to the IRF1 transcription factor, lncISG15 is
very close to ISG15 and BISPR to BST2.

The best known so far is NRIR. NRIR is conserved in
the mouse and induced by IFNa in primary hepatocytes and
several other cells, including primary keratinocytes, HuH7, HeLa,
293 and Jurkat and mouse myoblast C2C12 cells (Kambara
et al., 2014). As NRIR accumulates in the nucleus, it was
originally hypothesized that it could be induced by IFN to help
transcription of its neighboring genes, CMPK2 and viperin.
Surprisingly, depletion of NRIR with two independent siRNAs
led to increased expression of viperin and CMPK2 (Kambara
et al., 2014). Similar results were observed after NRIR depletion
in the levels of IFITM1, IFIT3, CXCL10 and ISG15, ISGs located
far from NRIR in the genome, but not in other ISG tested.
Unexpectedly, these results were observed in both IFN-treated
and untreated cells. NRIR a�ected transcription and not mRNA
stability. Therefore, NRIR is the first described lncRNA that
acts as a negative regulator of the transcription of certain ISGs
(Kambara et al., 2014). At basal levels, NRIR may help to silence
NRIR-target ISGs. After IFN induction, NRIR levels may increase
to repress transcription of target ISGs and allow the cell to
return to homeostasis. It would be very interesting to understand
how NRIR can silence transcription of both neighboring and
distal genes. As indicated before, the mRNAs of several ISGs
are induced in the liver of HCV-infected patients. Therefore
it is not surprising that the liver of HCV-infected patients has
higher NRIR levels than non-infected controls (Kambara et al.,
2014). As NRIR expression should decrease the levels of HCV
antiviral factors such as IFITM1 or viperin, it is likely that NRIR
benefits viral replication in infected livers. In fact, NRIR is a
proviral factor, as depletion of NRIR in tissue culture upregulates
transcription of several ISGs and decreases HCV replication.

ISR2, ISR8, lncISG15, and BISPR are induced early after IFN
treatment. These lncRNAs are also upregulated in HCV-infected
livers and cultured cells, probably, because of the induction of
the IFN signaling pathway in these cells (Carnero et al., 2014;
Barriocanal et al., 2015). In fact, ISR2, ISR8, lncISG15, and BISPR
are also induced after infection with other viruses. Interestingly,
ISR2 and ISR8 are induced more in response to HCV infection
than in response to infection with adenovirus, Semliki Forest
Virus (SFV) or influenza wild-type or mutant viruses that fail
to block the IFN pathway (Carnero et al., 2014). Thus, ISR2
and ISR8 could be induced by HCV also in an IFN-unrelated
manner. Although the function of these lncRNAs is not known,
ISR2, ISR8, and lncISG15 accumulate preferentially in the cell
nucleus, where they could exert regulatory roles. In fact, the
levels of these lncRNAs correlate significantly with the levels of
their neighboring ISGs, suggesting either that these genes are
co-regulated or that the lncRNA could control the expression
of the neighboring ISG. In line with this, guilt-by-association
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FIGURE 4 | Schematic of lncRNAs deregulated in HCV-infected cells. Viral RNA may be processed to viral ncRNAs. Viral replication, the antiviral response induced
by the infection or the combination of both deregulate the levels of several cellular lncRNAs.

studies predict that ISR2 may be involved in the regulation of
PAMP receptors and IFN activation and ISR8may induce the IFN
response and the immune system (Carnero et al., 2014).

The role of BISPR has been studied in more detail. BISPR
was identified independently by two di�erent groups working
with IFN-treated HuH7 cells or primary hepatocytes (Barriocanal
et al., 2015; Kambara et al., 2015). BISPR can be induced with
IFNa, IFNl and IFNg, but not TNFa. Induction with IFNa

occurs early after treatment of all cell-lines tested, including
primary keratinocytes and hepatocytes, or HuH7, A549, HeLa,
Jurkat, or THP1 cell lines. Treatment of the cells with IFN
and ruxolitinib, an inhibitor of the JAK/STAT pathway, or
transfection of siRNAs that target STAT2 in IFN-treated cells,
decreased BISRP levels significantly compared to control cells.
Further, the BISPR promoter has conserved binding sequences
for STAT1/2/IRF9, IRF1, and IRF7. Together, these results
point to BISPR being a bona fide ISG. In fact, as BISPR and
BST2/tetherin are located close by in a head-to-head orientation,
the BISPR promoter could work as a bidirectional promoter. Not
surprisingly, there is a significant positive correlation between
the expression of BISPR and BST2/tetherin (Barriocanal et al.,
2015; Kambara et al., 2015). Depletion of BISPR with siRNAs
in IFN-treated cells leads to decreased levels of BST2. Unlike
what has been shown before for NRIR, downregulation of BISPR
does not a�ect the levels of any of the other ISGs evaluated. The

molecular mechanism of BISPR action is unknown. However,
experiments performed to date are consistent with the following
hypothesis: the IFN pathway induces first the expression of
BISPR, which is retained in the nucleus and acts in trans to induce
transcription of BST2/tetherin probably by modulating the e�ect
of the Polycomb complex PRC2 (Kambara et al., 2015). Thus,
(i) BISPR induction after IFN-treatment precedes induction of
BST2, (ii) BISPR accumulates preferentially in the nucleus of
the cell, (iii) overexpression of BISPR increases BST2 levels,
suggesting that BISPR does not require to be expressed from a
specific genomic position for functionality, (iv) stability of BST2
is not a�ected after BISPR deregulation, indicating that regulation
is at the level of transcription and (v) downregulation of the
functional subunit of the PRC2 silencing complex, EZH2, leads
to BST2 upregulation, suggesting that BISPR could function by
counteracting the suppressive action of PRC2 (Kambara et al.,
2015). As BISPR is a positive regulator of BST2, involved in
impeding virion release, increased expression of BISPR by IFN
could lead to decreased budding of HCV viral particles (Neil et al.,
2008; Dafa-Berger et al., 2012; Barriocanal et al., 2015; Kambara
et al., 2015). Thus, induction of IFN-induced lncRNAs may be
antiviral (as in the case of BISPR) or proviral (as in the case of
NRIR) for HCV replication.

Finally, lncRNAs could be induced by a secondary pathway
activated by IFN signaling. This is the case of ISR12, a
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TABLE 1 | List of lncRNAs deregulated in HCV-infected cells.

Name Deregulated in Inducer Neighbors Function Reference

NRIR IFN-treated primary
hepatocytes, HuH7 and
other cultured cells.
HCV-infected livers.

Early IFNa CMPK2, RSAD Negative regulator of
several ISGs (CMPK2,
viperin, ISG15, CXCL10,
IFIT3, or IFITM1).

Kambara et al., 2014

ISR2 IFN-treated HuH7.
HCV-infected livers.

Early IFNa. HCV, SFV,
adenovirus, influenza.

GBP cluster Not known. Predicted to
regulate antiviral response.

Carnero et al., 2014

ISR8 IFN-treated HuH7,
Hela. HCV-infected
livers.

Early IFNa. HCV, SFV,
adenovirus, influenza.

IRF1 Not known. Predicted to
regulate antiviral response.

Carnero et al., 2014

lncISG15 IFN-treated HuH7.
HCV-infected livers.

Early IFNa. HCV, SFV,
adenovirus, influenza.

ISG15 Not known Barriocanal et al., 2015

BISPR IFN-treated primary
hepatocytes, HuH7 and
other cultured cells.
HCV-infected livers.

Early IFNa, IFNl and
IFNg. HCV, SFV,
adenovirus, influenza.

BST2 Induces BST2 gene
expression

Barriocanal et al., 2015;
Kambara et al., 2015

ISR12 IFN-treated HuH7 Late IFNa IL6 Negative regulator of
several ISGs as GBP1

Carnero et al., 2014

lncIGF2-AS HuH7 STAT3 IGF2 Helps HCV replication by
regulating PI4P

Xiong et al., 2015

lnc7SK HuH7 STAT3 Helps HCV replication by
regulating PI4P

Xiong et al., 2015

NEURL3/CSR31 HuH7 Antiviral response, HCV,
SFV, adenovirus,
influenza

Not known Carnero et al., 2016

SOCS2-AS/CSR3 HuH7, prostate cancer
cells

Antiviral response, HCV,
SFV, adenovirus,
influenza. Androgen
signaling.

SOCS2 Depletion of SOCS2-AS1
increases apoptosis-related
genes

Carnero et al., 2016

CSR6 HuH7 Antiviral response, HCV,
adenovirus

Not known Carnero et al., 2016

LINC00673/CSR7 HuH7, PDAC and other
tumors

Antiviral response, HCV,
SFV, adenovirus,
influenza. SP1

Studied in several tumors.
May function as tumor
suppressor or as an
oncogene.

Childs et al., 2015;
Carnero et al., 2016;
Zheng et al., 2016;
Huang et al., 2017;
Ma et al., 2017; Shi
et al., 2017; Yu et al.,
2017; Yang et al., 2017

LINC01564/CSR20 HuH7 Antiviral response, HCV,
influenza. ROS / NRF2

Not known Carnero et al., 2016

EGOT/CSR32 HuH7, primary
eosinophils

Antiviral response, HCV,
SFV, influenza. NF-kB.

ITPR1 Proviral factor by inhibiting
ISG expression

Wagner et al., 2007;
Carnero et al., 2016

PVT1/CSR21 HuH7 and other
cultured cells. Several
tumors.

HCV. MYC MYC Oncogene that positively
regulates MYC and
increases proliferation

Graham et al., 1985;
Higgs et al., 2013;
Tseng et al., 2014;
Carnero et al., 2016;
Cui et al., 2016;
Carramusa et al., 2007

CASC15/CSR19 HuH7, neuroblastoma
cells

HCV Acts as tumor suppressor
in some tumors

Maris et al., 2008;
Russell et al., 2015;
Carnero et al., 2016;
Xing et al., 2017

UCA1/CSR34 HuH7 HCV. MYC, SP1,
and/or HIF1a

Is overexpressed in different
tumors and is involved in
anti-cancer drug resistance

Carnero et al., 2016;
Kamel et al., 2016;
Wang H. et al., 2017;
Wang Z.-Q. et al., 2017

HOTAIR HrpG2 and cells from
several carcinomas

HCV core High levels related to tumor
invasion, progression,
metastasis and poor
prognosis. Gene silencing.

Bhan and Mandal,
2015; Li Z.-Q. et al.,
2016

See the text for details.
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lncRNA that is induced at late times post-IFN treatment and
that accumulates preferentially in the cell nucleus (Carnero
et al., 2014). ISR12 is located close to IL6, an important
pro-inflammatory cytokine. However, the levels of ISR12 and IL6
do not correlate, indicating that IL6 is not regulated by ISR12.
In turn, ISR12 depletion with two independent siRNAs leads to
increased expression of several ISGs, including GBP1 (Carnero
and Fortes, 2016). Thus, as was the case with NRIR, ISR12 is a
negative regulator of the expression of ISGs located far away in
the genome which could act as a proviral gene. However, ISR12
is not significantly induced in the liver of patients infected with
HCV, compared to non-infected patients.

IFN induces STAT3, which functions as a negative regulator
of the type I IFN pathway (Wang et al., 2011). STAT3 is a
transcription factor induced by stress, growth factors, IL6 and
other cytokines. STAT3 can also be induced by HCV infection,
as expression of core and other viral proteins induces ROS
(Yoshida et al., 2002; Waris et al., 2005; Machida et al., 2006).
Then, STAT3 induces lncIGF2-AS and lnc7SK, whose inhibition
blocks viral replication by decreasing PI4KIIIalpha, required
for MW reorganization (Xiong et al., 2015). Therefore, STAT3
can help viral replication by blocking the IFN pathway and by
upregulating lncRNAs that favor MW formation.

Cellular LncRNAs Induced by the Antiviral Response
and HCV Infection
Among IFN-induced lncRNAs, those that are induced mildly by
IFN or PAMPs and strongly by HCV infection deserve special
mention (Carnero et al., 2016) (Figure 4 and Table 1). NEURL3,
described as a pseudogene, belongs to this group. NEURL3 is
induced 12 fold by IFNa, 31 fold after transfection with the
dsRNA analog pI:C and almost 2000 fold after HCV infection.
Therefore, NEURL3 may be classified as a transcript induced by
the antiviral response and other signaling pathways activated in
HCV-infected cells. NEURL3 and other lncRNAs that belong to
this group were identified after comparing the transcriptome of
control cells, cells infected with HCV, cells treated with IFNa

and cells that were first infected and then treated with IFNa.
LncRNAs induced after HCV infection were called CSRs, from
HCV stimulated RNAs (Carnero et al., 2016). CSR3, CSR6, CSR7,
CSR20, CSR31/NEURL3, and CSR32 were significantly induced
after treatment with pI:C and 4–130 fold more, in cells infected
with HCV.

Infection with other viruses also induces the expression of
these CSRs, although to milder levels than infection with HCV.
CSR3, 7, and 31 are induced after infection with adenovirus,
influenza, SFV and HCV, preferentially, with mutant versions
that fail to block the IFN pathway; CSR6 is only induced
in response to adenovirus, and HCV; CSR20 in response to
influenza virus and HCV and CSR32 in response to all RNA
viruses tested (HCV, influenza, SFV) but not in response to
DNA viruses (adenovirus or HBV) (Carnero et al., 2016). Little
is known about the function of these lncRNAs, in relation with
HCV infection, with the exception of CSR32/EGOT.

CSR32/EGOT (eosinophil granule ontogeny transcript) is a
lncRNA present in all placental mammals that contains several
evolutionary conserved and thermodynamically stable secondary

structures (Rose and Stadler, 2011). EGOT was first described as
a lncRNA preferentially expressed in mature eosinophils where
it serves to regulate the expression of toxic eosinophil proteins
(Wagner et al., 2007). However, GTEx analysis of the human
transcriptome indicates that EGOT is preferentially expressed
in the breast and vagina, pancreas, pituitary and kidney cortex,
while TCGA analysis shows that EGOT is upregulated in liver,
lung and thyroid carcinomas and downregulated in prostate,
breast and kidney tumors, where low levels correlate with poor
prognosis (Lonsdale et al., 2013; Li J. et al., 2015). Later, it
was shown that EGOT is a polyadenylated non-coding RNA
induced after infection with HCV in cell lines and in the liver
of HCV-infected patients. Interestingly, inhibition of EGOT in
HCV-infected cells results in decreased viral genomes, viral titers,
and viral proteins (Carnero et al., 2016). Similar results are
observed when EGOT is depleted in cells infected with SFV.
These results indicate that EGOT is a proviral factor. The proviral
function results from EGOT-mediated downregulation of ISGs.
This has been observed in massive guilt-by-association studies,
where EGOT levels correlate negatively with the levels of genes
related to the immune response (Carnero et al., 2016). Further,
inhibition of EGOT leads to increased levels of several ISGs
including GBP1, ISG15, Mx1, BST2, ISG56, IFI6 and IFITM1,
some of which have already been described as blocking HCV
or SFV entry, replication or release (Landis et al., 1998; Itsui
et al., 2009; Raychoudhuri et al., 2011; Wilkins et al., 2013;
Amet et al., 2014; Ooi et al., 2015). Surprisingly, EGOT is a
proviral lncRNA induced in response to the antiviral response.
Results published so far are in agreement with the following:
(i) HCV viral RNA is sensed in the cytoplasm a few hours
after infection, as EGOT increases significantly in cells infected
with HCV for 5 h or with UV inactivated viruses unable
to replicate; (ii) then, viral replication increases EGOT levels
further, up to 800 fold, as EGOT decreases in infected cells
when replication is inhibited with HCV antivirals; (iii) incoming
or replicating viral RNA is sensed by RIG-I and the non-
canonical sensor PKR; (iv) these sensors induce transcription
by IRF3 and NF-kB; (v) NF-kB is involved in EGOT induction,
as induction of the NF-kB pathway with TNFa also results
in increased levels of EGOT; (vi) when viral proteins are
translated, they block the IFN signaling and synthesis pathways,
but they induce NF-kB, which maintains high EGOT levels, (vii)
EGOT is a lncRNA expressed from an enhancer region, as the
EGOT genomic region has a high ratio of histone 3 lysine 4
monomethylation versus trimethylation (Heintzman et al., 2007),
(viii) EGOT decreases the expression of ISGs, which benefits
viral replication, encapsidation, and release (Carnero et al.,
2016).

As is the case with CSR32/EGOT, which is induced by the
antiviral and the NF-kB pathways, other CSRs are induced
by other signaling routes activated after HCV infection.
HCV infection activates ROS-dependent and independent
mechanisms that activate NRF2, which, in turn, upregulates
CSR20/RP11-345L23.1/LINC01564 (Burdette et al., 2010; Ivanov
et al., 2011; Ashouri et al., 2016). HCV also induces androgen
signaling and the transcription factor SP1, which activates
transcription of CSR3/SOCS2-AS1 and CSR7/LINC00673,
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respectively (Kanda et al., 2008; Xiang et al., 2010; Misawa et al.,
2016; Zheng et al., 2016).

CSR3/SOCS2-AS1, located in the genome antisense to the
Suppressor of Cytokine Signaling-2 (SOCS2) gene, is induced by
androgen receptor signaling in prostate cancer cells and promotes
androgen-dependent cell growth (Misawa et al., 2016). Depletion
of SOCS2-AS1 increases apoptosis-related genes by modulating
the epigenetic control of target genes of the androgen receptor
signaling pathway.

CSR7/LINC00673 has been studied in several tumors. In
human pancreatic ductal adenocarcinoma (PDAC), LINC00673
was significantly downregulated compared to peritumoral tissue.
Low expression of the lncRNA correlated with higher occurrence
of metastasis, poor di�erentiation and poor survival. Decreased
levels of the lncRNA were shown to promote cell proliferation
by repressing the homeobox HNF1A. These results indicate that
LINC00673 could be a tumor suppressor (Yang et al., 2017).
In fact, detailed studies show that a mutation in the region of
LINC00673 is associated with susceptibility to pancreatic cancer
(Childs et al., 2015). A G to A change in exon 4 creates a
target site for miR-1231 and decreased levels of LINC00673.
Then, LINC00673 does not favor the binding between the
E3 ubiquitin ligase PRPF19 and PTPN11 and PTPN11 is not
ubiquitinated and degraded by the proteasome. High levels of
PTPN11 increase SRC-ERK oncogenic signaling and decrease
the STAT1 antitumor response, leading to increased risk of
tumorigenesis (Zheng et al., 2016). However, LINC00673 has
also been described as significantly upregulated in gastric, non-
small cell lung cancer and tongue squamous cell carcinomas,
where the levels correlate with poor prognosis (Shi X. et al.,
2016; Huang et al., 2017; Ma et al., 2017; Yu et al., 2017). In
cells derived from these tumors, downregulation of LINC00673
results in decreased cell proliferation, invasion andmigration and
increased apoptosis. In non-small cell lung cancer and gastric
cancer cells, overexpression of LINC00673 has the opposite e�ect,
indicating that this lncRNA is working in trans (Shi X. et al., 2016;
Huang et al., 2017; Ma et al., 2017). In these cells, it has been
shown that LINC00673 works by interacting with the epigenetic
regulators LSD1 and EZH2. RNA immunoprecipitation, RNA
pull down and ChIP experiments performed with gastric cancer
cells show that LINC00673 binds to LSD1 and the Polycomb
essential factor EZH2 and induces repression of KLF2 and
LATS2. In non-small cell lung cancer cells binding of LINC00673
to EZH2 decreases transcription of HOXA5, a tumor suppressor
that blocks metastasis by a�ecting cytoskeletal remodeling (Ma
et al., 2017).

In summary, several lncRNAs are induced in HCV-infected
cells both by IFN signaling and alternative pathways.
Surprisingly, most of them play important roles in the
proliferation and migration of di�erent tumors. Then, we
believe that these oncogenic lncRNAs could play a role in the
higher incidence of HCC observed in patients infected with
HCV.

Cellular LncRNAs Induced by HCV Infection
Similarly, several of the lncRNAs that are induced by HCV
infection and not by the infection with other viruses or by

the antiviral response have also been described as exerting
oncogenic functions (Carnero et al., 2016) (Figure 4 andTable 1).
These include CSR21/PVT1, CSR19/CASC15, and CSR34/UCA1.
We believe that the proliferating environment induced by the
expression of oncogenic lncRNAs may be beneficial for HCV
replication. In turn, these lncRNAs could induce cell division
and other pro-carcinogenic pathways that may contribute to
HCC development in HCV-infected patients. In line with this,
it has been described that the X protein of HBV decreases the
expression of the tumor suppressor lncRNADREH (Huang et al.,
2013).

Hepatitis C virus infection increases the levels of
CSR21/PVT-1 around 10 fold. PVT1 is plasmocytoma variant
translocation 1 gene (PVT1), an oncogene described as a site
of retroviral insertions in murine T lymphomas. Soon after
PVT1 identification it was suggested that PVT1 functions to
control the neighboring oncogene MYC (Graham et al., 1985).
Later, it was shown that PVT1 is upregulated in other tumors,
including HCCs (Cui et al., 2016). In fact, it has been described
that Hepatitis B virus genome integrates in the region located
between MYC and PVT-1 in 12.4% of HCCs that develop early
after viral infection and that viral integration correlates with
upregulation of MYC and PVT-1, and, most probably, with the
development of HCC (Yan et al., 2015). PVT-1 expression is
induced by MYC and functions to increase MYC levels, resulting
in an oncogenic positive regulatory loop (Carramusa et al.,
2007; Tseng et al., 2014). HCV infection could cause increased
PVT1 levels by NS5A-mediated induction of MYC (Higgs et al.,
2013). Although PVT1’s oncogenic role is closely associated
with MYC, the PVT1 gene also encodes for several miRNAs
and participates in di�erent DNA rearrangements that lead
to aberrant expression and tumorigenesis (Cui et al., 2016).
Interestingly, PVT1 transcription also generates a circular RNA
that abolishes senescence by sequestering let-7 and allowing
accumulation of let7-targetted proliferative genes (Panda et al.,
2017).

CSR19/CASC15 increases their levels in HCV-infected cells
around sevenfold. CASC15 is a cancer susceptibility candidate
with SNPs significantly associated with aggressive neuroblastoma
(Maris et al., 2008). Decreased levels of a short isoform
of CASC15 associate with poor prognosis and advanced
neuroblastoma and downregulation of this isoform increases
cell growth and migration (Russell et al., 2015). Similarly, a
CASC15 transcript named CANT1 lncRNA functions as a tumor
suppressor in Uveal Melanoma (Xing et al., 2017). CANT1
expression reduces tumor formation and metastatic potential by
inducing the expression of JPX, FTX, and XIST.

HOX transcript antisense intergenic RNA (HOTAIR)
is induced threefold in cells expressing HCV-core protein
(Li Z.-Q. et al., 2016). HOTAIR blocks SIRT1 expression by
promoter methylation leading to an altered glucose and lipid
metabolism that may benefit HCV replication. HOTAIR is
upregulated in many tumors, including breast, esophageal,
lung, liver and gastric cancers, where high levels of HOTAIR
correlate with tumor invasion, progression, metastasis, and
poor prognosis. HOTAIR controls cell growth and apoptosis,
metastasis, angiogenesis, DNA repair and metabolism by binding
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key epigenetic regulators such as PRC2 and LSD1 and inducing
gene silencing (Bhan and Mandal, 2015).

CSR34/UCA1 is induced in HCV-infected cells over 20
fold, probably by activation of MYC, SP1 and/or HIF1a
(Nasimuzzaman et al., 2007; Carnero et al., 2016; Wang H. et al.,
2017; Wang Z.-Q. et al., 2017). Reactive oxygen species (ROS)
induced by HCV inhibit C/EBPa and stabilize HIF-1a, which
are a negative and a positive regulator of UCA1 expression,
respectively (Miura et al., 2008; Nishina et al., 2008). Urothelial
carcinoma associated 1 (UCA1) has been involved in anti-
cancer drug resistance in several tumors (Wang H. et al.,
2017). Therefore, UCA1 is overexpressed in di�erent cancers
and correlates with poor prognosis. The role of UCA1 in drug
resistance is mediated by UCA1 interference with miR27b,
miR18a, miR16 and other miRNAs, depending on the tumor cell
studied. This increases AKT/mTOR/HIF1a and Wnt/bcatenin
signaling which in turn increase MDR1 expression and drug
resistance (Wang H. et al., 2017).

UCA1 together with lncRNA WRAP53 are increased in the
liver and serum of HCV-derived HCC compared to HCV-
derived cirrhotic tissues and healthy livers (Kamel et al., 2016).
In fact, several studies have been performed to identify HCV-
induced lncRNAs in HCV-related HCCs. The patients chosen
had developed liver cirrhosis or HCC in response to HCV
infection. In most cases, lncRNA expression profiles of these
livers were compared to those of healthy livers. Therefore, it
is unclear whether the identified lncRNAs are deregulated by
the development of liver cirrhosis or HCC, by HCV infection
or by a combination of these factors. In HCV-derived HCCs
LINC01419 is upregulated and AF070632 is deregulated (Zhang
et al., 2015). However, LINC01419 and other lncRNAs such as
ANRIL and HOTTIP are also upregulated compared to adjacent
or healthy tissue in both HCV-related and HBV-related HCCs,
suggesting that these lncRNAs could be related to all HCCs
(Zhang et al., 2015, 2016). Patients with HCV-related hepatic
fibrosis show increased levels of the TGFb-induced lncRNA-
ATB compared to healthy controls (Yuan et al., 2014; Fu et al.,
2017). Interestingly, LX-2 cells, a line of the fibrosis-inducer
hepatic stellate cells, upregulates LncRNA-ATB when incubated
with conditional medium from a liver cell expressing HCV core
protein. Experiments agree with a model linking HCV infection
and liver fibrosis, in which expression of core protein in liver cells
induces LncRNA-ATB in hepatic stellate cells, which respond
with increased collagen secretion and fibrosis (Fu et al., 2017).

CONCLUDING REMARKS

Taken together, the results published so far, are in agreement
regarding the key role of lncRNAs in HCV replication,
modulation of the antiviral response and, probably, the
development of liver fibrosis and HCC in infected patients.
However, further studies are required to identify lncRNAs
deregulated at di�erent stages of the viral cycle and of
the progression to chronicity, fibrosis, cirrhosis, and HCC.
Deregulated lncRNAs should be compared to those deregulated
in HCC and cirrhotic livers of di�erent etiologies, including
HBV infection and alcohol abuse. Functional studies will help
to determine the relevance of the lncRNAs for viral replication
and disease progression and the molecular mechanisms involved.
Deciphering the bidimensional and tridimensional structure of
the RNAs and identifying their DNA, RNA and/or protein-
interacting partners will be essential to understand functionality.
The results obtained so far allow us to suggest that the study of
HCV-related lncRNAs will aid in the identification of lncRNAs
that function as proviral or antiviral agents, positive or negative
regulators of the immune system, oncogenes, tumor suppressors,
metabolic regulators, or profibrogenic factors. Research on
these lncRNAs may aid in the development of novel therapies
for the treatment of immune and infection diseases and
cancer.

AUTHOR CONTRIBUTIONS

MB and PF revised all the literature, wrote the review and made
the figures.

ACKNOWLEDGMENTS

This work was supported by grants from the Spanish
Department of Science (SAF2012-40003, SAF2015-70971-R),
Instituto de Salud Carlos III (ISCIII) (PI16/0845), grant Ortiz
de Landazuri from the Government of Navarra, Fundacio
La Marato de TV3 (20132132), European FEDER funding
and by the project RNAREG (CSD2009-00080), funded by
the Ministry of Science and Innovation under the program
CONSOLIDER INGENIO 2010. MB is the recipient of a FPI
fellowship.

REFERENCES
AASLD/IDSA HCV Guidance Panel (2015). Hepatitis C guidance: AASLD-IDSA

recommendations for testing, managing, and treating adults infected with
hepatitis C virus. Hepatology 62, 932–954. doi: 10.1002/hep.27950

Adams, R. L., Pirakitikulr, N., and Pyle, A. M. (2017). Functional RNA structures
throughout the Hepatitis C Virus genome. Curr. Opin. Virol. 24, 79–86.
doi: 10.1016/j.coviro.2017.04.007

Amet, T., Byrd, D., Hu, N., Sun, Q., Li, F., Zhao, Y., et al. (2014). BST-2 expression
in human hepatocytes is inducible by all three types of interferons and restricts
production of hepatitis C virus. Curr. Mol. Med. 14, 349–360. doi: 10.2174/
1566524013666131118111719

Ariumi, Y., Kuroki, M., Abe, K., Dansako, H., Ikeda, M., Wakita, T.,
et al. (2007). DDX3 DEAD-box RNA helicase is required for hepatitis
C virus RNA replication. J. Virol. 81, 13922–13926. doi: 10.1128/JVI.
01517-07

Arnaud, N., Dabo, S., Maillard, P., Budkowska, A., Kalliampakou, K. I.,
Mavromara, P., et al. (2010). Hepatitis C virus controls interferon production
through PKR activation. PLOS ONE 5:e10575. doi: 10.1371/journal.pone.
0010575

Ashouri, A., Sayin, V. I., Van den Eynden, J., Singh, S. X., Papagiannakopoulos, T.,
and Larsson, E. (2016). Pan-cancer transcriptomic analysis associates long
non-coding RNAs with key mutational driver events. Nat. Commun. 7:13197.
doi: 10.1038/ncomms13197

Frontiers in Microbiology | www.frontiersin.org 12 September 2017 | Volume 8 | Article 1833
248

https://doi.org/10.1002/hep.27950
https://doi.org/10.1016/j.coviro.2017.04.007
https://doi.org/10.2174/1566524013666131118111719
https://doi.org/10.2174/1566524013666131118111719
https://doi.org/10.1128/JVI.01517-07
https://doi.org/10.1128/JVI.01517-07
https://doi.org/10.1371/journal.pone.0010575
https://doi.org/10.1371/journal.pone.0010575
https://doi.org/10.1038/ncomms13197
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 13

Barriocanal and Fortes HCV LncRNAs

Atoom, A. M., Taylor, N. G. A., and Russell, R. S. (2014). The elusive function of
the hepatitis C virus p7 protein. Virology 46, 377–387. doi: 10.1016/j.virol.2014.
04.018

Barriocanal, M., Carnero, E., Segura, V., and Fortes, P. (2015). Long non-coding
RNA BST2/BISPR is induced by IFN and regulates the expression of the
antiviral factor Tetherin. Front. Immunol. 5:655. doi: 10.3389/fimmu.2014.
00655

Bassendine, M. F., Sheridan, D. A., Bridge, S. H., Felmlee, D. J., and Neely, R. D. G.
(2013). Lipids and HCV. Semin. Immunopathol. 35, 87–100. doi: 10.1007/
s00281-012-0356-2

Bhamidimarri, K. R., Satapathy, S. K., and Martin, P. (2017). Hepatitis C virus and
liver transplantation. Gastroenterol. Hepatol. 13, 214–220.

Bhan, A., and Mandal, S. S. (2015). LncRNA HOTAIR: a master regulator
of chromatin dynamics and cancer. Biochim. Biophys. Acta 1856, 151–164.
doi: 10.1016/j.bbcan.2015.07.001

Binder, M., Eberle, F., Seitz, S., Mücke, N., Hüber, C. M., Kiani, N., et al. (2011).
Molecular mechanism of signal perception and integration by the innate
immune sensor retinoic acid-inducible gene-I (RIG-I). J. Biol. Chem. 286,
27278–27287. doi: 10.1074/jbc.M111.256974

Birney, E., Stamatoyannopoulos, J. A., Dutta, A., Guigó, R., Gingeras, T. R.,
Margulies, E. H., et al. (2007). Identification and analysis of functional elements
in 1% of the human genome by the ENCODE pilot project. Nature 447,
799–816. doi: 10.1038/nature05874

Bode, J. G., Ludwig, S., Ehrhardt, C., Albrecht, U., Erhardt, A., Schaper, F., et al.
(2003). IFN-a antagonistic activity of HCV core protein involves induction of
suppressor of cytokine signaling-3. FASEB J. 17, 488–490. doi: 10.1096/fj.02-
0664fje

Boisvert, M., and Shoukry, N. H. (2016). Type III interferons in hepatitis C virus
infection. Front. Immunol. 7:628. doi: 10.3389/fimmu.2016.00628

Boulant, S., Montserret, R., Hope, R. G., Ratinier, M., Targett-Adams, P., Lavergne,
J.-P., et al. (2006). Structural determinants that target the hepatitis C virus core
protein to lipid droplets. J. Biol. Chem. 281, 22236–22247. doi: 10.1074/jbc.
M601031200

Brimacombe, C. L., Grove, J., Meredith, L. W., Hu, K., Syder, A. J., Flores,
M. V., et al. (2011). Neutralizing antibody-resistant hepatitis C virus cell-to-cell
transmission. J. Virol. 85, 596–605. doi: 10.1128/JVI.01592-10

Broering, R., Zhang, X., Kottilil, S., Trippler, M., Jiang, M., Lu, M., et al. (2010). The
interferon stimulated gene 15 functions as a proviral factor for the hepatitis C
virus and as a regulator of the IFN response. Gut 59, 1111–1119. doi: 10.1136/
gut.2009.195545

Burdette, D., Olivarez, M., and Waris, G. (2010). Activation of transcription factor
Nrf2 by hepatitis C virus induces the cell-survival pathway. J. Gen. Virol. 91,
681–690. doi: 10.1099/vir.0.014340-0

Carnero, E., Barriocanal, M., Prior, C., Pablo Unfried, J., Segura, V., Guruceaga, E.,
et al. (2016). Long noncoding RNA EGOT negatively a�ects the antiviral
response and favors HCV replication. EMBORep. 17, 1013–1028. doi: 10.15252/
embr.201541763

Carnero, E., Barriocanal, M., Segura, V., Guruceaga, E., Prior, C., Borner, K., et al.
(2014). Type I interferon regulates the expression of long non-coding RNAs.
Front. Immunol. 5:548. doi: 10.3389/fimmu.2014.00548

Carnero, E., and Fortes, P. (2016). HCV infection, IFN response and the coding and
non-coding host cell genome. Virus Res. 212, 85–102. doi: 10.1016/j.virusres.
2015.10.001

Carramusa, L., Contino, F., Ferro, A., Minafra, L., Perconti, G., Giallongo, A., et al.
(2007). The PVT-1 oncogene is a Myc protein target that is overexpressed in
transformed cells. J. Cell. Physiol. 213, 511–518. doi: 10.1002/jcp.21133

Carrieri, C., Cimatti, L., Biagioli, M., Beugnet, A., Zucchelli, S., Fedele, S., et al.
(2012). Long non-coding antisense RNA controls Uchl1 translation through an
embedded SINEB2 repeat. Nature 491, 454–457. doi: 10.1038/nature11508

Catanese, M. T., Uryu, K., Kopp, M., Edwards, T. J., Andrus, L., Rice, W. J., et al.
(2013). Ultrastructural analysis of hepatitis C virus particles. Proc. Natl. Acad.
Sci. U.S.A. 110, 9505–9510. doi: 10.1073/pnas.1307527110

Cech, T., and Steitz, J. (2014). The noncoding RNA revolution? Trashing old rules
to forge new ones. Cell 157, 77–94. doi: 10.1016/j.cell.2014.03.008

Cento, V., Nguyen, T. H. T., Di Carlo, D., Biliotti, E., Gianserra, L., Lenci, I.,
et al. (2017). Improvement of ALT decay kinetics by all-oral HCV treatment:
role of NS5A inhibitors and di�erences with IFN-based regimens. PLOS ONE
12:e0177352. doi: 10.1371/journal.pone.0177352

Cesana, M., Cacchiarelli, D., Legnini, I., Santini, T., Sthandier, O., Chinappi, M.,
et al. (2011). A long noncoding RNA controls muscle di�erentiation by
functioning as a competing endogenous RNA. Cell 147, 358–369. doi: 10.1016/
j.cell.2011.09.028

Chang, C.-C., Hsu, H.-J., Yen, J.-H., Lo, S.-Y., and Liou, J.-W. (2017). A sequence in
the loop domain of hepatitis C virus E2 protein identified in silico as crucial for
the selective binding to human CD81. PLOS ONE 12:e0177383. doi: 10.1371/
journal.pone.0177383

Chang, K.-S., Jiang, J., Cai, Z., and Luo, G. (2007). Human apolipoprotein e is
required for infectivity and production of hepatitis C virus in cell culture.
J. Virol. 81, 13783–13793. doi: 10.1128/JVI.01091-07

Chen, K., Liu, J., and Cao, X. (2017). Regulation of type I interferon signaling in
immunity and inflammation: a comprehensive review. J. Autoimmun. 83, 1–11.
doi: 10.1016/j.jaut.2017.03.008

Cheng, J.-C., Yeh, Y.-J., Tseng, C.-P., Hsu, S.-D., Chang, Y.-L., Sakamoto, N., et al.
(2012). Let-7b is a novel regulator of hepatitis C virus replication. Cell. Mol. Life
Sci. 69, 2621–2633. doi: 10.1007/s00018-012-0940-6

Chevaliez, S., and Pawlotsky, J.-M. (2008). Diagnosis and management
of chronic viral hepatitis: antigens, antibodies and viral genomes. Best
Pract. Res. Clin. Gastroenterol. 22, 1031–1048. doi: 10.1016/j.bpg.2008.
11.004

Childs, E. J., Mocci, E., Campa, D., Bracci, P. M., Gallinger, S., Goggins, M., et al.
(2015). Common variation at 2p13.3, 3q29, 7p13 and 17q25.1 associated with
susceptibility to pancreatic cancer. Nat. Genet. 47, 911–916. doi: 10.1038/ng.
3341

Choo, Q. L., Kuo, G., Weiner, A. J., Overby, L. R., Bradley, D. W., and
Houghton, M. (1989). Isolation of a cDNA clone derived from a blood-borne
non-A, non-B viral hepatitis genome. Science 244, 359–362. doi: 10.1126/
science.2523562

Choo, Q. L., Richman, K. H., Han, J. H., Berger, K., Lee, C., Dong, C., et al. (1991).
Genetic organization and diversity of the hepatitis C virus. Proc. Natl. Acad. Sci.
U.S.A. 88, 2451–2455. doi: 10.1073/pnas.88.6.2451

Colpitts, C. C., Lupberger, J., Doerig, C., and Baumert, T. F. (2015). Host cell
kinases and the hepatitis C virus life cycle. Biochim. Biophys. Acta 1854,
1657–1662. doi: 10.1016/j.bbapap.2015.04.011

Cui, M., You, L., Ren, X., Zhao, W., Liao, Q., and Zhao, Y. (2016). Long non-
coding RNA PVT1 and cancer. Biochem. Biophys. Res. Commun. 471, 10–14.
doi: 10.1016/j.bbrc.2015.12.101

Dabo, S., and Meurs, E. F. (2012). dsRNA-dependent protein kinase PKR and its
role in stress, signaling and HCV infection. Viruses 4, 2598–2635. doi: 10.3390/
v4112598

Dafa-Berger, A., Kuzmina, A., Fassler, M., Yitzhak-Asraf, H., Shemer-Avni, Y., and
Taube, R. (2012). Modulation of hepatitis C virus release by the interferon-
induced protein BST-2/tetherin.Virology 428, 98–111. doi: 10.1016/j.virol.2012.
03.011

Daw,M. A., El-Bouzedi, A. A., Ahmed, M. O., Dau, A. A., Agnan, M.M., and Drah,
A. M. (2016). Geographic integration of hepatitis C virus: a global threat.World
J. Virol. 5, 170–182. doi: 10.5501/wjv.v5.i4.170

Delang, L., Paeshuyse, J., and Neyts, J. (2012). The role of phosphatidylinositol
4-kinases and phosphatidylinositol 4-phosphate during viral replication.
Biochem. Pharmacol. 84, 1400–1408. doi: 10.1016/j.bcp.2012.07.034

Djebali, S., Davis, C. A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi, A.,
et al. (2012). Landscape of transcription in human cells. Nature 489, 101–108.
doi: 10.1038/nature11233

Dreux, M., Garaigorta, U., Boyd, B., Décembre, E., Chung, J., Whitten-Bauer, C.,
et al. (2012). Short-range exosomal transfer of viral RNA from infected cells
to plasmacytoid dendritic cells triggers innate immunity. Cell Host Microbe 12,
558–570. doi: 10.1016/j.chom.2012.08.010

Duong, F. H. T., Filipowicz, M., Tripodi, M., La Monica, N., and Heim, M. H.
(2004). Hepatitis C virus inhibits interferon signaling through up-regulation of
protein phosphatase 2A. Gastroenterology 126, 263–277. doi: 10.1053/j.gastro.
2003.10.076

Fortes, P., andMorris, K. V. (2016). Long noncoding RNAs in viral infections.Virus
Res. 212, 1–11. doi: 10.1016/j.virusres.2015.10.002

Foy, E., Li, K., Sumpter, R., Loo, Y.-M., Johnson, C. L., Wang, C., et al. (2005).
Control of antiviral defenses through hepatitis C virus disruption of retinoic
acid-inducible gene-I signaling. Proc. Natl. Acad. Sci. U.S.A. 102, 2986–2991.
doi: 10.1073/pnas.0408707102

Frontiers in Microbiology | www.frontiersin.org 13 September 2017 | Volume 8 | Article 1833
249

https://doi.org/10.1016/j.virol.2014.04.018
https://doi.org/10.1016/j.virol.2014.04.018
https://doi.org/10.3389/fimmu.2014.00655
https://doi.org/10.3389/fimmu.2014.00655
https://doi.org/10.1007/s00281-012-0356-2
https://doi.org/10.1007/s00281-012-0356-2
https://doi.org/10.1016/j.bbcan.2015.07.001
https://doi.org/10.1074/jbc.M111.256974
https://doi.org/10.1038/nature05874
https://doi.org/10.1096/fj.02-0664fje
https://doi.org/10.1096/fj.02-0664fje
https://doi.org/10.3389/fimmu.2016.00628
https://doi.org/10.1074/jbc.M601031200
https://doi.org/10.1074/jbc.M601031200
https://doi.org/10.1128/JVI.01592-10
https://doi.org/10.1136/gut.2009.195545
https://doi.org/10.1136/gut.2009.195545
https://doi.org/10.1099/vir.0.014340-0
https://doi.org/10.15252/embr.201541763
https://doi.org/10.15252/embr.201541763
https://doi.org/10.3389/fimmu.2014.00548
https://doi.org/10.1016/j.virusres.2015.10.001
https://doi.org/10.1016/j.virusres.2015.10.001
https://doi.org/10.1002/jcp.21133
https://doi.org/10.1038/nature11508
https://doi.org/10.1073/pnas.1307527110
https://doi.org/10.1016/j.cell.2014.03.008
https://doi.org/10.1371/journal.pone.0177352
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1371/journal.pone.0177383
https://doi.org/10.1371/journal.pone.0177383
https://doi.org/10.1128/JVI.01091-07
https://doi.org/10.1016/j.jaut.2017.03.008
https://doi.org/10.1007/s00018-012-0940-6
https://doi.org/10.1016/j.bpg.2008.11.004
https://doi.org/10.1016/j.bpg.2008.11.004
https://doi.org/10.1038/ng.3341
https://doi.org/10.1038/ng.3341
https://doi.org/10.1126/science.2523562
https://doi.org/10.1126/science.2523562
https://doi.org/10.1073/pnas.88.6.2451
https://doi.org/10.1016/j.bbapap.2015.04.011
https://doi.org/10.1016/j.bbrc.2015.12.101
https://doi.org/10.3390/v4112598
https://doi.org/10.3390/v4112598
https://doi.org/10.1016/j.virol.2012.03.011
https://doi.org/10.1016/j.virol.2012.03.011
https://doi.org/10.5501/wjv.v5.i4.170
https://doi.org/10.1016/j.bcp.2012.07.034
https://doi.org/10.1038/nature11233
https://doi.org/10.1016/j.chom.2012.08.010
https://doi.org/10.1053/j.gastro.2003.10.076
https://doi.org/10.1053/j.gastro.2003.10.076
https://doi.org/10.1016/j.virusres.2015.10.002
https://doi.org/10.1073/pnas.0408707102
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 14

Barriocanal and Fortes HCV LncRNAs

Fu, N., Zhao, S.-X., Kong, L.-B., Du, J.-H., Ren, W.-G., Han, F., et al.
(2017). LncRNA-ATB/microRNA-200a/b-catenin regulatory axis involved in
the progression of HCV-related hepatic fibrosis. Gene 618, 1–7. doi: 10.1016/
j.gene.2017.03.008

Fukuhara, T., Ono, C., Puig-Basagoiti, F., and Matsuura, Y. (2015). Roles of
lipoproteins and apolipoproteins in particle formation of hepatitis C virus.
Trends Microbiol. 23, 618–629. doi: 10.1016/j.tim.2015.07.007

Fullam, A., and Schröder, M. (2013). DExD/H-box RNA helicases as mediators
of anti-viral innate immunity and essential host factors for viral replication.
Biochim. Biophys. Acta 1829, 854–865. doi: 10.1016/j.bbagrm.2013.03.012

Gack, M. U., Shin, Y. C., Joo, C.-H., Urano, T., Liang, C., Sun, L., et al. (2007).
TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated
antiviral activity. Nature 446, 916–920. doi: 10.1038/nature05732

Gago-Zachert, S. (2016). Viroids, infectious long non-coding RNAs with
autonomous replication. Virus Res. 212, 12–24. doi: 10.1016/j.virusres.2015.
08.018

Garaigorta, U., and Chisari, F. V. (2009). Hepatitis C virus blocks interferon
e�ector function by inducing protein kinase R phosphorylation. Cell Host
Microbe 6, 513–522. doi: 10.1016/j.chom.2009.11.004

Garitano-Trojaola, A., Agirre, X., Prosper, F., and Fortes, P. (2013). Long non-
coding RNAs in haematological malignancies. Int. J. Mol. Sci. 14, 15386–15422.
doi: 10.3390/ijms140815386

Gastaminza, P., Dryden, K. A., Boyd, B., Wood, M. R., Law, M., Yeager, M., et al.
(2010). Ultrastructural and biophysical characterization of hepatitis C virus
particles produced in cell culture. J. Virol. 84, 10999–11009. doi: 10.1128/JVI.
00526-10

Ge, D., Fellay, J., Thompson, A. J., Simon, J. S., Shianna, K. V., Urban, T. J., et al.
(2009). Genetic variation in IL28B predicts hepatitis C treatment-induced viral
clearance. Nature 461, 399–401. doi: 10.1038/nature08309

Gerresheim, G. K., Nadia Dünnes, B., Anika Nieder-Röhrmann, B., Shalamova,
L. A., Höner zu Siederdissen, C., Manja Marz, B., et al. (2017). microRNA-122
target sites in the hepatitis C virus RNANS5B coding region and 30 untranslated
region: function in replication and influence of RNA secondary structure. Cell.
Mol. Life Sci. 74, 747–760. doi: 10.1007/s00018-016-2377-9

Ghany, M. G., Strader, D. B., Thomas, D. L., and See�, L. B. (2009). Diagnosis,
management, and treatment of hepatitis C: an update. Hepatology 49,
1335–1374. doi: 10.1002/hep.22759

Gokhale, N. S., Vazquez, C., and Horner, S. M. (2014). Hepatitis C virus. Strategies
to evade antiviral responses. Future Virol. 9, 1061–1075. doi: 10.2217/fvl.14.89

Gower, E., Estes, C., Blach, S., Razavi-Shearer, K., and Razavi, H. (2014). Global
epidemiology and genotype distribution of the hepatitis C virus infection.
J. Hepatol. 61, S45–S57. doi: 10.1016/j.jhep.2014.07.027

Graham, M., Adams, J. M., and Cory, S. (1985). Murine T lymphomas with
retroviral inserts in the chromosomal 15 locus for plasmacytoma variant
translocations. Nature 314, 740–743. doi: 10.1038/314740a0

Grassi, G., Di Caprio, G., Fimia, G. M., Ippolito, G., Tripodi, M., and Alonzi, T.
(2016). Hepatitis C virus relies on lipoproteins for its life cycle. World J.
Gastroenterol. 22, 1953–1965. doi: 10.3748/wjg.v22.i6.1953

Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al.
(2009). Chromatin signature reveals over a thousand highly conserved large
non-coding RNAs in mammals. Nature 458, 223–227. doi: 10.1038/nature
07672

Han, Q., Manna, D., Belton, K., Cole, R., and Konan, K. V. (2013). Modulation of
hepatitis C virus genome encapsidation by nonstructural protein 4B. J. Virol. 87,
7409–7422. doi: 10.1128/JVI.03523-12

Harries, L. W. (2012). Long non-coding RNAs and human disease. Biochem. Soc.
Trans. 40, 902–906. doi: 10.1042/BST20120020

Hattlmann, C. J., Kelly, J. N., and Barr, S. D. (2012). TRIM22: a diverse and dynamic
antiviral protein.Mol. Biol. Int. 2012:153415. doi: 10.1155/2012/153415

Heintzman, N. D., Stuart, R. K., Hon, G., Fu, Y., Ching, C. W., Hawkins, R. D.,
et al. (2007). Distinct and predictive chromatin signatures of transcriptional
promoters and enhancers in the human genome. Nat. Genet. 39, 311–318.
doi: 10.1038/ng1966

Helbig, K. J., Eyre, N. S., Yip, E., Narayana, S., Li, K., Fiches, G., et al. (2011). The
antiviral protein viperin inhibits hepatitis C virus replication via interaction
with nonstructural protein 5A. Hepatology 54, 1506–1517. doi: 10.1002/hep.
24542

Helbig, K. J., Lau, D. T.-Y., Semendric, L., Harley, H. A. J., and Beard, M. R. (2005).
Analysis of ISG expression in chronic hepatitis C identifies viperin as a potential
antiviral e�ector. Hepatology 42, 702–710. doi: 10.1002/hep.20844

Hemmi, H., Takeuchi, O., Sato, S., Yamamoto, M., Kaisho, T., Sanjo, H., et al.
(2004). The roles of two IkappaB kinase-related kinases in lipopolysaccharide
and double stranded RNA signaling and viral infection. J. Exp. Med. 199,
1641–1650. doi: 10.1084/jem.20040520

Henke, J. I., Goergen, D., Zheng, J., Song, Y., Schüttler, C. G., Fehr, C., et al. (2008).
microRNA-122 stimulates translation of hepatitis C virus RNA. EMBO J. 27,
3300–3310. doi: 10.1038/emboj.2008.244

Hertzog, P. J., and Williams, B. R. (2013). Fine tuning type I interferon responses.
Cytokine Growth Factor Rev. 24, 217–225. doi: 10.1016/j.cytogfr.2013.04.002

Higgs, M. R., Lerat, H., and Pawlotsky, J. M. (2013). Hepatitis C virus-induced
activation of beta-catenin promotes c-Myc expression and a cascade of pro-
carcinogenetic events. Oncogene 32, 4683–4693. doi: 10.1038/onc.2012.484

Horner, S. M., and Gale, M. (2013). Regulation of hepatic innate immunity by
hepatitis C virus. Nat. Med. 19, 879–888. doi: 10.1038/nm.3253

Hu, Y., Zhou, W., Ren, J., Dong, L., Wang, Y., Jin, S., et al. (2016). Annotating
the function of the human genome with gene ontology and disease ontology.
Biomed Res. Int. 2016:4130861. doi: 10.1155/2016/4130861

Huang, H., Sun, F., Owen, D. M., Li, W., Chen, Y., Gale, M., et al. (2007). Hepatitis
C virus production by human hepatocytes dependent on assembly and secretion
of very low-density lipoproteins. Proc. Natl. Acad. Sci. U.S.A. 104, 5848–5853.
doi: 10.1073/pnas.0700760104

Huang, J. F., Guo, Y. J., Zhao, C. X., Yuan, S. X., Wang, Y., Tang, G. N., et al. (2013).
Hepatitis B virus X protein (HBx)-related long noncoding RNA (lncRNA)
down-regulated expression by HBx (Dreh) inhibits hepatocellular carcinoma
metastasis by targeting the intermediate filament protein vimentin. Hepatology
57, 1882–1892. doi: 10.1002/hep.26195

Huang, M., Hou, J., Wang, Y., Xie, M., Wei, C., Nie, F., et al. (2017). Long
noncoding RNALINC00673 is activated by SP1 and exerts oncogenic properties
by interacting with LSD1 and EZH2 in gastric cancer.Mol. Ther. 25, 1014–1026.
doi: 10.1016/j.ymthe.2017.01.017

Imam, H., Bano, A. S., Patel, P., Holla, P., and Jameel, S. (2015). The lncRNA
NRON modulates HIV-1 replication in a NFAT-dependent manner and is
di�erentially regulated by early and late viral proteins. Sci. Rep. 5:8639.
doi: 10.1038/srep08639

Imran, M., Waheed, Y., Manzoor, S., Bilal, M., Ashraf, W., Ali, M., et al. (2012).
Interaction of Hepatitis C virus proteins with pattern recognition receptors.
Virol. J. 9:126. doi: 10.1186/1743-422X-9-126

Israelow, B., Mullokandov, G., Agudo, J., Sourisseau, M., Bashir, A., Maldonado,
A. Y., et al. (2014). Hepatitis C virus genetics a�ects miR-122 requirements
and response to miR-122 inhibitors. Nat. Commun. 5:5408. doi: 10.1038/
ncomms6408

Itsui, Y., Sakamoto, N., Kakinuma, S., Nakagawa, M., Sekine-Osajima, Y., Tasaka-
Fujita, M., et al. (2009). Antiviral e�ects of the interferon-induced protein
guanylate binding protein 1 and its interaction with the hepatitis C virus NS5B
protein. Hepatology 50, 1727–1737. doi: 10.1002/hep.23195

Ivanov, A. V., Smirnova, O. A., Ivanova, O. N., Masalova, O. V., Kochetkov, S. N.,
and Isaguliants, M. G. (2011). Hepatitis C virus proteins activate NRF2/ARE
pathway by distinct ROS-dependent and independent mechanisms in HUH7
cells. PLOS ONE 6:e24957. doi: 10.1371/journal.pone.0024957

Ivashkiv, L. B., and Donlin, L. T. (2014). Regulation of type I interferon responses.
Nat. Rev. 14, 36–49. doi: 10.1038/nri3581

Iyer, M. K., Niknafs, Y. S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., et al.
(2015). The landscape of long noncoding RNAs in the human transcriptome.
Nat. Genet. 47, 199–208. doi: 10.1038/ng.3192

Janssen, H. L., Reesink, H. W., Lawitz, E. J., Zeuzem, S., Rodriguez-Torres, M.,
Patel, K., et al. (2013). Treatment of HCV infection by targeting microRNA.
N. Engl. J. Med. 368, 1685–1694. doi: 10.1056/NEJMoa1209026

Jirasko, V., Montserret, R., Lee, J. Y., Gouttenoire, J., Moradpour, D., Penin, F.,
et al. (2010). Structural and functional studies of nonstructural protein 2 of the
hepatitis C virus reveal its key role as organizer of virion assembly. PLOS Pathog.
6:e1001233. doi: 10.1371/journal.ppat.1001233

Jopling, C. L., Yi, M., Lancaster, A. M., Lemon, S. M., and Sarnow, P. (2005).
Modulation of hepatitis C virus RNA abundance by a liver-specific MicroRNA.
Science 309, 1577–1581. doi: 10.1126/science.1113329

Frontiers in Microbiology | www.frontiersin.org 14 September 2017 | Volume 8 | Article 1833
250

https://doi.org/10.1016/j.gene.2017.03.008
https://doi.org/10.1016/j.gene.2017.03.008
https://doi.org/10.1016/j.tim.2015.07.007
https://doi.org/10.1016/j.bbagrm.2013.03.012
https://doi.org/10.1038/nature05732
https://doi.org/10.1016/j.virusres.2015.08.018
https://doi.org/10.1016/j.virusres.2015.08.018
https://doi.org/10.1016/j.chom.2009.11.004
https://doi.org/10.3390/ijms140815386
https://doi.org/10.1128/JVI.00526-10
https://doi.org/10.1128/JVI.00526-10
https://doi.org/10.1038/nature08309
https://doi.org/10.1007/s00018-016-2377-9
https://doi.org/10.1002/hep.22759
https://doi.org/10.2217/fvl.14.89
https://doi.org/10.1016/j.jhep.2014.07.027
https://doi.org/10.1038/314740a0
https://doi.org/10.3748/wjg.v22.i6.1953
https://doi.org/10.1038/nature07672
https://doi.org/10.1038/nature07672
https://doi.org/10.1128/JVI.03523-12
https://doi.org/10.1042/BST20120020
https://doi.org/10.1155/2012/153415
https://doi.org/10.1038/ng1966
https://doi.org/10.1002/hep.24542
https://doi.org/10.1002/hep.24542
https://doi.org/10.1002/hep.20844
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1038/emboj.2008.244
https://doi.org/10.1016/j.cytogfr.2013.04.002
https://doi.org/10.1038/onc.2012.484
https://doi.org/10.1038/nm.3253
https://doi.org/10.1155/2016/4130861
https://doi.org/10.1073/pnas.0700760104
https://doi.org/10.1002/hep.26195
https://doi.org/10.1016/j.ymthe.2017.01.017
https://doi.org/10.1038/srep08639
https://doi.org/10.1186/1743-422X-9-126
https://doi.org/10.1038/ncomms6408
https://doi.org/10.1038/ncomms6408
https://doi.org/10.1002/hep.23195
https://doi.org/10.1371/journal.pone.0024957
https://doi.org/10.1038/nri3581
https://doi.org/10.1038/ng.3192
https://doi.org/10.1056/NEJMoa1209026
https://doi.org/10.1371/journal.ppat.1001233
https://doi.org/10.1126/science.1113329
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 15

Barriocanal and Fortes HCV LncRNAs

Kambara, H., Gunawardane, L., Zebrowski, E., Kostadinova, L., Jobava, R.,
Hatzoglou, M., et al. (2015). Regulation of Interferon-stimulated gene BST2 by
a lncRNA transcribed from a shared bidirectional promoter. Front. Immunol.
5:676. doi: 10.3389/fimmu.2014.00676

Kambara, H., Niazi, F., Kostadinova, L., Moonka, D. K., Siegel, C. T., Post,
A. B., et al. (2014). Negative regulation of the interferon response by an
interferon-induced long non-coding RNA. Nucleic Acids Res. 42, 10668–10680.
doi: 10.1093/nar/gku713

Kamel, M. M., Matboli, M., Sallam, M., Montasser, I. F., Saad, A. S., and El-Tawdi,
A. H. F. (2016). Investigation of long noncoding RNAs expression profile as
potential serum biomarkers in patients with hepatocellular carcinoma. Transl.
Res. 168, 134–145. doi: 10.1016/j.trsl.2015.10.002

Kan, H., Imamura, M., Kawakami, Y., Daijo, K., Teraoka, Y., Honda, F., et al.
(2017). Emergence of drug resistance-associated variants and changes in serum
lipid profiles in sofosbuvir plus ledipasvir-treated chronic hepatitis C patients.
J. Med. Virol. 89, 1963–1972. doi: 10.1002/jmv.24885

Kanda, T., Steele, R., Ray, R., and Ray, R. B. (2008). Hepatitis C virus core protein
augments androgen receptor-mediated signaling. J. Virol. 82, 11066–11072.
doi: 10.1128/JVI.01300-08

Kertesz, M.,Wan, Y., Mazor, E., Rinn, J. L., Nutter, R. C., Chang, H. Y., et al. (2010).
Genome-wide measurement of RNA secondary structure in yeast. Nature 467,
103–107. doi: 10.1038/nature09322

Kim, M. J., Hwang, S. Y., Imaizumi, T., and Yoo, J. Y. (2008). Negative feedback
regulation of RIG-I-mediated antiviral signaling by interferon-induced ISG15
conjugation. J. Virol. 82, 1474–1483. doi: 10.1128/JVI.01650-07

Kutay, H., Bai, S., Datta, J., Motiwala, T., Pogribny, I., Frankel, W., et al.
(2006). Downregulation of miR-122 in the rodent and human hepatocellular
carcinomas. J. Cell. Biochem. 99, 671–678. doi: 10.1002/jcb.20982

Lai, F., Orom, U. A., Cesaroni, M., Beringer, M., Taatjes, D. J., Blobel, G. A.,
et al. (2013). Activating RNAs associate with Mediator to enhance chromatin
architecture and transcription. Nature 494, 497–501. doi: 10.1038/nature11884

Landis, H., Simon-Jödicke, A., Klöti, A., Di Paolo, C., Schnorr, J. J., Schneider-
Schaulies, S., et al. (1998). Human MxA protein confers resistance to Semliki
Forest virus and inhibits the amplification of a Semliki Forest virus-based
replicon in the absence of viral structural proteins. J. Virol. 72, 1516–1522.

Lanini, S., Easterbrook, P. J., Zumla, A., and Ippolito, G. (2016). Hepatitis C: global
epidemiology and strategies for control. Clin. Microbiol. Infect. 22, 833–838.
doi: 10.1016/j.cmi.2016.07.035

Lau, C.-C., Sun, T., Ching, A. K. K., He, M., Li, J.-W., Wong, A. M., et al. (2014).
Viral-human chimeric transcript predisposes risk to liver cancer development
and progression. Cancer Cell 25, 335–349. doi: 10.1016/j.ccr.2014.01.030

Lazar, D. C., Morris, K. V., and Saayman, S. M. (2016). The emerging role of long
non-coding RNAs in HIV infection. Virus Res. 212, 114–126. doi: 10.1016/j.
virusres.2015.07.023

Lemon, S. M., Walker, C. J. A. M., and Yi, M. (2007). Hepatitis C Virus, 5th Edn,
eds D. M. Knipe and P. M. Howley (Philadelphia, PA: Lippincott Williams &
Wilkins), 1253–1304.

Li, J., Han, L., Roebuck, P., Diao, L., Liu, L., Yuan, Y., et al. (2015). TANRIC: an
interactive open platform to explore the function of lncRNAs in cancer. Cancer
Res. 75, 3728–3737. doi: 10.1158/0008-5472.CAN-15-0273

Li, M., Wang, Q., Liu, S.-A., Zhang, J.-Q., Ju, W., Quan, M., et al. (2015).
MicroRNA-185-5p mediates regulation of SREBP2 expression by hepatitis C
virus core protein.World J. Gastroenterol. 21, 4517–4525. doi: 10.3748/wjg.v21.
i15.4517

Li, J., Tian, H., Yang, J., and Gong, Z. (2016). Long noncoding RNAs regulate cell
growth, proliferation, and apoptosis. DNA Cell Biol. 35, 459–470. doi: 10.1089/
dna.2015.3187

Li, Q., Sodroski, C., Lowey, B., Schweitzer, C. J., Cha, H., Zhang, F., et al. (2016).
Hepatitis C virus depends on E-cadherin as an entry factor and regulates its
expression in epithelial-to-mesenchymal transition. Proc. Natl. Acad. Sci. U.S.A.
113, 7620–7625. doi: 10.1073/pnas.1602701113

Li, Z.-Q., Gu, X.-Y., Hu, J.-X., Ping, Y., Li, H., Yan, J.-Y., et al. (2016). Hepatitis
C virus core protein impairs metabolic disorder of liver cell via HOTAIR-Sirt1
signalling. Biosci. Rep. 36:e00336. doi: 10.1042/BSR20160088

Li, K., Li, N. L., Wei, D., Pfe�er, S. R., Fan, M., and Pfe�er, L. M. (2012). Activation
of chemokine and inflammatory cytokine response in hepatitis C virus-infected
hepatocytes depends on toll-like receptor 3 sensing of hepatitis C virus double-
stranded RNA intermediates. Hepatology 55, 666–675. doi: 10.1002/hep.24763

Li, Q., Pène, V., Krishnamurthy, S., Cha, H., and Liang, T. J. (2013). Hepatitis C
virus infection activates an innate pathway involving IKK-a in lipogenesis and
viral assembly. Nat. Med. 19, 722–729. doi: 10.1038/nm.3190

Li, R., Pan, Y., Shi, D.-D., Zhang, Y., and Zhang, J. (2013). PIAS1 negatively
modulates virus triggered type I IFN signaling by blocking the DNA binding
activity of IRF3.Antiviral Res. 100, 546–554. doi: 10.1016/j.antiviral.2013.09.001

Li, X., Wu, Z., Fu, X., and Han, W. (2013). Long noncoding RNAs: insights
from biological features and functions to diseases. Med. Res. Rev. 33, 517–553.
doi: 10.1002/med.21254

Li, Y., Masaki, T., Yamane, D., McGivern, D. R., and Lemon, S. M. (2013).
Competing and noncompeting activities of miR-122 and the 5’ exonuclease
Xrn1 in regulation of hepatitis C virus replication. Proc. Natl. Acad. Sci. U.S.A.
110, 1881–1886. doi: 10.1073/pnas.1213515110

Li, X.-D., Sun, L., Seth, R. B., Pineda, G., and Chen, Z. J. (2005). Hepatitis C
virus protease NS3/4A cleaves mitochondrial antiviral signaling protein o�
the mitochondria to evade innate immunity. Proc. Natl. Acad. Sci. U.S.A. 102,
17717–17722. doi: 10.1073/pnas.0508531102

Liu, B., Liao, J., Rao, X., Kushner, S. A., Chung, C. D., Chang, D. D., et al. (1998).
Inhibition of Stat1-mediated gene activation by PIAS1. Proc. Natl. Acad. Sci.
U.S.A. 95, 10626–10631. doi: 10.1073/pnas.95.18.10626

Liu, H. M., Loo, Y.-M., Horner, S. M., Zornetzer, G. A., Katze, M. G., Gale, M.,
et al. (2012). The mitochondrial targeting chaperone 14-3-3+ regulates a RIG-I
translocon that mediates membrane association and innate antiviral immunity.
Cell Host Microbe 11, 528–537. doi: 10.1016/j.chom.2012.04.006

Lohmann, V. (2013). Hepatitis C virus RNA replication. Curr. Top. Microbiol.
Immunol. 369, 167–198. doi: 10.1007/978-3-642-27340-7_7

Lonsdale, J., Thomas, J., Salvatore, M., Phillips, R., Lo, E., Shad, S., et al. (2013).
The genotype-tissue expression (GTEx) project. Nat. Genet. 45, 580–585.
doi: 10.1038/ng.2653

Luna, J., Scheel, T. H., Danino, T., Shaw, K., Mele, A., Fak, J., et al. (2015).
Hepatitis C virus RNA functionally sequesters miR-122. Cell 160, 1099–1110.
doi: 10.1016/j.cell.2015.02.025

Ma, C., Wu, G., Zhu, Q., Liu, H., Yao, Y., Yuan, D., et al. (2017). Long intergenic
noncoding RNA 00673 promotes non-small-cell lung cancer metastasis by
binding with EZH2 and causing epigenetic silencing of HOXA5. Oncotarget 8,
32696–32705. doi: 10.18632/oncotarget.16158

Machida, K., Cheng, K. T.-H., Lai, C.-K., Jeng, K.-S., Sung, V. M.-H., and
Lai, M. M. C. (2006). Hepatitis C virus triggers mitochondrial permeability
transition with production of reactive oxygen species, leading to DNA damage
and STAT3 activation. J. Virol. 80, 7199–7207. doi: 10.1128/JVI.00321-06

Malakhova, O. A., Kim, K. I., Luo, J.-K., Zou, W., Kumar, K. G. S., Fuchs, S. Y.,
et al. (2006). UBP43 is a novel regulator of interferon signaling independent of
its ISG15 isopeptidase activity. EMBO J. 25, 2358–2367. doi: 10.1038/sj.emboj.
7601149

Malireddi, R. K. S., and Kanneganti, T.-D. (2013). Role of type I interferons in
inflammasome activation, cell death, and disease during microbial infection.
Front. Cell. Infect. Microbiol. 3:77. doi: 10.3389/fcimb.2013.00077

Mancone, C., Montaldo, C., Santangelo, L., Di Giacomo, C., Costa, V., Amicone, L.,
et al. (2012). Ferritin heavy chain is the host factor responsible for HCV-induced
inhibition of apoB-100 production and is required for e�cient viral infection.
J. Proteome Res. 11, 2786–2797. doi: 10.1021/pr201128s

Manns, M. P., Buti, M., Gane, E., Pawlotsky, J.-M., Razavi, H., Terrault, N., et al.
(2017). Hepatitis C virus infection.Nat. Rev. Dis. Primers 3:17006. doi: 10.1038/
nrdp.2017.6

Mao, Y. S., Sunwoo, H., Zhang, B., and Spector, D. L. (2011). Direct visualization
of the co-transcriptional assembly of a nuclear body by noncoding RNAs. Nat.
Cell Biol. 13, 95–101. doi: 10.1038/ncb2140

Marascio, N., Torti, C., Liberto, M., and Focà, A. (2014). Update on di�erent
aspects of HCV variability: focus on NS5B polymerase. BMC Infect. Dis.
14(Suppl. 5):S1. doi: 10.1186/1471-2334-14-S5-S1

Maris, J. M., Mosse, Y. P., Bradfield, J. P., Hou, C., Monni, S., Scott, R. H.,
et al. (2008). Chromosome 6p22 locus associated with clinically aggressive
neuroblastoma. N. Engl. J. Med. 358, 2585–2593. doi: 10.1056/NEJMoa0708698

Marques, A. C., and Ponting, C. P. (2014). Intergenic lncRNAs and the evolution
of gene expression. Curr. Opin. Genet. Dev. 27, 48–53. doi: 10.1016/j.gde.2014.
03.009

McFarland, A. P., Horner, S. M., Jarret, A., Joslyn, R. C., Bindewald, E., Shapiro,
B. A., et al. (2013). The favorable IFNL3 genotype escapes mRNA decay

Frontiers in Microbiology | www.frontiersin.org 15 September 2017 | Volume 8 | Article 1833
251

https://doi.org/10.3389/fimmu.2014.00676
https://doi.org/10.1093/nar/gku713
https://doi.org/10.1016/j.trsl.2015.10.002
https://doi.org/10.1002/jmv.24885
https://doi.org/10.1128/JVI.01300-08
https://doi.org/10.1038/nature09322
https://doi.org/10.1128/JVI.01650-07
https://doi.org/10.1002/jcb.20982
https://doi.org/10.1038/nature11884
https://doi.org/10.1016/j.cmi.2016.07.035
https://doi.org/10.1016/j.ccr.2014.01.030
https://doi.org/10.1016/j.virusres.2015.07.023
https://doi.org/10.1016/j.virusres.2015.07.023
https://doi.org/10.1158/0008-5472.CAN-15-0273
https://doi.org/10.3748/wjg.v21.i15.4517
https://doi.org/10.3748/wjg.v21.i15.4517
https://doi.org/10.1089/dna.2015.3187
https://doi.org/10.1089/dna.2015.3187
https://doi.org/10.1073/pnas.1602701113
https://doi.org/10.1042/BSR20160088
https://doi.org/10.1002/hep.24763
https://doi.org/10.1038/nm.3190
https://doi.org/10.1016/j.antiviral.2013.09.001
https://doi.org/10.1002/med.21254
https://doi.org/10.1073/pnas.1213515110
https://doi.org/10.1073/pnas.0508531102
https://doi.org/10.1073/pnas.95.18.10626
https://doi.org/10.1016/j.chom.2012.04.006
https://doi.org/10.1007/978-3-642-27340-7_7
https://doi.org/10.1038/ng.2653
https://doi.org/10.1016/j.cell.2015.02.025
https://doi.org/10.18632/oncotarget.16158
https://doi.org/10.1128/JVI.00321-06
https://doi.org/10.1038/sj.emboj.7601149
https://doi.org/10.1038/sj.emboj.7601149
https://doi.org/10.3389/fcimb.2013.00077
https://doi.org/10.1021/pr201128s
https://doi.org/10.1038/nrdp.2017.6
https://doi.org/10.1038/nrdp.2017.6
https://doi.org/10.1038/ncb2140
https://doi.org/10.1186/1471-2334-14-S5-S1
https://doi.org/10.1056/NEJMoa0708698
https://doi.org/10.1016/j.gde.2014.03.009
https://doi.org/10.1016/j.gde.2014.03.009
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 16

Barriocanal and Fortes HCV LncRNAs

mediated by AU-rich elements and hepatitis C virus–induced microRNAs. Nat.
Immunol. 15, 72–79. doi: 10.1038/ni.2758

Melo, C. A., Drost, J., Wijchers, P. J., van deWerken, H., deWit, E., Oude Vrielink,
J. A., et al. (2013). eRNAs are required for p53-dependent enhancer activity and
gene transcription.Mol. Cell 49, 524–535. doi: 10.1016/j.molcel.2012.11.021

Meylan, E., Curran, J., Hofmann, K., Moradpour, D., Binder,M., Bartenschlager, R.,
et al. (2005). Cardif is an adaptor protein in the RIG-I antiviral pathway and is
targeted by hepatitis C virus. Nature 437, 1167–1172. doi: 10.1038/nature04193

Miao, Z., Xie, Z., Miao, J., Ran, J., Feng, Y., and Xia, X. (2017). Regulated entry of
hepatitis C virus into hepatocytes. Viruses 9:100. doi: 10.3390/v9050100

Misawa, A., Takayama, K.-I., Urano, T., and Inoue, S. (2016). Androgen-induced
long noncoding RNA (lncRNA) SOCS2-AS1 promotes cell growth and inhibits
apoptosis in prostate cancer cells. J. Biol. Chem. 291, 17861–17880. doi: 10.1074/
jbc.M116.718536

Miura, K., Taura, K., Kodama, Y., Schnabl, B., and Brenner, D. A. (2008).
Hepatitis C virus-induced oxidative stress suppresses hepcidin expression
through increased histone deacetylase activity. Hepatology 48, 1420–1429.
doi: 10.1002/hep.22486

Moon, S. L., Blackinton, J. G., Anderson, J. R., Dozier, M. K., Dodd, B. J. T., Keene,
J. D., et al. (2015). XRN1 stalling in the 5’ UTR of Hepatitis C virus and Bovine
Viral Diarrhea virus is associated with dysregulated host mRNA stability. PLOS
Pathog. 11:e1004708. doi: 10.1371/journal.ppat.1004708

Moradpour, D., and Penin, F. (2013). Hepatitis C virus proteins: from structure
to function. Curr. Top. Microbiol. Immunol. 369, 113–142. doi: 10.1007/978-3-
642-27340-7_5

Moyo, B., Nicholson, S. A., and Arbuthnot, P. B. (2016). The role of long non-
coding RNAs in hepatitis B virus-related hepatocellular carcinoma. Virus Res.
212, 103–113. doi: 10.1016/j.virusres.2015.07.025

Mukherjee, A., Di Bisceglie, A. M., and Ray, R. B. (2015). Hepatitis C virus-
mediated enhancement of microRNAmiR-373 impairs the JAK/STAT signaling
pathway. J. Virol. 89, 3356–3365. doi: 10.1128/JVI.03085-14

Murakami, Y., Toyoda, H., Tanaka, M., Kuroda, M., Harada, Y., Matsuda, F., et al.
(2011). The progression of liver fibrosis is related with overexpression of the
miR-199 and 200 families. PLOS ONE 6:e16081. doi: 10.1371/journal.pone.
0016081

Nakai, M., Oshiumi, H., Funami, K., Okamoto, M., Matsumoto, M., Seya, T., et al.
(2015). Interferon (IFN) and cellular immune response evoked in RNA-pattern
sensing during infectionwith hepatitis C virus (HCV). Sensors 15, 27160–27173.
doi: 10.3390/s151027160

Narayana, S. K., Helbig, K. J., McCartney, E. M., Eyre, N. S., Bull, R. A.,
Eltahla, A., et al. (2015). The interferon-induced transmembrane proteins,
IFITM1, IFITM2, and IFITM3 inhibit hepatitis C virus entry. J. Biol. Chem. 290,
25946–25959. doi: 10.1074/jbc.M115.657346

Nasimuzzaman, M., Waris, G., Mikolon, D., Stupack, D. G., and Siddiqui, A.
(2007). Hepatitis C virus stabilizes hypoxia-inducible factor 1alpha and
stimulates the synthesis of vascular endothelial growth factor. J. Virol. 81,
10249–10257. doi: 10.1128/JVI.00763-07

Neil, S. J., Zang, T., and Bieniasz, P. D. (2008). Tetherin inhibits retrovirus
release and is antagonized by HIV-1 Vpu. Nature 451, 425–430. doi: 10.1038/
nature06553

Nishina, S., Hino, K., Korenaga, M., Vecchi, C., Pietrangelo, A., Mizukami, Y.,
et al. (2008). Hepatitis C virus–induced reactive oxygen species raise hepatic
iron level in mice by reducing hepcidin transcription. Gastroenterology 134,
226–238. doi: 10.1053/j.gastro.2007.10.011

Ooi, Y. S., Dube, M., and Kielian, M. (2015). BST2/tetherin inhibition of alphavirus
exit. Viruses 7, 2147–2167. doi: 10.3390/v7042147

Orom, U. A., Derrien, T., Beringer, M., Gumireddy, K., Gardini, A., Bussotti, G.,
et al. (2010). Long noncoding RNAs with enhancer-like function in human cells.
Cell 143, 46–58. doi: 10.1016/j.cell.2010.09.001

Oshiumi, H., Funami, K., Aly, H. H., Matsumoto, M., and Seya, T. (2013a). Multi-
step regulation of interferon induction by hepatitis C virus. Arch. Immunol.
Ther. Exp. 61, 127–138. doi: 10.1007/s00005-012-0214-x

Oshiumi, H., Miyashita, M., Matsumoto,M., and Seya, T. (2013b). A distinct role of
riplet-mediated K63-linked polyubiquitination of the RIG-I repressor domain
in human antiviral innate immune responses. PLOS Pathog. 9:e1003533.
doi: 10.1371/journal.ppat.1003533

Oshiumi, H., Miyashita, M., Inoue, N., Okabe, M., Matsumoto, M., and Seya, T.
(2010). The ubiquitin ligase riplet is essential for RIG-I-dependent innate

immune responses to RNA virus infection. Cell Host Microbe 8, 496–509.
doi: 10.1016/j.chom.2010.11.008

Ouyang, J., Hu, J., and Chen, J.-L. (2016). lncRNAs regulate the innate immune
response to viral infection.Wiley Interdiscip. Rev. RNA 7, 129–143. doi: 10.1002/
wrna.1321

Ouyang, J., Zhu, X., Chen, Y., Wei, H., Chen, Q., Chi, X., et al. (2014). NRAV,
a long noncoding RNA, modulates antiviral responses through suppression
of interferon-stimulated gene transcription. Cell Host Microbe 16, 616–626.
doi: 10.1016/j.chom.2014.10.001

Pan, X. B., Qu, X. W., Jiang, D., Zhao, X. L., Han, J. C., and Wei, L. (2013).
BST2/Tetherin inhibits hepatitis C virus production in human hepatoma cells.
Antiviral Res. 98, 54–60. doi: 10.1016/j.antiviral.2013.01.009

Panda, A. C., Grammatikakis, I., Kim, K. M., De, S., Martindale, J. L., Munk, R.,
et al. (2017). Identification of senescence-associated circular RNAs (SAC-RNAs)
reveals senescence suppressor CircPVT1. Nucleic Acids Res. 45, 4021–4035.
doi: 10.1093/nar/gkw1201

Pène, V., Li, Q., Sodroski, C., Hsu, C.-S., and Liang, T. J. (2015). Dynamic
interaction of stress granules, DDX3X, and IKK-a mediates multiple functions
in hepatitis C virus infection. J. Virol. 89, 5462–5477. doi: 10.1128/JVI.03
197-14

Perales, C., Quer, J., Gregori, J., Esteban, J., and Domingo, E. (2015). Resistance of
hepatitis C virus to inhibitors: complexity and clinical implications. Viruses 7,
5746–5766. doi: 10.3390/v7112902

Perez-Caballero, D., Zang, T., Ebrahimi, A., McNatt, M. W., Gregory, D. A.,
Johnson, M. C., et al. (2009). Tetherin inhibits HIV-1 release by directly
tethering virions to cells. Cell 139, 499–511. doi: 10.1016/j.cell.2009.08.039

Perreira, J. M., Chin, C. R., Feeley, E. M., and Brass, A. L. (2013). IFITMs restrict
the replication of multiple pathogenic viruses. J. Mol. Biol. 425, 4937–4955.
doi: 10.1016/j.jmb.2013.09.024

Poordad, F., and Khungar, V. (2011). Emerging therapeutic options in hepatitis C
virus infection. Am. J. Manag. Care 17(Suppl. 4), S123–S130.

Prensner, J. R., and Chinnaiyan, A.M. (2011). The emergence of lncRNAs in cancer
biology. Cancer Discov. 1, 391–407. doi: 10.1158/2159-8290.CD-11-0209

Raj, V. S., Hundie, G. B., Schürch, A. C., Smits, S. L., Pas, S. D., Le Pogam, S.,
et al. (2017). Identification of HCV resistant variants against direct acting
antivirals in plasma and liver of treatment naïve patients. Sci. Rep. 7:4688.
doi: 10.1038/s41598-017-04931-y

Raychoudhuri, A., Shrivastava, S., Steele, R., Kim, H., Ray, R., and Ray, R. B. (2011).
ISG56 and IFITM1 proteins inhibit hepatitis C virus replication. J. Virol. 85,
12881–12889. doi: 10.1128/JVI.05633-11

Ríos-Marco, P., Romero-López, C., and Berzal-Herranz, A. (2016). The cis-acting
replication element of the Hepatitis C virus genome recruits host factors that
influence viral replication and translation. Sci. Rep. 6:25729. doi: 10.1038/
srep25729

Romero-Lopez, C., and Berzal-Herranz, A. (2009). A long-range RNA-RNA
interaction between the 50 and 30 ends of the HCV genome. RNA 15, 1740–1752.
doi: 10.1261/rna.1680809

Rose, D., and Stadler, P. F. (2011). Molecular evolution of the non-coding
eosinophil granule ontogeny transcript. Front. Genet. 2:69. doi: 10.3389/fgene.
2011.00069

Rosnoblet, C., Fritzinger, B., Legrand, D., Launay, H., Wieruszeski, J.-M.,
Lippens, G., et al. (2012). Hepatitis C virus NS5B and host cyclophilin A share a
common binding site on NS5A. J. Biol. Chem. 287, 44249–44260. doi: 10.1074/
jbc.M112.392209

Ross-Thriepland, D., Amako, Y., and Harris, M. (2013). The C terminus of NS5A
domain II is a key determinant of hepatitis C virus genome replication, but
is not required for virion assembly and release. J. Gen. Virol. 94, 1009–1018.
doi: 10.1099/vir.0.050633-0

Russell, M. R., Penikis, A., Oldridge, D. A., Alvarez-Dominguez, J. R., McDaniel, L.,
Diamond, M., et al. (2015). CASC15-S is a tumor suppressor lncRNA at
the 6p22 neuroblastoma susceptibility locus. Cancer Res. 75, 3155–3166.
doi: 10.1158/0008-5472.CAN-14-3613

Sagan, S. M., Chahal, J., and Sarnow, P. (2015). cis-Acting RNA elements in the
hepatitis C virus RNA genome. Virus Res. 206, 90–98. doi: 10.1016/j.virusres.
2014.12.029

Saito, T., Owen, D. M., Jiang, F., Marcotrigiano, J., and Gale, M. (2008). Innate
immunity induced by composition-dependent RIG-I recognition of hepatitis C
virus RNA. Nature 454, 523–527. doi: 10.1038/nature07106

Frontiers in Microbiology | www.frontiersin.org 16 September 2017 | Volume 8 | Article 1833
252

https://doi.org/10.1038/ni.2758
https://doi.org/10.1016/j.molcel.2012.11.021
https://doi.org/10.1038/nature04193
https://doi.org/10.3390/v9050100
https://doi.org/10.1074/jbc.M116.718536
https://doi.org/10.1074/jbc.M116.718536
https://doi.org/10.1002/hep.22486
https://doi.org/10.1371/journal.ppat.1004708
https://doi.org/10.1007/978-3-642-27340-7_5
https://doi.org/10.1007/978-3-642-27340-7_5
https://doi.org/10.1016/j.virusres.2015.07.025
https://doi.org/10.1128/JVI.03085-14
https://doi.org/10.1371/journal.pone.0016081
https://doi.org/10.1371/journal.pone.0016081
https://doi.org/10.3390/s151027160
https://doi.org/10.1074/jbc.M115.657346
https://doi.org/10.1128/JVI.00763-07
https://doi.org/10.1038/nature06553
https://doi.org/10.1038/nature06553
https://doi.org/10.1053/j.gastro.2007.10.011
https://doi.org/10.3390/v7042147
https://doi.org/10.1016/j.cell.2010.09.001
https://doi.org/10.1007/s00005-012-0214-x
https://doi.org/10.1371/journal.ppat.1003533
https://doi.org/10.1016/j.chom.2010.11.008
https://doi.org/10.1002/wrna.1321
https://doi.org/10.1002/wrna.1321
https://doi.org/10.1016/j.chom.2014.10.001
https://doi.org/10.1016/j.antiviral.2013.01.009
https://doi.org/10.1093/nar/gkw1201
https://doi.org/10.1128/JVI.03197-14
https://doi.org/10.1128/JVI.03197-14
https://doi.org/10.3390/v7112902
https://doi.org/10.1016/j.cell.2009.08.039
https://doi.org/10.1016/j.jmb.2013.09.024
https://doi.org/10.1158/2159-8290.CD-11-0209
https://doi.org/10.1038/s41598-017-04931-y
https://doi.org/10.1128/JVI.05633-11
https://doi.org/10.1038/srep25729
https://doi.org/10.1038/srep25729
https://doi.org/10.1261/rna.1680809
https://doi.org/10.3389/fgene.2011.00069
https://doi.org/10.3389/fgene.2011.00069
https://doi.org/10.1074/jbc.M112.392209
https://doi.org/10.1074/jbc.M112.392209
https://doi.org/10.1099/vir.0.050633-0
https://doi.org/10.1158/0008-5472.CAN-14-3613
https://doi.org/10.1016/j.virusres.2014.12.029
https://doi.org/10.1016/j.virusres.2014.12.029
https://doi.org/10.1038/nature07106
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 17

Barriocanal and Fortes HCV LncRNAs

Sarrazin, C., Hézode, C., Zeuzem, S., and Pawlotsky, J.-M. (2012). Antiviral
strategies in hepatitis C virus infection. J. Hepatol. 56, S88–S100. doi: 10.1016/
S0168-8278(12)60010-5

Scheel, T. K., and Rice, C. M. (2013). Understanding the hepatitis C virus life
cycle paves the way for highly e�ective therapies. Nat. Med. 19, 837–849.
doi: 10.1038/nm.3248

Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-stimulated
genes: a complex web of host defenses. Annu. Rev. Immunol. 32, 513–545.
doi: 10.1146/annurev-immunol-032713-120231

Schoggins, J. W., and Rice, C. M. (2013). Innate immune responses to hepatitis C
virus. Curr. Top. Microbiol. Immunol. 369, 219–242. doi: 10.1007/978-3-642-
27340-7_9

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y., Jones, C. T., Bieniasz, P.,
et al. (2011). A diverse range of gene products are e�ectors of the type I
interferon antiviral response. Nature 472, 481–485. doi: 10.1038/nature09907

Schregel, V., Jacobi, S., Penin, F., and Tautz, N. (2009). Hepatitis C virus NS2 is a
protease stimulated by cofactor domains in NS3. Proc. Natl. Acad. Sci. U.S.A.
106, 5342–5347. doi: 10.1073/pnas.0810950106

Sedano, C. D., and Sarnow, P. (2014). Hepatitis C virus subverts liver-specific miR-
122 to protect the viral genome from exoribonuclease Xrn2. Cell Host Microbe
16, 257–264. doi: 10.1016/j.chom.2014.07.006

Sharma, S., tenOever, B. R., Grandvaux, N., Zhou, G.-P., Lin, R., and Hiscott, J.
(2003). Triggering the interferon antiviral response through an IKK-related
pathway. Science 300, 1148–1151. doi: 10.1126/science.1081315

Sheridan, D. A., Neely, R. D. G., and Bassendine, M. F. (2013). Hepatitis C virus
and lipids in the era of direct acting antivirals (DAAs). Clin. Res. Hepatol.
Gastroenterol. 37, 10–16. doi: 10.1016/j.clinre.2012.07.002

Shi, G., Ando, T., Suzuki, R., Matsuda, M., Nakashima, K., Ito, M., et al. (2016).
Involvement of the 30 untranslated region in encapsidation of the hepatitis C
virus. PLOS Pathog. 12:e1005441. doi: 10.1371/journal.ppat.1005441

Shi, X., Ma, C., Zhu, Q., Yuan, D., Sun, M., Gu, X., et al. (2016). Upregulation of
long intergenic noncoding RNA 00673 promotes tumor proliferation via LSD1
interaction and repression of NCALD in non-small-cell lung cancer.Oncotarget
7, 25558–25575. doi: 10.18632/oncotarget.8338

Shi, X., Jiao, B., Chen, Y., Li, S., and Chen, L. (2017). MxA is a positive regulator
of type I IFN signaling in HCV infection. J. Med. Virol. doi: 10.1002/jmv.24867
[Epub ahead of print].

Shimakami, T., Yamane, D.,Welsch, C., Hensley, L., Jangra, R. K., and Lemon, S.M.
(2012). Base pairing between hepatitis C virus RNA andMicroRNA 122 3’ of its
seed sequence is essential for genome stabilization and production of infectious
virus. J. Virol. 86, 7372–7383. doi: 10.1128/JVI.00513-12

Shimura, H., andMasuta, C. (2016). Plant subviral RNAs as a long noncoding RNA
(lncRNA): analogy with animal lncRNAs in host–virus interactions. Virus Res.
212, 25–29. doi: 10.1016/j.virusres.2015.06.016

Shirasaki, T., Honda, M., Shimakami, T., Horii, R., Yamashita, T., Sakai, Y., et al.
(2013). MicroRNA-27a regulates lipid metabolism and inhibits hepatitis C virus
replication in human hepatoma cells. J. Virol. 87, 5270–5286. doi: 10.1128/JVI.
03022-12

Singaravelu, R., Chen, R., Lyn, R. K., Jones, D. M., O’Hara, S., Rouleau, Y., et al.
(2014a). Hepatitis C virus induced up-regulation of microRNA-27: a novel
mechanism for hepatic steatosis.Hepatology 59, 98–108. doi: 10.1002/hep.26634

Singaravelu, R., Russell, R. S., Tyrrell, D. L., and Pezacki, J. P. (2014b). Hepatitis
C virus and microRNAs: miRed in a host of possibilities. Curr. Opin. Virol. 7,
1–10. doi: 10.1016/j.coviro.2014.03.004

Spizzo, R., Almeida, M. I., Colombatti, A., and Calin, G. A. (2012). Long non-
coding RNAs and cancer: a new frontier of translational research? Oncogene
31, 4577–4587. doi: 10.1038/onc.2011.621

Stone, A. E. L., Giugliano, S., Schnell, G., Cheng, L., Leahy, K. F., Golden-Mason, L.,
et al. (2013). Hepatitis C virus pathogen associated molecular pattern (PAMP)
triggers production of lambda-interferons by human plasmacytoid dendritic
cells. PLOS Pathog. 9:e1003316. doi: 10.1371/journal.ppat.1003316

Sun, J., Rajsbaum, R., and Yi, M. (2015). Immune and non-immune responses
to hepatitis C virus infection. World J. Gastroenterol. 21, 10739–10748.
doi: 10.3748/wjg.v21.i38.10739

Syed, G. H., Khan, M., Yang, S., and Siddiqui, A. (2017). Hepatitis C virus
lipoviroparticles assemble in the endoplasmic reticulum (ER) and bud o� from
the ER to the Golgi Compartment in COPII vesicles. J. Virol. 91:e00499-17.
doi: 10.1128/JVI.00499-17

Takahashi, K., Asabe, S., Wieland, S., Garaigorta, U., Gastaminza, P., Isogawa, M.,
et al. (2010). Plasmacytoid dendritic cells sense hepatitis C virus-infected cells,
produce interferon, and inhibit infection. Proc. Natl. Acad. Sci. U.S.A. 107,
7431–7436. doi: 10.1073/pnas.1002301107

Targett-Adams, P., Boulant, S., Douglas, M. W., and McLauchlan, J. (2010). Lipid
metabolism and HCV infection. Viruses 2, 1195–1217. doi: 10.3390/v2051195

Thibault, P. A., Huys, A., Amador-Cañizares, Y., Gailius, J. E., Pinel, D. E., and
Wilson, J. A. (2015). Regulation of hepatitis C virus genome replication by Xrn1
and microRNA-122 binding to individual sites in the 50 untranslated region.
J. Virol. 89, 6294–6311. doi: 10.1128/JVI.03631-14

Thomas, D. L., Thio, C. L., Martin, M. P., Qi, Y., Ge, D., O’Huigin, C., et al.
(2009). Genetic variation in IL28B and spontaneous clearance of hepatitis C
virus. Nature 461, 798–801. doi: 10.1038/nature08463

Thompson, M. R., Kaminski, J. J., Kurt-Jones, E. A., and Fitzgerald, K. A.
(2011). Pattern recognition receptors and the innate immune response to viral
infection. Viruses 3, 920–940. doi: 10.3390/v3060920

Timpe, J. M., Stamataki, Z., Jennings, A., Hu, K., Farquhar, M. J., Harris, H. J.,
et al. (2007). Hepatitis C virus cell-cell transmission in hepatoma cells in the
presence of neutralizing antibodies. Hepatology 47, 17–24. doi: 10.1002/hep.
21959

Tripathi, V., Ellis, J. D., Shen, Z., Song, D. Y., Pan, Q., Watt, A. T., et al. (2010).
The nuclear-retained noncoding RNA MALAT1 regulates alternative splicing
by modulating SR splicing factor phosphorylation. Mol. Cell 39, 925–938.
doi: 10.1016/j.molcel.2010.08.011

Tseng, Y. Y., Moriarity, B. S., Gong, W., Akiyama, R., Tiwari, A., Kawakami, H.,
et al. (2014). PVT1 dependence in cancer with MYC copy-number increase.
Nature 512, 82–86. doi: 10.1038/nature13311

Ulitsky, I., Shkumatava, A., Jan, C., Sive, H., and Bartel, D. (2011). Conserved
function of lincRNAs in vertebrate embryonic development despite rapid
sequence evolution. Cell 147, 1537–1550. doi: 10.1016/j.cell.2011.11.055

Wagner, L. A., Christensen, C. J., Dunn, D. M., Spangrude, G. J., Georgelas, A.,
Kelley, L., et al. (2007). EGO, a novel, noncoding RNA gene, regulates
eosinophil granule protein transcript expression. Blood 109, 5191–5198.
doi: 10.1182/blood-2006-06-027987

Wang, H., Guan, Z., He, K., Qian, J., Cao, J., and Teng, L. (2017).
LncRNA UCA1 in anti-cancer drug resistance. Oncotarget 8, 64638–64650.
doi: 10.18632/oncotarget.18344

Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., et al. (2014). The STAT3-binding
long noncoding RNA lnc-DC controls human dendritic cell di�erentiation.
Science 344, 310–313. doi: 10.1126/science.1251456

Wang, W.-B., Levy, D. E., and Lee, C.-K. (2011). STAT3 negatively regulates type
I IFN-mediated antiviral response. J. Immunol. 187, 2578–2585. doi: 10.4049/
jimmunol.1004128

Wang, Z.-Q., Cai, Q., Hu, L., He, C.-Y., Li, J.-F., Quan, Z.-W., et al. (2017).
Long noncoding RNA UCA1 induced by SP1 promotes cell proliferation via
recruiting EZH2 and activating AKT pathway in gastric cancer. Cell Death Dis.
8:e2839. doi: 10.1038/cddis.2017.143

Wapinski, O., and Chang, H. Y. (2011). Long noncoding RNAs and human disease.
Trends Cell Biol. 21, 354–361. doi: 10.1016/j.tcb.2011.04.001

Waris, G., Turkson, J., Hassanein, T., and Siddiqui, A. (2005). Hepatitis C virus
(HCV) constitutively activates STAT-3 via oxidative stress: role of STAT-3 in
HCV replication. J. Virol. 79, 1569–1580. doi: 10.1128/JVI.79.3.1569-1580.2005

Wilkins, C., Woodward, J., Lau, D. T., Barnes, A., Joyce, M., McFarlane, N., et al.
(2013). IFITM1 is a tight junction protein that inhibits hepatitis C virus entry.
Hepatology 57, 461–469. doi: 10.1002/hep.26066

Willingham, A. T., Orth, A. P., Batalov, S., Peters, E. C., Wen, B. G., Aza-Blanc, P.,
et al. (2005). A strategy for probing the function of noncoding RNAs finds a
repressor of NFAT. Science 309, 1570–1573. doi: 10.1126/science.1115901

Wyles, D., Mangia, A., Cheng, W., Shafran, S., Schwabe, C., Ouyang, W.,
et al. (2017). Long-term persistence of HCV NS5A resistance-associated
substitutions after treatment with the HCV NS5A inhibitor, ledipasvir, without
sofosbuvir. Antivir. Ther. doi: 10.3851/IMP3181 [Epub ahead of print].

Xiang, Z., Qiao, L., Zhou, Y., Babiuk, L. A., and Liu, Q. (2010). Hepatitis C virus
nonstructural protein-5A activates sterol regulatory element-binding protein-
1c through transcription factor Sp1. Biochem. Biophys. Res. Commun. 402,
549–553. doi: 10.1016/j.bbrc.2010.10.081

Xing, Y., Wen, X., Ding, X., Fan, J., Chai, P., Jia, R., et al. (2017). CANT1 lncRNA
triggers e�cient therapeutic e�cacy by correcting aberrant lncing cascade in

Frontiers in Microbiology | www.frontiersin.org 17 September 2017 | Volume 8 | Article 1833
253

https://doi.org/10.1016/S0168-8278(12)60010-5
https://doi.org/10.1016/S0168-8278(12)60010-5
https://doi.org/10.1038/nm.3248
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1007/978-3-642-27340-7_9
https://doi.org/10.1007/978-3-642-27340-7_9
https://doi.org/10.1038/nature09907
https://doi.org/10.1073/pnas.0810950106
https://doi.org/10.1016/j.chom.2014.07.006
https://doi.org/10.1126/science.1081315
https://doi.org/10.1016/j.clinre.2012.07.002
https://doi.org/10.1371/journal.ppat.1005441
https://doi.org/10.18632/oncotarget.8338
https://doi.org/10.1002/jmv.24867
https://doi.org/10.1128/JVI.00513-12
https://doi.org/10.1016/j.virusres.2015.06.016
https://doi.org/10.1128/JVI.03022-12
https://doi.org/10.1128/JVI.03022-12
https://doi.org/10.1002/hep.26634
https://doi.org/10.1016/j.coviro.2014.03.004
https://doi.org/10.1038/onc.2011.621
https://doi.org/10.1371/journal.ppat.1003316
https://doi.org/10.3748/wjg.v21.i38.10739
https://doi.org/10.1128/JVI.00499-17
https://doi.org/10.1073/pnas.1002301107
https://doi.org/10.3390/v2051195
https://doi.org/10.1128/JVI.03631-14
https://doi.org/10.1038/nature08463
https://doi.org/10.3390/v3060920
https://doi.org/10.1002/hep.21959
https://doi.org/10.1002/hep.21959
https://doi.org/10.1016/j.molcel.2010.08.011
https://doi.org/10.1038/nature13311
https://doi.org/10.1016/j.cell.2011.11.055
https://doi.org/10.1182/blood-2006-06-027987
https://doi.org/10.18632/oncotarget.18344
https://doi.org/10.1126/science.1251456
https://doi.org/10.4049/jimmunol.1004128
https://doi.org/10.4049/jimmunol.1004128
https://doi.org/10.1038/cddis.2017.143
https://doi.org/10.1016/j.tcb.2011.04.001
https://doi.org/10.1128/JVI.79.3.1569-1580.2005
https://doi.org/10.1002/hep.26066
https://doi.org/10.1126/science.1115901
https://doi.org/10.3851/IMP3181
https://doi.org/10.1016/j.bbrc.2010.10.081
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01833 September 27, 2017 Time: 16:48 # 18

Barriocanal and Fortes HCV LncRNAs

malignant uveal melanoma. Mol. Ther. 25, 1209–1221. doi: 10.1016/j.ymthe.
2017.02.016

Xiong, Y., Jia, M., Yuan, J., Zhang, C., Zhu, Y., Kuang, X., et al. (2015). STAT3-
regulated long non-coding RNAs lnc-7SK and lnc-IGF2-AS promote hepatitis
C virus replication.Mol. Med. Rep. 12, 6738–6744. doi: 10.3892/mmr.2015.4278

Xu, Y., Martinez, P., Séron, K., Luo, G., Allain, F., Dubuisson, J., et al.
(2015). Characterization of hepatitis C virus interaction with heparan sulfate
proteoglycans. J. Virol. 89, 3846–3858. doi: 10.1128/JVI.03647-14

Yan, H., Yang, Y., Zhang, L., Tang, G., Wang, Y., Xue, G., et al. (2015).
Characterization of the genotype and integration patterns of hepatitis B virus
in early- and late-onset hepatocellular carcinoma. Hepatology 61, 1821–1831.
doi: 10.1002/hep.27722

Yang, A., Lai, X., Wang, Y., Dai, H., You, Y., Liu, W., et al. (2017). Downregulation
of LINC00673 promotes tumor proliferation via repression of HNF1A
in human pancreatic ductal adenocarcinoma. Int. J. Clin. Exp. Med. 10,
4538–4546.

Yang, C., Zhao, X., Sun, D., Yang, L., Chong, C., Pan, Y., et al. (2016). Interferon
alpha (IFNa)-induced TRIM22 interrupts HCV replication by ubiquitinating
NS5A. Cell. Mol. Immunol. 13, 94–102. doi: 10.1038/cmi.2014.131

Yang, D.-R., and Zhu, H.-Z. (2015). Hepatitis C virus and antiviral innate
immunity: Who wins at tug-of-war? World J. Gastroenterol. 21, 3786–3800.
doi: 10.3748/wjg.v21.i13.3786

Yoon, J.-H., Abdelmohsen, K., Srikantan, S., Yang, X., Martindale, J., De, S.,
et al. (2012). LincRNA-p21 suppresses target mRNA translation. Mol. Cell 47,
648–655. doi: 10.1016/j.molcel.2012.06.027

Yoshida, T., Hanada, T., Tokuhisa, T., Kosai, K., Sata, M., Kohara, M., et al. (2002).
Activation of STAT3 by the hepatitis C virus core protein leads to cellular
transformation. J. Exp. Med. 196, 641–653. doi: 10.1084/jem.20012127

Yoshimura, A., Naka, T., and Kubo, M. (2007). SOCS proteins, cytokine signalling
and immune regulation. Nat. Rev. Immunol. 7, 454–465. doi: 10.1038/nri2093

Yu, J., Liu, Y., Gong, Z., Zhang, S., Guo, C., Li, X., et al. (2017). Overexpression long
non-coding RNA LINC00673 is associated with poor prognosis and promotes

invasion and metastasis in tongue squamous cell carcinoma. Oncotarget 8,
16621–16632. doi: 10.18632/oncotarget.14200

Yuan, J., Yang, F., Wang, F., Ma, J., Guo, Y., Tao, Q., et al. (2014). A long
noncoding RNA activated by TGF-b promotes the invasion-metastasis cascade
in hepatocellular carcinoma. Cancer Cell 25, 666–681. doi: 10.1016/j.ccr.2014.
03.010

Zhang, H., Zhu, C., Zhao, Y., Li, M., Wu, L., Yang, X., et al. (2015). Long
non-coding RNA expression profiles of hepatitis C virus-related dysplasia
and hepatocellular carcinoma. Oncotarget 6, 43770–43778. doi: 10.18632/
oncotarget.6087

Zhang, Q., Matsuura, K., Kleiner, D. E., Zamboni, F., Alter, H. J., and
Farci, P. (2016). Analysis of long noncoding RNA expression in hepatocellular
carcinoma of di�erent viral etiology. J. Transl. Med. 14, 328. doi: 10.1186/
s12967-016-1085-4

Zheng, J., Huang, X., Tan, W., Yu, D., Du, Z., Chang, J., et al. (2016). Pancreatic
cancer risk variant in LINC00673 creates a miR-1231 binding site and
interferes with PTPN11 degradation. Nat. Genet. 48, 747–757. doi: 10.1038/ng.
3568

Zhou, X., Michal, J. J., Zhang, L., Ding, B., Lunney, J. K., Liu, B., et al. (2013).
Interferon induced IFIT family genes in host antiviral defense. Int. J. Biol. Sci. 9,
200–208. doi: 10.7150/ijbs.5613

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Barriocanal and Fortes. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 18 September 2017 | Volume 8 | Article 1833
254

https://doi.org/10.1016/j.ymthe.2017.02.016
https://doi.org/10.1016/j.ymthe.2017.02.016
https://doi.org/10.3892/mmr.2015.4278
https://doi.org/10.1128/JVI.03647-14
https://doi.org/10.1002/hep.27722
https://doi.org/10.1038/cmi.2014.131
https://doi.org/10.3748/wjg.v21.i13.3786
https://doi.org/10.1016/j.molcel.2012.06.027
https://doi.org/10.1084/jem.20012127
https://doi.org/10.1038/nri2093
https://doi.org/10.18632/oncotarget.14200
https://doi.org/10.1016/j.ccr.2014.03.010
https://doi.org/10.1016/j.ccr.2014.03.010
https://doi.org/10.18632/oncotarget.6087
https://doi.org/10.18632/oncotarget.6087
https://doi.org/10.1186/s12967-016-1085-4
https://doi.org/10.1186/s12967-016-1085-4
https://doi.org/10.1038/ng.3568
https://doi.org/10.1038/ng.3568
https://doi.org/10.7150/ijbs.5613
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


EMBO reports - Peer Review Process File - EMBO-2015-41763 
 

 
© European Molecular Biology Organization 1 

 
 
 
Manuscript EMBO-2015-41763 
 
Long noncoding RNA EGOT negatively affects the antiviral 
response and favors HCV replication 
 
Elena Carnero, Marina Barriocanal, Celia Prior, Victor Segura, Elizabeth Guruceaga, Cristian 
Smerdou and Puri Fortes 
 
Corresponding author: Puri Fortes, CIMA 
 
 
 
 
Review timeline: Initial Submission: 17 November 2015 
 Editorial Decision: 17 December 2015 
 Revision received: 17 March 2016 
 Editorial Decision: 07 April 2016 
 Revision received: 03 May 2016 
 Accepted: 12 May 2016 
 
 
Editors: Martina Rembold, Achim Breiling 
 
Transaction Report: 
 
(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity, 
letters and reports are not edited. The original formatting of letters and referee reports may not be reflected in this 
compilation.) 
 
 
1st Editorial Decision 17 December 2015 

Thank you for the submission of your research manuscript to our journal. We have now received the 
full set of referee reports that is copied below.  
 
As you will see, the referees acknowledge the potential interest of the findings. However, all three 
referees point out several major concerns and have a number of suggestions for how the study 
should be strengthened, and I think that all of them should be addressed. Looking at the reports it 
becomes clear that a number of concerns are shared by all referees. All referees request further 
experiments to address if the induction of EGOT is specific to HCV infection or if other 
PAMPS/stimuli can also induce it. Moreover, the absolute expression level and copy number of the 
CSRs should be determined. Concerning the presented patient data it should be tested if the viral 
load correlates with the induction of EGOT and what the contribution of patients with HCC is. 
Furthermore, it should be verified that overexpressed PKR is active and that the EGOT knockdown 
is effective.  
 
Given these constructive comments, we would like to invite you to revise your manuscript with the 
understanding that the referee concerns (as detailed above and in their reports) must be fully 
addressed and their suggestions taken on board. Please address all referee concerns in a complete 
point-by-point response. Acceptance of the manuscript will depend on a positive outcome of a 
second round of review. It is EMBO reports policy to allow a single round of revision only and 
acceptance or rejection of the manuscript will therefore depend on the completeness of your 
responses included in the next, final version of the manuscript.  
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REFEREE REPORTS 
 
Referee #1:  
 
Using RNAseq and microarray, Carnero et al identify CSRs (HCV stimulated lncRNAs) that are 
upregulated upon HCV infection. The authors then pick several CSRs based on their expression 
levels and degrees of induction. They show that many CSRs are stimulated by pIC, but are induced 
to a greater extent by HCV. The authors then focus on the lncRNA EGOT in more detail. Like other 
CSRs, EGOT is induced by IFN and pIC treatment, but more significantly induced upon infection 
with HCV. The authors hypothesize that EGOT is proviral and to this end, they knock down EGOT 
using gapmers (ASOs) and examine the effect on viral replication. Cells depleted of EGOT showed 
reduced levels of HCV replication compared with cells treated with a control gapmer. A similar 
phenotype was shown for influenza virus and Semliki Forest virus (SFV). Based on this, the authors 
hypothesize that EGOT is a negative regulator of the immune response, and show that knockdown 
of EGOT with gapmers increases expression of several ISGs. Seeing overlap in the stimuli and 
effects of EGOT and PKR, the authors then ask whether PKR has an effect on EGOT expression. 
They knock down or overexpress PKR and show induction of EGOT. Based on these results, the 
authors conclude that EGOT is upregulated by HCV-mediated activation of PKR. Furthermore, it is 
proposed that this activation is proviral due to the fact that EGOT depletion activates the innate 
immunity (ISGs) and inhibits viral replication. While this report is certainly interesting, there are 
several major concerns with the presentation of these results and the conclusions drawn.  
 
Major Comments:  
 
1) Generally, the methods and figure legends are not informative enough or carefully written. For 
example, it is nearly impossible for the reader to understand the timing/treatments of the 
experiments shown in Figure 9. In the legend for Figure 3, the authors refer to Pride, Lee and Bazini 
and refer the reader to the text for further details, yet I could not find any further details. It was often 
difficult to follow the timing/methodology of experiments.  
 
2) The axes of the figures are not informative. There are no units given, nor any information as to 
what values are being used. As an example, in 5A, "Relative RNA levels" should say HCV copies/g 
tissue (or whatever it is) to give information on the actual measurements being divided/multiplied. 
Fold increase, relative RNA levels, relative expression, etc. are not sufficient. At the very least this 
information should be in the figure legends.  
 
3) The conclusions made by the authors are overstated. Although it may be tempting to speculate 
that HCV is manipulating EGOT expression for its own benefit, this is not shown. Indeed, EGOT is 
induced by other PAMPs, suggesting its stimulation is NOT specific to HCV. The authors 
themselves highlight that the induction is probably due to an increase in PKR activation (although 
this is also not shown directly - see point on Figure 9 below). Treatments with different 
PAMPS/IFNs/cytokines should be done in tandem, and PKR activation and resulting EGOT 
expression should be measured. Statements such as: "Then, HCV and SFV may have evolved to 
induce the expression of EGOT and increase virus viability by limiting the IFN response" are not 
supported by the data.  
 
 
4) Figure 2 shows the fold induction of lncRNAs upon HCV infection. However, many of the CSRs 
classified as expressed to "good levels" in Figure 2 (a term which should be defined) did not appear 
well-expressed in the heat map provided (Supp. Figure 2). Therefore, the copy number in Huh7 cells 
should be determined using an EGOT RNA standard. Basal expression becomes an issue at when 
the authors make the statement that CSR28 or 32 inductions precede the induction of most CSRs. 
First, other CSRs (7, 3, 19, 26) show the same trend and the apparent early or strong induction of 
CSR28 or CSR32 may be related to abundance (either one cannot see induction yet at early time 
points because the amplitude of the overall response is less, or, the lncRNA is expressed to a low 
level, and any induction appears high). Expression level is also an issue in Figure 3B (see comment 
below).  
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5) Figure 3A shows a summary of bioinformatic measures from which the authors draw conclusions 
about the amino acid coding potential of the CSRs they have identified. There should be a legend for 
this table, explaining the abbreviations used, explaining briefly to the reader what these measures 
are, and (to the extent possible) what they are based on/how they are obtained. In addition, the 
numerical cutoffs for each important value that contributes to the classification of lncRNA should be 
stated. Figure 3B demonstrates the cytoplasmic to nuclear distribution of several CSRs in mock or 
HCV-infected cells. The authors conclude that EGOT changes its cytoplasmic localization to be 
nuclear upon HCV infection. However, contrary to the authors' classification in Figure 2B, EGOT is 
expressed to very low levels within the liver (Supp. Fig. 2). Therefore, the relatively small 
difference in localization upon HCV infection could merely reflect increased transcription of EGOT.  
 
6) Figure 4 demonstrates the induction of CSRs by HCV, IFN-alpha (IFN) and pIC. Again, HCV 
induces CSRs, and the combination of HCV and IFN did not further increase this induction. 
However, the timing of the experiment (IFN treatment/HCV infection) is unclear. Was a productive 
HCV infection established during treatment with IFN or at what time post infection did the IFN 
treatment start? Viral replication levels should be shown in the figure. Presumably, viral replication 
will be abrogated upon IFN signaling. Therefore it is likely that the viral RNA itself is able to trigger 
the induction of EGOT. To address this issue, the authors could infect cells that are pre-treated with 
HCV-DAAs (e.g. sofosbuvir or daclatasvir). Under these conditions, there is no viral replication and 
only the incoming viral RNA and its initial translation can contribute to the upregulation of CSRs. 
Also, Huh-7.5 cells, which are defective in RIG-I mediated induction of ISGs, should be tested in 
comparison to Huh-7 cells. This would help to distinguish whether the induction of these CSRs is 
RIG-I mediated or via a different pathway (e.g. PKR).  
 
7) Figure 5A shows EGOT levels in HCV-infected patients compared to a healthy control group. 
However, a number of factors make this rather small change difficult to interpret. If EGOT plays a 
role in innate immunity, inflammation in the liver may affect EGOT levels in an HCV-independent 
manner. In addition, could potential influx of immune cells into the infected liver influence 
measured EGOT abundance? How does the viral load correlate with the induction of EGOT and to 
what extent are ISGs upregulated in these liver samples? Finally, it was previously reported that 
EGOT is down regulated in prostate cancer. HCV infected patients was diagnosed with HCC should 
be identified on the graph. The cohort of 15 HCV patients had 5 individuals with HCC and there are 
5 patients with highly elevated EGOT levels. If these patients with high EGOT levels had HCC, it is 
possible that upregulation of EGOT in patients is HCC-related, not caused by the HCV infection.  
 
8) Figure 6 demonstrates knock down of EGOT and examines its effect on HCV and SFV 
replication. A major concern is that the gapmers will bind to EGOT, forming DNA-RNA hybrids. 
Such hybrids are recognized by cGAS and subsequently stimulate the innate immunity via 
STING/TBK1. This could lead to the upregulation of ISGs as shown in figure 8, independent of 
EGOT depletion. Would it be feasible to generate CRISPR KO cells that target the 5'UTR or the 
promoter region of EGOT (possibly inducible)? This would allow the authors to draw conclusions 
on the involvement of EGOT in viral replication and innate immunity. Alternatively, an inducible 
(TET-on/off) system for the expression of EGOT would be informative to determine its role in 
regulating the innate immunity. The authors should also overexpress EGOT and examine ISG 
expression and viral replication of HCV and SFV to support their conclusion that EGOT is a 
proviral negative regulator of the immune response. Additionally, ISG levels should be examined 
following EGOT knock down in the absence of HCV infection.  
 
9) The authors make the statement several times that HCV activates PKR - it would be more 
compelling if the activation of PKR was shown in response to HCV infection e.g. by WB for 
phosphorylated PKR or downstream phosphorylation of eIF2α. In Figure 9, knockdown of PKR 
(siRNA) or overexpression of PKR influences EGOT levels negatively or positively, respectively. 
Although clearly exogenous expression of PKR has an effect on EGOT abundance, is the PKR 
expressed activated? This should be shown. Since upregulation of EGOT occurs during the sensing 
of cytoplasmic RNA (HCV, SFV, pIC), it is not surprising that PKR is involved in regulating EGOT 
expression. Usually, EGOT transcript levels rapidly increase following IL5 stimulation of CD34+ 
hematopoietic progenitors during eosinophil development. It is therefore debatable whether EGOT 
gets specifically upregulated in response to viral RNA or whether it is upregulated as a "byproduct" 
during activation of the innate immunity (see point 3 above).  
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Minor comments:  
In Figure 9C in the minus PKR condition, the comparison of EGOT induction in mock versus HCV-
infected cells is presumably comparable to the experiments performed previously (ie Figure 2, 4). 
However, in 9C the induction seems considerably less than that observed in Figure 2A or 4A. The 
change in axes from "fold increase" to "relative expression" and general lack of information on what 
is being measured probably exacerbates the issue (see 2nd major point). Is this an issue of the timing 
of the experiment? Can the authors comment on this in the text?  
 
Would it be possible to identify common features of the promotor regions of all the identified 
CSRs? Can the authors comment on any unifying features?  
 
Does the knockdown of EGOT have any cytotoxic effects? If knockdown of EGOT reduces cell 
viability, this could contribute to the reduction in HCV replication seen in Figure 6. Cell viability 
following EGOT gapmer treatment should be examined if cytotoxic effects/delayed cell growth 
were observed.  
 
There is no mention of the length of these noncoding RNAs. Length of greater than 200 nt is a 
defining (although somewhat arbitrary) feature of lncRNAs and should be mentioned somewhere in 
the text.  
 
There are several ambiguous sentences in the introduction:  
1) "Most ISGs are antiviral genes that function to increase cell sensitivity to infection (...)." This 
sentence is ambiguous and reads as if cells are more easily infected due to ISGs.  
2) "However, lncRNAs are more cell type-specific, less expressed (...)." Less expressed as in less 
abundant? Expressed in fewer cell types? Clarify.  
3) "HIV and influenza are viruses that reach the nucleus and, therefore, gifted to alter the cell 
transcriptome." Many studies on transcriptomic changes have been conducted for non-nuclear 
viruses, so reaching the nucleus is not a requirement for altering the cellular transcriptome.  
 
In Figure 1D, the names of hits are written but cannot be connected with the point to which they 
correspond - the point itself needs to be highlighted in some way. In addition, what is the rationale 
for the hits listed by name in Figure 1D? This should be clearly stated somewhere. It would also be 
useful if the top hits of the noncoding hits were also highlighted in some way.  
 
Figure 2 has CSR37 shaded in a different color besides those used for the other CSRs, and there is 
no explanation for this in the figure legend. The reviewer understands that this CSR was removed 
from further analysis, but the differential shading for CSR37 still needs an explanation.  
 
Provide some justification for continuing with NEURL3/CSR31 if it does not meet your 
requirements for a lncRNA.  
 
The authors should be careful with broad statements claiming nuclear localization when discussing 
Figure 3B; they list two CSRs as having altered localizations following HCV infection, then 
describe them as having "nuclear localization."  
 
The error bars in Figure 3B are not correctly placed.  
 
In Figure 4B, CXCL10 should be treated the same as the other samples... is the increase shown 
significant? Not significant?  
 
 
 
Referee #2:  
 
In this manuscript, Carnero and co-workers are interested in the role of long noncoding RNAs 
(lncRNAs) in the control of the antiviral response induced by hepatitis C virus (HCV) infection. By 
using both arrays and deep sequencing approaches together with bioinformatics analyses, the 
authors identify lncRNAs which expression is modulated upon hepatitis C virus (HCV) infection of 
the human hepatoma-derived Huh7 cells. Quantitative RT-PCR was used to validate 37 candidates 
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which expression was upregulated and as well as their subcellular localization. The lncRNA EGOT 
was chosen for in-depth analysis. The authors showed that EGOT is upregulated in liver biopsies of 
HCV-positive patients and allows a better viral replication by regulating negatively the expression 
of numerous interferon-induced genes. Moreover, the induction of EGOT expression was shown to 
be PKR- and NF-kB-dependent.  
 
The reported observations, which are made in an immune-incompetent cell culture system but 
corroborated by analyses in liver biopsies of HCV-positive patients, are most interesting, well 
documented and convincing. Growing evidence exists on a critical role of lncRNAs and noncoding 
RNAs in virus-host interactions, with several lncRNAs exhibiting important functions in the 
antiviral response.  
The work proposed in this manuscript is of strong relevance and helps on elucidating the new 
function associated with lncRNAs and modulation of the immune response to virus infection. 
Overall, the concept of virus-induced lncRNA might be more important for RNA viruses such as 
HCV and Influenza A virus rather than for DNA viruses, however, that advances the fields of HCV 
and innate immune biology. However several concerns should be addressed by the authors.  
 
Major concerns:  
 
• Figure 3B reports that EGOT cellular distribution is altered upon HCV infection and switches from 
the cytosol to nucleus. Since this observation was one of the strongest argument to focus on EGOT 
analysis, this result should be complemented immune-fluorescence analysis using RNA FISH.  
 
• CRS19, 21, 26 and 34 are induced upon HCV infection but not upon IFN treatment, poly(I:C) 
transfection or "infection with other viruses tested". This allows the authors to claim that their 
expression is hence specific to HCV infection. However, this latter observation is not supported by 
data. The authors should provide this information as a complement of Figure 4B.  
 
• The analysis of EGOT mRNA expression levels in livers of HCV-positive patients shown Figure 
5A includes five samples of patients with hepato-cellular carcinoma (HCC). lncRNAs were also 
reported to be upregulated in hepatitis B virus-related HCC, and non-hepatitis-related HCC, and 
might hence be the consequence of pathogenesis establishment. Is the increase in EGOT levels 
observed in the liver of HCV-positive patients still significant if the HCC-samples are omitted from 
the analysis? Are EGOT mRNA expression levels correlated with HCV viral load or copy numbers? 
In addition, the authors should include another lncRNA, such as CSR4 which is not significantly 
modulated by HCV infection as shown in Figure 2A and expressed in the liver (Suppl. Figure 2), to 
provide information about the variability of lncRNA expression and thus the significance of EGOT 
expression.  
 
• The difference in EGOT mRNA level induction kinetics and amplitude observed for Influenza 
virus and Semliki Forest Virus is really interesting. Recently, Li and coworkers (Nucl. Acid 
Research 2015) reported that Influenza A virus non-structural protein NS1 inhibitory effect on PKR 
activation is mediated by the induction of noncoding vault RNAs. Could this scenario could explain 
the observed decrease in EGOT mRNA levels at 24h post Influenza A virus infection?  
 
• EGOT mRNA silencing in Huh7 cells results in almost 40% reduction in HCV RNA levels and 
80% of the amount of HCV-infected cells (Figure 6 A-D). This result should include the 
measurement of the HCV viral titer using TCID50. Moreover, the multiplicity of infection used for 
this experiment (MOI of 0,01) is much lower than in the one used in the induction kinetics shown in 
Figure 2B (MOI of 0,3). Is the effect of EGOT silencing as pronounced on HCV viral titer when 
using a MOI of 0.3?  
 
• Same comment as above, which MOI was used for the experiments shown in Figure 8? The 
authors should provide the corresponding data for EGOT silencing efficiency and HCV infection 
levels. The induction of ISGs in response to HCV infection occurs already 12h post infection. How 
is EGOT inhibitory effect on ISG mRNA levels regulated in the course of the infection, up to 96h?  
 
• Results shown in Figure 9 are essential to understand the pathway by which EGOT expression is 
upregulated. The author should provide a western-blot analysis to confirm that in HCV infected cells 
upon PKR silencing PKR phosphorylation levels are inhibited. In addition, the authors should 
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clarify the discrepancy in EGOT expression levels in the control conditions shown in panel 9A and 
9C: in panel 9A EGOT expression is increased over 200 fold in cells transfected with control siRNA 
and infected with HCV while only about 3 fold in panel 9C, in HCV-infected cells transfected with 
control plasmid.  
 
• The authors schematized PKR functions in Figure 9D. However, an activation of NF-kB mediated 
by RIG-I cannot be excluded. An additional siRNA directed against RIG-I should be included in the 
experiments shown Figure 9A.  
 
• The use of IRF3 dominant negative form and IKB(SA) is a nice complementary approach to 
dissect the signaling pathway. However, additional information is required to show the functionality 
of these constructs in Huh7 cells. Figure 9E, the inhibition of IRF3 should be validated by western-
blot analyses of IRF3 phosphorylation or immune-fluorescence analysis of IRF3 translocation to the 
nucleus in both non-infected and infected DNIRF3-expressing cells. On the same line, Figure 9F, 
the repression of NF-kB activation in pIKB(SA)-transfected cells should be validated by western-
blot analysis of p65 phosphorylation levels in non-infected and HCV-infected cells.  
 
 
Minor concerns:  
 
• It might be helpful to the readers that are not familiar with H3K4me1 and H3K4me3 to indicate 
that they correspond to mono or trimethylations of histones.  
 
• Figure 2B misses the asterisk representing statistical analysis.  
 
• In order to avoid misunderstanding, the term "mock" in the labeling of histogram axis shown in 
Figures 6, 8 and 9, which corresponds to control gapmer or siRNA transfections should be replaced 
by gaCtrl and siCtrl or similar. Mock is expected to be the non-infected control.  
 
• The authors should provide the gapmer sequences used for EGOT silencing  
 
 
 
 
 
Referee #3:  
 
This manuscript explores the interesting field of lncRNAs mediating antiviral immunity. The 
authors use both microarrays and RNASeq to identify lncRNAs induced by Hepatitis C virus (HCV) 
in liver cells, and then focus their attention on one strongly HCV-inducible transcript EGOT. 
Knockdown of EGOT reduced viral replication of HCV and Semliki forest virus. Whereas this 
biological phenomenon is interesting, the work lacks mechanistic insights on how EGOT mediates 
this function and is quite correlative overall. In summary, this is an interesting story, but the findings 
are preliminary in this current form.  
 
Major Comments:  
1. This study has some problems especially with regards to the transcriptomic overlay of microarray 
vs. RNASeq. In Figure 1, the authors compare the protein coding transcriptome identified by either 
microarray or RNASeq analysis. While the authors state "similar coding genes were identified by 
microarray and RNASeq analysis... In fact, 18.7 % of the coding genes identified as altered in 
response to HCV infection after RNASeq analysis.... were also identified in the microarray 
analysis." I disagree that this can be interpreted as a "similar" profile, since almost 4 out of 5 genes 
do not show the same differential expression pattern when comparing microarray with RNASeq 
(79.3%). This is a big concern since one would expect a higher overlap of differentially expressed 
protein-coding genes. Was the same RNA input used for the both experiments? How do the authors 
explain this very weak correlation?  
 
2. In Figure 1F: According to the Venn diagram, only 383 protein-coding genes change following 
HCV infection (RNASeq). This seems like a small number, and the finding that the microarray 
detects almost 10fold the amount of differentially expressed genes (2842) is not understandable to 
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me.  
 
3. Throughout the manuscript, the authors use differential expression (ie fold change) as a measure 
for selecting candidates. This is a very reasonable approach for candidate selection, but at the same 
time it would be important to understand the absolute expression levels of the selected transcripts to 
be able to estimate the copy number per cell of those transcripts. For low-abdunance transcripts like 
lncRNAs, a high fold change can be misleading.  
 
4. Fig 4a: Given the kinetics of the type I interferon response on interferon-stimulated gene 
expression patterns, 72h of stimulation as the only time point is not ideal. It would be interesting to 
perform timecourse and dose response experiments.  
 
5. Fig 4B: It would be interesting to see the differential expression of the selected lncRNAs after 
stimulation with a broader panel of TLR ligands and nucleic acids  
 
6. Fig 6: What is the effect of gapmer mediated knockdown of EGOT after stimulation? EGOT is 
almost 800fold induced after HCV infection, so it would be important to assess the quality of the 
knockdown both basally and after induction.  
 
7. Fig 6: How were the GAPmers target regions selected? There is no experimental data showing 
that knockdown of EGOT does not affect the expression of the gene ITPR1 gene, in which it is 
located. Given the incorrect annotation of some lncRNAs, the sequence of EGOT needs to be 
confirmed by RACE  
 
8. Page 7: "Our results indicate that sensing pIC or the viral RNA genome induces the expression of 
CSR32, which acts as a proviral factor by decreasing ISG expression." The authors do not show this 
causal link / mechanism between EGOT expression and ISG expression. Rather, the data they show 
is correlative.  
 
9. Fig. 8: What do the authors mean by relative expression here- relative to what? Non-infected? 
Moreover, the asterisk for Mx1 ga2alpha is unclear. Why is ga2alpha "more" significant than 
ga1alpha, when the error bar is higher and the relative RNA level is identical to ga1alpha?  
 
Minor Points:  
1. In the Introduction the statement: "LncRNAs are functional transcripts with no identifiable 
protein coding capacity" Since lncRNAs are defined by length and lack of coding potential only,, 
tbehe fraction of functional transcripts among all lncRNAs is unclear to date. This statement should 
be revised.  
2. "HIV and influenza are viruses that reach the nucleus and, therefore, gifted to alter the cell 
transcriptome." Clearly, dramatic transcriptional changes of host cells can also happen 
independently of nuclear entry of a virus (cytoplasmic nucleic acid signaling!), so this statement is 
not correct. 
 
 
1st Revision - authors' response 17 March 2016 

Complete point-by-point response to referees:  
Referee #1: 
 
Major Comments: 
1) Generally, the methods and figure legends are not informative enough or carefully written. For 
example, it is nearly impossible for the reader to understand the timing/treatments of the 
experiments shown in Figure 9. In the legend for Figure 3, the authors refer to Pride, Lee and 
Bazini and refer the reader to the text for further details, yet I could not find any further details. It 
was often difficult to follow the timing/methodology of experiments.  
 
We want to apologize to the reviewer if some figure legends and methods were not informative 
enough. Indeed, this was not our intention. We now realize that by trying to be brief… we lost 
clarity! The revised manuscript has been carefully reviewed to indicate in the text and/or figure 
legends the timing and the treatments performed. The Pride archive and the Lee and Bazzini lists, 
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previously described under Bioinformatic analyses (Materials and Methods), are now also defined in 
the figure legend (Fig. EV.1). The complete analysis of the coding potential of the CSRs is now also 
described in the figure legend. 
 
2) The axes of the figures are not informative. There are no units given, nor any information as to 
what values are being used. As an example, in 5A, "Relative RNA levels" should say HCV copies/g 
tissue (or whatever it is) to give information on the actual measurements being divided/multiplied. 
Fold increase, relative RNA levels, relative expression, etc. are not sufficient. At the very least this 
information should be in the figure legends.  
 
In the figure legends and in Material and Methods we indicated that “to calculate the relative levels 
of each transcript, GAPDH mRNA was quantified and used as a reference”. This is explained in 
more detail in the new version of the manuscript. To calculate the relative RNA levels, transcript 
levels were evaluated by quantitative RT-PCR and normalized to the expression level of an internal 
control. GAPDH mRNA was chosen as a reference because the levels of GAPDH mRNA were not 
altered by the treatments used. Furthermore, samples showing over one Ct value difference in the 
level of GAPDH mRNA compared to control samples were not used in the analysis. This occurred 
only in few cases. In the revised version of the manuscript, the axes of the figures have been 
changed from the general “relative RNA levels” to the more specific “2-ΔCt x 1000” that was used in 
all cases, where ΔCt = Ct of the gene of interest – Ct of the internal control. HCV levels have been 
translated to genome equivalents per µg of RNA, as has been described previously (Zhong et al., 
Proc Natl Acad Sci U S A 102: 9294-9299, 2005). 
 
Absolute numbers of CSRs were not calculated in all cases, as the aim was to do a fast screening of 
the initial CSRs to select for further evaluation those that increase after HCV infection. The 37 CSR 
candidates are expressed to very different levels (Appendix Table S.2 and see below). A graph that 
would show the expression levels of all candidates in untreated and treated cells would not allow an 
easy evaluation of how the treatment affects expression. Therefore, fold induction was chosen to 
represent expression changes in treated versus control cells (Fig. 2). We believe that the reviewer 
will agree with this, as fold induction is a standard method to represent differences in gene 
expression regularly used in high impact journals such as EMBO Reports. The relative expression is 
also a widely accepted method to evaluate gene expression. However, as suggested by the reviewer, 
in the case of EGOT we have now quantified the absolute levels of EGOT. We agree with the 
reviewer that this is a relevant issue, as by only showing relative expression levels and fold 
inductions it is difficult for the reader to have an idea of the expression level of EGOT. The results 
have been included in the revised version of the manuscript. Please, see the answer to issue 4 for 
details. 
 
3) The conclusions made by the authors are overstated. Although it may be tempting to speculate 
that HCV is manipulating EGOT expression for its own benefit, this is not shown. Indeed, EGOT is 
induced by other PAMPs, suggesting its stimulation is NOT specific to HCV. The authors themselves 
highlight that the induction is probably due to an increase in PKR activation (although this is also 
not shown directly - see point on Figure 9 below). Treatments with different PAMPS/IFNs/cytokines 
should be done in tandem, and PKR activation and resulting EGOT expression should be measured. 
Statements such as: "Then, HCV and SFV may have evolved to induce the expression of EGOT and 
increase virus viability by limiting the IFN response" are not supported by the data.  
 
We completely agree with the reviewer. The revised manuscript has been carefully reviewed to 
clarify this issue. We do not think that stimulation of EGOT is specific for HCV. Instead, our work 
shows that EGOT is induced in the cell in response to different stimuli. Following the suggestion of 
the reviewer, we have evaluated the effect of other PAMPs, IFNs and cytokines on EGOT 
expression. The results are shown in new Fig. 4 and/or indicated in the text. Most of the treatments 
performed (PAMPs, IFNs and TNFα, but not other cytokines such as IL6 or oncostatin) induce 
EGOT expression 2 - 6 fold (Fig. 3-4). However, EGOT levels are increased 100 - 800 fold in cells 
infected with Semliki Forest Virus (SFV) or HCV (Fig. 2 and 4B). Such a dramatic increase is not 
observed in cells infected with influenza virus, an RNA virus that, unlike SFV and HCV, replicates 
in the nucleus (Fig. 4A). We hypothesize that the increased levels of EGOT in cells infected with 
SFV or HCV depend on viral replication. In fact, we now show that infected cells treated with 
inhibitors of HCV replication show decreased levels of EGOT compared to untreated infected cells 
(new Figure 4C). The possibility that HCV could have evolved to increase EGOT levels for its own 
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benefit was just a speculation previously mentioned in the discussion.  
 
4) Figure 2 shows the fold induction of lncRNAs upon HCV infection. However, many of the CSRs 
classified as expressed to "good levels" in Figure 2 (a term which should be defined) did not appear 
well-expressed in the heat map provided (Supp. Figure 2). Therefore, the copy number in Huh7 cells 
should be determined using an EGOT RNA standard. Basal expression becomes an issue at when 
the authors make the statement that CSR28 or 32 inductions precede the induction of most CSRs. 
First, other CSRs (7, 3, 19, 26) show the same trend and the apparent early or strong induction of 
CSR28 or CSR32 may be related to abundance (either one cannot see induction yet at early time 
points because the amplitude of the overall response is less, or, the lncRNA is expressed to a low 
level, and any induction appears high). Expression level is also an issue in Figure 3B (see comment 
below).  
 
We agree with the reviewer that the paper requires a better definition of the expression levels. To 
simplify, we have now divided all CSRs from 1 to 35 into those expressed at high, intermediate or 
low levels in HCV infected cells (Appendix Table S.2). We now specify the range of Ct values that 
correspond to each category (low, Ct values > 30 (generally corresponding to one or fewer copies 
per cell); medium, Ct values 26-29 and high, Ct values < 25. While qRT-PCR does not provide 
absolute measurements in the absence of a standard, we believe that Ct values may give a general 
idea of expression levels. As a reference, we mention that the abundant GAPDH mRNA (more than 
1000 copies per cell) has an average Ct value of 17 using our qRT-PCR conditions while most 
coding genes evaluated in this work have Ct values of 21-25.  
 
There are several reasons for the lack of correlation between the studies performed with the Human 
Body Map (Appendix Fig. S.2) and the expression levels found in HuH7 cells. Note that the Human 
Body Map evaluates expression in the whole liver, which includes mainly hepatocytes but also other 
cells. For instance, in HuH7 cells we detect low levels of CSR14 while this lncRNA is highly 
expressed in the liver according to the Human Body Map. We believe that CSR14 could be 
expressed from other cells different than hepatocytes or that the expression of CSR14 could be 
higher in human primary hepatocytes than in transformed HuH7 cells. Importantly, it should be 
noted that the expression levels shown in Appendix Table S. 2 correspond to HCV infected HuH7 
cells. This has been clarified in the new version of the manuscript. In the case of CSR32/EGOT, 
expression in the liver is low according to the Human Body Map (Appendix Fig. S. 2). However, it 
is induced after infection with HCV. 
 
To determine the copy number of EGOT in HuH7 cells, EGOT cDNA was cloned after a T7 
promoter and EGOT RNA was transcribed in vitro and quantified by bioanalyzer. Then, it was used 
as a standard for a qRT-PCR reaction. An identical protocol was followed to evaluate the levels of 
the more abundant CSR34/UCA1. The results indicate that there are 8 - 15 molecules of EGOT 
mRNA and 60-90 molecules of UCA1 mRNA per HuH7 cell infected with HCV for 48h (page 5, 
paragraph 4). Similar results were obtained for CSR30/PINT, whose quantification resulted in 5-7 
copies of PINT per cell. This correlates with what has been found by in situ hybridization (Martin-
Bejar et al., Genome Biol 14:R104, 2013).  
 
We agree with the reviewer that induction of CSR32 could be similar to the induction of CSR3 or 
CSR7. Therefore we have removed the statement indicating that the induction of CSR32 precedes 
the induction of most CSRs.    
 
5) Figure 3A shows a summary of bioinformatic measures from which the authors draw conclusions 
about the amino acid coding potential of the CSRs they have identified. There should be a legend for 
this table, explaining the abbreviations used, explaining briefly to the reader what these measures 
are, and (to the extent possible) what they are based on/how they are obtained. In addition, the 
numerical cutoffs for each important value that contributes to the classification of lncRNA should be 
stated. Figure 3B demonstrates the cytoplasmic to nuclear distribution of several CSRs in mock or 
HCV-infected cells. The authors conclude that EGOT changes its cytoplasmic localization to be 
nuclear upon HCV infection. However, contrary to the authors' classification in Figure 2B, EGOT is 
expressed to very low levels within the liver (Supp. Fig. 2). Therefore, the relatively small difference 
in localization upon HCV infection could merely reflect increased transcription of EGOT. 
 
In the revised version, the legend of Figure 3 (now Fig. EV1) describes the analyses performed in 
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more detail. Also, the table has been simplified. Basically, coding potential has been evaluated with 
the coding potential assessment tool (CPAT) and searching the LNCipedia database. CPAT 
measures ORF size and coverage and codon and hexamer score usage bias to yield a coding 
probability (Cod Prob). Values lower than 0.364 mark noncoding RNAs with high sensitivity and 
specificity. The LNCipedia database quantifies the number of times that each transcript has been 
found in the Pride proteomic database, a collection of peptides identified by proteomic analyses, or 
in the Lee or Bazzini lists of transcripts associated with ribosomes in ribosome profiling 
experiments. LNCipedia also calculates the Phylogenetic Codon Substitution Frequencies 
(PhyloCSF). PhyloCSF estimates coding potential after evaluation of a phylogenetic conservation 
score. As a rule, negative scores are likely to represent a conserved noncoding sequence. However, 
this method should not be used alone. The model is based on sequence evolution and makes many 
assumptions that are not fully satisfied in reality. This strongly affects pseudogenes. As pseudogenes 
are similar to their parental gene, they could score positive by PhyloCSF even if they are transcripts 
that have lost coding capacity. Thus, PhyloCSF values should be combined with other methods, as 
we have done. In our case we used CPAT and “lists”. Taking into consideration all the analyses 
performed, we describe the final coding probability under “label”. 
 
Regarding the localization of the CSRs, we agree with the reviewer that we cannot exclude that the 
apparent nuclear relocalization of CSR32/EGOT results from increased transcription coupled to low 
baseline levels. Therefore, we have prepared a new figure showing the preferential accumulation of 
the CSRs only in infected cells, where expression levels are higher. 
 
6) Figure 4 demonstrates the induction of CSRs by HCV, IFN-alpha (IFN) and pIC. Again, HCV 
induces CSRs, and the combination of HCV and IFN did not further increase this induction. 
However, the timing of the experiment (IFN treatment/HCV infection) is unclear. Was a productive 
HCV infection established during treatment with IFN or at what time post infection did the IFN 
treatment start? Viral replication levels should be shown in the figure. Presumably, viral replication 
will be abrogated upon IFN signaling. Therefore it is likely that the viral RNA itself is able to 
trigger the induction of EGOT. To address this issue, the authors could infect cells that are pre-
treated with HCV-DAAs (e.g. sofosbuvir or daclatasvir). Under these conditions, there is no viral 
replication and only the incoming viral RNA and its initial translation can contribute to the 
upregulation of CSRs. Also, Huh-7.5 cells, which are defective in RIG-I mediated induction of ISGs, 
should be tested in comparison to Huh-7 cells. This would help to distinguish whether the induction 
of these CSRs is RIG-I mediated or via a different pathway (e.g. PKR). 
 
This is a really interesting issue. In the IFN experiment, cells were treated with 10,000 units/ml of 
IFNα for 72 hours (previous Fig. 4, now Fig 3A). We have previously shown that under these 
conditions it is still possible to detect increased expression of genes that are induced early after IFN 
treatment but also increased levels of genes that respond to a secondary wave of the IFN response 
(Carnero et al., Front Immunol 5,  2014). Using these conditions only CSR31 and CSR32 exhibited 
a significant upregulation in IFN-treated cells. We have now analyzed IFN induction further to show 
that only CSR31 is induced at 6h post-IFN treatment (new Appendix Fig. S. 3A-B). 
 
To find synergistic effects between IFN and HCV-infection, cells were first infected with a moi of 
0.3 of HCV. Three days later, cells were treated or not with IFN as described above (10,000 
units/ml). Cells were collected three days later to evaluate CSR expression. Under these conditions 
IFN treatment affects viral replication poorly. The HCV RNA levels are now shown in new 
Appendix Fig. S.3C.  
 
To determine whether the viral RNA is able to trigger the induction of EGOT, the following 
experiments have been performed: 

- Cells were infected with HCV and EGOT levels were evaluated at 5 hours post-infection 
(immediately after infection) (new Fig. 4D). 

- Cells were infected with an UV-irradiated HCV and HCV and EGOT levels were evaluated 
12 hours later (new Fig 4D). Controls cells were mock-treated or infected with a non UV-
treated virus. The latter showed increased replication compared to the cells infected with 
the UV-treated HCV virus. 

- Cells were incubated for 24 hours with media containing a cocktail of 1200 pM sofosbuvir, 
500 pM daclatasvir and 100 µM ribavirin (DAAs). Then, treated cells and controls were 
infected with moi 0.3 of HCV and incubated for 48 hours in media containing the HCV 
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DAAs or normal media, respectively.  EGOT and HCV RNA levels were evaluated (Rev.1 
Fig. 1). 

 
These experiments suggest that the incoming virus could increase the levels of EGOT by 2-3 fold.  
 
 
 
 
 
 
 
 
 
 
 
 
Rev. 1 Fig. 1. HuH7 cells were incubated for 24 hours with media containing a cocktail of direct-
acting antivirals (DAAs) (1200 pM sofosbuvir, 500 pM daclatasvir and 100 µM ribavirin). Then, 
cells were infected with moi 0.3 of HCV and incubated for 48 h in media containing the HCV 
DAAs. Control cells were non-infected (Mock) or infected and incubated with regular media for 48 
h. EGOT and HCV RNA levels were evaluated by qRT-PCR. GAPDH mRNA was also quantified 
and used as a reference to calculate the relative levels of EGOT. The fold increase was calculated as 
the ratio of EGOT levels in infected versus non-infected cells. Genome equivalents (GE) of HCV 
RNA were calculated as described in materials and methods. The inhibitors decreased viral RNA 
~1000 fold. EGOT levels were upregulated only 2-3 fold in the infected cells treated with DAAs and 
>100 fold in control infected cells. 
 
Regarding RIG-I, we have evaluated EGOT induction in RIG-I deficient HuH7.5 cells and in HuH7 
cells transfected with siRNAs targeting RIG-I. The results show that although RIG-I can also 
mediate EGOT induction, HCV can induce EGOT in the absence of RIG-I. These results are now 
shown in new Fig. 5A-B.  
 
7) Figure 5A shows EGOT levels in HCV-infected patients compared to a healthy control group. 
However, a number of factors make this rather small change difficult to interpret. If EGOT plays a 
role in innate immunity, inflammation in the liver may affect EGOT levels in an HCV-independent 
manner. In addition, could potential influx of immune cells into the infected liver influence 
measured EGOT abundance? How does the viral load correlate with the induction of EGOT and to 
what extent are ISGs upregulated in these liver samples? Finally, it was previously reported that 
EGOT is down regulated in prostate cancer. HCV infected patients was diagnosed with HCC should 
be identified on the graph. The cohort of 15 HCV patients had 5 individuals with HCC and there are 
5 patients with highly elevated EGOT levels. If these patients with high EGOT levels had HCC, it is 
possible that upregulation of EGOT in patients is HCC-related, not caused by the HCV infection.  
 
We thank the reviewer for raising this issue. We have now evaluated human samples in more detail 
in several ways: 
1. The levels of EGOT have been evaluated in an independent cohort of patients (10 controls and 19 
HCV-infected patients). Similar to what was obtained with the initial cohort, HCV-infected livers 
showed increased levels of EGOT compared to non-infected livers. This is now shown in new Fig 
6A. However, we do not observe increased levels of CSR14 or CSR23 in HCV-infected livers (data 
not shown). These CSRs have been taken as a control of lncRNAs that show good expression in the 
liver (new Appendix Fig. S. 2) and are not markedly increased after HCV infection in HuH7 cells 
(Fig. 2A).  
 
2. We have quantified the levels of ISG15 and HCV RNAs in the livers of HCV-infected patients. 
As has been described, there is a significant correlation between ISG15 and HCV RNA in our 
human samples (Broering et al,. Gut 59: 1111-1119, 2010). However, we do not observe a 
significant correlation between EGOT and HCV RNA (new Fig. 6B). Given that the proportion of 
HCV-infected hepatocytes per person ranges from 21-45% and that most infected hepatocytes 
express low levels of viral RNA (1-50 copies according to Kandathil et al., Gastroenterology 145: 
1404-13, 2013; 1-8 copies according to Stiffler et al., PLoS One 4: e6661, 2009; and 7-64 copies 
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according to Chang et al., Am J Pathol 163: 433-444, 2003), we hypothesized that EGOT expression 
in HCV-infected livers could also be driven by TNFα, as shown in HuH7 cells (Fig. 5I). Therefore, 
we have quantified the levels of TNFα mRNA and we have observed that there is a significant 
correlation between TNFα levels and EGOT expression (new Fig. 6B). Our results are in agreement 
with the hypothesis that TNFα could be a major driver of EGOT expression in the liver of HCV-
infected patients. Given the complexity of the HCV cell cycle and the antiviral response, it could be 
reasonable to think that the levels of HCV and ISG15 (and, probably, other ISGs) in patients could 
reflect the influence of several factors. We propose that EGOT could be one of these factors based 
on the experiments performed in HuH7 cells (Fig. 7-8). 
 
4. TNFα may be secreted by several immune cells. Therefore, we agree with the reviewer that 
“immune cells into the infected liver influence measured EGOT abundance”. Further, as EGOT 
RNA has been originally described in eosinophils (Wagner et al., Blood 109: 5191-5198, 2007), we 
considered the possibility that EGOT could be expressed in the immune cells that infiltrate the 
HCV-infected liver. Therefore we quantified the levels of CD68, CD56, CD4 and CD8B mRNAs, 
which are specific markers for macrophages, NK cells and CD4, CD8 T lymphocytes, respectively. 
As we only have frozen liver samples we could not evaluate these populations by 
immunohistochemistry or by FACS. There was no correlation between the levels of EGOT and the 
levels of CD68, CD56, CD4 and CD8B mRNAs, suggesting that these cells are not contributing to 
the observed levels of EGOT. Finally, we obtained PBMCs from three healthy donors and we 
incubated them in control RPMI medium or RPMI with 2,500 units/ml of IFNα, 5ug/ml LPS and 
15ug/ml pI:C for 8 hours. Then, RNA was extracted from these cells and EGOT levels were 
measured by qRT-PCR using GAPDH mRNA as a reference. The levels of EGOT in controls and 
treated cells were very similar and close to background levels (Page 10 paragraph 1).  
 
5. As suggested by the reviewer, we have identified in the graphs those HCV-infected patients with 
HCC (new Fig. 6A). Furthermore, we have evaluated the role of EGOT on proliferation in more 
detail. The results obtained do not support a role of EGOT in the proliferation of liver cells because: 
a) HuH7 cells in which EGOT expression has been decreased with specific gapmers showed growth 
rates similar to cells treated with control gapmers (new Appendix Fig. S. 4).  
b) We have compared EGOT expression in the liver of different patients infected with HCV. EGOT 
levels were similar in patients with and without HCC. Most of the samples have been obtained 
recently and we cannot evaluate yet whether those patients with higher levels of EGOT have a 
different survival compared to patients with lower EGOT levels.  
c) We have quantified the levels of a putative mouse homologue of EGOT (mEGOT) in different 
samples. We have observed that mEGOT is expressed in mouse liver and in primary hepatocytes. 
We did not observe differences in the expression levels of mEGOT between healthy mouse livers 
(n=7), and peritumor (n= 17) or tumor tissue (n=23) obtained from HCCs developed in mice 9 
months after treatment with DEN (page 7, paragraph 3). In turn, the mouse homologue of PVT1 was 
significantly increased in tumor samples compared to healthy livers (data not shown). 
 
All these results are now mentioned/shown in the revised version of the manuscript. 
 
8) Figure 6 demonstrates knock down of EGOT and examines its effect on HCV and SFV 
replication. A major concern is that the gapmers will bind to EGOT, forming DNA-RNA hybrids. 
Such hybrids are recognized by cGAS and subsequently stimulate the innate immunity via 
STING/TBK1. This could lead to the upregulation of ISGs as shown in figure 8, independent of 
EGOT depletion. Would it be feasible to generate CRISPR KO cells that target the 5'UTR or the 
promoter region of EGOT (possibly inducible)? This would allow the authors to draw conclusions 
on the involvement of EGOT in viral replication and innate immunity. Alternatively, an inducible 
(TET-on/off) system for the expression of EGOT would be informative to determine its role in 
regulating the innate immunity. The authors should also overexpress EGOT and examine ISG 
expression and viral replication of HCV and SFV to support their conclusion that EGOT is a 
proviral negative regulator of the immune response. Additionally, ISG levels should be examined 
following EGOT knock down in the absence of HCV infection. 
 
We thank the reviewer, as we were not aware of this issue. We have experience in the lab in the 
generation of CRISPR KO cells that target the promoter of lncRNAs. In our experience, it is not 
feasible to produce, select and evaluate these cells in the timing allowed by the editor of EMBO 
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Reports to provide a revised version of the manuscript (three months). Instead we have performed 
the following approaches: 
 
- We have evaluated the effect of the siRNA previously described to target EGOT (Wagner et al., 
Blood 109: 5191-5198, 
2007). However, we did not observe significantly decreased levels of EGOT after transfection of 
this siRNA into HuH7 cells (fold change 1.2). It has been reported that siRNAs are less effective in 
targeting structured or nuclear RNAs. 
 
- We have designed 9 new sequences that should guide the CRIPSR-Cas protein to the promoter of 
EGOT (sgRNAs).  Six of the sgRNAs were designed manually by looking for NGG nucleotides 
within -50 to +300 nucleotides from the transcription start site of the EGOT gene, where sgRNA 
efficiency is higher according to high throughput tiling screens (Gilbert et al., Cell 159: 647-661, 
2014; Lawhorn et al., PLoS One 9: e113232, 2014). Three additional sgRNAs were designed using 
the CRISPR-ERA online software (Liu et al., Bioinformatics 31: 3676-3678, 2015). Then, we 
transfected the plasmids expressing these sgRNAs with a plasmid expressing a CRISPR-Cas fused 
to the KRAB repressor. It has been reported that with this system, a library of 10 sgRNAs should be 
sufficient to obtain 2 or more highly active sgRNAs (Gilbert et al., Cell 159: 647-661, 2014). In the 
case of lncRNAs, the design of up to 3 sgRNAs led to the effective knockdown of 5 out of 6 non-
coding genes with over 80% repression at the RNA level, as measured by qRT-PCR and then 
confirmed by FISH (Gilbert et al., Cell 159: 647-661, 2014). However, we did not observe 
decreased levels of EGOT after transfecting the plasmids into control or HCV-infected cells. 
 
- Finally, we have studied whether control gapmers that target other cellular lncRNAs can 
upregulate ISGs. We have chosen UCA1, which is expressed at higher levels than EGOT (Appendix 
Table S.2 and page 5 paragraph 4). HuH7 cells were transfected with control gapmers or a specific 
gapmer that targets UCA1 and then infected with HCV for 48 h. Gapmers targeting UCA decreased 
the expression of UCA 6-10 fold, while the levels of ISG15 and GBP1 mRNAs were not 
significantly altered (new Appendix Fig. S.5). Using the same conditions, we obtained similar 
results when a gapmer targeting ISR8 was used (Carnero et al., Front Immunol 5, 2014).  As cGAS 
is a cytoplasmic sensor (Sun et al., Science 339: 786-791, 2013) and transfected gapmers reach the 
cell nucleus efficiently (Bennett et al., Mol Pharmacol 41: 1023-1033, 1992), we propose that 
gapmer/target DNA·RNA hybrids could be formed in the nucleus, away from the cytoplasmic cGAS 
sensor, and could be degraded very rapidly by RNAse H. 
  
To overexpress EGOT in the cell, we cloned the full-length transcript described in Encode, RefSeq, 
and ENSEMBL databases, first, under a constitutive promoter. Then, we transfected increasing 
concentrations of the plasmid (or a control plasmid) in HuH7 cells to obtain levels similar to or 
higher than those observed in HCV-infected cells. Some cells were infected at 24 hours post-
transfection to evaluate the effect of EGOT overexpression in HCV replication. Control and HCV-
infected cells were collected at 48h post-transfection (and 24hpi) or at 72h post-transfection (and 
48hpi). Under these conditions we evaluated the levels of HCV, GBP1 and ISG15 RNAs. We did 
not observe differences in the expression of HCV RNA or GBP1 and ISG15 mRNAs between 
controls and cells transfected with the plasmid expressing EGOT. As expected, EGOT levels 
increased compared to mock transfected cells. There are several possibilities to explain this negative 
result. As has been described for several lncRNAs, EGOT could work in cis. Therefore, 
functionality should be reconstituted by overexpressing EGOT close to the position where the 
endogenous gene is transcribed. Also, we cannot rule out that when expressing EGOT from a 
plasmid we are adding extra sequences at the 5´ or 3´ ends (to guarantee polyadenylation, for 
instance) that interfere with EGOT structure and disrupt functionality.  
 
Finally, we have evaluated ISG levels when EGOT is silenced for 72 hours in non-infected cells. 
The result also shows increased levels of ISG15 and GBP1 after EGOT depletion (new Fig. 8B). 
 
9) The authors make the statement several times that HCV activates PKR - it would be more 
compelling if the activation of PKR was shown in response to HCV infection e.g. by WB for 
phosphorylated PKR or downstream phosphorylation of eIF2α. In Figure 9, knockdown of PKR 
(siRNA) or overexpression of PKR influences EGOT levels negatively or positively, respectively. 
Although clearly exogenous expression of PKR has an effect on EGOT abundance, is the PKR 
expressed activated? This should be shown. Since upregulation of EGOT occurs during the sensing 
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of cytoplasmic RNA (HCV, SFV, pIC), it is not surprising that PKR is involved in regulating EGOT 
expression. Usually, EGOT transcript levels rapidly increase following IL5 stimulation of CD34+ 
hematopoietic progenitors during eosinophil development. It is therefore debatable whether EGOT 
gets specifically upregulated in response to viral RNA or whether it is upregulated as a "byproduct" 
during activation of the innate immunity (see point 3 above).  
 
We have evaluated by Western-blot the levels of phosphorylated PKR in control cells, cells infected 
with HCV, cells treated with pIC and cells transfected with a plasmid that expresses PKR. The 
results show increased PKR phosphorylation in treated versus control cells. These results are now 
shown in new Fig. EV.3B and agree with what has been previously observed: HCV infection 
induces PKR (Arnaud et al., PLoS Pathogens 7: e1002289, 2011; Garaigorta et al., Cell Host 
Microbe 6: 513-522, 2009).  
 
As mentioned above (see issue 3), we have reviewed the manuscript to clarify that EGOT is induced 
in response to TLRs, RIG-I and PKR activation and it is not exclusively induced by viral RNA.    
 
Minor comments: 
1. In Figure 9C in the minus PKR condition, the comparison of EGOT induction in mock versus 
HCV-infected cells is presumably comparable to the experiments performed previously (ie Figure 2, 
4). However, in 9C the induction seems considerably less than that observed in Figure 2A or 4A. 
The change in axes from "fold increase" to "relative expression" and general lack of information on 
what is being measured probably exacerbates the issue (see 2nd major point). Is this an issue of the 
timing of the experiment? Can the authors comment on this in the text?  
 
The reviewer is right. The data included in this figure for HCV-infected cells were wrong (now Fig. 
5E). The data corresponded to cells that had been first infected with HCV, then transfected with a 
plasmid that expresses PKR and collected 24 hours later. We have now included the data obtained 
with cells that were first transfected (with control plasmid or plasmid expressing PKR) and then 
infected with HCV, as has been done with the controls. In this case, the fold increase is similar to 
what has been described in other figures.  
 
2. Would it be possible to identify common features of the promotor regions of all the identified 
CSRs? Can the authors comment on any unifying features? 
 
Appendix Table S.3 includes a column with transcription factors that bind to CSR promoters 
according to conservation analysis or ChIP-Seq performed by ENCODE. The promoters of several 
CSRs contain transcription factor binding sites for myc, NFKB, IRFs or STATs. This is mentioned 
in the discussion (page 9, paragraph 3). 
 
3. Does the knockdown of EGOT have any cytotoxic effects? If knockdown of EGOT reduces cell 
viability, this could contribute to the reduction in HCV replication seen in Figure 6. Cell viability 
following EGOT gapmer treatment should be examined if cytotoxic effects/delayed cell growth were 
observed. 
 
We have not observed cytotoxic effects with the concentration of gapmers used in our experiments. 
We have measured cell growth after transfection with the gapmers that target EGOT. No significant 
differences in cell growth were observed at 72 hours post-transfection (new Appendix Fig. S.4).   
 
4. There is no mention of the length of these noncoding RNAs. Length of greater than 200 nt is a 
defining (although somewhat arbitrary) feature of lncRNAs and should be mentioned somewhere in 
the text.  
 
Appendix Table S.3 includes a column with this information. As several transcripts have been 
described for some CSR genes, the length of the shorter and the longest form is indicated. All 
described transcripts are longer than 200 nts. 
 
5. There are several ambiguous sentences in the introduction:  
1) "Most ISGs are antiviral genes that function to increase cell sensitivity to infection (...)." This 
sentence is ambiguous and reads as if cells are more easily infected due to ISGs. 
2) "However, lncRNAs are more cell type-specific, less expressed (...)." Less expressed as in less 
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abundant? Expressed in fewer cell types? Clarify. 
3) "HIV and influenza are viruses that reach the nucleus and, therefore, gifted to alter the cell 
transcriptome." Many studies on transcriptomic changes have been conducted for non-nuclear 
viruses, so reaching the nucleus is not a requirement for altering the cellular transcriptome.  
 
These ambiguous sentences have been modified. 
 
6. In Figure 1D, the names of hits are written but cannot be connected with the point to which they 
correspond - the point itself needs to be highlighted in some way. In addition, what is the rationale 
for the hits listed by name in Figure 1D? This should be clearly stated somewhere. It would also be 
useful if the top hits of the noncoding hits were also highlighted in some way. 
 
This has been corrected (see new Appendix Fig. S.1). As suggested by another reviewer, the 
RNASeq data is less relevant in the revised version of the manuscript.  
 
7. Figure 2 has CSR37 shaded in a different color besides those used for the other CSRs, and there 
is no explanation for this in the figure legend. The reviewer understands that this CSR was removed 
from further analysis, but the differential shading for CSR37 still needs an explanation. 
 
The reviewer is right. This is now mentioned in the legend of Fig. 2. CSR37 has been renamed 
CSR28.  
 
8. Provide some justification for continuing with NEURL3/CSR31 if it does not meet your 
requirements for a lncRNA.  
 
This has been done in the revised version of the manuscript. NEURL3/CSR31 is described as a non-
coding pseudogene by Encode and as a coding gene that encodes for an E3 ubiquitin-protein ligase 
by the RefSeq and Ensembl databases. NEURL3/CSR31 could be non-coding as peptides derived 
from this gene have not been identified in proteomic analyses and the NEURL3/CSR31 RNA has 
not been found associated with the ribosome in the ribosome profiling studies performed by Lee and 
Bazzini (Fig. EV.1B). However, CPAT and PhyloSCF analyses predict that NEURL3/CSR31 could 
be a coding gene. It should be taken into consideration that analysis of the coding potential of 
pseudogenes using PhyloSCF is tricky, as this program evaluates conservation to predict coding 
capacity. By definition, noncoding pseudogenes are similar to their parental coding genes. 
Therefore, we believe that further experiments should be performed to evaluate whether 
NEURL3/CSR31 is indeed a coding gene. If this is not the case, our studies describing the high 
increase of NEURL3/CSR31 after HCV infection, and IFN or pI:C treatments, may be of interest for 
other scientists. 
 
9. The authors should be careful with broad statements claiming nuclear localization when 
discussing Figure 3B; they list two CSRs as having altered localizations following HCV infection, 
then describe them as having "nuclear localization."  
 
This has been corrected in the revised version of the manuscript (now Fig. EV.1C). 
 
10. The error bars in Figure 3B are not correctly placed.  
 
This has been corrected in the revised version of the manuscript (now Fig. EV.1C). 
 
11. In Figure 4B, CXCL10 should be treated the same as the other samples... is the increase shown 
significant? Not significant? 
 
This has been corrected in the revised version of the manuscript. The increase is significant (now 
Fig. 3B). 
 
Referee #2: 
Major concerns: 
 
1• Figure 3B reports that EGOT cellular distribution is altered upon HCV infection and switches 
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from the cytosol to nucleus. Since this observation was one of the strongest argument to focus on 
EGOT analysis, this result should be complemented immune-fluorescence analysis using RNA FISH.  
 
We have removed from the revised version of the manuscript the putative relocation of EGOT after 
infection to address an issue raised by reviewer 1. The levels of EGOT in HuH7 cells are low (less 
than one copy per cell). According to reviewer 1, the relative small difference in localization upon 
HCV infection could merely reflect increased transcription of EGOT. In the new version we now 
highlight other strong arguments to focus on EGOT. 
 
2• CRS19, 21, 26 and 34 are induced upon HCV infection but not upon IFN treatment, poly(I:C) 
transfection or "infection with other viruses tested". This allows the authors to claim that their 
expression is hence specific to HCV infection. However, this latter observation is not supported by 
data. The authors should provide this information as a complement of Figure 4B.  
 
We strongly agree with the reviewer. We now include a figure showing that there are no significant 
differences in the levels of CSR19, 21, 26 or 34 in control cells and in cells infected with influenza 
virus or SFV for 8 hours (new Appendix Fig. S.3D). 
 
3• The analysis of EGOT mRNA expression levels in livers of HCV-positive patients shown Figure 
5A includes five samples of patients with hepato-cellular carcinoma (HCC). lncRNAs were also 
reported to be upregulated in hepatitis B virus-related HCC, and non-hepatitis-related HCC, and 
might hence be the consequence of pathogenesis establishment. Is the increase in EGOT levels 
observed in the liver of HCV-positive patients still significant if the HCC-samples are omitted from 
the analysis? Are EGOT mRNA expression levels correlated with HCV viral load or copy numbers? 
In addition, the authors should include another lncRNA, such as CSR4 which is not significantly 
modulated by HCV infection as shown in Figure 2A and expressed in the liver (Suppl. Figure 2), to 
provide information about the variability of lncRNA expression and thus the significance of EGOT 
expression. 
 
We thank the reviewer for raising this issue. We have now evaluated human samples in more detail. 
First, we have evaluated EGOT levels in an independent cohort of patients (10 controls and 19 
HCV-infected patients). Similar to what was obtained with the initial cohort, HCV-infected livers 
showed increased levels of EGOT compared to non-infected livers. This is now included in new Fig 
6A. Furthermore, in the revised version of the figure, we identified in the graphs those samples from 
HCV-infected patients with HCC (new Fig. 6A). The levels of EGOT are similar in HCV-infected 
livers with or without HCC.  
 
We have also obtained new evidences suggesting that EGOT is not involved in the proliferation of 
liver cells. In the first place we observed that HuH7 cells in which EGOT expression has been 
decreased with specific gapmers showed similar growth rates than cells treated with control 
gapmers. We have also quantified the levels of a putative mouse homologue of EGOT (mEGOT) in 
different samples from murine liver and spontaneous HCCs developed in these animals. We did not 
observe differences in the expression levels of mEGOT comparing healthy mouse livers (n=7), and 
peritumor (n= 17) or tumor tissue (n=23) obtained from HCCs developed in mice 9 months after 
treatment with DEN. In turn, the mouse homologue of PVT1, an oncogenic lncRNA, was 
significantly increased in tumor samples compared to healthy livers (data not shown). 
 
We have also quantified the levels of HCV RNAs in the second cohort of patients. We do not 
observe a significant correlation between EGOT and HCV RNA (new Fig. 6B). Given that the 
proportion of HCV-infected hepatocytes per person ranges from 21-45% and that most infected 
hepatocytes express low levels of viral RNA (1-50 copies according to Kandathil et al., 
Gastroenterology 145: 1404-13, 2013; 1-8 copies according to Stiffler et al., PLoS One 4: e6661, 
2009; and 7-64 copies according to Chang et al., Am J Pathol 163: 433-444, 2003), we hypothesized 
that EGOT expression in HCV-infected livers could also be driven by TNFα, as shown in HuH7 
cells (Fig. 5I). Therefore we have quantified the levels of TNFα mRNA and we have observed that 
there is a significant correlation between TNFα levels and EGOT expression (new Fig. 6B). Our 
results are in agreement with the hypothesis that TNFα could be a major driver of EGOT expression 
in the liver of HCV-infected patients. Given the complexity of the HCV cell cycle, it seems 
reasonable to think that the levels of HCV in patients could reflect the influence of several factors. 
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We propose that EGOT could be one of these factors based on the experiments performed in HuH7 
cells (Fig. 7). 
 
Finally, we have evaluated the levels of CSR4, CSR14 and CSR23 in HCV-infected livers and 
controls. As suggested by the reviewer, these CSRs have been taken as a control of lncRNAs that 
show good expression in the liver (Appendix Fig. S2) and are not highly increased after HCV 
infection in HuH7 cells (Fig. 2A). We did not detect good levels of CSR4 in human liver. The levels 
of CSR14 and CSR23 were similar in HCV-infected livers and controls (Rev. 2. Fig. 1).  
 
All these issues are now mentioned/shown in the revised version of the manuscript.  
 
 
 
 
 
 
 
 
 
 
 
Rev. 2 Fig. 1. Expression levels of CSR23 and CSR14 were evaluated by qRT-PCR in RNA 
samples obtained from livers from HCV-negative (n=10) and HCV-positive (n=8) patients. GAPDH 
mRNA was also quantified and used as a reference to calculate the relative levels (2-ΔCt x 1000, 
where ΔCt = Ct of the gene of interest – Ct of the control). Statistical significance was calculated 
using a two-tailed non-parametric Mann-Whitney U-test. Non-significant (ns) differences were 
observed. 
 
4• The difference in EGOT mRNA level induction kinetics and amplitude observed for Influenza 
virus and Semliki Forest Virus is really interesting. Recently, Li and coworkers (Nucl. Acid 
Research 2015) reported that Influenza A virus non-structural protein NS1 inhibitory effect on PKR 
activation is mediated by the induction of noncoding vault RNAs. Could this scenario could explain 
the observed decrease in EGOT mRNA levels at 24h post Influenza A virus infection?  
 
This is a very interesting possibility. We hypothesized that RNA viruses that replicate in the 
cytoplasm, such as HCV or SFV, produce high levels of dsRNAs and therefore, they activate PKR 
(or other cytoplasmic sensors) more strongly than RNA viruses such as influenza, that replicate in 
the nucleus. Therefore, EGOT levels should be higher in cells infected with HCV or SFV than in 
cells infected with influenza virus. However, the reviewer is right. Inhibition of PKR activation by 
NS1 could result in decreased levels of EGOT. Interestingly, infection with HCV and SFV proceeds 
with activated PKR, as translation of HCV or SFV viral proteins is resistant to the inhibitory action 
of eIF2a phosphorylation (Garaigorta et al., Cell Host Microbe 6: 513-522, 2009; Ventoso et al., 
Genes Dev 20: 87-100, 2006). Then, infections with viruses that activate PKR, such as SFV and 
HCV, could lead to higher levels of EGOT compared to infection with viruses that block PKR 
activation. To address this possibility we have evaluated EGOT levels in control cells or cells 
infected for 4 or 24 hours with a wild-type influenza virus or with a virus that lacks NS1 protein. 
EGOT levels were very similar at 4 hours post infection. At 24 hours, EGOT levels were 
significantly higher in cells infected with the virus that does not express NS1 than in control cells or 
cells infected with the wild-type influenza virus (Rev. 2 Fig. 2). However, EGOT levels were low 
compared with those observed in cells infected with SFV or HCV. Therefore, cytoplasmic viral 
replication could be important for EGOT induction. In agreement with this hypothesis we now show 
that EGOT levels decrease when viral replication is inhibited (new Fig. 4C). 
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Rev. 2 Fig. 2. HuH7 cells were mock-infected or infected for 4 or 24 hours with a wild-type 
influenza virus (Flu) or with a virus that lacks NS1 protein (ΔNS1). The, EGOT levels were 
evaluated by qRT-PCR. GAPDH mRNA was also quantified and used as a reference to calculate the 
relative levels of EGOT (2-ΔCt x 1000). Statistical significance was calculated using a two-tailed 
non-parametric Mann-Whitney U-test. Non-significant (ns) differences or significant (*, p< 0.05; 
**, p<0.01) differences are indicated. The average fold increase versus mock infected cells is 
indicated at the top of each bar. 
 
5• EGOT mRNA silencing in Huh7 cells results in almost 40% reduction in HCV RNA levels and 
80% of the amount of HCV-infected cells (Figure 6 A-D). This result should include the 
measurement of the HCV viral titer using TCID50. Moreover, the multiplicity of infection used for 
this experiment (MOI of 0,01) is much lower than in the one used in the induction kinetics shown in 
Figure 2B (MOI of 0,3). Is the effect of EGOT silencing as pronounced on HCV viral titer when 
using a MOI of 0.3? 
 
We want to apologize because the moi of HCV that we used was in fact 0.3, and was not indicated 
in the legend of former Fig. 5. This has been corrected in the revised version of the manuscript. We 
have tried to calculate TCID50 with HCV. We have successfully used this method to calculate 
adenovirus titers with 293 cells in the past. However, when we use HuH7 cells to calculate HCV 
TCID50s, we have background from uninfected cells grown on 96-well plates. Therefore, we have 
evaluated Focus-Forming Units per militer (FFU/ml). Several laboratories use this method to titer 
HCV (Zhong et al., PNAS102:9294-9, 2005). We used a modification of the method previously 
described. In brief, cell supernatants are serially diluted 10-fold in complete DMEM media and used 
to infect 105 naive HuH7 cells grown onto coverslips in 24-well plates. The inoculum is incubated 
with cells for 4 h at 37°C and then supplemented with fresh complete DMEM. Cells are fixed and 
permeabilized two days post-infection and HCV-infected cells are visualized by 
immunofluorescence staining of the core protein. Total and core-positive cells are counted in the 
highest possible dilutions (with at least one core-positive cell per field). Fields continue to be 
evaluated until a stable average number of core-positive vs total cells is obtained. This value is used 
to calculate the focus-forming units per milliliter of supernatant. Fig. 7C (in the new version) has 
been modified in the revised version to show FFU/ml. 
 
6• Same comment as above, which MOI was used for the experiments shown in Figure 8? The 
authors should provide the corresponding data for EGOT silencing efficiency and HCV infection 
levels. The induction of ISGs in response to HCV infection occurs already 12h post infection. How is 
EGOT inhibitory effect on ISG mRNA levels regulated in the course of the infection, up to 96h? 
 
We have also clarified this in the revised version of the manuscript. Actually, the measurements 
performed in Fig. 8 were made with the samples used in former Fig. 6 (now Fig. 7). Therefore the 
moi was 0.3. The new Fig. 8C also shows the results of silencing EGOT in cells infected with HCV 
for 12 or 24 h. The results obtained at 48 h post-infection were similar to those shown in Fig. 8A. At 
later times post infection we did not observe efficient EGOT silencing and therefore those samples 
were not evaluated. Interestingly, the results show that EGOT depletion leads to increased levels of 
ISG15 and GBP1 already at 12 hpi (Fig. 8C and data not shown). However at this time point we do 
not observe differences in the levels of HCV RNA between EGOT-depleted cells and controls. 
EGOT effect on HCV RNA is observed at 24 hpi. Therefore, EGOT effect on ISGs precedes the 
effect on viral replication. 
 
7• Results shown in Figure 9 are essential to understand the pathway by which EGOT expression is 
upregulated. The author should provide a western-blot analysis to confirm that in HCV infected 
cells upon PKR silencing PKR phosphorylation levels are inhibited. In addition, the authors should 
clarify the discrepancy in EGOT expression levels in the control conditions shown in panel 9A and 
9C: in panel 9A EGOT expression is increased over 200 fold in cells transfected with control siRNA 
and infected with HCV while only about 3 fold in panel 9C, in HCV-infected cells transfected with 
control plasmid. 
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It has been reported that HCV RNA interacts with PKR early after infection (Arnaud et al., PLoS 
Pathogens 7: e1002289, 2011). Binding occurs on the first dsRNA binding domain located at the N 
terminus of PKR and it is independent of its kinase activity. Non-phosphorylated PKR can induce 
NFKB by binding members of the TRAF family or MAVS. This results in a preferential induction 
of ISGs, such as ISG15. Therefore, rather than measuring PKR phosphorylation (which is not 
required for PKR-induced transcriptional activity) we have evaluated the levels of ISG15 mRNA in 
HCV-infected control cells and cells in which PKR had been inhibited. The results are shown in Fig. 
EV. 3C. As has been described previously, decreasing PKR results in reduced levels of ISG15 in 
HCV-infected cells. 
 
Regarding former figure 9C, we now realize that the labeling of the figure was slightly confusing. 
The 3 fold increase in EGOT levels is between cells infected with HCV and transfected with a 
control plasmid (HCV -) and cells infected with HCV and transfected with a PKR expressing 
plasmid (HCV +). This is the only place where such a comparison is shown. We believe that the 
reviewer interpreted the data as EGOT levels in non-infected cells versus infected cells. Looking at 
the figure closely to understand the concern raised by the reviewer, we realized (and probably also 
the referee?) that in these data, the increase in EGOT levels after infection is only around 20 fold 
(compare the first bar, Mock –PKR with the fifth bar, HCV – PKR). We went back to the original 
experiments and realized that the data included in this figure for HCV-infected cells were not the 
correct ones (the data corresponded to cells that had been first infected with HCV, then transfected 
and collected 24 hours later). We have now included the data obtained with cells that were first 
transfected (with control plasmid or plasmid expressing PKR) and then infected with HCV, as has 
been done with the controls. In this case, the fold increase is similar to what has been described in 
other figures (around 200 fold).  
 
8• The authors schematized PKR functions in Figure 9D. However, an activation of NF-kB mediated 
by RIG-I cannot be excluded. An additional siRNA directed against RIG-I should be included in the 
experiments shown Figure 9A. 
 
This is a very important issue. We have now evaluated EGOT induction in RIG-I deficient HuH7.5 
cells and in HuH7 cells treated with siRNAs targeting RIG-I. The results show that although RIG-I 
can also mediate EGOT induction, HCV can induce EGOT in the absence of RIG-I. These results 
are now shown in new Fig. 5A-B.  
 
9• The use of IRF3 dominant negative form and IKB(SA) is a nice complementary approach to 
dissect the signaling pathway. However, additional information is required to show the functionality 
of these constructs in Huh7 cells. Figure 9E, the inhibition of IRF3 should be validated by western-
blot analyses of IRF3 phosphorylation or immune-fluorescence analysis of IRF3 translocation to the 
nucleus in both non-infected and infected DNIRF3-expressing cells. On the same line, Figure 9F, 
the repression of NF-kB activation in pIKB(SA)-transfected cells should be validated by western-
blot analysis of p65 phosphorylation levels in non-infected and HCV-infected cells. 
 
The dominant negative of IRF3 used has a deletion of the 133 residues in the NH-terminal region, 
where the DNA binding domain locates. This deletion mutant contains the carboxy-terminal regions, 
with the inhibitory domain (ID) and the IRF association domain (IAD), required for phosphorylation 
and dimerization, respectively. Therefore, in the presence of the dominant negative mutant, IRF3 
phosphorylation, dimerization and subsequent transport to the nucleus should not be affected. 
Therefore, to provide additional information showing the functionality of these constructs, we have 
evaluated their effect in luciferase reporter constructs that respond to IRF3 (IRF3 ((PRDIII-I)4-Luc; 
Ehrhardt et al., FEBS Lett 567: 230-238, 2004) or NFKB (NFκB 3xLuc; Abad et al., Nucleic Acids 
Res 38: e136, 2010). The results showing decreased expression of the reporters in the presence of 
the dominant negatives of IRF3 and NFKB are now shown in Fig. EV.3F-G. 
 
Minor concerns: 
 
1• It might be helpful to the readers that are not familiar with H3K4me1 and H3K4me3 to indicate 
that they correspond to mono or trimethylations of histones. 
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This correction has been made 
 
2• Figure 2B misses the asterisk representing statistical analysis. 
 
This correction has been made 
 
3• In order to avoid misunderstanding, the term "mock" in the labeling of histogram axis shown in 
Figures 6, 8 and 9, which corresponds to control gapmer or siRNA transfections should be replaced 
by gaCtrl and siCtrl or similar. Mock is expected to be the non-infected control.  
 
This correction has been made in new Figs 7, 8 and in Appendix Fig. S.5. 
 
4• The authors should provide the gapmer sequences used for EGOT silencing 
 
Gapmer sequences are provided in Materials and Methods 
 
Referee #3: 
Major Comments: 
 
1. This study has some problems especially with regards to the transcriptomic overlay of microarray 
vs. RNASeq. In Figure 1, the authors compare the protein coding transcriptome identified by either 
microarray or RNASeq analysis. While the authors state "similar coding genes were identified by 
microarray and RNASeq analysis... In fact, 18.7 % of the coding genes identified as altered in 
response to HCV infection after RNASeq analysis.... were also identified in the microarray 
analysis." I disagree that this can be interpreted as a "similar" profile, since almost 4 out of 5 genes 
do not show the same differential expression pattern when comparing microarray with RNASeq 
(79.3%). This is a big concern since one would expect a higher overlap of differentially expressed 
protein-coding genes. Was the same RNA input used for the both experiments? How do the authors 
explain this very weak correlation? 
and 
2. In Figure 1F: According to the Venn diagram, only 383 protein-coding genes change following 
HCV infection (RNASeq). This seems like a small number, and the finding that the microarray 
detects almost 10 fold the amount of differentially expressed genes (2842) is not understandable to 
me.  
 
We have reevaluated the data regarding the intersection between the differentially expressed genes 
(DEG) obtained in the microarray and the RNASeq analyses. We agree with the reviewer that the 
overlap should be better. We believe that the results (18.7% of the coding genes were identified in 
both analyses) could be explained by the differences in the design and the statistical power of the 
analyses performed in both cases. The absence of replicates in the RNASeq experiment makes the 
application of a robust statistical analysis very difficult. Although by using cuffdiff software it is 
possible to obtain a p-value for each detected transcript, the statistical significance of the result and 
the estimation of the FDR should be interpreted with caution. In contrast, the statistical analysis of 
the microarray experiment is robust and reliable.  
 
Given these circumstances, in the revised version of the manuscript we have decreased the relevance 
of the RNASeq analyses. Actually, most of the CSRs evaluated in our work were identified with the 
microarray data. In the new version we mention that the RNASeq was performed and that the 
expression of the candidates identified in the microarray analysis was visualized using the RNASeq 
data. Former CSR27 and 28, identified only by RNASeq, have been now deleted from the revised 
version of the manuscript. Cufflink structures are only shown in a supplementary figure to comply 
with a request made by reviewer 1. Long non-coding DEGs identified in the RNASeq data are not 
shown. This should help to diminish the concerns regarding the RNASeq analysis. 
 
3. Throughout the manuscript, the authors use differential expression (ie fold change) as a measure 
for selecting candidates. This is a very reasonable approach for candidate selection, but at the same 
time it would be important to understand the absolute expression levels of the selected transcripts to 
be able to estimate the copy number per cell of those transcripts. For low-abdunance transcripts 
like lncRNAs, a high fold change can be misleading. 
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We strongly agree with the reviewer about this point. In fact, the highest fold changes (Fig. 2) are 
observed with transcripts that are expressed to low levels (Appendix Table S.2). In the revised 
version of the manuscript we have divided all CSRs from 1 to 35 into those expressed to high, 
intermediate or low levels in HCV infected cells (Appendix Table S.2). We now specify the range of 
Ct values that correspond to each category (low, Ct values > 30 (generally corresponding to one or 
less copies per cell); medium, Ct values 26-29 and high, Ct values < 25. While qRT-PCR does not 
provide absolute measurements in the absence of a standard, we believe that Ct values may give a 
general idea of expression levels. As a reference, we mention that the abundant GAPDH mRNA 
(more than 1000 copies per cell) has an average Ct value of 17 using our qRT-PCR conditions while 
most coding genes evaluated in this work have Ct values of 21-25.  
 
Furthermore, we have determined the copy number of EGOT in infected cells. To this aim, EGOT 
cDNA was cloned after a T7 promoter and EGOT RNA was transcribed in vitro and quantified by 
bioanalyzer. Then, it was used as a standard for a qRT-PCR reaction. An identical protocol was 
followed to evaluate the levels of the more abundant CSR34/UCA1. The results indicate that there 
are 8 - 15 molecules of EGOT mRNA and 60-90 molecules of UCA1 mRNA per HuH7 cell infected 
with HCV for 48h (Page 5, paragraph 4). Similar results were obtained for CSR30/PINT, whose 
quantification resulted in 5-7 copies of PINT per cell. This correlates with what has been found by 
in situ hybridization (Martin-Bejar et al., Genome Biol 2013; 14:R104).  
 
4. Fig 4a: Given the kinetics of the type I interferon response on interferon-stimulated gene 
expression patterns, 72h of stimulation as the only time point is not ideal. It would be interesting to 
perform timecourse and dose response experiments. 
 
We evaluated the expression levels of CSRs at 72 hours post-IFN treatment as we have previously 
shown that at this time point it is still possible to detect increased expression of genes that are 
induced early after IFN treatment but also increased levels of genes that respond to a secondary 
wave of the IFN response (Carnero et al., Front Immunol 5, 2014). As suggested by the reviewer, in 
the revised version we have evaluated expression levels of CSRs at 6 hours post-IFN treatment. 
Only CSR31 is induced at that time point. In this case, we have evaluated the effect of several doses 
of IFN incubated for 6 or 72 hours in the expression of CSR31. The results are now shown in 
Appendix Fig. S.3. 
 
5. Fig 4B: It would be interesting to see the differential expression of the selected lncRNAs after 
stimulation with a broader panel of TLR ligands and nucleic acids  
 
We believe that this is a very relevant issue in the case of CSR32/EGOT. HuH7 cells do not express 
all TLRs, but they do express TLR4 (LPS sensor) and TLR7 (ssRNA and Imiquinod sensor). 
Therefore, we tested the expression levels of EGOT after incubating the cells with LPS or 
Imiquinod. Further, we tested the effect of several cytokines such as TNFα, IL6 or oncostatin. The 
results show a significant increase in the levels of EGOT after treatment with pI:C, Imiquinod, LPS 
and TNFα. However, treatment with IL6 or oncostatin did not affect EGOT levels. These results are 
shown in Fig. 4E and 5I of the revised version of the manuscript.  
 
6. Fig 6: What is the effect of gapmer mediated knockdown of EGOT after stimulation? EGOT is 
almost 800 fold induced after HCV infection, so it would be important to assess the quality of the 
knockdown both basally and after induction.  
 
The gapmers reduce EGOT levels efficiently. The levels of EGOT are induced 100-200 fold at 48 
hours post-HCV infection. Depending on the experiments, gapmers reduce the levels of EGOT in 
infected cells 5-30 fold (Fig. 7 A and E; see also new Fig.8C) and in non-infected cells 3-30 fold 
(new Fig. 8B). Gapmers lose efficiency at later times post-infection, when EGOT levels increase 
more than a 100 fold. EGOT depletion results first in increased levels of ISGs and later in decreased 
replication (new Fig.7-8).  
 
7. Fig 6: How were the GAPmers target regions selected? There is no experimental data showing 
that knockdown of EGOT does not affect the expression of the gene ITPR1 gene, in which it is 
located. Given the incorrect annotation of some lncRNAs, the sequence of EGOT needs to be 
confirmed by RACE  
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Exiqon selected five target sequences for EGOT using algorithms developed by the company. They 
synthesized the gapmers that match these target sequences. We evaluated the efficacy and toxicity of 
the 5 gapmers and selected 2 able to inhibit EGOT efficiently with non-detectable toxicity (Fig. 7A 
and new Appendix Fig. S.4). 
 
Regarding ITPR, all analyses performed between ITPR1 and EGOT indicate that there is no 
expression correlation (see Page 9). In fact, cells infected with HCV show very high levels of EGOT 
compared to normal cells while the levels of ITPR1 do not change (R3. Fig. 1A). Therefore, we 
were surprised to find that gapmers that target EGOT, but not control gapmers, reduce the levels of 
ITPR1 significantly (R3. Fig. 1B). Then, we speculated that low levels of EGOT may be required to 
induce ITPR1 expression. As the EGOT region is classified as an enhancer according to chromatin 
marks (Fig. EV.2), we believe that ITPR expression could be regulated by EGOT acting as an 
enhancer RNA. Future studies will be done in the laboratory to address this issue. 
 

 
 
R3. Fig. 1. Analysis of the regulation between CSR32 and ITPR1. RNA was isolated from 
control cells or cells infected with HCV for 48 hours (A) or from infected cells treated with control 
gapmers or gapmers that target CSR32/EGOT (ga·1αEGOT and ga·2αEGOT). Expression of 
CSR32 (A) and ITPR (A and B) was evaluated by qRT-PCR. GAPDH levels were also measured 
and used as a reference. 
 
Finally, we have confirmed EGOT sequence by RACE. Compared to the sequence of EGOT 
annotated in public databases (ENCODE, RefSeq and Ensemble), we find that EGOT 5´end starts 
32 nucleotides upstream (new Fig. EV. 2). EGOT exon junction has been confirmed by cloning and 
sequencing EGOT cDNA (page 5 paragraph 4).   
 
8. Page 7: "Our results indicate that sensing pIC or the viral RNA genome induces the expression of 
CSR32, which acts as a proviral factor by decreasing ISG expression." The authors do not show this 
causal link / mechanism between EGOT expression and ISG expression. Rather, the data they show 
is correlative.  
 
Our work shows that EGOT levels are increased in response to pI:C. We now show that EGOT is 
also increased in cells infected with UV-irradiated HCV, deficient for replication or in HCV-
infected cells treated with replication inhibitors (Fig. 4D), although at much lower levels. This 
suggests that sensing the viral genome induces the expression of EGOT.  
 
Then, we show that inhibition of EGOT leads to an increase in the levels of several ISGs and to a 
decrease in viral replication (Fig. 7 and 8). We believe that the decreased viral replication is the 
result of the increased levels of ISGs, because: 
- We now show that depletion of EGOT causes first an increase of several ISGs (observed at 12 
hours post-infection) and then a decrease in viral replication (observed at 24 hours post-infection). 
- Some of the ISGs studied have already been described as blocking HCV or SFV entry, replication 
or release (Amet et al., Curr Mol Med 14: 349-360, 2014, Itsui et al., Hepatology 50: 1727-1737,  
2009, Landis et al., J Virol 72: 1516-1522, 1998, Ooi et al., Viruses 7: 2147-2167, 2015, 
Raychoudhuri et al., J Virol 85: 12881-12889, 2011, Wilkins et al., Hepatology 57: 461-469, 2013). 
 
However, this is a hypothesis. We now mention that we cannot exclude the possibility that EGOT 
affects viral replication also in an ISG-independent manner. 
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9. Fig. 8: What do the authors mean by relative expression here- relative to what? Non-infected? 
Moreover, the asterisk for Mx1 ga2alpha is unclear. Why is ga2alpha "more" significant than 
ga1alpha, when the error bar is higher and the relative RNA level is identical to ga1alpha? 
 
This has been corrected and the term “relative expression” has been clarified. To calculate the 
relative RNA levels, transcript levels were evaluated by quantitative RT-PCR and normalized to the 
expression of an internal control. GAPDH mRNA was chosen as a reference because the levels of 
GAPDH mRNA were not altered by the treatments used. Furthermore, samples showing over one Ct 
value difference in the level of GAPDH mRNA compared to control samples were not used in the 
analysis. This occurred only in few cases. In the revised version of the manuscript, the axes of the 
figures have been changed from the general “relative RNA levels” to the more specific “2-ΔCt x 
1000” that was used in all cases, where ΔCt = Ct of the gene of interest – Ct of the internal control. 
 
Minor Points: 
1. In the Introduction the statement: "LncRNAs are functional transcripts with no identifiable 
protein coding capacity" Since lncRNAs are defined by length and lack of coding potential only,, 
tbehe fraction of functional transcripts among all lncRNAs is unclear to date. This statement should 
be revised.  
 
The reviewer is right. This has been corrected. 
 
2. "HIV and influenza are viruses that reach the nucleus and, therefore, gifted to alter the cell 
transcriptome." Clearly, dramatic transcriptional changes of host cells can also happen 
independently of nuclear entry of a virus (cytoplasmic nucleic acid signaling!), so this statement is 
not correct. 
 
This has been deleted. 
 
 
 
 
 
2nd Editorial Decision 07 April 2016 

Thank you for the submission of your revised manuscript to our editorial offices. We have now 
received the enclosed reports on it. As you will see, all three referees find the manuscript suitable for 
publication in EMBO reports. Nevertheless, referees #1 and #2 have raised several minor points and 
suggestions that should be addressed, before we can proceed to formal acceptance. I would therefore 
like to ask you for further minor revisions (see also below), before we can proceed with the formal 
acceptance of your manuscript. Please also address all referee points (as detailed in their reports) in 
a complete point-by-point response.  
 
We would also ask you to replace the capital letters in the title and several subtitles with normal 
letters.  
 
The figures look blurred when looking at them in full size (100%). Could you provide better quality 
or higher resolution versions?  
 
-----------------------------  
 
REFEREE REPORTS 
 
Referee #1:  
 
The authors addressed many of the concerns raised in response to the first submission. Importantly, 
they now calculate the copy number of EGOT in uninfected and HCV-infected cells, showing that 
EGOT is essentially not expressed in uninfected cells, but in response to HCV induction, there are 
8-15 copies of EGOT/cell. The authors also examined the specificity of EGOT induction, showing 
EGOT is upregulated in response to many different triggers e.g. TLRs, interferon, TNF-a, PKR and 
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also to viral RNA during infections with HCV, SFV and influenza virus. Overall, explanations of 
the experiments are much clearer.  
 
The manuscript is greatly improved, but some results are puzzling and require either additional 
experiments or tempering conclusions:  
 
1) The authors now show that ~8-15 molecules per cell of EGOT are induced by HCV infection. 
Given the 200-fold upregulation relative to baseline levels, this shows that most cells at baseline do 
not express even a single EGOT transcript. It is therefore difficult to understand how EGOT gapmer 
treatment at baseline can upregulate ISG expression. Either there are a few "jackpot" cells in the 
culture where EGOT is expressed and important for suppressing ISG expression or the gapmer 
effects are off target.  
 
2) Given the 2-fold effect on IPTR1 expression, a gene that harbors EGOT between exons 43 and 
44, one worries that some or all of the gapmer effects could be due to downregulation of IPTR1 and 
effects on Ca2+ homeostasis. This concern could be mitigated by either by examining the effect of 
selective downregulation or knock out of IPTR1, without affecting EGOT levels or induction, or 
demonstrating EGOT activity in gain-of-function experiments (which were attempted but failed). 
Transfection of in vitro transcribed EGOT RNA might be an alternative method worth trying. 
However, it is possible that EGOT RNA is necessary but not sufficient for restoring the suppressive 
effect under these experimental conditions.  
 
3) When testing HCV infected liver samples, the authors did not find significant correlation between 
HCV RNA levels and EGOT levels. This would seem to argue against EGOT being directly induced 
by HCV in vivo. What should we take from these results, which appear to conflict with the cell 
culture data? It is certainly possible that chronic HCV infection and inflammation in the liver leads 
to other EGOT-inducing stimuli that obscure any direct effects of HCV.  
 
-----------------------------  
 
Referee #2:  
 
Carnero and colleagues provide a substantially improved manuscript addressing all my concerns and 
the ones of the other reviewers. I particularly appreciate the efforts to clarify the possible 
involvement of RIG-I in EGOT induction and the more in depth analysis of patient data. Altogether, 
the final manuscript benefits from the new rearrangement. The section with bioinformatics data has 
been simplified and is much clearer, experimental procedure, figure legends and axe annotations 
more accurate.  
 
Minor comments that should be improved for publication:  
1)Result section paragraph "Identification of LncRNAs regulated by HCV":We selected the probes 
that showed a significantly altered expression by HCV infection and that were described in the array 
as lncRNAs (505 probes with B>2) (Fig. 1A). Fig. 1A should be replaced by Fig. 1C.  
2)Result section paragraph "Some CSR respond to the antiviral pathway ...": with HCV for 6 days at 
moi 0.03 (Fig. 3A). According to the authors comments, in this paragraph moi 0.03 should be 
replaced by 0.3.  
3)Result section paragraph "EGOT is induced by RIG-I and...": It has been reporter, replace by 
reported.  
4)Figure EV2: the letter "C" is missing to annotate panel C.  
5)Figure EV3 panel B: the use of pPKR for PKR plasmid shown in the annotation of the western-
blot lanes is misleading since the staining for phospho-PKR protein levels is also annotated pPKR. 
Please make it consistent with Figure 5D and E in which transfection of the PKR plasmid is 
annotated with "PKR". The fact that transfection of PKR plasmid alone induces such an 
autophosphorylation (lane 4 of the Western-blot) is surprising and not discussed. Was this sample 
infected with HCV?  
6)Figure EV3 panel G: same comment as for PKR plasmid. pIKB misses "(SA)" in the legend 
annotation.  
 
-----------------------------  
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Referee #3:  
 
The authors have addressed to my satisfaction the majority of the issues raised. As a result the 
manuscript is improved. I have no further issues. 
 
 
2nd Revision - authors' response 03 May 2016 

Complete point-by-point response to referees: 
Referee #1: 
The manuscript is greatly improved, but some results are puzzling and require either additional 
experiments or tempering conclusions: 
 
1) The authors now show that ~8-15 molecules per cell of EGOT are induced by HCV infection. 
Given the 200-fold upregulation relative to baseline levels, this shows that most cells at baseline do 
not express even a single EGOT transcript. It is therefore difficult to understand how EGOT gapmer 
treatment at baseline can upregulate ISG expression. Either there are a few "jackpot" cells in the 
culture where EGOT is expressed and important for suppressing ISG expression or the gapmer 
effects are off target. 
 
As suggested by the reviewer, the results can be explained by the existence of few cells in the 
culture that express EGOT and suppress ISG expression. Alternatively, if EGOT is not very stable, 
it could be expressed transiently in many cells. In this situation, only a small population of cells 
would express EGOT at a given time (this is what we observed in the quantification experiments, 
where for example, ~5% of the cells could express a single molecule/cell). Then, a different 
subpopulation could express EGOT at later time points. Preliminary experiments suggest that the 
half-life of EGOT is only ~2 hours and it should be noted that the inhibition experiments were 
performed during three days. Then, most cells may have transiently expressed EGOT during this 
time. If this is the case, the inhibition of EGOT should occur in most cells and should impact on a 
regulator that controls ISG expression for long term in most cells. Both possibilities (a few 
expressing cells or many cells expressing transiently) are very appealing and we will try to address 
which one is correct in the future. This is now discussed in the revised version of the manuscript 
(page 10, last paragraph). We do not believe that our results are due to off-target effects as two 
inhibitors against EGOT and several negative controls have been used. 
 
2) Given the 2-fold effect on IPTR1 expression, a gene that harbors EGOT between exons 43 and 
44, one worries that some or all of the gapmer effects could be due to downregulation of IPTR1 and 
effects on Ca2+ homeostasis. This concern could be mitigated by either by examining the effect of 
selective downregulation or knock out of IPTR1, without affecting EGOT levels or induction, or 
demonstrating EGOT activity in gain-of-function experiments (which were attempted but failed). 
Transfection of in vitro transcribed EGOT RNA might be an alternative method worth trying. 
However, it is possible that EGOT RNA is necessary but not sufficient for restoring the suppressive 
effect under these experimental conditions. 
 
We have tried to perform the experiment suggested by the reviewer without success. Therefore we 
have tempered our conclusion by indicating in the revised version that “we cannot rule out the 
possibility that EGOT affects viral replication in an ISG-independent manner, for instance through 
regulation of ITPR” (page 10, last paragraph). This is something that we need to address in the 
future. 
 
3) When testing HCV infected liver samples, the authors did not find significant correlation between 
HCV RNA levels and EGOT levels. This would seem to argue against EGOT being directly induced 
by HCV in vivo. What should we take from these results, which appear to conflict with the cell 
culture data? It is certainly possible that chronic HCV infection and inflammation in the liver leads 
to other EGOT-inducing stimuli that obscure any direct effects of HCV. 
 
This is what we think. In HCV patients, the number of infected hepatocytes is low and most infected 
hepatocytes express low levels of viral RNA. However, liver inflammation will lead to increased 
TNFa that should induce EGOT expression in most hepatocytes. In fact, we do observe a correlation 
between TNFa and EGOT in vivo. We mention in the manuscript that “we find a significant 
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correlation between the levels of TNFα mRNA and EGOT, suggesting that this cytokine could be 
the major driver of EGOT expression in the liver of HCV-infected patients”. 
 
 
Referee #2: 
Minor comments that should be improved for publication: 
1)Result section paragraph "Identification of LncRNAs regulated by HCV": We selected the probes 
that showed a significantly altered expression by HCV infection and that were described in the 
array as lncRNAs (505 probes with B>2) (Fig. 1A). Fig. 1A should be replaced by Fig. 1C. 
 
This has been corrected. 
 
2) Result section paragraph "Some CSR respond to the antiviral pathway ...": with HCV for 6 days 
at moi 0.03 (Fig. 3A). 
According to the authors comments, in this paragraph moi 0.03 should be replaced by 0.3. 
 
The reviewer is right. This has been corrected. 
 
3) Result section paragraph "EGOT is induced by RIG-I and...": It has been reporter, replace by 
reported. 
 
This has been corrected. 
 
4) Figure EV2: the letter "C" is missing to annotate panel C. 
This has been corrected. 
 
5 )Figure EV3 panel B: the use of pPKR for PKR plasmid shown in the annotation of the western-
blot lanes is misleading since the staining for phospho-PKR protein levels is also annotated pPKR. 
Please make it consistent with Figure 5D and E in which transfection of the PKR plasmid is 
annotated with "PKR". The fact that transfection of PKR plasmid alone induces such an 
autophosphorylation (lane 4 of the Western-blot) is surprising and not discussed. Was this sample 
infected with HCV? 
 
This has been corrected. Regarding PKR, we agree with the reviewer that the levels of 
autophosphorylation obtained after plasmid transfection are high. This sample (lane 4) was not 
infected with HCV. We have observed a similar autophosphorylation of PKR in cells infected with 
HCV and transfected with the PKR plasmid. We consider that the overexpression of PKR could 
induce autophosphorylation. 
 
6) Figure EV3 panel G: same comment as for PKR plasmid. pIKB misses "(SA)" in the legend 
annotation. 
 
This has been corrected. 
 
Referee #3: 
The authors have addressed to my satisfaction the majority of the issues raised. As a result the 
manuscript is improved. I have no further issues. 
 
3rd Editorial Decision 12 May 2016 

I am very pleased to accept your manuscript for publication in the next available issue of EMBO 
reports. Thank you for your contribution to our journal. 
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