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1. LUNG CANCER

1.1 Epidemiology

Lung cancer represents the leading cause of neoplas  c mortality in most developed countries causing 
around 23% of total cancer deaths and 17% of all new cancer events in the world (Fig. 1). A total 
of 1,608,800 new lung cancer cases were registered by GLOBOCAN in 2008, genera  ng 1,378,400 
deaths during that year (Jemal et al., 2011).

In Spain, it is es  mated a total of 24,500 incident cases by 2012 (Sanchez et al., 2010, Cabanes et 
al., 2010). Mortality rates have fallen in many countries since the mid-1990s, because of earlier 
diagnosis and improved therapy. In Europe, rates were 11% lower in 2008 than in 1995. However, 
in Spain, despite the fact that male rates did not increase, female incidence and mortality are s  ll 
increasing (Jemal et al., 2011).

FIGURE 1. Cancer indicence and mortality.
Ten Leading Cancer Types for the Es  mated New Cancer Cases and Deaths by Sex, United States, 2012.*Es  mates are rounded to the 
nearest 10. Figure taken from: (Siegel et al., 2012).

1.2 Classifi ca  on

The World Health Organiza  on (WHO) established in 2004 the last classifi ca  on of lung cancer based 
on histologic and cytologic criteria (Travis WD, 2004). APPENDIX 1.

Based on the cellular morphologic classifi ca  on, lung cancer can be divided in two large subsets: 
small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC). Figure 2 shows 
histological appearance of main lung cancer types. 

SCLC

SCLC accounts for 14-15% of all lung cancers. It is an aggressive form of lung cancer that is strongly 
associated with smoking and has a tendency for early dissemina  on (Travis, 2011). Clinically, SCLC 
is characterized by a central mass in approximately two-thirds of cases, frequently accompanied 
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by extensive lymph node metastases. SCLC may emerge as a solitary coin lesion in up to 5% of cases. 
Detectable metastases are found in most of the cases at diagnosis involving the bone marrow (Jackman 
and Johnson, 2005).

Although most pa  ents’ tumors have a high response to chemotherapy, chemo-resistant tumor 
recurrences are frequent and more than 95% of pa  ents die from relapse (Jackman and Johnson, 
2005). The median survival for pa  ents with limited disease (confi ned to one hemithorax) reaches 12-
20 months, with a 5-year survival rate around 5-10% (Ros   et al., 2006, Gaspar et al., 2012).

NSCLC

NSCLC comprises 85% of all lung cancers. NSCLC includes a heterogeneous group of tumors that can 
be divided into three major histological subtypes: squamous-cell carcinoma (SCC), adenocarcinoma 
(ADC), and large-cell lung cancer (LCC) (Herbst et al., 2008).

NSCLC is less aggressive but presents worse chemotherapy response rates than SCLC. Regular treatment 
consists on resec  on during early steps I-II, giving a 5-year median survival of 60-70% (Mountain, 1997). 
However, less than 25% of diagnosed pa  ents are found in early stages. Thus, the most salient feature 
of NSCLC is the propensity to disseminate and form local or distant metastasis.

 a) Squamous cell carcinoma or Epidermoid carcinoma (SCC)

SCC accounts for approximately 20% of all lung cancer types. Over 90% of SCC cases are associated 
with tobacco, with higher incidence in males than in females (Spiro and Porter, 2002). 

Derived from bronchio-epithelial cells, the majority of SCC arise centrally in the lung (two-thirds), lobar 
or segmental bronchi (Tomashefski et al., 1990). SCC shows characteris  c morphologic features of 
intercellular bridging, squamous pearl forma  on and individual cell kera  niza  on (Travis WD, 2004).

SCC tends to be locally aggressive involving adjacent structures. Tumor cells spread to chest wall 
or diaphragm directly through the pleura. Tumors poorly diff eren  ated metastasize to brain, liver, 
adrenals, lower gastrointes  nal tract, and lymph nodes. Local recurrence a  er surgical resec  on is 
more common in SCC than in other histological subtypes (Cangemi et al., 1995). Metastasis to distant 
organs is much less frequent than in other histological subtypes with metastasis in 50% of the pa  ents 
(Quint et al., 1996). Although SCC disseminates later than other histological subtypes to other organs 
(Travis WD, 2004).

 b) Adenocarcinoma (ADC)

ADC is the most frequent histological subtype of lung cancer and accounts for 38% of all lung cancers. 
It is the subtype that most frequently associates to never smokers (par  cularly women), although most 
cases are diagnosed in smokers (Khuder, 2001). 

There are fi ve subtypes of ADC: acinar, bronchioalveolar, mixed, papillary and solid adenocarcinoma 
with mucin produc  on. The vast majority (90%) are highly heterogeneous and include two or more 
histologic subtypes, being usually classifi ed as mixed (Brambilla et al., 2001).  Recently, a new lung 
ADC classifi ca  on (Travis et al., 2011) categorizes ADC based in small biopsies and cytology (which 
represents 70% of the total samples for diagnosis) instead of resected specimens. A comparison can 
be found in APPENDIX 2.
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Approximately one fi  h of new ADC pa  ents present metasta  c events in early steps, even when the 
primary tumor is s  ll asymptoma  c (Travis WD, 2004), an event that associates with high mortality 
(Mar  ni et al., 1995). Typically, tumor cells disseminate by both lympha  c and hematogenous routes 
to lymph nodes, to the contralateral lung, suprarenal glands, brain and bone (Hess et al., 2006). 

 c) Large cell carcinoma (LCC)

LCC accounts for 10% of all lung carcinomas. It represents the fourth most frequent of NSCLC histologic 
subtypes. LCC is strongly associated with tobacco smoking (Travis, 2011). It is an undiff eren  ated 
NSCLC that also includes large cell neuroendocrine carcinoma (LCNEC),which encloses 3% of all 
lung carcinomas (Travis et al., 1991) and cons  tutes the most lethal of all NSCLC subtypes with a 
5-year survival rate of <7% (Travis et al., 1998).  80% of the pa  ents present metastasis in hilar or 
medias  nal nodes followed by metastasis to the pleura, liver, bone, brain, abdominal lymph nodes 
or pericardium (Stenbygaard et al., 1999). 

FIGURE 2. Lung cancer types.
A) Small cell carcinoma. The tumor is growing in sheets of small cells with scant cytoplasm and the nuclei have fi nely granular 
chroma  n. Nucleoli are inconspicuous or absent. Mul  ple mitoses are seen. Hematoxylin and eosin, x400. B) Squamous cell 
carcinoma: The tumor grows in nests with a desmoplas  c stroma. The tumor cells demonstrate kera  niza  on and squamous pearls. 
Hematoxylin and eosin, x100. C) Adenocarcinoma, micropapillary pa  ern. These tumor cells are growing in small papillary clusters 
lacking a fi brovascular core. Hematoxylin and eosin, x400. D) Large-cell neuroendocrine carcinoma. The tumor is growing forming 
rose  e structures. The nuclear chroma  n is vesicular. Hematoxylin and eosin, x400. Source: (Travis, 2011).

A) SCLC B) SCC 

C) ADC D) LCC 
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The rest of lung cancer cases represent in minor subsets such as carcinoid tumor, sarcomatoid 
carcinoma, adenosquamous carcinoma and carcinoma of salivary gland type (Travis WD, 2004). 

1.3 Stages in lung cancer

In general, tumors are staged according to the anatomical T (tumor), N (node) and M (metastasis) 
factors (Mountain, 1997). For lung cancer, the latest classifi ca  on-the 7th one- was introduced in 
2009 by the Interna  onal Associa  on for the Study of Lung Cancer (IASLC ) (Goldstraw, 2009, AJCC, 
2009). APPENDIX 3.

The 8th TNM classifi ca  on will incorporate molecular informa  on that will clarify subdivisions of the 
T, N and M factors (Cogen et al., 2011).

1.4 Molecular features of NSCLC

Gene  c changes in lung cancer include allelic losses (LOH), chromosomal instability, muta  ons in 
oncogenes and tumor suppressor genes, epigene  c gene silencing through promoter hypermethyla  on 
and deregulated expression of genes involved in DNA repair, cell cycle regula  on, and signal transduc  on.

Although many of these gene  c changes occur regardless of the histological type, the frequency and 
 ming of their occurrence varies. Furthermore, a number of gene  c and epigene  c diff erences have 

been iden  fi ed between SCC and ADC (Travis WD, 2004).

Since DNA repair, cell cycle, and signal transduc  on pathways are key features of NSCLC, their 
components have long been a focus of research, both as drug targets and as biomarkers (Coate 
et al., 2009). Table 1 summarizes the prognos  c and predic  ve markers in NSCLC and their clinical 
relevance. 
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2. LUNG CANCER METASTASIS

NSCL o  en spreads locally in the thoracic cavity and to distant organs including brain, bone, liver, 
and adrenal glands, although metastases have been detected in virtually any other organ. (Quint et 
al., 1996).

2.1 Bone metastasis

 2.1.1 Clinical features

Bone is the most common site for metastasis in solid tumors. Tumors of breast, prostate, thyroid, 
lung, and kidney have a special propensity to spread to bone. Approximately 30%-40% of pa  ents 
with metasta  c lung cancer are diagnosed with bone metastases (Table 2). The 1-year survival rate 
for pa  ents with extensive disease is approximately 10%, and the 5-year survival rate is around 1% 
(Hirsh, 2009). The median survival a  er the fi rst recurrence of NSCLC to bone is 3-6 months, the 
worst rate of all cancers which metastasize to the osseous compartment (Coleman, 1997). 

Table 2: Incidence and prognosis of bone metastasis

Bone metastases cause considerable morbidity associated with hypercalcemia and other symptoms 
including, pain, bone marrow infi ltra  on, spinal cord or compression, resul  ng in impaired mobility 
and pathologic fractures (Roodman, 2004).

Bone metastases most commonly aff ect the axial skeleton. The fenestrated capillary bed structure 
within the bone marrow and the slow blood fl ow could contribute to the forma  on of bone 
metastases (Coleman, 2006). In addi  on, bone is a rich source of matrix-embedded growth factors 
such as insulin growth factor (IGF) transforming growth factor (TGF-β) and other cytokines and 
chemokines released by bone marrow cells. But in contrast, bone also imposes harsh condi  ons for 
the development of metastasis including the low pH or high calcium content. Thus, the development 
of skeletal macrometastases requires the adapta  on of tumor cells to the requirements imposed by 
the osseous microenvironment. 

Most of the radiographically detected lesions that can be observed in lung cancer pa  ents are 
osteoly  c, which are characterized by a predominant resorp  on, although mixed appearance with 
concomitant areas of new bone deposi  on (osteosclero  c) are frequently observed. Predominant 
osteosclero  c lesions are extremely rare events in lung cancer (Theriault, 2012). At present, there 
are no reliable predictors for iden  fying pa  ents with high risk of developing bone metastases 
(Coleman, 1997). The diagnosis of metasta  c bone disease o  en relies on radiographic methods 

Incidence of advanced
disease

Median survival (mos) 5 yr survival

Myeloma 95 100% 20 10%
Breast 65 75% 24 20%
Prostate 65 75% 40 25%
Lung 30 40% <6 <5%
Kidney 20 25% 6 10%
Thyroid 60% 48 40%
Melanoma 14 45% <6 <5%
Data from (Coleman, 1997)
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followed by biopsy, especially in pa  ents without an established diagnosis of malignancy. 
Radionuclide bone scan with technecium-99 can confi rm the diagnosis and determine the stage 
of disease. Magne  c resonance imaging (MRI) can also be used when results are not conclusive. 
Because bone metastases perturb bone homeostasis, bone turnover markers can be used to 
monitor ac  ve bone remodeling in metasta  c pa  ents. Bone forma  on markers include bone-
specifi c alkaline phosphatase and serum pro-collagen I amino-terminal pro-pep  de (PINP), while 
resorp  on markers include urinary collagen cross-linked N-telopep  de (NTX), collagen I carboxy-
terminal telopep  de (CTX), and Tartrate-Resistant Acid Phosphatase Type 5b (TRAcP-5b) (Clines and 
Guise, 2004, Garnero, 2001). 

Collagen type I comprises approximately 90% of the organic bone matrix and is produced by 
osteoblasts in bone. During the forma  on of type I collagen the amino (N)-and carboxy (C)-terminal 
extension pro-pep  des (PINP and PICP) are cleaved from the pro-collagen molecules and secreted 
to the serum. Circula  ng PINP refl ects the ac  vity of osteogenesis (Brasso et al., 2006). Bone Gla 
Protein (BGP) or Osteocalcin is produced by osteoblasts among other cells being the principle non-
collagen protein in the bone matrix. Serum concentra  ons of osteocalcin refl ect both osteolysis 
and osteogenesis (Joerger and Huober, 2012). CTx is the carboxiterminal telopep  de and NTx is the 
aminoterminal telopep  de and both resulted from collagen I degrada  on. They can be measured 
in serum (Garnero et al., 2000). Finally, TRAcP 5b is secreted primarily by ac  vated osteoclasts. 
SerumTRAcP-5b levels have been shown to be a good surrogate marker for bone resorp  on (Joerger 
and Huober, 2012).

Elevated levels of bone resorp  on markers in pa  ents with bone metastases are associated with 
increased risk for skeletal-related events (SREs) and death (Brown et al., 2005). Resorp  on is also 
increased in osteoblas  c metastases. Indeed, concentra  on of the bone resorp  on marker, N 
telopep  de (NTX), is high in pa  ents with osteoblas  c disease and is a strong predictor of morbidity 
and death (Coleman et al., 2005). Finally, treatment for bone metastases includes surgery, radia  on 
and bone-modifying agents such as bisphosphonates and RANK an  bodies (denosumab). All of 
them are pallia  ve, a  emp  ng to slow disease progression, palliate symptoms, and increase survival 
(Theriault, 2012).

Bisphosphonates such as zoledronic acid and denosumab are inhibitors of osteoclast mediated 
bone resorp  on. They reduce the incidence of SREs in pa  ents with bone metastases (Saba and 
Khuri, 2005b, Saba and Khuri, 2005a). The therapeu  c disrup  on of RANKL (receptor ac  vator of 
nuclear factor-κB ligand) with denosumab results in signifi cant decreases in skeletal complica  ons 
and reduces bone pain (Stopeck et al., 2010). The emergence of adverse eff ects raises concerns 
about the long term use of these compounds. Novel therapeu  cs are currently been inves  gated 
including an  -TGFb inhibitors (Korpal and Kang, 2010), and angiogenesis antagonists (Shepard and 
Dreicer, 2010).

 2.1.2 Molecular features

  2.1.1.1 Basis and biology of metastasis

At the cellular level, metastasis consists in a series of sequen  al steps. At the primary site, tumor cells 
must invade, enter and survive in the circula  on, infi ltrate the target metasta  c organ, extravasate, 
and colonize the distant organ (Fig. 3). This process is extremely ineffi  cient (<0, 01% of cells) (Mehlen 
and Puisieux, 2006) and each step is rate limi  ng (Fearon and Vogelstein, 1990) although early steps 
could be completed more effi  ciently than late events (Chambers et al., 2002).
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FIGURE 3. Stages of metasta  c progression.
Metastasis rises as result of consecu  ve and ordered acquisi  on of traits that let malignant cells in the primary site disseminate and 
colonize a secondary site. Adapted from (Gupta and Massague, 2006).

Although the development of metastases is infl uenced by circula  on pa  erns and mechanical 
constraints (Fidler, 2003), for each lung cancer subtype, the clinical course of metastasis occurs with 
dis  nct temporal kine  cs and in specifi c organ sites (Travis WD, 2004, Klein, 2009). This observa  on 
was fi rst described in 1889 by Stephen Paget who proposed the “seed and soil” hypothesis (Li et al., 
2007). He stated that the propensity of diff erent cancers to form metastasis in specifi c organs was 
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similar to the dependence of the seed (the cancer) in a fer  le soil (the distant organ). Genes that 
mediate the ini  al forma  on and progression of tumors can confer tumorigenic proper  es, but 
might not specifi cally mediate the steps of metastasis (Nguyen and Massague, 2007). 

In contrast, metastasis-specifi c func  ons can be considered those that act on tumor cells from 
intravasa  on and enable them to home to, infi ltrate, or colonize distant organs. Examples include 
survival in the circula  on, adhesion to blood cells or endothelium, extravasa  on into distant organs, 
co-op  ng a new microenvironment, and organ-specifi c growth (Stupack et al., 2006). To date, it has 
been proposed an integrated model for metastasis that suggests that some genes selected to drive 
primary tumor forma  on and progression are also involved in the metasta  c process (Jeanes et 
al., 2008). The integrated model focuses on altered func  ons instead of specifi c genes. Therefore, 
during primary tumor growth for example, the main func  ons that are selected are tumorigenic 
func  ons that include large collec  on of cancer genes (autonomous prolifera  on, self-renewal ability, 
resistance to cell death, resistance to inhibitory signals, mo  lity and invasion, and angiogenesis) 
(Nguyen and Massague, 2007).

Metastasis ini  a  on genes have been defi ned as those expressed in the primary tumor that provide 
an advantage to invade the surrounding  ssue and a  ract a suppor  ve stroma. In contrast, metastasis 
progression genes are prominently expressed in a primary tumor and exert several func  ons in 
metasta  c coloniza  on of distant sites (Klein, 2009). Finally, metastasis virulence genes are defi ned 
as those that provide a selec  ve advantage in secondary sites but not in the primary tumor. These 
genes par  cipate in metasta  c coloniza  on (Nguyen et al., 2009) (Fig. 4).

FIGURE 4. Classes of metastasis genes.
Metastasis requires func  onally dis  nct classes of genes that provide metastasis ini  a  on, progression and virulence func  ons. These 
func  ons can be acquired through dis  nct gene  c or epigene  c altera  ons, and might collec  vely endow circula  ng cancer cells with 
the competence to infi ltrate, survive in latency and colonize distant organs. Adapted from (Nguyen et al., 2009).
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TWIST1, SNAI1, SluG, E-CADH, N-CADH, CASP8, ID1.
  

Metastasis progression functions: 

Extravasation, survival and reinitiation
EREG, MMP1, COX2.

Metastasis virulence functions:
Organ-specific colonization
PTHrP, IL11, GM-CSF, IL6, TNF
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  2.1.1.2 Metasta  c steps: homing and coloniza  on 

Primary tumors may condi  on the bone marrow through the produc  on of circula  ng factors that 
target cells in the bone microenvironment and facilitate tumor localiza  on and coloniza  on (Grange 
et al., 2011). Concomitantly, bone marrow-derived chemoa  rac  ants also en  ce tumor cells to the 
bone compartment media  ng early bone homing events. The CXCL12 chemokine is expressed at 
high levels by osteoblasts and bone marrow stromal cells, and the expression of its receptor, CXCR4, 
on cancer cells has an important role in tumor cell homing to bone (Kang et al., 2003). 

Indeed, expression of CXCR4 has been associated with traffi  cking and enhanced metastasis in NSCLC 
(Burger and Kipps, 2006). CXCL12 expression from bone marrow endothelial monolayers has been 
demonstrated to promote prostate cancer cell migra  on and upregula  on of both MMP9 and αvβ3 
integrin on prostate cancer cells (Sun et al., 2007, Chinni et al., 2006).

Circula  ng tumor cells should survive in the harsh condi  ons of the circula  on and overcome 
anoikis. During early steps of bone metasta  c homing, tumor cells infi ltrate the osseous fenestrated 
capillary bed. This off ers li  le mechanical constraint to tumor cells that engage with the host 
microenvironment, which is mainly formed by endothelial cells of the microvasculature, and the 
stromal components of the osseous compartment (Mundy, 2002).

Homing appears to involve a mul  step adhesion cascade that includes dis  nct receptor-ligand 
pathways. These pathways have been elucidate in other models and required further proof in lung 
cancer metastases. For the sake of simplicity we would like to men  on:  (1) Tethering and rolling, 
mediated by primary adhesion molecules (selec  ns or α4-integrins) with fast binding kine  cs but 
short bond life  me; (2) a chemotac  c/ac  va  ng s  mulus provided by soluble or surface-bound 
chemoa  ractants, through G-coupled transmembrane domain receptors; and (3) s  cking, mediated 
by secondary adhesion molecules, mostly integrins (b2 or α4) that interact with endothelial ligands 
of the immunoglobulin superfamily. Although specifi c adhesion pathways appear to infl uence the 
tropism of metasta  c cells par  ally, a high degree of stochas  city also infl uences the process (Laird 
et al., 2008).

In other models of bone metastases, tumor-matrix interac  ons play an important role in engagement 
to the target organ. In breast, the role of αVβ3 integrins is crucial in this metasta  c step. Indeed, it 
interacts with bone-derived osteopon  n (OPN), fi bronec  n and vitronec  n. Furthermore, expression 
of αvβ3 integrin in breast and prostate cancer cells is associated with higher rates of bone metastasis, 
tumor-associated osteolysis and coloniza  on in bone (Clezardin, 2009, Schneider et al., 2011). In 
addi  on, α3β1 integrins expressed on circula  ng tumor cells have been shown to bind to laminin-5 
within exposed regions of the vascular basement membrane during lung metastasis (Wang et al., 
2004).

Platelet-derived growth factor receptor (PDGFR) signaling in the host  ssue has been shown to be 
required for proper cell homing and infi ltra  on of lung cancer in the skeleton (Catena et al., 2011). 
Other new receptors may play important roles in homing (Rikova et al., 2007).

Infi ltra  on entails growth and survival advantages, to full coloniza  on of the osseous compartment. 
Recruited bone-marrow-derived progenitor cells might prove a permissive niche for metastasis. 
Ac  ve coloniza  on can be achieved by the co-op  on of organ-specifi c components of the tumor 
microenvironments (Fig. 5).
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FIGURE 5. Late steps of the metasta  c process
A  er surviving in the circula  on, tumor cells reach the bone to which they have to adhere to and colonize.

The ‘vicious cycle’ hypothesis in osteoly  c metastases

Cancer cells that metastasize to bone invariably hijack the conserved physiological mechanisms of 
this organ. Interac  ons between tumor cells and osteoclast precursors cause osteoclast ac  va  on 
and subsequent aggressive tumor cell growth.

The produc  on of parathyroid-hormone-related pep  de (PTHrP) by tumor cells ac  vates osteoblasts 
to produce RANKL and downregulate the decoy receptor osteoprotegrin (OPG). This ac  vates 
osteoclast precursors, leading to osteoclast ac  va  on and resorp  on. Osteolysis allows the release 
of bone-derived growth factors, including TGF-β and IGF1 which is expressed in many lung cancer 
cells (Quinn et al., 1996), and raises extracellular calcium concentra  ons. The growth factors bind 
to receptors on the tumor-cell surface. These factors feedback to promote tumor cell growth and 
further produc  on of osteoly  c and osteoblas  c factors. The vicious cycle can support tumor growth 
in bone (Mundy, 2002) (Fig. 6). Signaling through these pathways promotes tumor-cell prolifera  on 
and produc  on of PTHrP. Tumor cells also produce a number of other important factors that lead to 
osteolysis such as IL-1, IL-8, IL-6, IL-11, and vascular endothelial growth factor (VEGF) (Bendre et al., 
2002, Roodman, 2004).
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Matrix metalloproteinases (MMPs) par  cipate in the progression of cancer metastasis not only 
by the degrada  on of matrix leading to invasion but also by the altera  on of signaling molecules 
aff ec  ng tumor growth and migra  on through the cleavage of tethered signaling molecules such as 
IGF binding protein1, E-cadherin, fi broblast growth factor receptor 1 (Vicent et al., 2008), and TGF-b 
(Stamenkovic, 2003). The expression of MMPs has been found to be increased in most cancer types 
and high levels have been associated with poor prognosis (Ranuncolo et al., 2003).

Full metasta  c coloniza  on can occur by immediate growth of tumor cells upon their extravasa  on, 
or a  er a long period of micrometasta  c dormancy. The survival ac  va  on and outgrowth of 
dormant cells requires addi  onal tumor-intrinsic or tumor-extrinsic factors (Aguirre-Ghiso, 2007). 

A         B

FIGURE 6. Bone remodeling.
A) Bone is composed mainly of type I collagen that is mineralized with hydroxyapa  te crystals. Within these mineralized structures, numerous 
growth factors are released upon bone resorp  on. Bone homeostasis is maintained through the coupled ac  on of osteoblasts and osteoclasts 
by a  ghtly regulated process via hormonal, mechanical, systemic and local signals. A highly conserved molecular circuitry maintains this balance 
under normal condi  ons and a  er acute injury.  The bone microenvironment plays a cri  cal role in the forma  on of bone remodeling cells.  
Osteoclasts derive from the diff eren  a  on of hematopoie  c stem cells (HSC) and osteoblasts derived from mesenchymal stem cells (MSC). 
Osteocytes sense mechanical strain and signal to osteoclasts and osteoblasts. Osteoblasts express several molecules that are important for bone 
regula  on, including parathyroid hormone (PTH) receptors, prostaglandins, estrogen, vitamin D, and various cytokines. In addi  on, they are 
directly involved with the control of osteoclast diff eren  a  on through expression of the receptor ac  vator of nuclear factor kB ligand (RANKL), 
and they also secrete osteoprotegerin (OPG), a decoy RANK receptor, which inhibits osteoclast forma  on (Kodama et al., 1991). When RANKL 
binds to the receptor RANK found on the surfaces of monocytes, in the presence of macrophage colony-s  mula  ng factor (M-CSF), it promotes 
cellular fusion of several monocytes to form a mul  nucleated osteoclast. Osteoclast produc  on is also s  mulated by interleukin 6 (IL-6), IL-1, 
IL-11 and prostaglandins (Stupack et al., 2006). Ac  vated osteoclasts bind to bone matrix via integrin proteins and secrete acid and lysosomal 
enzymes that degrade bone (Theriault, 2012, Roodman, 2004). B) Deregula  on of the normal bone remodeling process occurs when tumor 
cells arrive to this  ssue. Both processes are typically accelerated in the aff ected bone (Mundy, 2002) conforming the “vicious cycle”. Adapted 
from (Weilbaecher et al., 2011).

An emergent feature along the metasta  c cascade is the relevance of cell-cell and cell-matrix 
receptors for survival in the circula  on, engagement in host  ssue, and effi  ciently growth in the 
target organ. Interac  ons between tumor and normal cells and with the extracellular matrix (ECM) 
components of the bone medium are important issues to understand tumor progression process.

Cell surface receptors involved in cell-matrix interac  ons include integrins that bind to components 
of the extracellular matrix such as collagen, fi bronec  n, and vitronec  n (Clark and Brugge, 1995). 
DDR1 is also a matrix-cell adhesion molecule. This receptor, due to it´s affi  nity to the collagen, could 
cons  tute a paradigm of metasta  c receptors. 
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3. DDR1 

3.1 General features

The discoidin domain receptors (DDRs) belong to the subfamily of receptor tyrosine kinases (RTKs) 
ac  vated by collagen. They are represented in mammals by two members: DDR1 and DDR2. The 
DDR proteins are characterized by a remarkable evolu  onary conserva  on. DDR func  ons include 
embryonic development, lacta  on maintenance, atherosclerosis, fi brosis, infl amma  on, arthri  s 
and cancer. Human DDR1 is located on chromosome 6p21.3 and is composed of 17 exons (Perez 
et al., 1994). DDR1 is formed by an extracellular domain which includes the discoidin domain, a 
transmembrane region, a juxtamembrane domain and the cataly  c domain (Playford et al., 1996) 
(Fig. 7).

FIGURE 7. Genomics features of DDR1
(Upper panel). Human DDR1 is located on chromosome 6p21.3 among several HLA genes belonging to the telomeric region (class I) 
of the major histocompa  bility complex (Perez et al., 1994). The gene is composed of 17exons, which range in size from 96 to 1014 
bp and are distributed along ~12 kb of genomic DNA. The extracellular domain is encoded by exons 1-8. Exons 2 to 4 code for the 
discoidin domain. The transmembrane region is encoded by a single exon. The juxtamembrane domain is encoded by 3 exons (10-12) 
and the cataly  c domain by 5 exons (13-17). (Playford et al., 1996). (Lower panel). Characteris  cs of the fi ve known isoforms of DDR1. 
Adapted from (Playford et al., 1996, Alves et al., 2001).

The main diff erence that structurally dis  nguishes DDRs from other RTKs is the discoidin domain 
(also called discoidin like domain, discoidin mo  f, FA58C or F5/8C). It was fi rst iden  fi ed in discoidin 
protein, discovered in 1981 in an amoeba Dictyostelium discoideum and described as a lec  n with high 
affi  nity for galactose and modifi ed galactose residues (Wu and Molday, 2003, Franco-Pons et al., 2006). 
Discoidin regions can be found in membrane-anchored and secreted proteins such as neuropilins, milk 
fat globule membrane proteins, or blood clo   ng factors V and VIII (Baumgartner et al., 1998).
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Five isoforms of DDR1 have been iden  fi ed, all of which are generated by alterna  ve splicing of the 
exons that code for the cytoplasmic region. The longest DDR1 transcript encodes the c-isoform with 
919 amino acids. Compared with the c-isoform, the b-isoform lacks 6 amino acids inserted between 
exon 13 and 14. The a isoform lacks addi  onal 37 amino acids in the juxtamembrane region as a result 
of alterna  ve splicing of exon 10 to exon 12 (Alves et al., 1995). DDR1d and DDR1e are truncated 
variants that lack either the en  re kinase region or parts of the juxtamembrane region and the ATP 
binding site (Alves et al., 2001). 

DDR1 has a molecular weight of around 125-kDa, is glycosylated proteins and is par  ally processed 
into a 63-kDa membrane-anchored b-subunit and a soluble 54-kDa-a subunit by a so far uniden  fi ed 
protease (Alves et al., 1995).

DDR1 has a total of 15 tyrosine residues in the cytoplasmic region, which serve as poten  al 
phosphoryla  on sites upon receptor ac  va  on by collagen.

DDR1b protein is the predominant isoform expressed during embryogenesis, whereas the a-isoform 
is preferen  ally up-regulated in certain human mammary carcinoma cell lines (Perez et al., 1994).
Expression of human DDR1 is restricted to epithelial cells, par  cularly in the kidney, the lung, the 
gastrointes  nal tract, and the brain. DDR2, the other component of the family is expressed in tumor 
stroma. Furthermore, expression of DDR1 and DDR2 is mutually exclusive (Alves et al., 1995, Sanchez 
et al., 1994). Nonetheless, muta  ons in DDR2 have been reported in lung SCC (Hammerman et al., 
2011). 

3.2 DDR1 ac  va  on

Uniquely, DDR1 is a receptor for na  ve, triple-helical collagens, in par  cular types I, II, III, IV, V, VIII and 
XI. Upon binding, dimeriza  on occurs and triggers ac  va  on (Yang et al., 2010b, Vogel et al., 1997).

The ac  va  on process is surprisingly slow, requiring collagen treatment for 18 h to reach maximal 
tyrosine kinase ac  vity. The ac  va  on is sustained and no signifi cant down-regula  on by endocytosis 
or receptor degrada  on is observed for up to 4 days. The na  ve, triplet confi gura  on of collagen is 
essen  al for DDR1 ac  va  on as heat-denatured collagen (gela  n), which lacks triple-helical structure, 
fails to induce kinase ac  vity (Vogel et al., 1997). The ac  va  on of DDR1 by collagen induces 
phosphoryla  on of the L-X-N-P-X-Y site in the alterna  vely spliced insert (DDR1b). The adaptor 
molecule Shc binds with its phosphotyrosine binding (PTB) domain to this site. However, Shc-mediated 
downstream events are highly cell-type dependent, since ac  va  on of DDR1b in human breast cancer 
T-47D cells results in strong ShcA binding to the receptor but not in protein phosphoryla  on (Vogel 
et al., 1997).

Several other molecules have been found to directly interact with DDR1, such as Shp-2, an SH2 domain 
containing phosphotyrosine phosphatase, and Nck2, an SH2 and SH3 domain containing adapter 
protein (Koo et al., 2006, Vogel et al., 1993) (Fig. 8).

Maximum induc  on of DDR1 receptor phosphoryla  on appears to require between 1 and 10 mg/
ml of collagen (Shrivastava et al., 1997). Four integrin receptors, formed between the β1 subunit 
and the α1, α2, α10 or α11 subunit also act as func  onal collagen receptors. Furthermore, some 
downstream signaling pathways are common to these integrins and DDR1. However, DDR1 ac  va  on 
by collagen is independent to β1 integrin ac  va  on (Vogel et al., 2000). A cross-talk with integrins 
exists since DDR1 signals inhibit α2β1-integrin-mediated cell migra  on (Wang et al., 2006).
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FIGURE 8. Reported DDR-ini  ated signaling pathways in cancer cells.
Solid lines indicate direct interac  ons or eff ects. Dashed lines represent indirect interac  ons or eff ects that are mediated through one 
or more intermediate steps. Unknown interac  ons (direct or indirect) are indicated with a ques  on mark. Arrows poin  ng to DDRs 
indicate pathways involved in DDR ac  va  on and arrows poin  ng away from DDRs indicate pathways triggered by ac  vated DDRs. 
Ac  vated DDRs are indicated with a yellow star. From (Valiathan et al., 2012).

3.3 DDR1 in cancer and metastasis

Discoidin domain receptors have been shown to exhibit altered expression pa  erns in mul  ple 
human cancers, including breast (Johnson et al., 1993), esophageal (Nemoto et al., 1997), ovarian 
(Laval et al., 1994), brain (Weiner et al., 1996) and lung tumors (Vogel et al., 2006).

Overexpression of DDR1 has been reported to increase the migra  on and invasion of hepatocellular 
carcinoma (HCC) cells (Park et al., 2007). In other studies, DDR1 overexpression promotes glioma-
cell invasion and adhesion in associa  on with MMP-2 (Ram et al., 2006) and ac  ve DDR1 kinase 
mediates migra  on of smooth muscle cells,(Hou et al., 2002) or leukocytes through the endothelium 
(Kamohara et al., 2001). In contrast, DDR1 knockout mice showed reduced migra  on of vascular 
smooth muscle cells (Vogel et al., 2001). 

In prostate cancer, PCA-1 signifi cantly downregulates DDR1 expression, resul  ng in suppression of 
cancer-cell invasion. The expression of PCA-1 and DDR1 is associated with a hormone-independent 
state of prostate cancer (Shimada et al., 2008).  It has also been demonstrated that DDR1 is a direct 
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transcrip  onal target of one of the most important tumor suppressor genes, p53 (Ongusaha et al., 
2003). DDRs likely play a role in the regula  on of tumor growth, in par  cular in the ability of the 
tumor to metastasize and invade other  ssues (Crowe and Shuler, 1999, Vogel, 1999). Thus, DDRs 
have opposite biological func  ons depending on the cell type-specifi c environments (Shimada et al., 
2008).

DDR1 in lung cancer

Approximately 30% of tumors from NSCLC pa  ents show high levels of phosphotyrosine and RTK 
expression, sugges  ng that RTK ac  vity may play a role in lung tumorigenesis. DDR1, EGFR, DDR2, 
and Eph receptor tyrosine kinases were the most hyperphosphorylated receptors in lung cancer 
pa  ents (Rikova et al., 2007).

Similarly, a signifi cant upregula  on of DDR1 was also detected in lung tumor  ssues. The expression 
of DDR1 was signifi cantly higher in SCC than in ADC. In this group, DDR1 upregula  on was more 
frequently observed in invasive ADC than in bronchioalveolar carcinoma (BAC). Moreover, in invasive 
NSCLC, DDR1 expression was signifi cantly correlated with lymph node metastasis, increase of cell 
mo  lity and invasiveness (Ford et al., 2007). In addi  on, the expression of the DDR1b-isoform was 
selec  vely induced during lung disease progression (Matsuyama et al., 2005).

In lung cancer cells, DDR1 overexpression induced ac  va  on of MMP-9 (Yang et al., 2010b). 
These fi ndings point to a contribu  on of DDR1 to the progression and poor prognosis of NSCLC. 
However, DDR1 has been suggested as an independent favorable prognos  c marker for early-stage 
NSCLC pa  ents (Ford et al., 2007). But the involvement of DDR1 in the mechanisms of lung cancer 
progression and metastasis to bone remain ill-defi ned.
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4. miRNAs

As previously stated, acquisi  on of novel func  ons by tumor cells require the induc  on of regulatory 
mechanisms modula  ng large gene networks. Epigene  c mechanisms and altera  on in regulatory 
non-coding RNAs (ncRNAs) represent emerging paradigms implicated in tumorigenesis and 
metastasis.

4.1 Defi ni  on

miRNAs are the most widely studied class of ncRNAs, a large group of regulatory RNAs that also 
includes PIWI-interac  ng RNAs (piRNAs), small nucleolar RNAs (snoRNAs), transcribed ultraconserved 
regions (T-UCRs) and large intergenic non-coding RNAs (lincRNAs) among others (Esteller, 2011, 
Wright and Bruford, 2011).

They are small single stranded ncRNAs of ~22 nucleo  des. miRNA genes could par  cipate in the 
direct regula  on of ~30% of the genes (Bartel, 2004). To date, 1,921 mature miRNA sequences from 
human and 1,157 from mice are registered in the latest version of the Sanger Ins  tute miRBase 
(version 18) (h  p://www.mirbase.org) (Kozomara and Griffi  ths-Jones, 2011). The specifi c func  on of 
individual miRNAs is only partly known and in most cases not fully understood (Bartel, 2004).

miRNAs regulate the expression levels of hundreds of genes simultaneously, and many types of 
miRNAs regulate their targets coopera  vely (Esteller, 2011). Whereas some miRNAs regulate specifi c 
individual targets, others can func  on as master regulators of a process. Therefore, miRNAs are 
involved in the regula  on of many processes, including prolifera  on, diff eren  a  on, apoptosis and 
development (Bartel, 2004). 

Some miRNAs are evolu  onarily conserved across related-species. They may be located either within 
the introns or exons of protein-coding genes (70%) or in intergenic regions (30%). Many miRNAs are 
encoded as clusters that range from 2 to 19 miRNA located in close proximity. Clustered miRNAs 
are transcribed as polycistrons and have similar expression pa  erns (Altuvia et al., 2005). However, 
miRNA located in the same genomic cluster can be transcribed and regulated independently (Song 
and Wang, 2008). 

Members of the same miRNA family share the nucleo  de sequence at the 5’ end and it is thought that 
they control similar biological events (Esquela-Kerscher and Slack, 2006). Many miRNAs are mapped 
at or near fragile sites, common breakpoints, and other sites of genomic rearrangements associated 
with human cancer (Calin et al., 2004). These results indicate that loss of miRNA expression due to 
chromosomal rearrangements might be an underlying cause of oncogene  c programs.

Regula  on of miRNA expression remains largely unknown. Since some miRNAs are frequently located 
in regions of the genome involved in cancer altera  ons, miRNAs deregula  on could be due to several 
mechanisms, including genomic altera  on (chromosomal abnormali  es), muta  on, polymorphisms 
(SNPs), epigene  c changes, and/or miRNA processing altera  ons. Moreover, miRNAs are frequently 
associated with CpG islands (Iorio and Croce, 2009) (Fig. 9).
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FIGURE 9. Mechanisms of miRNA regula  on.
The deregulated microRNA expression observed in cancer can be caused by chromosomal abnormali  es, muta  ons, polymorphisms 
(SNPs), transcrip  onal deregula  on, defects in the microRNA biogenesis machinery, and epigene  c changes. Adapted from (Iorio and 
Croce, 2009).

4.2 Biogenesis

The mechanism of miRNA biosynthesis is evolu  onarily conserved. Intergenic miRNAs and intronic 
miRNAs, are transcribed by RNA polymerase II as independent units to produce a primary miRNA (pri-
miRNA) (Lee et al., 2004). They exhibit the hallmarks of polymerase II transcrip  on: polyadenyla  on 
and 5’ cap (Fig. 10). However, other pathways generate a minor set of miRNAs. For example, RNA 
polymerase III is responsible for transcrip  on of miRNAs in Alu repeats (Borchert et al., 2006). 

miRNAs that derive from short intronic hairpins are termed ‘‘miRtrons”. miRtron hairpins are defi ned 
by the ac  on of the splicing machinery, which yield pre-miRNA-like hairpins. The miRtron pathway 
merges with the canonical miRNA pathway during hairpin export by Expor  n-5, and both types of 
hairpins are subsequently processed by Dicer-1. These miRNAs have been discovered in several 
species including mammals, D. melanogaster and C. elegans (Okamura et al., 2007, Ruby et al., 2007, 
Berezikov et al., 2007).

Recently, an alterna  ve matura  on pathway independent of DICER has been reported (Cheloufi  et 
al., 2010, Cifuentes et al., 2010). Drosha generates a short pre-miRNA hairpin that is directly cleaved 
by Ago2 and followed by resec  on of its 3ʹ end. This pathway has been described to generate miR-
451 matura  on, a well-conserved miRNA among vertebrates (Yang et al., 2010a). 
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FIGURE 10. miRNAs biogenesis.
Pri-miRNAs are large stem-loop structures with single-stranded RNA extensions at both ends, usually capped at the 5´end and poly-
adenylated at the 3´end regions. They are processed by a protein complex known as “the microprocessor”, which includes Drosha/
DGCR8 (DiGeorge syndrome cri  cal region gene 8), into precursor (pre)-miRNAs, a 60-70-nucleo  de RNA that has a stem-loop 
structure. The pre-miRNA is transported from the nucleus into the cytoplasm by Expor  n 5 in a Ran-GTP-dependent manner (Gregory 
et al., 2005). In the cytoplasm it is then processed by Dicer/TRBP (Dicer-TAR RNA binding protein) into a ~22-nucleo  de miRNA duplex 
(Hutvagner et al., 2001), in which the mature miRNA -generally, the strand with the 5ʹ terminus located at the thermodynamically 
less-stable end of the duplex- (Filipowicz et al., 2008) is par  ally paired to a miRNA* present on the opposite stem strand. The duplex 
is unwound by a helicase and the mature strand together with Ago proteins form the RNA-induced silencing complex (RISC) that is 
able to regulate gene expression at the post-transcrip  onal level.  Adapted from (Esquela-Kerscher and Slack, 2006).

4.3 Molecular mechanism

Depending on miRNA complementarity to a mRNA target, the RNA-induced silencing complex 
(RISC) mediates downregula  on of gene expression by either transla  onal repression or mRNA 
degrada  on (Valencia-Sanchez et al., 2006). Normally, if the miRNA and the mRNA exhibit perfect 
complementarity, the target mRNA is cleaved by RISC (Lin et al., 2005). This is the predominant 
mechanism for miRNA func  ons in plants. Imperfect base pairing between a miRNA and its target, 
which occurs with most mammalian miRNAs, leads to transla  onal silencing of the target. However, 
imperfectly complementarity miRNAs can also reduce target mRNAs levels (Macfarlane and Murphy, 
2010). Despite the fact that endonucleoly  c cleavage is the major mechanism in plants, miRNA-
guided silencing has a widespread transla  onal inhibitory component that is gene  cally separable 
from the cleavage (Brodersen et al., 2008). 

Base pairing to the 5’ end of miRNAs, especially to the “seed” that comprises nucleo  des 2-8, is 
crucial for targe  ng with 3’UTR of the target. 
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Although less important, 3’-end pairing might contribute to target recogni  on, par  cularly when sites 
have weaker miRNA seed matches. Imperfect miRNA-mRNA hybrids with central bulges (nucleo  des 
9-12) enable transla  onal inhibi  on or exonucleoly  c mRNA decay (Brodersen and Voinnet, 2009). 
Hence, miRNA mimics elicit decay or transla  onal repression depending on the structure of the 
miRNA-mRNA duplexes. 

Although the predominant mechanism in humans does not render mRNA cleavage, lowered mRNA 
levels account for most (≥84%) of the decreased protein produc  on. Hence, destabiliza  on of target 
mRNAs is the predominant reason for reduced protein output (Guo et al., 2010). 

The number of miRNA binding sites, the distance separa  ng these sites, their posi  on within the 3ʹ 
UTR, and the RNA context strongly infl uence the magnitude of the regula  on, although the rela  ve 
contribu  ons of transla  onal repression and decay in each case are not well established (Grimson et 
al., 2007). Thus, degrada  on induced by miRNAs strongly depends on specifi c features of the miRNA-
binding site and its RNA context and so, most likely, on the specifi c proteins associated with a given 
target. Many miRNAs with their 3’-end interac  on sites in the 5’ UTRs turn out to simultaneously 
contain 5’-end interac  on sites in the 3’ UTRs (Lee et al., 2009). 

Several years ago, dis  nct puta  ve models were proposed for miRNAs protein repression (Eulalio 
et al., 2008) (Fig. 11). At present, data indicate that transla  onal repression occurs at ini  a  on and 
precedes complete deadenyla  on and degrada  on of the targeted mRNAs (Izaurralde, 2012).

Other func  ons for miRNAs have been shown. miR-122 facilitated replica  on of HCV viral RNA in 
liver cells and did not detectably aff ect viral mRNA transla  on or RNA stability (Jopling et al., 2005). 
Recently, miRNAs have been shown to upregulate target gene expression on cell cycle arrest either 
directly through binding to the target mRNA (Vasudevan et al., 2007) or indirectly through repressing 
nonsense-mediated RNA decay (Bruno et al., 2011). Finally, miRNAs can be reimported into the 
nucleus were they could regulate gene expression at the transcrip  onal level (Kim et al., 2008).

FIGURE 11. Mechanisms proposed for miRNA-mediated gene silencing.
A) Pos  ni  a  on mechanisms. miRNAs repress transla  on of target mRNAs by blocking transla  on elonga  on or by promo  ng 
premature dissocia  on of ribosomes (ribosome drop-off ). B) Cotransla  onal protein degrada  on. Transla  on is not inhibited, but 
rather the nascent polypep  de chain is degraded cotransla  onally. (C-D) Ini  a  on mechanisms. MicroRNAs interfere with a very 
early step of transla  on, prior to elonga  on. C) Argonaute proteins compete with eIF4E for binding to the cap structure. D) Argonaute 
proteins recruit eIF6, which prevents the large ribosomal subunit from joining the small subunit. Adapted from (Eulalio et al., 2008).

A) Inhibition of translation elongation B) Co-translational protein degradation 

C) Inhibition of translation initiation D) Inhibition of ribosomal subunit joining 
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4.4 Target iden  fi ca  on

Predic  on of miRNA targets is one of the most important fi elds in miRNAs research, (Dai and Zhou, 
2010). Several algorithms have been developed to predict miRNA target interac  ons. They focus on 
some major characteris  cs such as high evolu  onary conserva  on and high minimal folding free 
energy. See table 3.

It has been suggested that a miRNA may target around 200 mRNAs (Krek et al., 2005), with varying 
degrees of protein repression (Selbach et al., 2008). However, target predic  on remains inaccurate 
by computa  onal algorithms. Thus, the gold standard for miRNA target iden  fi ca  on is an assay 
where a luciferase reporter is placed in the 3’ UTR of the predicted target and a signal repression is 
shown as consequence of the miRNA-mRNA fusion (Li et al., 2010).

4.5 miRNAs and cancer

miRNA expression in human cancer is widely altered. The fi rst evidence was reported in human 
chronic lymphocy  c leukemia (CLL), where two miRNAs, miR-15a and miR-16a, located in the region 
13q14 were commonly deleted in that disease (Calin et al., 2002).

Deregula  on of miRNA expression profi les has been demonstrated in most tumors examined. 
However, the specifi c classifi ca  on of miRNA as oncogenes or tumor suppressors can be diffi  cult 
because pa  erns diff er for specifi c  ssues. It is not always clear if altered miRNA pa  erns are the 
direct cause of the cancer or rather an indirect eff ect of changes in cellular phenotype. Addi  onally, 
a single miRNA can regulate mul  ple targets. This, coupled with  ssue specifi c expression could 
implicate a single miRNA as a tumor suppressor in one context and an oncogene in another.
(Macfarlane and Murphy, 2010).

Tumor suppressor miRNAs lose their func  ons ini  a  ng or contribu  ng to malignant transforma  on 
of a normal cell. The puta  ve targets of these miRNAs are oncogenes. Normally, there are more 
than one genomic copy of the miRNA suppressor gene to preserve miRNAs func  ons if one allele is 
deleted or silenced (Garzon et al., 2006). Representa  ve examples of miRNAs as tumor suppressors 
in cancer are: let-7 family in lung cancer, miR-15a and miR-16-1 in CLL, or miR-143 and miR-145 in 
colon and breast cancer pa  ents.

Onco-miRNAs are upregulated in a wide variety of tumors. The puta  ve targets for these miRNAs 
are tumor suppressor genes. A classical member of onco-miRNA is miR-21. Other examples include 
miR-17-92 polycistron and miR-155, upregulated in many tumors (Fig. 12).
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FIGURE 12. Func  on of miRNAs as tumor suppressors and oncogenes
Proper miRNA transcrip  on results in the repression of target-gene expression through a block in protein transla  on. The reduc  on 
or dele  on of a miRNA that func  ons as a tumor suppressor leads to tumor forma  on. A reduc  on or elimina  on of mature miRNA 
levels can occur because of defects at any stage of miRNA biogenesis (indicated by ques  on marks) and ul  mately leads to the 
inappropriate expression of the miRNA-target oncoprotein.  The amplifi ca  on or overexpression of a miRNA that has an oncogenic 
role results in tumor forma  on. Increased amounts of a miRNA eliminate the expression of a miRNA-target tumor-suppressor gene 
and lead to cancer progression. Adapted from (Esquela-Kerscher and Slack, 2006).

 4.5.1 miRNAs in metastasis

miRNAs playing a crucial role in the metasta  c process are termed “metastamiRNAs”. They are 
components of complex pathways and are o  en expressed downstream of pro or an  metasta  c 
signals, including pathways regulated by NF-kB, EGFR, TWIST1, BRMS1, ZEB1/2, and HIF1a (Nicoloso 
et al., 2009).  Interes  ngly, the majority of metastamiRNAs have been studied in breast cancer due 
to the existence of robust models of metastasis (Hurst et al., 2009b). To date, this new fi eld starts to 
spread to other cancers.

miR-10b was fi rst proposed as a metastamiR since was involved in several steps of metastasis (Ma 
et al., 2007). It could be responsible for the regula  on of specifi c stages of tumor progression. Thus, 
it was found that miR-10b was upregulated in metasta  c breast cancer cell lines as compared to 
primary human mammary epithelial cells.
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The fi rst suppressing metastamiRNAs, miR-335 and miR-206 were discovered comparing miRNA 
expression in metasta  c variants derived from the human breast carcinoma cell line MDA-MB-231 
(Tavazoie et al., 2008). Table 4 summarizes metastamiRNAs described in the literature. 

Table 4 . MetastamiRNAs

   
Pro
metastatic Reference Anti

metastatic Reference

EMT

miR 10b (Ma et al., 2007) miR 141 (Gregory et al., 2008)

miR
200a/b/c (Gregory et al., 2008)

miR 205 (Wu et al., 2009, Gregory
et al., 2008)

miR 429 (Gregory et al., 2008)

Adhesion, migration, invasion

miR 10b (Ma et al., 2007) miR 146a/b

(Baltimore et al., 2008,
Hurst et al., 2009a,
Bhaumik et al., 2008, Lin
et al., 2008)

miR 21
(Asangani et al., 2008,
Zhu et al., 2008b,
Gabriely et al., 2008)

miR 206 (Tavazoie et al., 2008)

miR 143 (Zhang et al., 2009) miR 335 (Tavazoie et al., 2008)

miR 182 (Segura et al., 2009) miR 31 (Valastyan et al., 2009)

miR 373 (Huang et al., 2008)

miR 520c (Huang et al., 2008)

miR 183 (Lowery et al., 2010)

miR 9 (Ma et al., 2010)

miR 103/107 (Martello et al., 2010) miR 34a (Li et al., 2009)

Apoptosis

miR 29a/b/c (Fabbri et al., 2007,
Garzon et al., 2008) miR 31 (Valastyan et al., 2009)

miR 182 (Segura et al., 2009)

miR 34a (Li et al., 2009)

Angiogenesis

miR 27a/b (Kulshreshtha et al.,
2007) miR 15b (Poliseno et al., 2006)

miR 19a/b (Xiao et al., 2008) miR 16 (Poliseno et al., 2006)

miR 221 (Poliseno et al., 2006) miR 20a/b (Poliseno et al., 2006)

miR 210 (Pulkkinen et al., 2008)

miR 222 (Poliseno et al., 2006) miR 126 (Tavazoie et al., 2008)

let7f (Kulshreshtha et al.,
2007)

miR 17/92 (Xiao et al., 2008)

Colonization miR 31 (Valastyan et al., 2009)
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 4.5.2 miRNAs in NSCLC

miRNA profi les are poten  ally useful as early detec  on, classifi ca  on, prognos  c and predic  ve biomarkers 
(de Planell-Saguer and Rodicio, 2011).

miRNAs as diagnos  c biomarkers in NSCLC

There are many studies focused on diff eren  al expression of miRNAs between healthy and NSCLC pa  ents, 
many of which use high-throughput techniques and have been reviewed recently (Leidinger et al., 2011). 
The fi rst aberrantly expressed miRNA iden  fi ed in lung cancer was let-7 (Takamizawa et al., 2004). The 
expression of let-7 in lung cancer was inversely correlated to oncogenes such as RAS, CDC25a, CDK16, 
and cyclin D expression (Johnson et al., 2005). These fi ndings gave further support to the no  on that let-7 
func  ons as tumor suppressor miRNA. miRNAs described as diagnos  c biomarkers are summarized in table 
5. 

Table 5. miRNAs as diagnos  c biomarkers

This summary emphasizes the no  on that miRNAs profi les defi ne more appropriately a specifi c phenotype  
than individual miRNAs.

miRNA as prognos  c biomarkers of NSCLC

Several studies have a  empted to use miRNA expression pa  erns to predict the prognosis of pa  ents with 
lung cancer. A reduced let-7 expression was correlated with a shorter post-opera  ve survival (Takamizawa 
et al., 2004). 

Correla  ons between miRNA expression and prognosis are s  ll at the exploratory stage. In addi  on, li  le 
overlap in the candidate biomarkers has been observed across mul  ple studies, and required independent 
valida  on. Diff erences in  ssue input (frozen vs formalin-fi xed paraffi  n embedded  ssue), inherent dispari  es 
in  ssue processing or discovery pla  orms, data analysis and normaliza  on methods, and demographic 

miRNA Deregulation Role Clinical related phenotype Reference
let 7 Downregulation Tumor

suppressor gene
Inversely correlated to
oncogenes such as RAS,
CDC25a, CDK16, and cyclin D
expression

(Johnson et al., 2005)

miR 155 Upregulation Oncogene Overexpression in AC and SCC (Yanaihara et al., 2006,
Volinia et al., 2006)

miR 17 3p Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 17 5p Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 18a Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 196a2 SNP Oncogene Variant genotype significantly

increased risk of lung cancer.
(Tian et al., 2009)

miR 19a Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 19b 1 Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 205 Upregulation Oncogene Overexpression in SCC (Bishop et al., 2010)
miR 20a Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)
miR 21 Upregulation Oncogene Overexpression in NSCLC (Gao et al., 2010)
miR 92 Upregulation Oncogene Overexpression in lung cancer (Hayashita et al., 2005)

INTRODUCTION 51



Despite these issues, the studies described earlier collec  vely provide evidence that miRNAs play 
a role in disease processes and demonstrate their u  lity as prognos  c biomarkers of lung cancer 
progression and recurrence-free survival and/or overall survival. miRNAs associated with NSCLC 
prognosis are summarize in table 6.

Table 6. miRNAs as prognos  c biomarkers

   

miRNA Deregulation Clinical related phenotype Reference
let 7a Downregulation Poor recurrence free survival and overall

survival in stages I III NSCLC patients.
(Takamizawa et al., 2004)
(Yu et al., 2008)

let 7a 2 Downregulation Poor survival time in lung cancer patients (Yanaihara et al., 2006)
let 7e Downregulation Reduced survival time in SCC (Landi et al., 2010)
miR 125 5p Downregulation Reduced lymph node metastasis in NSCLC (Jiang et al., 2010)
miR 125a 3p Downregulation Increased lymph node metastasis in NSCLC (Jiang et al., 2010)
miR 126 Upregulation Metastatic tumor (Barshack et al., 2010)
miR 137 Upregulation Poor recurrence free survival and overall

survival in stages I III NSCLC patients.
(Yu et al., 2008)

miR 146b Upregulation Reduced survival time in SCC (Raponi et al., 2009)
miR 146b 3p Downregulation Prognostic marker of relapse in surgically

resected NSCLC
(Patnaik et al., 2010)

miR 155 Upregulation Poor survival time in lung cancer patients (Yanaihara et al., 2006)
miR 16 Upregulation Reduced disease free survival and overall

survival in NSCLC
(Navarro et al., 2011)

miR 182 Downregulation Metastatic tumor (Barshack et al., 2010)
miR 182* Upregulation Poor recurrence free survival and overall

survival in stages I III NSCLC patients.
(Yu et al., 2008)

miR 191 Downregulation Reduced survival time in SCC (Landi et al., 2010)
miR 200b* Downregulation Prognostic marker of relapse in surgically

resected NSCLC
(Patnaik et al., 2010)

miR 200c Downregulation
Upregulation

High risk of lymph node metastasis in NSCLC
Reduced survival time in NSCLC

(Ceppi et al., 2010)
(Liu et al., 2012)

miR 206 Downregulation
Upregulation

Increased metastatic potential of lung cancer
Brain metastasis

(Wang et al., 2011b)
(Nasser et al., 2011)

miR 21 Upregulation Advanced stage and distant metastasis in
NSCLC
Reduced survival time in NSCLC

(Zhang et al., 2010)
(Liu et al., 2012)

miR 221 Downregulation Poor recurrence free survival and overall
survival in stages I III NSCLC patients.

(Yu et al., 2008)

miR 25 Downregulation Reduced survival time in SCC (Landi et al., 2010)
miR 30c 1* Downregulation Prognostic marker of relapse in surgically

resected NSCLC
(Patnaik et al., 2010)

miR 328 Upregulation Brain metastasis (Arora et al., 2011)
miR 34a Downregulation Prognostic marker of relapse in surgically

resected NSCLC
(Gallardo et al., 2009, Landi
et al., 2010)

miR 34c 5p Downregulation Reduced survival time in SCC (Landi et al., 2010)
miR 372 Upregulation Poor recurrence free survival and overall

survival in stages I III NSCLC patients.
(Yu et al., 2008)

miR 374a Downregulation Reduced survival time in NSCLC (Vosa et al., 2011)
miR 451 Downregulation Poor tumor differentiation, worse

pathological stage, more lymph node
metastasis and shorter overall survival of
NSCLC patients

(Wang et al., 2011a)

miR 510 Downregulation Prognostic marker of relapse in surgically
resected NSCLC

(Patnaik et al., 2010)

miR 630 Downregulation Prognostic marker of relapse in surgically
resected NSCLC

(Patnaik et al., 2010)

miR 657 Downregulation Prognostic marker of relapse in surgically
resected NSCLC

(Patnaik et al., 2010)
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4.6 miRNAs in fl uids

miRNAs can be detected in  ssues as well as in many body fl uids including blood plasma, urine, 
saliva, milk and semen, thus making non-invasive collec  on of samples possible.

miRNA levels in serum and plasma are remarkably stable and consistent among individuals of the 
same species (Chen et al., 2008). Emerging evidence suggests that miRNAs could be used as suitable 
blood-based biomarkers. However, further research is needed to elucidate the role of miRNAs in 
plasma/serum to use them as a reliable clinical tool (Chang et al., 2010). Some recent fi ndings suggest 
that a signature of miRNAs in plasma could be used as predictors of lung cancer development (Keller 
et al., 2011) prior to diagnosis using CT (Boeri et al., 2011). However, the complexity of miRNA 
biogenesis in physiological and pathological condi  ons precludes a more systema  c study in a more 
amenable model of metastasis. Other studies are summarized in the table 7.

Table 7: miRNAs as circula  ng biomarkers

miRNA Deregulation Clinical related phenotype Reference
miR 1 Downregulation Reduced overall survival in NSCLC (Hu et al., 2010)
miR 10b Upregulation Diagnostic biomarker for NSCLC (Roth et al., 2011)
miR 10b Upregulation Lymph node metastasis (Roth et al., 2011)
miR 122 Upregulation Diagnostic biomarker for NSCLC (Keller et al., 2011)
miR 1254 Upregulation Diagnostic biomarker for NSCLC (Foss et al., 2011)
miR 126 Downregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 139 Downregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 141 Upregulation Diagnostic biomarker for NSCLC (Roth et al., 2011)
miR 145 Downregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 155 Upregulation Diagnostic biomarker for NSCLC (Roth et al., 2011)
miR 182 Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 1974 Downregulation Diagnostic biomarker for NSCLC (Keller et al., 2011)
miR 200b Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 205 Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 21 Upregulation Diagnostic biomarker for NSCLC

Reduced overall survival and presence of lymph
node metastasis in NSCLC

(Shen et al., 2011)
(Wang et al., 2011c, Liu
et al., 2012)

miR 210 Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 30d Upregulation Reduced overall survival in NSCLC (Hu et al., 2010)
miR 375 Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 429 Downregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 486 Upregulation Reduced overall survival in NSCLC (Hu et al., 2010)
miR 486 5p Downregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
miR 499 Downregulation Reduced overall survival in NSCLC (Hu et al., 2010)
miR 574 5p Upregulation Diagnostic biomarker for NSCLC (Foss et al., 2011)
miR 708 Upregulation Diagnostic biomarker for NSCLC (Shen et al., 2011)
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Exosomes

Emerging evidence suggests that, in cancer pa  ents, circula  ng miRNAs are stable in blood, probably 
due to their incorpora  on in a sort of microvesicles, allowing their use as novel diagnos  c markers 
(Wang et al., 2010, Kosaka et al., 2010).

Exosomes are small (30-100 nm) membrane vesicles of endocy  c origin that are released into 
the extracellular microenvironment by fusion of mul  vesicular bodies (MVB) with the plasma 
membrane. The composi  on of exosomes depends on the cell type of origin, although the membrane 
composi  on of exosomes remains dis  nct from that of the parental cell -o  en with signifi cant 
remodeling, enabling specialized func  ons-(Muralidharan-Chari et al., 2010). In addi  on, exosomes 
composi  on is the result of a selec  ve process of assembly.

Exosomes contain a set of miRNAs and mRNAs, which could be transferred to target cells (Valadi et 
al., 2007) inducing regulatory changes (Ratajczak et al., 2006, Deregibus et al., 2007, Valadi et al., 
2007, Kosaka et al., 2010). Because released exosomes contain miRNA popula  ons, it is thought 
that this exosomal miRNA reproduce the miRNA signature of the parental tumor (Taylor and Gercel-
Taylor, 2008, Rabinowits et al., 2009). Main exosome’s features are summarized in table 8.

Table 8: Exosome features

Many cells have the capacity to release exosomes, including re  culocytes, dendri  c cells, B cells, 
T cells, mast cells, epithelial cells and tumor cells, where the release is exacerbated (Andre et 
al., 2002). Furthermore, the average miRNA concentra  on has been reported to be signifi cantly 
higher in lung adenocarcinoma than in control group (Rabinowits et al., 2009). Current es  mates of 
microvesicle concentra  on in the peripheral blood of healthy individuals are 5-50 μg/ml from which 
two-thirds are derived from platelets (Hunter et al., 2008). It is suggested that a new mechanism 
of cell-cell communica  on could be the delivery of RNA transferred through exosomes. Indeed, 
exosomes, by enhancing tumor vasculariza  on may sustain an unfavorable outcome of the tumor 
(Grange et al., 2011). Microvesicle-mediated cargo transfer to adjacent or remote cells has been 

Parameter Exosome
Size (diameter) 30 100nm
Flotation density 1,10 1,21 g/ml
Morphology Cup shaped
Lipid composition LBPA, low phosphatidylserine exposure, cholesterol,

ceraamide, contains lipid rafts, sphingomyelin
Protein markers Alix, TSG101, HSC70, CD63, CD81, CD9
Site of generation Multivesicular bodies (MVBs)
Type of generation Constitutive and regulated
Mechanism of generation Budding
Mechanism of sorting Ceramide dependent
Intracellular storage Yes
Mechanism of discharge Exocytosis of MVBs
Type of discharge Constitutive and regulated
Composition Proteins, miRNAs, mRNAs
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shown to aff ect many stages of tumor progression (van Doormaal et al., 2009). Microvesicles derived 
from lung cancer cells in tumor progression modulate metastasis and angiogenesis (Wysoczynski and 
Ratajczak, 2009). In addi  on, the amount of microvesicles shed by tumor cells has been shown to 
correlate with their invasiveness both in vitro and in vivo (Ginestra et al., 1998). Moreover, tumor-
derived exosomes may transport to neighboring cells the products of oncogenes and appear to aff ect 
target cells by s  mula  ng them directly by surface expressed ligands or by transferring molecules 
between them (Al-Nedawi et al., 2009) (Fig. 13). 

FIGURE 13. Possible mechanisms of intercellular communica  on by exosomes
A) Exosomal membrane proteins can interact with receptors in a target cell and ac  vate intracellular signaling (juxtacrine fashion). B) 
Cleaved fragments derived from exosomal membrane proteins can act as a soluble ligand which binds to the target cell surface receptor 
which ac  vate a signaling cascade within the target cell. C) Exosomes can fuse with the target cell membrane and release their contents 
inside the recipient target cell in a non-selec  ve manner. The surface membrane of the target cells in turn can be modifi ed by the addi  on 
of new membrane receptors (from exosome membranes) and diff erent lipid composi  ons. Exosomal molecules (protein, mRNA and 
miRNA) can ac  vate a mul  tude of signaling events in the recipient target cell. Adapted from (Mathivanan et al., 2010)

Informa  on about exosome  ssue-specifi c signatures, especially disease cell signature, can be obtained 
from the ExoCarta compendium of exosomal proteins and RNA (Mathivanan et al., 2010).

To date, there are few papers that propose the exosome’s miRNAs as non-invasive biomarkers of 
diagnosis and prognosis (Brase et al., 2010, Rosell et al., 2009, Zen and Zhang, 2010) (Fig. 14). A recent 
report indicates that a miRNA-exosomal profi le can discriminate between two groups of NSCLC pa  ents 
with diff erents stage of disease and outcome (Silva et al., 2011). This fi eld is s  ll in its infancy. 

A) Juxtacrine

B) Cleaved fragment
    (ectodomain)

Signaling

Signaling

C) Fusion
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FIGURE 14. Circula  ng exosomes as biomarkers.
Exosomal  ssue signatures can be used to isolate disease cell-derived exosomes for proteomic and transcriptomic profi ling. Adapted 
from (Mathivanan et al., 2010).

Given the complexity of human biology, it is mandatory to unveil novel mechanis  c insights of the 
metasta  c process to more effi  ciently confront this problem and impact global survival.
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HYPOTHESIS AND AIMS

Given the relevance of DDR1 as a collagen binding receptor and given its implica  on in tumorigenesis, 
we specifi cally hypothesized that DDR1 might play a role in osseous metastasis of lung cancer. To 
validate this hypothesis we would like to establish the following specifi c aims:

1) To study the func  onal eff ects in vitro and in vivo by overexpression and silencing of DDR1 in 
relevant models of metastasis.

2) To dissect some of the mechanis  c insights by which DDR1 could exert its cellular func  ons. 
 
3) To establish the relevance of DDR1 levels in clinical samples.

Given the dysregula  on of miRNAs and their downstream targets in metastasis, we hypothesize that 
dysregulated miRNA conferring robust metasta  c phenotype could unveil novel mechanis  c insights 
involved in the prometasta  c phenotype.

To validate this hypothesis we propose the following specifi c aims: 

1) To iden  fy and func  onally characterize robust miRNAs involved in metastasis using a mul  pronged 
approach in a murine model of bone metastasis of lung cancer.

2) To mechanis  cally dissect the regulatory gene network modulated by the iden  fi ed miRNAs.
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Transla  onal Relevance: 

In this report, we characterized DDR1, Discoidin domain receptor 1, a collagen receptor and a factor 
associated with poor clinical outcome in lung cancer, as a relevant mediator of tumor cell survival 
in bone metastasis. Silencing of DDR1 in lung tumor cells led to increased sensi  vity to apoptosis in 
basal and s  mulated condi  ons. Tumor cells lacking DDR1 also displayed decreased osteoclastogenic 
and metalloproteoly  c ac  vi  es, key mechanisms required for bone metastasis. In vivo abroga  on 
of DDR1 impaired tumor cell survival in bone metasta  c homing and coloniza  on. Thus, it might be 
possible to use DDR1 as a novel target in combina  on with chemotherapy to increase the clinical 
benefi t in lung cancer pa  ents with bone metastasis. 
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INTRODUCTION

Metastasis is a mul  step process that requires compa  bility between tumor cells and host  ssues, 
as “the seed in a fer  le soil” (1). During this process, cell–cell and cell–matrix receptors have been 
shown to be crucial for survival in the circula  on, engagement in host  ssue, and other func  ons 
required for thriving effi  ciently in the target organ (2, 3). 

Bone is a frequently preferred site of metastasis for many solid tumors. This  ssue-selec  vity of 
tumor cells is favored by the few mechanical constraints off ered by the fenestrated capillary bed of 
the bone marrow. This process is also infl uenced by chemotac  c cues that are highly abundant in 
the bone stroma, which act as chemoa  ractants for receptors expressed in tumor cells (4, 5). 

Besides limita  ons passively imposed by the vasculature, homing to bone is ac  vely driven by specifi c 
interac  ons between tumor and normal cells, and with the extracellular matrix components of the 
osseous milieu. Interac  ons between endothelial cell surface molecules and membrane receptors 
in tumor cells have been shown to mediate this process (6-8). Upon engagement, cri  cal pathways 
triggered in the tumor, and in the bone microenvironment, modulate the progression of metastasis. 
For instance, Src ac  va  on in lung cancer cells is crucial for tumor cell survival in the bone marrow 
microenvironment (9), whereas PDGF receptor signaling in the bone marrow is required for proper 
cell homing and infi ltra  on of lung cancer in the skeleton (10). During bone coloniza  on, tumor 
cells induce high osteoclas  c ac  vity that is exacerbated by paracrine loops between bone-matrix-
derived factors and tumor cells (11, 12). In addi  on, proteoly  c degrada  on at the tumor–stromal/
endothelial interface also contributes to the development of osteoly  c lesions (13). Thus, elucida  on 
of crucial molecular pathways ac  vated upon complex cellular interac  ons that confer selec  vity 
and are required for proper coloniza  on could be of great therapeu  c benefi t. 

The discoidin domain receptor (DDR) family of receptor tyrosine kinases (RTK) is composed of two 
members, DDR1 and DDR2, which are characterized by the presence of a domain homologous to the 
discoidin 1 protein of the slime mold Dictyostelium discoideum (14). DDR1 and DDR2 are ac  vated 
by diff erent types of collagen and par  cipate in several processes such as cell adhesion, migra  on, 
prolifera  on, and matrix remodeling (15-18). DDR1 is found in highly invasive tumor cells, sugges  ng 
its involvement in tumor progression. DDR1 appears to be preferen  ally expressed in tumor cells 
(epithelial), whereas DDR2 is expressed in tumor stroma (19).

A unique feature among other RTKs is the fact that DDRs are ac  vated by a major extracellular matrix 
component, triple-helical collagen (20). Several collagen types ac  vate the DDRs, with diff erent 
specifi ci  es between the two receptors (20, 21).  Collagen binding leads to auto-phosphoryla  on 
of DDRs with very slow kine  cs. In a global survey with phosphoproteomic screening of NSCLC, 
DDR1 was one of the most phosphorylated RTKs (22). More importantly, DDR1 overexpression 
is associated with poor prognosis in NSCLC (23, 24). In addi  on to lung, overexpression of DDR1 
has been reported in breast (25) and other types of tumors. However, to date, soma  c muta  ons 
of DDR1 have been found only in lung cancer (26, 27). Given the relevance of DDR1 in collagen 
binding and tumorigenesis, and the osseous abundance of collagen, we inves  gated its role in a 
bone metastasis model of lung cancer. At present, few key mediators involved in the early steps of 
cell–cell and cell–matrix interac  ons have been characterized. In this study, ac  va  on of DDR1 by 
collagen endowed tumor cells with survival proper  es required for eff ec  ve homing to bone. DDR1 
was also required for eff ec  ve coloniza  on by conferring resistance to apoptosis in the osseous 
microenvironment. Thus, our fi ndings unveil DDR1 as a crucial receptor that is implicated in bone 
homing and coloniza  on, and underscore the relevance of DDR1 as a valid therapeu  c target. 
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MATERIALS AND METHODS

Pa  ents and  ssue samples

The biological material used was formalin-fi xed paraffi  n-embedded  ssue sec  ons of tumor lung. 
Samples were stored in their respec  ve biobanks. A nonsmoker was defi ned as someone who had 
smoked less than 100 cigare  es in his or her life.  A series of 83 pa  ents diagnosed with NSCLC who 
underwent surgical resec  on at the Clínica Universidad de Navarra, Pamplona, Spain, between 2000 
and 2009 were included in this study. The inclusion criteria were NSCLC histology, complete resec  on 
of the primary lung tumor, no previous malignancy within the 5 years previous to surgery and no 
neo-adjuvant chemotherapy. Relapse  me was calculated from the date of surgery to the date of 
detec  on of recurrence. Survival status was verifi ed and updated in May 2011. A total of 47 pa  ents 
were treated with surgery and 36 with surgery followed by adjuvant treatment (chemotherapy 
alone or radiotherapy and concomitant chemotherapy), according to pathologic fi ndings within the 
resected tumor sample. The median follow-up for this cohort was 45 months. The median  me of 
progression (PD) was 36 months. The 73.5% pa  ents did not reach 5 years survival  me with the 
disease. Pa  ents who died from other causes unrelated to lung tumors were not included in the 
survival study. Supplementary Table 1 summarizes the characteris  cs of the cohort.

Immunohistochemistry

Immunohistochemistry (IHC) staining was performed in formalin-fi xed paraffi  n-embedded  ssue 
sec  ons. A  er microwave an  gen retrieval with citrate buff er (10 mM, pH 6), incuba  on with 
an  -DDR1 an  body (AdDSerotec; dilu  on 1:75) was carried out overnight at 4 ºC.  Detec  on was 
performed with ENVISION HRP system (Dako, Glostrup, Denmark). The peroxidase ac  vity was 
visualized with diaminobenzidine. The specifi city of the an  body was assessed by Western blot 
analysis of proteins from lung  ssue and siRNA technology. Nega  ve controls were also performed 
by omission of the primary an  body or incuba  on with an isotype control an  body. Two observers 
evaluated the samples independently and blinded in regard to the clinico-pathological characteris  cs 
of the pa  ents. The extension of the staining was scored as percentage of posi  ve cells (0-100%) and 
the intensity of staining was assessed compared with a known external posi  ve control (1+, mild; 2+, 
moderate and 3+, intense labeling) as previously described (39). Tissues expressing diff erent levels of 
DDR1 were included in each immunohistochemical run to unify the possible intensity discordance. 
Discordant independent reading was resolved by simultaneous review by both observers. A fi nal 
score was obtained by mul  plying the intensity and the extension values (range, 0–300). The upper 
quar  le of the score in each series was defi ned as “high” and the lower quar  le was defi ned as 
“low”. REMARK criteria were followed throughout all the study (40).

Knock-down constructs

Len  viral vectors containing short hairpin for DDR1 were obtained from shRNA Mission (Sigma). To 
obtain viral par  cles, packaging cells were transfected with 8 μg of plasmid by calcium phosphate 
method. Empty, and scramble vectors were used to obtain mock and scramble infec  ve viral par  cles. 
Two days a  er transfec  on, supernatants were centrifuged for 10 min at 600 x g and fi ltered through 
0.45 μm pore cellulose acetate fi lter. For transduc  on, cells were seeded at 1 x 105 and incubated 
overnight with viral supernatants in the presence of 4μg/mL polybrene (Sigma). Forty-eight hours 
post-infec  on, cell popula  ons were incubated in medium containing the appropriate an  bio  c for  
two addi  onal weeks. An  bio  c resistant pools were expanded and frozen at each cell passage.



Quan  ta  ve real-  me RT-PCR analysis

Measurement of DDR1 gene expression was performed with quan  ta  ve reverse-transcribed 
polymerase chain reac  on (RT-PCR) in an ABI PRISM 7500 device (Applied Biosystems, Foster City, 
CA) using Taqman® as detec  on dye.  Expression levels were normalized with ß2-microglobuline 
as an endogenous control. Target cDNA was quan  fi ed using standard curve method. Primer 
sequences used for real-  me PCR were as follows: 5´GCTCCCTGTGTCCCCAAT 3´ and 5´TGGCTTCT   
CAGGCTCCATA 3´.

Western blo   ng

Cells were s  mulated with 10 μg/ml collagen type I for 24 hours and then lysed with RIPA-buff er 
supplemented with protease inhibitors (Sigma, St. Louis, MO). Protein lysates were subjected to 6% 
SDS-PAGE, transferred to nitrocellulose membrane (Bio-Rad) and incubated with a polyclonal an  -
DDR1 to the carboxy-terminus (C-20, Santa Cruz Biotechnology, Santa Cruz, CA) and PARP an  body 
(Cell Signalling Technology). Bands were developed with enhanced chemiluminescence (ECL) system 
(Amersham Bioscience, UK). The blots were reprobed with GAPDH an  body.

Collagen-induced DDR1 -Autophosphoryla  on

The assay was performed as described previously in detail (41). Cells were incubated with serum-
free medium for 16 h and then s  mulated with collagen I at 10 μg/ml or 0.1M ace  c acid for 2 h 
at 37 °C. Cells were lysed in 1% Nonidet P-40, 150 mm NaCl, 50 mm Tris, pH 7.4, 1 mm EDTA, 1 
mm phenylmethylsulfonyl fl uoride, 50 μg/ml apro  nin, 1 mM sodium orthovanadate, 5 mM NaF. 
Cell lysates were centrifuged at 15000 g for 15 min at 4º C and supernatants were separated and 
subjected to immunoprecipita  on with rabbit an  -DDR1 an  body (Santa Cruz) overnight at 4º C. 
Immune complexes were isolated with protein A conjugated Sepharose beads (GE Healthcare). The 
immunoprecipitates were washed 4  mes with lysis buff er. The proteins were analyzed by SDS-PAGE 
on 7.5% polyacrylamide gels followed by blo   ng onto nitrocellulose membranes. The blots were 
probed with mouse an  -phosphotyrosine an  body, followed by sheep an  -mouse Ig horseradish 
peroxidase. Detec  on was performed by enhanced chemoluminescence Plus (Amersham 
Biosciences). 

To strip the blots, membranes were incubated in an  body stripping solu  on (Alpha Diagnos  c 
Interna  onal, San Antonio, Texas) for 10 min at room temperature. The blots were reprobed with 
goat an  -DDR1 an  bodies followed by rabbit an  -goat Ig-horseradish peroxidase.  
 
In vitro assays

Chemotaxis assays were performed with condi  oned medium from murine BM stromal ST-2 cells as 
a chemoa  ractant placed in the lower compartment of an 8-μm pore Boyden chamber. Treatments 
were added to the lower wells together with condi  oned medium. Cells (3.5× 104 per well) in serum-
free medium were seeded in the upper compartment in 24-well plates (Costar,High Wycombe, UK). 
A  er 9 h, cells in the top chamber were wiped with a co  on swab, and cells in the lower compartment 
were fi xed and stained with crystal violet. The number of migratory cells was evaluated with a 
computerized image analysis system, AnalySIS® (So   Imaging System GmbH, Münster, Germany).  
For the invasion assays, 2 × 105 cells were seeded in each well;twice for each condi  on in serum-
free medium. The upper chamber was precoated with 0,5 μg/μL Matrigel (Sigma), dried at room 
temperature for 5 h, or with 50 μg /mL collagen type I (Inamed, Fremont, CA, USA), and dried at 37°C
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overnight. Condi  oned medium from ST2 was added to the lower wells. The experiment was 
performed for 24 h, when inserts were collected, cells in the upper chamber were removed with 
co  on swabs, and cells in the lower chamber were fi xed in 4% formalin, and stained with 0.4% 
crystalviolet. Pictures were taken using an inverted photomicroscope. Cells from 6 random fi elds 
per insert were counted. Adhesion experiments were performed according to previously published 
protocols (42). Substrates used were fi bronec  n, hyaluronic acid, collagen type I and gela  n, and 
plas  c and BSA were used as controls.

Osteoclast diff eren  a  on

Non-adherent bone marrow mononuclear cells were isolated from femurs and  bias of 3- to 6-week-
old wild-type Balb/C (Harlan Iberica, Spain). Cells were cultured on 100 mm dishes overnight in α-MEM 
(Invitrogen) media supplemented with 10% fetal bovine serum (Gibco), and penicillin/streptomycin 
(Gibco). Non-adherent bone marrow mononuclear cells were collected and erythrocytes were lysed 
with Red Blood Cell Lysis Buff er (Bioscience) 5 min. at 37ºC. Cells were seeded in 48 Well Plates 
at 2x106 cells/mL per well, were grown for 24 hours on α-MEM supplemented in the presence of 
20 ng/mL recombinant mouse M-CSF (R&D Systems) and of 40 ng/mL human sRANKL (Peprotech) 
to generate osteoclast precursors (herea  er also called BMM). Condi  oned media were added to 
BMMs for 6 days and subsequently the cells were subjected to TRAP staining (Sigma, St Louis, MO), 
according to the manufacturer’s instruc  ons.

Osteoclast number

TRAP was performed by histochemical analysis using Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma-
Aldrich, Barcelona, Spain). TRAP posi  ve mul  nucleated osteoclasts were iden  fi ed at the interface 
between tumor and cor  cal bone, and counted at 400 x magnifi ca  on. Eight to ten fi elds per bone of 
each animal were quan  fi ed. Data are shown as a percentage of osteoclasts counted into the tumor-
bone interface’s area per each group.

In vivo assays

Female athymic nude mice (Harlan Iberica, Spain) were maintained under specifi c pathogen-free 
condi  ons. For intracardiac injec  on (i.c.), cells were seeded at 50% confl uence one day before 
injec  on. Cells were gently washed with PBS, detached, and resuspended at 2×106 cells/ml in sterile 
PBS. All cell suspensions showed ≥95% cell viability, otherwise cells were discarded. Mice (n=8/group) 
were anaesthe  zed with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg of body weight) 
before injec  on. An exact amount of 100 μl containing 2×105 cells was injected into the le   cardiac 
ventricle of the 4-week old mice (Harlan Iberica, Spain) using a 29-G needle syringe. All the animals 
were sacrifi ced according to the approved protocols of the Local Animal Commi  ee (University of 
Navarra, protocol 003-04). For intra  bial injec  on (i.t.), cells were suspended at 10×106 cells/ml in 
sterile PBS. Mice (n=6/group) were anaesthe  zed before injec  on. Five μl containing 2.5×105 cells 
were injected into the  bia’s bone marrow through femoro-  bial car  lage of the 6-week old mice 
(Harlan Iberica, Spain) using a Hamilton syringe. 

Isola  on of Single Cell-derived colonies (SCDC) from long bones

Metasta  c cells were isolated from bone marrow of lower limbs. Long bones were excised, and 
cleaned of all so    ssues. Marrow cells were released by “fl ushing”, introducing 5-10 ml of α-MEM 
medium containing 2 x penicillin/streptomycin with a 27 gauge needle in the distal epiphysis through



the bone marrow compartment. Cell clumps were disaggregated by passing medium containing cells 
through 27 G needle syringe. Cells were plated in 10 or 15 cm dishes expanded for 5 days in medium 
containing 0.4 mg/ml G-418. This procedure was performed separately for each femur and  bia of 7 
mice per group. SCDCs were counted under light microscope a  er crystal violet staining.

Sta  s  cal analysis

Sta  s  cal analysis was performed using SPSS 15.0. To study diff erences in prolifera  on rates, invasion 
and migra  on assays, diff erences in metasta  c area, number of osteoclasts, SCDC number, adhesion 
to cell monolayers or precoated wells, caspase-3 staining and MMP ac  vity, data were analyzed 
by parametric test (Anova) or non-parametric homologue Kruskal–Wallis test depending on data 
distribu  on. Mul  ple comparisons were studied with Dunnet’s test or U Mann-Whitney adjusted 
by Bonferroni test. Kaplan-Meier curves were performed to study the survival rate. Values were 
expressed as means ± SEM and sta  s  cal signifi cance was defi ned as p<0.05 (*), p<0.01 (**), and 
p<0.001 (***).
     
RESULTS

Expression and signifi cance of DDR1 in lung cancer cell lines and tumors

Expression of DDR1 was inves  gated by immunoblot analysis in a large panel of lung cancer cells. 
As shown in Fig. 1A, upregulated DDR1 protein expression levels were found in several cell lines 
from the panel as compared to normal lung cells (NHBE and BEAS). Most cell lines from large cell 
carcinoma and adenocarcinoma showed higher levels of DDR1 than in other histological lung 
cancers. Specifi c semi-quan  ta  ve qPCR for DDR1 isoforms, revealed that the two main isoforms, 
DDR1a and DDR1b were expressed in all cell lines tested (Sup. fi g 1B). Interes  ngly, phosphoryla  on 
of DDR1 was observed upon collagen incuba  on in most cell lines (Fig. 1B). Phosphoryla  on status 
was increased upon collagen incuba  on with variable intensi  es in diff erent NSCLC cell lines, but 
was generally lower or absent in SCLC cell lines.

To study the signifi cance of DDR1 expression in lung cancer, we analyzed the expression levels of 
DDR1 in a cohort of 83 pa  ents with NSCLC by immunohistochemical analysis. The staining of tumors 
showed a variable degree of intensi  es (Fig. 1C, upper panel) (see material and methods). Clinical 
features are summarized in Table S1. A  er the stra  fi ca  on of pa  ents by stages, Kaplan-Meier 
analysis revealed signifi cant diff erences in pa  ents with stage I. Analysis of untreated pa  ents a  er 
surgical resec  on showed that tumors with high DDR1 levels were associated with poor survival. 

Thus, high DDR1 levels in untreated pa  ents a  er surgery and stage I pa  ents were associated with 
poor survival (Fig.1C). These fi ndings indicate that high DDR1 levels correlate poor prognosis in lung 
cancer. 

Eff ects of DDR1 knock down on cell prolifera  on and apoptosis

We choose the H460 cell line derived from a large cell carcinoma, with the ability to selec  vely form 
rapid bone metastasis (13). Of note, no changes of DDR1 protein levels were observed between 
parental H460 and highly metasta  c subpopula  on H460M5, obtained a  er several in vivo passages 
(Sup. fi g. 1C) (13). To dissect the possible contribu  on of DDR1 in lung cancer bone metastasis, we 
knocked-down DDR1 levels by len  viral transduc  on of two diff erent constructs (shDDR1-58 and 
shDDR1-87). DDR1 expression levels assessed by quan  ta  ve PCR were downregulated by ~78 % 
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in these cells as compared to scramble and vector transduced cells (Fig.2A). The most abundantly 
expressed DDR1 isoforms, DDR1a and DDR1b, were downregulated with this strategy (Sup. fi g 1B).

The qPCR results were validated by western blot analysis. As expected, DDR1 protein was 
downregulated in both shRNA-transduced cells as compared to scramble and vector cells (Fig. 2B, 
upper panels). When DDR1 was s  mulated by incuba  on with collagen I for 24 h, we observed 
a slight increase in protein expression. DDR1 was poorly detected in one of the pools, the cells 
transduced with shDDR1-58. In cells transduced with shDDR1-87, DDR1 was not detectable by 
Western blo   ng (Fig. 2B, upper panels). Consistent with the above results, immunoprecipita  on 
of DDR1 revealed low levels of DDR1 in both silenced sh58 and sh87 cells as compared to control 
cells (Fig. 2B, lower panels). The blot membranes were reprobed with an an  -phosphtyrosine 
an  body to detect DDR1 phosphoryla  on. Upon collagen s  mula  on, the phosphotyrosine 
immunoreac  ve bands were substan  ally lower in silenced cells as compared to vector and 
scramble controls (Fig. 2B). These data are consistent with previous fi ndings and indicate that 
collagen incuba  on ac  vates DDR1 phosphoryla  on. Consistent with the lower DDR1 protein 
levels, DDR1 phosphoryla  on was reduced in DDR1 silenced cells as compared to control cells. 
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Figure 1. A. Western blot analysis of DDR1 in lysates of normal lung epithelial and lung tumor cell lines using specifi c an  -DDR1 
an  body. B. Immunoprecipita  on of DDR1 from cell lysates of human tumor cell lines, a  er cell incuba  on with collagen I (+) or 
vehicle control (-) for 2 hours at 37°C. The blots were probed with an  -phophotyrosine an  body and subsequently reprobed with an  -
DDR1. C. Upper panel, Representa  ve immunohistochemical staining of human lung tumors expressing diff erent DDR1 levels. Bar=50 
μm. Lower panels, Kaplan-Meier curves of survival for high and low levels of DDR1 assessed by immunohistochemistry.



Next, we tested the eff ects of DDR1 knockdown on cell prolifera  on in vitro and in vivo. There were 
no signifi cant diff erences in growth kine  cs in cells transduced by shDDR1 as compared to control 
cells (Fig. 2C, le   panel). Similar results were obtained for tumor growth in vivo a  er subcutaneous 
injec  on (Fig. 2C, right panel). Interes  ngly, DDR1 protein levels were maintained in tumors in vivo 
(Sup. fi g. 2). Moreover, DDR1 phosphoryla  on status was generally decreased in DDR1 silenced 
derived tumors, although in some of these tumors DDR1 was somewhat ac  vated possibly due to 
infi ltra  ng non-tumor cells (Sup. fi g. 2). 

We also studied the eff ects of DDR1 on cell apoptosis in basal condi  ons measured by the accumula  on 
of cleaved poly (ADP ribose) polymerase (PARP). Cells incubated for 24h with collagen type I showed 
a decrease in cleaved PARP as compared to untreated cells, indica  ng an an  -apopto  c eff ect 
mediated by collagen in these cells (Fig. 2D). Intriguingly, DDR1 knockdown cells were unresponsive 
to the decrease in cleaved PARP associated with collagen type I treatment. 
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Figure 2. Eff ects of knockdown of DDR1 levels on prolifera  on and apoptosis. A. Gene expression levels of DDR1 were downregulated 
by using two len  viral transduced shRNAs targe  ng diff erent two diff erent sequences (-58 and -87), in the H460 cell line. B. Upper pa-
nel, Western blot analysis of DDR1 in shDDR1, scramble-transduced and parental cells. Cells were treated with collagen type I (10μg/
mL) for 24 h to ac  vate DDR1. shDDR1–87 achieved the best knock-down eff ect. Lower Panel, Immunoprecipita  on of DDR1 from 
cell lysates of cells incubated with (+) or without (-) collagen for 2h. The blots were probed with an  -phophotyrosine an  body and 
subsequently reprobed with an  -DDR1 an  body. (C- and C+ denote nega  ve and posi  ve controls).  C. Le   panel, Cell prolifera  on 
was assessed by MTT assay in H460 cells. Right panel, Tumor growth a  er subcutaneous injec  on of tumor cells shows no diff erences. 
D. Apoptosis was studied in presence/absence of collagen type I by PARP cleavage. The slight protec  on against apoptosis conferred 
by collagen type I was ablated in shDDR1 cells. E. Etoposide induced apoptosis in the presence/absence of collagen type I was promi-
nent in the absence of DDR1 receptors. Cells were incubated with 100 μM etoposide. F. TRAIL (5 ng/mL) incuba  on for 3 h induced a 
marked apoptosis in shDDR1 cells as compared to control and scramble cells.
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To verify the an  -apopto  c eff ect, cells were treated with 100 μM etoposide for 24h to induce 50% 
apoptosis. DDR1 knockdown cells showed an increased apopto  c rate as compared to control cells, 
an eff ect that was not altered by treatment with collagen type I (Fig. 2E). Similar experiment was 
performed by incuba  on with TRAIL, an inducer of apoptosis.  As shown in fi g. 2F, DDR1 knockdown 
cells showed an increase in apoptosis as compared to control cells. Cells were irresponsive to 
collagen treatment.  Thus, these observa  ons point to a protec  ve func  on of DDR1 both in basal 
and s  mulated condi  ons of apoptosis.

Eff ects of DDR1 in migra  on and invasiveness

We inves  gated whether DDR1 had a func  onal eff ect in cell migra  on and invasion. When cells were 
s  mulated with condi  oned medium derived from bone-stromal ST2 cells as a chemoa  ractant, 
migra  on was impaired in knocked-down DDR1 cells as compared to control cells. These diff erences 
were increased when we supplemented the chemoa  ractant with collagen type I (Fig. 3A). Similar 
results were obtained when cells were treated with collagen type I or IV (Sup. fi g. 3). Similarly, 
shDDR1 cells showed a drama  c decrease in invasiveness through collagen type I and IV (P <0.001) as 
compared to control cells (Fig. 3B). These fi ndings pointed to DDR1 as a factor required for eff ec  ve 
migra  on and invasion. 

Reduced invasion has been linked to impaired proteoly  c degrada  on; therefore, we explored 
whether DDR1 could modify extracellular matrix metalloproteinase (MMP) ac  vity. To explore 
this possibility, MMP-2 and MMP-9 ac  vity was assessed by zymography (Sup. fi g. 4A). Cells with 
shDDR1-87 showed a signifi cant decreased in metalloproteoly  c ac  vity as compared to control 
cells. MMP-3 and MMP-10 ac  vity was studied by a fl uorogenic assay.  A drama  c decrease of 
metalloproteoly  c ac  vity was observed in both DDR1 silenced cells (Sup. fi g. 4B).



Figure 3. Eff ects of knockdown of DDR1 levels on adhesion, invasion and chemotaxis. A. Chemotac  c assay of shDDR1 cells induced 
by condi  oned medium (CM) derived from ST-2 cells treated or untreated with collagen type I showed a signifi cant decrease in cells 
with complete abroga  on of DDR1 levels as compared to scramble cells. B. Invasion assay with collagens type I and IV of shDDR1 cells 
as compared to scramble and control cells showed decreased invasion in shDDR1 transduced cells. C. Adhesion assay of shDDR1 and 
control cells to collagen types I and IV showed no diff erences. D. Osteoclastogenesis assay was performed trea  ng DDR1 knockdown 
and control cells with collagen type I for 24h. CM of tumor cells induced a signifi cant decrease in the number of mul  nucleated TRAP+ 
cells. The experiment was repeated three  mes with similar results.  
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DDR1 on cell–matrix and cell–cell adhesion

To study the eff ects of DDR1 on cell–matrix adhesion, we cultured the cells on diff erent substrates. 
DDR1 levels did not show any eff ect in adhesiveness to collagen type I or type IV(Fig. 3C), fi bronec  n, 
vitronec  n, hyaluronic acid or control gela  n (data not shown). To study the involvement of DDR1 
in the ability of H460 cells to adhere to monolayers of human brain microvascular endothelial cells 
(HBMECs), we cultured lung tumor cells on a monolayer of these cells. No changes in adhesion were 
observed when cells were co-cultured with HBMECs (Sup. fi g. 5). 

Eff ect of DDR1 on osteoclastogenesis

To examine the role of DDR1 in osteoclastogenesis, condi  oned media from DDR1 knockdown 
cells and control cells treated with collagen type I for 24h were added to mouse bone marrow 
macrophages to study their ability to induce osteoclast forma  on. In the presence of macrophage 
CSF and RANKL, the condi  oned medium from shDDR1 cells led to a signifi cant decrease in the 
forma  on of mul  nucleated TRAP+ cells as compared to control cells (Fig. 3D). Similar results were 
obtained when tumor cells were co-cultured with stromal ST-2 cells. In an ini  al survey several 
prosteoclastogenic factors were downregulated in tumor cells as a consequence of DDR1 signaling

Figure 4. Eff ect of DDR1 in bone metastasis in vivo. A. Cells with knocked down DDR1 levels or scramble and vector-transduced cells 
were inoculated into the le   cardiac ventricle of athymic nude mice. (Top) Representa  ve bioluminescence images. (Bo  om) Quan  -
fi ca  on of photon fl ux at day 7 post-inocula  on. B. Quan  fi ca  on of osteoly  c bone area of X-ray imaging at day 12 post-inocula  on. 
C. Tumor burden assessment in histological sec  ons. D. Quan  fi ca  on of bone volume over  ssue volume (% BV/TV) at day 12 pos-
 njec  on. E. Representa  ve images of X-ray, microcomputed tomography scans, and histological sec  ons (H&E stained) showing the 

drama  c decrease in bone metastasis in knocked down DDR1cells.
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including: TGF-α and VEGFA (data not shown). These fi ndings indicate that condi  oned medium 
from DDR1 knockdown cells showed a lower osteoclastogenic poten  al than controls cells. 

Eff ect of DDR1 in vivo

Our previous fi ndings suggested the role of DDR1 in cell survival, migra  on and invasion, which 
are key cellular func  ons involved in bone metastasis. Thus, we tested the extent to which DDR1 
could par  cipate in the prometasta  c ac  vity of lung cancer cells to bone. A  er intracardiac (i.c.) 
inocula  on of  control and shDDR1 cells, mice (n=9 per group) showed a signifi cant decrease in 
tumor burden from day 7 to day 21, as evaluated by bioluminescence imaging (Fig. 4A). As compared 
to controls, shDDR1-inoculated mice showed a reduc  on in bone osteoly  c lesions observed by 
X-ray imaging (Fig. 4B), a decrease in tumor burden (Fig. 4C) assessed by histological analysis and 
microcomputed tomography (Fig. 4E). Consistently, trabecular bone volume was higher in animals 
inoculated with shDDR1 cells (Fig. 4 D). The absence of bone lesions was also associated with a 
delayed appearance of tumor-induced cachexia (data not shown). Taken together, these data 
indicate that DDR1 is required for proper prometasta  c ac  vity of lung cancer cells to the bone 
compartment.

To test whether the decrease in metasta  c lesions was due to a lower number of metasta  c tumor 
cells thriving in bone, mice (n=6 per group) were inoculated i.c. with shDDR1 and control cells, 
according to the regimen presented in Fig. 5A. At day 5, cells in the hind limbs were isolated by bone 
marrow fl ushing. Conspicuous single-cell-derived colonies (SCDCs) that were derived from each 
animal were counted. The number of SCDCs was drama  cally decreased in hind limbs of animals 
inoculated with shDDR1 as compared to control-injected animals, sugges  ng that cells with knock 
down levels of DDR1 had an impaired ability to home and survive in the bone compartment. 

We performed a complementary experiment using H727 cells with low endogenous DDR1 expression 
levels. Cells retrovirally overexpressing DDR1 levels and mock-transduced cells were i.c. inoculated 
in mice (n=5 per group).  At day 15 post-inocula  on, animals were sacrifi ced and cells were isolated 
from the hind limbs. The number of SCDCs was drama  cally increased in mice inoculated with DDR1-
overexpressing cells sugges  ng that DDR1 conferred an overt ability of bone homing (Sup Fig 6).   

Next, the contribu  on of DDR1 to cell growth and coloniza  on within the osseous compartment was 
assessed by intra  bial injec  on (i.t.). Bioluminescence imaging showed marked diff erences between 
shDDR1 groups as compared to control inoculated mice at day 7 post-injec  on (Fig. 5B). Histological 
imaging of  bias at day 7 post-injec  on showed a marked decreased in osteoly  c lesions in shDDR1-
injected mice as compared to control animals. Consistently, image analysis of histological sec  ons 
of hind limbs showed a decreased tumor area in shDDR1-injected mice as compared to controls. 
Although the tumor–bone interface was decreased in shDDR1 animals, there were no obvious 
diff erences in the number of TRAP+ mul  nucleated cells at tumor–bone interface at day 7 under all 
condi  ons (Fig. 5C). 

We performed an immunohistochemical analysis of cleaved caspase-3 in osseous tumor sec  ons at 
day 7 post injec  on. An increased number of caspase-3 posi  ve cells were found in shDDR1 tumors 
as compared to control inoculated mice (Fig. 5D). Taken together, these data suggest that DDR1 is 
required for eff ec  ve homing and coloniza  on in the bone compartment.  
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 A.                                             B.

 C.                                                                                D.

Figure 5. Abla  on of lung cancer bone metasta  c homing and coloniza  on by knock down of DDR1 levels. A. Experimental regimen 
of bone homing assay showing that, a  er i.c. inocula  on, mice were sacrifi ced on day 5, and hind limbs were fl ushed and cells iso-
lated and cultured. Top, Representa  ve images of bioluminescence in hindlimbs. Bo  om. A drama  c decrease in single cell-derived 
colonies (SCDC) derived from shDDR1 cells was observed. Sta  s  cal diff erences were observed between control and shDDR1 cells (P 
<0.05). B. Experimental regimen of bone coloniza  on assay a  er intra  bial injec  on of cells.  Le  . Representa  ve photon fl ux images, 
X-ray and H&E histological sec  ons of tumor-bearing mice. Right, upper panel, Quan  fi ca  on of bioluminescence (representa  ves 
images are in the le   panel) showed a decrease in shDDR1-injected animals. Middle panel, Quan  fi ca  on of osteoly  c lesions in 
shDDR1-injected animals showed a decreased tumor burden in the metaphysis. Lower Panel, Bone tumor burden was quan  fi ed by 
image analysis at day 7 post- injec  on. C. TRAP+ mul  nucleated cells were counted at the tumor–bone interface. D. Expression of 
cleaved caspase-3 was studied at day 7 in the tumor area. Representa  ve images are shown. 
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DISCUSSION

In the present study, we showed that the receptor tyrosine kinase DDR1 was a crucial component for 
bone metastasis in lung cancer cells. DDR1 mediated prosurvival signals upon cell–matrix interac  ons 
in vitro. Consequently, abroga  on of DDR1 levels resulted in marked tumor cell apoptosis in vivo, 
severe reduc  on in bone metastasis, and increased animal survival. Thus, our approach unveiled 
a crucial role of the collagen receptor DDR1 in the bone metasta  c process and its contribu  on 
to osseous homing and coloniza  on. Importantly, these eff ects were highly dependent on the 
host microenvironment, because tumor growth was unaff ected when cells were subcutaneously 
injected, independent of DDR1 levels. In contrast, survival of knocked down DDR1 cells in bone, 



upon direct intra  bial injec  on, was severely impaired in vivo. These fi ndings acquired a marked 
relevance during bone coloniza  on, where lack of DDR1 prevented cells from adap  ng and surviving 
in this foreign “soil”. Even during the early events of bone homing, decreased survival upon tumor 
cell–bone matrix interac  ons could contribute to explain our in vivo observa  ons. The collagen-
rich microenvironment of bone could trigger the non-cell autonomous eff ects related to cell–matrix 
engagement, in agreement with in vitro fi ndings. Moreover, we cannot discard the possibility of 
higher anoikis in DDR1 knock-down circula  ng tumor cells, given the presence of fi brillar collagen 
in the serum. Consequently, this could lead to low numbers of DDR-1 knock-down cells reaching the 
bone. Further studies may be required to substan  ate this specula  on. 

In addi  on to these fi ndings, DDR1 could also mediate other func  ons, because silenced DDR1 cells 
showed decreased osteoclastogenic ac  vity in vitro. It is possible that DDR1-collagen interac  ons 
could ac  vate other pathways, leading to the release of pro-osteoclastogenic factors. Of note, 
despite the marked in vitro abroga  on of osteoclastogenesis, the number of mul  nucleated TRAP+ 
cells observed at the tumor–bone interface was similar between DDR1 knock-down and control 
groups. Although technically undetected, a subtle delay in osteoclast forma  on in vivo could s  ll 
be compa  ble with our fi ndings. This delay might contribute to the deferred appearance of the 
osteoly  c lesions observed in DDR1 knock-down injected mice. Alterna  vely, non-cell autonomous 
eff ects mediated by the bone microenvironment could compensate and lead to normal numbers 
of osteoclasts in vivo, which clarifi es the apparent discrepancy with our in vitro results. Thus, these 
fi ndings support the no  on that DDR1 signaling upon collagen interac  on acts through a dual 
mechanism that promotes tumor cell survival and osteoclastogenesis, which favors early steps of 
bone metasta  c homing and coloniza  on.

Besides cell func  ons that are altered in the context of tumor–matrix interac  ons, DDR1 may also 
par  cipate via cell–cell adhesion in the early stages of the metasta  c process. DDR1 could promote 
metasta  c spreading through collec  ve cell migra  on at the primary site (28). These eff ects could 
be relevant in metastasis but require further proof in experimental models. 

The fact that cell–matrix interac  ons elicit signals that modulate cell behavior represents a recurrent 
theme in metastasis. S  ff ness and topography of the extracellular matrix (ECM) surrounding cells 
exert an important role in local invasion and tumorogenesis (29, 30). It is temp  ng to speculate 
that DDR1 receptor could par  cipate in the signaling mediated by the extracellular matrix. Similarly, 
other receptors such as intregrins interac  ng with collagen, also involved in the ECM signaling, have 
been shown to also mediate pro-survival eff ects. A variety of integrins such as α V b3 or α5b1 interact 
with circula  ng collagen fragments (tumsta  n and endosta  n, respec  vely). These interac  ons 
promote an  tumor eff ects in endothelial cells, leading to tumor cell apoptosis (31, 32). Moreover, a 
b1 integrin inhibitory an  body promotes apoptosis in breast cancer cells (33).    

At present, the signaling pathways elicited by DDR1 upon cell–matrix interac  on remain elusive, but 
pro-survival eff ects directed by DDR1 have been shown to be mediated at least in part by func  onal 
interac  on with Notch 1 (34). Ac  va  on of this pathway through Jagged-1 has been shown to induce 
osteoly  c bone metastasis (35).  In other tumor cells, DDR1 contributes to survival by ac  va  on of 
nuclear factor-kB and its downstream eff ectors cyclooxygenase-2 and X-linked inhibitor of apoptosis 
protein (36). In hepatoma cells, DDR1 has been shown to increase migra  on and invasion (37). Thus, 
it is temp  ng to speculate that DDR1 could also be implicated in other tumor types metastasizing 
to bone. Our fi ndings are in agreement with the implica  on of DDR1 as a direct p53 transcrip  onal 
target ac  ng as survival eff ector in cells exposed to genotoxic stress (38). Taken together, these 
results support the therapeu  c benefi t of DDR1 blockade and the proof-of-concept for successful 
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synergism with radiotherapy and conven  onal chemotherapy. These combinatorial regimens might 
off er greater effi  cacy with less adverse eff ects than conven  onal treatments. 

In summary, our results demonstrated the requirement for the DDR1 signaling pathway for 
eff ec  ve engagement of lung cancer cells into the bone microenvironment. Blocking this interac  on 
drama  cally decreases cell survival, invasion, proteoly  c and osteoclastogenic degrada  on of bone. 
All these eff ects are probably responsible for the signifi cant impairment of homing, bone metasta  c 
coloniza  on, and increased overall survival. Moreover, this novel component represents a key target 
for eff ec  ve treatment of bone metastasis. 
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SUPPLEMENTAL DATA

Inhibi  on of Discoidin Domain Receptor-1 (DDR1) Reduces Cell Survival, Homing and Coloniza  on in 
Lung Cancer Bone Metastasis. Valencia K et al.

EXPERIMENTAL PROCEDURES

Cell lines and culture condi  ons

Lung cancer cell lines were obtained from the ATCC (Manassas, VA, USA) and were grown in RPMI 1640 
with L- glutamine (Invitrogen, Barcelona, Spain) supplemented with 10% fetal bovine serum (Invitrogen), 
1% penicillin and streptomycin (Invitrogen). Normal bronchioalveolar primary cells NHBE (Clone  cs, 
Lonza, Cologne, Germany) were grown in BECGM System (Cambrex, Karskoga, Sweden). Human 
bronchial epithelial cells BEAS-2B cells were obtained from Dr. C. Harris and Dr. J. Lechner (Na  onal 
Ins  tutes of Health, Washington, DC) in DMEM F-12 supplemented with 30 mg/ml bovine pituitary 
extract, 5 ng/ml human epidermal growth factor, 500 ng/ml hydrocor  sone, 0.1 mM ethanolamine, 0.1 
mM phosphoethanolamine, and 5 ng/ml insulin, as described previously. ST-2 murine stromal cells were 
grown using Dulbecco´s modifi ed Eagle´s medium with ultraglutamine (Cambrex).

Prolifera  on assay

Cell prolifera  on was assessed by MTT assay according to the manufacturer´s recommenda  ons (Roche 
Diagnos  cs GmbH, Mannheim, Germany). Experiments were repeated three  mes, and data represented 
as the mean of sixplicate wells ± SEM. 

MMP ac  vity 

MMP ac  vity was measured in co-culture supernatants using an assay based on the cleavage of synthe  c 
fl uorogenic pep  de for MMP-3 from Bachem (M-2110, Torrance, CA, USA), and fl uorogenic pep  de 
substrate II (R&D Systems, Minneapolis, MN, USA) an excellent substrate for MMP-3 and 10,  as previously 
described (1). All experiments were repeated three  mes with iden  cal results. 

Gela  noly  c ac  vity (MMP-2 and MMP-9) was determined by the Zymogram system (Invitrogen). The 
condi  oned medium from H460 TM transduced cells alone or co-cul  vated with mice stromal cells ST2, 
was s  mulated with collagen type I (10 μg/ml) and RPMI serum free and was collected and concentrated 
100x a  er 24 h. Proteins were electrophoresed on 10% gela  n gel (Novex) using non-reducing condi  ons. 
The SDS in the buff er ac  vated the latent MMPs and dissociated the ac  ve forms from their inhibitors, 
permi   ng detec  on of the full complement.

A  er electrophoresis, gels were washed for 30 min with 2.7% Triton X-100 and incubated overnight at 
37˚C in the developing buff er (50 mM Tris-HCl, 200 mM NaCl,40mM HCl 6N, 5 mM CaCl2, 0.02% Brij 35, 
pH 7.6). Gels were subsequently stained for 1h with Gel Code Blue Stain Reagent (Pierce). Digested bands 
on the blue background represent the areas of gela  nolysis. Bands were quan  fi ed using an analyzer 
program Quan  ty One (BioRad). 

Radiographic, Microcomputed Tomographic (μCT) Analysis and Bioluminescence Imaging

X-ray radiography was performed under anaesthesia, with mice place on the prone posi  on on sensi  ve 
radiographic fi lm (MIN-R, Eastman Kodak). The mice were exposed to X-irradia  on at 20 kV for 20 s using 



a Faxitron instrument (Faxitron, Buff alo Grove, IL, USA). The area of osteoly  c metastasis was assessed 
with a computerized image analysis system, AnalySIS®(so   imaging system GmbH, Münster, Germany). 
High resolu  on X-ray fi lm scans with x2 magnifi ca  on were captured at 1,200 ppi using a Epson Expression 
1680 Pro scanner (Long Beach, CA, USA). Quan  fi ca  on of metasta  c area was performed twice a  er 
calibra  on, by two independent observers. 

Whole femoro-  bial joints were analyzed by a μCT system (micro CAT II, Siemens Preclinical Solu  ons, 
Knoxville, TN, USA) at 75.0 kVp and 250.0 uA. The scans were performed at 10 μm resolu  on. 2D CT 
images were reconstructed using a standard convolu  on-back projec  on procedure with a Shepp-Logan 
fi lter. Images were stored in 3D arrays with a voxel size of 19 μm x 19 μm x 23 μm.

For bioluminescence imaging and analysis, mice were anaesthe  zed and injected intraperitoneally with 
1.5 mg of D-Luciferin in 100 μl of PBS. Imaging was completed at 2 min exactly for each group of mice with 
a Xenogen IVIS system coupled to Living Image acquisi  on and analysis so  ware (Xenogen Inc.). Photon 
fl ux was calculated for each mouse by using a circular region of interest for each hind limb. Background 
value (from luciferin-injected mouse with no tumor cells) was subtracted from each measurement.

Histological analysis

Hind limbs were excised, so    ssues carefully removed from femur, fi xed for 24 h in 10% 
neutralbuff eredformalin, dehydrated and decalcifi ed in Osteoso  ® solu  on. Following complete 
alcoholdehydra  on, bones were embedded in paraffi  n and 5 μm sec  ons were stained with hematoxilin 
and eosin solu  on. Immunohistochemical analysis of cleaved Caspase-3 was performed using an an  -
Caspase-3 an  body (Cell Signaling) with an unmasking an  gen procedure for 30 min at 95º in a Pascal  
pressure chamber (Dako). 

Local tumor growth

To inves  gate whether expression of diff erent shRNAs altered tumor growth in other non-bone  ssues, 
tumor-cell suspensions (106 cells /100 μl PBS) were inoculated into the thigh of female nude mice. Tumor 
volume was measured every three days with a digital caliper.
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Sup. Fig. 1.  DDR1 isoforms and DDR1 protein levels. A. DDR1 isoforms a and b were assessed by semi-quan  ta  ve RT-PCR in lung 
cancer cell lines. Both DDR1a (624 bp) and DDR1b (513 bp) were present in variable levels in all cell lines tested.  B. Similar assessment 
was performed in parental and knocked-down cancer cells.  Silenced H460 cells showed an eff ec  ve down regula  on of both DDR1 
isoforms as compared to control cells (pLKO and Scramble). C. Immunoblot analysis of DDR1 levels in non- and s  mula  ng condi  ons 
of collagen type I in parental H460 and highly-metasta  c clone H460 M5 cells. 

 

SUPPLEMENTAL FIGURES

 A.

 B.                                                    C.

Sup. Fig. 2:  DDR1 ac  va  on in vivo. Subcutaneous tumors derived from mice injected with Vector, Scramble and knock-down DDR1 
cells were dissected and snap frozen at -70 C. Similar amount of protein from each tumor was subjected  to immunoprecipita  on 
with an  -DDR1 specifi c an  body, immunoblot analysis with an  -phophotyrosine an  body, and subsequent reprobing with an  -DDR1 
an  body. Silenced levels of DDR1 were maintained in vivo in shDDR1-58 and shDDR1-87 derived tumors. DDR1 ac  va  on assessed 
by tyrosine phosphoryla  on was lower for some knock-down DDR1 derived tumors as compared to vector and scramble controls. 
Infi ltra  ng non-tumor cells could account for the ac  va  on of DDR1 observed in tumors #5 and #7. 
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Sup. Fig. 3.  Migra  on assay in Boyden chambers. Cells were s  mulated in the upper chamber with vehicle, collagen type I or type IV. 
Migra  ng cells were stained with cristal violet and the area of migra  on was assessed with computerized image analysis.  
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Sup Fig. 4: MMP ac  vity was assessed by: A. Zymography for MMP-2 and MMP-9. B. Fluorogenic pep  dic substrate II for MMP3/10 
(R&D Systems) in condi  oned media.
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Sup Fig 5.  Adhesion of H460 cells to monolayers of HBEMCs cells. HBMECs were seeded at confl uence in 48-well plates. Seventy-two 
hours later, 1x105 luciferase labeled H460 cells/well were seeded onto the monolayers and allowed to drop and adhere for 30 min. 
Wells were then washed and luminescence was counted using Op  mat Luminometer (Berthold Laboratories). Experiments were 
repeated three  mes.
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Sup. Fig. 6: Eff ects of DDR1 overexpression in bone homing.
a. Immunoblot analysis of  DDR1 levels in retrovirally transduced H727 cells with DDR1 (DDR1) or empty vector (mock). b. Cells were 
i.c. inoculated to two groups of mice (6 animals/group), according the schedule. c. A  er sacrifi ce, cells were isolated from hind limbs 
and allowed to grow for one week in selec  on medium and single-cell derived colonies (SCDCs) were counted. d. Bioluminescence 
imaging of representa  ve mice (top) and quan  fi ca  on (bo  om) were performed before sacrifi ce. 
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Sup Table 1: Clinical and pathological characteris  cs of the pa  ents

n= 83
Age § 63 (56.5 70.5)
Sexa

Male 70 (84.3)
Female 13 (15.6)

Stagea

I 51 (61.4)
II 20 (24)
III 10 (12)
IV 2 (2.4)

Histologya

Adenocarcinoma 38 (45.8)
Squamous cell carcinoma 30 (36.1)
Other 15 (18.1)

Smoking statusa

Current smoker 17 (20.5)
Former smoker 59 (71.1)
Non smoker 7 (8.4)

§ years and interquartile range. a, number of patients and %

Comorbidities n Prevalence
(%) 

Hypertension 21 25,3
Pneumonia, > 1 adult episode 14 16,9

Previous cancer without metastasis 11 13,3
EPOC 10 12,0

Tuberculosis 5 6,0
Diabetes 4 4,8
Asthma 4 4,8

Emphysema 2 2,4
Cardiovascular diseases 2 2,4
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INTRODUCTION

Bone cons  tutes a preferred site of metastasis for many solid tumors (1), including those of prostate, 
breast, kidney, thyroid and lung. But as opposed to other neoplasms, lung cancer is diagnosed at 
advanced stages when metastases are already established.  As many as 30% to 40% of pa  ents 
with NSCLC develop bone metastases characterized by osteoly  c lesions associated with signifi cant 
reduc  on of quality of life and dismal prognosis.  

During the mul  step course of osseous metastasis development, survival in the circula  on, 
engagement in the target organ, and other func  ons allow for the effi  cient coloniza  on of the skeletal 
compartment (2, 3). This later step frequently entails the forma  on of tumor-induced osteolysis and 
the progressive infi ltra  on of malignant cells in the bone marrow compartment, where a variety of 
mechanisms contribute to bone coloniza  on. 

Along this process, intercellular signals mediated by soluble factors released by the osseous 
stroma contribute as chemoa  ractants for receptors expressed in tumor cells (4) and facilitate 
metasta  c homing. Subsequently, survival and engagement in the bone microenvironment occurs 
by the ac  va  on of cri  cal pathways triggered by complex cellular and/or cell-matrix interac  ons. 
Ac  va  on of collagen receptor DDR1  (5) or other  intracellular pathways such as Src in tumor cells (6) 
mediate survival required for eff ec  ve engagement to bone and also confer resistance to apoptosis 
in the osseous microenvironment.  Moreover, signals via PDGFR axis were highly involved in tumor-
bone marrow stroma interac  ons in bone metastases. Indeed, blockade of stromal PDGFR/VEGFR 
signaling severely impaired ossesous coloniza  on (7), since ligands ac  ng via VEGFR-1 pathway 
allow effi  cient tumor engra  ment (8). This pathway also elicited osteoclast ac  vity leading to tumor-
induced osteolysis a hallmark of bone coloniza  on (9, 10). Concomitantly, proteoly  c degrada  on of 
the ECM is also achieved by the complex secre  on of MMP and other proteases.  Similarly to other 
metasta  c sites, subsequent full metasta  c expansion proceeds by tumor-induced angiogenesis a 
process also regulated by signals released upon host-tumor interac  ons at the tumor endothelial/
stromal bone interphase (11). Yet, the elucida  on of the complexity of soluble signals that mediate 
this process that entails overt growth of bone metastases is far for been understood. 

miRNAs, small non-coding RNAs involved in the regula  on of gene expression, play an important role 
during tumorogenesis and metastasis (12-14). MiRNAs are frequently released to the extracellular 
milieu into exosomes or microvesicles (15) that are detectable in body fl uids (16).  Besides miRNAs, 
exosomes (30-100 nm of size)(17) also contain a discrete set of membrane receptors, such as CD63, 
intracellular proteins, cytoskeletal components and nucleic acids (18) and are cons  tu  vely released 
in response to ac  va  on or stress. They act as unique vehicles for the transport of their cargo to 
neighboring cells or distant organs. This transfer cons  tutes an emerging paradigm of cellular 
communica  on and reprogramming  in physiological and pathological processes (19). 

Recent evidence also implicate miRNAs as modulators of a variety of cellular func  ons including 
cell survival, prolifera  on, diff eren  a  on and their involvement as regulators of endothelial cell 
recruitment, angiogenesis and coloniza  on in metastasis (20). Given the relevance of previous 
fi ndings, we hypothesized that miRNA conferring strong prometasta  c ac  vity could modulate bone 
coloniza  on by regula  ng the host microenvironment through secreted signals. We reasoned that 
iden  fi ca  on of key miRNA could reveal crucial target eff ectors and unveil novel mechanis  c insights 
in the process of osseous infi ltra  on and coloniza  on. 
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Here, we described a previously unappreciated mechanism in which tumor cells, modulated by a 
single miRNA via exosomal release and transfer, perturb the endothelial compartment during tumor-
induced angiogenesis, leading to impaired osseous coloniza  on. We iden  fi ed a single miRNA that 
regulates several tumor-intrinsic and host-dependent func  ons of relevance including the secre  on 
of soluble factors leading to tumor-induced osteolysis. Thus, our fi ndings underscore the pleiotropic 
func  ons orchestrated by a single miRNA and iden  fy novel mediators of relevance in several key 
steps of the metasta  c cascade. Our work further emphasizes the process of metastasis-induced 
angiogenesis in bone as cri  cally involved in metasta  c coloniza  on. 

MATERIALS AND METHODS

Cell lines and reagents

Lung cancer cell lines were obtained from the ATCC (Manassas, VA) and were grown in RPMI 
1640 with L- glutamine (Invitrogen, Barcelona, Spain) supplemented with 10% fetal bovine serum 
(Invitrogen), 1% penicillin and streptomycin (Invitrogen). A549 cells and derived subpopula  ons 
were authen  cated by sequencing of two dis  nc  ve muta  ons in KRAS and STK4. HUVECs were 
seeded onto gela  n-coated culture dishes and cultured in EGM-2 medium (Lonza) supplemented 
with 5% fetal bovine serum. ST-2 murine stromal cells were grown using Dulbecco´s modifi ed 
Eagle´s medium with ultraglutamine (Cambrex). VEGFα was obtained from RELIATech GmbH, and 
bFGF, luciferin was from Promega. Retroviral MirVec for each miR-192, miR-215 and miR-194 were 
obtained from Source Bioscience (No   ngham, UK), and sequenced for assessment of the integrity 
of the insert. 

Coculture in Boyden chamber

HUVEC cells were seeded in a 6-well plates at density of 1.25 x 105 per well using EGM-2 medium 
with exosome-depleted serum. A  er 1-2 h, 6.2 x 104 tumor cells were seeded in the upper chamber 
in exosome-free RPMI. A  er 48-72 h incuba  on, HUVEC cells were recovered to perform subsequent 
experiments.

BrdU prolifera  on assay 

HUVEC per well were seeded (3000 cell/well) into 96-well plate coated with gela  n 0.2% and 
allowed to adhere for 16 h. Between 6 to 10 replicates per condi  on were seeded. The medium 
was washed with PBS and replaced with EBM-2 medium supplemented with bFGF (10 ng/ml) 
and VEGF-α (50 ng/ml). Sixteen hours later, BrdU was added and the culture was incubated for 
8 hours. Incorporated BrdU was measured with ELISA (Roche Applied Sciences) according to the 
manufacturer’s recommenda  ons.

Scratch wound migra  on assay.

HUVEC were seeded (5 x 104 cells/well) into a 0.2 % gela  n precoated 48-well plate in EGM-2 medium 
and incubated for 24 h. Using a  p, a “scratch” was performed in the monolayer (at  me 0). Cells 
were then washed with PBS and incubated with EBM-2 medium containing 10 ng/ml recombinant 
bFGF and 50 ng/ml recombinant VEGFα for 7h. The distance between the two sides of the wound 
was measured with a graduated ocular lens coupled with an Olympus CKX41 microscope (Olympus) 
and subtracted from the distance at  me 0. 
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Capillary network forma  on

The ability of HUVECs that have been treated with tumoral CM to form capillary networks was 
evaluated in a MatrigelTM angiogenesis assay. Briefl y, 8750 pretreated HUVEC cells were plated in a 
96-well plate precoated with 35 μl Matrigel per well (BD Biosciences). Cells were incubated in EGM-2 
medium for 16 h (Lonza). Fi  een randomly chosen fi elds per condi  on were counted. Quan  ta  ve 
analysis of network structure was performed with ImageJ® so  ware (h  p://rsbweb.nih.gov/ij/) by 
coun  ng the number of intersec  ons in the network.

Exosome isola  on

Exosomes were isolated from cell culture supernatants of A549, mock M1 and miR-192 M1 
overexpressing cells. To remove cells, condi  oned media were centrifuged for 20 min at 2000 × g at 
4°C. To remove the remaining debris, another centrifuga  on step was performed for 40 min at 8200 
× g. To remove all par  cles > 200 nm, supernatants were fi ltered through low-protein binding 0.22 
μm pore fi lters. To concentrate the exosomes, supernatants were centrifuged for 2 h at 4° C and 
ultracen  fuged at 110 000 × g for 2 h at 4° C. Then, pelleted exosomes were washed with PBS and 
ultracentrifuged again at 110 000 × g for 2 h at 4°C. The precipitates were resuspended in 50 μl PBS 
and stored at -80 °C. The protein quan  fi ca  on was performed using Pierce BCA Protein Assay Kit 
(Thermo). Similar protocol was used to deplete exosomes from fetal bovine serum employed in all 
subsequent cellular experiments. 

Dynamic light Sca  ering (DLS) 

DLS and zeta poten  al determina  ons were performed with a Zetasizer nanoseries instrument 
(Malvern Nano-Zetasizer, l = 532 nm laser wavelength). The exosome size data refers to the sca  ering 
intensity distribu  on (z-average).

Transmission Electron Microscopy

Sample was mounted on a carbon fi lm mesh (CF300-Cu, EMS, Ha  ield, PA) with 2% Kellenberger 
uranyl acetate. Samples were visualized on TEM (Philips CM 120 Biotwin) and images were captured 
on a digital camera (Olympus SIS). 

Exosome staining

Isolated exosomes were labelled with PKH67 Green Fluorescent Cell Linker Kit for General Cell 
Membrane Labelling (Sigma-Aldrich) according to the manufacturer’s recommenda  ons. For 
immunofl uorescence, cells were seeded in gela  n precoated glass.  A  er overnight culture, cells 
were incubated with exosomes for 24 h. A  er fi xa  on cells were incubated for 30 min in INMUNO, 
washed several  mes with PBS and mounted in Vectashield  (Vector Laboratoires, Burlingame, CA, 
USA). 

CD63 staining

Briefl y, 5 μg of exosomes were mixed with 5 μl of 4 μm-latex-beads (Invitrogen) and the mixture was 
incubated 30 min at 4°C. A  er resuspension in 400 μl PBS, 5% BSA was added and incubated for 30 
min. The exosomes conjugated with the latex beads were pelleted by centrifuga  on 100 x g for 10 
min  at 4°C. The pellet was resuspended in 50 μl PBS and 5% BSA. Incuba  on with primary an  body 
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1/50 was performed 1 h at 4°C (CD63 an  -human BD Biosciences) followed by several PBS washes 
and centrifuged  at 1000 x g 10 min at 4°C. Subsequently, incuba  on with secondary bio  nylated 
an  body 1/200 was performed for 30 min at 4°C (Bio  n-conjugated- IgG2 goat an  -mouse, Dako) 
and a fi nal incuba  on with streptavidin-phycoeritrin x 28 (Jackson Inmuno Research), at 1/50 
incubated for 30 min was performed in the dark. A  er centrifuga  on the sample was resuspended 
in 300 μl of PBS before FACS scan analysis. Non-incubated exosomes with the primary an  body were 
used as controls. 

Target Screening 

We used three publicly available search engines for target predic  on to obtain the puta  ve targets: 
TargetScan (Release 2.1), h  p://genes.mit.edu/targetscan, Pictar, h  p://pictar.bio.nyu.edu, and 
Rna22, h  p://cbcsrv.watson.ibm.com/rna22_targets.html. 

Sta  s  cal analysis

Sta  s  cal analysis was performed using SPSS 15.0. To study diff erences in prolifera  on rates, invasion 
and migra  on assays, diff erences in metasta  c area, number of osteoclasts, SCC number, adhesion 
to cell monolayers or precoated wells, and MMP ac  vity, data were analyzed by parametric test 
(Anova) or non-parametric homologue Kruskal–Wallis test depending on data distribu  on. Mul  ple 
comparisons were studied with Dunnet’s test or U Mann-Whitney adjusted by Bonferroni test. 
Values were expressed as means ± SEM and sta  s  cal signifi cance was defi ned as p<0.05 (*), p<0.01 
(**), and p<0.001 (***).

Other methods including intracardiac and intra  bial injec  on (i.t.), radiographic, microcomputed 
tomographic (mCT) analysis and Bioluminescence Imaging (BLI), and histological analysis, 
subcutaneous tumor growth, have been described elsewhere (8). A detailed version of “Material 
and Methods” is available in the supplementary sec  on. 

RESULTS

Iden  fi ca  on of key miRNA by global expression profi ling

To iden  fy miRNAs with robust role in metastasis, we established a dual screening strategy by 
transcriptomic selec  on of miRNAs (25), and subsequently tes  ng their contribu  on to in vitro 
invasiveness and to the in vivo prometasta  c ac  vity. 

We used a model of human ADC A549 cells that displayed high proclivity to form bone metastasis. 
A  er intracardiac (i.c.) inocula  on of luciferase labeled A549 parental cells into athymic nude mice, 
subpopula  ons that metastasized to the hind limbs were isolated, expanded in vitro, and their 
metasta  c ac  vity was assessed by subsequent i.c. re-inocula  on (9). A  er two in vivo passages, 
osseous metasta  c ac  vity of diff erent subpopula  ons was evaluated by Kaplan–Meier curves. 
Compared to the parental control cells, several subpopula  ons named M1, M3 and M4 decreased 
animal survival (Fig. 1A). 

Consistent with these results, computerized X-rays image analysis revealed an increased area of bone 
metastasis in the hind limbs induced by M1, M3 and M4 subpopula  ons (Fig. 1B). To assess tumor 
burden, we isolated metasta  c cells by bone marrow “fl ushing” and conspicuous single-cell-derived 
colonies (SCDC) from each animal were counted. Subpopula  ons M1, M3 and M4 induced a more 
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Figure 1. Iden  fi ca  on of metasta  c associated-miR signature
A. Assessment of bone-metastasis-free survival in highly metasta  c subpopula  ons (HMS) (M1, M3 and M4, n=8, log rank test). HMS 
were selected by in vivo passage of the cells a  er i.c. inocula  on of parental A549 cells into nude mice. B. Indirect measurement of 
tumor burden in hind limbs of animals inoculated with diff erent HMS by X-ray image analysis at day 22. Representa  ve X-ray images 
of each group are shown on the right. Arrows denote osteoly  c lesions. C. Direct measurement of tumor burden by coun  ng ex 
vivo SCDCs obtained a  er bone marrow “fl ushing” at day 30. D. In vivo subcutaneous growth of diff erent HMSs as compared with 
control cells (n=10 tumors each group). Data are presented as mean ±SEM; n.s., not signifi cant. E. Valida  on of all single diff eren  ally 
expressed miRNAs in the HMS (M1, M3 and M4) and A549 by qPCR. F. Invasive assay with collagen type I in Boyden chambers of M1 
cells overexpressing each single miRNA compared to mock transfected M1 cells. *p<0.05, **p<0.01, **p<0.001.

abundant yield of SCDC than did the parental cell line (Fig. 1C). Parental and derived subpopula  ons 
displayed similar in vivo growth (Fig. 1D), which indicated that the increased metasta  c ability 
observed in vivo was due to the acquisi  on of a bone metasta  c phenotype.
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We u  lized human microarrays to iden  fy miRNAs diff eren  ally expressed in highly metasta  c 
subpopula  ons (HMS), M1, M3 and M4,  compared to the parental cell line. Most of the diff eren  ally 
expressed miRNAs were downregulated in HMS, whereas only miR-21 and miR-101 were upregulated 
(Data not shown). These two miRNAs, together with miR-34a and miR-335, have been previously 
reported as dysregulated in tumor development and metastasis (26). We confi rmed these results 
using real-  me PCR (Fig. 1E). To iden  fy miRNAs that exhibit func  onal relevance in metastasis, we 
performed an invasion assay using the HMS M1 transduced with a retrovirus for overexpression 
of single miRNAs or empty vector (mock) (Sup. Fig. S1A). The invasiveness of cells overexpressing 
miR-192, miR-215, and miR-138 was drama  cally decreased as compared to mock transduced cells, 
sugges  ng that these miRNAs were poten  ally involved in the regulatory network associated with 
metastasis (Fig 1F, Sup. Fig. 1B). These data indicate that miR-192, miR-215, and miR-138 modulate 
invasiveness, a func  on relevant to metasta  c ac  vity.  

To confi rm this observa  on, we u  lized a panel of human lung adenocarcinoma cell lines and 
inves  gated the correla  ons between the expression levels of these three miRNAs and invasive 
ability. There was a highly signifi cant correla  on (R=0.523, p<0.001) between miR-192 levels and 
invasiveness (Sup Fig. S2A, B). In contrast, levels of miR-215 and miR-138 were not signifi cantly 
correlated (Sup Fig. S2C, D). Taken together, these data suggest that miR-192 levels poten  ally 
par  cipate in the cellular invasiveness of lung adenocarcinoma. Finally, because proteoly  c 
degrada  on is an important cellular func  on involved in metastasis, MMP ac  vity was determined.  As 
expected, MMP ac  vity was aff ected in cell lines overexpressing miRNAs. According to a fl uorogenic 
analysis MMP ac  vity was downregulated in CM of miR-192 cells, an eff ect that was abrogated by 
the use of a global MMP inhibitor (Sup. Fig. S3A).

In vivo an  -metasta  c eff ect of miR-192 
 
Given the limita  ons of in vitro assays, we tested the associa  on between miR-192, miR-215, 
and miR-138 and the pro-metasta  c ac  vity of lung cancer cells in vivo. A  er intracardiac (i.c.) 
inocula  on of cells overexpressing single miRNAs, mice (n = 9 per group) inoculated with miR-
192 tumor cells demonstrated a signifi cant decrease in tumor burden from day 14 to day 21, as 
evaluated by bioluminescence imaging (BLI) (Fig. 2A). In comparison to controls (mock), miR-192-
tumor cells inoculated mice exhibited a reduc  on in bone osteoly  c lesions at the level of parental 
cells according to X-ray imaging and microcomputed tomography (μCT) analysis (Fig. 2B, C). As a 
consequence of striking diff erences between bone metasta  c lesions induced by mock and miR-
192 overexpressing cells, angiogenesis of incipient lesions observed in miR-192 inoculated mice 
could not be compared with overt mock-induced metastases (data not shown). No diff erences in 
metastases were detected in mice inoculated with miR-215 and miR-138 tumor cells as compared 
to controls (mock) (Sup Fig S4A-C). Notably, the cell growth kine  cs of miR-192 tumor cells did not 
exhibit signifi cant diff erences in vitro or in vivo (Sup Fig S5A,B). Cell cycle components were also 
unaff ected (Sup Fig S5C). Interes  ngly, the number of TRAP+ mul  nucleated cells at the tumor–bone 
interface was drama  cally reduced in miR-192 animals (Fig. 2D). Moreover, the CM of miR-192 cells 
led to a signifi cant decrease in the forma  on of mul  nucleated TRAP+ cells compared to mock-
derived CM, in an in vitro osteoclastogenic assay (Fig.2E). Transcriptomic analysis demonstrated that 
several secreted prosteoclastogenic factors, including CCL2 (also known as MCP-1), were strongly 
downregulated in miR-192 tumor cells (Fig. 2F) Other upregulated or repressed genes were also 
detected (Sup Fig 6). RT-qPCR analysis confi rmed a decreased CCL2 expression levels in miR-192 cells 
(Fig. 2G). 
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Figure 2. Eff ect of miR-192 in bone metastasis in vivo
A. Cells overexpressing miR-192 levels, vector-transduced (mock), and parental (A549) cells were inoculated into the le   cardiac 
ventricle of athymic nude mice. Top: Quan  fi ca  on of photon fl ux at day 21 post-inocula  on and Bo  om: representa  ve BLI. B. 
Quan  fi ca  on of osteoly  c bone area of X-ray imaging at day 21 post-inocula  on. C. Representa  ve images of X-ray (top), micro-CT 
scans (middle), and H&E sec  ons (bo  om) showing the drama  c decrease of bone metastasis burden in animals inoculated with miR-
192 cells. Arrowhead indicates the loca  on of osteoly  c lesions. Metasta  c area is depicted by a punctate line. D. Osteoclastogenesis 
in vivo was measured by immunohistochemical analysis of TRAP+ cells at the bone-tumor interphase at day 21 post-injec  on. 
Arrowhead indicates the presence of TRAP+ cells. T indicates the presence of tumor cells. Bar= 100 μm. E. Osteoclastogenic assay was 
conducted trea  ng osteoclast precursors with CM derived from miR-192 overexpressing and mock cells. CM derived from miR-192 
cells induced a signifi cant decrease in the number of mul  nucleated TRAP+ cells. The experiment was repeated 3  mes with similar 
results. Bar= 200 μm.  F. Hierarchical cluster diagram of diff eren  ally expressed genes in mock and miR-192 overexpressing cells. 
Detailed list of the top sta  s  cally overexpressed and repressed genes encoding soluble factors. Rows represent single gene probes; 
results from single-microarray hybridiza  ons are shown in columns. Each box exhibits the hybridiza  on signal value of a gene probe in 
the microarray. Red arrow indicates a known osteoclastogenic factor CCL2. G. RT-qPCR valida  on of CCL2 levels. H. Top: Experimental 
regimen of bone homing assay showing that a  er i.c. inocula  on mice were sacrifi ced at day 5. Hind limbs were fl ushed and cells 
isolated and cultured. Bo  om: BLI in hind limbs and the quan  fi ca  on of the drama  c decrease in SCDCs derived from tumor cells 
overexpressing miR-192 were represented.



To test whether the decrease in metasta  c lesions was due to a lower number of metasta  c tumor 
cells thriving to bone, we performed i.c. inocula  on in mice (n=6 per group) according to the 
regimen presented in Fig. 2H. At day 6, cells in the hind limbs were isolated by bone marrow fl ushing. 
Conspicuous single-cell-derived colonies (SCDC) that were derived from each animal were counted. 
The number of SCDC was drama  cally decreased in hind limbs of mice inoculated with miR-192 
cells, sugges  ng that these cells had an impaired ability to home in the bone compartment (Fig.2H). 
To inves  gate the eff ects, we performed a cell adhesion assay on a monolayer of HUVEC cells. A 
decrease tumor cell adhesion to endothelial cells was detected in miR-192 cells (data not shown). 
Taken together, these data indicate that miR-192 overexpression decreases the pro-metasta  c 
ac  vity of lung cancer cells by impairing tumor-endothelial adhesion and by diminishing tumor-
induced osteolysis. 

Coloniza  on eff ects elicited by miR-192

To further explore whether miR-192 endows tumor cells with addi  onal func  ons that could be 
relevant in the process of osseous coloniza  on, we used an intra  bial (i.t.) injec  on model (Fig. 3A). 
As opposed to the i.c. injec  on approach, this model obviates the contribu  on of tumor-induced 
osteoclastogenesis. BLI of the  bias at day 14 post-injec  on, showed marked diff erences between the 
groups (Fig. 3B). Moreover, image analysis demonstrated a decrease in tumor size in miR-192-injected 
mice compared to controls (Fig. 3C). Because metastasis-induced angiogenesis process is required 
for osseous coloniza  on, we analyzed angiogenesis by CD31+ staining. Interes  ngly, the number of 
intra-tumoral vessels detected in miR-192 injected animals was drama  cally decreased compared 
to mice injected with mock-transduced cells (Fig 3D). Digital image analysis and quan  fi ca  on of 
vessel structure demonstrated a severely reduced average number of discrete vessel units and 
length in miR-192 overexpressing tumors, whereas the number of lumens did not reach sta  s  cal 
signifi cance (Table 1). Notably, no diff erences were found in cell prolifera  on marker Ki-67 and in 
cleaved caspase-3 in osseous tumor sec  ons at day 6 post injec  on (Sup Fig. S7). No diff erences 
were found in VEGF expression levels between parental, mock and overexpressing tumor cells (data 
not shown). Taken together, these data suggest that miR-192 impairs the coloniza  on of the highly 
metasta  c subpopula  on in the bone compartment by hampering tumor-induced angiogenesis.

miR-192 released in vitro and characteriza  on of exosomes

Similarly to VEGF, no other tumor-secreted pro-angiogenic factors diff er among cell lines using 
transcriptomic analysis. Because miRNAs modulate angiogenesis and are frequently released to the 
extracellular milieu in micropar  cles (microvesicles and/or exosomes), we sought to inves  gate the 
poten  al eff ects of secreted miR-192 in regula  ng angiogenesis in metasta  c coloniza  on. Similar 
to intracellular analysis, we detected low levels of miR-192 in the condi  oned-medium (CM) derived 
from mock cells (M1 cells, mock-transduced) in rela  on to CM derived from parental cells (A549 
cells). As expected, levels of miR-192 were restored in miR-192 cells (M1 cells overexpressing miR-
192) (Sup Fig. S8). We isolated micropar  cles from parental, mock, and miR-192 overexpressing 
cells; these micropar  cles were detected by the presence of CD63+ in all extracts, a general hallmark 
found in exosomes (Fig. 4A). According to Dynamic Light Sca  ering (DLS) analysis, par  cles derived 
from tumor cell lines were ~100 nm in size (Fig. 4B). These fi nding indicate the micropar  cles 
isolated are compa  ble with the size of exosomes. Moreover, transmission electron microscopy 
analysis revealed small vesicles heterogeneous in size in the range of ~30-100 nm for all three cell 
lines analyzed (Fig. 4C). Fused micropar  cles were not detected in any of the extracts analyzed by 
this technique. Thus, the micropar  cles isolated are composed of exosomes. 
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Figure 3. Eff ects of miR-192 in bone coloniza  on
A. Experimental regimen of bone coloniza  on assay a  er intra  bial injec  on of miR-192 cells.  B. Le  : BLI quan  fi ca  on. Right: 
Representa  ve photon fl ux images in the metaphyses of tumor-bearing mice. C. Top: Quan  fi ca  on of osteoly  c lesions in miR-192 
overexpressed cells of injected animals demonstrated a decreased tumor burden in the metaphyses. Bo  om: Bones were analyzed 
by X-ray and μCT scans. D. Immunohistochemical analysis of CD31+ cells in tumors. M1 overexpressing miR-192 cells exhibited a 
signifi cant decrease in tumoral vessels. Representa  ve images. Scale bar= 200 μm. 

Consistent with previous results showing increased amount of micropar  cles released by aggressive 
cells,  the total protein levels of the exosomes increased in metastasic cell lines (mock and miR-192 
overexpressing cells),  but were similar between mock and miR-192 cells (Fig. 4D).

Intercellular transfer of miR-192

We analyzed the levels of miR-192 in isolated exosomes derived from each cell line (Fig. 5A). 
Interes  ngly, miR-192 levels detected in isolated exosomes by qPCR analysis were similar to levels 
previously detected in CM for all three cell lines. To inves  gate the poten  al role of released 
exosomes fusing with other cells in intercellular communica  on, we co-cultured tumor cells with 
HUVEC in Boyden chambers. Endothelial lysates revealed the presence of endogenous miR-192 in 
HUVEC cells, whereas the presence of miR-192 was slightly higher in HUVEC cells co-cultured with 
parental A549 and M1 metasta  c mock cells (Fig. 5A). Interes  ngly, a 2-fold increase in the level of 
miR-192 in HUVEC cells was detected when the cells were co-cultured with miR-192 overexpressing 
cells (Fig. 5A). Similar results were obtained with the endothelial cell line HBMEC (Sup Fig. 9A). These 
data suggest that miRNAs can be released by tumor cells into the CM within exosomes and can fuse 
with neighboring cells. 

To inves  gate whether miR-192 in exosomes crosses the cell membrane of target cells, we incubated 
HUVEC cells with fl uorescently labeled exosomes previously isolated from all three cell lines. 
Interes  ngly, fl uorescence was detected in the cytoplasmic compartment of all three exosomal 
extracts (Fig. 5B). 

To confi rm these results, we transfected parental, mock and miR-192 cells with murine miR-298 
(mmu-298), a miR not present in human cells, or with a pre-miR-control (Scr). A  er exosome isola  on, 
quan  fi ca  on of total levels of mmu-298 demonstrated the presence of mmu-298 in transfected 
cells. Interes  ngly, mmu-298 levels were higher in miR-192 cells as compared to mock and parental 
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cells transduced with mmu-298 (Fig. 5C). A  er co-culturing these cells on Boyden chambers together 
with HUVEC we detected mmu-298 in HUVEC cells by qPCR, sugges  ng that mmu-298 was released 
from the tumoral cells and fused to HUVEC cells (Fig. 5C). Taken together, these fi ndings indicate that 
miRNAs released by tumor cells in exosomes were transferred to endothelial cells, releasing their 
cargo into the cytosol.

mock miR-192
CD31+ Area (%) 2.15(0.26) 0.99 (0.09) ***
No. Vessel units (>10 μm) 81.94 (37.16) 51.47 (21.88) **
Average length (μm) 14.04 (3.52) 8.18 (3.41) **
No. Lumen per field 3.13 (2.01) 0.82 (0.72) ns

Figure 4. Characteriza  on of tumor-derived microvesicles 
A. FACS analysis demonstra  ng the presence of CD63+ vesicles (exosomes) in ultracentrifugated CM from parental (A549), mock (M1, 
mock-transduced), and miR-192-overexpressing cells (M1, transduced with miR-192). B. Dynamic light sca  ering image (DLS) showing 
microvesicle sizes of ultracentrifugated CM from tumor cells. C. Transmission electron microscopy images of microvesicles derived 
from their respec  ve cells, with a range ~30-100 nm, compa  ble with exosomal size. Bar= 500 nm. D. Exosome produc  on levels 
were determined by measuring the amount of protein in the exosomes isolated from supernatant normalized with the total amount 
of protein in cell lysates. A greater number of exosomes from mock and miR-192 cells were detected compared to the parental cell 
line A549. 

Table 1. Tumoral vessel features



Func  onal relevance of CM and exosomes in angiogenesis

Next, we inves  gated the eff ects of tumor cell secreted factors on the func  ons required for 
tumor-induced angiogenesis. We co-cultured tumor cells with HUVEC cells in Boyden chambers. In 
accordance with previous fi ndings, co-incuba  on of mock cells slightly increased HUVEC prolifera  on 
(Fig. 6A). Notably, no eff ect on apoptosis was observed in all three condi  ons tested (Sup. Fig. 
S9B). Similarly, migra  on ac  vity was assessed by the scratch assay in HUVEC cells; enhanced 
migra  on was observed when mock cells were used in the co-culture (Fig. 6B). More importantly, 
in a tubulogenesis assay, increased vessel connec  vity in HUVEC cells, a hallmark of angiogenesis, 
was detected when mock cells were co-cultured (Fig. 6C). In contrast, co-culture with miR-192 cells 
negated this eff ect on tubule connec  vity (Fig. 6C). Thus, these fi ndings indicate that CM derived 
from miR-192 overexpressing cells prevented the pro-angiogenic eff ects induced by the CM derived 
from mock cells. Furthermore, a  er HUVEC cells were incubated with previously isolated exosomes 
from each of the cell condi  ons, similar results were obtained (Fig. 6D), sugges  ng that exosomes 
derived from miR-192 cells decreased the tubulogenic ac  vity induced by mock cells.

In order to iden  fy target genes, we used an integra  ve transcriptomic approach in HUVEC cells 
overexpressing miR-192 (Fig.6E). Signifi cantly repressed genes are listed in sup Table 1. Analysis of 
hexamer-seed sequence in 3’ UTR iden  fi ed 17 puta  ve targets. Target predic  on tools iden  fi ed 
7 out of the 17 as poten  al direct targets. Based on biological criteria, we selected relevant genes 
related to angiogenesis. Among these factors, only ICAM-1 and PTPRJ could poten  ally represent 
direct targets, whereas, IL-8, CXCL-1 and LAMB1, could be considered indirect targets (Sup Fig 10).    
Previous results were validated by qPCR analysis (Fig. 6F). Moreover, co-culture of HUVEC cells with 
tumor cells (parental, mock and miR-192) induced a signifi cant downregula  on of  ICAM-1, CXCL-
1, and IL-8 in HUVEC cells (Fig. 6G). Furthermore, similar results were obtained when HUVEC were 
incubated with previously isolated exosomes derived from tumor cells (data not shown). These 
data suggest that exosomal transfer of miR-192 to endothelial cells modulates crucial angiogenic 
func  ons by repressing either directly or indirectly key target pro-angiogenic genes. 

Exosomes contribu  on in vivo

To further prove the relevance of previous fi ndings, we treated 3 groups of mice (n=4 per group) with 
isolated exosomes derived from A549, M1 mock and M1 miR-192 cells at a dosage of 5 μg/ mouse 
/day star  ng one day before i.t injec  on of highly-metasta  c cells M1 to all the groups, according 
to the regimen presented in Fig. 7A. As an addi  onal control, a group of mice was injected with 
PBS (vehicle). At day 21 pos  njec  on, mice were sacrifi ced. Bioluminescence imaging revealed a 
decrease tumor burden in mice treated with miR-192-derived exosomes as compared to the rest of 
the groups, although these diff erences did not reach signifi cant sta  s  cal diff erences (Fig. 7B). More 
remarkably, X-rays image analysis, revealed 6-fold increase in osteoly  c lesions in mice treated with 
M1M1 derived exosomes than mice treated with A549-derived. Moreover, M1 miR-192-derived 
exosomes decrease the overt lesions induced by M1-mock exosomes (Fig. 7C). Angiogenesis was 
assessed by CD31+ staining. The number of intra-tumoral vessels found was minimal (Fig. 7D).

Taken together, these data suggest that exosomes derived from miR-192 overexpressing cells 
decrease osteoly  c lesions and bone coloniza  on presumably by decreasing tumor-induced 
angionesis in vivo.    
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Figure 5. Exosomal transfer of miR-192 from tumor cells to endothelium.  
A. Le  : Quan  fi ca  on of miR-192 assessed by qPCR in isolated exosomes from parental, mock, and miR-192 cells. Right: Quan  fi ca  on 
of miR-192 measured in HUVEC cells co-cultured in Boyden chambers with parental, mock and miR-192 overexpressing cells. We 
observed high levels of miR-192 in HUVEC cells co-cultured with tumor miR-192 cells as compared to HUVEC cultured alone. B. 
Isolated exosomes from indicated cells were fl uorescently labeled with PKH67 and incubated with HUVEC cells. Nuclei were 
counterstained with DAPI and exhibited the presence of incorporated exosomes in the cytoplasm of HUVEC cells (in green). C. 
Transitory overexpression with a murine miRNA, mmu-miR-298 or scramble (scr), was performed in parental, mock, and miR-192 
tumor cells. Le  : Quan  fi ca  on by qPCR of mmu-miR-298 levels in isolated exosomes released by parental, mock and miR-192 cells 
previously transfected with scramble (scr) or mmu-miR-298. Right: Quan  fi ca  on by qPCR of mmu-miR-298 levels in HUVEC cells co-
cultured with parental, mock and miR-192 tumor cells previously transfected with scramble (scr) or mmu-miR-298.
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Figure 6. In vitro eff ects of condi  oned medium (CM) or exosomal transfer in endothelium 
A. Cell prolifera  on of HUVEC cells induced a  er 72 h co-culture with parental A549 cells, mock transduced, and miR-192 overexpressing 
cells.  B. Cell migra  on assay (scratch assay) of HUVEC cells a  er 72 h co-culture with parental A549 cells, mock transduced, and miR-
192 overexpressing cells. C. Le  : Tubulogenesis assay of HUVEC cells a  er 72 h co-culture with parental A549 cells, mock transduced 
and miR-192 overexpressing cells. Right:  Representa  ve images. D. Le  : Tubulogenesis assay of HUVEC cells a  er 72 h of treatment 
with 5μg of exosomes isolated from parental, mock, and miR-192 cells. Right: Representa  ve images. E. Hierarchical cluster a  er 
integra  ve transcriptomic analysis of HUVEC cells overexpressing miR-192 and mock transfected. Top list of the most signifi cantly 
overexpressed (red) and repressed (green) genes are represented.  Several angiogenesis-related genes were found to be altered (red 
arrows). F. qRT-PCR analysis confi rmed the altera  on of ICAM1, CXCL1, and IL-8 a  er trea  ng HUVEC cells with 2 μg of tumor-derived 
exosomes for 48 h. G.  qRT-PCR analysis of HUVEC cells a  er 72 h co-cultured in Boyden chambers with parental, mock, and miR-192 
tumor cells. 



Figure 7. In vivo eff ects of exosomes
A. Experimental regimen of bone coloniza  on assay and exosomes treatment a  er intra  bial injec  on of miR-192 cells B. Le  : 
Representa  ve photon fl ux images in the metaphyses of tumor-bearing mice. Right: BLI quan  fi ca  on C. Le  : Bones were analyzed 
by X-ray μCT scans and H&E sec  ons. Right: Quan  fi ca  on of osteoly  c lesions of injected animals treated with exosomes derived 
from miR-192 overexpressing cells demonstrated a decreased tumor burden in the metaphyses D. Immunohistochemical analysis of 
CD31+ cells in tumors. Tumors showed few vessels E. Model of the mul  modal mechanisms elicited by miR-192. These mechanisms 
include tumor cell intrinsic and non-cell autonomous eff ects ac  ng on host cells of the bone microenvironment in a dual manner: 
decreasing osteoclastogensis by downregula  ng the secre  on of CCL2 and by exosomal transfer of miR-192 to endothelial cells where 
it downregulates key pro-angiogenic genes that impair metasta  c vessel development.
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DISCUSSION

The evidence presented in this study supports the relevance of a novel mechanism consis  ng in a 
short-range intercellular communica  on system between tumor cells and the host microenvironment. 
This event occurs via miR-192 enriched exosomal transfer to the endothelial compartment of the 
osseous milieu. These fi ndings were relevant during bone coloniza  on, at which point increased levels 
of miR-192-transferred in the microenvironment suppressed in a paracrine manner, key factors in 
endothelial precursor cells such as IL8, and CXCL1, thus preven  ng eff ec  ve metasta  c angiogenesis 
and resul  ng in impaired coloniza  on. Indeed, IL8 promotes the expression of VEGF, and recruits 
infl ammatory cells that also contribute to the release of proangiogenic factors (23). Similarly, CXCL1 
par  cipates in the recruitment of infl ammatory and endothelial precursors for angiogenesis (24).

Moreover, other puta  ve components of the endothelial gene set repressed by miR-192 either 
directly or indirectly, includes PTPRJ (also known CD148) that mediates endothelial-cell growth and 
angiogenesis (25). Cell adhesion molecules could also contribute to these eff ects, such as ICAM1, 
involved in effi  cient leukocyte transmigra  on in the context of infl amma  on (26), and LAMB1 related 
to vascular remodeling (27). Thus, in addi  on to these fi ndings on metasta  c angiogenesis, the 
present evidence also suggests that miR-192-enriched-exosomes could also aff ect a tumor-induced 
infl ammatory program by decreasing the recruitment of myeloid cells, an event closely linked to 
aggressive coloniza  on (28).

Previous studies have suggested the role of miRNAs as regulators of metastasis (29, 30). A 
single miRNA, inducing a tumor-intrinsic regula  on of a mul  genic network, elicited endothelial 
recruitment leading to metasta  c ini  a  on and coloniza  on (20). In line with previous work showing 
the acquisi  on of an aggressive phenotype by indolent cells via exosome transfer (31), our fi ndings 
establish that effi  cient endothelial transfer was achieved by manipula  ng the content of exosomes 
elicited by a single miRNA, and thus aff ec  ng a key process in acceptor cells relevant in metasta  c 
progression. Several lines of evidence support this conten  on. First, tumor-derived exosomes can 
convey miRNAs that are overexpressed in tumor cells. Second, exosomes can be spontaneously 
released by tumor cells to the extracellular milieu where they can fuse to endothelial cells. Third, cell 
co-culture demonstrated a func  onal modula  on of tubulogenesis in vitro, a hallmark of angiogenesis. 
This process was mediated by exosome transfer to endotehelial cells leading to the repression of 
the angiogenic program.  Moreover, in vivo treatment with exosomes isolated from cells displaying 
diff erent metasta  c degree, led to striking modula  on of the prometasta  c ac  vity in mice injected 
with iden  cal metasta  c cells, indica  ng a prominent role of exosomes in in vivo metastases. This 
fi nding further underscores the major importance of cancer-endothelial interac  ons in metasta  c 
ini  a  on and coloniza  on (7, 20). But, this mechanis  c fi nding might also be germane in a more 
general context of metasta  c coloniza  on in other organs, or more importantly, it might poten  ally 
be relevant from the early steps of tumorigenesis through the mul  step process of metastasis 
(32). Indeed, melanoma-derived exosomes from highly metasta  c cells increased the metasta  c 
behavior of primary tumors by ‘pre-condi  oning’ bone marrow progenitors through the receptor 
tyrosine kinase MET, and inducing a pro-vasculogenic phenotype in bone marrow progenitors(33). 
Thus, this mechanism of long-range intercellular signals adds to previously described mechanism of 
chemoa  ractants release by the osseous stroma facilita  ng metasta  c homing (4), and hence might 
emerge as a novel paradigm of cell-to-cell communica  on involved in this “seed and soil” cross-talk 
for the establishment of metastasis (34) (35). Thus, elucida  on of crucial components secreted by 
the tumor via exosomes at early stages of tumorogenesis that could poten  ally infl uence metasta  c 
ini  a  on or development are of great therapeu  c interest, and further research concerning miRNA 
delivery to target organs is warranted (36). 
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Although miR-192 was found to be abundant in exosomes, we cannot dismiss the possibility that other 
molecules assembled in these vesicles, such as diff erent miRNAs, mRNA, lipids, or protein receptors 
regulated by miR-192, coopera  vely contribute to the observed eff ects. Complementary to this 
view, these components, especially protein receptors, could also play a signifi cant role in media  ng 
target selec  vity and func  onal eff ects in the metasta  c organ, as they might selec  vely direct their 
fusion with specifi c acceptor cells. In our model, we it is also plausible that bone marrow stromal 
cells or other cell types present in the bone marrow compartment could also be “precondi  oned” by 
exosome treatment. At present, the molecules assembled in the exosomal cargo are highly complex, 
and further studies are needed to allow for a deeper understanding. 

Concomitant to this mechanism, miR-192 also contributed to a decrease of tumor-induced osteolysis 
by abroga  on of the an  -osteoclastogenic factor CCL2, an eff ect that was independent of exosomal 
transfer (data not shown). Indeed, silencing CCL2 levels diminished tumor-induced osteoly  c lesions 
in a model of bone metastasis (37). Of note, CCL2 is a chemokine that also recruits myeloid cells, an 
event closely associated with cancer progression and metastasis (38). More importantly, through 
the repression of several genes encoding adhesion molecules, such as CDH6, FLRT2 or AMIGO2, 
miR-192 could also decrease tumor-endothelial engagement, an eff ect that might be cri  cal in early 
events of tumor cell interac  on and infi ltra  on during bone homing. This event was obviated in 
our coloniza  on assay when cells were injected in bone. Thus, in this context, exosomal transfer 
might markedly contribute to modulate metasta  c coloniza  on. Although in theory, we cannot 
totally dismiss the possibility that other non-exosomal secreted factors released by tumor cells 
could par  cipate in the an  angiogenic eff ects, our in vitro tubulogenic assay using CM or purifi ed 
exosomes yielded iden  cal results. 

The miRNA transcriptomic signature iden  fi ed miR-192 as an an  metasta  c miRNA that was 
downregulated in highly-metasta  c cells. MiR-192 also acted in a tumor cell-autonomous manner by 
suppressing gene expression in tumor cells, modula  ng invasiveness and metalloprotease ac  vi  es, 
two func  ons required for eff ec  ve tumor cell infi ltra  on in the osseous milieu. The signifi cant 
downregula  on of miR-192 and miR-215 were par  cularly interes  ng fi ndings because they are 
located, together with miR-194, in two related microRNA clusters. Both clusters have the same seed 
sequence and are frequently expressed together upon physiological or pathological s  muli, such 
as p53 (39). Despite sharing the same seed sequence, only miR-192 and miR-215 induced similar 
invasive ac  vity in vitro but not in vivo, which suggests that other cell-specifi c factors were required, 
along with other miRNA target genes, to modulate cellular func  ons. 

Our transcriptomic approach also iden  fi ed other func  onally robust miRNAs that could poten  ally 
play a relevant role in this process. The majority of iden  fi ed miRNAs were downregulated in highly 
metasta  c cells. Among them, detec  on of miR-30e in plasma vesicles was associated with poor 
prognosis in lung cancer (40), and miR-335 has been previously associated with bone metastasis 
(30). Only two miRNAs were found to be upregulated in HMS. MiR-21 has been linked to progression 
(41), detec  on (42), and prognosis of lung cancer (43). And miR-101, that displays an  -tumor 
or an  -metastasis roles via targe  ng diff erent oncogenes (44). Thus, one could speculate that a 
combinatorial strategy using several func  onally relevant miRNAs could theore  cally contribute to 
more eff ec  vely hamper bone metastasis.

Finally, miR-192 poten  ally elicits diff erent responses in a cell-specifi c and context-specifi c manner. 
For instance, no eff ects on cell growth kine  cs were found in several cell types such as HeLa or HEK293 
cells upon miR-192 overexpression. In contrast, miR-192 decreases cell prolifera  on and contributes 
to cell apoptosis in lung cancer cells such as A549 cells (45). This discrepancy with our fi ndings could 
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help explain diff erences in the expression levels achieved, and possible toxic eff ects, which cannot 
be underes  mated. Our main conclusions however, are not aff ected by these diff erences. 

In summary, as depicted in Fig. 7E, our results demonstrated that miR-192 elicits pleiotropic 
func  ons that coopera  vely modulate metastasis. This mul  modal mechanism orchestrated by a 
single miRNA, includes repression of intrinsic tumor cell func  ons, non-cell-autonomously regula  ng 
osteoclast resorp  on, and interfering with metasta  c angiogenesis via exosomal transfer. Because 
the mul  genic regulatory network inducing such a repertoire of cellular func  ons was triggered by 
a single miRNA, targe  ng one or more miRNAs could represent a poten  ally benefi cial strategy to 
block the metasta  c process.
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SUPPLEMENTAL FIGURES

Sup Fig 1: Overexpression of miR and invasive func  on
A. Rela  ve expression of diff erent miRNA in M1 highly-metasta  c-subpopula  on retrovirally transduced with a single miRNA as 
compared to mock transduced M1 cells. B. Invasion assay with collagen type I or matrigel of cells overexpressing single miR. All three 
miRNA endow cells with an  -invasive proper  es. 
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Sup Fig 2: Correla  on between invasiveness and miRNA expression in a panel of human ADC cell lines.
 A. Invasion assay in a panel of human ADC cell lines. B. (Le  ) Rela  ve expression levels of miR-192 in the panel of ADC cell lines. 
(Right) A robust correla  on was shown between invasiveness and miR-192 expression levels. C. (Le  ) Rela  ve expression levels of 
miR-138 in the panel of ADC cell lines. (Right) No correla  on was observed between invasiveness and miR-138 expression levels.  D. 
(Le  ) Rela  ve expression levels of miR-215 in the panel of ADC cell lines. (Right) No correla  on was observed between invasiveness 
and miR-215 expression levels.
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Sup Fig. 3: MMP ac  vity in fl uorogenic assay
Global MMP ac  vity  in a fl uorogenic assay using  a substrate for MMP-3 and MMP-10 incubated with the condi  oned medium 
derived from cells overexpressing miR-192 cultured alone (Top) or in coculture with stromal ST-2 cells (Bo  om). A global MMP 
inhibitor GM6001 was used as a nega  ve control. 

Sup Fig. 4: In vivo Prometasta  c ac  vity of mmiR-215 and miR-138 cells.
A. M1 cells overexpressing miR-138 and miR-215 levels, vector-transduced M1 cells (mock), and parental (A549) cells were 
inoculated into the le   cardiac ventricle of athymic nude mice. Top: Quan  fi ca  on of photon fl ux at day 21 post-inocula  on.  Bo  om: 
representa  ve BLI. B. Top: Quan  fi ca  on of osteoly  c bone area of X-ray imaging at day 21 post-inocula  on. Bo  om:  Representa  ve 
images of X-ray showing no diff erences in osteoly  c lesions in miR overexpressors as compared to mock transduced. C. In vitro 
prolifera  on assay of miR-138 and miR-215 overexpressing cells, showing no diff erences in cell growth kine  cs. 
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Sup Fig. 5: In vitro and in vivo prolifera  on and cell cycle markers in miR-192 cells
A. In vitro prolifera  on assay of miR-192 cells. B. In vivo tumor growth a  er subcutaneous injec  on of miR-192 and mock cell in the 
fl ank of athymic nude mice. C. Western blot analysis of cell cycle proteins in miR-192 and mock cells. 
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Sup Fig. 6: Genes regulated by miR-192 in A549 M1 cells transduced with miR-192
A. Hierarchical cluster a  er integra  ve transcriptomic analysis of parental, A549, A549 M1 cells overexpressing miR-192 and A549 M1 
mock transfected cells. Top list of the most signifi cantly overexpressed (red) and repressed (green) genes are represented.  B. Gene 
func  onal enrichment analysis performed by mul  ple annota  on to GO, KEGG, Interpro and SP-Keywords for the set of genes that are 
up-regulated (Top) or repressed (Bo  om) by the overexpression of mir-192 in A549 M1 cells. The number of annotated genes (out of 
the total number of 269 up-regulated genes) were 209 to GO terms, 225 to Interpro terms and 262 to SwissProt keywords. 
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Sup Fig 7: In vivo prolifera  on and apoptosis rates in bone metastasis
A. Immunohistochemical analysis of Ki67+ cells in bone metasta  c lesions derived from athymic nude mice i.c. inoculated with miR-
192 overexpressing cells and mock control cells. No diff erences were detected. B. Immunohistochemical analysis of ac  vated caspase 
3 posi  ve cells in metasta  c tumors. No diff erences were detected
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Sup Fig. 8: miR-192 in condi  oned media. 

A. MiR-192 levels were examined by qPCR in CM of A549 parental cells and M1 cells transduced with vector only (mock), or 
overexpressing miR-192. Cells were cultured in a special culture medium with microvesicle-depleted serum. Higher levels of miR-
192 were found in A549 and overexpressing cells compared to M1 mock cells. B. Exosome produc  on levels were determined by 
measuring the amount of protein in the exosomes isolated from supernatant normalized with the total amount of protein in cell 
lysates. The amount of exosomes from M1 not transduced and mock cells was similar. 



Sup Fig. 9: Apoptosis and exosomal transfer in diff erent endothelial cells
A. Quan  fi ca  on of miR-192 levels by qPCR in human bone marrow endothelial cells (HBMEC) co-cultured in a Boyden chamber with 
A549, mock and miR-192 cells.  B. Apoptosis rate by annexin V was assessed in HUVEC cells previously treated with 2 μg of exosomes 
isolated from A549 (parental),  mock  and miR-192-overexpressing cells.  No diff erences of  apoptosis rate was detected. 
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Sup Fig. 10:  Genes repressed by miR-192 in HUVEC and their func  onal categories
A. Top repressed genes in HUVEC cells transfected with miR-192. In yellow, genes previously related with angiogenesis. B.  Gene 
func  onal enrichment analysis performed by mul  ple annota  on to GO, KEGG, Interpro and SP-Keywords for the set of genes that 
are repressed by the overexpression of mir-192 in A549 M1 cells. Only categories related with angiogenesis, hemostasis and wound 
healing are represented.   



GeneName log FC Function
predicted  
target ‡

3´UTR hexamer-seed -
sequence (nt numbers) Potential target

SSX2 -1,20 No no no no

MT1A -0,71 No no no no

PANX1 -0,64 No no no no

IL8 -1,18 Yes no no Indirect 

CXCL1 -1,07 Yes no no Indirect 

LAMB1 -0,88 Yes no no Indirect 

SNAI2 -0,77 no no

AASDHPPT -0,80 No yes (both) 1671-1677 (NM_015423) Direct

CSF1 -0,76 no 1871-1876 (NM_000757.5) Direct

TCEB3 -0,81 ND yes (TS) 239-245 (NM_003198) Direct

PTPRJ -0,73 Yes no
2516-2522 and 2527-2533  

(NM_002843.3) Direct

C1D -0,88 No yes (both) 257-263 (NM_001190263) Direct

TMEM106B -0,79 No yes (both)
2591-2598 and 3897-3903  

(NM_018374) Direct

NOB1 -0,81 No yes (both) 356-362  (NM_014062) Direct

ANKRD18A -0,81 No no 375-381 (NM_147195.2) Direct

INSIG1 -0,67 No no 511-516 (NM_005542.4) Direct

ICAM1 -0,79 Yes no 605-612 (NM_000201.2) Direct

LMAN1 -0,74 Yes yes (TS) 760-766 (NM_005570) Direct

KCNK3 -0,76 Yes yes (both) 887-893 (NM_002246) Direct

AICDA -0,97 No no 913-919 (NM_020661.2) Direct

ATP6V1G1 -1,01 No no
120-126 and 390-396 

(NM_004888.3) Direct

EAF1 -0,70 No no
1571-1577, 1715-1720 and 
3444-3449 (NM_033083.6) Direct

BTF3L4 -0,91 No no
1761-1766 and 1969-1975 

(NM_152265.4) Direct

RGS4 -0,81 No no
268-274, 1983-1989 and 

1993-1999 (NM_005613.5) Direct

C6orf72 -0,73 No no no no

‡ TargetScan (TS) and miRanda

Sup. Table 1: List of predicted direct or indirect targets repressed by miR-192 in HUVEC 
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INTRODUCTION

Non-small cell lung cancer (NSCLC) accounts for ~75% of all lung cancer cases [1]. Despite recent 
progress in mul  modal management, prognosis remains poor primarily because of the emergence 
of metastasis to diff erent organs [2]. Metastasis may appear even during early stages of tumor 
progression [3]. Bone tropism occurs in ~40% of pa  ents with NSCLC and skeletal metastases 
cause severe pain and skeletal complica  ons (referred to as skeletal related events, SRE) including 
spinal cord compression and pathological fractures associated with signifi cant morbidity and poor 
prognosis [4]. These SRE reduce pa  ent quality of life and represent a social burden due to costly 
treatments [5]. Pa  ents diagnosed with NSCLC benefi t from the use of an  resorp  ve agents such as 
bisphosphonates or denosumab that delay the onset of SRE [6, 7]. Zoledronic acid (ZA) is the most 
widely used bisphosphonate bone metastases, characterized for its potency. ZA blocks osteoclast 
ac  vity, decreasing the matrix-release of several growth factors, such as TGF-β or IGF-I, and delays 
the development of bone metastases.

Pa  ent diagnosis is usually performed using bone scin  graphy screening and is confi rmed by 
radiography and/or computed tomography or magne  c resonance. During the clinical course, the 
pa  ent´s response is assessed using serial radiographs to evaluate bone changes. However, this 
approach has limita  ons.  This is primarily due to slow detectable changes, and the confounding 
appearance of lesions containing mixed and/or osteosclero  c areas. Metasta  c cells release an 
array of factors which increase osteoblast and/or osteoclast ac  vi  es  l  ng the balance of normal 
bone remodeling. This process could be assessed through the quan  fi ca  on of circula  ng levels of 
biochemical markers of bone forma  on and resorp  on. 

Several serum biochemical markers of bone turnover have been explored to assess skeletal integrity 
in pa  ents at risk or who exhibit bone lesion progression [8]. A signifi cant correla  on has been 
previously demonstrated between the presence of a marker and extent of metasta  c disease [9]. 
These markers are also useful for the iden  fi ca  on of pa  ents most likely to benefi t from an  resorp  ve 
therapy [10] and for monitoring response to treatment [11, 12].  Current markers of bone forma  on 
include bone–specifi c alkaline phosphatase, the procollagen I carboxyterminal propep  de (PICP), 
procollagen I amino-terminal propep  de (PINP) and osteocalcin (BGP). PINP and PICP are released 
into the circula  on before synthesis of collagen type I, the most common protein in the skeleton. 
BGP is a non-collagenous matrix protein of bone synthesized by osteoblasts and secreted directly 
into circula  on. Serum levels of BGP are a reliable index of bone forma  on, whereas PICP measures 
the neosynthesis of type I collagen. 

Bone resorp  on is assessed by measuring the by-products of collagen degrada  on, such as cross-
linked carboxyterminal telopep  de (CTX), the aminoterminal telopep  de (NTX) of type I collagen, 
and tartrate-resistant acid phosphatase 5b (TRAP5b), a marker of osteoclast ac  va  on. Because 
biomarkers are rela  vely inexpensive and noninvasive, novel markers could poten  ally provide a 
simple and reliable method for detec  on; thus, such markers represent an area of great clinical 
relevance. 
 
A growing body of evidence indicates that miRNAs, small noncoding RNAs that are involved in the 
regula  on of gene expression, are altered during tumorogenesis [13, 14] and metastasis [15-18]. 
More importantly, miRNAs are released to the extracellular milieu into exosomes [19] or microvesicles 
[20] that are detectable in body fl uids [21, 22]. Detec  on of miRNAs in the plasma or serum of lung 
cancer pa  ents has been suggested as a poten  al tool with diagnos  c, prognos  c, and predic  ve 
value [23-26]. 
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In this study we screened miRNAs associated with tumor burden in order to inves  gate, the 
correla  on of biochemical markers of bone turnover in a model of osseous metastasis of lung cancer. 
Our fi ndings suggest that this strategy is useful to iden  fy miRNAs as poten  ally useful biochemical 
markers for monitoring the metasta  c process.  

MATERIALS AND METHODS

Cell lines and culture condi  ons

Lung cancer cell line A549 was obtained from the ATCC (Manassas, VA, USA) and was grown in RPMI 
1640 with L- glutamine (Invitrogen, Barcelona, Spain) supplemented with 10% fetal bovine serum 
(Invitrogen), 1% penicillin and streptomycin (Invitrogen). A549M1 subpopula  on was isolated as 
previously described [27].

In vivo assays

Female athymic nude mice (Harlan Iberica, Spain) were maintained under specifi c pathogen-free 
condi  ons. All the animals were sacrifi ced according to the approved protocols of the Local Animal 
Commi  ee. Radiographic and histological analysis, microcomputed tomographic (μCT) analysis and 
bioluminescence imaging, have been detailed elsewhere [27-29]. 

RNA isola  on and quan  ta  ve real-  me RT-PCR analysis of miRNA

Total RNA was isolated from serum by using TRIzol-SL® reagent (Invitrogen) according to the 
manufacturer’s instruc  ons. cel-miR-39, cel-miR-54 and cel-miR-238 were spiked-in as internal 
controls for RNA isola  on. miRNA profi ling was performed using pre-aliquoted microRNA PCR primer 
sets in 384-well PCR plates (Exiqon) were performed to study miRNAs expression profi ling in the 
serum. A pool of RNA of mice from the same day was used to reach 40 ng total RNA. Duplicates of 
each  me point were performed: control mice (non-injected mice), and mice injected with M1cells 
and sacrifi ced at day 7, 14, 21 and 28 pos  njec  on. No pre-amplifi ca  on was necessary.

microRNA valida  on was performed by sequence-specifi c quan  ta  ve reverse transcriptase-PCR 
(qRT-PCR) primers for miR-184, 33a, 326, 497, 193b and endogenous control miR-16 were purchased 
from Applied Biosystems. A preamplifi ca  on reac  on was performed to increase the amount of 
cDNA in the samples. qRT-PCR analysis was measured using Applied Biosystems 7500 Real-  me PCR 
System (Applied Biosystems, Foster City, CA). The PCR Master Mix containing Taqman® 2×Universal 
PCR Master Mix (No Amperase UNG), 10× Taqman® assay, and reverse transcrip  on products in 20 
μL volume were processed as follows: 95°C for 10 minutes and then 95°C for 15 seconds, 60°C for 
60 seconds for up to 40 cycles. Signal was collected at the end point of every cycle. Gene expression 
was considered as the ΔCT values of the specifi c miRNAs a  er normalizing with the internal controls 
miR-16 together with an average of the three pike-in miRNAs and rela  ve quan  fi ca  on values were 
plo  ed.

Biochemical markers of bone turnover

Serum Bone Gla Protein (BGP) was determined by ELISA for the specifi c quan  ta  ve determina  on 
of mouse osteocalcin levels (Osteocalcin mouse, DRG, Germany). Sensi  vity of this assay was 1 ng/
ml. Intra- and inter-assay coeffi  cients of varia  on of the method were <6% and <8% respec  vely. 
Serum aminoterminal propep  de of collagen I (PINP) was assayed by an ELISA specifi c for rat and 
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mouse PINP (Rat/Mouse PINP EIA, IDS, UK). Sensi  vity of the assay was 0.7 ng/ml. Intra- and inter-
assay varia  on coeffi  cients of the method were <5.0% and <8.2% respec  vely. Serum 5b isoenzyme 
of tartrate-resistant acid phosphatase (TRAP5b) was measured by an ELISA specifi c for mouse TRAP 
(Mouse TRAP Assay, IDS, UK). Sensi  vity of the assay was 0.1 U/L. Intra- and inter-assay varia  on 
coeffi  cients of the method were <6.5% and <8% respec  vely. Serum C-telopep  de of type I collagen 
(CTX) was measured by an ELISA specifi c for rat and mouse CTX (RatLaps ELISA, IDS, UKA). Sensi  vity 
of the assay was 2.0 ng/ml. Intra- and inter-assay varia  on coeffi  cients of the method were <5.6% 
and <10.5% respec  vely. 

Sta  s  cal analysis

Sta  s  cal analysis was performed using SPSS 15.0. To study diff erences in bioluminescence images, 
metasta  c area, biochemical markers expression, data were analyzed by parametric test (Anova) or 
non-parametric homologue Kruskal–Wallis test depending on data distribu  on. Mul  ple comparisons 
were studied with Dunnet’s test or U Mann-Whitney adjusted by Bonferroni test. Pearson correla  on 
was performed to study the associa  on between bioluminescence, osteoly  c lesion, miRNAs and 
biochemical markers expression levels. Values were expressed as means ± SEM or median ± IQ range 
and sta  s  cal signifi cance was defi ned as p<0.05 (*), p<0.01 (**), and p<0.001 (***).

RESULTS

Zoledronic acid prevents bone metasta  c ac  vity in a lung cancer model

To inves  gate the possible u  lity of miRNAs as biomarkers of bone metastasis, we fi rst used a 
previously established model of lung cancer bone metastasis [30]. Animals were injected by 
intracardiac (i.c.) inocula  on with highly metasta  c subpopula  on of A549M1 adenocarcinoma cells 
to bone, transduced with luciferase reporter gene, as shown schema  cally in Fig.1A. Mice were 
treated with a single dose of ZA or vehicle, and groups of 10 mice were sacrifi ced at 7, 14, 21, and 28 
days post-inocula  on.  A group of mice inoculated with PBS only, was used as an addi  onal control.
As expected, bioluminescence imaging revealed a signifi cant decrease in tumor burden over  me 
in ZA-treated animals compared to the controls (Fig.1B) that was detected on day 14 un  l the end 
of the experimental period. These fi ndings correlated with a decrease in the bone metasta  c area 
in ZA-treated animals. Tumor-induced osteolysis was detected at days 21 and 28 pos  nocula  on 
(Fig. 1C). These fi ndings were confi rmed by microCT scan and histological examina  on (Fig. 1D). To 
inves  gate the eff ects of ZA, we measured the number of TRAP+ cells at the tumor-bone interphase. 
There was a signifi cant decrease in posi  ve cells in ZA-treated animals (Fig 1E). These data suggest 
that this model exhibits several features of the metasta  c process, including the induc  on of TRAP+ 
cells which leads to tumor-induced osteolysis; this induc  on is blocked by ZA treatment.      

Transcriptomic iden  fi ca  on of miRNA  

We performed transcriptomic iden  fi ca  on of the miRNAs present in serum samples using Exiqon 
pla  orm of 384 well-plates. We accomplished a double normaliza  on with miR-16 and miR-451 to 
reduce varia  on. Normaliza  on with miR-16, iden  fi ed a miRNA signature of 54 miRNAs diff eren  ally 
expressed (Fig. 2A). In contrast, a subset of 15 miRNAs was iden  fi ed a  er normaliza  on with miR-
451 (Fig 2B). These two subsets overlapped in a miRNA signature composed of 12 miRNAs (Fig. 2C).  
These results were validated by qPCR in the serum extracted at 7, 14, 21, and 28 days following 
inocula  on (data not shown). Because the miRNAs iden  fi ed in the serum could poten  ally be 
derived from the increase in metasta  c burden, or could be miRNAs released by non-tumor cells 
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of the microenvironment, of the 12 miRNAs we selected those that were consistent with the 
increase over  me. We exclude those that decreased during the experimental period, or those with 
inconsistent results between consecu  ve  me points. Thus, the fi nal set of miRNAs included miR-
184, miR-193b, miR-326, miR-33a, and miR-497. These miRNAs were validated by qPCR (Fig 3A). In 
ZA-treated animals, with the excep  on of miR-184 and miR-33a, the rest of selected miRNA showed 
consistent decrease levels over  me.  

Figure 1. ZA treatment decreases the development of osteoly  c lesions in a model of lung cancer bone metastasis.
A. Experimental regimen: that a  er i.c inocula  on of A549M1 cells, animals were ZA or vehicle-treated and groups of 10 mice for 
each treatment were sacrifi ced at 7, 14, 21 and 28 days. B. Top, quan  fi ca  on of bioluminescence. Bo  om, representa  ve images. 
C. Top, quan  fi ca  on of osteoly  c lesions by X-ray imaging. Bo  om, representa  ve images. Arrows point to osteoly  c lesions. D. 
Representa  ve images of microCT scans and histological H&E staining at days 21 and 28. E. TRAP+ mul  nucleated cells were counted 
at tumor-bone interphace. Top, representa  ve images. Arrows point to TRAP+ staining of cells. Bo  om, Quan  fi ca  on of perimeter 
of tumor-bone interphase covered by TRAP+ cells.
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Associa  on between imaging techniques and miRNAs levels

Next, we analyzed the associa  on between the selected miRNAs and, tumor burden and osteolysis 
parameters derived from imaging techniques. MiR-326 exhibited a robust correla  on with 
bioluminescence imaging (r=0.603, p<0.001). MiR-497 exhibited a  me-dependent increase in 
serum levels and demonstrated a weaker but signifi cant correla  on compared to miR-326 (r=0.422, 
p<0.018) (Fig 3.B). No correla  ons were found between these miRNAs in animals treated with ZA 
(data not shown).   

Assessment of serum markers of bone turnover

Next, we assessed the common resorp  on markers rou  nely used in the clinical se   ng. As expected, 
the marker of collagen degrada  on CTX, was signifi cantly decreased in the ZA-treated animals 
compared to vehicle treated mice, as early as day 7 post-inocula  on (Fig. 4A). Moreover, TRAP5b, 
a marker of osteoclast ac  vity was increased in vehicle treated animals compared to non-tumor-
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Figure 2. A Signature of miRNA is diff eren  ally expressed in serum of mice with metastasis
A. Unsupervised hierarchical cluster diagram of diff eren  ally detected miRNA in serum following PBS injec  on (Control) or animals 
injected with A549M1 cells normalized with miR-16. Detailed list of the top sta  s  cally overexpressed and repressed miRNAs. Rows 
represent single miRNA; results are shown in columns. Each box exhibits the value of a diff erent miRNA. B. Hierarchical cluster diagram 
of diff eren  ally detected miRNA in serum a  er normaliza  on with miR-451. C. The list of miRNAs common to both normaliza  ons. 
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injected control mice. Consistently, treatment with ZA signifi cantly decreased the levels of circula  ng 
TRAP5b (Fig. 4B); this fi nding was associated with the decrease in TRAP+ cells at the tumor-bone 
interphase (Fig. 1).   Markers of bone forma  on BGP and PINP, were signifi cantly decreased a  er day 
14 post-inocula  on in ZA-treated animals (Fig. 4C). 

Correla  on between imaging techniques and serum biomarkers 

We inves  gated the degree of correla  on between bioluminescence imaging and biochemical 
markers. The forma  on biomarker PINP exhibited a nega  ve correla  on with bioluminescence 
during the en  re period in both vehicle and ZA-treated animals (Table 1). Similarly, a strong nega  ve 
correla  on of the osseous forma  on marker BGP, was also associated with bioluminescence results 
at days 21-28 post-inocula  on, and a strong correla  on was also detected in ZA-injected animals 
during the en  re  me period (Table 1). Of the two resorp  on markers, only CTX correlated with 
bioluminescence. Thus, PINP and BGP represent the most robust serum biomarkers that are most 
closely associated with bioluminescence imaging results. 
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Figure 3. Valida  on and correla  on of miRNAs with tumor burden
A. Rela  ve serum levels of miR-184, miR-33a, miR-193, miR-326, and miR-497 were validated by qPCR. B. Correla  on with 
bioluminescence was performed for miR-326 and miR-497. 
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Next, we inves  gated the degree of correla  on between X-ray imaging and serum biomarkers. PINP 
was the only marker that exhibited a strong correla  on in the vehicle and ZA-treated mice with 
osteoly  c lesions (Table 1). In contrast, the other biomarkers exhibited a robust correla  on only in 
vehicle-treated animals, par  cularly CTX and BGP. Of note, the correla  ons between CTX and BGP 
with X-rays and bioluminescence imaging results, were very similar (Table 1). 

Correla  on between serum biomarkers and miRNAs

Finally, we assessed the poten  al correla  on between miRNAs and serum biomarkers. A strong 
correla  on between miR-326 and serum levels of PINP was detected in vehicle treated animals, 
sugges  ng that miR-326 is the only miRNA that correlates with osteolysis, tumor burden and the 
serum biomarker PINP. In contrast, miR-326 only showed associa  on with BGP in ZA-treated mice. 
In contrast, miR193b was the only miRNA that correlated with BGP, CTX, and PINP in only ZA-treated 
animals (Table 1), whereas this miRNA did not show any associa  on with these markers in vehicle-
treated mice. A signifi cant correla  on was also detected between miR-497 and CTX in vehicle treated 
animals, whereas in ZA treated mice, miR-184 correlated with BGP (data not shown). Thus, miR-326 
associates with PINP, the most robust biochemical marker associated with metasta  c progression, 
whereas during response to treatment miR-193b associates, in addi  on to PINP to other serum 
biomarkers. 

Table 1: Correlation of biochemical markers with imaging techniques and miRNAs.

PINP -0.723 *** -0.608 *** -0.562 ª * -0.537 ª * -0.59 *** ns 0.389 *

BGP -0.725 ª ** -0.6 *** -0.789 ª *** ns ns 0.529 ** 0.405 *

CTX 0.667 ª ** -0.387 * 0.646 ª ** ns ns ns 0.461 **

TRAP5b ns ns ns ns ns ns ns
*p<0.05 **p<0.01 ***p<0.001
ns: non significant
ª only at days 21 and 28

Control ZAControl ZA Control ZA

Bioluminescence

ns

ns

ns

ns

ZA

X-Ray miR-326 miR-193b

Control 
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Figure 4. Time-dependent serum levels of biochemical markers
A. Serum PINP, CTX (B.) , TRAP5b (C.) and BGP (D.) levels were determined in ZA-treated and vehicle-control animals (10 mice per 
group) at each  me point.  B. Serum levels. C. Serum TRAP5b levels. D. Serum BGP levels.  
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DISCUSSION

The search for early detec  on markers of disease represents a cri  cal area of lung cancer research 
that could precede imaging detec  on through simple and reliable methods. A similar paradigm 
poten  ally applies to the development of metastasis to specifi c organs, in which disseminated 
tumor cells frequently remain undetected by current imaging technologies un  l the occurrence of 
macrometastases. 

In this study we demonstrated that circula  ng levels of miRNAs are associated with the process of 
bone metastasis in a lung cancer model. Using a mul  pronged approach that included two image 
analysis techniques, four biochemical markers, and a systema  c strategy to measure 380 miRNAs in 
serum, we demonstrated that miR-326 is the most robust marker associated with tumor metasta  c 
burden even in early metasta  c stages of bone coloniza  on. This signifi cant correla  on suggests that 
miR-326 could poten  ally be important in other lung adenocarcinoma models with proclivity to form 
skeletal metastases. However, this assump  on requires a rigorous demonstra  on in appropriate 
models. Consistent with these fi ndings, miR-326 showed a strong correla  on with PINP, the most 
robust biochemical marker associated with tumor burden and osteolysis during disease progression 
and in response to treatment. 

Given the lack of homology between murine and humans, the circula  ng levels of miR-326 
poten  ally indicate an increase in tumor burden, rather than tumor-induced release of miRNA from 
necro  c  ssue of the host. However, because miR-326 has been previously implicated in lymphocy  c 
diff eren  a  on [31], chemoresistance [32] and tumor suppressive ac  vi  es[33], levels of miR-326 
may also refl ect not only tumor-autonomous release but host-derived factors ac  ng on tumor cells. 

The fact that the miRNAs did not exhibit a correla  on with the imaging results in the ZA-treated 
animals, suggests that the pleiotropic ac  ons induced by bisphosphonates deeply perturb miRNA 
biogenesis. Only miR-193b exhibited a signifi cant associa  on with several biomarkers (Table 1) 
(BGP, CTX, PINP) in ZA-treated animals, which raises the intriguing possibility that combinatorial 
approach of miRNAs and serum biochemical markers could poten  ally be used for the assessment 
of pharmacological response to a given drug. 

As was found with all biochemical markers, PINP and BGP demonstrated a strong associa  on with 
bioluminescence over the en  re experimental  me period in vehicle and ZA-treated animals, which 
confi rmed the correla  on between collagen remodeling and metastasis progression. Interes  ngly, 
PINP and BGP, two bone forma  on markers, demonstrated a be  er correla  on than bone resorp  ve 
markers in a model characterized by overt osteoly  c lesions. One would expect that CTX and TRAP5b 
would show a good associa  on with osteoly  c lesions. One possible explana  on is that tumor cells 
also endogenously secret collagen and its catabolites which thus contribute to the total CTX levels 
mostly derived from osseous degrada  on. Indeed, as previously shown A549 cells can formed mixed 
osteosclero  c and osteoly  c lesions [30].   

In contrast, the other biochemical markers demonstrated only a slight correla  on when the tumor 
mass was detected by imaging techniques. Correla  ons with X-rays results are par  cularly signifi cant 
as they are useful in a clinical se   ng; bioluminescence imaging cannot be used in humans. At late 
stages (days 21 and 28), only PINP showed a signifi cant associa  on with osteolysis in vehicle and 
ZA-animals. The lack of correla  on between biochemical markers and imaging techniques at early 
stages of metastasis could be explained by the fact that biochemical markers measure indirect 
biological processes, such as collagen degrada  on, osteoclast ac  va  on during bone resorp  on, or 
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osteoblast secre  on during bone forma  on. Thus, these measurements refl ect the eff ects induced 
by the tumor in the surrounding microenvironment and are, insignifi cant at early stages of bone 
metastasis.  In contrast, our serum miRNA profi le increased along with the growth of metasta  c 
cells. This poten  ally explains why bioluminescence, the most sensi  ve imaging technique used 
in our study, which is associated with the number of tumor cells, also exhibited a robust degree of 
correla  on with certain miRNAs. As suggested by our fi ndings, one could speculate that miR-326 or 
others miRNA specifi c to diff erent lung cancer subtypes could poten  ally predict the occurrence of 
bone metastasis, before the detec  on by bone-imaging techniques. 

Our experimental study, in accordance with previous fi ndings, suggests the role of certain miRNAs 
as biomarkers of NSCLC progression and the metasta  c process [34]. However, several limita  ons 
of our study should be considered. First, our fi ndings use a single cell line and need to be confi rmed 
in other models of lung cancer bone metastasis. Second, the use of a xenogra   model prevents 
the simultaneous detec  on of all miRNAs derived from the host, because there was <30% cross-
hybridiza  on. Third, a greater complexity may be found in the clinical se   ng due to miRNAs derived 
or infl uenced by infl ammatory or pharmacological factors. Thus, addi  onal experiments with other 
relevant cell lines in syngeneic models should address the validity of our fi ndings, before engaging 
in a large clinical trial. Nevertheless, these fi ndings support the validity of this approach to uncover 
novel miRNA associated with pathological condi  ons, avoiding confounding factors infl uencing 
miRNA biogenesis present in the clinical se   ng.  

In summary, we have demonstrated that miR-326 is a poten  al marker associated with osseous 
metastasis in a lung cancer model. Future studies are warranted to address its relevance in the 
clinical se   ng.  



RESULTS. PAPER 3 138

REFERENCES

1. DeVita VT, Lawrence TS, Rosenberg SA, Bajorin DF, Basch EM, Brennan MF, Bosl GJ, Che 
Y, Dershaw D, Chaganti RSK, DeAngelis LM, Eastham JA, Foley KM, Grimm J, Kelsen DP, Maki 
RG, Massague J, Motzer RJ, Nelson CJ, Oeffinger K, Pfister DG, Portlock CS, Rosenweig K, Satlz 
LB, Sawyers CL, Schrag D, Sheinfeld J, Singer S, Stover DE, Travis WD, Yahalom J, Zelefsky MJ, 
Memorial Sloan-Kettering Cancer Center (MSKCC). DeVita, Hellman, and Rosenberg’s cancer : 
principles & practice of oncology. 8th ed. Philadelphia: Wolters Kluwer/Lippincott Williams & 
Wilkins; 2008.

2. Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin 2010;60: 277-300.

3. Fry WA, Menck HR, Winchester DP. The National Cancer Data Base report on lung cancer. 
Cancer 1996;77: 1947-55.

4. Coleman RE. Skeletal complications of malignancy. Cancer 1997;80: 1588-94.

5. Delea T, Langer C, McKiernan J, Liss M, Edelsberg J, Brandman J, Sung J, Raut M, Oster G. The 
cost of treatment of skeletal-related events in patients with bone metastases from lung cancer. 
Oncology 2004;67: 390-6.

6. Saad F, Gleason DM, Murray R, Tchekmedyian S, Venner P, Lacombe L, Chin JL, Vinholes JJ, 
Goas JA, Chen B. A randomized, placebo-controlled trial of zoledronic acid in patients with 
hormone-refractory metastatic prostate carcinoma. J Natl Cancer Inst 2002;94: 1458-68.

7. Rosen LS, Gordon D, Tchekmedyian S, Yanagihara R, Hirsh V, Krzakowski M, Pawlicki M, de 
Souza P, Zheng M, Urbanowitz G, Reitsma D, Seaman JJ. Zoledronic acid versus placebo in the 
treatment of skeletal metastases in patients with lung cancer and other solid tumors: a phase 
III, double-blind, randomized trial--the Zoledronic Acid Lung Cancer and Other Solid Tumors 
Study Group. J Clin Oncol 2003;21: 3150-7.

8. Brown JE, Cook RJ, Major P, Lipton A, Saad F, Smith M, Lee KA, Zheng M, Hei YJ, Coleman RE. 
Bone turnover markers as predictors of skeletal complications in prostate cancer, lung cancer, 
and other solid tumors. J Natl Cancer Inst 2005;97: 59-69.

9. Demers LM, Costa L, Chinchilli VM, Gaydos L, Curley E, Lipton A. Biochemical markers of bone 
turnover in patients with metastatic bone disease. Clin Chem 1995;41: 1489-94.

10. Coleman RE, Major P, Lipton A, Brown JE, Lee KA, Smith M, Saad F, Zheng M, Hei YJ, Seaman 
J, Cook R. Predictive value of bone resorption and formation markers in cancer patients with 
bone metastases receiving the bisphosphonate zoledronic acid. J Clin Oncol 2005;23: 4925-35.

11. Body JJ, Dumon JC, Gineyts E, Delmas PD. Comparative evaluation of markers of bone 
resorption in patients with breast cancer-induced osteolysis before and after bisphosphonate 
therapy. Br J Cancer 1997;75: 408-12.

12. Costa L, Demers LM, Gouveia-Oliveira A, Schaller J, Costa EB, de Moura MC, Lipton A. 
Prospective evaluation of the peptide-bound collagen type I cross-links N-telopeptide and 
C-telopeptide in predicting bone metastases status. J Clin Oncol 2002;20: 850-6.



RESULTS. PAPER 3 139

13. Bonci D, Coppola V, Musumeci M, Addario A, Giuffrida R, Memeo L, D’Urso L, Pagliuca A, 
Biffoni M, Labbaye C, Bartucci M, Muto G, Peschle C, De Maria R. The miR-15a-miR-16-1 cluster 
controls prostate cancer by targeting multiple oncogenic activities. Nat Med 2008;14: 1271-7.

14. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, Visone R, Iorio M, Roldo C, 
Ferracin M, Prueitt RL, Yanaihara N, Lanza G, Scarpa A, Vecchione A, Negrini M, Harris CC, Croce 
CM. A microRNA expression signature of human solid tumors defines cancer gene targets. Proc 
Natl Acad Sci U S A 2006;103: 2257-61.

15. Tavazoie SF, Alarcon C, Oskarsson T, Padua D, Wang Q, Bos PD, Gerald WL, Massague J. 
Endogenous human microRNAs that suppress breast cancer metastasis. Nature 2008;451: 147-
52.

16. Png KJ, Halberg N, Yoshida M, Tavazoie SF. A microRNA regulon that mediates endothelial 
recruitment and metastasis by cancer cells. Nature 2012;481: 190-4.

17. Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis initiated by 
microRNA-10b in breast cancer. Nature 2007;449: 682-8.

18. Arora S, Ranade AR, Tran NL, Nasser S, Sridhar S, Korn RL, Ross JT, Dhruv H, Foss KM, Sibenaller 
Z, Ryken T, Gotway MB, Kim S, Weiss GJ. MicroRNA-328 is associated with (non-small) cell lung 
cancer (NSCLC) brain metastasis and mediates NSCLC migration. Int J Cancer 2011;129: 2621-31.

19. Grange C, Tapparo M, Collino F, Vitillo L, Damasco C, Deregibus MC, Tetta C, Bussolati B, 
Camussi G. Microvesicles released from human renal cancer stem cells stimulate angiogenesis 
and formation of lung premetastatic niche. Cancer Res 2011;71: 5346-56.

20. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, Curry WT, Jr., Carter 
BS, Krichevsky AM, Breakefield XO. Glioblastoma microvesicles transport RNA and proteins that 
promote tumour growth and provide diagnostic biomarkers. Nat Cell Biol 2008;10: 1470-6.

21. Keller A, Leidinger P, Borries A, Wendschlag A, Wucherpfennig F, Scheffler M, Huwer H, 
Lenhof HP, Meese E. miRNAs in lung cancer - studying complex fingerprints in patient’s blood 
cells by microarray experiments. BMC Cancer 2009;9: 353.

22. Yu L, Todd NW, Xing L, Xie Y, Zhang H, Liu Z, Fang H, Zhang J, Katz RL, Jiang F. Early detection 
of lung adenocarcinoma in sputum by a panel of microRNA markers. Int J Cancer 2010;127: 
2870-8.

23. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, 
Wang J, Jiang X, Xiang Y, Xu C, Zheng P, Zhang J, Li R, Zhang H, Shang X, Gong T, Ning G, Zen K, 
Zhang CY. Characterization of microRNAs in serum: a novel class of biomarkers for diagnosis of 
cancer and other diseases. Cell Res 2008;18: 997-1006.

24. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, Peterson 
A, Noteboom J, O’Briant KC, Allen A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt DL, 
Gentleman R, Vessella RL, Nelson PS, Martin DB, Tewari M. Circulating microRNAs as stable 
blood-based markers for cancer detection. Proc Natl Acad Sci U S A 2008;105: 10513-8.



25. Chen X, Hu Z, Wang W, Ba Y, Ma L, Zhang C, Wang C, Ren Z, Zhao Y, Wu S, Zhuang R, Zhang Y, 
Hu H, Liu C, Xu L, Wang J, Shen H, Zhang J, Zen K, Zhang CY. Identification of ten serum microRNAs 
from a genome-wide serum microRNA expression profile as novel noninvasive biomarkers for 
nonsmall cell lung cancer diagnosis. Int J Cancer 2012;130: 1620-8.

26. Boeri M, Verri C, Conte D, Roz L, Modena P, Facchinetti F, Calabro E, Croce CM, Pastorino 
U, Sozzi G. MicroRNA signatures in tissues and plasma predict development and prognosis of 
computed tomography detected lung cancer. Proc Natl Acad Sci U S A 2011;108: 3713-8.

27. Vicent S, Luis-Ravelo D, Anton I, Garcia-Tunon I, Borras-Cuesta F, Dotor J, De Las Rivas J, 
Lecanda F. A novel lung cancer signature mediates metastatic bone colonization by a dual 
mechanism. Cancer Res 2008;68: 2275-85.

28. Catena R, Luis-Ravelo D, Anton I, Zandueta C, Salazar-Colocho P, Larzabal L, Calvo A, Lecanda 
F. PDGFR Signaling Blockade in Marrow Stroma Impairs Lung Cancer Bone Metastasis. Cancer 
Res 2011;71: 164-74.

29. Valencia K, Ormazabal C, Zandueta C, Luis-Ravelo D, Anton I, Pajares MJ, Agorreta J, 
Montuenga LM, Martinez-Canarias S, Leitinger B, Lecanda F. Inhibition of Collagen Receptor 
Discoidin Domain Receptor-1 (DDR1) Reduces Cell Survival, Homing, and Colonization in Lung 
Cancer Bone Metastasis. Clin Cancer Res 2012;18: 969-80.

30. Luis-Ravelo D, Anton I, Vicent S, Hernandez I, Valencia K, Zandueta C, Martinez-Canarias 
S, Gurpide A, Lecanda F. Tumor-stromal interactions of the bone microenvironment: in vitro 
findings and potential in vivo relevance in metastatic lung cancer models. Clin Exp Metastasis 
2011;28: 779-91.

31. Du C, Liu C, Kang J, Zhao G, Ye Z, Huang S, Li Z, Wu Z, Pei G. MicroRNA miR-326 regulates TH-
17 differentiation and is associated with the pathogenesis of multiple sclerosis. Nat Immunol 
2009;10: 1252-9.

32. Liang Z, Wu H, Xia J, Li Y, Zhang Y, Huang K, Wagar N, Yoon Y, Cho HT, Scala S, Shim H. 
Involvement of miR-326 in chemotherapy resistance of breast cancer through modulating 
expression of multidrug resistance-associated protein 1. Biochem Pharmacol 2010;79: 817-24.

33. Kefas B, Comeau L, Floyd DH, Seleverstov O, Godlewski J, Schmittgen T, Jiang J, diPierro CG, 
Li Y, Chiocca EA, Lee J, Fine H, Abounader R, Lawler S, Purow B. The neuronal microRNA miR-
326 acts in a feedback loop with notch and has therapeutic potential against brain tumors. J 
Neurosci 2009;29: 15161-8.

34. Hennessey PT, Sanford T, Choudhary A, Mydlarz WW, Brown D, Adai AT, Ochs MF, Ahrendt 
SA, Mambo E, Califano JA. Serum microRNA Biomarkers for Detection of Non-Small Cell Lung 
Cancer. PLoS One 2012;7: e32307.

RESULTS. PAPER 3 140



DISCUSSION





DISCUSSION 143

Bone metastasis represents one of the most devasta  ng consequences of lung cancer associated 
with poor prognosis (Coleman, 1997). To date, the gene  c and molecular programs implicated in this 
process and their regulatory mechanisms are largely unknown.

Metastasis is a mul  step process that requires compa  bility between tumor cells and host  ssues, 
as “the seed in a fer  le soil”. During this process, cell-cell and cell-matrix receptors have been shown 
to be crucial for survival in the circula  on, engagement in host  ssue, and other func  ons required 
for thriving effi  ciently in the target organ (Fidler, 2003, Nguyen and Massague, 2007). However, few 
key mediators involved in steps of cell-cell and cell-matrix interac  ons have been characterized.

Despite recent advances, regulatory components of mul  genic networks that confer a metasta  c 
phenotype such as methyla  on, deace  la  on or miRNA regula  on remain ill-defi ned. Hence, 
unveiling crucial cell-cell and/or cell-matrix receptors and key regulatory mechanisms associated 
with the acquisi  on of the metasta  c phenotype might uncover new molecular targets to impact 
the metasta  c process.

In vivo model

Our laboratory has previously developed several murine models of bone metastasis derived from 
diff erent histological subtypes of lung cancer reproducing the aggressive osteoly  c lesions observed 
in humans (Luis-Ravelo et al., 2011). We inoculated human lung cancer cell lines into immunodefi cient 
mice and in vivo selected - those highly metasta  c cell subpopula  ons with propensity to form bone 
metastases. Similar strategy has been previously used in melanoma, prostate and breast cancer 
(Kang et al., 2003, Wu et al., 1998).

This approach recapitulates late steps of the metastasis cascade such as extravasa  on, homing and 
coloniza  on in the target organ. Early steps such as invasion, migra  on and intravasa  on from the 
primary site are also important and are not refl ected in this model. Furthermore, the infl uence of 
the primary tumor localiza  on for the subsequent dissemina  on is not recapitulated  (Doki et al., 
1999, Yamaura et al., 1999), which suggests that other models would be complementary (Rosol et 
al., 2004, van der Horst and van der Pluijm, 2012). 

Understanding the molecular events of bone metastasis, from early tumor cell engagement to 
the development of micrometastases un  l bone coloniza  on is a key challenge to uncover novel 
molecular targets.

DDR1 as paradigm

In this study we have selected DDR1 as a prototypical tyrosine kinase receptor involved in cell-matrix 
interac  ons. We reasoned that since collagen type I is the most abundant protein in bone, a tumor 
cell receptor involved in collagen interac  ons could play a role in metasta  c events at the osseous 
milieu.

Ac  va  on of DDR1 by collagen endowed tumor cells with survival proper  es required for reaching 
the bone eff ec  vely. It also played a key role in successfully homing to bone and was required 
for effi  cient coloniza  on by conferring resistance to apoptosis in the osseous microenvironment. 
Furthermore, high DDR1 levels were associated with the poor survival detected in early-stage 
pa  ents. Thus, our results underscore the validity of DDR1 as a poten  al therapeu  c target. 
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 • Involvement of DDR1 in pro-survival signals

Paradoxically subcutaneous growth of silenced DDR1 tumors was similar as compared to controls, 
whereas tumor growth rates were defi nitely infl uenced by their DDR1 expression levels in the bone 
compartment. Thus this eff ect was dependent of the bone microenvironment, a non-cell autonomous 
eff ect that was more likely due to host-derived factors that diff eren  ally aff ect tumor cells according 
to their DDR1 levels. Thus, tumor cells not only must acquire all the changes needed to become 
poten  ally metasta  c but they must fulfi ll all the requisites imposed by target organ.

As previously shown in other models (Luis-Ravelo et al., 2011), the same primary tumor with abili  es to 
metastasize to several organs could display diff erent metasta  c ac  vity in diff erent organs (in number 
and size). Even during the early events of bone homing, decreased survival upon tumor cell-bone 
matrix interac  ons could contribute to explain our in vivo observa  ons. In the bone compartment, 
tumor cells could engage with fi brillar collagen which could provide protec  on against the hos  le 
osseous microenvironment. Only cells expressing high levels of DDR1 would be protected by collagen 
and would more effi  ciently survive in the harsh condi  ons imposed by the bone milieu. Thus, tumor 
cells with high levels of DDR1 are more resistant to apoptosis and would have an advantageous 
feature as compared to those with low DDR1. Moreover, it is important to note the dis  nct response 
of each shRNA to diff erent s  muli. Although the level of residual DDR1 mRNA seems to be similar 
in both shRNA-58 and shRNA-87, we detected more expression levels of ac  vated DDR1 protein 
a  er collagen I treatment in shRNA-58 cells which could explain the subsequent protec  on against. 
However, further studies may be required to substan  ate these fi ndings.

 • The role of DDR1-integrin signaling pathway

Our fi ndings raise the ques  on about the specifi c contribu  on of other collagen-receptors involved 
in cell-matrix interac  ons such as integrins. Integrins par  cipate in the metasta  c process and play a 
key role in homing and coloniza  on (Clezardin, 2009, Schneider et al., 2011). It has been previously 
shown that DDR1 ac  va  on is independent to integrins (Vogel et al., 2000), but some of the ac  vated 
downstream signaling pathways are common to both, DDRs and integrins (Valiathan et al., 2012). 
Based on our fi ndings one can speculate that DDR1 and integrins could display some coopera  ve 
func  ons. This specula  on is substan  ated by the lack of effi  cacy of the integrins inhibitors in 
preclinical models (Eble and Haier, 2006, Paolillo et al., 2009), and the par  al eff ects observed in 
homing in silenced DDR1 cells.

 • DDR1 and coloniza  on

In addi  on to the eff ects on homing, DDR1 also played an important role in the process of coloniza  on 
by a dual mechanism: by increasing tumor cells metalloproteoly  c ac  vity and by aff ec  ng osteoclast 
forma  on.

In agreement with our results, it has been shown that DDR1 overexpression in lung adenocarcinoma 
cells ac  vated MMP-9 (Yang et al., 2010b). Furthermore, other studies have shown that DDR1 
also plays a crucial role in the expression of MMP-1 and MMP-2 in carcinoma cells and MMP-10 in 
fi broblasts (Vogel et al., 2000, Hou et al., 2002, Faraci et al., 2003, Olaso et al., 2002). Thus, DDR1 
downstream signaling events induce MMP expression contribu  ng to metasta  c coloniza  on.

On the other hand, no specifi c data have been published related to DDR1 and osteoclastogenesis. 
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On the other hand, no specifi c data have been published related to DDR1 and osteoclastogenesis. 
However, DDR1 promoted macrophage accumula  on during atherogenesis whereas silenced DDR1 
macrophages had decreased adhesion to type IV collagen and decreased chemotac  c invasion of 
type IV collagen in response to the chemoa  ractant MCP-1. Furthermore, some important genes 
for bone coloniza  on were decreased in DDR1 knocked-down cells (Franco et al., 2009). Indeed, 
bone morphogene  c protein (BMP)-2, 5 and 7 have been reported to be DDR1 targets in fi broblasts 
(Faraci et al., 2003). Previous microarray analysis in our lab showed a downregulated expression 
of VEGFA in DDR1 knocked-down cells sugges  ng that DDR1 elicited pathways could mediate the 
secre  on of prosteoclastogenic factors. 

Of note, at early  me points (day 7) both controls vector and scramble showed diff erent pa  erns 
of bioluminescence in vivo. In contrast, tumor burden at that day remain similar in both cases. 
However, these diff erences were no longer detected at day 12, when the metasta  c tumor is be  er 
established. This discrepancy could be explained by the error bias derived of the extreme sensi  vity 
of this technique.

 • DDR1 in early stages

In the context of early stages of the metasta  c process, DDR1 has been shown to par  cipate in 
cell-cell adhesion promo  ng metasta  c spreading through collec  ve cell migra  on at the primary 
site (Hidalgo-Carcedo et al., 2010). These eff ects could be relevant in metastasis but require further 
proof in experimental models. Thus, DDR1 epitomizes a novel TKR that is ac  vated by collagen 
and may play a role in the invasive phenotype of a tumor. More importantly, clinical studies have 
shown an important ac  va  on of DDR1 in NSCLC pa  ents (Rikova et al., 2007). In agreement with 
this, DDR1 was important in early stages of lung cancer and could be considered as a poten  al 
prognos  c marker. We have shown that high levels of DDR1 correlate with poor outcome in lung 
adenocarcinoma resected pa  ents not treated before the interven  on.

We propose DDR1 as a prognos  c marker of lung adenocarcinoma. However, we cannot discard 
the possibility of DDR1 as prognos  c marker of other lung cancer subtypes. Indeed, we have 
demonstrated DDR1 metasta  c role in large cell carcinoma and carcinoid lung cancer cells. Future 
studies should be undertaken to proof this specula  on in larger clinical series.  

 • DDR1 and therapy

DDR1 could be a poten  al target for molecular therapy as high levels of DDR1 are correlated with 
poor prognosis. Moreover, DDR1 facilitates tumor cells survival and improve bone coloniza  on. Thus, 
the development of a TKI specifi cally against DDR1 could improve overall survival or recurrence-free 
survival of lung cancer pa  ents.

Due to the role of DDR1 as an an  apopto  c factor, combinatorial strategies of chemotherapy and 
the use of an an  -DDR1 blocking an  body could lead to promising results.

miRNAs as paradigm

miRNAs cons  tute an a  rac  ve mechanism for postranscrip  onal regula  on of large number of 
genes and the control basic cellular func  ons such as prolifera  on, diff eren  a  on and apoptosis 
(Bartel, 2004). Furthermore, they represent an emerging paradigm relevant in tumorigenesis and 
metastasis (Iorio and Croce, 2012). A study related to breast cancer metastasis to the lung and bone 
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showed a tumor-derived miRNA that mediates endothelial recruitment and coloniza  on (Png et al., 
2012). 

In our study, we fi rst characterized a miRNA signature in highly metasta  c tumor cells of 13 miRNAs 
diff eren  ally expressed. Most of them were downregulated in metastasis. Our func  onal in vitro and 
in vivo strategy iden  fi ed miR-192 as a robust an  metasta  c miRNA involved in bone metastasis. 

Other miRNAs from the profi le could cons  tute poten  al regulators of lung cancer bone metastasis. 
Indeed, some of them have been related to metastasis: miR-374a (Vosa et al., 2011), miR-34a (Duan 
et al., 2010, Gallardo et al., 2009) and miR-335, (Png et al., 2011).

 • A miRNA-mediated mechanism

Metasta  c tumors overexpressing miR-192 showed a signifi cant reduc  on in tumor-related vessels. 
Based on microarray analysis, no changes in secreted angiogenic factors were detected in those 
cells. More importantly, using in vitro co-culture experiments with HUVEC, we found that eff ects on 
angiogenesis were mediated by tumor derived secreted factors. These eff ects were mimicked by the 
direct treatment with isolated exosomes derived from tumor cells, strongly sugges  ng a mechanism 
involving cell transfer of regulatory signals mediated by exosomes. 

We iden  fi ed microvesicles CD63+ secreted from our tumor cells, which pointed to exosomes that 
were able to enter into HUVEC cells and overexpress miR-192. When we treated human endothelial 
cells with exosomes containing miR-192, hallmarks of func  onal angiogenic proper  es were 
drama  cally impaired.

In order to iden  fy puta  ve targets of miR-192, we performed gene arrays which displayed miR-192 
regulated genes in endothelial cells. We iden  fi ed some targets with biological relevance such as 
ICAM-1, CXCL1 and IL-8. 

In strong agreement with our fi ndings, s  mula  on of HUVECs with A549-derived microvesicles, 
upregulated expression of mRNA for IL-8, VCAM, and ICAM (Wysoczynski and Ratajczak, 2009). 
Exosomes derived from highly metasta  c cells displayed an increase of ICAM-1, CXCL4 and IL-8 in 
HUVECs. These fi ndings suggest that metasta  c cells with decreased levels of miR-192 are endowed 
with angiogenic features allowing effi  cient organ homing and coloniza  on. In contrast, miR-192 
overexpression in the highly metasta  c clone reverted the angiogenic phenotype when trea  ng 
HUVECs with those tumor-cells derived exosomes.

Of the biologically relevant candidates, ICAM-1 is a member of the immunoglobulin supergene family 
of adhesion molecules and its expression is crucial for the transendothelial migra  on. In epithelial-
derived cancers such as melanoma, breast and lung, ICAM-1 expression has been associated with 
more aggressive lesions (Makrilia et al., 2009, Roland et al., 2007). In pa  ents with NSCLC, ICAM-1 
levels were increased (Roland et al., 2007) and correlated with advanced cancer stage and metasta  c 
spread to lymph nodes (Grothey et al., 1998, Kamiyoshihara et al., 2002, Lin et al., 2006, Passlick et 
al., 1996). Thus ICAM-1 upregula  on was associated with cancer cell invasion.

IL-8 and CXCL1, belong to the CXC subfamily of chemokines. IL-8 induces leukocyte chemotaxis and 
infl ammatory responses. In endothelial cells, IL-8 promotes migra  on, invasion, prolifera  on and in 
vivo angiogenesis (Harada et al., 1994, Raman et al., 2007, Xie, 2001). CXCL1 has pro-angiogenic and 
chemoa  ractant func  ons (Strieter et al., 2006) and also contributes to tumor cell transforma  on, 
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growth and invasion (Opdenakker and Van Damme, 2004, Vandercappellen et al., 2008, Keeley et 
al., 2010, Strieter et al., 2004).

In the context of coloniza  on, we have described a dual mechanism by which changes elicited 
by miR-192 trigger responses in tumor cells (cell-autonomous eff ects) and concomitantly aff ects 
the surrounding microenvironment, namely endothelial and osteoclast precursors cells (non-
autonomous eff ects).

We showed a marked decline of osteoclastogenesis in response to miR-192 overexpression both 
in vitro and in vivo. We iden  fi ed the secreted gene monocyte chemoa  ractant protein-1 (MCP-1 
also known as CCL2) decreased in M1 miR-192 overexpressing cells. Thus, we suggest that MCP-
1 could explain at least some of the eff ects mediated by miR-192 reported in osteoclastogenesis. 
In this regard, other studies have demonstrated that MCP-1 is related to macrophage infi ltra  on 
and bone metastasis in NSCLC (Arenberg et al., 2000). Indeed, MCP-1 is increased in condi  oned 
medium derived from A549 unlike low levels in normal lung cells (Cai et al., 2009). Furthermore, in 
serum from lung cancer pa  ents, MCP-1 was elevated in pa  ents with bone metastasis compared 
with those with localized tumor (Cai et al., 2009). In concordance with our data, MCP-1 induced 
osteoclast forma  on when treated with A549 condi  oned medium and fail to produce them when 
MCP-1 in A549 was previously neutralized with an an  body both in vivo and in vitro (Cai et al., 2009). 
Of interest, MCP-1 is an indirect target of miR-192 since a complementary “seed” sequence to miR-
192 was not detected in its 3’UTR.

On the other hand, cell-autonomous eff ects derived from miR-192 aff ected to the invasiveness of 
the metasta  c cells within the bone. Thus, the upregula  on of miR-192 in highly metasta  c cells 
resulted in diminished metalloproteoli  c ac  vity and decreased invasiveness, two eff ects that could 
also contribute to one or several steps of the metasta  c cascade.

 • Exosomes and miRNAs

Our fi ndings suggest that miRNAs contained in exosomes could be aff ec  ng the host metasta  c 
microenvironment. 

Since exosomes are involved in mechanisms of distant cell-cell communica  on they are thought to 
play an important role in cancer development and forma  on of pre-metasta  c niche (Castellana et 
al., 2009). Recently, has been reported that exosomes from highly metasta  c melanomas increased 
the metasta  c behavior

Tumors by permanently “educa  ng” bone marrow progenitors,  induced vascular leakiness at pre-
metasta  c sites and reprogrammed bone marrow progenitors toward a pro-vasculogenic phenotype 
(Peinado et al., 2012). In the same line, our results strongly indicate an exosome-mediated transfer 
mechanism of miR-192. Our fi ndings are consistent with the role of exosomes in tumor-related 
angiogenesis in glioblastoma pa  ents (Skog et al., 2008).

We overexpressed miR-192 by a retroviral vector in a stable way. In contrast, a transient overexpression 
was used with mmu-miR-298. The divergences between these two techniques could explain the 
diff erences of the miRNAs expression levels detected in exosomes (Fig 5 A and C. Paper 2). These data 
also indicate the diff erent output of dis  nct techniques. Higher levels of expression were obtained 
by using a retroviral approach.
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An intriguing observa  on was the high levels of mmu-miR-298 detected into the isolated exosomes 
derived from miR-192 overexpressing cells. In addi  on, mmu-miR-298 accumulated in higher levels 
into HUVEC cells as compared to miR-192. This accumula  on of murine miR-298 could be explained 
by the lack of recogni  on by the enzyma  c machinery of human cells causing its cytoplasmic 
accumula  on. In contrast, miR-192 levels might decrease by the normal degrada  on a  er its 
func  onal interac  on leading to decreased intracellular levels. Thus, further work is important to 
substan  ate these observa  ons.

However, the exosome’s “cargo” is essen  al to understand and state the eff ect of the exosomes 
on endothelial cells. Our study has linked a specifi c miRNA with the tumor angiogenic phenotype 
through the exosomal transfer in lung cancer.

Although we cannot assume that miR-192 will play the same role in humans as we have dissected the 
mechanism in a murine model, there are some studies that point to miR-192 as clinically relevant.

Previous studies suggested that miR-192 in circula  ng exosomes might be useful in a screening test 
for lung adenocarcinoma (Rabinowits et al., 2009). Moreover, in concordance to our results, miR-
192 was decreased in lung cancer serum as compared to normal serum (Chen et al., 2008).

Some studies suggest miR-192 as a circula  ng biomarker of external-induced  ssue injury. For 
instance, miR-192 might be a more sensi  ve and reproducible biomarker than ALT to detect liver 
injuries induced by acetaminophen (Wang et al., 2009). In other study, miR-192 was reported to be 
remarkably downregulated in lungs of rats exposed to environmental cigare  e smoke (Izzo    et al., 
2009).

Our study raises important ques  ons since the exosome mediated mechanism was responsible for 
signifi cant eff ects. For instance, the specifi c exosome’s cargo or the eff ects on other stromal cells 
(fi broblasts, osteoclasts and osteoblast as well as to bone marrow cells). However, the real impact of 
exosomes should be evaluated in appropriate models, recapitula  ng early steps of tumorogenesis. 

 • Circula  ng miRNAs, prognosis and treatment response

Our results also showed the poten  al relevance of circula  ng miRNAs to monitor metastasis 
progression. We found that miR-326 levels in serum correlates well with bone metastasis progression. 
Interes  ngly, it associates with luminescence images along all the experimental period and with 
some biochemical markers of bone homeostasis such as PINP.

Hovewer, miR-326 did not correlate with the response to treatment. We observed remarkable 
changes in miRNA profi le when we analyzed and compared untreated mice with mice treated with 
zoledronic acid. These changes were related to the expression levels of the miRNAs. Thus, diff erent 
miRNAs were diff erently associated with response to treatment. These fi ndings could be explained 
by the robust biological eff ects induced by a given treatment to miRNA biogenesis. We suggest that 
cancer drugs may aff ect and modify miRNA profi les, and therefore, diff erent miR signatures could be 
used to monitor response to treatment and disease progression. 

The search of new sensi  ve markers for early detec  on of metastasis remains a key challenge in 
the lung cancer fi eld. Nevertheless, the elucida  on of the role of a single miRNA remains to be 
important although the variability between pa  ents precludes the use of a single marker as a method 
of determining cancer status. Although miRNAs are poten  ally a great tool, they do not off er enough 
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sensi  vity and specifi city for an early detec  on test (Luo et al., 2011). In contrast, if we combined 
a miRNA profi le with other blood based biomarkers or other available screening tests, appropriate 
sensi  vity and specifi city will be reached. We have reported a correla  on between several bone 
turnover markers and miR-326 /miR-193b expression. Hence, they could be two complementary 
techniques with future applica  on in rou  ne clinic.  

Methodological approaches also remain as a concern, given de lack of reproducibility and 
discrepancies among studies. Evalua  on of sensi  vity and specifi city performing ROC curves or 
other sta  s  cal alterna  ves is important to know how many miRNAs are required for a diagnosis or 
to decide the treatment of a pa  ent.

Performing other bone metastasis models in parallel such as prostate or breast cancer would classify 
some common miRNAs related to the bone metasta  c process independently to the tumor type 
and, in the other hand, would fi nd a profi le of miRNAs that would diff eren  ate between metastasis 
from dis  nct origins. This approach would render precious informa  on to be  er understand miRNAs 
regula  on.

 • miRNAs and prolifera  on

Our data show controversial results related to the role of miR-192 in prolifera  on. There are many 
evidences that shows that miR-192 regulates cell cycle progression by the direct targe  ng of a 
network of cell cycle regulators (Georges et al., 2008, Braun et al., 2008). Indeed, overexpression 
of miR-192 inhibited cell prolifera  on in A549, H460 and 95D cells, and inhibited tumorigenesis in a 
nude mouse model by targe  ng directly re  noblastoma-1 gene (RB1) (Feng et al., 2011). However, 
we do not reject that our high metasta  c cells (derived from A549 cell line) had acquired some 
genotype features that result in the par  al or total independency of this miRNA from the cell cycle.
These fi nding did not invalidate the metasta  c eff ects as many of the assays were not infl uenced by 
the prolifera  on features of the cells. Furthermore, prolifera  on changes cannot jus  fy the changes 
showed in the metasta  c ac  vity. 

Several studies reported changes in miR-192 related with tumorigenesis. In breast cancer, miR-192 
prevents cell migra  on (Yang et al., 2009). In colon cancer, miR-192 targets transcrip  onal thymidylate 
synthase (TYMS) to infl uence 5-fl uorouracil response (Boni et al., 2010) and targets DHFR to regulate 
cellular prolifera  on through the p53-microRNA circuit (Song et al., 2008). In addi  on, miR-192 was 
expressed at low levels in lung cancer samples (Feng et al., 2011). Moreover, progression in lung 
cancer has been related with miR-192 downregula  on. Thus, when miR-192 is overexpressed in 
hepatocellular carcinoma cell lines, mesenchymal characteris  cs (e.g., changes to cell morphology 
and enhanced dissemina  on, invasion, and migra  on) caused by p53 dele  on were signifi cantly 
inhibited. These results suggested that miR-192 is involved in p53-mediated EMT regula  on and that 
miR-192 targe  ng ZEB2 also has a role in p53-regulated EMT (Kim et al., 2011). Thus, these works 
support the hypothesis of miR-192 as a relevant target in cancer metastasis.

In summary, this thesis illuminates some of the mechanisms involved in the bone metasta  c cascade 
of lung cancer. Since homing and coloniza  on are two key steps of this process, which effi  ciency 
drama  cally varies depending on the “seed and the soil” condi  ons, they might help us to understand 
why the metasta  c process become successful in a specifi c microenvironment and how the process 
could be altered and disrupted. Our study has provided two possible routes to achieve this goal, 
supplying two poten  al clinical applica  ons for the future. Hence, this study becomes a small step 
to unveil some important aspects of poten  al relevance in the lung cancer metastases.
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1. Receptor tyrosine kinase DDR1 confers prosurvival signals, migra  on and invasion ac  vi  es

2. Collagen receptor DDR1 contributes to osseous homing and coloniza  on in a lung cancer model 
of bone metastases. This fact explains that dysregula  on of DDR1 in lung cancer pa  ents associates 
with poor prognosis in lung cancer.

3. DDR1 could be a therapeu  c target in the mul  modal managemente of lung cancer bone 
metastasis.

4. miR-192 afects bone metastasis coloniza  on inducing both cell autonomous and non-cell 
autonomous eff ects.

5. Exosomes mediated transfer of miR-192 alters tumor -induced metasta  c angiogenesis. This 
fi ndings could represent a novel mechanis  c insight in the development of bone metastases.

6. miR-326 could cons  tute a non-invasive marker for monitoring bone metastasis progression, 
whereas other miRNAs associate with treatment response.
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APPENDIX 1

HISTOLOGIC CLASSSIFICATION OF LUNG CANCER IN RESECTED SPECIMENS: WHO 2004

1. SQUAMOUS CELL CARCINOMA

Variants:
 Papillary
 Clear cell
 Small cell
 Basaloid

2. SMALL CELL CARCINOMA

Combined small cell carcinoma

3. ADENOCARCINOMA

3.1 Minimally invasive adenocarcinoma (≤ 3 cm lepidic predominant tumor with ≤ mm invasion)
 Nonmucinous, mucinous, mixed mucinous/nonmucinous

3.2 Invasive adenocarcinoma
 Lepidic predominant (formely nonmucinous BAC* pa  ern with > 5 mm invasion)
 Acinar predominant
 Papillary predominant
 Solid predominant

3.3 Variants of invasive adenocarcinoma
 Invasive mucinous adenocarcinoma (formely mucinous BAC)
 Colloid
 Fetal (low and high grade)
 Enteric

4. LARGE CELL CARCINOMA

Variants

 Large cell neuroendocrine carcinoma
 Combined large cell neuroendocrine carcinoma
 Basaloid carcinoma

Lymphoepithelioma-like carcinoma

 Lymphoepitelioma-like carcinoma
 Clear cell carcinoma
 Large cell carcinoma with rhabdoid phenotype

5. ADENOSQUAMOUS CARCINOMA
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6. SARCOMATOID CARCINOMA

 Pleomorphic carcinoma
 Spindle cell carcinoma
 Giant cell carcinoma
 Carcinosarcoma
 Pulmonary blastoma
 Others

7. CARCINOID TUMOR

 Typical carcinoid
 Atypical carcinoid

8. CARCINOMA OF SALIVARY GLAND TYPE

 Mucoepidermoid carcinoma
 Adenoid cys  c carcinoma
 Epimyoepithelial carcinoma

(*BAC, bronchioalveolar carcinoma)
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APPENDIX 2

Lung classifi ca  on WHO 2004 vs proposed IASLC/ATS/ERS classifi ca  on for small biopsies/cytology

2004m WHO classification IASLC/ATS/ERS: small biopsy/cytology
ADENOCARCINOMA

Mixed subtype
Acinar
Papillary
Solid

Morphologic adenocarcinoma patterns clearly present:
Adenocarcinoma, describe identifiable patterns present
(including micropapillary pattern not included in 2004 WHO
classification)
Comment: If pure lepidic growth mention an invasive
component cannot be excluded in this small specimen

Bronchioalveolar carcinoma
(nonmucinous)

Adenocarcinoma with lepidic pattern (if pure, add note: an
invasive component cannot be excluded)

Bronchioalveolar carcinoma (mucinous) Mucinous adenocarcinoma (describe patterns present)
Fetal Adenocarcinoma with fetal pattern
Mucinous (colloid) Adenocarcinoma with colloid pattern
Signet ring Adenocarcinoma with (describe patterns present) and ring

features
Clear cell Adenocarcinoma with (describe patterns present) and clear

cell features
No 2004 WHO counterpart most will be solid
adenocarcinomas

Morphologic adenocarcinoma patterns not present (supported
by special stains):
Non small cell, favor adenocarcinoma

SQUAMOUS CELL CARCINOMA
Papillary
Clear cell
Small cell
Basaloid

Morphologic squamous cell patterns clearly present:
Squamous cell carcinoma

No 2004 WHO counterpart Morphologic squamous cell patterns not present (supported
by stains):
Non small cell carcinoma, favor squamous cell carcinoma

SMALL CELL CARCINOMA Small cell carcinoma
LARGE CELL CARCINOMA Non small cell carcinoma, not atherwise specified (NOS)
Large cell neuroendocrine carcinomas (LCNEC) Non small cell carcinoma with neuroendocrine (NE)

morphology (positive NE markers), possible LCNEC
Large cell carcinoma with NE morphology
(LCNEM)

Non small cell carcinoma with NE morphology (negative NE
markers) see comment
Comment: This is a non small cell carcinoma where LCNEC is
suspected, but stains failed to demonstrate NE differentiation

ADENOSQUAMOUS CARCINOMA Morphologic squamous cell and adenocarcinoma patterns
present:
Non small cell carcinoma, with squamous cell cand carcinoma
patterns
Comment: this could represent adenosquamous carcinoma

No counterpart in 2004 WHO classification Morphologic squamous cell or adenocarcinoma patterns not
present but immunostains favor separate glandular and
adenocarcinoma components
Non small cell carcinoma, NOS, (specify the results of the
immunohistochemical stains and the interpretation)
Comment: this could represent adenosquamous carcinoma

Sarcomatoid carcinoma Poorly differentiated NSCLC with spindle and/or giant
cell carcinoma (mention if adenocarcinoma or squamous
carcinoma are present)
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APPENDIX 3

TNM CLASSIFICATION OF THE LUNG (WHO 2004)

T-Primary tumor size

TX Primary tumor cannot be assessed or tulor proven by the presence of malignant cells in sputum 
or bronchial washings but not visualized by imaging or bronchoscopy.

T0 No evidence of primary tumor

Tis Carcinoma in situ

T1 Tumor 3 cm or less in greatest dimension, surrounded by lung or visceral pleura, without 
bronchoscopic evidence of invasion more proximal than the lobar bronchus, i.e., not in the main 
bronchus

T2 Tumor with any of the following features of size or extent:

 • More than 3 cm in greatest dimension
 • Involves main bronchus, 2 cm or more distal to the carina
 • Invades visceral pleura
 • Associated with atelectasis or obstruc  ve pneumoni  s that extends to the hilar region but 
 does not involve the en  re lung

T3 Tumor of any size that invades any of the following: chest wall (including superior sulcus tumors), 
diaphragm, medias  nal pleura, parietal pericardium; or tumor in the main bronchus less than 2 cm 
distal to the carinal but without involvement of the carino; or associated atelectasis or obstruc  ve 
pneumoni  s of the en  re lung

T4 Tumor of any size that invades any of the following: medias  num, heart, great vessels, trachea, 
esophagus, vertebral body, carina; separate tumor nodule(s) in the same lobe; tumor with malignant 
pleural eff usion

N-Regional Lymph nodes

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis in ipsilateral preribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary 
nodes, including involvement by direct extension

N2 Metastasis in ipsilateral medias  nal and/or subcarinal lymph node(s)

N3 Metastasis in contralateral medias  nal, contralateral hilar, ipsilateral or contralateral scalene, or 
supraclavicular ltmph node(s)
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M-Distant metastasis

MX Distant metastasis cannot be assessed
M0 No distant metastasis
M1 Distant metastasis, includes separate tumor nodule(s) in a diff erent lobe (ipsilateral or 
contralateral)

T/M Descriptor N0 N1 N2 N3
T1a ( 2 cm) IA IIA IIIA IIIB
T1b (> 2 3 cm) IA IIA IIIA IIIB
T2a ( 5 cm) IB IIA IIIA IIIB
T2b (> 5 7 cm) IIA IIB IIIA IIIB
T3 (>7 cm) IIB IIIA IIIA IIIB
T3 IIB IIIA IIIA IIIB
T4 IIIA IIIA IIIB IIIB
M1a IV IV IV IV
M1b IV IV IV IV



Clinical & Experimental
Metastasis
Official Journal of the
Metastasis Research Society
 
ISSN 0262-0898
 
Clin Exp Metastasis
DOI 10.1007/
s10585-011-9409-5

Tumor–stromal interactions of the bone
microenvironment: in vitro findings and
potential in vivo relevance in metastatic
lung cancer models

Diego Luis-Ravelo, Iker Antón, Silvestre
Vicent, Igor Hernández, Karmele
Valencia, Carolina Zandueta, Susana
Martínez-Canarias, et al.

APPENDIX 4. OTHER PUBLICATIONS

APPENDIXES 189



APPENDIXES190



APPENDIXES 191



APPENDIXES192



APPENDIXES 193



APPENDIXES194



APPENDIXES 195



APPENDIXES196



APPENDIXES 197



APPENDIXES198



APPENDIXES 199



APPENDIXES200



APPENDIXES 201



APPENDIXES202



APPENDIXES 203





APPENDIXES 205



APPENDIXES206



APPENDIXES 207



APPENDIXES208



APPENDIXES 209



APPENDIXES210



APPENDIXES 211



APPENDIXES212



APPENDIXES 213



APPENDIXES214



APPENDIXES 215

APPENDIX 5

AUTHOR CONTRIBUTIONS

Paper 1: Inhibi  on of collagen receptor Discoidin Domain Receptor-1 (DDR1) reduces cell survival, 
homing and coloniza  on in lung cancer bone metastasis. Karmele Valencia designed and executed 
in vitro and in vivo experiments together with Cris  na Ormazábal and Carolina Zandueta; performed 
all sta  s  cal analyses and wrote the fi rst dra   of the manuscript. Immunohistochemical analysis was 
contributed by L.M., J.A and M-J.P.

Paper 2: Exosomal Transfer of miR-192 impairs metasta  c angiogenesis in bone coloniza  on. Karmele 
Valencia performed all experiments except Fig 1 a-e (by Diego Luis-Ravelo), Fig 4 b and 6 f (by 
Nicolas Bovy); performed all sta  s  cal analyses and helped to write the fi rst dra   of the manuscript. 
Tanscriptomic analysis was performed by Victor Segura and Javier de Las Rivas.  Susana Mar  nez and 
Carolina Zandueta largely contributed to the execu  on and follow up of in vivo experiments, X-ray an 
bioluminescence imaging and  exosome isola  on. 

Paper 3: miR-326 Associates with Biochemical Markers of Bone Turnover in Lung Cancer Bone 
Metastasis. Karmele Valencia designed and executed in vitro and in vivo experiments in collabora  on 
with Carolina Zandueta and performed all sta  s  cal analyses. Biochemical determina  ons were 
performed by M.M.








	1.ABREVIATIONS
	2.INDEX
	3.INTRODUCTION
	4.HYPOTESIS AND AIMS
	5.PAPER 1
	6.PAPER 2
	7.PAPER 3
	8.DISCUSSION
	9.CONCLUSIONS
	10.REFERENCES
	11.APPENDIXES

