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ASO Antisense Synthetic Oligonucleotides  
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MM-identified lncRNAs 

Multiple Myeloma 

lncRNAs identified in MM by the ssRNA-seq of this project 

MMRF Multiple Myeloma Research Foundation  
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mRNA Messenger RNA 

NB Naïve B-cell 

NCBI  National Center for Biotechnology Information  

ncRNA Non-coding RNA 

NGS Next Generation Sequencing 

NPC Normal plasma cell  

nt Nucleotide 

ORF Open Reading Frame 

OS Overall Survival 

PALR Promoter associated RNAs  

PB Peripheral blood  

PBS Phosphate Buffered Saline  

PC Plasma cell 

PCA Principal Component Analysis  

PCL Plasma Cell Leukemia  

PCR Polymerase Chain Reactions  

PCR2 Polycomb Repressive Complex  

PFS Progression-Free Survival 

piRNA Piwi RNA 

Pol Polymerase 

qPCR Quantitative PCR 

RFP Red Fluorescent Protein 

RNA-FISH Fluorescent in situ Hybridization targeting RNA molecules  

RNA-seq 

rRNA 

RNA Sequencing 

Ribosomal RNA 

RT Retrotranscription 

RT-qPCRs Quantitative reverse transcription PCRs  

sgRNA Single-guide RNA 

SHM Somatic Hypermutation  

shRNA Short hairpin RNA 

siRNA Small interfering RNA 

SMM 

snRNA 

snoRNA 

Smoldering Multiple Myeloma 

Small nuclear RNA 

Small nucleolar RNA 

ssRNA-seq Strand-specific RNA sequencing 

t Translocation 
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TPC Tonsil plasma cell 

TPM Transcripts per Kilobase Million 

tRFs 

tRNA 

Small non-coding transfer RNA-derived RNA fragments  

Transfer RNA 

TSS Transcription Start Site 

WGBS Whole Genome Bisulfite Sequencing  
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1. Multiple myeloma 

In the course of this doctoral thesis, the objective has focused on the study of the 

long non-coding RNA (lncRNA) transcriptome of multiple myeloma (MM). MM is a 

neoplasm characterized by the clonal and abnormal proliferation of plasma cells (PCs) 

in the bone marrow. Therefore, to fully understand the pathogenesis of the disease, the 

origin and differentiation of normal PCs should be studied first. 

 

a. B-cell differentiation 

Hematopoietic stem cells are the origin of all blood cell types, both myeloid and 

lymphoid lineage cells. Except for T-cells that emerge in the thymus, the rest of the blood 

cells develop in the bone marrow. As shown in Figure 1, the myeloid lineage comprises 

erythrocytes, mast cells, megakaryocytes and myeloblast subsets. Meanwhile, lymphoid 

lineage includes both types of lymphocytes (B- and T-cells), natural killers and some 

subsets of innate lymphoid cells 1.  

 

Figure 1. Illustration of hematopoiesis. Hematopoietic stem cells give rise to myeloid (left) and lymphoid 

(right) precursors. Image obtained from PNGEgg website. 

 

B-cells, accounting for 5-15% of lymphocytes, follow a multi-step process to maturate 

and develop in the bone marrow (Figure 2).  
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Figure 2. B-cell maturation process in the germinal center. Multi-step process followed by the B-cell 

lineages to maturate and develop into the different B-cell populations in the germinal center. Image obtained 

from Klein and Dalla-Favera (2008) 2. 

 

B-cell progenitors express different lineage-specific transcription factors such as 

PAX5, EBF1, Ikaros and TCF3 to give rise to the B-cell lineage 1, 3, 4. B-cell precursors 

rearrange their immunoglobulin (Ig) genes to produce different types of Ig proteins, which 

are composed of 4 polypeptide subunits: two heavy (H-) and two light (L-) chains. 

According to the presence of the different combinations of H- and L-chain gene 

segments, 3 stages of early B-cells are defined: pro-B cells, pre-B cells and immature B-

cells 3, 5. Pro-B cells undergo V(D)J rearrangements of the IgH locus, a mechanism by 

which B-cells assemble different gene segments to generate the diverse repertoire of 

Igs; pre-B cells express membrane μ chains and rearrange L-chains; and immature B-

cells, defined as first 'functional' B-cells, combine H- and L-chains to express IgM on the 

cell surface 3, 6, 7. Then, immature cells further mature into transitional B-cells, leave the 

bone marrow and migrate to the spleen through the peripheral blood to develop into 

Naïve B-cells (NBs), follicular and marginal zone B-cells 3, 5. 

NBs express both IgM and IgD molecules and account for ~50% of all types of B-

cells in human adults. This population of B-cells recirculates through the bloodstream to 

secondary lymphoid organs to be activated specifically in the lymph node follicle by 
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exogenous antigens and interactions with T-cells 3, 8. Once NBs are activated, they 

become germinal center (GC) founder B-cells (Figure 2). GCs are microenvironments 

within lymphoid organs where B-cells can proliferate, differentiate, modify their Ig 

variable genes by somatic hypermutation (SHM) and undergo Ig class-switch 

recombination (CSR), all resulting in the increase of the Ig antigen affinity during immune 

responses 9, 10. Briefly, SHM consists in the adaptation of the immune system to 

exogenous elements by the accumulation of mutations in the Ig or antibody variable 

regions to diversify B-cell receptors; whereas CSR, also known as a secondary antibody 

diversification, lies in the change of the production of Igs from one type to another 11. 

GCs are organized into two major zones: the dark and the light zones. Once NBs enter 

the dark zone of the GC, they develop into centroblasts (CBs) (Figure 2), a group of 

highly proliferative B-cells. CBs proliferate, undergo SHM and produce high-affinity 

antibodies 11. These B-cells stop their cell cycle, re-express surface Igs and differentiate 

into centrocytes (CCs) (Figure 2), smaller non-proliferating B-cells that travel to the light 

zone of GCs. CCs compete for binding to antigens and undergo positive or negative 

selection depending on the affinity of their B-cell receptors. A negative selection leads to 

the apoptosis of CCs, whereas a positive selection undergoes CSR. After a positive 

selection, the selected CCs recirculate to the dark zone, present antigens to Helper T-

cells and differentiate into Memory B-cells (MEMs) or PCs (Figure 2) 3, 9. MEMs can 

either be class-switched (IgG, IgA, IgE), or non–class-switched (IgM) B-cells, and can 

also live for extended periods of time, being a rapid antibody-mediated humoral immune 

response upon secondary infections to the same antigens 12. On the other hand, PCs 

are terminally differentiated B-cells specialized in the production and secretion of large 

amounts of high-affinity Igs (antibodies). PCs can divide into short-lived PCs, with a half-

life of 2 weeks or into long-lived PCs, persisting for a lifetime. Whilst short-lived PCs 

come from marginal zones and follicular B-cells after encountering antigens in secondary 

lymphoid organs, long-lived PCs are CCs that travel to the bone marrow to differentiate 

after exposure to T-dependent antigens. Then, PCs can confer immediate or long-lasting 

host protection against pathogens depending on whether they are short- or long-lived 

cells, respectively 13, 14. 

 

b. MM biological and clinical features 

MM is a hematological neoplasm characterized by the uncontrolled clonal 

proliferation and accumulation of PCs in the bone marrow 15. This disease is the second 

most common hematological malignancy accounting for about 10% of blood cancers, 

after non-Hodgkin lymphoma 16, 17. MM PCs are located in the bone marrow, however, 
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they can migrate to peripheral blood and arrive to other extramedullary sites, especially 

in the late disease course 16. MM is characterized by the overproduction and secretion 

of nonfunctional intact Igs or Ig chains; specifically, MM PCs produce monoclonal Igs 

that are termed as M proteins. The accumulation of these Igs and the secretion of 

cytokines by these malignant PCs in the bone marrow lead to different clinical issues 

and end-organ damages (collectively known as CRAB features) such as: hypercalcemia, 

anemia, lytic bone lesions, infections, renal failure, fatigue and abnormal bleeding as 

common damages; and amyloid diseases and hyperviscosity syndromes as rare 

pathologies 16, 18, 19. 

MM is an advanced-age disease whose median age for diagnosis is 65 years. MM 

can also be present in younger individuals, with less than 3% of the patients being under 

40 years. The cause of MM is unknown, but its incidence is commonly higher among 

black than among white population, and in males than in females 18. 

Despite advances in the therapy of this disease, MM is still considered an incurable 

malignancy. MM is associated with a median survival of 7 years, with a long-term survival 

that varies from less than 2 years to greater than 10 years. Moreover, most MM patients 

become resistant to treatment resulting in disease progression 20, 21.  

 

b.1.- Preliminary stages of MM  

MM is part of a family of disorders referred to as monoclonal gammopathies. 

Although MM is the second most common disease of hematological malignancies, the 

most frequent PC disorder is its precursor state known as Monoclonal Gammopathy of 

Undetermined Significance (MGUS). MGUS is an indolent and asymptomatic 

premalignant disease that affects about 3% of individuals over the age of 50 and 

precedes the development of MM. MGUS is characterized by the infiltration of clonal PCs 

into the bone marrow (< 10%) and the secretion of monoclonal Igs (IgG or IgA < 3G/dL) 

in blood or urine (M protein) 16, 22. There is also an intermediate stage between MGUS 

and MM known as Smoldering Multiple Myeloma (SMM) 16. SMM is an asymptomatic 

clonal disorder with a higher risk of progression to malignancy than MGUS: 10% per year 

in the first 5 years in contrast with 1% per year with MGUS. SMM is defined by a 10% to 

60% presence of clonal PCs in the bone marrow, or by the secretion of monoclonal Igs 

in higher amounts than MGUS (IgG or IgA ≥3 g/dL) 22. Criteria for the detection of MGUS, 

SMM and MM are shown in Table 1.  
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Table 1. Diagnostic criteria for MGUS, SMM and MM PC disorders. Data obtained from Rajkumar SV. 

(2019) and van Nieuwenhuijzen N. et al. (2018) 23, 24. MGUS=Monoclonal gammopathy of undetermined 

significance; SMM=Smoldering multiple myeloma; MM=Multiple myeloma; BMPC=Bone marrow plasma 

cell. 

 

 

 

 

Figure 3. Development of monoclonal gammopathies. Multistep process of development of normal B-
cells into different tumor states of the group of monoclonal gammopathies. Illustration obtained from Kumar 

SK et al. (2017) 16. 

• Monoclonal immunoglobulin (non-IgM) < 3g/dL in blood or urine

• Clonal BMPCs < 10%

• Absence of MM related end-organ damage 

• Serum monoclonal immunoglobulin (IgG or IgA) ≥ 3g/dL or urinary monoclonal

     immunoglobulin ≥ 500 mg/24 h, and/or clonal BMPCs 10 - 60%

• Absence of MM related end-organ damage or amyloidosis

• Clonal BMPCs ≥ 10% or biopsy‐proven bony or extramedullary plasmacytoma

• One or more of the following myeloma‐defining events:

     - Evidence of end‐organ damage: 

         ▪ Hypercalcemia, renal insufficiency, anemia and bone lesions

     - Clonal BMPCs  ≥ 60%

     - Uninvolved serum free light chain ratio ≥ 100

     - More than one focal lesion on magnetic resonance imaging studies

Disease Definition Disorder

MGUS

SMM

MM
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Finally, as shown in Figure 3, in the same way that MGUS can evolve to SMM or 

MM, and SMM to MM, MM PCs can proliferate and leave the bone marrow, evolving to 

Extramedullary Myeloma (EMM) or Plasma Cell Leukemia (PCL) 15, 24, 25. EMM is an 

aggressive stage of MM characterized by the development and growth of a PC subclone 

outside the bone marrow, resulting in a high-risk state associated with a significantly 

poorer overall survival (OS) 26, 27. PCL is not only an aggressive stage of MM, but also a 

rare, late and advanced form with a median OS below 1 year, which accounts for an 

increased percentage (> 20%) of PCs in peripheral blood 28, 29. 

 

b.2.- The heterogeneous genetic landscape of MM  

The complexity of MM is reflected in the inter-individual OS differences. This 

variability can be due to all the possible genetic alterations present in MM patients. For 

example, one of the main challenges in managing MM is its clinical heterogeneity. 

Although MM is still considered a single disease, it actually is a collection of 

multiple molecularly defined subtypes with varying cytogenetical features 30, 31. 

As shown in Figure 3, MM genetic alterations can be classified as primary or 

secondary cytogenetic abnormalities according to their contribution to the PC 

immortalization or disease progression. The major division within MM is the group of 

primary events, separating alterations into hyperdiploid (HRD) and non-HRD subtypes 

of MM 31.  

HRD subtype is defined by a number of chromosomes between 48 and 74. This 

subtype is detected at diagnosis in about 50% of patients. HRD myelomas are 

associated with better survival, and are characterized by the presence of trisomy of 

certain chromosomes: 3, 5, 7, 9, 11, 15, 19 and 21 30. On the other hand, non-HRD 

myelomas harbor translocations of the Ig alleles, with the large majority (>90%) of 

chromosomal translocations affecting chromosome 14, concretely at chromosome 

14q32, where the Ig H-chain is located. The most common and important partners are 

chromosomes 4, 6, 11, 16, and 20 30, 31. This group of translocations is due to aberrant 

CSR in lymph node GCs. In those resulting in fusion products, partner genes are under 

the control of the IGH genes, resulting in the upregulation of their expression. The most 

common chromosomal translocations (t) are: t(11; 14), present in ∼15 to 20% of MM 

patients and resulting in the upregulation of CCND1, a cyclin D1 gene; and t(4; 14), 

observed in 15% of MM cases, resulting in the overexpression FGFR3 and MMSET 

genes. The least common translocations are t(6; 14), a rare translocation present in ∼1 

to 2% of MM cases and related to CCND3 gene; and t(14; 16) and t(14; 20), both 
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resulting in increased expression of MAF gene, present in 5 to 10% and in ∼1% of MM 

patients, respectively 30, 31. Nowadays, conventional karyotyping and Fluorescent in situ 

Hybridization (FISH) studies have shown that about 40% of MM cases are characterized 

by these primary chromosome translocations 32.  

After the described genetic lesions, secondary events provide a fitness advantage 

that drives disease progression, cooperating with primary events to produce the 

malignant phenotype of MM. These secondary events are epigenetic modifications, 

secondary translocations (translocations involving MYC), copy number variations (CNV), 

loss of heterozygosity, and acquired mutations such as somatic mutations affecting 

MAPK, NF-κB, and DNA-repair pathways 31. Nevertheless, such secondary events are 

also present at the time of diagnosis, for example, although translocations affecting MYC 

are a secondary genomic event, are present in 15–20% of patients with newly diagnosed 

MM 30. The most common CNV are those that involve amplification (amp) of 

chromosome 1q arm and/or deletions (del) of chromosomes 1p, 17p and 13q 23. The 

amp(1q), detected in 35 to 40% MM patients, is associated with poor prognosis, and is 

frequently observed along with loss of 1p. Del(1p), also associated with poor prognosis, 

are detected in approximately 30% of MM cases. Whereas del(13q) is present in 50% of 

specimens, del(17p) is detected only in approximately 10% of new MM patients, reaching 

80% in later stages of MM. This genomic region affected in del(17p) harbors TP53, a 

relevant tumor suppressor gene. Other CNVs present in MM are del(14q) in 38% of the 

patients, which affect TRAF3 gene, and del(16q) in 35% of the cases, disturbing CYLD 

and WWOX genes 30, 31. In addition, among these described alterations, there is a 

specific group of them that is considered high-risk in MM patients, which includes the 

presence of del(17p), amp(1q), t(4;14), t(14;16), and t(14;20) 23. 

Finally, other cytogenetic changes occurring during the course of MM are gene 

mutations, which can affect genes involved in histone methylation, protein translation, 

cellular homeostasis or in different pathways such as MAPK and NF-κB pathways 32. For 

example, there are described 11 genes mutated in NF-kB pathway 31. Meanwhile, the 

most frequently mutated genes in MAPK pathway are those included in RAS family, with 

KRAS and NRAS gene mutations present in 20 to 35%, and BRAF mutated in 4% of MM 

patients 30, 31. 

All together, although a lot of different genetic alterations have been related to MM 

development and progression, these events alone cannot fully explain the disease on 

their own.  
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b.3.- Epigenetic alterations in the context of MM 

As described above, although unraveling the genetic landscape of MM has led to the 

identification of potential mechanisms of disease development and progression, the 

complete molecular pathology of MM is still to be characterized 33. Therefore, the study 

of other fields, such as epigenetics, is needed. 

Epigenetic alterations refer to any somatic inheritable modifications that do not alter 

the DNA sequence. As well as with genetic variations, epigenetic alterations can also be 

central players in the changes of common cancer pathways, being tightly connected 34.  

These epigenetic mechanisms include DNA methylation (hyper- or hypomethylation) 

and histone modifications (methylation, acetylation, phosphorylation, ubiquitylation, and 

many others) 15, 25, 35. DNA methylation and histone modifications control gene 

expression (Figure 4) and, conversely, genetic lesions affecting the function of 

epigenetic enzymes are described in numerous diseases, including MM 25. 

 

 

Figure 4. Epigenetic mechanisms for regulation of gene expression. Image showing the two most 
common epigenetic mechanisms: DNA methylation and the modification of histones (open/relaxed or 
closed/condensed). Image obtained from Cives M. et al. (2016) 36. 
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I) DNA methylation 

DNA methylation is based on the addition of methyl groups to the cytosines of 

cytosine-phosphodiester bond-guanine (CpG) dinucleotides. The enzymes that catalyze 

the transformation of cytosine to 5-methylcytosine are termed as DNA 

methyltransferases (DNMTs). For example, DNMT3a and DNMT3b catalyze de novo 

DNA methylation, whereas DNMT1 catalyzes the maintenance of the DNA methylation 

after each cell division, assisted by DNMT3a and DNMT3b (Figure 5) 25, 37. CpG islands 

are regions rich in CpG sites. CpG islands are often found in promoter regions, the first 

exons of genes, and in repetitive elements. DNA methylation of promoter CpG islands 

can emerge in transcriptional inhibition and sometimes, in permanent gene silencing 25. 

DNA methylation of promoters or enhancer regions is usually linked to the repression of 

genes by occluding transcription factor binding 34, 38.   

 

 

Figure 5. Schematic of DNA methylation. Illustration representing DNA methylation of cytosine to 5-

methylcitosine. Image modified from Ambrosi C. et al. (2017) 37. 

 

In MM, global DNA methylation has also been studied. Different works have 

demonstrated an increase in DNA hypomethylation levels in MM compared to MGUS, 

suggesting that these changes are involved in disease development 16. Similarly to 

genetic lesions, DNA methylation shows a great heterogeneous pattern in this disease, 

showing global DNA hypomethylation in some MM patients and global DNA 

hypermethylation in others. Noticeably, as opposed to normal PCs, DNA 

hypermethylated sites in MGUS and MM are located outside the CpG islands, being 

associated with intronic and enhancer regions 39. In MM, as in other neoplasms, a 

biological relationship between the deregulation of tumor suppressor genes and DNA 

hypermethylation of promoters at CpG islands has been found. For example, CDKN2B 

(p15), CDKN2A (p16), p53 and ZNF545 are cell cycle regulator genes downregulated 

due to DNA hypermethylation 34. On the other hand, in MM, recent studies have also 

reported altered expressions of DNMTs. For example, DNMT1 is overexpressed in MM 

with respect to normal PCs, whereas DNMT3A appears underexpressed in MM 
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compared to normal PCs 25. Although it is unclear how DNA demethylation occurs, all 

the alterations mentioned above might ultimately facilitate the origin of this neoplasm.  

 

II) Histone modifications 

Most epigenetic mechanisms occur at the chromatin level. In eukaryotes, chromatin 

is a complex compound by DNA and histone proteins. Chromatin is formed by 

nucleosomes, protein octamers composed of four core histones (H3–H4 tetramer and 

two H2A–H2B dimers) covered by 147 base pairs (bp) of DNA. The N-terminal domains 

of the core histones are subjected to different posttranslational modifications such as 

methylation, acetylation, phosphorylation, ubiquitination, or sumoylation (Figure 6) 34, 40.  

 

 

Figure 6. Schematic of the most common histone modifications. Illustration representing the formation 
of chromatin, and the modifications that can suffer histones. Image obtained from CUSABIO Technology 
LLC. H=histone. 

 

There are different families of enzymes for the regulation of each histone 

modification. For example, histone acetyltransferases (HATs) are responsible for the 

addition of acetyl groups, whereas histone deacetylases (HDACs) have the opposite 

action. For histone methylation there are two subgroups known as histone lysine N-

methyltransferases and histone arginine N-methyltransferase. In contrast, there are 

histone demethylases to remove methyl marks 41.  

All these modifications can affect the structure of the chromatin and the subsequent 

processes like gene transcription and DNA replication and repair, having an important 

impact on cellular differentiation, proliferation and homeostasis. Histone methylation, for 
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example, is involved in both activation and repression of transcription 34. Histone 

methylation marks are associated with active or repressed gene transcription depending 

on the amino acid modified, the state of methylation (mono, di or tri-methylation) and its 

genomic distribution (gene promoters, enhancers or gene bodies) 40. For example, 

trimethylation of lysine 4 of histone 3 (H3K4me3) is associated with gene activation, 

whereas trimethylation of lysine 27 of histone 3 (H3K27me3) is associated with gene 

repression. Alterations of these marks have also been linked to tumorigenesis 40. Recent 

studies have revealed that various genes encoding histone modifiers and 

methyltransferases are mutated or deregulated in MM, such as KMD6A, WHSC1, MLL, 

MLL2/3, NSD1, SET2D, SETB1, KMT2A/B/C/D and EHMT2, resulting in the alteration 

of histone modifications 34, 42. 

The most characteristic histone modifier gene alteration in MM is the upregulation of 

WHSC1 gene (also called MMSET or NSD2), accounting for 15% of newly diagnosed 

MM patients. The deregulation of WHSC1 originates from the t(4;14) translocation, which 

positions WHSC1 under the control of the Ig enhancer/promoter. MM patients harboring 

this translocation show early relapse and shorter OS compared to other MM subtypes. 

WHSC1 is a ubiquitously expressed histone methyltransferase that catalyzes 

trimethylation of lysine 20 of histone 3 (H3K20me3) and dimethylation of lysine 36 of 

histone 3 (H3K36me2), and which can form complexes with HDAC1, HDAC2, mSin3a 

and the histone demethylase LSD1 43. The overexpression of WHSC1 results in a global 

alteration of histone methylation patterns; the accumulation of H3K36me2 across the 

genome, increasing the chromatin accessibility; and a widespread reduction of the 

repressive mark H3K27me3, which is added by the SET lysine methyltransferase EZH2 

34, 38. As a result, WHSC1 overexpression leads to transcriptional activation of oncogenic 

loci (including DNA repair genes), and an increase in the proliferation and clonogenicity 

of MM cells 44. 

Another methyltransferase relevant to the survival of MM cells is DOT1L, which 

catalyzes the methylation of lysine 79 of histone 3 (H3K79me). Overexpression of 

DOT1L has also been demonstrated to alter the epigenetic profile of MM patients. Recent 

studies have revealed that inhibition of DOT1L leads to a complete loss of H3K79me and 

the suppression of IRF4-MYC signaling in MM 42, 45.  

In addition to gene deregulation, there are also gene mutations in epigenetic 

enzymes that result in survival advantages for MM cells. In particular, the expression of 

the H3K27me3 demethylase KDM6A (also called UTX), is decreased in a variety of 

different cancers, including MM 46. KDM6A appears mutated/deleted in up to 10% of MM 
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patients, and its loss leads to the deactivation of gene expression, resulting in increased 

proliferation, adhesion, clonogenicity and tumorigenicity of MM cells 38, 46, 47. However, in 

contrast to the genome-wide effects associated with WHSC1 overexpression, KDM6A 

only causes focal changes on H3K27me3. In vitro and in vivo studies have shown that 

KDM6A-mutant cells are sensitive to the inhibition of EZH2, a histone methyltransferase 

that generates H3K27me3, allowing the reactivation of tumor suppressor programs, 

which leads to the death of MM cells. These findings resulted in the study of using EZH2 

inhibitors as a therapeutic strategy to rebalance of H3K27me3 levels in MM patients with 

KDM6A mutations 38, 47.  

EZH2 is a methyltransferase that belongs to the Polycomb-group family that, 

principally, catalyzes the conversion of lysine 27 of histone 3 (H3K27) to H3K27me3, a 

mark linked to the repression of gene expression. As mentioned above, EZH2 

counteracts the activity of wild-type KMD6A. Overexpression of EZH2 leads to increased 

silencing of H3K27me3 targets, triggering an aberrant activation of oncogenic loci 48, 49. 

Upregulation of EZH2 is not only present in aggressive tumors such as prostate and 

breast cancers, but it is also found in MM patients, where it correlates with poor MM 

patient survival 34, 48, 49. 

Recent studies have also revealed that different mutations found in MM can impact 

the function of other epigenetic regulators. Members of the KMT2 (histone–lysine N-

methyltransferase 2) family, that methylate lysine 4 of histone 3 (H3K4), appear mutated 

in 5% of MM patients. Mutations in histone linkers like HISTH1H1B, C, D and E are also 

found in about 6% of MM cases 34. IDH1 and IDH2, two isocitrate dehydrogenases, also 

appear mutated in MM, leading to the accumulation of D-2-hydroxyglutarate, and 

subsequently, altering histone modifications and promoting DNA hypermethylation 38.  

These results highlight the effect of the different epigenetic alterations that contribute 

to the development and progression of MM, and the need to search for therapeutic 

strategies based on the action of these altered epigenetic modifiers.  

Remarkably, it has been demonstrated that genetic and epigenetic alterations can 

affect not only the expression of coding genes, but also the expression of non-coding 

RNAs (ncRNAs). For example, in MM, DNA hypermethylation can regulate the 

expression of microRNA (miRNA) genes with tumor suppressor functions such as miR-

152, miR-10b-5p and miR-34c-3p 40. Meanwhile, other miRNAs such as miR-19a and 

miR-19b contribute to the activation of the JAK-STAT pathway, which is important for the 

survival of MM cells 16. As will be explained below, ncRNAs can be cell-specific, playing 

an essential role in the cellular development of determined tissues and organs. However, 
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they can also be involved in the progression and pathogenesis of human tumors, 

including MM 50, 51. Characterizing the non-coding transcriptional landscape of MM is an 

area of great interest of research, where there are progressively more publications 

identifying novel ncRNAs 52, 53. 

Taken together, these studies suggest the need for an integrative multidisciplinary 

study where the transcriptome of MM is completely characterized in order to shed light 

into the mechanisms underlying myelomagenesis. Then, a better understanding of the 

deregulation ofcoding and non-coding specific targets, together with the key epigenetic 

drivers, may lead to advancement in the knowledge of biology and the development of 

novel therapeutic strategies for the treatment of MM patients. 
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2. Non-coding RNAs 

 

The transcriptional landscape of all organisms is much more complex than originally 

estimated 54. Thanks to the advancement in high-throughput techniques such as RNA 

sequencing (RNA-seq), today it is known that although around 70-90% of the human 

genome is transcribed into RNA, only 1-2% of it is translated into proteins, resulting in a 

huge amount of ncRNAs 55.  

 

a. Types of non-coding RNAs 

The knowledge of the biological roles of ncRNAs started with the discovery of transfer 

RNAs (tRNAs) and ribosomal RNAs (rRNAs) in the 1950s. Since then, the study of non-

coding transcripts has emerged, increasingly demonstrating the existence of different 

groups of ncRNAs and their functions 56. There are multiples types of ncRNAs, and most 

of them have been implicated in different cellular processes, such as cellular proliferation 

or chromosome structure regulation 57. Based on the functional RNA molecules, ncRNAs 

can be divided into housekeeping non-coding RNAs and regulatory non-coding RNAs. 

The first group includes tRNAs and rRNAs, the most abundant transcripts with high levels 

of expression; followed by the regulatory group, which contains: miRNAs, piwi-interacting 

RNAs (piRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs), small 

nucleolar RNAs (snoRNAs), small non-coding transfer RNA-derived RNA fragments 

(tRFs), and lncRNAs 56, 58, 59. However, the principal classification of ncRNAs is based 

on their size. According to the size of the transcript, ncRNAs are classified into two major 

groups: small non-coding RNAs, with 18-200 nucleotides (nt), and lncRNAs, with more 

than 200 nt. The major classes that comprise small ncRNAs are miRNAs, siRNAs, 

piRNAs, tRNAs and snoRNAs. In contrast, the group of lncRNAs does not have such a 

clear classification, and can be divided according to different aspects that will be 

explained later 56, 60, 61. On the other hand, there is the case of rRNAs, that are organized 

into two ribosomal subunits composed of small and long ncRNAs. 

Traditionally, cellular functions of DNA and proteins have overshadowed the roles of 

RNAs. However, progressively, the participation of ncRNAs in a lot of different processes 

is being revealed. Over time, it has been possible to describe the mechanisms of each 

group of ncRNAs as well as the role of certain ncRNAs. For example, tRNAs and rRNAs 

are required for messenger RNA (mRNA) translation; miRNAs are implicated in post-

transcriptional gene regulation and drug resistance, among other functions; piRNAs and 

siRNAs are related to retrotransposons silencing; snoRNAs are implicated in the 
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chemical modification of rRNA; tRFs are related to trans-generational epigenetic 

inheritance; snRNAs are essential for splicing; and lncRNAs, among other functions, 

have emerged as essential molecules for transcriptional and post-transcriptional 

regulation of gene expression 56, 58, 61, 62.  

 

b. Long non-coding RNAs 

The world of lncRNAs represents a vast and largely unexplored component of the 

genome that is gradually being discovered. Although lncRNAs are the least explored 

regulatory molecules, represent the majority of ncRNAs transcribed from the human 

genome. lncRNAs are defined as those transcripts longer than 200 nt that do not encode 

proteins. Traditionally, lncRNAs were defined as transcripts with open reading frames 

(ORFs) smaller than 100 amino acids, and with absence or low coding potential. 

However, RNA-seq is showing that some lncRNAs contain cryptic ORFs, which could 

lead to code for small ORFs or non-conserved peptides 54, 61, 63. 

Recent studies have demonstrated that although lncRNAs are not translated into 

proteins, they are involved in important biological functions such as the modulation of 

the expression of mRNAs and other ncRNAs, the recruitment of chromatin or 

transcription factors, the maintenance of the integrity of the nuclear structure, and the 

silencing of X-chromosome, among others. Moreover, lncRNAs are also associated with 

the development of different neoplasms, and have been described as biomarkers for 

certain diseases 64-66. Thus, deregulation of lncRNAs expression can impact relevant 

pathways (such as those involving tumor-suppressor and oncogenic genes) related to 

the pathogenesis and/or progression of different types of cancers 51, 67, 68. 

 

b.1.- lncRNAs features: differences from mRNAs 

lncRNAs are the most similar transcripts to mRNAs, not only in terms of length, but 

also in other features that will be described below 69. Both share properties such as 

splicing and polyadenylation. Specifically, most lncRNAs are spliced (98%), leading to 

different isoforms; and are capped at the 5’ end, except for those processed from longer 

precursors such as intronic lncRNAs and circular RNAs. There are lncRNAs with the 

presence or lack of polyadenylation, and with both forms, like NEAT1 and MALAT1 that 

are bimorphic transcripts. Curiously, transcripts with the poly(A)+ tail have higher stability 

than those with poor or not polyadenylation 69, 70.  
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However, there are not only similitudes, lncRNAs also have unique features 

compared to mRNAs. Despite their length, lncRNAs tend to be shorter than mRNAs 

having fewer but longer exons, with the 42% of lncRNAs harboring only two exons. 

lncRNAs exhibit lower but more specific expression patterns than mRNAs. Moreover, 

lncRNAs are capable of acting as cis and/or trans transcripts, as will be explained below 

54, 70, 71. In contrast to mRNAs, which are transcribed specifically by RNA Polymerase 

(Pol) II, lncRNAs can be transcribed by 4 different RNA polymerases depending on the 

species. Eukaryotic lncRNAs are transcribed by RNA Pol II, except for some transcripts 

such as B2-SINE and NDM9, transcribed by RNA Pol III. In contrast, in plants, RNA Pol 

IV and Pol V are in charge of the transcription of some lncRNAs 69. Although generally 

lncRNAs are less conserved than mRNAs and coding genes, there are exceptions like 

H19 and HOTAIR with high sequence conservation during the evolution. Moreover, 

lncRNAs possess distinctive evolutionarily conserved patterns, with a higher degree of 

cell- and tissue-specificity than mRNAs 72, 73. The majority of the loci coding for expressed 

lncRNAs and mRNAs present epigenetic marks like increased H3K4me3 and 

trimethylation of lysine 36 of histone 3 (H3K36me3), indicative of active promoters and 

gene transcription, respectively. However, other marks such as the monomethylation of 

H3K4 (H3K4me1), which is a representative mark of enhancer elements, is more 

typical of lncRNAs 74, 75. In contrast to mRNAs, located only at cytosol, lncRNAs can be 

located both in the nucleus and the cytoplasm. Moreover, there are lncRNAs like 

HOTAIR that can be found in both locations, being able to regulate protein 

ubiquitination and degradation in the nucleus as well as in the cytoplasm 76. 

 

b.2.- Classification of lncRNAs 

In contrast to small ncRNAs, lncRNAs do not have a unique classification, being 

divided depending on their length, their location with respect to coding genes, their 

association with other DNA elements, their transcript properties, their regulatory 

elements or their functions 69, 77. This thesis has focused on the classification of lncRNAs 

based on their location with respect to coding genes. 

The simplest classification of lncRNAs is based on their length, dividing transcripts 

into lncRNAs (> 200 nt), very long intergenic ncRNAs (vlincRNAs) (50 kilobases (kb) to 

1 megabase (MB)) and macro lncRNAs (> 1 MB) 78. The most common and well-known 

classification divides lncRNAs according to their genomic location into sense, antisense, 

bidirectional, intronic and intergenic lncRNAs (Figure 7).  
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Figure 7. Classification of lncRNAs according to their genomic location. Schematic of the classification 

of lncRNAs into sense, antisense, bidirectional, intronic and intergenic lncRNAs. Coding genes are 

represented in purple and lncRNAs in red. The arrow indicates the direction of transcription. bp=base pairs. 

 

Sense lncRNAs are transcribed from the sense strand of coding genes, and can 

overlap with one or more exons or with the entire sequence of a coding gene. Antisense 

lncRNAs, transcribed from the antisense strand of coding genes, also overlap with one 

or more exons, or with the entire sequence of coding genes. Bidirectional lncRNAs are 

those whose expression and that of their neighbor coding gene occurs in the opposite 

strand and are co-regulated by the same promoter (<1 kb). Intronic lncRNAs are derived 

and transcribed directly from the intron of a coding gene. Finally, intergenic lncRNAs 

(lincRNAs) are located between two other genes and can be transcribed from both 

strands 50, 61, 79. 

Recent studies have focused their attention on the study of lincRNAs due to their 

biological features. These elements are usually capped, polyadenylated, spliced, and 

can exhibit a remarkable tissue specificity. lincRNAs are characterized by 2 marks, the 

H3K4me3 at their transcription start site, and the H3K36me3 along their gene body 80-82. 
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Moreover, these transcripts have high conservation among mammals, a transcriptional 

activation similar to mRNAs, and are more conserved than intronic and antisense 

lncRNAs 79.  

According to GENCODE v19 consortium, lncRNAs can also be reclassified based on 

their location regarding coding genes into the following biotypes: antisense RNAs, 

lincRNAs, 3 prime overlapping ncRNA (lncRNAs located within the 3′ UTR of coding 

genes), sense overlapping transcripts (contain a coding gene in their intron on the same 

strand), sense intronic transcripts (located within the intron of coding genes), processed 

transcripts and pseudogenes 70, 83. Processed transcripts are characterized as transcripts 

without ORF that cannot be placed in other categories 70. Pseudogenes, instead, are 

copies derived from their original coding gene that have lost their function because of 

the accumulation of disabling mutations 84, 85.  

In addition, new classifications are emerging based on the location of lncRNAs with 

respect to coding genes or other DNA elements of known functions. These classifications 

can be a little ambiguous, and lncRNAs can be grouped into different subgroups. For 

example, lncRNAs may be originated from their own promoters or from exonic or intronic 

regions, or from the promoters or enhancer regions of other genes, being named as 

promoter associated RNAs (PALR) and enhancer associated RNAs (eRNAs), 

respectively 73. For example, eRNAs are known for acting as scaffolds for 3D architecture 

of chromosomes regulation. Consequently, lncRNAs can be divided as follows: sense 

lncRNAs, antisense lncRNAs, bidirectional lncRNAs, lincRNAs, intronic lncRNAs, 

circular intronic RNAs (ciRNAs), exonic circular ncRNAs (ecircRNAs), overlapping sense 

ncRNAs, chimeric ncRNAs, transcription start site-associated RNAs (TSSa-RNAs), 

eRNAs, PALRs, promoter upstream transcripts (PROMPT), telomeric repeat-containing 

RNA (TERRA) and pseudogenes, among others. There are also lncRNAs classified 

based on their repeats, such as those transcribed by endogenous retroviruses genes 69, 

73, 77. 

Finally, although the classification of lncRNAs can be ambiguous and complex, this 

work has focused on the classification based on their location respect to coding genes. 

 

b.3.- Cis and trans lncRNAs 

lncRNAs can be classified based on the location where they act regarding their 

transcription site, dividing them into 2 groups: cis and trans lncRNAs (Figure 8A-B).  
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Figure 8. Schematic representation of cis and trans lncRNAs. A-B) Cis lncRNAs (A) act at their site of 

transcription, whereas trans lncRNAs (B) function away from their synthesis. 

 

As shown in Figure 8, whereas cis lncRNAs act influencing the expression and/or 

chromatin state of their neighboring genes, trans lncRNAs execute their functions 

throughout the cell, regulating distal genes 86-88. After being transcribed and processed, 

trans lncRNAs leave their sites of transcription to perform their function elsewhere, like 

mRNAs, either in the nucleus or in the cytoplasm 89. Moreover, trans lncRNAs may also 

affect genes on the same chromosome 88. Trans lncRNAs can influence the activity of 

coding genes in different ways, at the transcriptional or post-transcriptional level. They 

regulate processes such as mRNA translation or splicing, ribosomal function, and protein 

activity 88. Moreover, if the expression of a trans lncRNA decreases, it could be rescued 

by exogenous locations 89. For example, TUNA is a lncRNA located >100 kb upstream 

of TCL1, and is critical for embryonic stem cells self-renewal, neural differentiation and 

reprogramming in mouse and human. Another example of a trans lncRNA is linc-RoR 

(regulator of reprogramming), a human-specific cytosolic lincRNA identified as 

enhancing reprogramming efficiency that interacts with hnRNP-I to suppress p53 gene 

translation 87. 

In contrast to trans lncRNAs, cis lncRNAs can only operate at the transcriptional level 

and are dependent on the loci from which they are transcribed. Cis lncRNAs can regulate 
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the expression of their loci by co-transcription or by recruiting genetic or epigenetic 

regulators 81, 89. For cis acting lncRNAs, there are at least three potential mechanisms 

through which their locus could regulate chromatin or gene expression: 1) the lncRNA 

regulates the expression of neighboring genes (without performing any sequence-

specific activities) by recruiting regulatory factors and/or modulating their function; 2) the 

transcription or splicing of a lncRNA could confer a gene-regulation functionality that 

would be independent of the sequence of the lncRNA; 3) the regulation would depend 

on DNA elements within the lncRNA promoter or gene locus, being completely 

independent of the lncRNA 86. The first mechanism might be due to nascent lncRNAs 

flagging regions of open transcriptionally competent chromatin by the recruitment of 

promiscuous RNA-binding proteins 81.  

The most famous and well-known example of a cis lncRNA is the case of XIST (X-

inactive specific transcript), the lncRNA that induces epigenetic silencing of one of the 

two X chromosomes in female mammalian cells by its upregulation by the other one 88. 

When XIST is overexpressed, its RNA spreads along the entire X chromosome and 

triggers the inactivation of most of its >1,000 genes, resulting in the conversion of one of 

the two active X chromosomes into a uniquely organized heterochromatic entity 90.  

Other examples of cis lncRNAs are Kcnq1ot1 and Airn, two lncRNAs that act 

repressing flanking gene promoters 91. ANRIL is a macro lncRNA that acts in cis for the 

regulation of the expression of the p16/p14/p15 tumor suppressor gene cluster 88. 

HOTTIP and Mistral are two cis lncRNAs whose alteration can lead to a decrease in the 

expression of some nearby genes 81. 

 

b.4.- Functions 

RNAs are dynamic molecules with complex secondary structures that have been 

shown to be the primary functional unit. The low sequence conservation of lncRNAs 

promotes remarkable phenotypic differences observed among species, leading to a 

great diversity of lncRNA transcriptomes 69. Over time, the identification of novel lncRNAs 

is increasing, triggering the analysis of their biology and their functions. However, it is 

still necessary to delve into the study of lncRNAs to know their role in the cellular biology 

of each species.  

lncRNAs are involved in several important biological processes such as the formation 

of chromosome conformation, imprinting of genomic loci or gene and protein regulation 

54. lncRNAs have the ability to regulate not only at DNA or RNA level, but also at protein 

and epigenetic level. Beyond their regulatory role, lncRNAs play 4 different functions 
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depending on their molecular mechanisms: signal, decoy, guide and scaffold (Figure 

9A-D). The 4 different groups can have their own subgroups, and, in addition, each 

individual lncRNA may be associated with several of them 69, 92. 

 

 

Figure 9. Schematic diagram of the 4 general functions involving lncRNAs. A) Signal lncRNA 

expression can faithfully reflect the combinatorial actions of transcription factors (colored ovals) or signaling 

pathways to indicate gene regulation in space and time. B) Decoy lncRNAs can titrate away transcription 

factors and other proteins away from chromatin, or titrate the protein factors into nuclear subdomains. C) 

Guide lncRNAs can recruit chromatin-modifying enzymes to target genes, either in cis (near the site of 

lncRNA production) or in trans to distant target genes. D) Scaffold lncRNAs can bring together multiple 

proteins to form ribonucleoprotein complexes. The complex may act on chromatin as illustrated to affect 

histone modifications (represented as green and red marks). Proteins are represented by colored ovals. 

Image and description obtained from Wang and Chang (2011) 92. 

 

I) Signal lncRNAs: 

It is well known that lncRNAs are cell- and tissue-specific, which suggests that their 

expression is under considerable transcriptional control. Therefore, their transcription 

could serve as molecular signals for certain biological contexts. Within this group, 

lncRNAs can be regulatory molecules, or transcripts that only by their presence trigger 

the transcription of other genes. Signal lncRNAs (Figure 9A) can infer chromatin states 

or mark certain spaces, times, or stages for gene regulation 92. Moreover, lncRNAs can 

be also involved in gene imprinting, as the case of AIR, an imprinted lncRNA expressed 

only from the paternal allele, and whose transcription is necessary for the repression of 

some imprinted genes on the paternal chromosome 92. Another example is PANDA, a 

lncRNA whose expression could be induced by DNA damage. PANDA can interact with 

the transcription factor NF-YA, restricting the expression of pro-apoptotic genes 93.  
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II) Decoys: 

There is another group of lncRNAs that after being transcribed, their role consists of 

binding other targets without any additional functions (Figure 9B). Accordingly, these 

lncRNAs can act either as sponges, binding to mRNAs, or as “molecular sinks”, binding 

to proteins 92. Sponges lncRNAs have sequences similar to coding genes and 

complementary sequences to miRNAs, preventing them from binding to their targets, 

and changing their post-transcriptional control. Pseudogenes, lincRNAs and circular 

RNAs are common groups of transcripts that represent sponge lncRNAs. This is the case 

of PTENP1, a pseudogene of the tumor suppressor gene PTEN, which antagonizes the 

oncogenic PI3K/AKT pathway. Both have binding-sites for miRNAs such as miR-499-5p, 

miR‐17, miR‐19b and miR‐20a. However, PTENP1 can decoy those miRNAs, preventing 

the silencing of PTEN and resulting in the inhibition of the PI3K/AKT pathway, leading to 

the tumor suppressor activity in diseases such as breast cancer and hepatocellular 

carcinoma 94-96. 

On other hand, decoy lncRNAs can bind to any type of proteins: transcription factors, 

chromatin modifiers or other regulatory factors. lncRNAs can act as ribo-repressors or 

as ribo-activators. As ribo-repressors, lncRNAs can be involved in the repression of 

different protein activities such as the induction of allosteric modifications, obstruction of 

binding sites or inhibition of catalytic activity. This is the case of GAS5 , which binds to 

glucocorticoid receptor by mimicking its genomic DNA glucocorticoid response element 

69, 92. As ribo-activators, lncRNAs can improve protein activities, such as lnc-DC, which 

promotes the phosphorylation and activation of STAT3. A known subgroup is the 

activating lncRNAs, which possess enhancer-like properties. They can interact and 

regulate the kinase activity of Mediator, hence facilitating chromatin looping and 

transcription 69. 

 

III) Guide lncRNAs:  

Guide lncRNAs regulate gene expression by the recruitment and relocalization of 

ribonucleoprotein complexes at specific chromatin loci (Figure 9C)  97, 98. Guide lncRNAs 

can act as transcriptional regulators at different levels; being such regulation modeled 

by their interaction with proteins, DNA, RNA, or all of them. Diverse studies point out that 

lncRNAs are well-known transcriptional regulators, either of the genes in close genomic 

proximity (cis lncRNAs) or of the distal genes (trans lncRNAs) 99. Thus, lncRNAs can 

show cis activity and regulate their neighboring genes, such as AIR or several eRNAs, 

acting over promoter or enhancer regions; or trans activity, which occurs by the formation 
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of RNA:DNA heteroduplex or triple helix structures between DNA and lncRNAs. In 

conclusion, lncRNAs convey regulatory information by recruiting transcription factors or 

repressor and activator complexes, which can derive in epigenomic changes 69, 92. 

There are some lncRNAs that intervene with different chromatin-modifying 

complexes, such as HOTAIR, which represses genes by binding to the polycomb 

repressive complex (PCR2); AIR, associated with the dimethylation of lysine 9 of histone 

3 (H3K9me2) methyltransferase G9a; or Kcnq1ot1, a lncRNA that can bind to both PCR2 

and G9a 100. More examples of guide lncRNAs are MEG3, that can guide EZH2 subunit 

of PRC2 to TGFβ-regulated genes; linc-p21, that exert effects on chromatin structure 

and gene expression; and Jpx, a lncRNA that activates Xist on the inactive X 

chromosome 69, 92. 

 

IV) Scaffolds:  

lncRNAs can act as central platforms upon the assembly of different 

ribonucleoprotein complexes (Figure 9D). In contrast to guide lncRNAs, scaffolds affect 

the molecular components of the complexes 98. Scaffolds have different domains that 

allow them to bind distinct molecules. These domains can be bound at the same time, 

enabling the lncRNA to perform other actions, such as epigenetic or transcriptional 

regulation of gene expression. Scaffold lncRNAs can both adopt three-dimensional 

structures with high affinity for proteins, and regulate gene expression and the 

epigenome, associating with histone or DNA-modifying and nucleosome remodeling 

complexes 69, 92. A good example is HOTAIR, a lncRNA that adopts a four-module 

secondary structure for the interaction in the nucleus with polycomb complex PRC2, 

which methylates H3K27 to promote gene repression. Moreover, HOTAIR can also 

interact with the complex of LSD1, CoREST and REST, which demethylates H3K4 to 

antagonize gene activation. These data show that the scaffold lncRNA HOTAIR 

contributes to chromatin modification due to the formation of different complexes 69, 92. 

Architectural lncRNAs, enriched in repetitive sequences, are a subclass of scaffold 

lncRNAs, being able to change gene expression by the recruitment of regulatory 

proteins. Architectural lncRNAs are essential for the assembly of particular nuclear 

substructures such as paraspeckles or nucleolar detention centers, among others 101. 

There are 5 of them, being NEAT1 the only one that can assemble more than 60 different 

RNA-binding proteins and transcription factors 69. 

 



Introduction   

32 
 

All the above explanation demonstrates that lncRNAs have diverse functions, and it 

would be expected that additional novel roles would be revealed in the future. lncRNAs 

have a great impact on cell biology, and not only are implicated in several processes 

such as proliferation, development, homeostasis or imprinting, but also in the 

development of different neoplasms 102-104.  
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3. Relation between lncRNAs and MM 

 

Diverse studies point out the crucial functions of lncRNAs in gene expression 

modulation, chromatin reorganization, immune response and cell differentiation 65, 105. 

Moreover, it has been described how their deregulation contributes to human 

carcinogenesis, metastasis and even to chemotherapy resistance 106. Thus, deregulation 

of the expression of lncRNAs can impact relevant pathways involved in the pathogenesis 

and/or progression of different types of cancers 67, 107. 

In MM, altered expression of a small number of lncRNAs has been associated with 

the progression and survival of patients (see below), suggesting that these elements play 

a role in the pathogenesis of this neoplasm. However, as mentioned below, most studies 

of lncRNAs in MM are based on lncRNAs deregulated in other diseases, which points 

the need of studying the landscape of MM, in order to detect more lncRNAs with a 

potential biological role in this neoplasm. The most representative studied lncRNAs in 

MM are described below. 

HOTAIR (HOX transcript antisense intergenic RNA), the most studied lncRNA, is a 

transcript encoded on chromosome 12q13.31. HOTAIR acts either as a cis or trans 

epigenetic regulator of chromatin, inducing the chromatin states reprogramming 67. This 

transcript is an oncogenic lncRNA that can regulate the expression of normal and cancer 

cells. Moreover, HOTAIR appears deregulated in several cancers, promoting 

invasiveness, tumor progression and metastasis. It has been shown that its upregulation 

may increase the resistance of cancer cells to drugs 108, 109. Recent studies indicated that 

HOTAIR was significantly upregulated in the serum of MM patients, being able to 

increase the activity of MM cells. Furthermore, the knockdown of HOTAIR suppresses 

MM cell viability, and leads to a decrease in the chemoresistance to dexamethasone in 

MM cells, pinpointing this lncRNA as an important biomarker for diagnosis and prognosis 

of therapy response 67, 108, 109. In contrast to these studies showing the upregulation of 

HOTAIR, another study showed the downregulation of HOTAIR in MM patients 

compared to healthy controls 67. In light of these contradictory results, researchers 

suggested a relationship between the stage of patients and their deregulated 

transcriptome 67, 110, and the need of dividing MM patients into groups according to the 

administrated treatments and the disease stages: newly diagnosed, relapsed and 

patients with the disease in progression.   

MALAT1 (metastasis associated lung adenocarcinoma transcript 1) is a well-

characterized nuclear lncRNA encoded on chromosome 11q13.1. This transcript is 
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highly abundant and ubiquitously expressed 106. MALAT1 can interact with RNAs, 

proteins and DNA, and due to its localization in the nucleus, it is thought to form 

molecular scaffolds or act as a sponge for miRNAs such as miR-509-5p, miR-206 or 

miR-363-3p 111, 112. MALAT1 can regulate alternative splicing, cell cycle or activate gene 

transcription by interacting with polycomb proteins 51, 106. This transcript is expressed in 

several normal tissues such as the central nervous, endocrine, immune, reproductive 

and lymphoid systems. Moreover, MALAT1 is overexpressed in numerous different 

cancers including lung, colorectal, bladder and laryngeal cancers, suggesting a 

potentially important function in cancer development and progression 51, 111. MALAT1 

overexpression was also described in MM, and high levels of this lncRNA were 

correlated with poor prognosis of MM patients 106, 113. In MM, MALAT1 acts as a miRNA 

sponge for miR-1271-5p, miR-181a-5p and miR-509-5p, inhibiting their expression, 

which results in the progression of MM cells 112, 114, 115. Indeed, recent studies have 

revealed that different knockdown systems such as siRNAs and antisense synthetic 

oligodeoxynucleotides (ASOs) that modulate gene expression), can inhibit the 

expression of MALAT1, resulting in the reduction of MM cellular viability and migration, 

and cellular apoptosis 116. Moreover, the knockdown of MALAT1 also triggered apoptosis 

of in vivo murine models of human MM 116, 117. All these studies point out the upregulation 

of MALAT1 in MM patients, indicating its role as a potential therapeutic target. 

Deregulation of miRNAs seems to be closely associated with the progression of MM. 

Not only MALAT1 acts as a miRNA sponge, but also lncRNAs like PCAT-1, OIP5-AS1, 

TUG1 and CRNDE, among others. PCAT-1 (prostate cancer associated transcript 1) is 

a trans lncRNA encoded on chromosome 8q24.21 that supports cancer proliferation by 

regulating genes associated with cell cycle and mitosis 118. Studies revealed that PCAT-

1 is a target of PCR2, acting as a transcriptional repressor in prostate cancer 118. 

Moreover, the upregulation of this lncRNA is been studied as a novel prognostic factor 

in hepatocellular carcinoma patients with poor outcomes 119. PCAT-1 is upregulated in 

MM, resulting in the inhibition of miR-129 and promoting MM progression through the 

MAP3K7/NF‐κB pathway 120, 121.  Shen et al. (2020) 120 showed that PCAT-1 knockdown 

increased miR-129 expression, resulting in a lower expression level of MAP3K7. 

Remarkably, a recent work analyzed the effect of PCAT-1 knockdown and drug 

sensitivity, showing higher apoptosis of MM cells treated with the combination of short 

hairpin RNAs (shRNAs) against PCAT-1 together with Bortezomib 119. These results 

suggested the potential therapeutic role of PCAT-1 as a possible target in the treatment 

of MM.  
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TUG1 (taurine upregulated gene 1) is an oncogenic lncRNA encoded on 

chromosome 22q12.2 that can be transcriptionally regulated by p53 in response to DNA 

damage 67. TUG1 shows upregulation in different neoplasms such as carcinomas, 

ovarian and breast cancer, prostate cancer or colorectal cancer, and also in MM patients 

122, 123. Like other lncRNAs, TUG1 is also a miRNA sponge, and binds to miR-29b-3p, a 

miRNA that also targets HDAC4, a histone deacetylase with an oncogenic role in MM 

122, 124. The expressions of TUG1 and miR-29b-3p are negatively correlated. The 

knockdown of TUG1 is associated with an increase of miR-29b-3p expression, resulting 

in a decrease of the proliferation of MM cells and the increase of apoptosis 122.  

CRNDE (colorectal neoplasia differentially expressed) lncRNA is encoded on 

chromosome 16q12.2. Recent studies have shown that CRNDE is deregulated in 

different cancers, playing a critical role in the progression of several neoplasms such as 

hepatic, gallbladder and colorectal carcinomas and ovarian cancer, as well as in 

leukemia and MM 125, 126. It has been demonstrated that CRNDE is overexpressed in the 

serum of MM patients, and that high expression levels of this lncRNA are associated with 

poor prognosis in MM patients 125. These results suggest that the overexpression of 

CRNDE could play an important role in the development of MM 125. Moreover, CRNDE 

has been shown to target different miRNAs, which could contribute to cancer 

progression. Specifically, in MM patients, CRNDE targets miR-451, whereas in colorectal 

cancer targets miR-181a-5p and miR-136. Although CRNDE targets different miRNAs in 

distinct cancers, studies revealed that all those miRNAs were negatively regulated by it 

125, 126. 

H19 (H19 imprinted maternally expressed transcript), a lncRNA encoded on 

chromosome 11p15.5, is essential for fetal growth and development 127, 128. H19 can have 

oncogenic or tumor-suppressor roles according to the neoplasm where is deregulated. 

However, studies showed that H19 is highly expressed in many human cancers 127. H19 

is upregulated in MM, however, the knockdown of this lncRNA by shRNA system resulted 

in a decrease of cellular growth and the inactivation of the NF-κB pathway in MM cells 

128. Moreover, researchers showed that a high expression of H19 was associated with 

worse progression-free survival (PFS) of MM patients 128. On other hand, H19 acts as a 

sponge for miR-152-3p and miRNA-29b-3p. Different studies showed that the 

upregulation of H19 in MM promoted the downregulation of miR-152-3p and miRNA-29b-

3p, contributing to the upregulation of BRD4 and MCL-1, respectively. H19 knockdown 

resulted in the upregulation of these miRNAs, triggering cellular apoptosis and tumor 

growth repression 129, 130. 
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UCA1 (urothelial carcinoma associated 1) is an oncogenic lncRNA encoded on 

chromosome 19p13.12. UCA1 is overexpressed in many neoplasms, such as breast, 

ovarian, prostate, gastric and pancreatic cancers 131. Although there are different studies 

showing the overexpression of UCA1 in MM, researchers also showed that UCA1 was 

significantly downregulated in MM patients 132, 133. Moreover, despite the contradiction, 

the same researchers also revealed that a high expression of UCA1 was associated with 

worse OS in MM 133. Studies where the overexpression of UCA1 was detected, identified 

that this lncRNA targeted miR-1271-5p and miR331-3p 134, 135. Moreover, the knockdown 

of this lncRNA was associated with the upregulation of miR-1271-5p and miR331-3p, a 

decrease in cellular proliferation and the increase of apoptosis in MM cells 132, 134, 135.  

NEAT1 (nuclear paraspeckle assembly transcript 1) is a lncRNA located on 

chromosome 11q13, near MALAT1 136. This lncRNA is found overexpressed in many 

types of neoplasms 137. NEAT1 also appears upregulated in MM, where its knockdown 

resulted in decreased cell viability of MM cells 136, 138. NEAT1 also targets different 

miRNAs. Recent studies revealed the negative association between the expression of 

this lncRNA and the expression of miR-193a, miR-214 and miR-125a 139-141. NEAT1 

overexpression could upregulate the antiapoptotic protein MCL1 by targeting and 

downregulating miR-193a, resulting in the development of dexamethasone resistance in 

MM 139. Moreover, NEAT1 also downregulates miR-214, resulting in the upregulation of 

B7-H3, a protein that participates in the immune response 141. On the other hand, high 

expression of NEAT1 is associated with worse PFS and OS in MM patients  140, 141. 

LINC00515, located on chromosome 21q21.3, appears deregulated in several 

neoplasms, such as lung adenocarcinoma and glioma 142. LINC00515 is overexpressed 

in MM patients and MM cell lines. Moreover, a recent study revealed that melphalan-

resistant MM cell lines had significantly higher expression levels of LINC00515 compared 

to sensitive MM cell lines 143. The knockdown of LINC00515 triggered the downregulation 

of ATG14, a coding gene with a vital role in autophagy and senescence pathways, by 

sponging the miRNA miR-140-5p, which resulted in MM cellular apoptosis 143.  

Another example of an upregulated lncRNA in MM is ST3GAL6-AS1 (ST3GAL6 

antisense RNA 1), a lncRNA located on chromosome 3q12.1. This lncRNA appears 

overexpressed in MM patients, and its knockdown resulted in increased cellular 

apoptosis 144, 145. 

OIP5-AS1 (OIP5 antisense RNA 1) is a tumor-associated antisense lncRNA encoded 

on chromosome 15q15.1 that also can act as a sponge for different miRNAs like miR-

410, has-miR-26a-3p and miR-27a-3p 146-148. In hepatocellular carcinoma, the 
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expression levels of OIP5-AS1 and has-miR-26a-3p are negatively correlated. OIP5-AS1 

appears upregulated in hepatocellular carcinoma patients, and its inhibition by shRNA 

system resulted in a significant decrease in cell proliferation and the increase of 

apoptosis 146. In contrast, expression levels of OIP5-AS1 are lower in MM patients than 

in healthy donors 147, 148. In MM, OIP5-AS1 is inversely correlated with miR-410 and miR-

27a-3p. The overexpression of this lncRNA resulted in the reduction of the expression of 

miR-410, triggering cellular apoptosis and reduced proliferation by targeting 

KLF10/PTEN/AKT signaling pathway in MM cells 147. As well as with miR-410, the 

overexpression of OIP5-AS1 triggers the decrease of miR-27a-3p expression, resulting 

in the upregulation of the tumor suppressor gene TSC1, and the reduction of MM 

progression 148. 

MEG3 (maternally expressed 3), also known as GTL2, is a lncRNA encoded on 

chromosome 14q32.2. MEG3 is a lncRNA with multiple alternatively spliced transcript 

variants that is expressed in normal tissues such as fetal heart, liver, kidney, lung, and 

brain 149. MEG3 is the first identified tumor-suppressive lncRNA, being able to induce cell 

apoptosis by both p53-dependent and p53-independent pathways. Moreover, it has been 

reported that loss of expression of this transcript can be found in different cancers, being 

involved in the tumorigenesis of urothelial carcinoma, colorectal and cervical cancer 107, 

149, 150. MEG3 is downregulated in MM, correlating with poor prognosis of patients. 

However, the overexpression of this lncRNA promotes apoptosis and decrease of MM 

cellular proliferation 107, 150. Furthermore, it has been shown that the overexpression of 

MEG3 could enhance osteogenic differentiation of MM mesenchymal stromal cells by 

promoting BMP4 transcription 107. On the other hand, MEG3 targets miR-181a, an 

overexpressed miRNA in MM patients. Studies revealed that the overexpression of 

MEG3 promoted a decrease in expression levels of miR-181a 150. Recent studies have 

pointed out that MEG3 could be downregulated due to DNA hypermethylation of its 

promoter, which has also been found in most MM patients 149-151. However, 5-Aza-2'-

deoxycytidine can reverse the DNA hypermethylation of MEG3 promoter, promoting its 

re-expression and the inhibition of MM cell proliferation 151. These results showed the 

relevance of studying lncRNAs and the potential therapeutic agents that could reverse 

their deregulation.  

GAS5 (growth arrest specific 5) is a tumor suppressor lncRNA encoded on 

chromosome 1q25.1. This lncRNA interacts with glucocorticoid receptors suppressing 

antiapoptotic genes. GAS5 has been shown to be downregulated in MM, as well as in 

other neoplasms such as breast, prostate and renal cell cancer 67. 



Introduction   

38 
 

PRAL (P53 regulation associated lncRNA) is a lncRNA located on chromosome 

17p13.1. PRAL is downregulated in MM patients and MM cell lines with del(17p) 152, 153. 

High expression of PRAL was associated with better PFS and OS in MM patients 152. As 

well as PRAL, Circ_0000190 is downregulated in MM patients, and high levels of this 

lncRNA were also associated with better PFS and OS in MM patients 154. In contrast to 

PRAL and Circ_0000190, NR_046683, PDIA3P and LINC00461 were upregulated 

lncRNAs in MM. Whereas high expression levels of NR_046683 were associated with 

worse PFS, high expression levels of PDIA3P and LINC00461 were associated with 

worse OS 135, 155-157. 

 

In summary, there are multiple lncRNAs that have been implicated in the biology and 

prognosis of MM. In the last years, novel sequencing technologies have brought the 

possibility of profiling lncRNAs with relevant roles in both normal and cancer cells. As 

mentioned above, throughout the execution of this doctoral thesis, high-throughput 

analyses characterizing the deregulation of annotated lncRNAs in MM have been 

published 67, 155, 158-160. However, comprehensive studies designed to investigate the 

complete lncRNA transcriptome of the disease, including the identification of novel 

lncRNAs, had not yet been performed. Moreover, the studies published during the 

execution of this thesis did not analyze the transcriptome of annotated lncRNAs in MM 

in the context of the maturation program of the B-cell lineage, which can be critical in 

order to identify lncRNAs that could have relevant roles in the biology of the MM cells, 

serve as potential therapeutic targets for the treatment of this disease, or participate as 

novel prognostic biomarkers to improve the stratification and monitoring of MM patients. 
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Deregulation of lncRNAs is emerging as a common feature of different human tumors 

and their investigation may uncover novel oncogenic mechanisms, as well as novel 

clinical tools such as prognostic and diagnostic biomarkers, and therapeutic targets.  

MM is a heterogeneous hematological neoplasm caused by an abnormal clonal 

proliferation of plasma cells that, to date, remains incurable. In MM, previous studies 

have revealed that altered expression of a small number of lncRNAs is associated with 

the progression and survival of patients, suggesting that these elements play an 

important role in the pathogenesis of this disease that, so far, has been underestimated. 

However, the complete expression landscape of lncRNAs in this disease as well as their 

functional or clinical significance has not been elucidated. 

 

The hypothesis of this work consists in that lncRNAs are an important piece of the 

MM transcriptome, and that their study in MM could unveil novel and essential lncRNAs 

with oncogenic properties that could become therapeutic targets, as well as prognostic 

biomarkers for this disease. 

 

In the present work, the following main objectives have been established: 

1. To characterize the entire lncRNA transcriptome of MM in the context of B-cell 

differentiation to better understand the different transcriptional dynamisms followed 

by these elements. 

 

2. To identify and characterize lncRNAs with a relevant biological function in MM and 

define lncRNAs as potential therapeutic targets for the treatment of MM. 

 

3. To identify lncRNAs as prognostic biomarkers for monitoring MM patients. 
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1. Primary samples 

All patients and healthy donors provided informed consent for their participation in 

this study, which was approved by the Clinical Research Ethics Committee of Clínica 

Universidad de Navarra. 

 

a. MM patient samples 

Bone marrow aspiration specimens from 38 newly diagnosed MM patients were 

obtained before the administration of any treatment (Table 2). After being extracted, MM 

PCs were purified by CD138+ positive magnetic separation using AutoMACS system 

(AutoMACS Pro Separator, Miltenyi Biotech). Bone marrow samples were incubated with 

FACS Lysing Solution 1:10 (BD Biosciences) for 10 min, washed with AutoMACS Buffer 

solution (Phosphate Buffered Saline (PBS), 0.5% BSA and 2mM EDTA), and labeled 

with MACSprepMultiple Myeloma CD138 MicroBeads (Miltenyi Biotech) for 15 min at 4 

ºC. In all cases, the purity was higher than 90%, as assessed by flow cytometry.  

 

b. Bone marrow plasma cells from healthy donors 

Three bone marrow specimens from healthy donors ranging from 20 to 30 years were 

obtained. Firstly, Ficoll-Paque density gradient centrifugation was performed to enrich 

the mononuclear cell population of our samples. Bone marrow PCs (BMPCs) were 

purified by Fluorescence Activated Cell Sorting (FACS) (FACSAria II, Becton Dickinson 

Biosciences) using CD38+-FITC (Clone LD38, Cytognos), CD138+-BV421 (Clone MI15, 

Beckton Dickinson) and CD27+-BV510 (Clone 0323, BioLegend) monoclonal antibody 

combination (Figure 10B-C). 

 

c. B-cell subpopulations from tonsillar of healthy donors 

Different B-cell populations from tonsils of healthy children ranging from 2 to 13 years 

were obtained. Ficoll-Paque density gradient centrifugation was performed previously to 

the enrichment of B-cells with AutoMACS system. Ten NBs, 9 CBs, 9 CCs, 9 MEMs and 

9 tonsil PCs (TPCs) samples were isolated by multiparameter FACS (by FACSAria II) 

using the expression level of 8 different surface antigens: CD45+-OC515 (Clone HI30, 

Immunostep), CD20+-Pacific Blue (Clone 2H7, BioLegend), CD44+-APCH7 (Clone G44-

26, Beckton Dickinson), CD10+-PE-Cy7 (Clone HI10a, Beckton Dickinson), CD38+-FITC, 
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CXCR4+-PE (Clone 12G5, Beckton Dickinson), CD27+-APC (Clone L128, Beckton 

Dickinson) and CD3+-PerCP-Cy5.5 (Clone SK7, Beckton Dickinson) (Figure 10A, 10C). 

 

Table 2. Data from MM patients used for the study. Del=Deletion; Amp=Amplification; MM=Multiple 

myeloma; POS=Positive; NEG=Negative; NA=Not available; h+=Gain of heterochromatin area; 

t=Translocation; mar=Marker chromosome; rob=Robertsonian translocation; inv=Inversion.  

 

Sample Diagnosis Sex
Conventional Cytogenetic 

Analysis
Del(13q) Amp(1q) Del(1p)

TP53 

FISH 
IGH FISH 

MM 1 MM Male 46, XY [30] NA NA NA NEG POS

MM 2 MM Male 46, XY [30] NEG NEG NEG NEG NEG

MM 3 MM Female Null NA NEG NEG NEG NEG

MM 4 MM Male 46, XY [30] NA NEG NEG NEG NEG

MM 5 MM Female 46, XX, 16qh+ [30] NA NEG NEG NEG POS

MM 6 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 7 MM Female 46, XX [30] NA NA NA NA NA

MM 8 MM Female 46, XX [30] NA NEG NEG NEG POS

MM 9 MM Male 46, XY [30] NA POS NEG NEG POS

MM 10 MM Male 46, XY [30] NA NEG NEG NA NA

MM 11 MM Male 46, XY [30] NA NA NA NA NA

MM 12 MM Male

43, X, -Y, del(1)(p?22), -2, 

del(3)(q26), 

t(11;14)(q13;q32), -13, -14, 

+21, -22, +mar[45]/46,XY[5]

NA POS POS NEG POS

MM 13 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 14 MM Male 46, XY [30] NA NEG NEG NEG NEG

MM 15 MM Male 46, XY [30] NA POS NEG NEG POS

MM 16 MM Female 45, X, -X [9]/46, XX [21] NA POS NEG NEG NEG

MM 17 MM Female NA NA NEG NEG NEG NA

MM 18 MM Male 46, XY [30] NA NEG NEG NEG NEG

MM 19 MM Female 46, XX [30] NA NA NA NA NA

MM 20 MM Male 46, XY [30] NA POS NEG NEG POS

MM 21 MM Male 46, XY [30] NA NEG NEG NEG NEG

MM 22 MM Male 46, XY [30] NA POS NEG NEG POS

MM 23 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 24 MM Male 45, X, -Y [24]/46, XY [6] NA NEG NEG NEG NEG

MM 25 MM Male

45, 

XY,rob(13;14)(q10;q10)?c[3

0]

NA POS POS POS NA

MM 26 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 27 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 28 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 29 MM Female 46, XX [30] NA NEG NEG NEG NEG

MM 30 MM Male NA NA NEG NEG NEG NEG

MM 31 MM Male 46, XY [30] NA NA NA NA NA

MM 32 MM Male 46, XY [30] NA NEG NEG NEG NEG

MM 33 MM Female 46, XX,inv(9)(p12q13)?c[30] NA NEG NEG NEG POS

MM 34 MM Female 46, XX [30] NA POS POS NEG POS

MM 35 MM Female NA NA POS NEG NEG POS

MM 36 MM Female NA NA POS NEG NEG POS

MM 37 MM Male NA NA NA NA NA NA

MM 38 MM Female 46,XX[30] NA NEG NEG NEG NEG
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Figure 10. Immunophenotype used for the isolation of B-cell populations. Figure obtained from Agirre 

X. et al. (2019) 52. A-B) Gating strategy used for the isolation of (A) NB, CB, CC, MEM, TPC and (B) BMPC 

samples using multiparameter FACS. C) Different surface antigens used for the isolation of B-cell 

populations by FACS. The numbers of samples of each type of subsets used for strand-specific RNA-seq 

are indicated in the bottom. NB=naïve; CB=centroblast; CC=centrocyte; MEM=memory B-cell; TPC=tonsil 

plasma cell; BMPC=bone marrow plasma cell. 
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2. Cell culture 

Firstly, all cell lines were authenticated by the Genomic Service of Cima Lab 

Diagnostics of CIMA Universidad de Navarra. Then, cell lines were maintained at 37°C 

in a 5% CO2 humidified atmosphere. 

 

a. Multiple Myeloma cell lines  

MM.1R, MM.1S, KMS-11, OPM-2, KMS-12 and KMS-26 were maintained in RPMI-

1640 medium (Lonza) supplemented with 10% heat inactivated Foetal Bovine Serum 

(FBS) (Life Technologies), 1% Penicillin/Streptomycin (Biowhittaker) and 2% HEPES 

(Life Technologies). MM.1R, MM.1S and KMS-11, which are both adherent and 

suspension cell lines, were harvested from flasks using Trypsin (Biowhittaker). 

JJ-N3 cell line was maintained in 40% Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Sigma-Aldrich) with 40% Iscove's Modified Dulbecco's Medium (Life Technologies), 

supplemented with 20% heat inactivated FBS, 1% Penicillin/Streptomycin and 2% 

HEPES. 

 

b. Human embryonic kidney cells (HEK-293T) 

HEK-293T were maintained in DMEM with 10% of heat inactivated FBS, 1% of 

Penicillin/Streptomycin and 2% HEPES. Only cells at low passage (below passage 15) 

were used for lentiviral production. 

HEK-293T medium was supplemented with 1% Glutamine (Corning) for Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) interference (CRISPRi) 

library production as will explained below. 

 

c. Others cell lines 

Other tumoral cell lines were also used to perform different assays. HL-60 and PEER, 

acute leukemia cell lines, and 5367, a urinary bladder carcinoma, were maintained in 

RPMI-1640 medium supplemented with 20% heat inactivated FBS, 1% 

Penicillin/Streptomycin and 2% HEPES. The adherent cell line 5376 was harvested using 

Trypsin. 
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3. RNA sequencing (RNA-seq) 

 

In order to characterize the transcriptome of MM patients, two different 

approximations were performed:  

a. Paired-end strand-specific RNA sequencing (ssRNA-seq) for a deep 

transcriptome profiling of MM patients and different B-cell populations of healthy 

donors. 

b. Low input 3’ end RNA-seq for the characterization of the transcriptional changes 

in MM cell lines upon SMILO knockdown. 

 

a. ssRNA-seq 

To perform ssRNA-seq, total RNA from all B-cell populations and MM PCs was 

isolated using TRIzol® Reagent extraction method (Life Technologies), purified by 

RNeasy MinElute spin column (Qiagen) and treated with DNase I (Thermo Fisher), 

following the manufacturer's instructions. Total RNA was quantified using a NanoDrop 

ND-1000 Spectrophotometer (Thermo Fisher). Three to six hundred nanograms of high-

quality purified total RNA from each sample were used for library preparation according 

to the user´s manual of Truseq Stranded Total ribo-depleted RNA sample preparation kit 

(Illumina). Then, library’s quality was assessed using Agilent 2100 Bioanalyzer (Agilent 

Technologies) and quantity checked using Qubit 3.0 Fluorometer (Life Technologies). 

Strand-specific RNA libraries were multiplexed (6 samples per lane) and the sequencing 

was done with Illumina HiSeq 2500 (Illumina) as 50 base paired-end runs. 

 

b. Low input 3’ end RNA-seq 

Low input 3’ end RNA-seq was performed following MARS-Seq protocol adapted for 

bulk RNA-seq 161, 162 with minor modifications.  

Briefly, 1 μg of RNA was purified with DNase I RNase-free (Thermo Fisher). Poly-A 

RNA was selected with Dynabeads Oligo (dT) (Ambion) and reverse-transcribed with 

AffinityScript Multiple Temperature Reverse Transcriptase (Agilent) using poly-dT oligos 

carrying a 7 bp-index. Pooled samples were subjected to linear amplification by IVT using 

HiScribe T7 High Yield RNA Synthesis Kit (New Enlgand Biolabs). Next, the RNA was 

fragmented into 250-350 bp fragments with RNA Fragmentation Reagents (Ambion) and 

dephosphorylated with FastAP Thermosensitive Alkaline Phospatase (Thermo Fisher) 

following manufacturer’s instructions. Partial Illumina adaptor sequence for Illumina 
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sequencing 161 was ligated to the 3’ end of the fragmented RNA using T4 RNA Ligase I 

(New England Biolabs), followed by a second retrotranscription reaction. Full Illumina 

adaptor sequences were added during final library amplification with KAPA HiFi DNA 

Polymerase (Kapa Biosystems). Quality and concentration controls of RNA-seq libraries 

were performed with Qubit 3.0 Fluorometer. RNA-seq libraries size profiles were 

examined using 4200 TapeStation System (Agilent). Libraries were sequenced in an 

Illumina NextSeq 500 at a minimum sequence depth of 10 million reads per sample. 

 

 

4. Bioinformatic analyses 

 

Different bioinformatic analyses were performed to characterize the lncRNA 

transcriptome of MM patients, B-cell populations and MM cell lines. 

 

a. Initial processing of RNA-seq data 

 

a.1.- ssRNA-seq analysis for the identification of novel non annotated 

lncRNAs 

Firstly, to remove any potential ribosomal RNA leftover from the ribodepletion step, 

a two-step alignment procedure was performed using STAR v2.4 163. A first pass 

alignment was done against human ribosomal sequences allowing multi-mapping. In 

order to identify novel transcripts, unmapped reads from the first step were then aligned 

to hg19 human reference using GENCODE v19 164 junction points. Cufflinks v2.2.1 165, 

166 was run on the resulting alignment files to create de novo transcriptome assembly 

specific to each sample using strand-specific settings and GENCODE v19 as a 

database. Then, cufflinks outputs for all the samples were merged with themselves and 

GENCODE database using cuffmerge. The resulting assembly was filtered to only novel 

intergenic and antisense transcripts, removing isoforms for known genes as well as novel 

intronic sense-overlapping transcripts due to challenges in separating them from 

transcription artifacts. R 167 and GNU parallel 168 was used to facilitate the analysis. The 

novel transcripts were then filtered for a minimum length of 200 bp. The coding potential 

of each transcript was checked using phyloCSF 169 on all 3 ORFs of the transcript strand. 

Maximum score along the length of the transcript across all 3 ORFs was used as the 
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maximum coding potential, novel transcripts that had a coding potential score greater 

than 0 were filtered out. Each sample was annotated to the merged transcript annotation 

using subread featureCounts 170. Resulting counts were normalized to library-size using 

the number of mapped reads to each sample by DESeq2 171, and converted into 

Transcripts-per-kilobase-million (TPM) 172. Any transcript (including coding genes, 

lncRNAs and novel transcripts) that was expressed in at least 3 samples with ≥ 1 TPM 

was included in the study.  

 

a.2.- Low input 3’ end RNA-seq analysis 

Raw reads were demultiplexed using bcl2fastq2 Conversion Software v2.19 

(Illumina) to convert base call (BCL) files into FastQ files. The quality control of FastQ 

files was performed using FastQC (Bioinformatics Babraham Institute). Sequencing 

reads were aligned to hg19 human reference using Bowtie 2 (Johns Hopkins University) 

and quantified using quant3p script (github.com/ctlab/quant3p). DEseq2 package (R) 

was used for filtering, normalization and for analysis of differential gene expression. 

 

b. MM transcriptome characterization 

The coding and long non-coding transcriptome of the 38 MM patients was studied. 

LncRNAs with ≥1 TPM of expression and more than 200 bp of length were selected for 

the study. Then, lncRNAs identified in MM by our ssRNA-seq (MM-identified lncRNAs), 

lncRNAs identified in normal B-cell populations by our group 52 (BC-identified 

lncRNAs), and lncRNAs annotated in hg19 of Gencode (G19-lncRNAs) were included. 

The expressed transcripts in MM patients were characterized, determining the 

percentage of MM-identified lncRNAs, BC-identified lncRNAs, G19-lncRNAs and coding 

genes in our specimens. Moreover, in order to identify any possible over or 

underrepresentation of lncRNAs in specific genomic areas, the location of each gene 

was also analyzed, determining the percentage of each group per chromosome. To 

calculate the enrichment of the four groups of transcripts, the number of events was 

modeled using a Poisson regression (computed in R as GLM, Generalized Linear Model) 

to predict the number of expressed genes in each chromosome. The error of prediction 

was calculated in standard errors; and the deviation from the predicted model was used 

to predict possible enrichment levels of each group in each chromosome. 

The genomic location of each group of lncRNAs with respect to annotated coding 

genes in MM specimens was also studied. Firstly, the position of the three groups of 
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lncRNAs was annotated in the genome using the protein coding genes of hg19 of 

Gencode as reference, and the R/Bioconductor package ChIPpeakAnno 173. The 

following categories were considered: “Upstream”, “Downstream”, “Overlap”, “Overlap 

Start”, “Overlap End”, “Inside” and “Include Feature”. Finally, based on the results 

obtained, the expression values of protein coding genes which have a MM-identified 

lncRNA annotated “inside” were compared with those protein coding genes without any 

MM-identified lncRNA annotated “inside” using a statistical test (t-test).  

 

c. Differential expression analysis 

To characterize the alterations of the transcriptome of MM in depth, the expression 

of MM specimens was compared to that of normal PCs (NPCs). The analysis of 

differential expression was performed using the log2FPKM (log2 of Fragments per 

kilobase million) values. 

Quality control of the samples was performed using the sample hierarchical 

clustering, the correlation matrix of the samples and the Principal Component Analysis 

(PCA) reduction of dimensionality method. One outlier in MM specimens was detected 

and removed from the study due to its dispersion from the rest of the MM patients. A 

filtering process to eliminate low expressed genes was also performed. 

Differential expression analysis was performed in MM and BMPC samples using the 

R/Bioconductor limma package 174 with all expressed coding genes and lncRNAs. A total 

of 18,578 protein coding genes and 71,797 lncRNAs were detected for further analysis. 

The group of lncRNAs was composed of MM-identified lncRNAs, BC-identified lncRNAs 

and G19-lncRNAs (>200 nt) including the following biotypes: “3 prime overlapping 

ncRNA”, “antisense”, “lincRNA”, “sense intronic”, “sense overlapping”, “pseudogene” 

and “processed transcript”.  

For the contrast of interest comparing MM samples and BMPC samples, a criterion 

of B>3 was applied to define the statistically significant differential expression.  

 

d. Sample heterogeneity study  

The heterogeneity of expression in MM and BMPC samples was studied using the 

coefficient of variation (CV). Firstly, the variability between coding genes and lncRNAs 

in MM was analyzed. Then, CVs of coding genes, as well as the three groups of lncRNAs 

(MM-identified lncRNAs, BC-identified lncRNAs and G19-identified lncRNAs) were 

compared following 2 different comparisons: 1) each group of transcripts in MM was 
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compared to its counterpart in BMPCs; 2) each group of transcripts was compared to the 

other 3 groups in MM and BMPC samples. CV of protein coding genes and all lncRNAs 

was compared in all the samples using a statistical test (t-test). 

In order to identify lncRNAs whose expression was deregulated in a certain 

percentage of MM patients, another approach was performed based on logFoldChange 

(logFC) levels with respect to the mean expression value of the available BMPC 

samples. lncRNAs were classified into three different groups: up-regulated (those with a 

logFC greater than 1 in at least 50 % of the samples and lower than -1 in less than 25 % 

of the samples), down-regulated (those with a logFC lesser than -1 in at least 50 % of 

the samples and greater than 1 in less than 25 % of the samples), and no-change (the 

rest of the lncRNAs). Coding genes were analyzed following the same criteria. 

 

e. Transcriptional dynamisms analysis 

Next, how the expression of lncRNAs shifted across normal B-cell differentiation and 

in MM was studied. The analysis allowed the identification of lncRNAs with exclusive 

expression in MM cells that could represent specific therapeutic targets. Upregulated 

and downregulated lncRNAs defined above were selected to analyze their transcriptional 

dynamic profiles along B-cell populations (NBs, CBs, CCs, TPCs and BMPCs) and MM 

specimens. To define the different profiles, SOM neural network 175 implemented using 

the Kohonen package of R with dimension 4x4 (16 clusters) and 2,000 iterations was 

used. The dimension of the network was selected empirically using the number of 

clusters observed in the sample hierarchical clustering and the results of some iteration 

of the algorithm using different sizes in order to avoid clusters without elements or with 

more than one representative gene expression profile. The convergence of the algorithm 

was confirmed following the error rate, and the clusters with similar centroid profiles were 

joined based on the hierarchical clustering of the centroids fixing the new number of 

clusters (n = 10). Afterwards, a manual curation of the remaining clusters was performed 

to select the more representative clusters using a new hierarchical clustering of the 

centroids. Four clusters were obtained, from which one was removed due to had low 

variability expression profile. Finally, 3 clusters with changes in expression along the 

experimental conditions were described. 

 

f. Pathways analysis 

Differentially expressed genes obtained from the low input 3’ RNA-seq data were 

further analyzed using Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA). 
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As will be explained below, samples obtained by the knockdown system by shRNAs 

were used for the analysis. Genes that had a log2FoldChange ≥ ±1 (FoldChange ≥ 2) 

and P-value < 0.05 comparing scramble shRNA and shRNA.B samples were selected. 

Results with a false discovery rate (FDR) below 0.25 and a P-value below 0.05 were 

considered statistically significant. 

David Ontology (DAVID Bioinformatics Resources) was used to perform GO 

analysis, selecting the Goterm BP Direct selection of the Gene Ontology category.  

GSEA was performed using the Broad Institute online tool 

(http://software.broadinstitute.org/gsea/index.jsp). Gene sets are available from 

Molecular Signatures DataBase of the Broad Institute. Briefly, GSEA calculated an 

enrichment score (ES) that reflected the degree to which a gene set was 

overrepresented at the extremes (top or bottom) of the entire ranked list of expression 

data, estimating the statistical significance (P-value) of the ES. 

 

 

5. Epigenetic mechanisms  

 

Different epigenetic mechanisms were studied to identify the putative cause at the 

origin of the deregulation of the transcriptome of MM patients. Two different 

approximations were performed: 

 

a. Characterization of histone modifications across the loci of lncRNAs expressed 

in MM.  

b. DNA methylation analysis to characterize the methylation level in the locus of 

SMILO.  

 

a. Chromatin histone marks  

 

a.1.- Global histone marks analysis 

In order to study the distribution of chromatin marks across the loci of interest, 

Chromatin Immunoprecipitation followed by massive Sequencing (ChIP-seq) data 

encompassing six histone modifications (H3K4me3, H3K4me1, acetylation of lysine 27 
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of histone 3 (H3K27ac), H3K36me3, trimethylation of lysine 9 of histone 3 (H3K9me3), 

and H3K27me3) in MMs and different B-cell populations (NB, GC B-cells, MEMs and 

TPCs) obtained in a previous work were employed 176. Genome was segmented into 12 

chromatin states based on the distribution of the 6 marks, using chromHMM software 

(Figure 11) 177, 178. Chromatin state data was annotated in hg38 of the genome, whereas 

ssRNA-seqs of lncRNAs were in hg19 of the genome. Therefore, ssRNA-seq data was 

liftover to hg38 in order to determine the percentage of each chromatin state across the 

loci of each lncRNA in B-cell populations and MMs. 

 

 

Figure 11. Chromatin states based on histone modifications. Schematic representation of 12 chromatin 

states based on the combination and distribution of the percentage of 6 histone marks (H3K4me3, 

H3K4me1, H3K27ac, H3K36me3, H3K27me3, and H3K9me3). Strong Enhancer1 corresponds specifically 

to promoter related enhancer regions. Schematic based on Ernst J. et al. (2011) and Beekman R. et al. 

(2019) 177, 178. 

 

a.2.- De novo gain active histone marks analysis 

The chromatin landscape of MM-specific lncRNAs was studied in order to identify 

those that presented de novo gain of active chromatin marks. Histone marks data of X 

and Y chromosomes were removed due to low available data because of the different 

genres of healthy donors and MM patients. Firstly, after excluding lncRNAs located in X 

and Y chromosomes, the percentage of active chromatin states (active promoter, strong 

enhancers, transcription transition, elongation and weak transcription) was compared to 

the percentage of repressed or inactive chromatin states (weak and poised promoters, 

weak enhancer, heterochromatin repressed or low signal, and Polycomb repressed) in 

MM and normal B-cell populations. Secondly, t-test was used to select lncRNAs with a 

differential percentage of active chromatin states in MM compared to B-cell populations 

(FDR < 0.2). Then, in order to identify radically different chromatin activity landscape 
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between MM and B-cells, additional more rigorous filters were included: the absolute 

difference of mean chromatin activity percentage between MMs and all B-cell 

populations were set, and specifically, between MMs and TPCs, being the mean higher 

than 0.5. Then, lncRNAs with de novo activation chromatin in MM from repressed regions 

in normal counterparts were defined by setting the maximum occupancy of active 

chromatin states within B-cell populations not higher than 25%. 

 

Finally, the difference in expression values between the group of lncRNAs with de 

novo chromatin activation marks and the group containing lncRNAs without that de novo 

gain was evaluated using a t-test. 

 

b. DNA Methylation  

 

b.1.- Whole genome DNA methylation analysis 

DNA methylation profiles of MM PCs (n=104) and NPCs (n=11) samples were 

determined by Whole Genome Bisulfite Sequencing (WGBS) and HumanMethylation450 

BeadChip (Illumina), and published by our group 39. DNA methylation of CpGs across 

SMILO promoter (defined by Array data) using the previously published data was studied 

and, specifically, DNA methylation levels between MM patients and NPCs were 

compared using GraphPad Prism 6 software. 

 

b.2.- Pyrosequencing 

In order to validate DNA methylation data across SMILO promoter from the WGBS 

and the BeadChip analyses, DNA methylation levels were studied by bisulfite 

pyrosequencing analysis. Genomic DNAs from different B-cell populations (NB, CB, CC, 

MEM, TPCs and BMPCs), a peripheral blood (PB) sample, MM PCs, and MM cell lines 

were analyzed. A human genomic DNA universally methylated for all genes (Intergen 

Company) was also included as a positive control. 

Firstly, genomic DNA was extracted using NucleoSpin Tissue kit (Macherey Nagel) 

following the manufacturer’s instructions. The purified DNA was quantified using a 

NanoDrop ND-1000 Spectrophotometer. Subsequently, 1 μg of DNA was bisulfite-

modified using the CpGenome DNA Modification Kit (Chemicon International). Bisulfite-

modified DNAs were amplified and biotinylated using a pair of oligos in which one of 
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them was biotinylated (Table 3). Polymerase chain reactions (PCRs) were performed 

following the manufacturer’s instructions and using the “hot start” PCR PyroMark PCR 

Kit (Qiagen) as follows: 95 °C for 15 min; 45 cycles of 94 °C for 1 min, 53 °C for 1 min 

and 72 °C for 1 min; followed by a final 10 min extension at 72°C. The quality of the PCR 

amplicon was verified by agarose gel electrophoresis.  

 

Table 3. Pyrosequencing primers. Forward and reverse primers were employed to amplify a specific 

region of the promoter of SMILO (200 bp upstream its transcription start site) and its first exon. Reverse 

primer was biotinylated (Bio, in red) to obtain single-strand DNA fragments during the Streptavidin phase. 

Pyrosequencing specific oligo (Pyro Specific) was used to sequence the region of interest of the amplified 

PCR product and to detect SMILO CpG islands. Fw=Forward; Rv=Reverse; Bio=Biotinylated. 

 

 

Biotinylated PCR products were bound to Streptavidin Sepharose High Performance 

Beads (GE Healthcare) and processed to yield high quality single-stranded DNA using 

the PyroMark Vacuum Prep Workstation (Biotage). Pyrosequencing reactions were 

performed using the PyromarkTM ID (Biotage). The sequence of interest was read using 

the pyrosequencing specific primer (Table 3), designed in the region of interest of the 

amplified PCR product. Finally, the sequence was analyzed using the PyroQ-CpG 

analysis software (Biotage). PCR reactions were performed using 0.2 μM of each primer. 

 

 

6. Quantitative reverse transcription PCRs (RT-qPCRs) 

 

Samples were collected and washed with 1X PBS (GIBCO). RNA was isolated using 

TRIzol® Reagent following the manufacturer’s recommendations. The purity and 

concentration of RNA samples was measured with a NanoDrop ND-10000 

Spectrophotometer. One microgram of total RNA was retrotranscribed (RT) into 

complementary DNA (cDNA) using PrimeScript™ RT reagent Kit (Perfect Real Time) 

Primers Sequence (5' - 3')

LINC-SMILO_Pyro Fw GGAGAATATATTTGTTAGTTTGAGAAGAGT

LINC-SMILO_Pyro Rv (Bio*) ACAAATACTTACCATCTATCAAAAC

LINC-SMILO_Pyro Specific TTATTGGTGGTTATGATAGTAATAGAA
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(Takara). Reactions were performed at 37 ºC for 15 min and 85 ºC for 5 seconds. cDNAs 

were then resuspended at 10 ng/µL.  

To check the integrity of the cDNAs, multiplex PCRs were performed amplifying 4 

genes (PBGD, ABL, β2MG and BCR) (Table 4) following previously published 

recommendations 179 and under the following conditions: 94 ºC 10 min; 35 cycles of 94 

ºC 40 seconds, 55 ºC 35 seconds and 72 ºC 45 seconds; and 72 ºC 7 min. Amplified 

DNA fragments were electrophoretically separated and visualized in a 1.5% agarose gel 

stained with 5 µL of ethidium bromide (10 mg/mL) (BIO-RAD). 

Quantitative PCRs (qPCRs) were performed using SYBR Green Master Mix (Applied 

Biosystems) and 20 ng of cDNA per reaction under the following conditions: 50 ºC for 2 

min, 95 ºC for 10 min; 40 cycles of 95 ºC for 15 seconds and 60 ºC for 1 min. In all cases 

a dissociation stage (95 ºC 15 seconds, 60 ºC 1 min and 95 ºC 15 seconds) was included 

to check the presence of our PCR fragments and the absence of non-desired products 

such as primer dimers, genomic DNA contamination or nonspecific PCR products.  

 

Table 4. Multiplex and qPCR primers summary.  

 

Gene Forward Sequence (5' - 3') Reverse Sequence (5' - 3')

PBGD TGAGAGTGATTCGCGTGGGTAC CCCTGTGGTGGACATAGCAATG

Multiplex PCR ABL AGCATCTGACTTTGAGCC CCCATTGTGATTATAGCCTAAGAC

primers β2-MG ATTTCCTGAATTGCTATGTG GAATTCACTCAATCCAAATG

BCR GAGAAGAGGGCGAACAAG CTCTGCTTAAATCCAGTGGC

SMILO  CACCTTGGGTCAGATGTGTG TCGAGGTCAAGCAGAAAAGAA

GUSβ  GAAAATATGTGGTTGGAGAGCTCATT CCGAGTGAAGATCCCCTTTTTA

LINC-PINT GAACGAGGCAAGGAGCTAAA AGCAAGGCAGAGAAACTCCA

MALAT1 AACTGGGGGTTGGTCTGG AAATTCCAAAAGAGAACCACACA

HPRT CTGAGGATTTGGAAAGGGTGT CAGAGGGCTACAATGTGATGG

ISG15  AGAGGCAGCGAACTCATCTT CCAGCATCTTCACCGTCAG

MX1  GATGTCCCGGATCTGACTCT CACCAGGCTGATTGTCTCCT

IFI27  GCAGCCTTGTGGCTACTCTG CCTGGCATGGTTCTCTTCTC

C15orf48  GAACCTTGGGAAACTGTGGA CATTTGGTCACCCTTTGGAC

qPCR ANKRD22  GAGGGCATGTGAGAATCGTT TTCTTCACAGCATAATGCAAGC

primers IFI44L  TGTTGGCAAAAGTGAAGCAA TGAAGAACCTCACTGCAATCA

ABTB2  GGAGATGGTCATCAACAACG CCGTTGTAGGGGCTGAAGTA

envFc1  GCTACACCACTCCTAACTCATCCT TTGTAAGGGTGAAGTTACACCAGA

envV1  GTGGCTCCATAACTTTGGAAAA TAAGTGCAGCTGGTCCCAGTA

envV2  TGTGTCTCTTCTAGGATAAAGCAATTT AGGGGGAGATGTGCTTATAGGT

MLT1C49  TATTGCCGTACTGTGGGCTG TGGAACAGAGCCCYYCCTTG

EnvMER34  CAAAGGCCTTCTGTACCAGCTATT TGTGCCTCTGTCAGGCCATA

ERVL  ATATCCTGCCTGGATGGGGT GAGCTTCTTAGTCCTCCTGTGT

MLT2B4  GGAGAAGCTGATGGTGCAGA ACCAACCTTCCCAAGCAAGA

Syncytin-1  ATGGAGCCCAAGATGCAG AGATCGTGGGCTAGCAG

Cas9 GATAAGAACCTGCCCAACGA AGCTGCTTCACGGTCACTTT
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Ninety-six well qPCRs were performed in a QuantStudio 3 Real-Time PCR System, 

and 384 well qPCRs in a QuantStudio 5 Real-Time PCR System (Applied Biosystems). 

All qPCRs were analyzed with QuantStudioTM Design & Analysis Desktop Software 

(Applied Biosystems). The 2-Ct method 180 was used to calculate the relative expression 

level of transcripts normalized to GUSß. In cases where there was not enough amount 

of sample to also analyze the expression of GUSß and to normalize the data, the 

expression of genes of interest was analyzed and represented with Cts. See Table 4 for 

primer sequences. 

 

 

7. Cellular localization analysis 

 

In order to study the cellular localization of SMILO, two different approximations were 

performed:  

a. Nucleus-cytoplasm cellular fractionation to detect SMILO localization by qPCR. 

b. RNA-FISH assays to detect in situ SMILO localization by fluorescence 

microscopy. 

 

a. Nucleus-Cytoplasm cellular fractionation 

Cellular fractionation was performed to separate the cytoplasm and the different 

phases of the nucleus (soluble and insoluble phases). Three different conditions were 

employed for each cell line: one to get the total fraction with whole cell extracts, a second 

one to get the nuclear and cytoplasmic phases separately, and a third one to divide the 

nuclear phase between the soluble (nucleoplasm) and insoluble (chromatin) phases. 

Cellular fractionation was performed in MM.1S and MM.1R MM cell lines. Primer 

sequences of SMILO and control genes are indicated in Table 4. 

Two million cells were collected for each condition and washed with 1X PBS before 

fractionation. Firstly, the pellet for the total fraction was resuspended in 200 µL of Buffer 

A: 140 mM NaCl (Sigma Aldrich), 1.5 mM MgCl2 (Sigma Aldrich), 10 mM Tris pH=7.4 

(Sigma Aldrich) and 0.1% NP-40 (Sigma Aldrich). Then, the total fraction was 

resuspended in 1 mL of Trizol. Secondly, the second pellet was resuspended in 100 µL 

of Lysis Buffer with NP-40: 10 mM Tris pH=7.4, 50 mM NaCl, 150 mM sucrose (Sigma 

Aldrich), 5 mM KCl (Sigma Aldrich), 1 mM MgCl2, 0.5 mM CaCl2 (Sigma Aldrich) and 
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0.5% NP-40. The sample was incubated 15 min on ice resuspending it every 3 min and 

centrifuged 5 min at 10,000 x g and 4 ºC. The supernatant corresponded to the 

cytoplasmic phase, to which 1 mL of Trizol® Reagent was added. Afterwards, the pellet 

was resuspended in 100 µL of Lysis Buffer without NP-40 and added carefully on 200 

µL of Sucrose Buffer (30% sucrose, 2.5 mM Tris pH=4 and 10 mM NaCl) to remove any 

possible contamination of the cytoplasmic phase over the nuclear phase. The sample 

was centrifuged 5 min at 10,000 x g and 4 ºC to get the total nuclear phase. Then, 200 

µL of Buffer A were added before adding 1 mL of the Trizol® Reagent. Finally, to divide 

the total nuclear phase into the soluble and insoluble ones, the same process as with 

the second sample was repeated, but then, the total nuclear phase was resuspended in 

100 µL of Nuclear Lysis Buffer: 10 mM Tris pH=4, 100 mM NaCl, 300 mM sucrose, 0.5% 

TritonTM X-100 (Sigma Aldrich). The sample was incubated 15 min on ice and centrifuged 

5 min at 2,000 x g and 4 ºC. The soluble nuclear phase was obtained in the supernatant, 

and the insoluble nuclear phase by resuspending the pellet in 100 µL of Buffer A. One 

milliliter of Trizol® Reagent was added to each phase before RNA extraction. 

All the buffers contained 1 mM DTT (Thermo Fisher), 1X cOmpleteTM EDTA-free 

Protease Inhibitor Cocktail (Sigma Aldrich) and 1 µL/mL RNaseOUTTM Recombinant 

Ribonuclease Inhibitor (Thermo Fisher).  

 

b. RNA-FISH assays 

In order to validate the location of SMILO and to analyze it in a more specific manner, 

Fluorescent in situ Hybridization targeting ribonucleic acid molecules (RNA-FISH) 

assays were performed using Stellaris® FISH Probes technology (Biosearch 

Technologies). Assays were performed with the MM cell lines (MM.1R, MM.1S and KMS-

11) as well as with other tumor cell lines (HL-60, PEER and 5367) that did not express 

SMILO as negative controls. Five million cells of each cell line per assay were used after 

washing with 1X PBS. 

To perform the assays, Custom Stellaris® FISH Probes against SMILO were 

designed using Stellaris® RNA-FISH Probe Designer (Biosearch Technologies) 

(www.biosearchtech.com/stellarisdesigner) (Table 5). Samples were hybridized with the 

SMILO Stellaris RNA-FISH Probe set labeled with Quasar® 570 Dye (Biosearch 

Technologies), following the manufacturer’s instructions. Nuclease-free water was used 

(Sigma Aldrich) for all the assays. The same protocol was employed for both adherent 

and suspension cell lines.  
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Table 5. SMILO probes for RNA-FISH. 

 

 

Briefly, cells were fixed with 1 mL of Fixation Buffer (3.7% Formaldehyde (Sigma 

Aldrich), 1X PBS and water), incubated 10 min at room temperature, washed with 1X 

PBS and permeabilized with 1 mL of 70% ethanol (Merck Millipore) at least 1 h at 4 ºC. 

Then, cells were centrifuged 3 min at 3,000 rpm; resuspended in 500 µL of Wash Buffer 

A (Biosearch Technologies); centrifuged 3 min at 3,000 rpm; resuspended in 100 µL of 

Hybridization Buffer (composed by 900 µL of Stellaris® FISH Hybridization Buffer 

(Biosearch Technologies) and 100 µL of deionized formamide (Merck Millipore)) with 

31.25 nM of labeled probes; and incubated in the dark overnight at 37 ºC. The next day, 

samples were centrifuged and half of their supernatant discarded. Samples were washed 

twice with 500 µL of Buffer A and incubated 20 min in the dark at 37 ºC. The step of 

washing with Buffer A and incubation was repeated. Then, pellets were resuspended in 

500 µL of Buffer A with 5 ng/mL of DAPI (Vector Laboratories) and incubated 30 min in 

the dark at 37 ºC. Pellets were resuspended in 500 µL of Buffer B (Biosearch 

Technologies) and centrifuged again. Pellets were resuspended in 30 µL of Vectashield 

Mounting Medium (Vector Laboratories) and placed 15 µL of them on a clean glass 

Probe 

Number
Sequence (5' to 3')

Probe 

Number
Sequence (5' to 3')

1 CCCAAGGTGTGAAGCTCA 17 GCCTCTGACCTGTGATTG

2 GCTGACAACACACATCTG 18 CATTCACGTAGTTCTTTC

3 AATGCAGCTCAGTTTCTC 19 TGCCCAATATCACTGTAC

4 CGTCTGGCTCATGCTCAA 20 TCCCTTCCTTCAGAGCAT

5 GAATAACCATCTGTCAAG 21 CCCTTGACGTTCTTCGGT

6 ACTCGAGGTCAAGCAGAA 22 TTCCCCTCCTCTGAACGC

7 CTTCATCTGCATCTCTGT 23 CACCCAGACTCTGCATTC

8 CATCTGGTATCCTCTTTG 24 AGAGTCCAGGTAGGGATC

9 CTCCCCAGCAGACTGGCT 25 GGATAGTGGAGCTTCTAA

10 CCCACTCAGACGTACGTG 26 GACAGATCATTAGAGAAG

11 GGAGAACAGCTGTGCTGG 27 AGAAATTCTGGAATGGGA

12 CATGGCCAAGCCTTGCCC 28 GGCTAAGTAGGTTAAGGT

13 CGGGCGCTGGGGCAGCTG 29 GCAGATGCTTATTTAACT

14 TGGTGGGTTGGGCTGAAT 30 CACTTATTTATTTCTGCA

15 GGACTGGACTGGGGTGAC 31 AGAAAAGTACAAATTCCC

16 TTGGGGATCTGAGCACCA
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microscope slide. Slides were mounted and sealed before they were analyzed. Finally, 

images were analyzed by fluorescence microscopy using Rhodamine 575 Laser Dye of 

Zeiss AxioImager M1 (Zeiss) and using ZEN 2 software (Zeiss).  

 

 

8. Generation of shRNA system 

 

a. shRNA sequences design 

shRNAs targeting SMILO were designed following Addgene recommendations 

(http://www.addgene.org/tools/protocols/plko/). Firstly, different siRNA sequences 

(oligonucleotides used for shRNAs generation) of SMILO were selected using the freely 

available software I-score Designer: siRNA designing tool (http://www.med.nagoya-

u.ac.jp/neurogenetics/i_Score/i_score.html). Sequences were selected with a Reynolds 

value greater than 8 and DSIR value around 90%. To further verify the best targets, all 

the candidates were searched in siRNAs Scales from Gestelands Genetics 

(http://gesteland.genetics.utah.edu/), selecting those with less than 20% of lncRNA 

remained in cells after siRNA directed cleavage. The value of parameters was 

established according to the stiffness and strength of the siRNAs. Blast from Genome 

Browser was used to confirm whether that siRNAs had a unique binding site in the 

genome. Seven different sequences were selected to perform shRNA constructs. 

pLKO.1-puro cloning vector (7,032 bp) (Addgene #8453) 181, a replication-

incompetent empty lentiviral vector that can be selected by puromycin, was selected to 

produce shRNA constructs. pLKO.1-puro contained a stuffer that is released by digestion 

with EcoRI (Takara) and AgeI (NEB), where shRNA oligos were introduced. 

To design shRNAs, the consensus DNA oligonucleotides to the sense and antisense 

siRNA sequences were added according to Figure 12. EcoRI and AgeI restriction sites 

were also added to clone them into pLKO.1-puro vector. The final sequences are shown 

in Table 6. 
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Figure 12. shRNA design for cloning into pLKO.1-puro vector. Schematic representation of shRNA 

oligos flanked by sequences compatibles with pLKO.1-puro. Cohesive ends after AgeI/EcoRI digestion. 

Forward and reverse oligos were annealed and ligated into pLKO.1-puro vector to produce a final plasmid 

where U6 promoter drives RNA Polymerase III transcription for the generation of shRNA transcripts. 

Prom=Promoter; Term.=Terminal; bp=Base pair; Pol=Polymerase. 

 

Table 6. shRNA sequences for SMILO knockdown. Fw=Forward sequence; Rv=Reverse sequence. 

 

 

shRNA Name Sequence (5' - 3')

SMILO_shRNA.A Fw CCGGAAGAAACTGAGCTGCATTCTTCTCGAGAAGAATGCAGCTCAGTTTCTTTTTTTG      

SMILO_shRNA.A Rv AATTCAAAAAAAGAAACTGAGCTGCATTCTTCTCGAGAAGAATGCAGCTCAGTTTCTT       

SMILO_shRNA.B Fw CCGGAAGCATCTGCATGCAGAAATACTCGAGTATTTCTGCATGCAGATGCTTTTTTTG

SMILO_shRNA.B Rv AATTCAAAAAAAGCATCTGCATGCAGAAATACTCGAGTATTTCTGCATGCAGATGCTT

SMILO_shRNA.C Fw CCGGAAGACAGATGGTTATTCTTTTCTCGAGAAAAGAATAACCATCTGTCTTTTTTTG 

SMILO_shRNA.C Rv AATTCAAAAAAAGACAGATGGTTATTCTTTTCTCGAGAAAAGAATAACCATCTGTCTT

SMILO_shRNA.D Fw CCGGAACTACTTAGCCTGAGTTAAACTCGAGTTTAACTCAGGCTAAGTAGTTTTTTTG

SMILO_shRNA.D Rv AATTCAAAAAAACTACTTAGCCTGAGTTAAACTCGAGTTTAACTCAGGCTAAGTAGTT

SMILO_shRNA.E Fw CCGGAAGTGAATGTGTACAGTGATACTCGAGTATCACTGTACACATTCACTTTTTTTG

SMILO_shRNA.E Rv AATTCAAAAAAAGTGAATGTGTACAGTGATACTCGAGTATCACTGTACACATTCACTT

SMILO_shRNA.F Fw CCGGAACCACTATCCTCTTCTCTAACTCGAGTTAGAGAAGAGGATAGTGGTTTTTTTG

SMILO_shRNA.F Rv AATTCAAAAAAACCACTATCCTCTTCTCTAACTCGAGTTAGAGAAGAGGATAGTGGTT
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b. Annealing of shRNAs  

Once shRNAs were designed, pairs of oligos were annealed. The annealing 

reactions were set up as follows: 5 µL of Forward shRNA-oligo (20 µM), 5 µL of Reverse 

shRNA-oligo (20 µM), 5 µL of 10X Buffer 2 (New England Bioscience) and 35 µL of 

double-distilled water (ddH2O). After thoroughly mixing, the reactions were incubated 4 

min at 95 ºC, slowly cooled down and left at room temperature overnight.  

 

c. pLKO.1 puro vector digestion for cloning shRNAs 

pLKO.1-puro vector digestion was set up as follows: 6 µg of pLKO.1-puro vector, 1 

µL of AgeI, 1 µL of EcoRI, 5 µL of 10X Buffer 1 (NEB) and ddH2O until a total volume of 

50 µL. Digestion was incubated overnight at 37 ºC. Electrophoresis buffer with 1 µL of 

ethidium bromide (10 mg/mL) was prepared. A 1.5% agarose gel without ethidium 

bromide was used to isolate a 7 kb band containing the digested plasmid without the 

stuffer. The purification of DNA from the band was made using the NucleoSpin® Gel and 

PCR Clean-up Kit (Macherey-Nagel), following the protocol for DNA extraction from 

agarose gels.  

 

d. Ligation 

Ligation of each shRNA with pLKO.1-puro vector was performed as follows: 2 µL of 

annealed oligos, 20 ng of digested pLKO.1-puro, 2 µL of 10X Ligase Buffer (NEB), 1 µL 

of T4 Ligase (NEB) and ddH2O until a total volume of 10 µL. All the reactions were 

incubated overnight at room temperature.  

 

e. Bacterial Transformation 

Five microliters of ligation mix were transformed into 50 µL of High Efficiency 

competent DH5 alpha cells (Invitrogen) following manufacturer’s protocol. To maximize 

the transformation efficiency of Escherichia coli competent cells, 150 µL of SOC medium 

(Invitrogen) were used. Finally, bacteria were plated into Petri dishes with LB agar 

(PRONADISA) with 0.1% ampicillin. Bacteria were incubated overnight at 37 ºC.  

The next day, individual colonies were collected and incubated in 3 mL of LB agar 

with 0.1% ampicillin overnight at 37 ºC with agitation (200-250 rpm). 
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f. MiniPrep and MaxiPrep 

MiniPreps were performed following the manufacturer’s protocol of Isolation of high-

copy plasmid DNA from E. coli with NuceloSpin® Plasmid Kit from DNA, RNA, and 

Protein purification Kits (Macherey-Nagel). Plasmids were diluted in 30 µL of Buffer AE. 

Concentrations were measured using a NanoDrop ND-10000 Spectrophotometer. 

To verify the ligation of the insert, plasmids were digested as follows: 3 µL of sample, 

0.5 µL of EcoRI, 0.5 µL of BamHI, 2 µL of 10X Buffer K (Takara) and ddH2O to a total 

volume of 20 µL. After 2 h of incubation at 37 ºC, digestions were visualized in a 1% 

agarose gel with 5 µL of ethidium bromide (10 mg/mL). Sanger sequencing was also 

performed to verify the correct sequences using pLKO.1-seq-F primer (primer sequence: 

5’ CAAGGCTGTTAGAGAGATAATTGGA 3’; 5 µM). 

MaxiPreps were performed from 1 mL of transformed bacteria and grown in 250 mL 

of LB agar with 0.1% ampicillin overnight at 37 ºC with agitation (200-250 rpm). 

MaxiPreps were performed following the protocol High-copy plasmid purification with 

NucleoBond® Xtra Maxi Kit from DNA, RNA, and Protein purification Kits (Macherey-

Nagel). Plasmids were resuspended in ddH2O and their concentrations were measured 

using a NanoDrop ND-10000 Spectrophotometer. 

 

 

9. Lentiviral generation 

 

Lentiviruses were generated with shRNA constructs for stable loss-of-function 

experiments. Lentiviral particles were generated by multiplasmid transient transfection 

of human embryonic kidney (HEK-293T) cell line following Addgene recommendations. 

Briefly, HEK-293T cells were grown in 150x25 mm plates until 80% confluence. For each 

plate, a mix of 9 µg of pLKO.1-puro shRNA construct, 6 µg of psPAX2 vector (lentiviral 

packaging plasmid) (Addgene, #12260) and 3 µg of pMD2.G vector (lentiviral envelope 

plasmid) (Addgene, #12259) was used. A negative control vector containing scrambled 

shRNA (pLKO.1-puro scramble construct) was also generated. Transfections were 

performed using Lipofectamine® 2000 (Invitrogen) as instructed. Following the 

manufacturer’s instructions, to each vector mix, 1 mL of Opti-MEM (Thermo Fisher) and 

40 µL of Lipofectamine® 2000 were added. Mixes were incubated 15 min at room 

temperature. Then, each mix was added to a 150x25 mm plate containing 80% 

confluence HEK-293T. 
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After 72 h, supernatants were collected, filtered (0.45 μM) and ultracentrifuged using 

Optimatm LE-80K Ultracentrifuge (Beckman) for 2.5 h at 26,000 x g and 4 ºC. Pellets 

were resuspended in 1 mL of 1X PBS, incubated 1 h on ice, snap-frozen and conserved 

at -80 ºC. 

 

 

10. Loss of function assays with shRNAs 

 

a. Knockdown assays 

Pilot knockdown assays were performed in different MM cell lines to select the most 

efficient shRNAs. Cells infected with shRNAs were compared against those infected with 

a scramble shRNA (control cells). Two shRNAs that showed the best knockdown due to 

the downregulation effect and the decrease of cellular proliferation, were selected for the 

following experiments. The timeframe of the experiments is shown in Figure 13.  

 

 

 

Figure 13. Timeline of SMILO 

knockdown. Schematic of the 

timeframe followed to perform SMILO 

knockdown assays. 
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MM cell lines were infected with lentiviruses harboring the scramble shRNA or one 

of the 2 selected shRNAs (shRNA.A and shRNA.B) targeting SMILO in the presence of 

polybrene (4 μg/mL) (Sigma-Aldrich) to increase the efficiency of viral infection. After 48 

h, MM cells were selected with puromycin (2 μg/ml) (Sigma-Aldrich) for 3 days and grown 

for the different subsequent assays. Samples were collected at days 4 and 5 after the 

infections for RNA analyses in order to confirm SMILO knockdown. Moreover, at days 5, 

7 and 9 after the infections, cells were collected for apoptosis and proliferation assays. 

 

b. Apoptosis assays 

Annexin V-FITC assays were performed to determine the percentage of apoptotic 

cells at days 5, 7 and 9 after infections. One hundred cells were collected, washed with 

1X PBS and labeled with Annexin V-FITC and propidium iodide following manufacturer’s 

instructions of BD Biosciences Annexin V: PE Apoptosis Detection Kit I (Thermo Fisher). 

Annexin V-FITC allows to detect early apoptotic cells, whereas propidium iodide stains 

necrotic cells. The percentage of labeled cells was analyzed by flow cytometry using a 

cytometer BD FACSCaliburtm and using FlowJo flow cytometry analysis software.  

 

c. Cell proliferation assays 

To determine cell viability and proliferation, MTS assays were performed at days 5, 

7 and 9 after infections using CellTiter 96® Aqueous One Solution Cell Proliferation 

Assay kit (Promega) following the manufacturer's protocol. This technique consists in a 

colorimetric assay for determining the number of viable cells in proliferation. Briefly, 

50,000 cells were cultured in triplicate for each condition in a 96-well plate. At the 

indicated points, plates were centrifuged for 10 min at 2,000 x g, and the supernatant 

was removed. Then, a mix containing 100 μL of cell medium and 20 μL of MTS reagent 

was added to cells. To eliminate the background, a negative control without cells was 

also added. Cells were incubated at 37 ºC for at least 2 h. Absorbances were measured 

at λ = 490 nm with a Sunrise™ (TECAN) spectrophotometer. Cell viability was calculated 

as the percentage of total absorbance of cells in each condition relative to control cells. 
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11. Interferon alpha treatment assays 

 

Three different MM cell lines (MM.1S, MM.1R and KMS-11) were treated with 5 

different concentrations of IFN alpha (IFNα): 10, 100, 500, 1000 and 5000 units/mL of 

IFNα2 (Sicor Biotech).  

After 24 h of the treatment with IFNα, cells were collected to extract their RNA as 

previously described. Cells were collected at 0, 24, 48, 72 and 96 h after the treatment 

with IFNα to measure their proliferation by MTS; and at 48 and 96 h to measure the 

percentage of apoptosis by flow cytometry as previously described. 

 

 

12. CRISPRi-dCas9 Library 

 

CRISPRi-dCas9 screening library was used to identify lncRNAs whose 

overexpression could contribute to the proliferation or survival of MM cells. The screening 

was performed in three different MM cell lines: KMS-12, KMS-26 and MM.1S.  

In contrast to the conventional CRISPR-Cas9 system, a deactivated Cas9 (dCas9) 

endonuclease does not produce double-strand breaks within the target DNA. Instead, 

dCas9 modulates gene expression when, complexed with repressor (e.g. CRISPRi 

system with dCas9-KRAB) or activator (e.g. CRISPRa system with dCas9-VPH) 

proteins, targets the upstream promoter regions of specific genes guided by single-guide 

RNAs (sgRNAs). Our system used a dCas9-KRAB, which is a dCas9 fused with the 

Krüppel Associated Box (KRAB) domain, which represses gene expression at the 

transcriptional level by recruiting chromatin-modifying complexes 182.    

Briefly, to perform these assays, double lentiviral infections were performed. Firstly, 

MM cell lines expressing dCas9-KRAB constitutively were generated. Secondly, cell 

lines were infected with lentiviruses carrying the sgRNA library. Samples were collected 

at different time points in order to characterize sgRNAs that lost representation in time.  

 

a. dCas9 stable MM cell lines generation 

Lentiviruses were produced harboring dCas9-KRAB expression vector (pRDKCCB-

CMV-dCas9-KRAB-2A-Hygro) (customized by Cellecta, Figure 14) as previously 
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described. MM.1S, KMS-12 and KMS-26 MM cell lines were infected, selecting them 

with 200 μg/mL of Hygromycin (Sigma Aldrich) for 14 days to generate stable cell lines. 

The expression of dCas9 was checked by RT-qPCR (Table 4) as previously described. 

 

Figure 14. dCas9 lentiviral vector. Map of pRDKCCB-CMV-dCas9-KRAB-2A-Hygro lentiviral vector used 

for the generation of MM cell lines expressing dCas9. Prom=Promoter; AmpR=Ampicillin resistance gene for 

selection in bacterial cells; ori=Bacterial origin of replication; 3’LTR=3’ self-inactivating long terminal repeat; 

WPRE=Sequence that stimulates the expression of transgenes via increased nuclear export; 

HygroR=Hygromycin resistance gene for selection in mammalian cells; T2A=2A peptide used for the 

generation of multiple separate proteins from a single mRNA; CMV=Lentiviral promoter for mammalian 

expression vectors; RRE=Reverse response element; 5’LTR=5’ long terminal repeat; RSV=Lentiviral 

promoter for mammalian expression vectors. 

 

b. CRISPRi Library generation 

Four hundred lncRNAs overexpressed in MM patients with active chromatin marks 

(promoter and enhancer chromatin states) were selected to perform CRISPRi library 

screening (Supplemental Table 1). Positive and negative controls were also added. 

Relevant coding genes in the phenotype of MM cell lines such as MYC, IRF4 and GATA2 

were added as positive controls; meanwhile, non-targeted sequences were used as 

negative controls. Ten guides per gene were designed and cloned into pRSG16-U6-sg-

HTS6C-UbiC-TagRFP-2A-Puro by Cellecta (Cellecta #CPLVSGL-P) (Figure 15), a 
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vector that could be selected by puromycin and expresses red fluorescent protein (RFP) 

protein.  

 

Figure 15. CRISPRi library lentiviral vector. Map of pRSG16-U6-sg-HTS6C-UbiC-TagRFP-2A-Puro 

lentiviral vector used for the generation of the CRISPRi library. Prom=Promoter; AmpR=Ampicillin resistance 

gene for selection in bacterial cells; ori=Bacterial origin of replication; SV40 ori=Origin of replication of SV40 

promoter for mammalian expression vectors; SV40 poly(A) signal=Singla for the end of the transcription; 

3’LTR=3’ self-inactivating long terminal repeat; WPRE=Sequence that stimulates the expression of 

transgenes via increased nuclear export; PuroR=Puromycin resistance gene for selection in mammalian 

cells; T2A=2A peptide used for the generation of multiple separate proteins from a single mRNA; 

TagRFP=Monomeric red fluorescent protein; UbiC=Human Ubiquitin C promoter; cPPT=Recognition site for 

proviral DNA synthesis that increases transduction efficiency and transgene expression; U6=Type III RNA 

polymerase III promoter; RRE=Reverse response element; 5’LTR=5’ long terminal repeat; RSV=Lentiviral 

promoter for mammalian expression vectors. 

 

Using the custom pooled shRNA library, lentiviruses were generated following 

Cellecta’s instructions. Briefly, 24 h before transfection, 2 15-cm plates were seeded with 

10·106 HEK-293T cells. To transfect each 15-cm plate, a mix with 6 µg of the custom 

library, 6 µg of PAX2 vector, 1.5 µg of pMD2.G, 1.2 mL of DMEM without FBS and 

antibiotics, and 60 µL of PLUS Reagent (Thermo Fisher) was prepared. The plasmid mix 

was incubated for 15 min at room temperature. Then, 1.2 mL of DMEM without FBS and 

antibiotics and 90 µL of Lipofectamine® 2000 were added and incubated for 15 min at 

room temperature before they were added to each 15-cm plate. The next day, the 
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medium was replaced with 30 mL of fresh DMEM supplemented with 10% FBS, DNase 

I (1 U/mL) (Qiagen), 5 mM MgCL2 and 20 mM HEPES pH=7.4. Finally, supernatants 

were collected and concentrated using an Optimatm LE-80K Ultracentrifuge for 1.5 h at 

15,000 x g and 4 ºC. Pellets were resuspended in 300 µL of 1X PBS per each 15-cm 

plate and stored at -80 ºC. 

 

c. Measurement of transduction efficiency by flow cytometry 

To perform the dropout CRISPRi screen assays, 15~20% infection is optimal in order 

to guarantee that each cell is transduced with only one sgRNA. To calculate the lentiviral 

volume required to reach the 15~20% of infection, transduction efficiency assays were 

performed. 

Five hundred thousand cells were used to test each volume of lentiviral particles and 

calculate the percentage of infection. Volumes of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 

1, 3.3, 10, 33, 50 and 100 µl of the lentiviral production were tested. Cell infections were 

performed as described below in the next step. 

At 72 h post-transduction, cells were harvested and washed with 1X PBS. The 

percentage of transduced cells was determined by analysing the percentage of RFP-

positive cells by flow cytometry using a cytometer CytoFLEX LX and the CytoExpert 

Software. 

 

d. Lentiviral transduction assays 

The three MM cell lines with dCas9 were infected with the necessary amount of virus 

to produce 15% of infection, in the presence of polybrene (4 μg/mL). The transduction 

was performed differently depending on whether cells were adherent or suspended, as 

indicated below. In all the cases, 24 h post-transduction, the media was removed and 

replaced with fresh RPMI with 10% FBS at a density of 106 cells per mL. At 72 h post-

transduction, cells were harvested or incubated to perform efficiency assays or loss of 

function assays, respectively.  

 

d.1.- Adherent cells transduction 

MM.1S_dCas9 were resuspended at a density of 500,000 cells per mL of RPMI with 

10% FBS. Cells were plated into multiwell microtiter plates for transduction efficiency 

assays (500,000 cells/well for 12-well plates) or into T175 cm2 flasks for loss of function 
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assays (until 27 million cells can grow appropriately). The amount of virus required and 

polybrene were added. Plates and flasks were placed into the incubator until the next 

day. 

 

d.2.- Suspension cells transduction 

KMS-12_dCas9 and KMS-26_dCas9 were resuspended at a density of 500,000 cells 

per 500 μL RPMI with 10% FBS. Cells were plated into multiwell microtiter plates for 

transduction efficiency assays (500,000 cells/well for 24-well plates) or into 6-well plates 

for loss of function assays (2.5·106 cells were plated per well). The required amount of 

virus and polybrene were added. Then, plates were spinoculated at 1,200 x g at 25 ºC 

for 90 min. Plates were placed into the incubator and after 3 h, 500 μL or 2.5 mL of 

medium were added to each well depending on whether it was a transduction efficiency 

or loss of function assays, respectively. Cells were incubated until the next day. 

 

e. Loss of function assays 

Negative selection viability screen (loss of function assay) was performed to look for 

sgRNA sequences that were underrepresented in the sample population relative to the 

original library. A standard dropout viability screen relies on the fact that cells with 

sgRNAs that do not affect the phenotype of MM cells (inhibiting growth or producing cell 

death) will grow normally and their representation in the population should not change 

over time; whereas cells with sgRNAs targeting relevant lncRNAs for MM proliferation or 

viability, will lose representation over time. 

Sequence representations of 1000X-fold with 15~20% of cellular infections were 

aimed. To do so, 54 million cells of each MM cell line were required. Cells were infected 

as previously described. Twenty-four hours post-transduction, 27 million cells were 

harvested to have the baseline control (input) sample, which would determine the original 

representation of each sgRNA. The rest of the cells (27 million) were plated and grown, 

changing their medium every 3 days. Three days post-transduction, the percentage of 

RPF-positive cells was analyzed to confirm the 15~20% of infection. Cells were 

harvested after 2 and 3 weeks to analyze the representation of sgRNAs. 

 

f. DNA extraction of CRISPRi samples 

In order to determine the representation of each sgRNA at each time point, the 

genomic DNA of samples was extracted, amplified and barcoded. 
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As the starting cell number for DNA extraction was very high (27 million cells of 

samples of inputs and weeks 2 and 3), firstly, large-scale genomic DNA extractions were 

performed. Briefly, cell pellets were resuspended in 5 mL of QIAGEN Buffer P1 with 

RNase A (10 mM EDTA, 50 mM Tris pH=8 and 100 μg/mL of RNase A). Then, 250 μL 

of 10% SDS (Sigma Aldrich) were added and resuspended. Samples were incubated 5 

min at room temperature and divided into 400 μL aliquots. DNAs were fragmented by 

sonication with the Bioruptor Sonication System (Diagenode) for 2 min of cycles of 30 

seconds ON – 30 seconds OFF at 4 ºC. The efficiencies of the sonications were checked 

by electrophoresis in agarose gels, looking for 10-100 kb sized DNA fragments. After 

DNA sonication, 10 μL of Proteinase K (Sigma Aldrich) were added. Then, samples were 

incubated for 15 min at room temperature. Five milliliters of Prenol:Chloroform:Isoamyl 

Alcohol solution (Sigma Aldrich) were added, and samples were vortexed and 

centrifuged for 60 min at 8,000 rpm and 20 ºC. After collecting 4 mL of the upper phase, 

500 μL of 3M Sodium acetate (Sigma Aldrich) and 4 mL of isopropanol (Merck) were 

added. Then, samples were incubated overnight at room temperature. The next day, 

samples were centrifuged for 30 min at 8,000 rpm and 20 ºC, and pellets were washed 

with 1 mL of 70% ethanol. Finally, samples were centrifuged for 5 min to let dry pellets. 

DNA pellets were dissolved in 100 μL of dH2O, incubated 30 min at 80 ºC and measured 

using a NanoDrop ND-1000 Spectrophotometer.  

 

g. Amplification of sgRNAs from genomic DNA 

After DNA extractions, two rounds of PCR were performed: the first one to amplify 

the integrated sgRNAs, and the second one to include primers that added the specific 

complementary sequences of the immobilized primers (P5 and P7) necessary for 

generating amplification clusters in Illumina’s NextSeq Flow Cells. Moreover, our nested 

reverse primers added sample-specific index sequences (barcodes) during the 2nd PCR 

to combine and multiplex all our samples for Next Generation Sequencing (NGS). One 

hundred micrograms of each DNA and 10 ng of the original sgRNA plasmid library as 

positive control were amplified. PCRs were performed with NGS Prep Kit for sgRNA 

Libraries in pRSG16 (Cellecta #LNGS-120) following the manufacturer's instructions.  

The 1st PCR was performed as follows: 94 ºC for 2 min; 20 cycles of 94 ºC for 45 

seconds, 65 ºC for 15 seconds and 72 ºC for 30 seconds; and 2 min at 72ºC. The 2nd 

PCR was performed as follows: 94 ºC for 2 min; 18-20 cycles of 94 ºC for 45 seconds, 

65 ºC for 15 seconds and 72 ºC for 30 seconds; and 2 min at 72ºC. The number of cycles 
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of the 2nd PCR depended on the efficiency of the 1st PCR. Amplified products from the 

2nd PCR were checked in a 3.5% agarose gel. 

Then, final products were purified by means of 0.6-0.8X double-sided clean-up using 

Agencourt AMPure XP beads (Beckman-Coulter) according to manufacturer’s 

instructions. Finally, samples were analyzed to check the size of the final library using a 

4200 TapeStation System. 

 

h. Sequencing 

Samples were prepared for NGS following the Illumina “denature and Dilute Libraries 

Guide” protocol for NextSeq. Single-guide RNAs were sequenced in an Illumina NextSeq 

500 at a minimum sequencing depth of 10 million reads per sample. After sequencing 

the library following Illumina protocol, the number of counts for each sgRNA was 

calculated at the different time points of the experiment for each MM cell line. Using the 

NGS Demultiplexing and Alignment Software of Cellecta, samples were demultiplexed 

using the barcode introduced in the 2nd PCR. Then, the FASTQ data were demultiplexed 

using the barcodes for each sample. To count all reads that matched with sgRNA 

sequences of the CRISPRi library, resulting FASTQs were processed using Cellecta 

software. Finally, the counts were normalized to perform statistics. To do so, Counts Per 

Million (CPM) (Equation 1) was calculated to eliminate the effect of the library size. The 

fitness of each sgRNA, a mathematical unit expressing a greater o lower presence of the 

sgRNAs, was calculated comparing the samples to the control (input) (Equation 2-3). 

Using the negative controls, z-scores were calculated for each sgRNA (Equation 4) 183, 

184. 

 

𝐶𝑃𝑀𝑖 =
𝑅𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡𝑖

∑ 𝑅𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡𝑖
𝑛
𝑖

· 106 

 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑠𝑔𝑅𝑁𝐴
′ = log2 (

𝐶𝑃𝑀𝑠𝑔𝑅𝑁𝐴
𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑒

𝐶𝑃𝑀𝑠𝑔𝑅𝑁𝐴
𝑖𝑛𝑝𝑢𝑡

) 

 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑠𝑔𝑅𝑁𝐴 = 𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑠𝑔𝑅𝑁𝐴
′ − 𝑚𝑒𝑑𝑖𝑎𝑛(𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑠𝑔𝑅𝑁𝐴(𝑁𝐶)

′ ) 

 

𝑍𝑠𝑔𝑅𝑁𝐴 = 𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑠𝑔𝑅𝑁𝐴/𝜎𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝐶 𝑠𝑔𝑅𝑁𝐴 

 

1 

2 

3 

4 
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One-sided Mann-Whitney test was performed to evaluate the effectiveness of each 

lncRNA in the study, comparing all sgRNAs belonging to a single lncRNA to be lower 

than the expression of negative control guides. Volcano plots were generated with the 

results of the median of the best 3 sgRNAs for each lncRNA, looking for a decrease of 

representation of at least 25%, and P-values lower than 0.05 184.  

 

 

13. Prognostic study of lncRNAs 

 

To study the putative implication of lncRNAs in the survival of MM patients, the 

survival data of the IA14 release of the Multiple Myeloma Research Foundation (MMRF) 

CoMMpass Study dataset was used (https://themmrf.org/we-are-curing-multiple-

myeloma/mmrf-commpass-study/). PFS and OS data of 542 MM patients were utilized. 

The difference between PFS and OS with all data was due to some NAs (Not Available) 

or incorrect values (such as negative survival). CoMMpass RNA-seq samples were 

processed with Salmon v0.9.1 using Gencode v27. 

In particular, the expression of the 89 MM-specific lncRNAs with de novo gain of 

active histone marks was studied using RNA-seq data of the CoMMpass study. 

CoMMpass samples were processed using unstranded and polyA+ reads. lncRNAs that 

did not show expression in MM patients from the CoMMpass dataset were eliminated. In 

order to select a threshold value for the expression of the lncRNAs in the CoMMpass 

data, the maxStat package for R was used. To avoid the bias introduced by this package, 

the threshold was selected as the median of 50,000 possible thresholds calculated with 

one third of the samples, randomly selected. Using the threshold, lncRNAs were 

discretized as lowly or highly expressed, and then, univariate COX regressions were 

performed, correcting P-values to detect significant results (adjusted P-value < 0.01). 

Level state expression (high and low) of lncRNAs was analyzed using Kaplan-Meier 

curves for PFS and OS. 

Afterwards, the synergy between the expression of the selected lncRNAs and 

common MM genetic alterations was studied. In particular, high-risk MM alterations 

(amp(1q), del(1p), t(4, 14) and del(17p)) and several clinical data (gender, age (greater 

than 65), race, International Staging System (ISS) stage and the applied treatment) were 

selected from literature 185. IA14 CoMMpass dataset was filtered using coxph and 

LogRank single variable regression, selecting only those variables with significant P-
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value (P-value < 0.01). These variables were included in a multivariate coxph regression, 

selecting the resulting variables with Backward Stepwise regression for multivariate 

analyses for PFS and OS. 

 

 

14. Statistical analyses 

 

Statistical analyses for experimental data were performed using UNStat v4 software 

(generated and transferred by Departamento de Bioquímica y Genética, Universidad de 

Navarra), GraphPad Prism 6 and R Studio softwares. P-values below to 0.05 were 

considered statistically significant. 

Shapiro-Wilk test was used to perform normality assays and Levene test for 

homogeneity of variances. For more than 2 groups, one-way ANOVA and Wilcoxon tests 

were performed for parametric and non-parametric groups, respectively. To analyze 

samples with normal distribution and small sample size, one sample or unpaired T-test 

and Mann-Whitney or Wilcoxon tests were performed for parametric and non-parametric 

groups, respectively. For multiple comparisons, Tukey correction for samples with 

homogenous variances, and Tamhane’s T2 for heterogeneous variances were 

performed. 

 

 

15. Data accessibility 

 

All DNA methylation data used in this study can be found in Agirre X et al. (2015) 39. 

ssRNA-seq data of the novel lncRNAs in MM were deposited in the National Center for 

Biotechnology Information (NCBI) below the accession number GSE151063 of The 

Gene Expression Omnibus (GEO). Epigenetic data previously generated by our group 

176 was deposited and released as part of the BLUEPRINT epigenome project, at the 

European Genome Phenome Archive (EGA, egaarchive.org), which is hosted at the 

European Bioinformatics Institute (EBI). Gene expression data from the low input 3’ end 

RNA-seq (MARS-seq) was deposited in the NCBI below the accession number 

GSE134057 of GEO.  
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1. Landscape study of the MM transcriptome 

 

a. MM transcriptome characterization 

In the present study, the transcriptome of MM patients was characterized using 

paired-end ssRNA-seq of PCs from the bone marrow of 38 MM patients. Transcriptome 

assembly of aligned reads revealed the presence of 73,081 novel transcripts. Those 

novel transcripts were filtered by their length (>200 bp), their coding potential (PhyloCSF 

< 0), their expression level (≥1 TPM) and their presence in at least 3 of the 38 MM 

specimens, leading to the identification of 40,511 novel lncRNAs in MM patients (named 

as MM-identified lncRNAs) (Figure 16A).  

 

Figure 16. Identification and characterization of the transcriptome of MM. A) Schematic of the strategy 

used for ssRNA-seq data processing and for the identification of novel transcripts and lncRNAs in MM 

patients. B) Validation of the expression of 3 MM-identified lncRNAs that were identified as expressed in at 

least 3 of 38 MM patient samples of the ssRNA-seq. ssRNA-seq data showed that MMlncRNA_123698 and 

MMlncRNA_015265 were overexpressed, whereas MMlncRNA_097242 was downregulated in 50% of MM 

patients, corresponding with qPCR results. Validations were performed by qPCR in a new cohort of normal 

BMPC and MM samples. Gene expression normalized to GUSß. Data expression is presented relative to 

the expression of one BMPC. MM=multiple myeloma patient; BMPCs=bone marrow plasma cell. 
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To validate ssRNA-seq results, the expression of two overexpressed 

(MMlncRNA_123698 and MMlncRNA_015265) and one downregulated MM-identified 

lncRNAs in 50% of patients (MMlncRNA_097242) was analyzed by qPCR in a new 

cohort of MM patients and normal BMPCs of healthy donors as controls (Figure 16B). 

As shown in Figure 16B, qPCR results validated ssRNA-seq data. 

To characterize the transcriptome of MM, including coding and lncRNA genes, all 

expressed transcripts in MM specimens were analyzed: novel identified lncRNAs (MM-

identified lncRNAs), coding genes (12,947 transcripts) and previously annotated lncRNA 

genes (≥1 TPM) were included. The group of previously annotated lncRNAs integrated 

two subgroups: the first one, with 7,955 transcripts, containing lncRNAs previously 

annotated in hg19 of Gencode (G19lncRNAs); and the second one, with 10,934 

transcripts, containing lncRNAs identified in different normal B-cell subpopulations (BC-

identified lncRNAs) in a previous work performed by our group 52. The study of the 

three groups of lncRNAs (MM-identified lncRNAs, BC-identified lncRNAs and 

G19lncRNAs) together with coding genes revealed that the lncRNA transcriptome 

accounted for 82% of all expressed genes in MM, with coding transcripts representing 

only 18% of expressed transcripts in MM patients (Figure 17). Delving into the lncRNA 

transcriptome, MM-identified lncRNAs were observed as the largest group, accounting 

for 56% of all expressed genes in MM PCs, followed by BC-identified lncRNAs with 15%, 

and G19lncRNAs with 11% of all the MM transcriptome (Figure 17). These results 

showed the magnitude of lncRNAs in MM, suggesting the need for a deep 

characterization of the lncRNA transcriptome in order to fully comprehend this disease. 

 

 

Figure 17. Distribution of the lncRNA and the coding gene transcriptome of MM. Pie chart 

representation of the percentage and total number of transcripts detected and expressed in at least 3 of the 

38 MM patients with a minimum expression of 1 TPM. 
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b. Genomic distribution of the MM transcriptome  

The next step aimed to characterize the genomic distribution of the transcriptome of 

MM patients, including the three groups of lncRNAs above described. Firstly, knowing 

that lncRNAs represent the vast majority of the MM transcriptome, whether the increased 

production of lncRNAs was associated with specific genomic areas of MM cells was 

determined. The genome-wide distribution of all transcripts was analyzed, observing that 

both coding genes and lncRNAs were generated from genes uniformly allocated among 

chromosomes (Figure 18A). Despite this general uniformity, a slight enrichment of 

transcripts was observed as follows: MM-identified lncRNAs in chromosomes 3 to 5 and 

7 to 9; BC-identified lncRNAs in chromosomes 2 and 6; G19lncRNAs in chromosomes 

15 to 18 and Y; and coding genes in chromosomes 16, 17 and 19 (Figure 18B). 

However, there were not significant differences between those groups. Then, another 

characterization of the transcriptome distribution was performed. Secondly, lncRNAs 

were classified regarding their distance to coding genes as follows: upstream, 

downstream, inside, including feature, start overlapping and end overlapping 173. As 

shown in Figure 18C, the most common type of lncRNA in the three groups were 

upstream transcripts, with values between 42% and 57%, followed by downstream 

lncRNAs with 26% to 30%, and lncRNAs located inside coding genes, with 8% to 26% 

of presence. In contrast, other less abundant common groups were both types of 

overlapping transcripts, together with the include feature transcripts, showing values 

under 8% in the three groups of lncRNAs. Interestingly, MM-identified lncRNAs showed 

a higher percentage of lncRNAs located inside coding genes with 26% compared to BC-

identified lncRNAs and G19lncRNAs (Figure 18C).  

Knowing the differences of inside transcripts between MM-identified lncRNAs and 

the other 2 groups of lncRNAs, the expression of coding genes harboring such MM-

identified lncRNAs was explored. The expression of 3,223 coding genes harboring inside 

transcripts of MM-identified lncRNAs was compared against 9,724 coding genes without 

such inside transcripts, revealing that the expression of coding genes harboring inside 

MM-identified lncRNAs was significantly higher than the rest of coding genes (P-value = 

6.857e-14) (Figure 19). In this group of coding genes with inside lncRNAs, relevant genes 

with a known role in MM pathogenesis such as IRF4, FGFR3 and SLAMF7, were 

observed. This fact suggested that the increased expression of specific coding genes 

could trigger the deregulation of a subset of lncRNAs in MM cells or vice versa; and that 

both types of genes may possibly be key participants for tumor development.  
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Figure 18. Description of the distribution of expressed transcripts in MM. A) Cumulative percentage of 

each type of expressed genes distributed by chromosome. Absolute counts are included. B) Radar plot 

predicting the number of expressed coding and lncRNA genes in the different chromosomes using the error 

of the GLM Poisson model. Inner radius is negative error (-13.27), outer radius is positive error (15.19) and 

middle radius corresponds to value 0. C) Pie charts representing the genetic location of G9lncRNAs, BC-

identified lncRNAs and MM-identified lncRNAs. Chr=chromosome. 
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Figure 19. Expression of coding genes harboring or not inside MM-identified lncRNAs. The expression 

levels of coding genes harboring inside MM-identified lncRNAs (right) was significantly higher than the rest 

of coding genes (left) (P-value = 6.857e-14). 

 

All together, these results indicate that the MM transcriptome is more complex and 

extensive than previously appreciated and that lncRNAs could play an important role in 

MM development. 

 

 

2. Study of the transcriptional alterations of the MM transcriptome 

 

a. Transcriptional profile of normal and MM PCs 

In order to identify the gene expression alterations that characterize the MM 

transcriptome, the expression profile of PCs from MM specimens was compared to the 

transcriptome of normal BMPCs and TPCs from healthy donors. As described for MM 

specimens, ssRNA-seqs of normal PCs purified from bone marrow (n = 3) and tonsil (n 

= 5) of healthy donors were performed. The lncRNA transcriptome was explored 

analyzing their hierarchical clustering, correlation matrix and dimensionality. A first 

approach using an unsupervised PCA revealed that BMPCs and TPCs clustered 

separately (Figure 20A), suggesting that despite being the same cell type, both harbor 

very different transcriptomes, and therefore, they cannot be gathered as one control 
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group. Thus, for our next analyses we used only BMPCs as normal counterparts of MM 

PCs. 

Figure 20. MM specimens showed a heterogeneous transcriptome. A) Principal component analysis 

(PCA) of the expression of lncRNAs among normal TPC and BMPC samples, and MM patients. B-D) PCAs 

of the expression of coding genes (B), lncRNAs (C) and all transcripts together (D) among normal BMPCs 

and MM specimens. TPC, BMPC and MM samples are represented in green, blue and red, respectively. 

The percentage for PC1 and PC2 is indicated in each axis. Green arrow of Figure 20D indicates the outlier 

MM patient that was removed from the following analyses.  PC=Principal component; MM=multiple myeloma 

patient; BMPC=bone marrow plasma cell; TPC=tonsil plasma cell. 

 

Although hierarchical clustering did not show significant differences between BMPCs 

and MM PCs, PCA analyses of coding and lncRNA genes, either separately (Figure 

20B-C) or jointly (Figure 20D), showed a clear heterogeneous dispersion in MM 
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specimens compared to BMPCs. As shown in the PCAs, BMPCs were grouped together, 

whereas MM specimens were more scattered along the two components of the analysis, 

showing increased dispersion. Moreover, as shown in Figure 20D, there was a MM 

sample that showed values that compromised the rest of MM specimens, so it was taken 

as an outlier for the following analyses.  

 

b. Differential expression analysis 

As described in Methods Section, the transcriptome of the 37 MM and the 3 healthy 

BMPC specimens was analyzed and compared, obtaining a total of 71,797 lncRNAs and 

18,578 coding genes expressed in all these samples. Then, differential gene expression 

analysis was performed showing that only 571 lncRNAs and 78 coding genes were 

differentially expressed between the two groups (B > 3) (Table 7). Using a lower 

restrictive criterion or statistical cut-off point of B > 0, rendered 1,002 lncRNAs and 301 

coding genes differentially expressed. Intriguingly, relevant genes known to be 

deregulated in MM such as IRF4, IRF8, MYC, BCL6, BMP6, PRDM1, BCMA, SCAMF7 

and GPRC5D did not appear as differentially expressed. Furthermore, the small number 

of differentially expressed genes did not represent the large number of novel lncRNAs 

identified in MM specimens, neither the presence of the amount of the annotated 

lncRNAs, suggesting that the differential expression analysis was somehow biased. 

 

Table 7. Identification of differentially expressed genes. Different B-values used for the analysis. The 

table indicates the number of differentially expressed genes for each B criterion. 

 

 

In order to corroborate the results from the differential expression analysis, the 

ssRNA-seq data was used to explore the expression of several lncRNAs among BMPC 

and MM samples (Figure 21A). Results showed statistically significant changes for the 

lncRNAs MMlncRNA_000308, MMlncRNA_000742 and MMlncRNA_000551 using 

Wilcoxon test (P-values = 0.0064, 0.021 and 0.015, respectively). 

 

B
Differentially 

expressed genes
pDEG

Coding 

genes
G19lncRNAs

BC-identified 

lncRNAs

MM-identified 

lncRNAs

0 1303 0.5 301 784 69 149

1 991 0.731059 180 673 45 93

2 782 0.880797 124 578 25 55

3 649 0.952574 78 516 17 38
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Figure 21. lncRNAs showed a heterogeneous expression among MM samples. A) Data expression 

from ssRNA-seq of 3 lncRNAs that appeared differentially expressed (P-values = 0.0064, 0.021 and 0.015, 

respectively). B) Violin plots representing the coefficient of variation (CV) of the expression of coding and 

lncRNA transcripts in all MM samples. lncRNAs showed significantly higher heterogeneity of expression than 

coding genes (P-value < 2.2e-16). C) Violin plots representing the CV of the expression of each group of 

transcripts in MM specimens and its counterpart in healthy BMPCs. Pairwise comparison employing 

Bonferroni test showed significant results (P-value < 2.2e-16) for each group of transcripts between MM and 

BMPCs specimens. D) Violin plots representing the CV of the expression of coding and each type of long 

non-coding transcripts in MM and healthy BMPCs samples. Bonferroni test showed significant results (P-

value < 2.2e-16). MM=multiple myeloma plasma cell; BMPCs=bone marrow plasma cells. 
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Thus, the coefficient of variation (CV) of expressions of all lncRNAs and coding genes 

in MM and BMPCs were analyzed. Interestingly, the heterogeneity of expression in MM 

samples was significantly higher for lncRNAs than for coding genes (P-value < 2.2e-16) 

(Figure 21B). The CV of the expression of each group of lncRNAs was also analyzed 

separately for MM and BMPC samples. Two comparisons were performed as follows: 1) 

each type of transcript in MM was compared to its counterpart in BMPCs, revealing a 

higher CV of the expression of all the transcripts in MM than in BMPC samples (Figure 

21C); 2) each type of transcript was compared to the other 3 groups in MM samples as 

well as in BMPCs, revealing that the CV of the expression of each group of lncRNAs was 

higher than coding genes in both groups (Figure 21D). Interestingly, all the analyses 

detected a greater degree of expression heterogeneity in MM than in BMPCs for all types 

of transcripts, and specifically, a significantly higher heterogeneity of lncRNAs compared 

to coding genes (P-value < 2.2e-16). These results would be due to the amount of 

expressed lncRNAs detected in MM patients. This finding may explain the low number 

of differentially expressed lncRNAs detected in our analysis and suggests that these 

elements may contribute to the clinical heterogeneity of the disease. 

 

c. Identification of patient-specific transcriptional alterations 

Next, in order to truly identify the coding and lncRNA genes that are transcriptionally 

altered in MM cells in a manner that would take into account the heterogeneity of MM 

specimens, a comparison of the expression profile of each MM patient to the profile of 

the set of the BMPCs was performed. Results revealed that some lncRNAs were 

overexpressed or downregulated in a very high percentage of patients (>80%), while 

others were altered in a small number of samples. MM, a very heterogeneous disease, 

presents alterations that usually do not exceed 50% of presence within patients, with 

frequencies of 40% and 20-25% of amp(1q) and del(1p), respectively, and others like 

~35% of MYC in newly diagnosed MM specimens 38. Thus, in order to select a restrictive 

criterion of study that was not far from common lesions found in these patients, lncRNAs 

deregulated in at least 50% of patients were selected. More specifically, lncRNAs 

overexpressed or downregulated in at least 50% of patients, and that showed the 

opposite direction of deregulation in less than 25% of individuals were selected for further 

analyses (Figure 22A). Using these criteria, 10,351 overexpressed and 9,535 

downregulated lncRNAs were identified in MM patients (Figure 22B). Coding genes 

were analyzed following the same criteria, revealing 6,104 and 917 overexpressed and 

downregulated, respectively, in MM patients (Figure 22C). 
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Figure 22. Analysis of differentially expressed genes in MM patient samples. A) Schematic of the 

strategy used for the identification of lncRNAs deregulated in at least 50% of MM specimens and with the 

opposite direction of deregulation in less than 25% of the individuals. The same strategy was performed with 

coding genes. B-C) Analysis of expression heterogeneity of lncRNAs (B) and coding genes (C) in MM 

patients. Barplots of the percentage of MM patients (y axis) that show overexpression (red), downregulation 

(blue) or no significant changes (grey) for each lncRNA or coding gene, respectively (x axis). MM=multiple 

myeloma; BMPCs=bone marrow plasma cells; UP=Upregulated; NC=No changes; DOWN=Downregulated. 

 

d. Transcriptional dynamisms analysis 

Identifying lncRNAs with exclusive expression in MM specimens and that have a 

relevant role in these cells would be key in order to characterize specific therapeutic 

targets for the treatment of this disease. Thus, the next step aimed to identify, among 

deregulated lncRNAs, those with exclusive expression in MM cells. To do so, the 

expression of the 19,886 lncRNAs identified above was analyzed in the context of B-cell 

differentiation. The transcriptome of different B-cell populations (NB, CB, CC, MEM 

samples) was analyzed using ssRNA-seq. Normal B-cell population specimens, as well 

as the TPC, BMPC and MM samples previously used, were studied to determine the 
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dynamic expression of the 19,886 lncRNAs throughout normal B-cell differentiation and 

in MM. Gene expression profiles were defined using SOM neural network analysis and 

joined based on the hierarchical clustering of their centroids, showing the presence of 10 

different clusters of expression throughout B-cell populations and MM specimens. After 

manual curation of the 10 dynamic groups, the three main clusters of lncRNAs were 

represented as follows (Figure 23): 1) Cluster 1 comprised 2,760 lncRNAs with an 

irregular expression pattern throughout B-cell differentiation and a uniformly high 

expression in MM PCs; 2) Cluster 2 contained 675 lncRNAs with low expression 

throughout B-cell differentiation and a slight increase in MM PCs; 3) Cluster 3, however, 

contained 989 lncRNAs that showed a very low and homogeneous expression 

throughout B-cell differentiation with a clear increase in MM samples. As shown in Figure 

23, the pattern of expression of the third cluster indicated the existence of a group of 

lncRNAs that were exclusively expressed in MM PCs (named as MM-specific 

lncRNAs).  

 

Figure 23. lncRNAs showed a dynamic expression throughout B-cell differentiation and in MM 

patients. Expression of lncRNAs from the 3 transcriptional dynamisms detected after manual curation. For 

each dynamism, a heatmap showing the ssRNA-seq expression of the lncRNAs (left), the number of each 

type of lncRNAs (center) and the centroid (expression average) (right) in normal B-cell subpopulations and 

MM patient samples is depicted. MM-ident.=MM-identified lncRNAs; BC-ident.=BC-identified lncRNAs; 

G19lnc.=G19lncRNAs; NB=naïve; CB=centroblast; CC=centrocyte; TPC=tonsil plasma cell; BMPC=bone 

marrow plasma cell; MM=multiple myeloma patients. 

 

Moreover, in contrast to the first 2 clusters, the third one was the only cluster that 

showed homogeneity regarding the number of lncRNAs of each group, revealing a 

balanced distribution between the 3 groups of lncRNAs. Based on their specific 
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expression in MM PCs, this subgroup of 989 lncRNAs was selected for additional 

analyses (Supplemental Table 2). 

 

 

3. Regulation of expression of MM-specific lncRNAs 

 

a. Analysis of the chromatin marks of the loci encoding MM-specific lncRNAs  

In order to determine how the expression of MM-specific lncRNAs was deregulated 

in MM, epigenetic mechanisms were analyzed; more specifically, chromatin 

modifications. ChIP-seq data of six core histone marks from our previous work were 

analyzed (H3K4me3, H3K4me1, H3K27ac, H3K36me3, H3K27me3, and H3K9me3) in 

NB, GC, MEM, TPC and MM samples 176. ChIP-seq data were integrated into 12 

functional chromatin states as previously described: active promoter, weak promoter, 

poised promoter, two types of strong enhancer, weak enhancer, transcription transition, 

weak transcription, elongation, polycomb repressed, low signal heterochromatin and 

repressed heterochromatin. Then, lncRNAs, annotated in hg19 human reference of the 

genome, were represented in hg38 version of the genome, in which chromatin states 

were defined. The enrichment of chromatin states that appeared in the different samples 

was analyzed at promoters (1,500 bp upstream Transcription Start Site (TSS)) and gene-

bodies of lncRNAs. Thus, whether the expression of MM-specific lncRNAs was related 

to specific chromatin states was determined. Whereas MM specimens showed an 

enrichment of active chromatin marks (active promoter, two types of strong enhancer, 

transcription transition and elongation), other chromatin states such as weak enhancer 

or low signal heterochromatin did not show a clear gain in any samples (Figure 24A). 

Then, active promoter and the 3 types of enhancer states were analyzed together 

(Figure 24B), showing a global increase of active histone marks at the loci encoding 

MM-specific lncRNAs in MM when compared to normal B-cell populations. The loci of 

some MM-specific lncRNAs were analyzed in the context of chromatin states tracks 

showing the gain of active promoter and enhancer chromatin marks in MM as compared 

to B-cell populations (Figure 25). These results suggested that the loci of most MM-

specific lncRNAs were in weakly activated or repressed chromatin states in normal B-

cells and became active in MM specimens, leading to an aberrant upregulation of these 

elements. 
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Figure 24. Epigenetic regulation of MM-specific lncRNAs. A-B) ChIP-seq data integrated to chromatin 

states obtained from Ordoñez R. et al. (2020) 176. A) Graphs depicting the percentage of the loci of the 989 

lncRNAs (y axis) occupied by each individual chromatin states. B) Chart depicting the percentage of the 

length of lncRNAs (y axis) occupied by promoter and enhancer chromatin marks in normal B-cell 

subpopulations and MM patient samples. NB=naïve; GC=germinal center; MEM=memory B-cell; TPC=tonsil 

plasma cell; MM=multiple myeloma patients. 
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Figure 25. Gain of active chromatin states of MM-specific lncRNAs. Genome browser snapshots 

showing chromatin states of two loci of MM-specific lncRNAs. Red and orange boxes encompass the gain 

of active promoter and strong enhancer chromatin marks respectively, in MM as compared to B-cell 

populations. Each chromatin state is represented by one color. The arrow indicates the length and direction 

of expression of the lncRNAs. NB=naïve; GC=germinal center; MEM=memory B-cell; TPC=tonsil plasma 

cell; MM=multiple myeloma patients; Chr=chromosome; ActProm=Active promoter; WkProm=Weak 

promoter; PsProm=Poised Promoter; StrEnh1=Strong Enhancer 1; StrEnh2=Strong Enhancer 2; 

WkEnh=Weak Enhancer; TxnTrans=Transcription transition; TxnElg=Transcription elongation; 

WkTxn=Weak Transcription; Polyc=Polycomb; Heterch=Heterochromatin; LowSg=Low signal. 

 

b. De novo gain of active chromatin marks 

Analyses of histone marks revealed that MM-specific lncRNAs, which were 

overexpressed in MM patients, also had an enrichment in active chromatin marks, which 

could be associated with their deregulation. Therefore, a deeper analysis was made in 

order to determine how many MM-specific lncRNAs had de novo gain of active marks 

in MM specimens. Firstly, starting from the 989 MM-specific lncRNAs, those located in 

X and Y chromosomes (40 lncRNAs) were excluded, whereas chromatin states of the 

remaining lncRNAs were analyzed. After comparing the percentages of active and 

repressed histone marks of MM and B-cell populations at promoters and TSSs as 

previously described, 89 lncRNAs were defined with de novo activation of chromatin in 

MM from repressed regions in normal B-cell populations (Figure 26A; Supplemental 

Table 3), whereas the other 860 lncRNAs showed slight or no changes (Figure 26B). 
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Figure 26. A group of MM-specific lncRNAs showed de novo gain of active chromatin marks. A) 

Heatmap showing the group of MM-specific lncRNAs with de novo activation in MM. B) Heatmap showing 

the group of MM-specific lncRNAs that did not have de novo activation chromatin histone marks in MM. 

The color scale indicates the percentage of active chromatin states in the promoter region of each lncRNA 

(1,500 bp upstream TSSs). NB=naïve; GC=germinal center; MEM=memory B-cell; TPC=tonsil plasma cell; 

MM=multiple myeloma patients.  

 

Finally, in order to determine whether de novo activation was associated with 

overexpression of the transcripts, the expression of MM-specific lncRNAs with and 

without de novo activation was compared. Interestingly, the expression of the 89 

lncRNAs showing de novo epigenetic activation was significantly higher than that of the 

other MM-specific lncRNAs when analyzed in all MM patients together (P-value = 

3.724e-07) (Figure 27A) and higher in each patient separately (Figure 27B). Altogether, 

these data suggest an epigenetic rewiring at the loci of a small subset of MM-specific 

lncRNAs in MM, showing inactivation in normal cells and undergoing de novo epigenetic 

activation in the disease, ultimately leading to an aberrant upregulation of these 

transcripts. 
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4. lncRNA SMILO 

 

a. SMILO is overexpressed in MM 

Among the 89 lncRNAs overexpressed in MM patients with de novo gain of active 

histone marks, LINC00582 was selected for further analysis. LINC00582 

(ENSG00000229228), was named as SMILO, Specific Myeloma Intergenic LOng-coding 

RNA. This RNA transcript gene is a poly-A intergenic lncRNA composed of two exons 

with a total length of 20,799 bp and a mRNA sequence of 597 bp. SMILO is found in the 

negative strand of the chromosome region 1q42.2, located between TSNAX and DISC1 

coding genes. Chromosome 1q is a genomic region frequently amplified (35-40%) in MM 

patients, representing one of the most common alterations in this neoplasm 38, 186.  
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SMILO expression in normal tissues was studied using the GTEx Analysis Release 

V8 of GTExPortal data source, which contains expression data of 27 different tissues 

(Figure 28). This lncRNA was not expressed in normal tissues, except for a low 

expression in spleen, minor salivary glands, fallopian tubes, colon, small intestine and 

cervix (values of log10(TPM+1) < 1).  

 

 

Figure 28. SMILO was not expressed in most normal tissues. Data obtained from GTEx Analysis 

Release V8 of GTExPortal showing the expression of SMILO among different normal tissues. Y axis 

represents SMILO expression in log10(TPM+1).  

 

SMILO expression was also studied using ssRNA-seq data from normal B-cell 

populations and MM specimens. This analysis showed that SMILO was undetectable 

throughout B-cell differentiation, except for marginal expression levels in some healthy 

BMPCs, and presented a marked upregulation in MM samples (Figure 29A). 

Specifically, comparing MM and BMPC samples, SMILO appeared overexpressed in 

64% of MM patients. The overexpression of SMILO was validated by qPCR in a new 

cohort of PCs obtained from healthy tonsils and bone marrows, as well as from MM 

patient primary samples and MM cell lines (Figure 29B). As described in thr Methods 

Section, SMILO expression was depicted in Cts, showing that its lower value of Ct was 

corresponding to a greater expression. SMILO showed higher expression in MM patient 
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primary samples and in some MM cell lines than in TPC and BMPCs obtained from 

healthy donors, validating the results obtained by ssRNA-seq. For in vitro analyses, we 

selected the MM cell lines presenting the higher levels of SMILO overexpression: 

MM.1S, MM.1R and KMS-11. 

 

 

Figure 29. SMILO is overexpressed in MM patients. A) SMILO expression obtained from ssRNA-seq data 

performed in several subpopulations of B-cell differentiation and MM patient samples. FPKM values are 

shown for each sample. B) Validation by qPCR of SMILO expression in a new cohort of one TPC, BMPCs, 

MM specimens and MM cell lines. Expression is represented in Cts. NB=naïve; CB=centroblast; 

CC=centrocyte; MEM=memory B-cell; TPC=tonsil plasma cell; BMPC=bone marrow plasma cell; 

MM=multiple myeloma patient. 

 

b. SMILO cellular localization 

So far, no studies regarding SMILO biology and functional mechanisms have been 

published. Thus, in order to elucidate the cellular behavior of SMILO, cellular localization 

assays were performed. Firstly, nucleus-cytoplasm cellular fractionation was performed 

in MM.1R and MM.1S MM cell lines. MALAT-1 and LINC-PINT were used as positive 

controls for nuclear transcripts (>70% in nucleus), and HPRT as a positive control for 

cytoplasmic transcripts (~80% in cytoplasm) 187, 188. The presence of these 4 genes was 

analyzed in the different cellular phases, comprising the cytoplasmic and the nuclear 

soluble and insoluble phases. As shown in Figure 30, SMILO presented a location 

similar to HPRT, with 75.9% and 57.8% of the transcript being detected in the cytoplasm 

in MM.1R and MM.1S, respectively. 
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Figure 30. Nucleus-cytoplasm cellular fractionation revealed SMILO as a cytoplasmic transcript. 

Percentage of the presence of 4 genes into 3 different cellular phases in MM.1R and MM.1S MM cell lines.  

 

To corroborate the results obtained by cellular fractionation, SMILO localization was 

also analyzed by RNA-FISH. SMILO was studied in MM.1S, MM.1R and KMS-11 MM 

cell lines, as well as in HL-60, 5637 and PEER cell lines as negative controls due to the 

absence of expression in those cell lines (Figure 31).  

 

 

Figure 31. SMILO expression in different cell lines. Analysis of SMILO expression by qPCR in several 

MM cell lines (MM.1S, MM.1R and KMS-11) and other cell lines used as controls (HL-60, 5367 and PEER). 

SMILO expression was also analyzed in MM.1S MM cell line to use it as reference. Data expression is 

presented relative to the expression of SMILO in MM.1S MM cell line. Gene expression normalized to GUSß.  

 



Results   

98 
 

After hybridization of the 6 cell lines with SMILO Stellaris RNA FISH Probe set 

labeled with Quasar® 570 Dye, cells were analyzed by fluorescence microscopy using 

Rhodamine 575 Laser Dye of Zeiss AxioImager M1 (Zeiss) and ZEN 2 software (Zeiss). 

As shown in Figure 32, MM cell lines showed fluorescent signals corresponding to 

SMILO lncRNA in the cytoplasm. As expected, HL-60, 5637 and PEER cell lines, which 

had almost non-detectable expression of SMILO, did not show any signal. These results 

demonstrated that SMILO was located in the cytoplasm, which was in accordance with 

the data obtained from the cellular fractionation experiments previously described. 

 

 

Figure 32. RNA-FISH reveals SMILO is a cytoplasmic lncRNA. Images obtained by fluorescent 

microscopy after performing RNA-FISH revealed that SMILO was present only in MM cell lines (left) and not 

in negative control cell lines (right), which corresponded to its expression levels in those cell lines. SMILO 

presented a cytoplasmic location (green arrows). Nuclei (blue) were dyed with DAPI. 
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c. Epigenetic regulation of SMILO 

After determining and validating the overexpression of SMILO in MM patients, the 

epigenetic mechanisms dictating the regulation of its locus were also studied. Firstly, 

histone marks were analyzed using the chromatin states data previously explained. As 

shown in Figure 33, SMILO presented de novo gain of active chromatin marks in its 

promoter region (1,500 bp upstream its TSS) in MM samples compared to B-cell 

populations. Specifically, a gain of active promoter and strong enhancer marks was 

detected, coinciding with higher expression levels obtained by ssRNA-seq. SMILO locus 

also showed gain of elongation marks, as well as loss of poised promoter and polycomb 

marks in MM patients.  

 

Figure 33. SMILO presented de novo gain of active histone marks. Genome browser snapshot showing 

chromatin states representation and RNA-seq levels of SMILO locus in normal B-cell populations and MM 

patient samples. The black box indicates the promoter and the region before SMILO promoter, showing the 

gain of chromatin active marks such as promoter and strong enhancer marks in MMs. Each chromatin state 

is represented by one color. The arrow indicates the length and direction of expression of the lncRNAs. 

Chr=chromosome; NB=naïve; GC=germinal center; MEM=memory B-cell; TPC=tonsil plasma cell; 

MM=multiple myeloma patient; ActProm=Active promoter; WkProm=Weak promoter; PsProm=Poised 

Promoter; StrEnh1=Strong Enhancer 1; StrEnh2=Strong Enhancer 2; WkEnh=Weak Enhancer; 

TxnTrans=Transcription transition; TxnElg=Transcription elongation; WkTxn=Weak Transcription; 

Polyc=Polycomb; Heterch=Heterochromatin; LowSg=Low signal. 

 

Secondly, DNA methylation levels across SMILO locus were analyzed. The 

percentage of DNA methylation across SMILO promoter was studied using DNA 

methylation array data previously published by our group 189. Only one CpG 



Results   

100 
 

(cg08458637) was detected on SMILO promoter using the DNA methylation array data. 

Results revealed a DNA hypomethylation of the CpG (cg08458637) in MM patient 

samples compared to normal PCs (Figure 34A).  

 

 

Figure 34. DNA hypomethylation of SMILO promoter in MM patients. A) Percentage of DNA methylation 

of a CpG (cg08458637) located in the promoter region of SMILO obtained from a DNA methylation array 

data performed in NPCs and MM patients in our previous study 189. B) Validation of the percentage of DNA 

methylation of two CpGs located in the promoter region of SMILO obtained from pyrosequencing assays in 

peripheral blood, B-cell populations and MM patient samples. CpG 1 (cg08458637) corresponds to 

methylation array data showed in Figure 34A; while CpG 2 corresponds to a CpG located next to CpG 1 

and only detected by pyrosequencing. The percentage of DNA methylation for each CpG is represented by 

a range of colors (showing intervals of 10%), from less DNA methylated (yellow, 0 to 10%) to 100% of DNA 

methylation (dark blue, 90 to 100%). NPC=normal plasma cell; MM=multiple myeloma plasma cell; 

PB=peripheral blood; NB=naïve; CB=centroblast; CC=centrocyte; MEM=memory B-cell; TPC=tonsil plasma 

cell; BMPC=bone marrow plasma cell. 
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DNA hypomethylation of SMILO promoter region was validated by performing 

pyrosequencing in different B-cell subpopulations, MM patient samples and MM cell 

lines. One PB sample was added as the negative control (Figure 34B). In contrast to the 

DNA methylation array data, two CpG located on the promoter region of SMILO were 

analyzed by pyrosequencing: CpG 1 (cg08458637) corresponding to the DNA 

methylation array data showed in Figure 34A; and CpG 2, corresponding to a CpG 

located next to CpG 1 and only analyzed by pyrosequencing. MM patients as well as 

several MM cell lines showed a DNA hypomethylation compared to the different normal 

B-cell subpopulations and to the peripheral blood, validating the DNA methylation array 

data. These results strongly suggested that, besides amp(1q), epigenetic mechanisms 

are involved in the activation and overexpression of SMILO in MM. 

 

d. Knockdown of SMILO alters the biological phenotype of MM cells 

To ascertain the functional biological relevance of SMILO overexpression in MM 

cells, knockdown assays were performed using the shRNAs system. The expression of 

SMILO was inhibited by different shRNAs in 3 MM cell lines: MM.1S, MM.1R and KMS-

11. Among all the shRNAs designed (Figure 35A-B), 2 of them, named shRNA.A and 

shRNA.B, showed the strongest knockdown and phenotypical results, measured as a 

decrease in the proliferation of MM cell lines. These two shRNAs were selected to 

perform the in vitro experiments of this work. Knockdown assays were also performed in 

2 MM cell lines (JJ-N3 and OPM-2) that did not express SMILO to validate the specificity 

of the knockdown assays.  

 

Figure 35. SMILO knockdown produced phenotypical changes in MM cell lines. A) Pilot knockdown 

assays of SMILO with different shRNAs in the MM.1R MM cell line. Inhibition data obtained by qPCR. Gene 

expression normalized to GUSß is presented relative to that observed in cells infected with a scramble 

shRNA. B) Proliferation curves determined by MTS assays in MM.1R cells after the inhibition of SMILO with 

different shRNAs. 
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Knockdown of SMILO was performed using 2 shRNAs in 3 MM cell lines (KMS-11, 

MM.1R and MM.1S), and was followed by proliferation and apoptosis assays performed 

in biological triplicates. Total RNA was extracted 5 days after the infection, whereas 

proliferation and apoptosis assays were performed on days 5, 7 and 9. As shown in 

Figure 36, the 3 MM cell lines showed lower expression of SMILO upon transduction 

with the shRNAs compared to those infected with the scramble vector. Regarding the 

phenotypical analyses, the 3 MM cell lines showed marked phenotypical alterations after 

SMILO knockdown. Firstly, proliferation assays measured by MTS showed that the 

proliferation of cells upon SMILO knockdown decreased until 10-40% compared to 

control cells. Moreover, an increase in the percentage of apoptosis measured by Annexin 

V-FITC was also detected, reaching 60-90% of apoptotic cells after 7-9 days of infection. 

 

Figure 36. SMILO is essential for the survival of MM cells. Knockdown of SMILO by two different shRNAs 

(shRNA.A and shRNA.B) in KMS-11, MM.1R and MM.1S MM cell lines. Levels of SMILO expression were 

determined by qPCR (left). RNA was obtained on day 5 after the infection with lentiviruses harboring shRNAs 

targeting SMILO. Gene expression normalized to GUSß is presented relative to that observed in cells 

infected with a scramble shRNA. Proliferation curves (center) and the percentage of annexin-V positive cells 

(right) were detected at the indicated times after infection. Scramble represented in black, shRNA.A in 

orange and shRNA.B in blue. The average of three independent biological replicates +/- SD is shown.  
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To check the specificity of the shRNAs used, 2 assays were performed. Firstly, 

knockdown of SMILO was performed in OPM-2 and JJ-N3, 2 MM cell lines that barely 

expressed this transcript. As expected, when SMILO expression was analyzed by qPCR, 

no changes in the expression were detected upon its knockdown; therefore, no 

expression data (Cts of qPCR) was observed in controls and infected cell lines. 

Moreover, MTS assays did not show alterations in the proliferation rate of OPM-2 and 

JJ-N3 cells, showing similar rates in all conditions. Secondly, the expressions of TSNAX 

and DISC1, two coding genes located adjacent to SMILO, were studied after SMILO 

knockdown in KMS-11, MM.1R and MM.1S MM cell lines. As shown in Figure 37, 

TSNAX and DISC1 did not show decreased expression upon SMILO knockdown. These 

results demonstrated the specificity and effectiveness of the shRNAs designed for 

SMILO knockdown, giving greater veracity to our previous results.  

 

 

Figure 37. shRNAs specifically mediate SMILO knockdown. Analysis of TSNAX and DISC1 expression 

after the knockdown of SMILO by two different shRNAs in KMS-11, MM.1R and MM.1S MM cell lines. 

TSNAX expression is represented in purple and DISC1 in green. All RNAs were obtained on day 5 after the 

infection with lentiviruses harboring shRNAs targeting SMILO. Levels of SMILO expression were determined 

by qPCR. Gene expression normalized to GUSß is presented relative to that observed in cells infected with 

a scramble shRNA.  

 

Taking into consideration the results observed in Figures 36-37, it can be concluded 

that SMILO is not only relevant for the MM cellular phenotype, but also is essential for 

the survival of MM cells. 

 

e. SMILO deregulation alters the Interferon pathway 

In order to determine how SMILO promoted the survival of MM cells, low input 3’ end 

RNA-seq analysis (MARS-seq) was performed in the SMILO knockdown system in the 
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KMS-11 MM cell line. Data showed the downregulation and upregulation of 84 and 110 

genes, respectively, upon SMILO knockdown (Figure 38; Supplemental Table 4).  

 

Figure 38. Differentially expressed genes upon SMILO knockdown. Heatmap showing the z-scores of 

the 194 differentially expressed genes upon SMILO knockdown in the KMS-11 cell line. 

 

RNA-seq results were analyzed using GO analysis, revealing that the genes 

deregulated upon SMILO knockdown were enriched in several different processes 

(Figure 39). 

 

Figure 39. Genes deregulated upon SMILO knockdown were functionally related to different cellular 

pathways. GO analysis showing the top GO terms of the differentially expressed genes after SMILO 

knockdown in KMS-11 cells. X axis represents the P-value (-Log10(P-value)) of the different pathways. 
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Results showed that the deregulated genes were involved in pathways related to the 

regulation of gene expression, such as nucleosome assembly, nonsense mediated 

decay or chromatin silencing, and in relevant known functions and pathways for MM 

cells, such as interferon (IFN) pathways and cell adhesion (Figure 39).  

 

GSEA analysis was also performed, revealing that, interestingly, one of the top 

enriched pathways after the inhibition of SMILO was the activation of IFN response 

(Figure 40), whose downregulation has proven to be key for the homeostasis of MM 

cells. Remarkably, this result correlated with that obtained using GO, which also revealed 

the relation of SMILO with the Type I IFN signaling pathway. All together, these results 

suggest a putative role of SMILO in the IFN pathway. 

 

 

Figure 40. SMILO is associated with the IFN pathway. GSEA plots of IFN and RNA metabolism-related 

signatures identified comparing KMS-11 cells with or without SMILO knockdown. FDRq=False discovery 

rate; NES=Normalized enrichment score. 

 

Knowing the putative implication of SMILO in the IFN signaling pathway, the list of 

deregulated genes detected by RNA-seq upon SMILO knockdown was further analyzed 

in order to identify IFN-related genes. RNA-seq results revealed that the knockdown of 

SMILO led to the upregulation of Interferon Stimulated Genes (ISGs) such as ISG15, 

IFI27 and MX1 (Figure 41A). 
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Figure 41. SMILO knockdown promotes the upregulation of ISGs and ERVs. A) Section of the heatmap 

of Figure 38, revealing that ISG15, MX1 and IFI27, 3 ISG genes, were upregulated after SMILO knockdown. 

B-C) Validation by qPCR of the overexpression of ISGs (B) or ERVs (C) after inhibition of SMILO in KMS-

11, MM.1R and MM.1S MM cell lines. RNA was obtained on day 5 after the infection with lentiviruses 

harboring shRNAs targeting SMILO. Inhibition data obtained by qPCR. Gene expression normalized to 

GUSß is presented relative to that observed in cells infected with a scramble shRNA. The average of three 

independent biological replicates +/- SD is shown. 
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Increased expression of these coding genes was validated in the KMS-11 MM cell 

line by qPCR (Figure 41B). Moreover, as shown in Figure 41B, a group of different ISGs 

was also analyzed by qPCR, revealing that not only ISG15, IFI27 and MX1, but also 4 

more ISGs were upregulated after SMILO knockdown. These results were further 

validated by qPCR in 2 additional myeloma cell lines (MM.1R and MM.1S) (Figure 41B). 

These results suggested that the overexpression of SMILO in MM patients maintains 

these coding genes repressed, resulting in anti-apoptotic and proliferative effects for the 

MM cell. 

 

Then, expressions of Endogenous retroviruses (ERVs), known activators of ISGs 190, 

were also analyzed. Results revealed that ERVs were also upregulated after SMILO 

knockdown (Figure 41C), suggesting that these elements could be responsible for the 

activation of the IFN pathway. 

 

Knowing the potential implication of SMILO in the IFN pathway, and consequently, 

in cell death, the effect of IFNα per se was studied in MM cells. Five different 

concentrations (10, 100, 500, 1000 and 5000 units/mL of IFNα2) were added to MM.1S, 

MM.1R and KMS-11 cell lines. After 24 h of the treatment, the expression of four different 

ISGs (IFI27, MX1, ISG15 and IFI44L) was measured in the three MM cell lines. Results 

showed significant overexpression of these four ISGs after the treatment with the 

different concentrations of IFNα (Figure 42A). Moreover, MTS assays showed that the 

proliferation rate of cells decreased compared to control cells in a dose-dependent 

manner (Figure 42B). Apoptosis assays measured by Annexin V-FITC detection 

showed an increase in the percentage of apoptotic cells in a dose-dependent manner 

across time (Figure 42C). 

These results prove the involvement of the IFN pathway in the cell death of MM cells, 

where IFNα triggers an increase of apoptosis, a decrease in the proliferation rate and 

the activation of the expression of different ISGs.   
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Figure 42. The use of IFNα triggers cell death in MM cell lines. A) The addition of 5 different 

concentrations of IFNα (10, 100, 500, 1000 and 5000u/ml) triggered the activation of 4 different ISG genes 

in MM cell lines (MM.1S, MM.1R and KMS-11). Samples were collected after 24 h of the treatment with 

IFNα. Gene expression was normalized using the expression of GUSß and is presented relative to that 

observed in control cells. B-C) The use of 5 different concentrations of IFNα in MM cell lines triggered the 

decrease of the proliferation (B) and the increase of the percentage of apoptotic cells (C) in a dose-

dependent manner in the three MM cell lines. The average of three independent biological replicates +/- SD 

is shown. u=Concentration of IFNα in units/ml. 

 

Altogether, our data indicate that SMILO overexpression is necessary for the survival 

of MM cells and its inhibition could trigger the overexpression of ERVs and the activation 

of the IFN pathway ultimately leading to the induction of cell autonomous death and also 

a possible immunogenic cell death (Figure 43). 
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Figure 43. SMILO is involved in the regulation of the IFN pathway. Schematic representation of the 

putative role of SMILO knockdown in the promotion of MM cell death. Once a NPC develops into a MM cell 

and overexpresses SMILO, the theory lies in that the knockdown of SMILO could result in two processes: 

the overexpression of ERVs with the consequent activation of the IFN pathway and the overexpression of 

ISGs; or directly, the overexpression of ISGs. With all resulting in the activation of apoptosis processes and 

cell death. NPC=Normal plasma cell; ERVs=Endogenous retroviruses genes; ISGs=Interferon stimulated 

genes; IFN pathway=Interferon pathway; dsRNA=double strand RNA. 

 

 

5. Prognostic value of MM-specific lncRNAs 

 

The study of the biological role of lncRNAs has become an important aspect of 

investigation in MM, not only in the homeostasis of the MM cell, but also in the 

progression of this disease. In fact, studies demonstrating the role of lncRNAs as 

biomarkers or prognostic factors of the progression or the survival of MM patients are 

emerging 144, 158, 191. Therefore, whether the expression of the MM-specific lncRNAs 

identified in our study also had a prognostic value in MM patients was analyzed. 

 

a. Selection of MM-specific lncRNAs using CoMMpass Study data  

The study of the prognostic value of lncRNAs was realized using the RNA-seq data 

of the IA14 release of the MMRF CoMMpass Study dataset. PFS and OS analyses were 

performed using data from patients whose clinical information was available. Some 
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patients were not used in these analyses due to some Not Available data (NAs) or 

incorrect values (such as negative survival) present in the dataset. In particular, 542 MM 

patients were analyzed for PFS and OS analyses.  

 

 

Figure 44. Analysis of the expression of lncRNAs in MM using CoMMpass data. CoMMpass expression 

data of the Gencode annotated lncRNAs obtained in the epigenomic study showed in Figure 26A. 

Expression is represented in log2(TPM+1). 

 

The 89 MM-specific lncRNAs with de novo gain of active histone marks were 

selected for this study. However, CoMMpass data only includes Gencode annotated 

poly-A lncRNAs, and thus, only the expression data of 7 out of the 89 lncRNAs was 

available for this analysis. From those 7 lncRNAs, only 6 of them presented detectable 

expression levels in CoMMpass MM samples: ANKRD20A5P (ENSG00000186481), 

SMILO, PDLIM1P4 (ENSG00000249274), ENSG00000249988, ENSG00000254343 

and RHOT1P1 (ENSG00000266145) (Figure 44). 

 

b. High-risk and clinical factors and lncRNAs in MM  

The next step aimed to study the association between MM high-risk factors and the 

expression of the 6 lncRNAs present in the CoMMpass data.  
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Figure 45. lncRNAs expression in high-risk genetic subgroups of MM. Expression levels (log2 

(TPM+1)) of ANKRD20A5P, SMILO, PDLIM1P4, ENSG00000249988, ENSG00000254343 and RHOT1P1 

in MM subgroups of patients showing the significance of the presence (positive, red) or absence (negative, 

blue) of 4 high-risk genetic factors. P-values calculated with a two-sided t-test and adjusted for multiple 

hypotheses using FDR are presented for each comparison, with statistically significant values indicated in 

red.  NEG=absence of alteration (blue); POS=presence of alteration (red). 
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Firstly, the 4 high-risk genetic subgroups of MM (amp(1q), del(1p), t(4, 14) and 

del(17p)) with available data in CoMMpass were selected. For each lesion, patients were 

divided into two groups depending on the presence or absence of each genetic 

alteration, and then, the expression of the lncRNAs was analyzed (Figure 45). 

Interestingly, only the expression of ANKRD20A5P, SMILO, ENSG00000254343 and 

RHOT1P1 was significantly associated with amp(1q) (P-value < 0.05), one of the most 

common alterations in MM patients; whereas the expression of PDLIM1P4 and 

ENSG00000249988 did not show any significant association with any MM genetic 

groups. 

 

c. LncRNAs as survival biomarkers in MM 

Whether the expression of the 6 MM-specific lncRNAs was associated with the 

prognosis of MM patients was assessed. Patients were separated into 2 groups based 

on the distribution of expression levels of the lncRNAs, as previously described (Figure 

46), and PFS and OS analyses were performed.  

 

 

Figure 46. Analysis of expression levels of lncRNAs in MM. Histograms representing the selected 

thresholds over gene expression (up); and representing the empirical population of possible thresholds to 

dichotomize the lncRNAs expression (down). Threshold is represented in red and quartiles in blue. 

Expression is represented in log2(TPM+1).  

 

Next, the association between the expression of the lncRNAs and PFS or OS was 

determined. Firstly, univariate statistical survival analyses were performed with the 6 
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selected lncRNAs. In PFS analysis the expression of PDLIM1P4, ENSG00000249988 

and ENSG00000254343 (P-value = 0.007493, 0.016964 and 0.015103, respectively) 

showed significant results, dividing MM patients into 2 risk factor groups (Figure 47A-

C), whereas the other three MM-specific lncRNAs did not show significant results (Figure 

47D-F).  

Figure 47. Progression-free survival probability of lncRNAs in MM. Kaplan-Meier curves represent a bi-

level state of expression (high and low) of the lncRNAs showing P-values in terms of progression-free 

survival. LOW=low expression of the lncRNA; HIGH=high expression of the lncRNA. 

 

In the case of OS analyses, the expression of PDLIM1P4, SMILO and 

ENSG00000249988 showed statistically significant results (P-value = 0.036259, 

0.007882 and 0.001239, respectively), where high/low expression was associated with 

better or worse prognosis (Figure 48A-C), whereas the other three did not (Figure 48D-

F). 
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Figure 48. Overall survival probability of lncRNAs in MM. Kaplan-Meier curves represent a bi-level state 

of expression (high and low) of the lncRNAs showing P-values in terms of overall survival. LOW=low 

expression of the lncRNA; HIGH=high expression of the lncRNA. 

 

Next, univariate statistical analyses were performed with the high-risk and the 

different clincal factors obtained from CoMMpass for PFS and OS of MM patients. ISS, 

treatments, del(13q), amp(1q), t(8, 14), TP53, age over 65 years and gender showed 

significant results for PFS; whereas ISS, treatments, age over 65 years, high-risk factors, 

amp(1q), del(17p), del(1p), del (13q), t(14, 20), TP53, gender and race for OS. 

 

Then, multivariate statistical analyses with Backward Stepwise regression were 

performed with the lncRNAs and the different high-risk and clinical factors that showed 

significant results in the univariate analyses for PFS and OS in MM patients. Regarding 
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PFS analysis, 9 risk factors that stratified MM patients were obtained: Stage 2 and 3 of 

ISS, del(13q), t(8, 14), TP53, gender male, deregulation of PDLIM1P4, and treatments 

with Bortezomib-IMIDs and Carfilzomib-IMIDs (Figure 49A). In the case of OS, 10 risk 

factors that stratified MM patients were detected: Stage 2 and 3 of ISS, treatment with 

Bortezomib-IMIDs, age over 65 years, amp(1q), del(13q), del(17p), gender male, and 

deregulation of PDLIM1P4 or ENSG00000249988 (Figure 49B). These results stratified 

MM patients into different groups depending on the combination of the lncRNAs and the 

different risk factors.  

 

 

Figure 49. Prognostic value of lncRNAs in MM. A-B) Multivariate analyses evaluating the significance of 

the high expression of the lncRNAs and the risk genetic and clinical factors in PFS (A) and OS (B) analysis 

using Backward Stepwise regression. Hazard ratios for each factor are shown in the middle. Numbers 

greater and less than 1 represent the risk by which the death of MM patients is multiplied. Hazard ratios >1 
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show worse prognosis, wheres risk factors with Hazard ratios >1 show a protective effect. Statistically 

significant P-values are indicated on the right. 

As shown in Figure 49A, the use of Bortezomib with IMIDs and Carfilzomib with 

IMIDs confer better prognosis for PFS of MM patients, acting as protective factors. 

Meanwhile, the overexpression of ENSG00000249988 and the use of Bortezomib with 

IMIDs are associated to better prognosis for OS, which seemed to be protective factors, 

in contrast to the high expression of PDLIM1P4 and the rest of risk factors (Figure 49B). 

Finally, an ANOVA test was performed to compare the models derived from clinical 

and genetic high-risk factors only, or combining them together with the expression of 

lncRNAs. Results revealed a significant improvement for the second condition in both 

PFS (P-value = 0.0002) and OS (P-value = 0.0001). 

 

These results demonstrated that combination of the expression of MM-specific 

lncRNAs with established genetic and clinical biomarkers could have an important 

impact in the prognosis of MM patients. 

 

 

6. CRISPRi-dCas9 library 

 

The landscape of lncRNAs is a wide field that is not yet fully explored. Until now, only 

some lncRNAs and their specific functionality have been studied. However, there are a 

large number of transcripts whose biological role remains to be elucidated. Knowing the 

role of SMILO in the biology of MM, as well as other studied lncRNAs 120, 143, 147, the next 

step focused on a screening to detect additional lncRNAs with a relevant role in MM.   

Therefore, a functional high-throughput screening was performed in order to identify 

more MM-specific lncRNAs with important biological functions in MM cells. CRISPRi-

dCas9 screening was performed in MM.1S, KMS-12 and KMS-26 MM cell lines. 

LncRNAs were selected from the group of MM-specific lncRNAs, among those 

described as overexpressed specifically in MM patients. Based on the chromatin states 

described above, 400 lncRNAs with a gain of active chromatin marks (promoter and 

enhancer chromatin states) in the promoter region in MM patients regarding normal B-

cell populations, were manually selected to perform the screening. Moreover, relevant 

coding genes in the phenotype of MM cell lines such as MYC, IRF4 and GATA2 (among 
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others) were also added as positive controls. A negative selection viability screen (loss 

of function assay) was performed to identify those lncRNAs that became 

underrepresented compared to the controls in the sample population. 

Samples from the 3 MM cell lines were collected at 3 points: 24 h after the lentiviral 

addition (input), at week 2 (sample 1) and week 3 (sample 2). Then, samples were 

processed, sequenced and analyzed. As shown in Figure 50, results revealed a group 

of lncRNAs underrepresented in the different MM cell lines tested. Whereas in KMS-12 

the screening did not show any lncRNAs with an impact on survival/proliferation, in KMS-

26 and MM.1S few lncRNAs with significative results were detected (Table 8). In KMS-

26, 9 and 11 underrepresented lncRNAs were detected at weeks 2 and 3, respectively, 

whereas, in MM.1S, 4 and 18 underrepresented lncRNAs were detected at weeks 2 and 

3, respectively. Moreover, among the identified genes, the expected coding genes used 

as positive controls (like MYC and IRF4) were found.  

 

 

Figure 50. Underrepresented lncRNAs after using CRISPRi-dCas9 library. Volcano plot showed 

significant results for the identification of lncRNAs that were underrepresented over the time (at week 2 and 

3) after using a CRISPRi library in KMS-12, KMS-26 and MM.1S MM cell lines. 
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As expected, more lncRNAs were detected as underrepresented at week 3 than at 

week 2, indicating that longer time points were needed to detect a relevant biological 

effect upon the knockdown of specific lncRNAs. The presence of different 

underrepresented lncRNAs between each cell line with an impact on the 

survival/proliferation pointed the need for performing these screenings in different cell 

lines due to the heterogeneity of this neoplasm. 

 

Table 8. Identification of underrepresented lncRNAs after the CRISPRi-dCas9 screening. 

Underrepresented lncRNAs and coding genes as positive controls obtained after the screening with 

CRISPRi library. Samples obtained after week 2 (sample 1) and week 3 (sample 2) in 3 MM cell lines: KMS-

12, KMS-26 and MM.1S. NR=No Results. 

 

 

After the identification of lncRNAs with potential relevant biological roles in MM cells, 

the next step would be to validate their functionality in vitro as it was done with SMILO. 

Such experiments may render the identification of novel therapeutic targets for the 

treatment of MM patients. 

 

 

 

 

 

MM cell line Sample ID Coding genes

Week 1 NR

Week 2 IRF4

Week 1
IRF4, MYC, SIM1, 

GATA2

Week 2 IRF4, MYC

Week 1 IRF4, MYC

Week 2 IRF4, MYC

lncRNAs

KMS-12

KMS-26

MM.1S

NR

NR

NUS1P2, ENSG00000260360, ENSG00000242444, 

ENSG00000258458, LGALSL-DT, SNX25P1, ENSG00000172974, 

ENSG00000272086, MMlncRNA_022870, MMlncRNA_073978, 

MMlncRNA_017221, SMC5-AS1, PLA2G12AP1, 

ENSG00000272662, MMlncRNA_004474, BDNF-AS, MAST4-AS1 

MMlncRNA_004427

ENSG00000260360, ENSG00000242444, ENSG00000258458, 

LGALSL-DT

NUS1P2, ENSG00000260360, ENSG00000242444, 

ENSG00000258458, LGALSL-DT, MMlncRNA_012467, 

MMlncRNA_004471, ENSG00000172974, ENSG00000230709, 

ENSG00000267312, MMlncRNA_080042

NUS1P2, SNRPD2P1, ENSG00000260360, ENSG00000258458, 

CETN4P, SNX25P1, CCDC144CP, WHSC1L2P, LINC01484
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1. General aspects 

 

MM is a B-cell neoplasm characterized by uncontrolled clonal proliferation of PCs in 

the bone marrow, which ranks the second position in incidence of all hematopoietic 

malignancies 192. MM is a heterogeneous disease that shows different alterations among 

patients, either at genetic or epigenetic level. However, none of these changes fully 

explain MM’s development and progression. Therefore, despite advances in the 

treatment and therapy of MM, this neoplasm is still considered an incurable malignancy, 

and most MM patients become resistant to treatment, resulting in the progression of this 

disease 20, 21. 

Over the years, the identification and study of cancer-related genes has mainly 

focused on the analysis of coding genes. However, only 1-2% of the transcribed genome 

is translated into proteins; and therefore, limiting studies to coding genes narrows the 

possibility of identifying potential targets with relevant roles in the progression of MM, as 

well as in other cancers.  

The world of lncRNAs represents a vast and largely unexplored component of the 

genome that to date is not completely discovered. Although lncRNAs are the least 

explored regulatory molecules, they represent the majority of ncRNAs transcribed from 

the human genome. Many studies have demonstrated that lncRNAs are cell type- and 

tissue-specific and that they are involved in relevant cellular mechanisms such as 

immune response, cell differentiation and gene expression modulation. Moreover, how 

the deregulation of some of these elements may be related to the development and 

maintenance of different neoplasms is currently being explored 69. Furthermore, lncRNAs 

are emerging as important therapeutic targets due to their specificity of expression and 

their role in the regulation of oncogenic or tumor suppressor pathways 107. 

In the present study, characterizing the complete lncRNA transcriptome of MM has 

extended the previous knowledge regarding the transcriptomic profile of this neoplasm. 

In contrast to previous works, this project proposes a systematic approach to globally 

characterize the role of lncRNAs in MM in the context of B-cell differentiation, and to 

identify epigenetically-regulated transcripts with functional and clinical value, including 

de novo annotated lncRNAs in PCs from MM patients (MM-identified lncRNAs), as well 

as all previously identified lncRNAs. 
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2. The use of ssRNA-seq to characterize the lncRNA transcriptome of MM 

patients 

 

The need to increase the understanding of the molecular pathogenesis of diseases 

has guided the development of novel technologies. Over the last few years, the 

development of high-throughput technologies, the “omics” era, has accelerated the rate 

of discoveries in science 193. The world of “omics” covers all the studies implicated in the 

knowledge of many biology fields, such as genomics, epigenomics, transcriptomics, 

proteomics, metabolomics, lipidomics and pharmacogenomics 194. These tools must be 

used to supply novel insights in the understanding of cancer biology 193, 195, including the 

identification of novel prognostic and diagnostic markers as well as new therapeutic 

opportunities, the study of drug resistance, and the improvement of risk-adapted 

strategies, with the ultimate goal of improving in the cure of patients 193, 195. Thus, 

advances in molecular biology, biotechnology and computational science have 

renovated cancer diagnostics. For example, gene-expression signatures of breast 

cancer have allowed for the identification of specific subclasses, improving the prognosis 

of those patients 196.  

To date, most gene expression studies have focused on coding genes using 

microarray or PCR approaches, with little advances in the non-coding transcriptome. 

However, there was an increasing amount of studies showing ncRNAs with relevant 

roles. Therefore, the study of ncRNAs started to be exploited using all the possibilities 

offered by NGS 197. Out of all NGS technologies, RNA-seq has gained a great impact. 

RNA-seq not only has improved the sensitivity and ranges of technologies, but also leads 

to the discovery of novel genes. The use of deep sequencing technologies such as RNA-

seq has allowed new research opportunities regarding lncRNAs study. Compared to 

other techniques such as microarray-based methods, which had been used for more 

than 10 years, RNA-seq offers greater specificity and sensitivity, allowing for the 

unbiased detection of novel, rare and low-abundance transcripts that could have their 

own role in cell biology 81, 198, 199. Moreover, RNA-seq, allows for the detection, annotation 

and mapping of low expression RNAs such as lncRNAs 200.  

However, studies relied on hybridization-based microarray technologies and on non-

directional RNA-seq that did not keep information about the strands from which 

transcripts were originally transcribed 201, 202. These technologies led to the loss of a lot 

of data, limiting the identification and quantification of the diversity of RNAs. Therefore, 

the introduction and improvement of high-throughput NGS has revolutionized the 
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transcriptomic era. Limits on ranges of detection, as well as error rates and the ability to 

perform paired reads, have been improved immensely. Nowadays, advances in NGS 

allow the analysis of the strand of origin of each gene transcribed, and more 

comprehensive understandings of the transcription initiation sites, which could enhance 

RNA-seq experiments 201, 202. Then, this information would help to distinguish and identify 

different transcripts previously considered as biological or technical noise, like antisense, 

intronic and overlapping transcripts or lncRNAs, among others 201.  

This thesis has focused on the study of the MM transcriptome, specifically the 

lncRNA transcriptome. To do so, ssRNA-seq of different B-cell populations and MM 

patients was performed. Results revealed 40,511 novel lncRNAs expressed in MM 

patients (MM-identified lncRNAs), increasing significantly the number of previously 

annotated and expressed lncRNAs in this disease 158, 160. This group of lncRNAs was 

added to the 18,889 already identified and also expressed in MM. As explained above, 

10,934 from the 18,889 lncRNAs were identified in another project of our team, in 

different B-cell populations 52. This finding suggests the amount of unknown information 

that can be gained by analyzing the transcriptome of diseases using adequate strategies. 

Furthermore, when the total number of expressed lncRNAs was compared to expressed 

coding genes in MM (12,947 coding genes), results showed that the novel group of MM-

identified lncRNAs comprised the largest group of transcripts, accounting for 56% of all 

genes. As is shown in this thesis, the study of the lncRNA and coding genes 

transcriptome in MM patients revealed that only 18% of all expressed transcripts 

analyzed corresponded to coding genes, whereas the vast majority (82%) corresponded 

to lncRNAs, suggesting that these lncRNAs could play an important role in this disease. 

The use of ssRNA-seq revealed that more than half of studied and expressed genes in 

MM corresponded to novel lncRNAs, which emphasizes the need of performing the full 

characterization of this disease. 

Results revealed the number of lncRNAs that were located inside or overlapping 

coding genes, which clearly highlights the need to use techniques such as ssRNA-seq, 

which can distinguish each transcript without overlapping the information of the different 

genes. Furthermore, thanks to the use of this technology, some MM-identified lncRNAs 

were detected as transcribed inside internal regions of relevant coding genes implicated 

in the pathogenesis of MM, such as IRF4, FGFR3 and SLAMF7. Specifically, the 

expression of coding genes harboring such lncRNAs was significantly higher than the 

rest of coding genes. These results suggest that the increased expression of specific 

coding genes could trigger the regulation of a subset of lncRNAs in MM cells or vice 

versa.  
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Remarkably, other studies have also decoded the lncRNA transcriptome of different 

cancers 65, 74, 203, 204. Similarly to this work, these studies demonstrate that lncRNAs 

comprise an important fraction of the expressed transcriptome, representing an 

underexploited source of novel cancer-related biomarkers. For example, 2,744 novel 

lncRNAs were identified in melanoma patients 53; while other study showed 3,880 novel 

lncRNAs upon analysis of hematopoietic stem cells and lymphoid progenitor cells 205; 

and 563 lincRNAs were described in purified primary human lymphocytes subsets 206. 

Iyer et al. 65 analyzed RNA-seq libraries from different tumors, normal tissues and cell 

lines, and detected 58,648 expressed lncRNAs, from which 79% were previously 

unidentified lncRNAs 65. The identification of such amount of novel lncRNAs in distinct 

cell types supports the fact that lncRNAs are cell type- and tissue-specific. Therefore, it 

is logical to assume that high-throughput analyses (such as ssRNA-seq) performed in 

different types of normal or tumor cells will reveal the existence of several previously 

unidentified lncRNAs. NGS technologies have led to many successes and discoveries, 

and the possibility of investigating and understanding lncRNAs functions. With these new 

approaches, there has been considerable progress in the dynamic world of lncRNA 74. 

In conclusion, these results indicate that the MM transcriptome is more complex and 

extensive than previously appreciated and that lncRNAs represent its vast majority 

(82%). Then, these results emphasize that lncRNAs could play an important role in MM, 

and that are another factor to be taken into account, together with genetic and epigenetic 

alterations, in the study of pathogenesis and clinical behavior of this neoplasm.  

 

 

3. The heterogeneity of MM 

 

MM is a highly heterogeneous disease with high clinical inter-individual differences 

of patients, which can be attributed to the different molecular lesions that they present. 

As explained in the Introduction Section, MM genetic alterations can be classified into 

primary and secondary cytogenetic abnormalities, being primary alterations divided into 

HRD and non-HRD subtypes 31. However, none of these alterations are present in more 

than 50% of MM patients, most of them being found at most lower percentages, which 

shows the great variability among them.  

The heterogeneity of MM can be also reflected on the survival outcome of patients. 

For example, there are patients with a PFS higher than 15 years, whereas others have 
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a median survival of fewer than 2 years 207. Until a few years ago, ∼25% of newly 

diagnosed MM patients lived less than 3 years 208. This heterogeneity is also reflected in 

the different responses to treatment. The use of agents such as proteasome inhibitors 

like bortezomib, and immunomodulatory drugs like thalidomide and lenalidomide, has 

helped to improve the survival of MM patients 209. However, MM is still an incurable 

disease, which can be due to its heterogeneity. MM patients with mutations in genes of 

the RAS family showed better responses after being treated with agents targeting MAPK 

pathway, such as trametinib or vemurafenib. In contrast, high-risk MM patients do not 

show improvements in their outcomes even with the most intensive therapies 207. 

Besides, there are cases of MM patients with same lesions that show different outcomes. 

Recent studies have revealed that different trials with bortezomib showed different OS 

of MM patients: whereas one trial showed better OS for patients with t(4;14) and any 

improvement for patients with del(17p); another showed an improved outcome for those 

patients with del(17p) 210. 

One aim of this thesis consisted in the study of the heterogeneity of the lncRNA 

transcriptome of MM. To do so, all lncRNAs and coding genes expressed in MM and 

normal BMPC samples were analyzed and, as opposed to other studies, expression data 

of each patient were analyzed compared to the group of normal BMPCs. Analyses of the 

coefficient of variation of the expression revealed a higher heterogeneity of the MM 

transcriptome than normal BMPC samples. Moreover, lncRNAs showed a higher 

diversity and heterogeneity than coding genes in both MM and normal BMPC samples. 

Previous works in MM revealed the implication of some deregulated lncRNAs in the 

progression of this neoplasm. As mentioned above, the lncRNA transcriptome is 

heterogeneous; and therefore, the expression levels of lncRNAs can vary according to 

each patient. For example, results of this thesis revealed that expression levels of 

HOTAIR did not show significant changes between MM patients and healthy controls; 

whereas different studies published about HOTAIR being overexpressed or 

downregulated in MM patients 67, 109, 110. UCA1 and H19 are lncRNAs that also showed 

no-change expression levels in this thesis, whereas appeared upregulated in other 

studies 127, 128, 132, 134, 135. There is also the case of OIP5-AS1, a lncRNA upregulated in 

more than 90% of MM patients of this thesis, whereas other studies revealed that its 

expression was lower in MM than in healthy controls 147, 148. In contrast, this thesis, as 

well as other publications, has shown that MALAT1 and NEAT1 were overexpressed in 

MM patients, being upregulated in more than 80% and 60% of MM patients, respectively 

51, 140, 211-213. As mentioned in some studies, these differences could be due to the type of 

MM patient, showing different expressions according to the fact of being newly 
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diagnosed, treated or relapsed MM patients 51, 110. Besides, this thesis reveals the 

importance of the analysis of each MM patient, and not all as a group, in order to obtain 

the information that could be overshadowed by the MM heterogeneity. Then, it would be 

very important to stratify MM patients according to the progression stage and the 

provided treatment, in order to analyze the lncRNA transcriptome of each subgroup of 

patients. Thus, the heterogeneity of patients could be delimited in order to advance in 

the development of targeted therapies. These results confirm the heterogeneity of the 

lncRNA transcriptome in MM. However, as other studies have not performed the study 

of all the landscape of MM analyzing the expression levels of each MM patient, it is 

logical to assume that lncRNAs with potential biological or prognostic roles detected in 

this study would differ from the previously mentioned. 

In conclusion, the heterogeneity of the coding transcriptome of MM patients is a 

known feature that influences the response to treatment and outcomes of MM patients 

214. Thus, not only cytogenetic and genetic alterations must be taken into account for the 

development of treatments, but also more specific and efficient targeted therapies should 

be established encompassing the different transcriptional alterations present in MM 

patients. In this work, a higher heterogeneity of the lncRNA transcriptome compared to 

coding genes has been revealed, showing that lncRNAs were more diverse and 

heterogeneous. Results demonstrated the relevance of studying the landscape and 

heterogeneity of the lncRNA transcriptome in MM, which could lead to improve the 

outcomes of MM patients; as well as to design novel therapies targeting lncRNAs. 

 

 

4. Dynamic and specific expression of lncRNAs in MM 

 

The full characterization of the lncRNA transcriptome of MM patients allowed for the 

identification of 59,400 expressed lncRNAs (82% of MM transcriptome), from which 989 

lncRNAs showed homogeneous low expression throughout B-cell differentiation and 

higher and specific expression for MM PCs (MM-specific lncRNAs). These results 

indicated that lncRNA expression not only shows cell-type specificity but also can be 

tumor-specific. In addition, MM-specific lncRNAs showed enrichment of active histone 

marks in MM samples. Whilst most of MM-specific lncRNAs presented poised or 

partially active chromatin states in normal B-cell populations that became active in MM, 

a small interesting group of 89 lncRNAs presented de novo epigenetic activation in MM. 
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Moreover, this group showed higher expression levels than other MM-specific 

lncRNAs. These results suggested that those loci may need a tighter epigenetic 

regulation in order to ensure their physiological repression in normal cells. 

From these 89 lncRNAs, 69 were MM-identified lncRNAs (novel lncRNAs identified 

in this work), whereas the other 20 were previously annotated lncRNAs. To date, none 

of these 89 lncRNAs had been studied in cancer or normal tissues. However, studies 

published this year have indicated that 2 of these lncRNAs, ANKRD20A5P and SMILO, 

could be implicated in other diseases. In contrast to its overexpression in MM, 

ANKRD20A5P appears downregulated in children with chronic gastritis 215. Meanwhile, 

as will be explained below, the deregulation of SMILO could be also associated with oral 

carcinoma and Crohn’s disease 159, 216.  

Despite the low amount of published information about the 89 lncRNAs, a manual 

selection was performed to study the role of one of those lncRNAs in MM. As these 

lncRNAs were overexpressed in MM, lncRNAs that were located on the main amplified 

regions in these MM patients were selected. As explained above, chromosome 1q is a 

genomic region amplified in 35-40% of MM patients that is considered a high-risk factor, 

and represents one of the most common alterations in MM 23, 38, 186. Moreover, the 

presence of amp(1q) is associated with worse OS of MM patients 30. Therefore, it would 

be interesting to select a lncRNA located in chromosome 1q. Thus, SMILO, a lncRNA 

located in chromosome 1q, was selected for further studies. 

Although recent studies show that SMILO may be involved in other diseases, this 

thesis will continue to discuss that SMILO is a MM-specific lncRNA in the context of B-

cell differentiation. Firstly, as shown in Figure 28 of the Results Section, this lncRNA 

shows little to absent expression in different healthy organs, such as minor salivary 

glands and ileum. Researchers pointed out that SMILO appeared upregulated in Crohn’s 

disease patients 216. However, the study focused on lncRNAs co-expressed with mRNAs 

in this disease, and SMILO did not fulfill their criteria. Then, researchers focused on the 

study and validation of HNF4A-AS1 and LINC01272, by RNA in situ hybridization, 

whereas they did not validate the expression levels of SMILO in Crohn’s disease 

patients. Due to the possible expression of SMILO in the intestine, it would be interesting 

to validate its expression in a new cohort of healthy samples of intestine, using other 

techniques. It would be also interesting to determine the percentage of patients with this 

lncRNA upregulated and to compare its expression levels in normal and disease 

samples. This thesis shows how SMILO is lowly expressed in normal BMPCs, and that 

it is overexpressed in 64% of MM patients. Thus, it would be also interesting to check 
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SMILO expression levels of healthy ilea and Crohn’s disease patients, and compare 

them with B-cell populations and MM specimens, to determine whether its 

overexpression is more specific in the B-cell differentiation context. 

On the other hand, a recent study revealed the association between SMILO 

expression and the outcome of oral carcinoma patients 159. Figure 28 of the Results 

Section showed that as in ileum, SMILO could be lowly expressed in salivary glands. 

The oral carcinoma study showed that 5 datasets composed of RNA-seq and microarray 

data revealed 619 differentially expressed lncRNAs in these patients, being DUXAP8 the 

only one significantly upregulated in all of them. Moreover, they showed that low 

expression of SMILO was associated with worse OS. It must be taken into account that 

the prognostic value of a gene does not have to be related to its biological role. Therefore, 

although the functional or biological role of SMILO was not analyzed in oral carcinoma 

specimens, its expression showed prognostic value in this disease. In contrast, this 

thesis has analyzed both biological and prognostic roles of SMILO. As explained in the 

Results Section, high expression levels of SMILO were associated with better OS of 

MM patients. The different outcomes of patients of these two neoplasms suggest the 

potential role of SMILO as a biomarker in different diseases, independently of its 

biological implication in the progression or development of neoplasms. As shown in this 

thesis, lncRNAs can be used as biomarkers for the prognosis of patients. However, their 

relationship with the outcome of patients does not have to be associated with a role in 

the disease. As with Crohn’s disease patients, it would be interesting to study the 

expression levels of SMILO in healthy salivary glands and tumor samples of oral 

carcinoma patients, and compare them with expression levels of MM patients.  

In conclusion, this thesis revealed an interesting group of 89 lncRNAs with dynamic, 

specific expression and de novo gain of active chromatin marks in MM patients. From 

them, SMILO was selected due to its location in a commonly amplified region in MM 

patients, suggesting its implication in the progression of this neoplasm. Furthermore, the 

potential role of SMILO in Crohn’s disease and oral carcinoma patients supports the 

relevance of this lncRNA, and the study and development of therapies against this 

lncRNA.  
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5. SMILO as a lncRNA with oncogenic properties in MM cells 

 

SMILO is not expressed in normal tissues, except for a low expression in some 

organs such as the spleen, bone marrow, intestine and salivary glands (Figure 28 of the 

Results Section). Remarkably, this thesis has proved that SMILO is upregulated in 64% 

of MM patients and that could be essential for the survival of MM cells. 

To ascertain the functional biological importance of SMILO upregulation in MM cells, 

knockdown assays were performed using a shRNA system, which is a method that has 

already been used in previous studies to inhibit other lncRNAs in MM 128, 132. Here, SMILO 

expression was inhibited by 2 different shRNAs in 3 MM cell lines. Results revealed that 

the knockdown of this de novo epigenetically activated MM-specific lncRNA triggered 

phenotypical alterations in MM cells. Briefly, SMILO knockdown promoted a decrease in 

MM cell proliferation and an increase in apoptosis. 

On the other hand, the expression of SMILO adjacent genes, TSNAX and DISC1, 

was measured after SMILO knockdown, revealing that they were not affected and that 

the overexpression of this lncRNA is specific to MM cells. It would be interesting to study 

the expression of TSNAX and DISC1 in oral carcinoma and Crohn’s disease after 

validating the deregulation of SMILO. Then, whether de overexpression of this lncRNA 

was associated with the deregulation of these genes in more diseases could be 

ascertained. Considering that SMILO knockdown produced important phenotypical 

effects in MM cells, this transcript could be essential for the survival of MM cells. 

Therefore, this transcript could be a potential therapeutic target in MM and other 

neoplasms. 

Knowing the biological implication of SMILO in MM cell lines, it would be interesting 

to develop targeted therapies against this lncRNA. In this context, the development of 

different strategies directed against RNAs would be useful. In this case, it would be 

interesting the development of mechanisms capable of carrying oligonucleotides or 

molecules that, once bound to SMILO, would trigger its degradation. These agents could 

be ASOs and aptamers. ASOs are short (8-50 nt) and synthetic single-stranded 

oligodeoxynucleotides, which may bind to mRNA and ncRNAs, resulting in the 

modulation of gene expression. ASOs have high specificity, which reduces toxicity and 

leads to higher success in therapy 217. Moreover, there are ASO-mediated therapies 

approved for different diseases, such as Duchenne muscular dystrophy and Spinal 

muscular atrophy 217. In MM, there are also trials to develop ASOs. For example, the 

ASO MIR17PTi downregulates pri-mir-17-92 and the cluster of oncogenic miRNAs miR-
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17-92s in MM cell lines 218. Another approach would be the development of aptamers 

targeting SMILO. Aptamers are short (70-100 nt) and synthetic oligonucleotides (DNA or 

RNA) or peptide molecules that bind to specific targets to enter into cells, and carry 

specific sequences or molecules to perform a biological action 219, 220. Aptamers, also 

known as synthetic antibodies, own such high specificity that could recognize subtle 

molecular differences. Aptamers are good options for both therapeutics and in vivo 

bioimaging. For example, aptamers can be ligated to different molecules such as drugs 

or siRNAs to knockdown targeted genes; or to others like fluorogenic reporters, for 

bioimaging 221. There are aptamers in different clinical phases to use them in human 

patients. For example, AS1411 is a DNA aptamer that has reached Phase I and II in 

clinical trials for the treatment of different cancers such as acute myelogenous leukemia 

or renal cell carcinoma 222, 223. 

In conclusion, this thesis has demonstrated that knockdown of SMILO potentially 

leads to the induction of apoptosis and the decrease of cellular proliferation in MM cells. 

Thus, these results suggested that SMILO is essential for the survival of MM cells. 

Moreover, the development of mechanisms such as ASOs or aptamers that can 

knockdown SMILO would be potential good therapeutic approaches for MM patients 

harboring this lesion. 

 

 

6. The epigenetic regulation of SMILO 

 

Epigenetic mechanisms dictating the expression of SMILO were studied in this work, 

revealing a gain of active promoter and enhancer marks and DNA hypomethylation of its 

promoter in MM patients. These results were associated with higher expression levels of 

SMILO in MM specimens, which suggest that the deregulation of epigenetic mechanisms 

is involved in the activation of this transcript and its overexpression in MM patients.  

There are epigenetic agents involved in targeting the different epigenetic 

mechanisms, both histone marks and DNA methylation. For example, histone de- and 

acetylation are dynamic processes regulated by enzymes such as HDACs and HATs. 

Whereas HDACs can repress the transcription of a gene, HATs can activate its 

expression 224. On the other hand, DNMTs catalyze the methylation of cytosines into 5-

methylcytosines in CpG islands, which carries transcriptional inactivation and silencing 

of genes 225. All these agents, involved in epigenetic changes, can be blocked by 
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inhibitors developed to target them, resulting in the opposite epigenetic effect. Thus, 

there are HDACs inhibitors (HDACi), HATs inhibitors (HATi) and DNMTs inhibitors 

(DNMTi).  

Although epigenetic agents are usually employed to activate genes, there is also the 

option to try to repress activated regions. In this case, an approach could be the use of 

different agents to repress the expression of SMILO, triggering a decrease in MM 

proliferation and the increase of cellular apoptosis. A strategy targeting SMILO could be 

focused on the use of exogenous HDACs or HATi specifically against this lncRNA. For 

example, A-485 is a HATi that exhibited potent activity in MM cell lines 226, which could 

be used to try to repress SMILO. As explained above, SMILO showed DNA 

hypomethylation on its promoter region. Although the use of DNMTi could help to 

reactive hypermethylated and inactivated genes such as ERVs and ISGs, this would not 

guarantee that SMILO overexpression was counteracted. Therefore, a better approach 

could be the use of specific methylation agents in order to methylate the promoter of this 

lncRNA and repress its transcription. However, in contrast to the use of DNMTi, there 

are not DNA methylation agents. Moreover, the use of exogenous agents could result in 

global unspecific impact among the genome, resulting in undesired effects. Therefore, 

new specific and targeted approaches are needed in order to develop epigenetic drugs 

against genes. There are studies about the development of techniques such as CRISPR 

to hypo- or hypermethylate specific locus 227. As explained above, CRISPR-dCas9 can 

be used for activating or inhibiting specific locus. Then, there are CRISPR-based 

epigenome editors for epigenome editing, which consist in epigenetic effectors bound to 

dCas9 endonuclease. This complex would be directed by gRNAs to target sequences 

where epigenome can be edited by the effectors. These effector molecules are either 

repressor or activators, and will be derived for example from DNMTs, HATs and HDACs. 

In this case, it would be a nice option to use CRISPR-dCas9 with effector domain of 

DNMTs in order to repress gene regulation through DNA methylation 227.  

In conclusion, the use of epigenetic agents such as HATi and CRISPR-dCas9 

strategies directed against SMILO, could be good combinations for potential therapeutic 

approaches to repress SMILO expression in MM patients, countering the development 

and progression of this neoplasm. 
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7. SMILO regulates the IFN pathway 

 

To delve into the molecular mechanisms by which SMILO promotes MM cell 

proliferation and impairs apoptosis, low input RNA-seq was performed with the 

knockdown system. GO and GSEA showed the enrichment of genes deregulated by 

SMILO in different processes such as nonsense mediated decay, chromatin silencing 

and IFN response. Both GO and GSEA analyses showed the relation between SMILO 

and the IFN pathway, suggesting that overexpression of SMILO could be repressing the 

activation of this pathway, and consequently, promoting MM proliferation. A more 

detailed analysis revealed that SMILO knockdown triggered the overexpression of ERVs 

and ISGs, two gene families that are involved in the activation of the IFN pathway and 

cellular apoptosis. Therefore, once this lncRNA was inhibited, ERVs could express 

themselves, triggering the activation of the IFN pathway or promoting the expression of 

ISGs per se, inducing apoptosis and immunogenic cell death. 

ERVs could be direct targets of SMILO, and therefore, the overexpression of this 

lncRNA could be repressing them. ERVs are known activators of ISGs, and their 

interaction can also lead to the activation of the IFN pathway, which triggers cell death 

190. ERVs are endogenous viral elements derived from retroviruses that comprise the 

10% of the genome and associate with viral mimicry in cancer 228. ERVs belong to a 

family of repeat sequences that can fold into double-stranded RNA (dsRNA) secondary 

structures, which mimics a viral infection and stimulates the innate immune response 

through induction of IFN type I signaling and expression of ISGs 228, 229. Among their 

functions, they can promote epigenetic silencing, create dsRNAs and interfere in the 

innate immune signaling 230. ERVs can be activated by IFNs and by DNA demethylation. 

Therefore, the manipulation of these cytokines or this epigenetic mechanism could be a 

therapeutic strategy in cancer 228. Moreover, ERVs can contain regulatory elements 

(such as STAT1 motifs and/or binding sites in their promoters), move throughout the 

genome, induce the IFN-γ (Type II IFN signaling) pathway, and often exhibit cell-type 

specific chromatin states consistent with regulatory activity 190, 230.  

Knowing the implication of ERVs with ISGs and the IFN pathway, the expression of 

8 ERVs was analyzed by qPCR with the SMILO knockdown system. Results revealed 

the overexpression of a group of 8 ERVs after the knockdown of SMILO in MM cell lines. 

The mechanism by which SMILO interacts with ERVs is still unknown. Hypothetically, 

SMILO could interact with DNA methylation agents or histone modifiers, resulting in the 

repression of ERVs. SMILO could also be involved in the recruitment of transcription 
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factors or ncRNAs that were implicated in gene repression, resulting in the inactivation 

of ERVs and the progression of MM. Or even this lncRNA could be targeting or sponging 

ERVs, repressing their activation. In conclusion, these results demonstrate the interplay 

of SMILO with different ERVs, indicating that the overexpression of this lncRNA could 

suppress the expression of ERVs. The knockdown of SMILO could trigger the activation 

of ERVs, with the consequent activation of the IFN pathway and the ISG family, resulting 

in cell death. 

Recent studies about ERVs revealed the existence of a group of ERVs named 

SPARCS, that spark in the innate immune signaling and appear silenced by EZH2. 

These ERVs are usually silenced in normal cells, being protected by the IFN-induced 

expression of EZH2 230. However, in tumoral cells, SPARCS can be derepressed. A 

therapy with EZH2 inhibitors would help to decrease their expression, helping to activate 

ERV genes. EZH2 inhibitors such as DZNep (3-deazaneplanocin A), Epizyme 

(EPZ0005687), GSK126 (GlaxoSmithKline) and EI1 (Novartis), are being used to inhibit 

the function of EZH2 231. For example, DZNep stimulates cellular apoptosis in breast 

cancer cells, whereas Epizyme, GSK126 and EI1 inhibit EZH2 in diffuse large B-cell 

lymphoma 231. Therefore, a more extensive study regarding the effects of EZH2 inhibitors 

should be done to use them to inhibit EZH2 and reactivate ERV genes, ignoring the 

overexpression of SMILO, and ultimately promoting the IFN response and cell death. 

ERVs can be silenced by epigenetic mechanisms, such as DNA methylation and 

H3K9 and H3K27 trimethylation. Leaving the overexpression of SMILO aside, the use of 

demethylating agents, together with HDACi, could further increase this baseline 

expression of ERVs 228. For example, there are specific ERVs such as MTL2B4, ERVL 

and MLT1C49 that can be induced by panobinostat or 5-azacytidine in some glioma cells 

228. These three ERVs also appeared overexpressed in our MM cell lines after SMILO 

knockdown. Then, together with the combination of other therapeutic agents mentioned 

above such as aptamers, it would also be interesting the addition of panobinostat and 5-

azacytidine to MM cells, in order to improve the therapy in this neoplasm using the 

possible targets of SMILO as a potential therapeutic strategy. Besides, the combination 

of different drugs with PD-1 blockades could increase the antitumor response 230, 232, 233. 

DNMTs play a relevant role in silencing ERVs, as well as H3K9 methyltransferases such 

as G9A, GLP, and SETDB1 234. The combination of G9A inhibitors with DNMTi has been 

proposed as a potential therapy for different diseases. For example, this combination 

has revealed an increase in immune genes in colon cell lines. In ovarian cancer, the 

inhibition of G9A restores the activity of ERVs promoters, which results in anti-tumor 
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effects 234. These results should be taken into account in order to perform drug 

combinations in other diseases such as MM, to improve the outcome of patients.  

As mentioned above, ERVs can activate the IFN pathway. The IFN family is 

composed of cytokines that have antiviral, antiproliferative and immunomodulatory 

effects 235. The IFN family is key for the innate immune response and the first and robust 

line of defense against viral infections 236, 237. Moreover, IFNs have important roles in the 

immunity against malignant cells 235. There are three classes of IFN, type I (including 

IFN-α and IFN-β), type II (with IFN-γ) and type III (with IFN-λ), classified according to the 

cell surface receptor to which they can bound to 235-237. These molecules bind to 

receptors to regulate the transcription of different genes (such as IRF1 and STAT 

complexes), and to control molecular cascades such as the JAK-STAT pathway. IFNs 

intervene with their antiviral effects by inhibiting the translation of viral mRNAs 235. The 

binding of IFN type I to its receptors starts a signaling cascade, which can lead to the 

activation of more than 300 ISGs 237.  

Remarkably, one study revealed that the use of shRNA system in cell lines could 

trigger the activation of IFN responses per se, which could be a contradiction to the 

hypothesis of SMILO promoting the silencing of ERVs, ISGs and the IFN pathway 238. 

However, as described in the Methods Section, SMILO knockdown assays were 

performed using specific shRNAs against this lncRNA, and moreover, control samples 

were infected with a scrambled shRNA (with an unspecific sequence). Then, all the MM 

cells were infected with shRNAs, which would avoid the possibility of background noise 

from the effect of using shRNAs. The knockdown of SMILO using specific shRNAs 

showed clear differences in MM cell phenotype compared to control MM cells infected 

with a scramble shRNA. Besides, the overexpression of ERVs and ISGs was also 

detected comparing MM cells infected with scramble shRNA against MM cells 

transduced with specific shRNAs against SMILO. Therefore, due to the use of adequate 

controls, results confirmed that the data obtained in the response to IFN were correct, 

and not due to a general unspecific artifact of shRNAs. On other hand, another project 

of our group recently published 176 that also used shRNAs (against PRDM5) was 

reanalyzed. RNA-seq data were analyzed using GO and GSEA analyses. Results 

revealed that the inhibition of PRDM5 using shRNAs triggered the inhibition of different 

IFN pathways (P-value < 0.05), the opposite result compared to the knockdown of 

SMILO. Altogether, results supported that the activation of the IFN pathway after 

treatment with the shRNA against SMILO was a specific effect not associated with non-

specific formation of dsRNA. Therefore, these results indicated that SMILO 

overexpression is necessary for the survival of MM cells and its inhibition could trigger 
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the activation of the IFN pathway, ultimately leading to the induction of cell autonomous 

death and also a possible immunogenic cell death.  

As mentioned above, ERVs can activate both ISGs and the IFN pathway. However, 

ISGs could be also direct targets of SMILO, and then, being downregulated due to the 

overexpression of this lncRNA. The ISG family comprises a great number of genes with 

a wide range of activities. Several signal-transducing proteins such as JAK2 and 

STAT1/2 are also ISGs. Between the main roles of ISGs, they can control viral, bacterial 

or parasite infections; regulate post-transcriptional events; return the cellular 

homeostasis; promote cell death by encoding proapoptotic proteins; or intervene in post-

translational modifications 236, 237. ISGs are molecules that can regulate positively or 

negatively the type I and III IFN signaling. ISGs present low expression levels before IFN 

stimulation in order to reduce the risk of aberrant signaling. Besides being activated 

through the IFN pathway, ISGs can also be induced by alternative ways, for example, 

through ERVs 236. Recent studies indicate the impact of understanding the biology of 

ISGs in order to use them as antiviral therapies. 

This thesis has revealed the potential implication of SMILO in the regulation of 

different ISGs such as ISG15, IFI27 and MX1. Literature shows that one of the most 

induced ISGs is ISG15 (IFN-stimulated protein of 15 kDa), a ubiquitin-like protein that 

can be bound to proteins in a well-known process as ISGylation 237. ISGylation is induced 

by type I IFNs and, as in the case of its interaction with cyclin D1, can inhibit cell cycle 

as well as reduce protein activity. Studies point out that this process may impact all viral 

proteins translated in IFN-stimulated cells 236. As well as ISG15, MX1 (myxovirus 

resistance 1) also has an antiviral role, being an important component for the innate 

immune response. MX1, which encodes a GTPase, shows dependence on type I and II 

IFNs for its expression 237, 239. On other hand, IFI27 (interferon alpha inducible protein 

27) is an IFN-α-inducible gene whose expression is involved in signaling pathways that 

lead to cellular apoptosis 240, 241. Although RNA-seq revealed only three ISGs 

overexpressed, the expression of other ISGs was also analyzed by qPCR in order to 

support the hypothesis about SMILO activating ISGs. Then, the expression of C15orf48, 

ANKRD22, IFI44L and ABTB2 was also analyzed in the knockdown system. Results 

revealed overexpression of these 4 genes after SMILO knockdown in MM cell lines. 

RNA-seq and qPCR data greatly supported the interaction between SMILO and ISGs, 

corroborating that the overexpression of SMILO could be suppressing the expression of 

ISGs and once this lncRNA was inhibited, these ISGs could activate, resulting in cell 

death. Mechanisms by which SMILO overexpression could be suppressing IFN pathway 

are still unknown. However, a hypothesis would be that SMILO could bind to ISGs per 
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se, or to transcription factors or epigenetic agents creating complexes that could block 

or activate ISGs, respectively, leading to the negative regulation and repression of these 

genes in MM, resulting in the progression of this disease. 

As mentioned above, the knockdown of SMILO, an epigenetically regulated lncRNA, 

triggers the activation of the expression of ERVs and ISGs, two gene families related to 

the IFN pathway, leading to cell death. Then, a strategy in the treatment of MM could be 

the use of HDACi or exogenous HATs to express directly ERVs and ISGs. For instance, 

there are studies using different agents to activate gene transcription in MM. 

Panobinostat, a HDACi that acts against all types of HDACs, is approved for the 

treatment of MM patients 224. 

Aberrant DNA methylation is common in cancer, showing DNA hyper- or 

hypomethylation depending on the diseases. Global hypomethylation of genes, and the 

hypermethylation of tumoral suppressor genes are common in cancer, which results in 

the proliferation of neoplasms 242. However, aberrant DNA hypermethylation can lock the 

expression of tumoral suppressor genes, which changes signaling pathways and helps 

to develop carcinogenesis. In this case, the use of DNMTi, including azacytidine and 

decitabine, could reverse the DNA hypermethylation, reactivating silenced genes such 

as tumor suppressor genes. For example, azacytidine and decitabine are already being 

used for therapy in myelodysplastic syndromes. DNA hypomethylation can also have a 

negative effect on the cellular biology of cancer cells, activating oncogenes and altering 

the stability of chromosomes 242. Then, another approach could be the use of DNMTi to 

reactivate ERVs and ISGs in MM. Moreover, the combination of DNMTi together with 

HDACs could lead to the activation of ERVs and ISGs, counteracting the effect of the 

overexpression of SMILO, and triggering the activation of the IFN pathway and the cell 

death.  

In conclusion, results revealed that knockdown of SMILO triggered the 

overexpression of ERVs and ISGs, leading to the activation of the IFN pathway and, 

consequently, triggering the induction of cell autonomous death and also possible 

immunogenic cell death. Then, the knockdown of SMILO could lead to the induction of 

immunogenic cell death in MM cells. Moreover, the knockdown of SMILO with shRNAs, 

ASOs or aptamers, could have a synergistic effect with epigenetic drugs in the 

preparation of the tumor cell for immunogenic cell death. This could represent an 

attractive therapeutic strategy for its subsequent combination with immunotherapy, 

which is providing very encouraging results in the treatment of MM 243, 244. Interestingly, 

as mentioned above, there are studies above de use of agents targeting IFN pathway to 
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promote immunogenic cell death. Therefore, these results revealed the potential 

implication of lncRNAs in the innate immunity, suggesting that SMILO could also be 

related to the IFN pathway, playing a relevant role in the immunity of MM cells, and being 

a relevant therapeutic target for the treatment of MM patients.  

 

 

8. lncRNAs as prognostic biomarkers 

 

MM is a heterogeneous disease with a median survival of 7 years. The accumulation 

of genetic and cytogenetic alterations helps to stratify MM patients into different risk 

groups, nevertheless, their outcome still remains adverse. Therefore, a more exhaustive 

comprehension of this neoplasm is needed in order to stratify patients into prognostic 

groups with a more defined outcome. 

At early stages, MM patients do not present symptoms, and when this disease 

progresses and is usually detected, it can be late for them. Therefore, in order to detect 

patients at early disease stages, more effective screenings are required 245. Biomarkers 

present in tumoral cells and absent in normal tissues represent the best options for 

screenings. These targets can offer novel insights for understanding the molecular basis 

of MM, helping to determine patient diagnosis, prognosis, and treatment options 245, 246. 

To date, Serum β-2-microglobulin, serum albumin, gene expression signatures and 

cytogenetic abnormalities (such as 13q14 deletion and t(4;14) translocation) have been 

used for MM stage detection and prognostic stratification 246. Recently, copy number 

alterations, mutations and expression of miRNAs have been also studied as signatures 

to determine the clinical outcome of MM patients 158. However, these parameters are 

limited, and more information is required to more precisely determine risk stratification 

and therapeutic intervention. 

Thanks to high-throughput techniques, transcriptome profiles can be performed in 

order to detect molecular signatures that distinguish different subtypes of cancers, 

helping with the detection, prognosis and outcome of patients 246. Nowadays, although 

information about lncRNAs is still limited, the roles of these transcripts are increasingly 

studied in cancer. The expression of lncRNAs is being associated with different cancers, 

including MM. However, a full characterization of the lncRNA transcriptome of MM 

patients was needed in order to determine the potential value of these elements as novel 
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biomarkers for MM diagnosis and prognosis, and to improve the stratification of these 

patients. 

Up to date, genetic alterations were the only well-established parameters used to 

stratify the outcome of MM 247-249. However, as mentioned in the Introduction Section, 

increasing amount of evidence suggests that lncRNAs could also be used as risk factors 

to assess the clinical course in MM 158. Recent studies have detected different lncRNAs 

as biomarkers in different diseases. For example, the expression levels of LNC‐ATB and 

CCAT1 are significantly higher in colorectal cancer patients than in healthy controls; as 

well as HOTAIR, whose expression was detected as increased in serum of glioblastoma 

multiforme patients 245, 250, 251. In MM, lncRNAs with a diagnostic or prognostic value had 

also been detected. For example, lncRNA H19 appears upregulated in MM patients; and 

high expression levels of this transcript and other lncRNAs such as RP4-803 J11.2, RP1-

43E13.2, NR_046683, PDIA3P and LINC00461 are correlated with a shortened and poor 

survival of MM patients 127, 155-157, 245, 246. In contrast, recent studies detected that high 

expression levels of PRAL and Circ_0000190, two downregulated lncRNAs in MM 

patients, were associated with better PFS and OS in these patients 152, 154. These results 

show the useful value of lncRNAs as potential biomarkers for cancer diagnosis and 

prognosis of MM patients. However, as mentioned above, in contrast to other studies, 

the higher amount of detected lncRNAs and the criteria followed in this thesis to identify 

the differentially expressed lncRNAs in MM have shown different lncRNAs with potential 

role as biomarkers. These results could be due to statistical differences based on owning 

a significantly higher starting group of lncRNAs. Then, those lncRNAs previously 

associated with the outcome of MM patients have not been detected in our study. In 

contrast, as will be explained below, the criteria followed in this thesis has helped to 

detect another group of interesting lncRNAs with potential value in the outcome of MM 

patients. 

This thesis aimed to study the involvement of lncRNAs in the prognosis of MM 

patients; and whether their expression could be used as prognostic biomarkers in order 

to develop novel tools for monitoring patients. Therefore, univariate and multivariate 

analyses including lncRNAs and different clinical and genetic alterations were 

performed. For this purpose, as explained above, RNA-seq data from the CoMMpass 

study was used to analyze PFS and OS. CoMMpass RNA-seqs are not strand-specific 

as the ones performed in this thesis. Due to this technical difference, only data from 

polyA lncRNAs was available. Since CoMMpass analyses were not performed with 

ssRNA-seq, to avoid possible errors between annotated and de novo identified lncRNAs, 

previously annotated lncRNAs were selected for the study. As the CoMMpass study 
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contains many patients and their clinical data, the use of these data is optimal for survival 

analyses. Then, from all expressed lncRNAs in MM, the group of 89 MM-specific 

lncRNAs with exclusive expression and de novo gain of active histone marks in MM was 

selected. However, from them, only 7 were analyzed with CoMMpass data due to 

previously explained characteristics. CoMMpass data contain genetic, cytogenetic and 

clinical factors present in MM patients of the study. In particular, there are data of the 

following high-risk factors: amp(1q), del(1p), t(4, 14) and del(17p). Translocation t(4; 14) 

is one of the most common translocations in the disease, being present in 15% of MM 

cases, and resulting in the upregulation WHSC1 34. Meanwhile, amp(1q), del(1p) and 

del(17p) are the most common copy number variations, with a ~40%, 30% and 10% in 

MM cases, respectively 23. 

After analyzing the data of the 7 MM-specific lncRNAs, expression levels of 6 out 

of them were detected in MM patients: ANKRD20A5P (ENSG00000186481), SMILO, 

PDLIM1P4 (ENSG00000249274), ENSG00000249988, ENSG00000254343 and 

RHOT1P1 (ENSG00000266145). These 6 genes were selected to perform the study of 

the prognostic value of lncRNAs in MM. Univariate analysis for PFS revealed that three 

lncRNAs PDLIM1P4, ENSG00000249988 and ENSG00000254343 (P-value = 

0.007493, 0.016964 and 0.015103, respectively) showed significant results dividing MM 

patients into 2 risk factor groups. Whereas OS analysis revealed that PDLIM1P4, SMILO 

and ENSG00000249988 (P-value = 0.036259, 0.007882 and 0.001239, respectively) 

showed significant results. These results demonstrated the relevance of performing 

studies with lncRNAs as potential prognostic biomarkers. 

Next, a multivariate statistical analysis was performed with those lncRNAs showing 

significant results in the univariate analysis, and the risk factors that also showed 

statistically significant results. PFS analysis revealed that 8 clinical and genetic factors, 

together with the high expression of PDLIM1P4 resulted in statistically significant results 

to stratify MM patients into different risk groups. Interestingly, the use of Bortezomib with 

IMIDs and Carfilzomib with IMIDs conferred good prognosis, acting as protective factors 

for PFS os MM patients. On the other hand, when the multivariate analysis was 

performed for OS analysis, two lncRNAs (PDLIM1P4 and ENSG00000249988) showed 

significant results for the combination of their high expression levels together with other 

8 risk factors. In this case, the overexpression of ENSG00000249988, together with the 

use of Bortezomib with IMIDs, was associated with better prognosis. 

These results demonstrate that there are lncRNAs that can be used as prognostic 

biomarkers. Specifically, MM-specific lncRNAs that could stratify MM patients into more 
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risk groups were identified, both in PFS and OS, improving the study of the prognosis of 

MM patients. Up to date, genetic and cytogenetic alterations were the only well-

established genomic parameters used to stratify the clinical outcome of MM patients 247-

249. However, the use of lncRNAs as novel parameters is emerging. Then, increasing 

amount of evidence indicates the potential use of lncRNAs as risk factors to assess the 

clinical course in MM 158. Therefore, the expression levels of lncRNAs should be 

analyzed and implemented as a routine diagnosis. 

All together, these results demonstrate that the incorporation of the expression of 

lncRNAs to the standards of the traditional risk factors could improve the identification of 

MM patients with different prognosis. Future studies will determine whether MM-specific 

lncRNAs can also help in the stratification of patients in groups showing different 

responses to treatment. 

 

In summary, this thesis has provided a comprehensive characterization of the 

lncRNA transcriptome of MM, showing that these elements are heterogeneously, 

dynamically, specifically expressed and, in some cases, de novo activated in MM cells. 

Furthermore, lncRNAs may play an important role in the pathogenesis of MM and more 

importantly, could be of relevant clinical use as prognostic biomarkers or even as 

therapeutic targets that could ultimately improve the outcome of MM patients. 
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1. A total of 79,081 novel transcripts from which 40,511 represented novel lncRNAs 

expressed in MM patient samples have been identified. 

 

2. The vast majority of the MM transcriptome (82%) corresponded to lncRNAs, with 

only 18% being represented by coding genes. Moreover, 56% of the MM 

transcriptome corresponded to the 40,511 novel lncRNAs identified in this work. 

 

3. The expression of the lncRNAs and coding genes studied in this work showed 

higher coefficient of variation of expression in MM patients than in healthy normal 

bone marrow plasma cells. Moreover, the expression of all the groups of lncRNAs 

studied (MM-identified lncRNAs, BC-identified lncRNAs and G19lncRNAs) 

showed higher heterogeneity than coding genes, indicating a great contribution 

to the heterogeneity of the MM transcriptome.  

 

4. lncRNAs showed a dynamic expression throughout B-cell differentiation and MM 

patients. Interestingly, a group of 989 lncRNAs showed exclusive expression in 

plasma cells from MM patients (MM-specific lncRNAs). 

 

5. The promoters and gene-bodies of MM-specific lncRNAs showed enrichment of 

active chromatin marks in MM patients compared to normal B-cell populations, 

detecting a group of 89 MM-specific lncRNAs with de novo gain of active histone 

marks at their promoters in MM patients.  

 

6. The knockdown of SMILO, a lncRNA with specific expression and de novo gain 

of active histone marks in MM patients, led to decreased proliferation and 

apoptosis induction of MM cells. These results suggested that overexpression of 

SMILO is essential for the survival of MM cells and could represent a potential 

therapeutic target. 
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7. Downregulation of SMILO led to the overexpression of interferon stimulated 

genes (ISGs) and endogenous retroviruses (ERVs), which activate the Interferon 

pathway, leading to cell death. 

 

8. The overexpression of the lncRNA PDLIM1P4 was associated with shorter PFS 

and OS, whereas overexpression of ENSG00000249988 was associated with 

better OS of MM patients. 

 

9. The combination of expression of specific lncRNAs together with clinical and 

genetic factors divided MM patients into different risk groups. These results 

demonstrate that, deregulation of specific lncRNAs can be used as prognostic 

biomarkers for this disease. 
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Supplemental Table 1. List of overexpressed lncRNAs selected for CRISPRi-

dCas9 screening. 

   

ENSG00000128438 MMlncRNA_004464 ENSG00000244153 MMlncRNA_126388 ENSG00000230735 MMlncRNA_095458 ENSG00000268364 MMlncRNA_022434

ENSG00000154898 MMlncRNA_004466 ENSG00000245146 MMlncRNA_012454 ENSG00000231233 MMlncRNA_095191 ENSG00000269800 MMlncRNA_022438

ENSG00000162997 MMlncRNA_004467 ENSG00000245149 MMlncRNA_012461 ENSG00000231312 MMlncRNA_095192 ENSG00000270419 MMlncRNA_022445

ENSG00000172974 MMlncRNA_004468 ENSG00000245573 MMlncRNA_015268 ENSG00000231544 MMlncRNA_095193 ENSG00000270638 MMlncRNA_022446

ENSG00000175741 MMlncRNA_004469 ENSG00000246082 MMlncRNA_011915 ENSG00000231646 MMlncRNA_095195 ENSG00000271615 MMlncRNA_022452

ENSG00000177359 MMlncRNA_004470 ENSG00000246695 MMlncRNA_012451 ENSG00000231842 MMlncRNA_095197 ENSG00000271754 MMlncRNA_022455

ENSG00000177839 MMlncRNA_004471 ENSG00000248980 MMlncRNA_015003 ENSG00000231964 MMlncRNA_095400 ENSG00000271843 MMlncRNA_022457

ENSG00000180015 MMlncRNA_004473 ENSG00000249988 MMlncRNA_014997 ENSG00000232004 MMlncRNA_095402 ENSG00000272086 MMlncRNA_022460

ENSG00000181260 MMlncRNA_004474 ENSG00000250362 MMlncRNA_012467 ENSG00000232028 MMlncRNA_095405 ENSG00000272341 MMlncRNA_022462

ENSG00000183308 MMlncRNA_004475 ENSG00000251363 MMlncRNA_015261 ENSG00000232077 MMlncRNA_096262 ENSG00000272459 MMlncRNA_022463

ENSG00000186481 MMlncRNA_004476 ENSG00000251432 MMlncRNA_015263 ENSG00000232536 MMlncRNA_100859 ENSG00000272498 MMlncRNA_018869

ENSG00000188451 MMlncRNA_004478 ENSG00000253190 MMlncRNA_015265 ENSG00000232884 MMlncRNA_101243 ENSG00000272516 MMlncRNA_019226

ENSG00000203288 MMlncRNA_004506 ENSG00000253582 MMlncRNA_015267 ENSG00000233008 MMlncRNA_101268 ENSG00000272662 MMlncRNA_022860

ENSG00000211451 MMlncRNA_004772 ENSG00000253686 MMlncRNA_015270 ENSG00000233080 MMlncRNA_098426 ENSG00000272849 MMlncRNA_022861

ENSG00000211697 MMlncRNA_004783 ENSG00000254615 MMlncRNA_015274 ENSG00000233081 MMlncRNA_104617 ENSG00000272918 MMlncRNA_022868

ENSG00000212329 MMlncRNA_010483 ENSG00000254703 MMlncRNA_013122 ENSG00000233461 MMlncRNA_105478 ENSG00000273143 MMlncRNA_022869

ENSG00000213500 MMlncRNA_062614 ENSG00000254837 MMlncRNA_013129 ENSG00000234184 MMlncRNA_109285 ENSG00000273394 MMlncRNA_022870

ENSG00000213650 MMlncRNA_062798 ENSG00000254842 MMlncRNA_013132 ENSG00000234290 MMlncRNA_113947 MMlncRNA_001867 MMlncRNA_022871

ENSG00000214185 MMlncRNA_059307 ENSG00000255145 MMlncRNA_022398 ENSG00000234369 MMlncRNA_114305 MMlncRNA_004419 MMlncRNA_025367

ENSG00000214820 MMlncRNA_066593 ENSG00000256139 MMlncRNA_022401 ENSG00000234685 MMlncRNA_111132 MMlncRNA_000378 MMlncRNA_025610

ENSG00000223475 MMlncRNA_061599 ENSG00000256625 MMlncRNA_017221 ENSG00000234981 MMlncRNA_113165 MMlncRNA_000382 MMlncRNA_029898

ENSG00000223813 MMlncRNA_061600 ENSG00000256690 MMlncRNA_022380 ENSG00000234985 MMlncRNA_120827 MMlncRNA_000443 MMlncRNA_029903

ENSG00000223935 MMlncRNA_061601 ENSG00000257176 MMlncRNA_022386 ENSG00000235101 MMlncRNA_118905 MMlncRNA_000475 MMlncRNA_030686

ENSG00000224152 MMlncRNA_061602 ENSG00000257839 MMlncRNA_022408 ENSG00000235192 MMlncRNA_119568 MMlncRNA_001289 MMlncRNA_030687

ENSG00000224680 MMlncRNA_063362 ENSG00000258072 MMlncRNA_019227 ENSG00000235363 MMlncRNA_119569 MMlncRNA_001873 MMlncRNA_030689

ENSG00000224786 MMlncRNA_063771 ENSG00000258458 MMlncRNA_020489 ENSG00000235605 MMlncRNA_119570 MMlncRNA_007951 MMlncRNA_036356

ENSG00000224790 MMlncRNA_084690 ENSG00000258525 MMlncRNA_020520 ENSG00000236206 MMlncRNA_119579 MMlncRNA_007959 MMlncRNA_041558

ENSG00000225264 MMlncRNA_084701 ENSG00000259022 MMlncRNA_017098 ENSG00000236809 MMlncRNA_119581 MMlncRNA_002769 MMlncRNA_041960

ENSG00000225422 MMlncRNA_079403 ENSG00000259445 MMlncRNA_017101 ENSG00000236942 MMlncRNA_119583 MMlncRNA_003237 MMlncRNA_041958

ENSG00000225496 MMlncRNA_083673 ENSG00000259673 MMlncRNA_017234 ENSG00000238197 MMlncRNA_119584 MMlncRNA_004425 MMlncRNA_047729

ENSG00000225568 MMlncRNA_083674 ENSG00000260360 MMlncRNA_017236 ENSG00000238266 MMlncRNA_119587 MMlncRNA_004426 MMlncRNA_051799

ENSG00000225742 MMlncRNA_080038 ENSG00000261071 MMlncRNA_020833 ENSG00000239223 MMlncRNA_119593 MMlncRNA_004427 MMlncRNA_054903

ENSG00000226004 MMlncRNA_080039 ENSG00000261087 MMlncRNA_020853 ENSG00000239557 MMlncRNA_119594 MMlncRNA_004428 MMlncRNA_057125

ENSG00000226015 MMlncRNA_080040 ENSG00000261094 MMlncRNA_020857 ENSG00000240183 MMlncRNA_119604 MMlncRNA_004431 MMlncRNA_054531

ENSG00000226085 MMlncRNA_080041 ENSG00000261575 MMlncRNA_020860 ENSG00000240498 MMlncRNA_123642 MMlncRNA_004432 MMlncRNA_055995

ENSG00000226314 MMlncRNA_080042 ENSG00000261889 MMlncRNA_020866 ENSG00000240875 MMlncRNA_123733 MMlncRNA_004434 MMlncRNA_071499

ENSG00000226521 MMlncRNA_080044 ENSG00000262454 MMlncRNA_020856 ENSG00000241155 MMlncRNA_124304 MMlncRNA_004435 MMlncRNA_071494

ENSG00000227071 MMlncRNA_080047 ENSG00000264968 MMlncRNA_021805 ENSG00000241361 MMlncRNA_123643 MMlncRNA_004436 MMlncRNA_073965

ENSG00000227295 MMlncRNA_080051 ENSG00000266446 MMlncRNA_021923 ENSG00000241544 MMlncRNA_123644 MMlncRNA_004437 MMlncRNA_073966

ENSG00000227719 MMlncRNA_080086 ENSG00000266677 MMlncRNA_022397 ENSG00000242258 MMlncRNA_123648 MMlncRNA_004439 MMlncRNA_073972

ENSG00000228196 MMlncRNA_084739 ENSG00000267042 MMlncRNA_022402 ENSG00000242444 MMlncRNA_123663 MMlncRNA_004443 MMlncRNA_073964

ENSG00000228834 MMlncRNA_087327 ENSG00000267253 MMlncRNA_022403 ENSG00000242600 MMlncRNA_123793 MMlncRNA_004445 MMlncRNA_073978

ENSG00000228938 MMlncRNA_087347 ENSG00000267275 MMlncRNA_022406 ENSG00000243276 MMlncRNA_127773 MMlncRNA_004458 MMlncRNA_073979

ENSG00000229228 MMlncRNA_091737 ENSG00000267312 MMlncRNA_022409 ENSG00000243701 MMlncRNA_128772 MMlncRNA_004461 MMlncRNA_073981

ENSG00000229358 MMlncRNA_092866 ENSG00000267422 MMlncRNA_022410 ENSG00000243777 MMlncRNA_129053 MMlncRNA_004462 MMlncRNA_073987

ENSG00000229666 MMlncRNA_089358 ENSG00000267519 MMlncRNA_022411 MMlncRNA_077603 MMlncRNA_076356 MMlncRNA_074064 MMlncRNA_022433

ENSG00000230107 MMlncRNA_094256 ENSG00000267766 MMlncRNA_022412 ENSG00000230709 MMlncRNA_098425 ENSG00000268006

lncRNAs selected for CRISPRi-dCas9 screening
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Supplemental Table 2. lncRNAs with exclusive overexpression in MM patients 

(cluster 3).  

 

ENSG00000073905.8 BCSlncRNA_028504 ENSG00000235043.2 MMlncRNA_022449 ENSG00000225067.3 BCSlncRNA_062528

ENSG00000105988.6 BCSlncRNA_028505 ENSG00000235065.1 MMlncRNA_022450 ENSG00000225093.1 BCSlncRNA_062631

ENSG00000121089.4 BCSlncRNA_033480 ENSG00000235082.2 MMlncRNA_022451 ENSG00000225131.1 BCSlncRNA_062740

ENSG00000123009.3 BCSlncRNA_034278 ENSG00000235084.2 MMlncRNA_022452 ENSG00000225159.1 BCSlncRNA_062741

ENSG00000124399.3 BCSlncRNA_034304 ENSG00000235238.1 MMlncRNA_022453 ENSG00000225200.2 BCSlncRNA_063087

ENSG00000128438.6 BCSlncRNA_034433 ENSG00000235272.1 MMlncRNA_022455 ENSG00000225294.1 BCSlncRNA_063088

ENSG00000128692.7 BCSlncRNA_034613 ENSG00000235297.3 MMlncRNA_022456 ENSG00000225422.3 BCSlncRNA_064244

ENSG00000137970.7 BCSlncRNA_034617 ENSG00000235363.1 MMlncRNA_022457 ENSG00000225558.1 BCSlncRNA_064245

ENSG00000139239.6 BCSlncRNA_034773 ENSG00000235366.1 MMlncRNA_022459 ENSG00000225568.1 BCSlncRNA_064246

ENSG00000146677.6 BCSlncRNA_034829 ENSG00000235552.4 MMlncRNA_022460 ENSG00000225573.3 BCSlncRNA_065893

ENSG00000172974.10 BCSlncRNA_035863 ENSG00000235587.2 MMlncRNA_022461 ENSG00000226015.2 BCSlncRNA_067198

ENSG00000174028.6 BCSlncRNA_035901 ENSG00000235605.1 MMlncRNA_022462 ENSG00000226084.4 BCSlncRNA_068198

ENSG00000174977.7 BCSlncRNA_035945 ENSG00000235636.1 MMlncRNA_022463 ENSG00000226098.3 BCSlncRNA_068668

ENSG00000175741.4 BCSlncRNA_036195 ENSG00000235776.2 MMlncRNA_022861 ENSG00000226221.1 BCSlncRNA_068835

ENSG00000175886.9 BCSlncRNA_036939 ENSG00000236058.2 MMlncRNA_022863 ENSG00000226243.1 BCSlncRNA_070374

ENSG00000177144.5 BCSlncRNA_037561 ENSG00000236152.1 MMlncRNA_022864 ENSG00000226284.1 BCSlncRNA_070471

ENSG00000177197.7 BCSlncRNA_039157 ENSG00000236312.3 MMlncRNA_022865 ENSG00000226360.4 BCSlncRNA_070474

ENSG00000177855.8 BCSlncRNA_042055 ENSG00000236349.1 MMlncRNA_022866 ENSG00000226415.1 BCSlncRNA_070477

ENSG00000178082.5 BCSlncRNA_042199 ENSG00000236439.3 MMlncRNA_022867 ENSG00000226457.1 BCSlncRNA_070478

ENSG00000178429.9 BCSlncRNA_044885 ENSG00000236533.1 MMlncRNA_022868 ENSG00000226525.4 BCSlncRNA_070505

ENSG00000178715.7 BCSlncRNA_045135 ENSG00000236603.1 MMlncRNA_022869 ENSG00000226564.1 BCSlncRNA_070514

ENSG00000180172.5 BCSlncRNA_045412 ENSG00000236698.1 MMlncRNA_022870 ENSG00000226608.2 BCSlncRNA_070519

ENSG00000180211.5 BCSlncRNA_045413 ENSG00000236739.3 MMlncRNA_022871 ENSG00000226723.2 BCSlncRNA_070525

ENSG00000180581.6 BCSlncRNA_045414 ENSG00000236773.1 MMlncRNA_023652 ENSG00000226781.1 BCSlncRNA_070536

ENSG00000180867.9 BCSlncRNA_045542 ENSG00000236801.1 MMlncRNA_025367 ENSG00000226948.1 BCSlncRNA_071915

ENSG00000183199.6 BCSlncRNA_046898 ENSG00000236814.1 MMlncRNA_025603 ENSG00000227008.2 BCSlncRNA_071932

ENSG00000185641.5 BCSlncRNA_046900 ENSG00000237176.3 MMlncRNA_027019 ENSG00000227018.1 MMlncRNA_001289

ENSG00000185834.9 BCSlncRNA_046901 ENSG00000237214.2 MMlncRNA_028268 ENSG00000227034.1 MMlncRNA_001554

ENSG00000185839.2 BCSlncRNA_046902 ENSG00000237350.1 MMlncRNA_029903 ENSG00000227063.4 MMlncRNA_001556

ENSG00000186481.11 BCSlncRNA_046903 ENSG00000237668.1 MMlncRNA_040122 ENSG00000227203.2 MMlncRNA_001557

ENSG00000188873.4 BCSlncRNA_046904 ENSG00000237748.1 MMlncRNA_040160 ENSG00000227295.2 MMlncRNA_001559

ENSG00000189343.6 BCSlncRNA_046905 ENSG00000237758.1 MMlncRNA_041165 ENSG00000227347.1 MMlncRNA_001561

ENSG00000197258.5 BCSlncRNA_046906 ENSG00000237991.2 MMlncRNA_041958 ENSG00000227682.1 MMlncRNA_001562

ENSG00000197744.5 BCSlncRNA_046907 ENSG00000238000.1 MMlncRNA_047729 ENSG00000227939.1 MMlncRNA_001565

ENSG00000198406.6 BCSlncRNA_046908 ENSG00000238041.3 MMlncRNA_052734 ENSG00000228057.1 MMlncRNA_001566

ENSG00000203914.3 BCSlncRNA_046909 ENSG00000238072.1 MMlncRNA_054531 ENSG00000228158.1 MMlncRNA_001867

ENSG00000205105.5 BCSlncRNA_046910 ENSG00000238150.1 MMlncRNA_054748 ENSG00000228205.1 MMlncRNA_001868

ENSG00000212664.4 BCSlncRNA_046911 ENSG00000238165.1 MMlncRNA_057739 ENSG00000228218.1 MMlncRNA_001873

ENSG00000212802.3 BCSlncRNA_046912 ENSG00000239223.2 MMlncRNA_061599 ENSG00000228305.1 MMlncRNA_003237

ENSG00000213131.3 BCSlncRNA_046913 ENSG00000239246.2 MMlncRNA_061615 ENSG00000228399.1 MMlncRNA_003478

ENSG00000213178.3 BCSlncRNA_046914 ENSG00000239528.1 MMlncRNA_061619 ENSG00000228502.1 MMlncRNA_004366

ENSG00000213189.4 BCSlncRNA_046915 ENSG00000239557.1 MMlncRNA_061621 ENSG00000228589.2 MMlncRNA_004419

ENSG00000213236.3 BCSlncRNA_046917 ENSG00000239559.2 MMlncRNA_062614 ENSG00000228847.1 MMlncRNA_004425

ENSG00000213261.3 BCSlncRNA_046919 ENSG00000240036.3 MMlncRNA_062956 ENSG00000228887.2 MMlncRNA_004426

ENSG00000213280.2 BCSlncRNA_046920 ENSG00000240376.1 MMlncRNA_063468 ENSG00000228929.1 MMlncRNA_004427

ENSG00000213300.4 BCSlncRNA_046921 ENSG00000240395.1 MMlncRNA_063771 ENSG00000229091.2 MMlncRNA_004428

ENSG00000213315.4 BCSlncRNA_046925 ENSG00000240489.1 MMlncRNA_063826 ENSG00000229097.1 MMlncRNA_004431

ENSG00000213361.2 BCSlncRNA_046926 ENSG00000240509.1 MMlncRNA_063827 ENSG00000229119.3 MMlncRNA_004432

ENSG00000213383.2 BCSlncRNA_046928 ENSG00000240652.1 MMlncRNA_068305 ENSG00000229132.2 MMlncRNA_004434

ENSG00000213553.3 BCSlncRNA_046930 ENSG00000240809.1 MMlncRNA_068590 ENSG00000229204.2 MMlncRNA_004435

ENSG00000213560.4 BCSlncRNA_046964 ENSG00000240950.1 MMlncRNA_068593 ENSG00000229228.1 MMlncRNA_004436

ENSG00000213598.3 BCSlncRNA_047338 ENSG00000241061.2 MMlncRNA_068594 ENSG00000229419.1 MMlncRNA_004437

ENSG00000213609.3 BCSlncRNA_047406 ENSG00000241081.1 MMlncRNA_068978 ENSG00000229638.1 MMlncRNA_004439

ENSG00000213757.3 BCSlncRNA_047581 ENSG00000241255.1 MMlncRNA_068979 ENSG00000229931.1 MMlncRNA_004443

ENSG00000213763.4 BCSlncRNA_048175 ENSG00000241282.1 MMlncRNA_068981 ENSG00000229932.2 MMlncRNA_004445

ENSG00000213839.4 BCSlncRNA_048176 ENSG00000241352.2 MMlncRNA_069149 ENSG00000229944.2 MMlncRNA_004458

ENSG00000213846.3 BCSlncRNA_048178 ENSG00000241431.1 MMlncRNA_069150 ENSG00000229994.1 MMlncRNA_004461

ENSG00000213862.4 BCSlncRNA_048183 ENSG00000241494.1 MMlncRNA_069151 ENSG00000230202.1 MMlncRNA_004462

ENSG00000213866.3 BCSlncRNA_048188 ENSG00000241506.1 MMlncRNA_069157 ENSG00000230207.1 MMlncRNA_004464

ENSG00000213881.3 BCSlncRNA_048190 ENSG00000241511.1 MMlncRNA_069160 ENSG00000230291.4 MMlncRNA_004466

lncRNAs with with exclusive expression in MM
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MMlncRNA_093212 ENSG00000213942.3 BCSlncRNA_049141 ENSG00000242162.1 MMlncRNA_069294 ENSG00000230457.3

MMlncRNA_095191 ENSG00000213985.4 BCSlncRNA_049426 ENSG00000242327.1 MMlncRNA_073964 ENSG00000230508.1

MMlncRNA_095192 ENSG00000214110.3 BCSlncRNA_049601 ENSG00000242358.1 MMlncRNA_073965 ENSG00000230562.3

MMlncRNA_095193 ENSG00000214182.5 BCSlncRNA_050680 ENSG00000242477.1 MMlncRNA_073966 ENSG00000230673.3

MMlncRNA_095194 ENSG00000214192.3 BCSlncRNA_050980 ENSG00000242951.1 MMlncRNA_073967 ENSG00000230735.1

MMlncRNA_095195 ENSG00000214203.4 BCSlncRNA_051244 ENSG00000243175.1 MMlncRNA_073968 ENSG00000230897.1

MMlncRNA_095197 ENSG00000214455.3 BCSlncRNA_052014 ENSG00000243199.1 MMlncRNA_073969 ENSG00000231043.2

MMlncRNA_095399 ENSG00000214460.3 BCSlncRNA_052247 ENSG00000243547.1 MMlncRNA_073971 ENSG00000231120.2

MMlncRNA_095402 ENSG00000214485.5 BCSlncRNA_052884 ENSG00000243680.1 MMlncRNA_073972 ENSG00000231167.3

MMlncRNA_095405 ENSG00000214535.3 BCSlncRNA_053661 ENSG00000243802.2 MMlncRNA_073973 ENSG00000231234.1

MMlncRNA_095458 ENSG00000214612.3 BCSlncRNA_053979 ENSG00000243829.1 MMlncRNA_073974 ENSG00000231245.2

MMlncRNA_101218 ENSG00000214784.4 BCSlncRNA_053987 ENSG00000243859.3 MMlncRNA_073975 ENSG00000231684.2

MMlncRNA_101224 ENSG00000214975.4 BCSlncRNA_054189 ENSG00000243964.1 MMlncRNA_073976 ENSG00000231747.1

MMlncRNA_101229 ENSG00000215086.2 BCSlncRNA_054278 ENSG00000243988.1 MMlncRNA_073978 ENSG00000231767.2

MMlncRNA_101235 ENSG00000215105.3 BCSlncRNA_054836 ENSG00000244073.1 MMlncRNA_073979 ENSG00000231841.1

MMlncRNA_101239 ENSG00000215210.3 BCSlncRNA_055034 ENSG00000244245.1 MMlncRNA_073981 ENSG00000231848.1

MMlncRNA_101243 ENSG00000215414.3 BCSlncRNA_055955 ENSG00000244363.2 MMlncRNA_073984 ENSG00000231991.3

MMlncRNA_101263 ENSG00000216866.4 BCSlncRNA_056532 ENSG00000244485.1 MMlncRNA_073985 ENSG00000232024.2

MMlncRNA_101264 ENSG00000217027.1 BCSlncRNA_056787 ENSG00000244716.2 MMlncRNA_073987 ENSG00000232134.1

MMlncRNA_101265 ENSG00000217130.1 BCSlncRNA_056789 ENSG00000249129.1 MMlncRNA_073988 ENSG00000232176.1

MMlncRNA_105473 ENSG00000217239.2 BCSlncRNA_056792 ENSG00000249264.1 MMlncRNA_073989 ENSG00000232346.1

MMlncRNA_105478 ENSG00000217241.1 BCSlncRNA_056978 ENSG00000249274.1 MMlncRNA_073990 ENSG00000232362.1

MMlncRNA_105482 ENSG00000217416.3 BCSlncRNA_058628 ENSG00000249353.2 MMlncRNA_076356 ENSG00000232368.1

MMlncRNA_108808 ENSG00000217624.2 BCSlncRNA_058633 ENSG00000249485.1 MMlncRNA_077626 ENSG00000232454.2

MMlncRNA_112682 ENSG00000218175.2 BCSlncRNA_058634 ENSG00000249565.2 MMlncRNA_077662 ENSG00000232472.1

MMlncRNA_112684 ENSG00000218208.1 BCSlncRNA_058672 ENSG00000249936.2 MMlncRNA_079056 ENSG00000232702.2

MMlncRNA_116527 ENSG00000218227.3 BCSlncRNA_059747 ENSG00000249988.1 MMlncRNA_079400 ENSG00000232742.2

MMlncRNA_116528 ENSG00000218283.2 BCSlncRNA_059841 ENSG00000250182.2 MMlncRNA_079403 ENSG00000232858.1

MMlncRNA_116529 ENSG00000218350.1 BCSlncRNA_059842 ENSG00000250461.1 MMlncRNA_079404 ENSG00000232888.3

MMlncRNA_116530 ENSG00000218502.3 BCSlncRNA_059843 ENSG00000251333.3 MMlncRNA_079405 ENSG00000233264.2

MMlncRNA_116531 ENSG00000219023.1 BCSlncRNA_059855 ENSG00000253144.1 MMlncRNA_079407 ENSG00000233270.1

MMlncRNA_116532 ENSG00000219201.3 BCSlncRNA_059859 ENSG00000253341.1 MMlncRNA_079781 ENSG00000233287.1

MMlncRNA_116533 ENSG00000219451.3 BCSlncRNA_059860 ENSG00000253395.1 MMlncRNA_079782 ENSG00000233328.3

MMlncRNA_116534 ENSG00000219507.4 BCSlncRNA_059861 ENSG00000253785.1 MMlncRNA_080038 ENSG00000233347.1

MMlncRNA_116535 ENSG00000219747.1 BCSlncRNA_059862 ENSG00000254332.1 MMlncRNA_080039 ENSG00000233426.2

MMlncRNA_116536 ENSG00000220472.1 BCSlncRNA_059863 ENSG00000254343.2 MMlncRNA_080040 ENSG00000233476.2

MMlncRNA_116537 ENSG00000220583.1 BCSlncRNA_059864 ENSG00000254373.1 MMlncRNA_080041 ENSG00000233514.1

MMlncRNA_116538 ENSG00000220842.5 BCSlncRNA_059865 ENSG00000254780.1 MMlncRNA_080042 ENSG00000233558.1

MMlncRNA_116540 ENSG00000220848.4 BCSlncRNA_059866 ENSG00000254893.3 MMlncRNA_080044 ENSG00000233594.2

MMlncRNA_116542 ENSG00000223803.1 BCSlncRNA_059869 ENSG00000255022.1 MMlncRNA_080045 ENSG00000233762.2

MMlncRNA_116543 ENSG00000224094.1 BCSlncRNA_059870 ENSG00000255642.1 MMlncRNA_080047 ENSG00000233830.2

MMlncRNA_116545 ENSG00000224324.1 BCSlncRNA_059871 ENSG00000255883.1 MMlncRNA_080049 ENSG00000233846.2

MMlncRNA_116549 ENSG00000224411.2 BCSlncRNA_059872 ENSG00000255909.1 MMlncRNA_080051 ENSG00000233913.6

MMlncRNA_116550 ENSG00000224415.1 BCSlncRNA_059873 ENSG00000256210.2 MMlncRNA_080086 ENSG00000233954.4

MMlncRNA_116577 ENSG00000224546.2 BCSlncRNA_060069 ENSG00000256745.1 MMlncRNA_080793 ENSG00000233971.1

MMlncRNA_117467 ENSG00000224550.1 BCSlncRNA_060869 ENSG00000256968.1 MMlncRNA_081642 ENSG00000233994.2

MMlncRNA_119568 ENSG00000224578.3 BCSlncRNA_061502 ENSG00000258427.3 MMlncRNA_083673 ENSG00000234009.1

MMlncRNA_119569 ENSG00000224631.3 BCSlncRNA_061503 ENSG00000258608.1 MMlncRNA_083674 ENSG00000234036.3

MMlncRNA_119570 ENSG00000224781.1 BCSlncRNA_061622 ENSG00000258895.1 MMlncRNA_084688 ENSG00000234093.2

MMlncRNA_119571 ENSG00000224820.2 BCSlncRNA_061624 ENSG00000259020.2 MMlncRNA_084740 ENSG00000234106.3

MMlncRNA_119572 ENSG00000224831.2 BCSlncRNA_061733 ENSG00000259022.2 MMlncRNA_084741 ENSG00000234176.1

MMlncRNA_119573 ENSG00000224834.1 BCSlncRNA_061751 ENSG00000259032.2 MMlncRNA_085014 ENSG00000234184.1

MMlncRNA_119574 ENSG00000224861.1 BCSlncRNA_061752 ENSG00000259051.1 MMlncRNA_087347 ENSG00000234290.2

MMlncRNA_119575 ENSG00000225022.1 BCSlncRNA_061787 ENSG00000259086.2 MMlncRNA_089358 ENSG00000234335.1

MMlncRNA_119576 ENSG00000225031.1 BCSlncRNA_062527 ENSG00000259216.2 MMlncRNA_093209 ENSG00000234488.1

MMlncRNA_119577 MMlncRNA_127543 BCSlncRNA_020851 MMlncRNA_123734 MMlncRNA_123728 ENSG00000234518.1

MMlncRNA_119579 MMlncRNA_127547 BCSlncRNA_022366 MMlncRNA_123793 MMlncRNA_123729 ENSG00000234645.2

MMlncRNA_119581 MMlncRNA_127773 BCSlncRNA_022526 MMlncRNA_124307 MMlncRNA_123730 ENSG00000234664.1

MMlncRNA_119583 MMlncRNA_128772 BCSlncRNA_023093 MMlncRNA_126388 MMlncRNA_123733 ENSG00000234782.2

MMlncRNA_119584 MMlncRNA_132147 BCSlncRNA_027791 ENSG00000234882.1 BCSlncRNA_018248 ENSG00000234797.4

MMlncRNA_119587 MMlncRNA_132726 BCSlncRNA_028503 ENSG00000234925.2 BCSlncRNA_018350 MMlncRNA_022446

MMlncRNA_119588 MMlncRNA_132728 MMlncRNA_136937 ENSG00000234975.5 BCSlncRNA_020850 MMlncRNA_022448
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MMlncRNA_004469 BCSlncRNA_011278 MMlncRNA_119590 MMlncRNA_019227 BCSlncRNA_013116 MMlncRNA_123660

MMlncRNA_004470 BCSlncRNA_011280 MMlncRNA_119591 MMlncRNA_020846 BCSlncRNA_013252 MMlncRNA_123662

MMlncRNA_004471 BCSlncRNA_011281 MMlncRNA_119592 MMlncRNA_020853 BCSlncRNA_013255 MMlncRNA_123663

MMlncRNA_004473 BCSlncRNA_011283 MMlncRNA_119593 MMlncRNA_020856 BCSlncRNA_013256 MMlncRNA_123664

MMlncRNA_004474 BCSlncRNA_011284 MMlncRNA_119594 MMlncRNA_020857 BCSlncRNA_013257 MMlncRNA_123665

MMlncRNA_004476 BCSlncRNA_011285 MMlncRNA_119596 MMlncRNA_020860 BCSlncRNA_013258 MMlncRNA_123666

MMlncRNA_004506 BCSlncRNA_011286 MMlncRNA_119597 MMlncRNA_020862 BCSlncRNA_013740 MMlncRNA_123667

MMlncRNA_004753 BCSlncRNA_011287 MMlncRNA_119598 MMlncRNA_021766 BCSlncRNA_013742 MMlncRNA_123668

MMlncRNA_004756 BCSlncRNA_011288 MMlncRNA_119604 MMlncRNA_022385 BCSlncRNA_013743 MMlncRNA_123669

MMlncRNA_004772 BCSlncRNA_011289 MMlncRNA_122012 MMlncRNA_022397 BCSlncRNA_014017 MMlncRNA_123675

MMlncRNA_004781 BCSlncRNA_011291 MMlncRNA_122954 MMlncRNA_022400 BCSlncRNA_014172 MMlncRNA_123690

MMlncRNA_004783 BCSlncRNA_011296 MMlncRNA_122958 MMlncRNA_022401 BCSlncRNA_014288 MMlncRNA_123691

MMlncRNA_008631 BCSlncRNA_011297 MMlncRNA_122960 MMlncRNA_022402 BCSlncRNA_014352 MMlncRNA_123695

MMlncRNA_010031 BCSlncRNA_011298 MMlncRNA_122964 MMlncRNA_022403 BCSlncRNA_014840 MMlncRNA_123697

MMlncRNA_010483 BCSlncRNA_011299 MMlncRNA_122965 MMlncRNA_022406 BCSlncRNA_014961 MMlncRNA_123698

MMlncRNA_010587 BCSlncRNA_011301 MMlncRNA_122966 MMlncRNA_022407 BCSlncRNA_015029 MMlncRNA_123699

MMlncRNA_011405 BCSlncRNA_011303 MMlncRNA_122968 MMlncRNA_022408 BCSlncRNA_015178 MMlncRNA_123700

MMlncRNA_011470 BCSlncRNA_011304 MMlncRNA_122969 MMlncRNA_022409 BCSlncRNA_015930 MMlncRNA_123701

MMlncRNA_011915 BCSlncRNA_011305 MMlncRNA_122971 MMlncRNA_022410 BCSlncRNA_016527 MMlncRNA_123702

MMlncRNA_013122 BCSlncRNA_011306 MMlncRNA_122973 MMlncRNA_022411 BCSlncRNA_016533 MMlncRNA_123707

MMlncRNA_013587 BCSlncRNA_011307 MMlncRNA_122975 MMlncRNA_022412 BCSlncRNA_016534 MMlncRNA_123710

MMlncRNA_014505 BCSlncRNA_011308 MMlncRNA_122987 MMlncRNA_022432 BCSlncRNA_016680 MMlncRNA_123711

MMlncRNA_014997 BCSlncRNA_011309 MMlncRNA_123642 MMlncRNA_022433 BCSlncRNA_016693 MMlncRNA_123716

MMlncRNA_015003 BCSlncRNA_011310 MMlncRNA_123643 MMlncRNA_022434 BCSlncRNA_016785 MMlncRNA_123719

MMlncRNA_017101 BCSlncRNA_011311 MMlncRNA_123644 MMlncRNA_022438 BCSlncRNA_016789 MMlncRNA_123721

MMlncRNA_018877 BCSlncRNA_011312 MMlncRNA_123646 MMlncRNA_022439 BCSlncRNA_016790 MMlncRNA_123722

MMlncRNA_018878 BCSlncRNA_011313 MMlncRNA_123647 MMlncRNA_022441 BCSlncRNA_016795 MMlncRNA_123723

MMlncRNA_018879 BCSlncRNA_011314 MMlncRNA_123648 MMlncRNA_022442 BCSlncRNA_016962 MMlncRNA_123724

MMlncRNA_019224 BCSlncRNA_011315 MMlncRNA_123653 MMlncRNA_022443 BCSlncRNA_017641 MMlncRNA_123726

MMlncRNA_019225 BCSlncRNA_011316 MMlncRNA_123654 MMlncRNA_022445 MMlncRNA_133318 MMlncRNA_123727

MMlncRNA_019226 BCSlncRNA_012112 MMlncRNA_123655 BCSlncRNA_010273 BCSlncRNA_011276 ENSG00000270532.1

ENSG00000272990.1 BCSlncRNA_001672 BCSlncRNA_007275 BCSlncRNA_010653 BCSlncRNA_011277 ENSG00000270750.1

ENSG00000273035.1 BCSlncRNA_001688 BCSlncRNA_007623 BCSlncRNA_011270 ENSG00000267809.1 ENSG00000271525.1

ENSG00000273237.1 BCSlncRNA_001693 BCSlncRNA_008018 BCSlncRNA_011271 ENSG00000269374.1 ENSG00000272341.1

ENSG00000273306.1 BCSlncRNA_001696 BCSlncRNA_008688 BCSlncRNA_011274 ENSG00000269378.1 ENSG00000272574.1

BCSlncRNA_000738 BCSlncRNA_002186 BCSlncRNA_008826 BCSlncRNA_011275 ENSG00000269800.1 ENSG00000272588.1

BCSlncRNA_000958 BCSlncRNA_004510 BCSlncRNA_009788 ENSG00000267544.1 ENSG00000269919.1 ENSG00000266282.1

BCSlncRNA_001301 BCSlncRNA_006179 BCSlncRNA_010270 ENSG00000267701.1 ENSG00000270302.1 ENSG00000266501.1

BCSlncRNA_001555 BCSlncRNA_007214 ENSG00000267185.1 ENSG00000267766.1 ENSG00000266145.1 ENSG00000266993.1

ENSG00000259706.1 ENSG00000259838.1 ENSG00000259917.1 ENSG00000259918.1 ENSG00000260290.2 ENSG00000260747.1

ENSG00000261461.1 ENSG00000261612.1 ENSG00000262519.1 ENSG00000264222.1 ENSG00000264350.1 MMlncRNA_004468

ENSG00000213885.3 BCSlncRNA_048193 ENSG00000241741.1 MMlncRNA_069161 ENSG00000230311.2 MMlncRNA_004467

ENSG00000213939.4 BCSlncRNA_048866 ENSG00000242071.2 MMlncRNA_069162 ENSG00000230409.2
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Supplemental Table 3. MM-specific lncRNAs with de novo gain of active 

chromatin marks. 

  

MMlncRNA_014997 MMlncRNA_095195 ENSG00000264222.1 BCSlncRNA_047406 MMlncRNA_011405

BCSlncRNA_008688 BCSlncRNA_058633 MMlncRNA_061599 MMlncRNA_079404 ENSG00000186481.11

BCSlncRNA_001688 MMlncRNA_105478 MMlncRNA_073979 ENSG00000249274.1 ENSG00000266145.1

MMlncRNA_004366 MMlncRNA_105473 BCSlncRNA_035945 BCSlncRNA_048193 MMlncRNA_040122

BCSlncRNA_013257 MMlncRNA_105482 MMlncRNA_069162 MMlncRNA_101264 MMlncRNA_061615

BCSlncRNA_013258 MMlncRNA_116527 MMlncRNA_063771 MMlncRNA_101265 MMlncRNA_061621

MMlncRNA_022864 MMlncRNA_116534 BCSlncRNA_046915 MMlncRNA_116528 MMlncRNA_101263

MMlncRNA_022865 MMlncRNA_116535 ENSG00000226360.4 MMlncRNA_116529 MMlncRNA_095194

MMlncRNA_022866 MMlncRNA_116538 MMlncRNA_079403 MMlncRNA_116530 MMlncRNA_122968

MMlncRNA_022867 MMlncRNA_116545 MMlncRNA_079405 MMlncRNA_116531 MMlncRNA_122954

MMlncRNA_022868 MMlncRNA_116549 MMlncRNA_083674 MMlncRNA_116532 MMlncRNA_122964

MMlncRNA_004783 MMlncRNA_116550 MMlncRNA_080038 MMlncRNA_116533 MMlncRNA_122965

MMlncRNA_029903 MMlncRNA_119569 MMlncRNA_080042 MMlncRNA_116536 MMlncRNA_122966

ENSG00000229228.1 MMlncRNA_119581 MMlncRNA_080045 MMlncRNA_116537 MMlncRNA_119583

MMlncRNA_025367 MMlncRNA_119587 ENSG00000249988.1 MMlncRNA_116540 MMlncRNA_101218

MMlncRNA_025603 MMlncRNA_122958 BCSlncRNA_048183 MMlncRNA_116542 MMlncRNA_127547

BCSlncRNA_023093 MMlncRNA_122960 BCSlncRNA_049601 MMlncRNA_116543 MMlncRNA_001867

MMlncRNA_040160 ENSG00000254343.2 MMlncRNA_087347 MMlncRNA_119568

lncRNAs with de novo  active chromatin marks in MM
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Supplemental Table 4. Differentially expressed genes upon SMILO knockdown. 

Lists of 110 upregulated and 84 downregulated genes differentially expressed upon 

SMILO knockdown in the KMS-11 cell line. 

 

 

 

RPL9P8 FABP6 RP11-314A20.1 ISG15 RPS20P10

RPL30 RPS2 AC136932.1 SNRPFP1 RP11-592N21.1

RPL24 RP11-377K22.2 RP11-64J19.1 RPS23P8 SNHG5

RPL24P2 RP11-771F20.1 CTD-2184D3.1 MT2P1 RP11-571F15.3

RPL30P4 RPS12P23 RP11-380G5.3 RPS12P27 RP11-192C21.1

ALAS1 RPS12P26 RN7SL3 AOC3 RP6-105D16.1

RP4-706A16.3 PRSS3P2 AC144530.1 SHH RN7SL5P

EIF3FP3 RP5-882O7.1 RP11-681N23.1 RN7SL4P LYSMD2

RP11-15E18.5 RP11-1029M24.1 ANKRD30BL IFI27 RN7SL674P

RPL15 RN7SL128P PRKAG2-AS1 RN7SL1 RPL13AP6

RPS10 RP11-214O14.1 RPL17P50 AC097532.2 SMKR1

CTD-2218G20.1 FZD2 RP11-113C12.2 SOX9 RP11-366M4.17

LYPLAL1 SPIB DYNLRB1 PLA2G4C 7SK

RBX1 RPSAP54 RPL27AP NPL RN7SL2

RP3-337H4.6 CTD-2248H3.1 EIF3KP3 RMRP RN7SKP255

CPOX MED19 AL161626.1 RN7SKP80 RNA5-8SP4

RPS23 RPPH1 RPL37P1 MT2A AC010970.1

RPL27A FAM78B RPL35AP31 RPSAP15 RPL15P2

COMMD6 ENPP2 MIR663A VAV3 RPL17P43

RN7SKP71 SH3TC1 CTC-398G3.2 RN7SKP230 KB-1683C8.1

RPL30P14 RP11-256K7.1 MX1 RNA5-8SP2 RP3-476K8.4

RN7SKP203 RNA5-8SP6 AC079949.1 C1orf53 RN7SK

Upregulated genes upon SMILO knockdown 
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RP1-182O16.1 AC005229.7 ST8SIA2 H2AFZ RPS15AP11

ELP4 UNG IRAK1 SYNDIG1 GLTP

CXCR3 CTSB TMSB4X TATDN2 TMEM258

MYEOV SELK FADS2 CD9 RHEBL1

CALHM2 IFT20 EMBP1 MTATP6P1 VASP

NPC2 CYB5R3 TMEM106C HIST1H2BK H2AFX

BARX2 TUBBP1 IL10 AQP3 SLC1A4

FAM98A NDFIP1 AC104389,32 ZWINT TRAM2

C2orf54 ACLY HMGN2P38 TIMP2 RP11-12M9.4

HTATSF1 ABCG1 CCR10 MAPK13 SNAI3

MRPL9 RP11-65J3,1 NKD2 SLC27A5 CORO1C

MATN2 SECISBP2 GTF3A ARPC2 CTNNBIP1

MTA2 DPY30 LGALS1 MORF4L2 FAM64A

GRK6 H1FX RTN4 C19orf10 KRT86

HNRNPK SEPT9 EPCAM RPS15AP1 C5orf38

KCNK12 DNAJB11 HMGN2P4 TXNDC12 LCP2

CTB-50E14.5 HMGB2 SCPEP1 NMB

Downregulated genes upon SMILO knockdown 
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Additionally to the work presented in this doctoral thesis, the author has collaborated in 

the following projects: 

 

Appendix 1. Deregulation of linc-PINT in acute lymphoblastic leukemia is implicated in 

abnormal proliferation of leukemic cells 

 

Appendix 2. Chromatin activation as a unifying principle underlying pathogenic 

mechanisms in multiple myeloma 
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