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Abstract

Bone metastasis is a common complication of advanced breast cancers and is clinically
responsible of bone fractures, hypercalcemia and pain for which only palliative therapies are
proposed. Breast tumor cells that preferentially invade bone express a set of deregulated genes
that enhance bone tropism and facilitate bone marrow engraftment which may lead to the
formation of overt osteolytic lesions. Molecular pathways underlining these steps are regulated
through the tight control of genes expressed by cancer cells interacting with cells from the bone
microenvironment. In this context, microRNAs act as regulators of gene expression and control
multiple aspects of bone metastasis, including tumor cell escape from the primary site,

dissemination, invasion of the bone marrow and secondary outgrowth.

MicroRNA transcriptomic profiling of osteotropic breast cancer cell lines identified drastic
down-regulation of the miR-30 family (miRs-30). In the clinic, low expression of miRs-30 in
breast primary tumors is associated with poor distant metastasis-free survival and hormone-
insensitive status. In a model of human bone metastasis in vivo, the forced expression of miRs-30
in a breast cancer cell line that is highly and specifically metastatic to bone inhibited bone
metastasis. We demonstrated that miRs-30 inhibit tumor cell invasiveness and stimulate
osteoblastogenesis, in vitro, and reduces tumor burden and osteoclast activity, in vivo. Consistent
with that, the expression of several genes that promote bone metastasis were inhibited by miRs-
30. Among these, expression of connective tissue growth factor (CTGF) was up-regulated in

human bone metastasis.

The early steps of bone metastasis were studied in a mouse model using spontaneously metastatic
mouse breast cancer cell lines inoculated in the mammary gland. In this model, miRs-30 did not
alter tumor growth or metastatic dissemination to bone. However, miRs-30 inhibited cell

invasiveness and cancer stem cell-like phenotype of these metastatic cells.

We conclude that miRs-30, by interfering negatively with bone metastasis, represent a potential

therapy to repress gene targets that promote bone metastasis.



Résumé

Les métastases osseuses sont des complications fréquentes du cancer du sein, responsables sur le
plan clinique d’hypercalcémie, fractures osseuses et douleurs, pour lesquelles, il n’existe que des
traitements palliatifs. Les cellules tumorales de carcinomes mammaires qui métastasent au site
osseux expriment des génes qui favorisent le tropisme osseux de ces cellules ainsi que leur
ancrage et développement dans la moélle osseuse. Les mécanismes moléculaires sous-jacents a
ces processus sont controlés par I’expression génique des cellules tumorales qui interagissent
avec le microenvironnement et les cellules osseuses. Dans ce contexte, les microARNSs en tant
que régulateur endogene de I’expression génique, interférent avec les différentes étapes de la
formation des métastases osseuses, incluant I’échappement des cellules tumorales de la tumeur
primaire, la dissémination et 1’invasion du site osseux, ainsi que |’apparition de Iésions

ostéolytiques.

Les profils transcriptomiques des microARNs de cellules tumorales mammaires a caractére
ostéotropique montrent que 1’expression de la famille de microARNs-30s (miRs-30) est inhibée
dans ces cellules. En clinique, la faible expression des miRs-30 est associée a un mauvais
diagnostique de rechute et au statut hormono-résistant. Dans un modéle animal de métastases
osseuses, 1I’expression forcée des miRs-30 dans des cellules tumorales qui métastasent fortement
et spécifiquement a I’os, inhibe la formation des métastases osseuses. Nous montrons que les
miRs-30 inhibent 1’invasion et stimulent 1’ostéoblastogenése, in vitro et réduisent la charge
tumorale et 1’ostéoclastogenese, in vivo. En accord avec ces résultats, I’expression de génes qui
stimulent les métastases osseuses est inhibée par les miRs-30. Parmi ces geénes, 1’expression du
CTGF (connective tissue growth factor) est augmentée dans les métastases osseuses humaines.
Les étapes précoces des métastases osseuses sont étudiées par inoculation de cellules tumorales
métastatiques murines dans la glande mammaire de souris. Dans ce modéle, les miRs-30

n’altérent pas la croissance tumorale et la dissémination métastatique a I’os. Cependant les miRs-

30 inhibent I’invasion et le caractére de cellules souches tumorales de ces cellules métastatiques.

Ces résultats suggerent que les miRs-30, en régulant négativement les métastases osseuses,
représentent une thérapie potentielle pour réprimer des geénes cibles qui stimulent les métastases

OSSCusces.
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INTRODUCTION

Solid primary tumors spread to distant organs with selective affinity, the skeleton being one of
the most common organs to be affected by metastatic tumors. Breast cancer is one of the main
osteotropic tumors leading to osteolytic lesions characterized by bone destruction that results
from enhanced osteoclast activity. These skeletal lesions cause pathological fractures,
hypercalcemia and nerve compression and can negatively impact on survival (Ell and Kang,
2012) (Weilbaecher et al., 2011). Therefore there is a need to understand underlying molecular
mechanisms that are deleterious to the skeleton in order to improve existing treatments and
develop new targeted therapies (Coleman et al., 2012). The metastatic cascade leading to bone
metastasis is initiated in primary tumours where a subset of cancer cells undergoes epithelial-
mesenchymal transition, acquires mobility to migrate into the surrounding stroma and seeds at
distant sites to grow (Buijs and van der Pluijm, 2009). The specific development of bone
metastasis requires the recruitment of circulating tumour cells in the bone marrow, their
adaptation to survive in the surrounding microenvironment where they alter the functions of
osteoclasts and osteoblasts, and hijack signals coming from the bone matrix. Bone metastasis,
being a very inefficient process, is regulated by multiple factors and molecular pathways, mainly
through the tight control of genes expressed by interacting cells. The small endogenous non-
coding microRNAs (miRs) which have the capacity to control multiple genes are master
regulators of gene expression and thus redirect or reprogram biological pathways. Consequently,
in cancer, they can act either as promoters or suppressors of tumor development and metastatic
progression. Large sets of miRs are underexpressed in tumors compared to normal tissue,
whereas miR genes located in fragile chromosomal regions are susceptible to amplification or
deletion, often promoting tumorigenesis and metastatic dissemination (Krol et al., 2010). Here,
we asked whether miRs are involved in bone metastasis formation and progression in breast
cancer, and whether modulation of their expression might regulate specific steps of bone

metastasis.

In the first part of the work, the activity of miRs on bone metastasis has been study in an
experimental mouse model of human bone metastasis, after inoculating the breast cancer cells in

mice arterial blood. In this, we could investigate the regulation of specific steps of bone tropism,
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homing, invasion and second outgrowth of breast tumor cells in bone. Analyzing transcriptomic
profile of miRs in osteotropic human breast tumor cells identified a drastic down-regulation of
the miR-30 family (miRs-30) in these cells. Restoring miRs-30 in an osteotropic breast cancer
cell line decreased bone metastasis in vivo predominantly through the down-regulation of genes

associated with osteomimicry.

This work is reported in the manuscript under the form of a paper (in preparation of submission
for publication), entitled “The Tumor Suppressor miRs-30-5p Family Regulates Human Breast
Cancer Cell Colonization in Bone” (pages 59 to 111).

In the second part of the work, the activity of miRs on breast cancer cell dissemination to bone
has been studied in an orthotopic tumor xenograft mice model, in which spontaneously metastatic
breast cancer cells were inoculated into mammary gland. These results are reported in

“Experimental work” (pages 112 to 140).

Finally, we have shown that the transcription factor Twistl facilitates breast cancer bone
metastasis formation through a mechanism dependent of an oncomir, miR10b, which in turn
promotes the development of osteolytic lesions. This paper entitled “TWIST1 expression in

breast cancer cells facilitates bone metastasis formation” is included in the manuscrit.
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PART 1

LITERATURE REVIEW
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1. Breast cancer and its complications

Breast cancer is the most common cancer affecting women with 1.67 million new cases in
2012. It is more common in less developed (883,000 cases) than more developed regions

(794,000).

Regarding mortality, it ranks as the most frequent in women in less developed regions
(324,000 deaths) followed by cancers of the lung (281,000 deaths). In more developed regions,
breast cancer is the second leading cause of cancer death (198,000 deaths), after lung cancer

(210,000 deaths) (Figure 1) (Ferlay et al., 2015).
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Figure 1. Incidence of new cancer cases and death in women in more developed and less
developed regions of the world in 2012 (Ferlay et al., 2015).

Breast cancer is a complex and diverse disease and in order to stratify patient risk and outcomes,
ongoing research strives for accurate classification of the disease. An important histopatological

feature of breast cancer related to patient outcome is the expression of certain receptors, such as
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oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2). Based on receptors subtypes and differences in gene expression, molecular
subtypes of the cancer have been defined. These include: luminal A, luminal B, HER2-expressing

and triple-negative breast cancer (TNBC).

Luminal A subtype accounts for 40-55 % of breast cancers, making it the largest tumor
gene subtype. It demonstrates ER/PR positivity and HER2 negativity with a low cellular
proliferation index (Ki-67 < 14 %). These carcinomas are well-differentiated and they have the
lowest systemic relapse rates. The median duration of survival from time of first metastasis is
approximately 2.2 years (Chikarmane et al., 2015), this is statistically higher than any other
subtype (Kennecke et al., 2010).

Luminal B subtype tumors express ER/PR, can be HER2 positive or negative and often
have high cellular proliferation index (Ki-67 > 14 %) (Chikarmane et al.). Patients with ER/PR
positivity are more likely to be post-menopausal women with lower-grade tumors at presentation

and with worse survival than luminal A patients (1.6 years) (Kennecke et al., 2010).

The HER2-positive tumors constitute 12-30 % of invasive breast cancers and can be
ER/PR positive or negative. This subtype is associated with increased proliferation rate,
angiogenesis, tumor invasiveness, high nuclear grade and these patients are more likely to have
multifocal/multicentric cancers and nodal involvement. It is more often found in pre-menopausal
women and was originally associated with poorer clinical outcome (Chikarmane et al.). In 1998,
the clinical course for HER2-positive subtype tumors was significantly changed with the
introduction of trastuzumab, the monoclonal antibody against extracellular portion of HER2
tyrosine kinase receptor (Slamon et al., 2001). However, without adjuvant trastuzumab treatment
these patients have a higher risk of local recurrence than luminal A or B cancers, with a median

survival from time of first metastasis of approximately 0.7 years (Kennecke et al., 2010).

TNBC refers to ER/PR and HER2 negativity in immunohistochemistry. It comprises
around 13-25 % of breast cancers and presents with higher histological grade and proliferation
rate than other subtypes. TNBC is more frequent in young African Americans, and in women
with BRCA1 mutation. These tumors are more likely to be present at the physical examination

rather than at mammographic screening because they have a rapid growth rate (Chikarmane et al.,
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2015). Furthermore, patients with TNBC have a poorer prognosis (relapse-free survival and

overall survival) when compared to luminal A and B subtypes (Lin et al., 2008).

Approximately 30 % of newly diagnosed breast cancer patients will have tumor spread to
regional lymph and up to 5 % will already have metastases at presentation (Chikarmane et al.).
Molecular phenotyping of breast cancer on the basis of three receptors mentioned above has
become standard of care in the management of breast cancer patients due to the fact that the
molecular phenotype of breast cancer determines the timing, pattern and outcome of metastatic
disease (Kennecke et al., 2010; Perou et al., 2000). At 10 years from the diagnosis, 70 % of
patients with luminal A tumors were alive compared with 62.6 % of nonbasal TN patients, 54.4
% of luminal B, 52.6 % of basal-like, 48.1 % of HER2-enriched and 46.1 % of luminal/HER2
patients. Virtually all relapses occurred within the first 5 years among basal-like, TN nonbasal
and HER2 groups, whereas luminal subtypes experienced relapses between 5 and 15 years.
Regarding the correlation of breast cancer subtype with site of metastases, it has been found that

molecular subtype predicts the secondary events (Table 1).

Metastatic organ [%]
Subtype bone | lung liver | brain | distal nodal
Luminal A 66 23.8 28.6 7.6 15.9
Luminal B 71.4 30.4 32 10.8 23.3
HER?2 positive,
ER/PR positive 65 36.8 44.4 15.4 22.2
HER?2 positive,
ER/PR negative 59.6 47.1 45.6 28.7 25
Basal-like 39 42.8 21.4 25.2 39.6
TN nonbasal 43.1 35.8 32.1 22 35.8

Table 1. Frequency of site specific metastases according to molecular breast cancer subtype.

The predominant metastatic site for each subtype is marked in green. Numbers reflect the
percentage [%] of patients from the specific subtype positive for metastasis in a given organ
(Kennecke et al., 2010).

Almost all breast cancer subtype, except for basal-like, predominantly metastasize to bone. This

study confirms the previous observation that bone is of particular clinical importance in breast
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and prostate cancers because of the prevalence of these diseases. At postmortem examination,
70% of patients dying of these cancers have evidence of metastatic bone disease (Coleman,
2006). Due to such a high incidence rate of bone metastases in breast cancer patients, it is of
urgent need to find effective treatment for bone metastasis. In the next session, the bone
physiology, the process of bone metastasis formation and current treatment regiments will be

discussed.

2. Physiology and pathophysiology of bone

Skeleton is responsible for the maintenance of the shape of the body, it shields vital organs
from external insults, serves as a scaffold for the muscles allowing their contraction to be
translated into bodily movements, resists mechanical load during locomotion and weight bearing,
and provides a reservoir of calcium, magnesium, bicarbonate and phosphate. The skeleton is
made up of mineralized and unmineralized connective tissue matrix, highly specialized cells, and
spaces that include the bone marrow cavity, vascular canals, canaliculi and lacunae. There are
two different designs in the architecture of the normal skeleton: cortical and cancellous. Cortical
bone accounts for about 80 % of bone mass and forms the solid outer wall of all bones, whereas
cancellous, or trabecular, bone rates for 20 % of the total bone mass and consists of three-
dimensional network of trabeculae located mainly in the metaphysis of long bones such as the
femur and inside of flat bones such as ileum or cranium. It is in intimate contact with the

hematopoietic marrow (Body, 2000).

Like in other tissues, the bone undergoes a process of regeneration or remodeling throughout life.
During development and growth, the skeleton is sculpted in order to achieve its shape and size by
the removal of bone from one site and deposition at a different site. Once the skeleton has
reached maturity, regeneration continues in the form of a periodic replacement of old bone by
new bone at the same location. This process is called remodeling and it is carried out by

osteoclasts and osteoblasts, termed basic multicellular units (BMU) (Body, 2000).

Osteoblasts and osteoclasts are derived from progenitors originating in the bone marrow and the
process of bone remodeling is controlled locally by growth factors and cytokines (Capulli et al.,

2014).
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2.1. The cellular components of bone and their function

2.1.1. Osteoblasts-bone forming cells

Osteoblasts are cells commonly known for their bone building function. They compose

approximately 4-6% of total resident cells in the bone (Capulli et al., 2014).

Figure 2. Histological section of a mouse tibia, stained with the Masson’s trichrome.

Black arrows indicate a row of osteoblasts on a bone trabecula (blue staining), white arrow indicate bone-lining cells,
bar = 10 um (Capulli et al., 2014).

As many other cells of the connective tissues (fibroblasts, chondrocytes, myoblasts and

adipocytes), osteoblasts arise from a common pluripotent mesenchymal stem cell (MSC).

The expression of Bone Morphogenetic Proteins (BMPs) and Wnt pathways is crucial for the
early steps of osteogenesis, where they promote MSCs commitment towards an
osteo/chondroprogenitor. The osteo/chondroprogenitor cell is defined when at least the following
osteoblast-specific transcription factors are expressed: Runt-related transcription factor 2

(RUNX2), Distal-less homeobox 5 (DLXS5) and Osterix (OSX) (Figure 3).
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Figure 3. Osteoblast differentiation.

The expression of BMPs and Wnt pathway promotes MSCs commitment towards an osteo/chondroprogenitor. Next,
RUNX2 and DLXS5 direct MSCs into osteoprogenitor differentiation. A pre-osteoblast arising from an
osteoprogenitor expresses high amount of ALP and Type I Collagen. A mature osteoblast additionally expresses
bone matrix proteins, such as OCN, OPN and BSP II (Capulli et al., 2014).

The master gene of osteoblast differentiation is RUNX2 (Capulli et al., 2014). It has been
demonstrated that Runx2-null mice lack of osteoblasts (Komori et al., 1997). In humans,
mutations of RUNX2 cause Cleidocranial Dysplasia (CCD), an autosomal-dominant disease with
dramatic abnormalities in bones (Lee et al., 1997). RUNX2 up regulates osteoblast-related genes
(COL1al, ALP, BSP, BGLAP) in osteoblasts. Moreover, the overexpression of RUNX2 in
human MSCs isolated from adipose tissue triggers commitment towards osteoblasts, by
increasing Alkaline Phosphatase (ALP) activity and osteocalcin (OCN) expression (Lee et al.,
2011). At later stage, RUNX2 inhibits osteoblast maturation and causes osteopenia (Capulli et al.,
2014), showing a dual role for RUNX2 in osteoblastogenesis.

Another transcription factor needed to direct MSC into osteoprogenitor differentiation is DLXS.
It promotes osteogenesis under the control of BMPs, is highly expressed in the developing

skeleton and is induced during fracture healing (Han et al., 2011).
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The last mentioned transcription factor regulating osteoblast differentiation is OSX, also known
as SP7. It is a downstream target of RUNX2, whose expression in MSC progenitors is stimulated

by BMPs and Insulin-like Growth Factor (IGF) (Capulli et al., 2014).

Once these main transcription factors have been expressed and a pool of osteoblast progenitors
has been established, there is a proliferation phase, during which osteoblast progenitors acquire
ALP activity. These cells become now pre-osteoblasts which express relatively high amounts of
ALP (Body, 2000). ALP has been long thought to play a role in bone mineralization, however,
the precise mechanism of mineralization and the exact role of ALP in this process remain unclear
(Sharma et al., 2014). Pre-osteoblasts also produce Type I Collagen which is a major product of
the bone-forming osteoblast. It is initially secreted in the form of a precursor which is further
processed extracellularly to mature three-chained Type I Collagen molecules. These then
assemble themselves into a collagen fibril. Individual collagen molecules become interconnected

by the formation of pyridinoline cross-links which are unique to bone (9).

The late stage of osteoblast differentiation is characterized by a higher expression of the bone
matrix proteins OCN, BSP I and II, of Type I Collagen and of proteoglycans, such as decorin and
biglycan. This newly formed, non-mineralized bone matrix is called osteoid. Osteoblasts
producing osteoid are mature osteoblasts which appear in histological sections as a single row of
cuboidal-shaped cells with a round basal nucleus (Figure 3). They also play a role in the early
steps of mineralization, which relies on the synthesis of hydroxyapatite crystals within the matrix
vesicles, derived from the membrane surface of osteoblasts. The aging osteoblasts have three
possible destinies: (I) undergo apoptosis, (II) give way to the osteocytes or (III) become bone-

lining cells (Figure 4).
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Figure 4. Possible fate of mature osteoblast (Capulli et al., 2014).

Osteoblast differentiation is mainly controlled by two signaling pathways, the Wnt pathway and Bone
Morphogenetic Proteins patways (BMPs).

Whnt proteins are a family of at least 19 secreted glycoproteins involved in many cell functions.
They signal through a canonical (WNT3a, WNT10b) and a non-canonical pathway (WNT]I,
WNTS5A). The former relies on B-catenin stabilization, and is crucial for a correct bone mass
achievement. More precisely, in the canonical pathway, Wnt proteins bind to Frizzled (FRZ) and
to LRP5/6 receptors, which in turn activate a downstream signaling that inhibits the activity of
Glycogen Synthase Kinase 3 beta (GSK3p), with a consequent prevention of [B-catenin
phosphorylation. When hypophosphorylated, B-catenin is more stable, it can translocate into the
nucleus where it regulates the transcription of Wnt target genes. Whereas in absence of Wnt,
GSK3p is active and phosphorylates B-catenin, eventually leading to its ubiquitination, thus
turning off Wnt signaling (Capulli et al., 2014). Moreover, knock-down of WNT5a and WNT10b
show reduced in trabecular bone and bone mass (Takada et al., 2007). Some molecules
specifically interfere with the Wnt pathway, such as the Dickkopf-related protein 1 (DKK1).
Deficiency of DKKI1 has been associated with increased bone formation (Capulli et al., 2014).
Other inhibitors of Wnt pathway acting in a similar way is sclerostin (SOST), which is
predominantly produced by osteocytes and the secreted frizzled-related proteins (sFRP), whose
members inhibit Wnt pathway by sequestering Wnt from binding to FRZ receptors or by directly
binding to FRZ (Capulli et al., 2014).

The second pathway crucial for osteoblastogenesis is related to Bone Morphogenetic Proteins

(BMPs). These proteins (at least 20) belong to the Transforming Growth Factor (TGF) B
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superfamily and they were first described as being involved in bone metabolism as components
of the bone matrix able to cause ectopic bone formation when injected subcutaneously or
intramuscularly in mice (Capulli et al., 2014). Mutations in the genes coding for BMPs in mice
clarified the role of these proteins in bone metabolism (Kingsley et al., 1992). Among the
different isoforms, BMP-2, 4, 5, 6, and 7 are clearly implicated in osteogenesis, likely due to their
ability to stimulate the expression of the transcription factors RUNX2 and OSX. BMP-2 is
especially expressed in areas surrounding cartilage condensation, where it has a prominent role
for chondrocyte proliferation and maturation, thus enhancing endochondral ossification.
Moreover, it is crucial for osteogenesis. It has been shown that a lack of BMP-2 and BMP-4 in
osteoblast conditional KO mice led to a severe impairment of osteogenesis (Bandyopadhyay et
al., 2006). Finally, BMP-7 has been shown to increase ALP activity in osteoblasts and to trigger

bone mineralization (Capulli et al., 2014).

2.1.2. Osteocytes and bone lining cells

As mentioned in the previous section, mature osteoblast can end up as osteocytes being the most
abundant cells in bone. They are characterized by a striking stellate morphology, reminiscent of
the dendritic network of the nervous system. Their major feature is multiple extensions of their
plasma through narrow canaliculi, connecting them to each other as well as with the bone-
forming osteoblasts and the lining cells. The cell-cell communication is also achieved by an

interstitial fluid that flows through the osteocytes canaliculi.

This network is essential in coordinating the response of bone to mechanical and biological
signals. Currently, a general consensus exists that osteocytes are involved in translating
mechanical stimuli into biochemical signals. Following that, osteocytes orchestrate bone

formation and bone resorption acting on osteoblasts and osteoclast differentiation and function.

Regarding the role of osteocyte in osteoblast regulation, it has been shown that osteocyte
apoptosis or osteocyte network disruption increased bone formation (Moriishi et al., 2012). Also,
it is well known that SOST is a secreted glycoprotein specifically expressed in osteocytes which
inhibits osteoblasts differentiation and function by antagonizing the canonical Wnt pathway.
Consistent with this finding, bone formation is enhanced in Sost-deficient mice (Capulli et al.,

2014). Osteocyte also regulates osteoclast formation. Tatsumi et al. showed that osteocyte
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apoptosis results in an increase in RANKL (Rank Ligand) expression in bone, thus enhancing the
osteoclast formation and function, leading to increase of the bone resorption (Tatsumi et al.,
2007). These data suggest that osteocytes can act as mechanosensing cells but also are able to

regulate bone homeostasis in a coordinated and complex manner.

Another possible destiny for mature osteoblast is becoming the so-called bone lining cells. They
are quiescent and flat shaped osteoblasts which cover the bone surface, functionally representing
the resting phase of the bone remodelling process. There is not much known about their function.
A likely role of these cells is to prevent the direct interaction between osteoclasts and bone matrix

when bone resorption should not occur (Capulli et al., 2014).

2.1.3. Osteoclasts-bone resorbing cells

Osteoclasts are multinucleated giant cells (50-100 pm in diameter) with abundant mitochondria,
numerous lysosomes and free ribosomes. They differentiate from myeloid precursors under the
influence of macrophage colony stimulating factor (M-CSF) and receptor activator of NF-kB
ligand, being RANKL, supplied by osteoblasts and/or osteocytes (Figure 5) (Charles and
Aliprantis, 2014).

OB progenitors
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Figure 5. Osteoclasts—osteoblast interactions in the basic multicellular unit (BMU).

Osteoclasts (OCs) differentiate from OC precursors (OCP) under the influence of M-CSF and RANKL produced by
osteoblast (OB) lineage cells including osteocytes. As OCs create a resorption pit, growth factors, including TGFf
and IGF1, are released from the bone matrix. These growth factors may recruit mesenchymal osteoblast progenitors
and promote their differentiation into mature cells that secrete osteoid to fill the area of resorbed bone. Some OBs
differentiate further into matrix-embedded osteocytes.
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A decoy receptor for RANKL, termed osteoprotegrin (OPG), which is synthetized by the

osteoblast lineage, inhibits osteoclast differentiation.

The main function of osteoclasts is degradation of bone. They secrete proteolytic enzymes (e.g.,
cathepsin K, O, B, L) and acid, which hydrolyze and solubilize the organic and inorganic
components of bone, respectively (Charles and Aliprantis, 2014). Enzyme and proton secretion is
directed into the resorption lacunae where the degradated bone matrix components are
endocytosed. Next, these degradated bone matrix components are transcytosed to the membrane
area opposite the bone, where they are released (Body, 2000). Subsequent to the osteoclastic
resorptive phase, coupling mechanisms promote the recruitment and differentiation of
mesenchyme-derived osteoblast progenitors at the resorption lacunae. After these cells mature
into osteoblasts, they line the eroded bone surface and secrete the organic component of bone-
osteoid, which is mineralized over time by the incorporation of hydroxyapatite. As osteoblasts
secrete osteoid, some cells are entrapped within the matrix where they eventually become

osteocytes (Figure 5 ) (Charles and Aliprantis, 2014).

Osteoclasts are characterized by high amounts of the phosphohydrolase enzyme tartate-resistant
acid phosphatase (TRAPase). This feature is frequently used for the detection of osteoclasts in
bone specimens. Osteoclasts bear on their surface several antigens that are also present on
hematopoietic cells, such as: CD45, the common leukocyte antigen; ICAM-1, the cellular ligand
for certain integrins; integrino2 and integrinf1 that constitute the collagen receptor; integrinov
and integrinB3 which constitute the vitronectin receptor responsible for mediating the attachment

of osteoclasts to the bone surface, and finally CD9, a gene encoding for tetraspin family (Body,

2000).

Osteoclast function however is not only restricted to bone degradation. Coupling of bone
formation and resorption requires cooperation between BMU and other cells residing within bone
matrix, such as osteocytes, macrophages and T cells. Each of these cells produces a variety of
factors involved in bone remodeling in health, but also in disease. In the next section, the process

of bone remodeling in healthy condition will be reviewed.
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2.2. Bone remodeling

The balance between bone deposition and resorption is crucial for the proper development and
maintenance of bone size, shape and integrity. To maintain this balance, molecular
communication between osteoblasts and osteoclasts, and also between bone cells and other bone
marrow cells is fundamental. Ideas to explain the coordinate regulation of bone resorption and
formation center developed on the notion that osteogenic growth factors are released from the
bone matrix during bone resorption, and mediate the subsequent recruitment of osteoblasts to the
remodeling site (Body, 2000). Matching bone formation and resorption, is referred to as

osteoclast-osteoblast “coupling”.

An essential step in the process of remodeling is that sites needing to be remodeled must be
selected from among the millions possible at any one time in the skeleton. Bone is maintained in
a healthy state because remodeling takes place only where it is needed to replace old or damaged
bone. To initiate a remodeling cycle, the site of activity must be chosen, regardless of whether
remodeling is initiated in response to damage, to change in loading or to remove old bone.
Although the initiating event has usually been described as resorption by osteoclasts, other

mechanisms also occur to ensure that this takes place.

Such an initiating event might come from osteocytes recognizing that a specific area of bone
needs to be replaced, and signaling through their canaliculae to surface cells. Subsequent signals
could arise from apoptosis of osteocytes, or even of lining cells themselves, resulting in the
release of paracrine factors and chemokines that attract osteoblast and osteoclast precursors and

vascular elements.

Hematopoietic precursors for osteoclast formation are provided from nearby marrow precursors,
as well as through the capillary blood supply closely associated to bone. As it has been mentioned
before, osteoclast formation requires mainly the signals of M-CSF and RANKL which come
from osteoblast lineage. Studies on genetically manipulated mice suggested that it is not only
early osteoblast precursors but also fully differentiated and matrix-embedded osteocytes that
provide RANKL to the osteoclast precursors (Xiong et al., 2011). Moreover, beside
osteoblastogenic lineage, lymphocytes T and lymphocytes B have been shown to be high
producers of RANKL (Capulli et al., 2014).
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The most completely described intercellular interaction within the BMU is the balance in
production of RANKL and its decoy receptor OPG by the osteoblast lineage, and their
interaction with RANK on the cell membrane of osteoclast precursors. A number of local factors,
produced by osteoblasts that stimulate RANKL production, have been identified such as
semaphorin 3B, oncostatin M (OSM), interleukin-6 (IL-6), interleukin-1b (IL-1b), TNFo, family
coreceptor subunit, glycoprotein 130 (GP130) (Sims and Martin, 2014).

2.3. Coupling of bone formation to resorption

It is essential that the formation component of remodeling needs to replace the exact

amount removed by resorption.

Although circulating hormones, including PTH and 1,25-dihydroxyvitamin-Ds, were considered
to be the prime regulators of remodeling, it has been clear for some years that locally generated
cytokines are the key influences, influencing bone cell communication and subsequent function
in complex ways, and often themselves regulated by the hormones and the nervous system. One
of the main examples of osteoclast regulation by osteoblasts is the osteoblast lineage-derived
RANKL which signals through its receptor RANK. However, what about the reverse direction?
Does the signaling come also from osteoclasts to osteoblasts? Arguments began to be presented
in favor of this, and in the past few years a number of candidate ‘coupling factors’ of osteoclast

origin have been proposed.

One of such factors is active TGFp1, released from the bone matrix during bone resorption. It
might couple bone formation to resorption by inducing the migration of bone MSCs to sites that
have been resorbed, thus making them available for differentiation and bone formation in
remodeling (Tang et al., 2009). Complementing that, osteoblast- and matrix-derived insulin
growth factor-1 (IGF-1) was found to promote osteoblast differentiation by favoring recruitment

of MSCs, in response to osteoclastic bone resorption.

As coupling mechanism, direct interaction between osteoblasts and osteoclasts had been
described. Semaphorins and ephrins are axon guidance molecules involved in remodeling and
coupling process. Semaphorins include both secreted and membrane-associated signaling

molecules that use plexins and neuropilins as receptors. Sema4D that is expressed by osteoclast,
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but not by osteoblast, is an osteoclast-derived inhibitor of osteoblast differentiation and bone
formation, acting as an inhibitor of remodeling (Negishi-Koga et al., 2011). Ephrins and their
receptors Eph are axon guidance molecules acting as local mediators of cell function through
contact-dependent processes. EphrinB2 has been shown to be expressed by osteoclasts both in
vitro and in vivo. Studies in vivo and ex vivo of genetically manipulated mice suggested that
osteoclast-derived ephrin B2 can act through its receptor, EphB4, in osteoblasts, to promote
osteoblast differentiation, and that reverse signaling by direct contact with osteoblast-derived
EphB4 can suppress the formation of osteoclast precursors. This contact-dependent action of
osteoclast-derived ephrin B2 on osteoblastic EphB4 is part of coupling mechanism (Mundy and

Elefteriou, 2006).

2.4. Bone metastasis

Bone is one of the most common sites of cancer spread. Although metastatic cells could
theoretically invade any organ, clinical experience demonstrates that they have preference for
bone and lung (Clezardin and Teti, 2007). Why only certain cancers preferentially spread to bone
is not fully elucidated, however it is true that bone provides a fertile microenvironment which
facilitates colonization of metastatic cancer cells. The outer part of bone is composed of hard
calcified matrix which shows relatively low cellularity and metabolic activity. Osteocytes are
likely the only cells that are metabolically active and show some biological function. Calcified
matrix, however, stores varieties of growth factors which may serve as essential nutrients for
cancer cells that begin to house in bone. These growth factors are continuously released into the
bone marrow cavity as a consequence of osteoclastic bone resorption during bone remodeling
(Body, 2000). This appears to be one of possible explanations for preferential bone colonization.
In this regard, bone is a representative target organ, which is consistent with the “seed and soil”

theory, proposed by Paget more than a century ago (Paget, 1889).

The inner part of bone is made up of multicellular and highly metabolic bone marrow. It
is rich in HSCs, which give rise to all blood cell elements and osteoclasts, as well as MSCs which
differentiate into osteoblasts, chondrocytes, adipocytes and stromal cells. Especially important is
the presence of osteoclasts because it seems that without osteoclastic bone resorption, growth
factors stored in calcified matrix are less available to metastatic cancer cells. Tumor cells do not

destroy bone by themselves but rather dependent on osteoclasts for the progression of osteolysis.
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Therefore, osteoclastic bone resorption is essential for cancer cells to obtain sufficient nutrients
and space for growth in the hard calcified tissue. However, cancer cells colonizing the bone will
not only interact with osteoclasts, but also with osteoblasts, stromal cells and immune cells found

in the bone marrow cavity (Body, 2000).

These interactions may lead to development of bone metastases even many years after the
surgical removal of the primary tumor, suggesting that the osteotropic cancer cells may have
a long period of quiescence before growing as secondary lesions. Growth of tumor cells in bone
leads to the dysregulation of normal bone homeostasis, causing bone destruction and, ultimately,
severe pains and fractures for which only palliative therapies are proposed. Thus, there is a need
to better understand specific stages of tumor cell dissemination and growth in the bone marrow in

order to prevent bone metastasis formation.

2.4.1. Classification and cellular features of bone metastases

Bone metastases are classified as osteosclerotic (osteoblastic), osteolytic or mixed lesions

(Figure 6) (Guise et al., 2006).
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Figure 6. Classification of bone metastases.

Left panel depicts a normal bone in which osteoclasts and osteoblasts function in a coordinated manner. Osteoclasts
remove the old bone matrix which, after reverse phase populated by mononuclear cells (reverse cells) participating to
the coupling between osteoclasts and osteoblasts, is replaced by new osteoid released by osteoblasts. Middle panel:
in osteosclerotic bone metastases, numerous osteoblasts appear forming new trabeculae that occlude bone marrow.
This bone matrix has features of woven bone and is inordinately deposited in the medullary cavity. Right panel: in
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osteolytic metastases, high number of osteoclasts is formed which resorb the mineralized matrix destroying the tissue
(adapted from (Clezardin and Teti, 2007)).

Osteosclerotic metastases are more typical of prostate cancer and are caused by cancer-
derived factors that stimulate the differentiation and activity of bone forming cells, the
osteoblasts, thus leading to increased bone formation. Osteosclerotic lesions appear in
radiography as dense areas, often located to the axial skeleton and, particularly, in vertebral
bodies and pelvis. Histologically, tumor cells residing in the bone marrow are surrounded by
a high number of osteoblasts that form wide trabeculae of woven bone similar to that observed in
primary ossification. Tumor-associated woven bone has a poorly organized microstructure,
increasing the risk of pathological fractures. On the other hand, osteolytic metastases are common
in breast cancer. They are caused by tumor-derived factors that stimulate the activity of bone-
resorbing cells, the osteoclasts, leading to enhanced bone destruction. Radiographically,
osteolytic lesions appear as radiolucent areas, frequently located in the skull and proximal ends of
the long bones. Histologically, tumor cells reside in the bone marrow, and are surrounded by a
number of osteoclasts, actively degrading bone (Chappard et al., 2011). These osteolytic areas
frequently fracture.

As it has been noted in the previous section, bone resorption and bone formation are
almost always coupled. The coupling of bone resorption and bone formation is altered in cancer,
thereby leading to skeletal lesions that are predominantly osteolytic or osteoblastic. However, in
many instances, bone metastases may consist of mixed lesions. It is believed that a bone
metastasis may evolve from an osteoblastic to an osteolytic pattern through a continuous process
of which we only have a static representation at the time of the radiographical or histological
assessment (Clezardin and Teti, 2007).

Bone metastasis formation consists of a series of inter-related steps. Molecular
mechanisms involved in each of these steps are gradually being unraveled, and are potential
therapeutic targets for the prevention and treatment of bone metastases. Further complexities are
introduced by the fact that the bone microenvironment does not only include the cellular
architecture of the bone tissue but also bone marrow-derived haematopoietic progenitors and
cancer stem cells (CSCs) that altogether constitute a niche supporting the development of
metastases. In the next section, these steps of so-called metastatic cascade and determinants for

overt bone metastases formation will be debated.
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2.4.2. Steps of cancer metastasis to bone

Cancer metastasis to bone consists of multiple sequential steps which include diverse and
complex cellular and molecular events. The early steps of metastasis to bone are common to most
solid tumors and start with local tissue invasion and tumor cell escape from primary tumors.
After growing in the primary tumor, cancer cells invade surrounding tissue, intravasate, circulate

in blood and entry into bone marrow sinus to migrate into bone marrow and colonize the tissue.

2.4.2.1. Growth at the primary sites, detachment from the primary site, local invasion and

intravasation

First essential step for the successive colonization is cancer growth. Production of
autocrine growth-promoting factors associated with the activation of receptor tyrosine kinase
signaling pathways, oncogene expression and loss of tumor-suppressor gene expression are
probably responsible for initiation and promotion of carcinogenesis. More than 30 % of human
primary breast cancers exhibit increased expression of HER2/neu receptor tyrosine kinase which
is a member of the epidermal growth factor receptor (EGFR) tyrosine kinase family. Targeted
expression of neu proto-oncogene in the mammary gland of transgenic mice induces highly
metastatic mammary tumors, suggesting that this growth factor influence invasive properties of
cells. Apart from growth factors, mutations in tumor-suppressor genes also predispose to cancer.
In aggressively growing tumors, cancer cells appear to be pushed further from existing
vasculature due to unregulated cell proliferation and inadequate vascularization. These cancer
cells are subject to hypoxia and nutrient depletion which induces angiogenesis (Body, 2000). In
the 90s, Weidner at al. proved that there is a correlation between metastasis and angiogenesis. He
found that the number and density of microvessels in primary breast tumors were significantly
higher in patients with metastases than in patients without metastases (Weidner et al., 1991).
Among the angiogenic molecules released by tumors or tumor stromal cells are: basic fibroblastic
growth factor (bFGF), TGF-a, tumor necrosis factor alpha (TNF-a) and VEGF. Their expression
correlated with aggressiveness of solid tumors. At certain time point, cancer cells start to detach
from the primary site. Cell adhesion molecules (CAMs) play an important role in cancer invasion
and metastases. Their downregulation is necessary for detachment from the primary site and
initiation of invasion. One of CAMs which is critical in the detachment is E-cadherin. It is a cell-
surface glycoprotein involved in calcium-dependent cell-cell adhesion. E-cadherin expression is

decreased in breast and prostate cancer with high metastatic potential (Body, 2000). It has been
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also shown that overexpression of E-cadherin in the human breast cancer cell line MDA-MB-231
profoundly suppresses bone metastases in a nude mouse model of experimental bone metastases
(Mbalaviele et al., 1996). In parallel with the growth at the primary tumor site, cancer cells
invade surrounding tissues to enlarge the tumor mass by secreting proteolytic enzymes. The
matrix metalloproteinases (MMPs) are a family of Zn2+ -dependent endopeptidases. Increased
plasma levels of MMPs have been correlated with invasion and metastasis in patients with breast
cancer. Tissue inhibitors of matrix metalloproteinases (TIMPs) on the other hand, function as
metastasis-suppressor proteins. The metastatic potential of cancer cells depends on the balance
between MMP and TIMP production. For example, overexpression of TIMP-2 in MDA-MB-231
cells inhibits osteolytic bone metastases and prolongs survival of tumor-bearing animals (Yoneda
et al., 1997). Subsequently to growth and invasion at the primary site, cancer cells enter the blood
stream to start their journey to secondary sites. This process is initiated by the adhesion of cancer
cells to the endothelium of interior of lymph vessels. Then, the endothelial cells retract, the
basement membrane is exposed and cancer cells bind to extracellular matrix (ECM) molecules of
the basement membrane. Two major components of the basement membrane ECM are type IV

collagen and laminin (Body, 2000).

2.4.2.2. Migration in the circulation and arrival at the bone

Cancer cells that intravasate into the blood vessels are named CTCs. If they resist to anoikis or to
killing by the immune system, they can extravasate from the sinusoids and reach the bone
marrow. For this, they express specific gene signatures that would be predictive of bone
metastasis. The preferential attraction and engraftment of CTC to bone is probably the result of
several mechanisms. One of them, called hemodynamic, is based on random migration of cancer
cells. In 1928, Ewing proposed that the development of metastases in a given organ is dependent
on the blood volume flowing into that organ. This theory has been proven in some examples of
colon cancer metastasis (Body, 2000). However, it does not explain the high frequency of cancer
metastasis to bone, where blood flow is much lower compared with that in other organs which are

also preferential sites of cancer spread, such as lung and liver (Table 2) (Weiss et al., 1980).
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Organ Blood flow (ml/min/g)
Lung 13.6
Andrenal gland 6.5
Thyroid 5.0
Kidney 3.2
Spleen 0.9
Liver/Brain/Prostate/Bone marrow 0.4
Spinal cord 0.1

Table 2. Arterial blood supply in target organs of cancer metastasis (Weiss et al., 1980)

Therefore, it has been proposed that breast and prostate cancer cells possess distinct capacities
that not only direct them to bone, but also enable them to be attracted to bone then to survive and

proliferate and further colonize the tissue.

2.4.2.3. Osteotropism

This non-random bone seeking is called bone tropism (also osteotropism). Different
molecular mechanisms are responsible for this propensity of cancer cells to metastasize to bone.
One of them, the chemokine receptor CXCR4 controls the metastatic destination of breast cancer
cells in organs where its ligand, the chemokine CXCL-12 is produced in high quantity. An organ
which is eligible for these criteria is lung, liver and bone marrow. It has been shown that the
blockade of CXCR4 reduces the formation of experimental lung and bone metastases caused by
CXCR4-expressing breast cancer cells (Liang et al., 2004). However, the inhibition of chemokine
receptors only partially blocks metastasis formation, in vivo, suggesting that there are additional

factors involved in the bone tropism of cancer cells.

Bone-derived cytokine RANKL triggers the migration of RANK-expressing cancer cells
in vitro, and OPG, a natural inhibitor of RANK—-RANKL interaction, blocks the bone tropism of
these cancer cells in vivo (Clezardin and Teti, 2007) (Clezardin, 2011).

There is also evidence from preclinical research showing that integrins mediate metastasis
to specific organs. For instance, avp3 integrin overexpression in breast cancer cells enhances
bone metastasis incidence in animals, and a nonpeptide avp3 integrin antagonist causes
a profound and specific inhibition of bone colonization by avpB3-expressing cancer cells, in vivo

(Zhao et al., 2007). Alpha2p1 integrin has been also shown to mediate bone colonization by
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prostate cancer cells (Clezardin and Teti, 2007). It is possible that these integrins act in concert

with CXCR4 and RANKL to promote the bone colonization by cancer cells.

Another important chemoattractant for bone is the proto-oncogene c-SRC. In many
tumors, c-SRC is upregulated or hyperactivated thus affecting cancer cell properties linked to
proliferation, motility and responses to growth factors (Clezardin and Teti, 2007). Reduced c-
SRC activity in breast cancer cells decreases their malignant phenotype and osteotropism in

experimental metastases (Rucci et al., 2006).

2.4.2.4. Osteomimicry

Osteomimicry is the acquisition of bone cell-like properties by tumor cells, which improve
homing, adhesion, proliferation and survival in the bone microenvironment. Osteotropic
malignant cells are able to express RUNX2 which is a master regulator of osteoblast
differentiation and strong inducer of the expression of bone proteins. For example, bone matrix
proteins, such as osteopontin, osteocalcin, osteonectin and bone sialoprotein II, are frequently
highly expressed in breast and prostate cancers, which represent tumors with the highest
propensity to colonize bone. They are also highly expressed in human breast cancer cell lines that
form experimental bone metastases in mice. In our lab, a subclone variant from the human breast
cancer cell line, MDA-MB-231 has been obtained by selection pressure in mice. This MDA-B02
cell line, highly and specifically metastasizes to bone and presents an osteoblast phenotype
(Peyruchaud et al., 2001). A global transcriptome analysis performed on MDA-BO?2 cell line, has
confirmed that several genes among those up- or down-regulated relative to the parental cell line,
correspond to genes whose expression is associated with the osteoblast differentiation process.
Also, the proteins such as: cadherin 11 (CDHI1), cytochrome ¢ oxidase subunit II (COX-2),
connective tissue growth factor (CTGF), connexin 43 (CX43) and secreted protein, acidic,
cysteine-rich (SPARC), which are overexpressed by MDA-BO2 and known to be up-regulated
during osteoblast differentiation, are selectively overexpressed in human breast cancer bone

metastases compared to the primary tumor and liver metastases (Bellahcéne et al., 2007).

These data suggest that malignant cells acquire osteomimetic properties, favoring the

development of secondary lesion in bone microenvironment. The question remains if these
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osteomimetic properties refer only to the osteoblast phenotype or if they can be extended to the
osteoclast phenotype as well. For instance, it has been shown that cathepsin K, a highly specific
osteoclast gene, is overexpressed in human breast cancer cells that metastasize to bone (Gall et
al., 2007). Therefore, it seems that a multigenic mimicry program is crucial for a tumor cell to

develop in bone, and that this program includes both osteoblastic and osteoclastic genes.

2.4.2.5. Entry into the bone marrow sinus and migration into the bone marrow cavity

There are four major arteries running into bone: the nutrient artery, the metaphyseal
artery, the epiphyseal artery and the cortical capillaries communicating with the marrow arteries.
Cancer cells arriving at bone enter the bone marrow cavity through one of these arterial routes.
Cells penetrating to the bone marrow cavity must have certain capacities to make this step
possible. It has been shown in vitro that cancer cells show preferential attachment to the
endothelial cells of their in vivo target organs (McCarthy et al., 1991). The interactions between
the endothelial and cancer cells are mediated by cell adhesion molecules (CAMs). One of them is
vascular cell adhesion molecule 1 (VCAMI). When it is aberrantly expressed in breast cancer
cells, VCAM-1 mediates distinct tumor stromal interactions facilitating metastasis to bone (Lu et

al., 2011).

2.4.2.6. Colonization through interactions with bone cells-the vicious cycle

Among factors that regulate bone remodelling are systemic hormones and local factors
such as interleukins, cytokines, colony-stimulating factors, eicosanoids, the RANKL/OPG axis
and parathyroid hormone-related protein (PTHrP). In addition, many growth factors are
synthesized by the osteoblasts and embedded into the bone matrix, mostly as inactive peptides,
during the bone formation phase. These factors, which include TFG-, platelet-derived growth
factor (PDGF), BMPs, are then released from the matrix during bone resorption and activated
both by the low pH created by the osteoclasts to remove the bone mineral, and by a set of
proteases present in the microenvironment. Therefore, during bone resorption, the bone/bone

marrow microenvironment is enriched in agents that regulate many cellular activities.

According to the “seed and soil” theory, these environmental factors provide a fertile
ground in which tumor cells can grow. Moreover, during the formation of bone metastases, the

perturbation of the microenvironment is initiated by the tumor cells that produce many factors
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stimulating the osteoclasts, with the end point of an increased bone resorption. In addition, cancer
cells secrete bone morphogenetic and Wnt protein antagonists (noggin, DKK-1) that inhibit
osteoblast activity which, in turn, enhance the osteolytic pattern of bone metastases. It is a so

called “vicious cycle” (Clezardin and Teti, 2007) (Figure 7).
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Figure 7. The vicious cycle.

The figure illustrates the many factors that stimulate on one hand osteoclast, osteoblast and vascular cells activity,
and on the other hand tumor cell growth and survival in the bone microenvironment.

Bone metastases are likely to rely on multiple factors: the ability of cancer cells to exhibit
specific receptor-ligand interactions that direct the cells to bone, the osteomimicry that leads to
tumor development on the bone/bone marrow tissue and the microenvironmental factors which
establish a vicious cycle. The stem cell niche maintaining cancer cell dormant until permissive
conditions waken them up is also an important player in establishing bone metastases (Clezardin
and Teti, 2007). Recently, it has been published that the perivascular niche regulates breast tumor
dormancy. Specifically, work from Ghajar et al. reveals that stable microvasculature constitutes a
dormant niche, whereas sprouting neovasculature sparks micrometastatic outgrowth (Ghajar et

al., 2013).
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3. In vivo models of breast cancer bone metastasis

3.1. Transplantable tumor model system

In this model, cancer cell lines or tissues can be grown in mice. There are various ways to
mimic breast cancer growth and metastasis in tumor transplantation experiments. The primary
and secondary metastatic growth is largely defined by the site of injection, together with the cell
line specific tropism. Moreover, depending on the species or genetic background of donor and
host, xenograft or syngeneic tumor transplantations can be distinguished (Fantozzi and

Christofori, 2000).

3.1.1. Xenograft tumor transplantations

The majority of in vivo studies of bone metastases have used xenograft models, where
human tumor cells are implanted in immunocompromised mice (Holen 1. and Lawson M. A.,
2014). The resultant tumors are a mosaic of human cancer cells and murine stromal cells. Cancer
cell-stromal cell interactions are important in the biology of cancer progression and metastasis.
For some pathways, it cannot occur across species boundaries. This limited tumor-stromal
interaction is one of the major drawbacks in xenograft models. Secondly, in order for human
tumors to grow in mice, the murine host must be immunocompromised to prevent immune
rejection. Such an approach eliminates the ability to examine the role of the immune system in
tumor progression in xenografts. Thirdly, each immunocompromised mouse strain is
characterized by specific features that can influence the biology and study of metastasis. For
instance, nude mice that are depleted in T cells and have impaired T and B cell function, have
been shown to have impaired angiogenesis (Khanna and Hunter, 2005). Human tumor cells are
now routinely engineered to express green fluorescent protein (GFP), luciferase or other tags,
allowing non-invasive in vivo imaging of tumor development. Depending on multiple factors,
such as: the cell line used, the age and strain of the animal, as well as the route of implantation,
tumors will develop in bone between 3 and 5 weeks, providing the opportunity to study both the

biological aspects of bone metastases and effects of therapy (Holen 1. and Lawson M. A., 2014).
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Human breast cancer cells for metastasis models can be injected intra-arterialy,
intracardially or intraosseouslly. First type of injection results mainly in lung metastasis, whereas
intracardiac (i.c.) injection gives rise to a broader target organ spectrum, including bone (Khanna
and Hunter, 2005). Intraosseous injection is generally used to investigate late-stage disease, as
a large number of tumor cells are introduced directly into bone, bypassing the early steps of

homing and colonization (Holen I. and Lawson M. A., 2014).

3.1.1.1. Intra-arterial injection

We set up a specific breast cancer cell lines with high propensity to metastasize to bone,
by isolation of cells from bone metastases (originally introduced by i.c. injection), expanding the
cells in culture and re-inoculating them into the left ventricle. Following six passages through
bone marrow, a cell line that homes specifically to bone following intra arterial. injection has
been generated.

With this approach, the MDA-B02 model has been developed. This is a bone-homing
strain of MDA-MB-231 breast cancer cells (Peyruchaud et al., 2003), subsequently used to
investigate whether therapeutic targeting of tumor ovp3 integrin prevents bone metastasis

formation (Zhao et al., 2007).

3.1.1.2. Intracardiac injection

In this approach, human breast cancer cells are injected into the left ventricle of the heart.
The cells will bypass the pulmonary vasculature resulting in widespread metastasis formation in
several skeletal sites (mainly long bones) within 4—5 weeks (Holen I. and Lawson M. A., 2014).

The main disadvantage is that it does not represent the initial steps of the metastatic
cascade, where tumor cells leave a primary site, enter the circulation and subsequently recolonize
a distant site (Holen I. and Lawson M. A., 2014). Phadke et al. used the i.c. injection model to
perform a detailed and informative study of the kinetics of breast cancer cell trafficking in bone.
GFP-expressing MDA-MB-435 cells were injected into the left ventricle of female nude mice and
animals were sacrificed at time points ranging from 1 h and up to 6 weeks. This allowed them to
precisely localize breast cancer cells from the initial colonization of bone to advanced disease.

One hour post-injection, tumor cells can be detected in the highly vascularized methaphysis of
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the femur and they are gradually cleared over the next 72 h. One week after injection, small
tumor cell foci were detected mainly in the distal methaphysis, and a few of these developed into
larger tumors associated with loss of the majority of the trabecular bone during the following 2—3
weeks. Moreover, increasing numbers of tumor cells were associated with a substantial decrease
in osteoblast number through induction of apoptosis. There was also a decrease in the number of
osteoclasts and the osteoblast:osteoclast ratio was reduced from around 40:1 at baseline to 4:1 by
4 weeks, as bone turnover balance shifted towards increased resorption. This resulted in a rapid
depletion of bone forming cells by an unknown mechanism, likely to prevent repair of tumor-
induced osteolytic lesions. From the point of view of human disease these results suggest that
therapeutic strategies to protect the osteoblast from the detrimental effects of tumor cells should

be developed, for use in combination with anti-resorptive agents (Phadke et al., 2006).

3.1.1.3. Intraosseous implantation

Implanting cancer cells directly into bone can also be used to model bone metastasis,
although, it is generally used to investigate late-stage disease. Most common site of intraosseous
injection is intratibial (i.t.) injection. Holes are drilled in the tibiae of anesthetized animals, the
bone marrow flushed out and replaced by a suspension of tumor cells. This will inevitably cause
damage to the bone around the injection site, complicating analysis of tumor-induced changes of

bone structure. Bone tumors are generated within 3—4 weeks, depending on cell lines.

3.1.2. Syngeneic models

Syngeneic models, unlike the xenograft models, provide the possibility to study the initial
steps of metastasis by injecting murine tumor cells into the mammary fat pad of
immunocompetent BALB/c mice.

4T1 is a commonly used murine breast cancer cell line that is inoculated into the mouse
mammary gland to study tumor growth and cancer cell dissemination. This model allows to study
growth of initial mammary tumor in an anatomically correct site, meaning mammary fat pad,

followed by metastatic spread to a range of distant organs, thereby mimicking human breast
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cancer. The main advantage is that the transplanted tissues, the tumor microenvironment and the
host are from the same species, therefore, it can be used to study the role of the immune system in
tumor progression in bone, as well as in response to anti-cancer therapy. However, syngeneic
models do have some important limitations. The murine tumor cells differ from human breast
cancer cells in the genetic makeup and potentially in their growth characteristics and responses to
therapy. In addition, the primary mammary tumors grow quickly once established, leaving
a limited window of opportunity for studies of the metastases unless the primary tumor is
removed (Holen I. and Lawson M. A., 2014). Moreover, these model systems lack many of the
important features of human tumors. For instance, they are usually derived from homozygously
imbred mice and therefore lack the genetic complexity of human tumors (Khanna and Hunter,
2005). Most importantly, syngeneic models are not bone-metastasis specific, and a large number
of animals are required in order to generate sufficiently large groups with skeletal involvement.
There is also considerable variability in time for metastasis appearance in animals, presenting
particular challenges in terms of when to initiate treatment and the timing of therapeutic
interventions (Holen I. and Lawson M. A., 2014).

Historically, subcutaneous (s.c.) models were used due to rapid primary tumor growth. It was
however, uncommon to observe spontaneous metastasis to distant organs. Application of “seed
and soil” hypothesis resulted in the use of orthotopic transplantation of tumor cells into mice.
Orthotopic inoculation refers to delivery of cancer cells to the anatomic location or tissue from
which a tumor was derived. It is a model in which the primary tumor is formed followed by the
development of metastasis (Khanna and Hunter, 2005). Orthotopic model in part resembles the
multiple stages involved in malignant breast cancer development in patients. Therefore, it has the
advantage over other models in which the direct introduction of cancer cells into the blood
circulation should be considered rather as an assay of organ colonization and not a complete

metastatic process.

Transplantable models have yielded many important insights into the potential molecular
mechanisms of metastasis, however a number of important caveats remain. Neither injection of
the tumor cells into the circulation, nor the orthotopic implantation is free of drawbacks.
Tumorigenesis is not simply the result of proliferative activation of a mutated cell, but rather is
a complex interaction between neoplastic tissue and the stromal and environment in which it

arises. Injection of the tumor cells does not necessarily recapitulate all of the interactions and
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microenvironmental components that may play important roles in tumor dissemination. Important
issue is also mechanical disruption of the target tissue during the implantation process which may
permit escape of tumor cells into the circulatory system at the time of implantation, thus seeding
distant sites at the onset of the experiment rather than subsequent to tumor growth, as is the
intent. A further common caveat of transplantable models is their reliance on cultured cells.
During the selection process and/or subsequent cell culture, the resulting cell lines and clones
have been passaged in vitro. Thus, the cells are adapted to growth on a two-dimensional rather
than a normal three-dimensional matrix platform, in an artificial or foreign milieu. The
adaptations that permit perpetual growth in tissue culture may have significant impact on the
pathways and mechanisms by which spontaneous metastases arise. While these experimental
systems may imply some of the mechanisms and biological processes that function in tumor
dissemination, we have to be aware that they only partially represent those steps in the metastatic

process (Khanna and Hunter, 2005).

3.2. Genetically engineered mouse models of metastasis

To complement transplantable models, investigators need access to autochthonously
arising tumors capable of completing the entire metastatic process. Here, genetically engineered
models have the application. They encompass a variety of tissue types, with differing degrees of
penetrance and different latencies. While it is possible that the constitutive activation or loss of
a gene in these models may not completely replicate native metastasis, the tumors do arise in
their normal context, more closely replicating the clinical setting and in a system possessing
a functional immune system. They also permit the investigation of important determinants of
cancer that are difficult or impossible to address using cell culture and transplant systems

including the influence of genetic heterogeneity on tumor phenotype (Khanna and Hunter, 2005).

3.3. Human-to-human models

These models have been developed in order to capture the species-specific interactions

involved in homing of breast cancer cells to bone. Pieces of human bone are implanted
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subcutaneously (s.c.) in immunocompromised animals and subsequently, human breast cancer
cells are injected 1.a., in the mammary fat pad or directly into the bone marrow cavity.

The main advantage of these models is that the tumor cells have an access to the human
bone microenvironment, although the bone fragments used are either fetal or from patients
undergoing hip replacements, not from patients with bone metastases. In order to generate
consistent bone metastasis, cancer cells must be introduced directly into bone, whereas tumors
implanted in the mammary fat pad generate low frequency of bone colonization. These results are
in agreement with the observation that not all breast cancer cells home to bone even when the
right microenvironment is available. It might be due to a requirement that the human bone
actually contains the appropriate niches. Also, there may be problems with a graft versus graft
immune response, as the human bone and the human tumor cells are of different origin (Holen 1.
and Lawson M. A., 2014). Nevertheless, human-to-human models are becoming important as we
seek to understand the pivotal role of the bone microenvironment in the development of bone

metastases.

4. MicroRNAs

MiRs, a class of small noncoding RNAs are cell endogenous regulators of gene expression.
Within 10 years of research, we have gone from discovering the existence of miRs in mammals

to exploring their therapeutic applications in numerous diseases, including cancer.

4.1. Biosynthesis of microRNAs
MiRs are evolutionary conserved, small non-coding, single-stranded RNA molecules of
around 19-23 nucleotides in length. These miRs are predicated to regulate more than 50% of the

human protein coding genes. Mature miRs are generated via a two-step processing pathway

(Figure 8) (Lee et al., 2002).

The miR genes are first transcribed by RNA polymerase II into primary transcripts (pri-miRs) in
the nucleus. Initial cleavage is catalyzed by Drosha, a RNase III nuclease existing in
a multiprotein complex called the microprocessor, (Drosha-DGCRS8 (Pasha)), which produces

pri-miRs of around 60 nucleotides in length (Denli et al., 2004; Gregory et al., 2004). The
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resulting precursor hairpin, the pre-miR, is exported from the nucleus by Exportin-5-Ran-GTP.
In the cytoplasm, the RNase III enzyme, Dicer in complex with the double-stranded RNA-
binding protein TRBP cleaves the pre-miR hairpin to its mature length (Bernstein et al., 2001).
The functional strand of the mature miR is loaded together with Argonaute 2 (AGO2) proteins
into the RNA-induced silencing complex (RISC), where it guides RISC to silence target
messenger RNAs (mRNAs) through either mRNA cleavage, translational repression or
deadenylation, whereas the passenger strand is often degraded (Winter et al., 2009).
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Figure 8. MicroRNA biogenesis.

The primary miR transcript (pri-miR) is produced by RNA polymerase II or III and is cleaved by the microprocessor
complex Drosha—DGCRS in the nucleus. The resulting precursor hairpin, the pre-miR, is exported from the nucleus
by Exportin-5-Ran-GTP. In the cytoplasm, the RNase Dicer in complex with the double-stranded RNA-binding
protein TRBP cleaves the pre-miR hairpin to its mature form. The functional strand of the mature miR is loaded
together with Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC), where it guides RISC to
silence target mRNAs through mRNA cleavage, translational repression or deadenylation. The passenger strand is
often degraded (adapted from (Winter et al., 2009)).
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Numerous studies have uncovered highly specific miR profiles during development or
tumorigenesis. Their functions as important regulators of differentiation, proliferation, apoptosis

or metabolism are extensively studied.

4.2. MiRs discovery and first experiments
The discovery by Lee, Feinbaum and Victor Ambros, on the role of the lin-4 and lin-14
genes in temporal control of development in the model organism C. elegans has busted an era of

intense miR studies (Lee et al., 1993).

They showed that lin-4 gene does not encode a protein product, but instead gives rise to
a 61-nucleotide precursor gene that matured to a more abundant 22-nucleotide. Also, it has been
found that Lin-14 levels are inversely proportional to those of lin-4 RNA and that it is
complementary to the 3’ untranslated region (3’UTR) of the lin-14 gene. This led to the
hypothesis that lin-4 regulated LIN-14, in part, through Watson—Crick base pairing, revealing the
first miR and mRNA target interaction (van Rooij, 2011). For 7 years, lin-4 was considered an
anomaly, until the discovery of a second C. elegans miR, called let-7, which repressed lin-41, lin-
14, 1in-28, lin-42, and daf-12 expression during development (Reinhart et al., 2000). Let-7
homologs were found in many vertebrate species including humans, which lead to the finding
that miRs are evolutionarily conserved across many species and are often ubiquitously expressed

(van Rooij, 2011).

In 2002, shortly after the expression of mammalian miRs was recognized, Calin et al
showed a correlation between the loss of miR-15 and -16 and the occurrence of B-cell leukemia
(Calin et al., 2002). In 2006, the first cardiac miR-profiling study appeared, linking dysregulation
of many different miRs to cardiac remodeling in both mice and humans. Today, microarray
analysis and deep-sequencing approaches enable researchers to correlate the dysregulation of
miRs to the progression of many different diseases in both animals and humans. When such
a disease-specific miR expression signature was first characterized, researchers started
investigating whether these expressional changes were causally related to disease. Although
many in vitro studies indicated prominent and defined functions for miRs in different aspects of

cell biology, the first genetic evidence for the importance of miRs in mammals came when it was
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shown that homozygous deletion of Dicer disrupted prenatal development of the murine embryo

through its role in miR biogenesis (Yang et al., 2005).

4.3. MiR-mediated regulation of bone metastasis formation

Bone metastasis is a multi-step process involving a series of molecular events that might already
be genetically determined in primary tumours. The misexpression of miRNAs in tumour-
initiating cells might up- or down-regulate master genes that drive invasion, extravasation and
finally bone seeding of cancer cells. Besides these regulatory mechanisms within tumour cells
themselves, miRs interfere with tumour-stroma cross-talks within the bone (Ell et al., 2013). In
this way, stroma-tumour interactions may be mediated by miRNA transfer through cell-to-cell

interactions or exosomes to influence osteoclastogenesis and metastasis-related bone destruction.

4.3.1. Involvement of miRs in the early stage of metastatic dissemination

Molecular pathways underlining bone metastasis formation are regulated by multiple factors,
through the tight control of genes expressed by cancer cells interacting stroma and with cells
from the bone microenvironment. In this context, miRNAs can act as master regulators of gene
expression to control multiple aspects of bone metastasis formation, including cancer cell escape
from the primary tumour site, cancer cell dissemination to bone, invasion of the bone marrow, as
well as secondary outgrowth and tumour-stroma cell interactions (Croset et al., 2015). A small
subset of cancer cells in breast primary tumours express specific gene signatures that would be
predictive of bone metastasis (Smid et al., 2006) (Kang et al., 2003). In this respect, the
identification of miRNA and gene signatures expressed in primary carcinomas and their matching
bone metastases provide information on molecular mechanisms driving bone metastasis. It is very
likely that before patients are diagnosed with cancer, dormant disseminated tumour cells (DTC)
are already present in the bone marrow (Aguirre-Ghiso, 2007). Given this information,
dysregulated miRNAs that are associated with the early onset of bone metastasis might be
a useful clinical biomarker of the minimal residual disease in patients with cancer. Tavazoie et al.
identified human miRs that affect breast cancer metastasis to lung and bone. MiR profiling of the
MDA-MB-231 cell line was compared to its derivatives that are highly metastatic to bone and
lung. Hierarchical clustering defined a set of miRs (miR-335, -126, -206, -122a, -199*a, and -

489) whose expression was decreased in the two metastatic derivatives. Restoration of miR-335,
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miR-126, or miR-206 expression in LM2 and BoM2 cells reduced their colonizing activity in
both lung and bone when they were inoculated to mice by the intravenous route or orthotopically
(Tavazoie et al., 2008). MiR-126 suppresses tumorigenesis and metastasis, in part, through an
inhibition of tumor cell proliferation whereas miR-335 and miR-206 do not affect primary tumor
outgrowth, but reduce migratory and invasive capacities of these tumor cells. MiR-335
suppresses breast cancer cell invasion and metastasis by targeting the transcription factor SOX4
and tenascin C, proteins involved in cell adhesion. Additionally, expression levels of miR-335
and miR-126 are low in breast tumors from patients who relapse, further indicating that these

miRs act as metastasis suppressors in breast cancer.

Studies performed on human primary prostate tumors and matched bone metastasis
showed that expression levels of miR-145, -143, -33a, -100, and -508-5p were the most highly
downregulated in bone metastasis specimens. The expression levels of several miRs previously
reported as metastasis suppressors (miR-125b, 30e, c, -99a,- 20b,c, let7) were also deregulated to
a lesser extent. Ectopic expression of miR-143 and miR-145 in the aggressive and androgen-
insensitive PC-3 prostate cancer cell line reduced the migratory and invasive capacities of these
tumor cells in vitro and their propensity to metastasize to bone in vivo. Neither miR-143 nor miR-
145 interfer with the tumorigenic and metastatic properties of the hormone-responsive and
weakly-metastatic LNCaP prostate cancer cell line. Upon upregulation of these two miRs, the
expression of the mesenchymal markers fibronectin and vimentin (VIM) decreased, whereas E-
cadherin expression increased, in PC-3, but not in LNCaP cells. Further, oncogenic protein HEF1
(human enhancer of filamentation, also known as NEDD9) was shown to partially mediate miR-
145 suppression of epithelial-mesenchymal transition (EMT) and invasion (Peng et al., 2011). In
a retrospective investigation of 12 patients without bone metastasis and 10 patients with bone
metastasis the low expression levels of these two miRs were negatively correlated to bone
metastasis, the level of free prostate-specific antigen (PSA) and the Gleason score. Therefore,
miR-143 and miR-145 can be potential candidates for biomarkers in discriminating different
stages of prostate carcinomas and predicting bone metastasis.

Regarding metastasis-promoting miRs, Huang et al. found that miR-373 and miR-520c,
two miRs that share the same seed sequence, promoted cancer cell migration and invasion in
vitro and in vivo and that several cell lines required miR-373 expression in order to be invasive.

In vivo studies on SCID mice were conducted by tail-vein injection with either MCF-7 cells
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expressing miR-373 or miR-520c (miR-MCF-7) or a mutant of miR-373 (Mut-MCF-7) or
a control vector (Ctrl-MCF-7). Metastatic nodules appeared in the skull, spine and lungs in the
mice inoculated with miR-MCF-7 but not in the mice inoculated with Ctrl-MCF-7 or Mut-MCF-
7. Histological analysis showed osteolytic metastases infiltrating into the medullary bone spaces
and skull (Huang et al., 2008). Evidence of metastasis-inducing potential of miRs was reported
by Weinberg's laboratory when they identified miR-10b as being highly expressed in metastatic
breast tumors and promoting tumor cell migration and invasion. 50 % of the metastasis-positive
patients had elevated miR-10b levels in their primary tumors when compared to metastasis-free
patients. This was in agreement with the observation that miR-10b is highly expressed in
metastatic breast cancer cell lines. When miR-10b was overexpressed in otherwise non-metastatic
breast tumor cell lines, it initiated strong invasion of orthotopically implanted mammary tumors
in animals and promoted dissemination of tumor cells in the lungs. The transcription factor
TWIST directly induced miR-10b expression which, in turn, inhibited the expression of the
transcription factor homeobox D10 (HOXDI10) (Ma et al., 2007). Interestingly, Twistl is
expressed in disseminated breast cancer cells that persist in the bone marrow after chemotherapy
(Watson et al., 2007). In an experimental model of human breast cancer bone metastasis, Twist1
facilitates bone metastasis formation through a miR-10b-dependent mechanism (Croset et al.,
2014). Moreover, miR-10b could be a circulating marker of bone metastasis in regard of its high
level in serum of breast cancer patients with bone metastasis (Zhao et al., 2012).The potential of
miR-10b as target for anti-metastatic therapy has been therefore studied in an animal model of
breast cancer metastasis. MiR-10b antagomir was delivered to rapidly growing tumor cells
preventing metastasis dissemination to secondary organs without marks of cytotoxicity (Ma et al.,

2010).

4.3.2. Involvement of miRs in tumor cell homing and colonization of bone marrow

MiR-203 have an anti-metastatic role in prostate cancer progression and bone metastasis
(Saini et al., 2011). Its level in human prostate adenocarcinoma is lower than in normal adjacent
tissue. This low miR-203 expression correlates with advanced clinical-pathological stage and
high Gleason score in patients with prostate cancer. Moreover, miR-203 expression is
downregulated in prostate cancer cell lines derived from bone metastasis (PC-3, MDA-PCa-2b,

and VCaP cells). Ectopic expression of miR-203 significantly decreases the metastatic capacity
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of PC-3 cells in a mouse model of bone metastasis. The phenotype of miR-203-transfected cells
(marked morphological changes, from fibroblasts- to epithelial-like phenotype, and reduced
migration/invasion) is reminiscent of a reverse transition from an EMT to a mesenchymal-to-
epithelial state. Moreover miR-203 decreases proliferation and increases apoptosis of PC-3 cells.
MiR-203 repressed a cohort of metastatic genes including a master regulator of bone metastasis,
the bone-specific transcription factor RUNX2. Additionally, expression levels of two key
osteoblastic genes, OPN and OCN, were decreased, suggesting that miR-203 may also inhibit
osteomimetic properties of PC-3 cells. Collectively, this work identified a miR-203 regulatory
pathway that acts at multiple steps of prostate cancer progression in bone, inhibiting the
colonization of the bone marrow by prostate cancer cells. Iorio et al. performed a genome-wide
miR expression analysis in a set of normal and malignant breast tissues. They reported that the
miR-30s were expressed at higher levels in hormone-dependent (ER+/PR+) and well
differentiated breast tumors, compared with that observed in hormone-independent tumors (Iorio
et al., 2005). Moreover, they have been shown to act as tumor suppressors in anaplasic thyroid
carcinoma (Visone et al., 2007), lung (Kumarswamy et al., 2012a), prostate (Kao et al., 2013) and
breast (Zhang et al., 2013) cancers, mostly by regulating EMT. MiR-30s might play a role during
metastatic dissemination of breast carcinomas, as their expression levels was lower in lymph
node metastases versus primary tumors (Baffa et al., 2009). TGF-f is released from bone in the
microenvironment during bone resorption, and it stimulates cancer cells to produce pro-osteolytic
factors such as IL-11. Pollari et al. identified three miRs, miR-204, miR-211, and miR-379, as
potent inhibitors of TGF-B-induced IL-11 secretion. In addition, gene expression analysis showed
that miR-204 and miR-379 downregulated a set of genes involved in TGF-f signaling (Pollari et
al., 2012). MiR-33a is a tumor suppressor that target PTHrP, a potent stimulator of osteoclastic
bone resorption, in lung cancer. MiR-33a levels are inversely correlated with PTHrP expression
between human normal bronchial cell lines and lung cancer cell lines. When miR-33a expression
was restored in lung cancer cells, the production of PTHrP, IL-8 (another stimulator of
osteoclast-mediated bone resorption) and OPG decreased. Thus, low miR-33a expression
contributes to cancer-mediated bone destruction and may even predict a poor prognosis for lung
cancer patients (Kuo et al., 2013). Rho-associated kinase (ROCK) signaling plays an important
role in regulating cell morphology, adhesion, and motility. ROCK is involved in the enhanced

ability of cancer cells to detach and become motile and is highly expressed in primary breast
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tumors that give rise to metastasis. It has been shown that inhibition of ROCK activity reduces
cell migration and metastasis to bone in vivo. A downstream target of ROCK is c-myc which
facilitates the dissemination of MDA-MB-231 breast cancer cells to bone. Coupled to increased
c-myc, miR-17-92 cluster expression is increased in metastatic MDA-MB-231 breast cancer cells
in vitro and in vivo. The intratumoral administration of anti-miR-17 molecules into mice bearing
MDA-MB-231 tumor xenografts greatly repressed bone metastasis without significant effect on
primary tumor growth (Liu et al., 2009). Therefore, inhibition of ROCK/c-myc by anti-miR-17
strategy might prevent breast cancer bone metastasis. Another miR with reported oncogene role
is miR-218. It appears as an osteo-miR by controlling bone formation through the upregulation of
RUNX2 and the downregulation of Wnt signaling inhibitors (sclerostin, dickkopf-2, and secreted
frizzled-related protein2) in osteoblasts. Additionaly, miR-218 stimulates the expression of Wnt-
related proteins (bone sialoprotein and osteopontin) in metastatic breast cancer cells. Moreover,
miR-218 may facilitate MDA-MB-231 breast cancer bone metastasis by upregulating CXCR4,
a chemokine receptor supporting breast cancer cell migration to bone and mediating tumor
growth in bone (Hassan et al., 2012). Although miR-218 regulates positively the molecular
mechanisms underlying bone metastasis formation it appears as tumor suppressor in other types
of cancers (Tie et al., 2010), suggesting that its biological activity depends on the cellular
microenvironment.

Evidence that the bone is able to produce miRs that modulate the growth of DTCs has
been reported (Ono et al., 2014). There are also reports that cancer cells can modify the
microenvironment to become more favorable for metastatic tumor initiation. Conditioned media
from highly metastatic cell lines are able to induce osteoclast differentiation (EII et al., 2013).
Indeed, exposure of differentiating osteoclasts to tumor-conditioned media activates a specific
miRNA signature in osteoclasts that is partly induced by the secretion of sICAM1 by bone-
metastatic cells. This suggests that miRNAs from the tumor cells may also alter the bone
microenvironment, disrupting bone turnover.

MiRs activity in interfering with bone colonization relies on mRNA targets whose
expression is altered in bone metastasis. Uncovering the genes under the control of these miRs
and how they integrate into the bone metastatic gene interaction network will further help us
understand the disease and hopefully lead to new targeted therapies. Identifying these targets and

transferring their bone metastasis-suppressive activity from bench into clinical settings for
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predictive biomarkers and/or treatment of bone lesions is essential. The already existing miR-
based therapeutic approach to interfere cancer is an attractive one. However, it still remains
puzzling, mainly due to the large numbers of transcripts sometimes with opposing functional
consequences that could be targeted by a single miR. Therefore, the efficiency and safe delivery
of agents such as miR mimics or antagomirs to a growing metastatic tumor or to already-

established metastasis need to be further studied.

4.4. MicroRNA-30 family

4.4.1. Genomic arrangement of miR-30 family

In most multi-cellular organisms there are hundreds of miR genes. MiRs can be located
within exons, or introns of coding or non-coding transcripts. Some miR genes are intergenic and
not subject to splicing. MiRs can also be co-transcribed as part of one primary transcript in

cluster, which can be intronic or exonic (Figure 9) (Finnegan and Pasquinelli, 2013).

—,_’ O—T 1

Figure 9. MiR genomic locations.

MiR can be located within exons (A) or introns (B) of coding or non-coding transcripts. Some miR genes are
intergenic and not subject to splicing (C). Multiple miRNAs constitute miR clusters co-transcribed as part of one
primary transcript, which can be intronic (D) or exonic (not shown) as part of a coding RNA or a non-coding RNA
Blue represents non-transcribed DNA, pink represents exons, and white represents introns. Adapted from (Finnegan
et al, 2013).

53



The miR-30 family is made up of five members in human, encoded by six genes: a, b, c-1, c-2, d
and e which share a conserved seed sequence. They are encoded in the genome in three clusters:
miR-30 e and c-1 cluster together on chromosome 1 which is found within a nuclear transcription
factor Y gamma (NFYC) gene; miR-30d and b on chromosome 8 and miR-30a and c-2 cluster on
chromosome 6.

In mouse, there are six members of the family, encoded by seven genes: a, b, c-1, c-2, d, e
and f. MiR-30e, f and c-1 cluster together, like in human, in the exon of Nfyc gene, but on
chromosome 4. Mir-30d and b cluster on chromosome 15 and miR-30a and c-2 cluster on
chromosome 1.

Regarding the similarity between the members of the family, they are conserved between human

and mouse. Not a single base is changed between these two organisms (Table 3).

Mouse sequence Human sequence
30a UGUAAACAUCCUCGACUGGAAG [UGUAAACAUCCUCGACUGGAAG
30b UGUAAACAUCCUACACUCAGCU [(UGUAAACAUCCUACACUCAGCU
30c-1 UGUAAACAUCCUACACUCUCAGC [UGUAAACAUCCUACACUCUCAGC
30c-2 UGUAAACAUCCUACACUCUCAGC [UGUAAACAUCCUACACUCUCAGC
30d UGUAAACAUCCCCGACUGGAAG |UGUAAACAUCCCCGACUGGAAG
30e UGUAAACAUCCUUGACUGGAAG |UGUAAACAUCCUUGACUGGAAG

Table 3. Comparison of genomic sequences of miR-30 family members between mouse and
human.

(based on http://www.mirbase.org/ )

There is one base difference between the member a and e or d. Thus, between d and e this
difference is of 2 nucleotides. On the other hand, members b and ¢ differ in 7 or 6 nucleotides
respectively when compared to member a. The member b is of the same length, even though,

there are two deletions in its sequence. Member c is one base longer (Table 4).
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MiR-30 member Sequence Length
30a UGUAAACAUCCUCGACUGGAAG 22
30d UGUAAACAUCCCCGACUGGAAG 22
30e UGUAAACAUCCUUGACUGGAAG 22
30b UGUAAACAUCCUACACUC - - AGCU 22
30c UGUAAACAUCCUACACUCUCAGC 23

Table 4. Differences between miR-30 family members in the nucleotide sequence
Nucleotides that are different are marked in red. Deletions are marked with a hyphen.

Based on http://www.mirbase.org/

Typically, a family of miRs includes all miRs, regardless of genomic location, that share 2—7
nucleotides, called the seed sequence (Bartel, 2009). In miR-30 family, all members share the
same seed sequence 5> UGUAAAC 3°. By this sequence, miR-30 members bind to target 3’UTR
region of the mRNA based on the antisense complementarity. If the complementarity is perfect,
the target mRNA is cleaved and the miR acts as a siRNA. If the complementarity is partial, the
translation of the target mRNA is repressed (Nelson et al., 2003).

4.4.2. The biological role of miR-30 family

MiR-30 has been reported to stimulate adipogenesis (Zaragosi et al., 2011), B-cells
differentiation (Lin et al., 2011), pronephros development (Agrawal et al., 2009), endothelial cell
behavior (Bridge et al., 2012), structural changes in myocardium (Duisters et al., 2009) and
cellular senescence (Martinez et al., 2011). MiR-30s can suppress apoptosis in the heart (Li et al.,
2010), osteoblast differentiation (Wu et al., 2012) and EMT (Braun et al., 2010; Joglekar et al.,

2009; Zhang et al., 2012), a process which correlates with more invasive potential of cancer cells.

Regarding cancer disease, in the majority of reports miR-30s are described as tumor
suppressors. Reduction of miR-30s has been correlated with more invasive properties of cancer
cells. Downregulation of the family in aggressive BT-ICs (breast tumor initiating cells) results in
the maintenance of self-renewal and apoptosis inhibition in these cells (Yu et al., 2010). In this
view, miR-30a reduction may correlate with the expansion of putative BT-ICs. In addition, miR-
30d overexpression suppresses cell proliferation and induces apoptosis in renal carcinoma cells

(Wu et al., 2013). By targeting Wnt/B-catenin/BCL9 (B-cell CLL/lymphoma 9) pathway, miR-
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30s reduce tumor burden and metastatic potential in vivo in murine models of human multiple
myeloma (Zhao et al., 2014). It has been also shown that miR-30c influences the chemotherapy
resistance of breast cancer cells. In fact, by targeting twinfilin 1 (TWF1) and IL-11, a secondary
target of TWF1, miR-30c reduces chemotherapy resistance of these cells (Bockhorn et al., 2013).
MiR-30c expression correlates with endocrine therapy resistance in advanced ER-positive breast
cancer (Rodriguez-Gonzalez et al., 2011). In this study, miR-30c has been suggested as
a predictor of endocrine therapy in ER+ breast cancer. Interestingly, it has been reported that
miR-30 family members are all downregulated in both ER and PR negative tumors, suggesting
that expression of these miRs is regulated by these hormones (Iorio et al., 2005). Indeed, miR-30

have been recently shown to be dowregulated by progestins (Cochrane et al., 2012).

Despite a well-recognized role of tumor suppressor in epithelial cancer and activity to oppose
EMT and to maintain epithelial phenotype, miRs-30 has been reported as oncomir. A miR
analysis of human melanoma, a highly invasive cancer, found that miR-30b/30d upregulation
correlates positively with stage, metastatic potential, shorter time to recurrence, and reduced
overall survival. Ectopic expression of miR-30b/30d promoted the metastatic behavior of
melanoma cells by directly targeting the GalNAc transferase GALNT?7, resulted in increased
synthesis of the immunosuppressive cytokine IL-10, and reduced immune cell activation and
recruitment (Gaziel-Sovran et al., 2011). MiR-30c actually promotes the invasive phenotype of
MDA-MB-231 by a mechanism dependent on NOV gene (Dobson et al., 2014). Taking into
account the high expression of miRs-30, it is important to investigate the impact of their
dysregulation in specific tissue, pathology and cell lines. Depending of gene expression in the
considered tissues, miRs-30 would have different regulating activity. As a consequence of their
different location in genome, they may be differently regulated, especially in cancer, and this will

impact on their own regulative property.
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PART 2

EXPERIMENTAL WORK

57



1. Objective of the project

The early steps of breast cancer metastasis to bone are common to most solid tumors and
start with local tissue invasion and tumor cell escape from primary tumors. Following tumor cell
dissemination into the blood and/or lymphatic system, cancer cells that express a specific gene
signature disseminate to bone and invade the bone marrow. If they adapt to the local
microenvironment and exit the dormancy step, they may further colonize the tissue. Each of the
molecular pathways underlining these steps is regulated by multiple factors, through the tight

control of genes and their master cell endogenous regulators, the miRs.

The objective of this work is to find out if tumour-derived miRs act as endogenous regulators of
bone metastasis, in breast cancer. We have first studied miR activity in the steps of bone tropism,
bone homing and engraftment of cancer cells and subsequent osteolytic lesions of bone. We used
a model of human bone metastasis in vivo, in which a tumor cell line that highly and specifically
metastasizes to bone is injected in caudal artery. We have also studied the potential activity of
miRs-30 in breast tumorigenesis and dissemination of cancer cells, the early steps of metastasis in
a syngeneic orthotopic mouse model, based on mammary gland injection of breast cancer murine

cells.

Overall, we looked for miRs that could be prognosis and/or diagnosis markers of bone metastasis

and might represent potential therapeutic targets of the disease.
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Abstract

Breast cancer cells that escape primary tumors disseminate to bone with a high affinity at late-stage
disease. Breast tumor cells that preferentially invade bone, express a set of deregulated genes that
enhance bone tropism and facilitate bone marrow engraftment which may lead to the formation of overt
osteolytic lesions. MicroRNAs are endogenous regulators of gene expression that target bone turn-over
and pro-metastatic genes. To identify genes involved in bone metastasis, we established microRNA
transcriptomic profiling of osteotropic cell lines and identified drastic down-regulation of the miR-30
family (miRs-30), composed of miR-30a, miR-30b, miR30c, miR30d and miR30e. Induced over-expression
of miRs-30 in a breast cancer cell line that is highly and specifically metastatic to bone inhibited bone
metastasis in an experimental model of human bone metastasis, in vivo. Moreover, specific to bone,
miRs-30 inhibited osteoclasts and stimulated osteoblasts through regulation of IL-11 and WNT signaling
DKK1, respectively. Consistent with this, miRs-30 reduced expression of osteomimetic genes, ITG/3,
ITGa5, CDH11, CTGF and RunX2, and of oncogenic genes, BCL9, MTDH, NT5E, TNC and NEDD4 and
impacted negatively on tumoral invasion. In the clinic, the low expression of miR-30a-5p, miR-30d-5p
and miR-30e-5p in primary tumors from patients with breast cancer was associated with poor distant

metastasis-free survival.

In conclusion, we identified for the first time, miRs-30 as inhibitors of bone metastasis from breast

cancer which may constitute a potential therapeutic in breast cancer-induced bone lesions.
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Introduction

Breast primary carcinoma is one of the most common osteotropic tumors that spread to skeleton with
high affinity at late-stage disease (1),(2). In breast cancer, osteolytic bone metastasis lead to occurrence
of skeletal-related events, such as fractures, spinal cord compression, bone pain and disability and for
which only palliative treatments are proposed (3),(4). Tumor-induced alteration in bone homeostasis
disrupts the physiological balance between bone resorption and bone formation to promote bone
destruction (5). Once in bone marrow, tumor cells may stay in the dormancy stage for decades as
disseminated tumor cells to be reactivated, to proliferate, altering the functions of osteoclasts and
osteoblasts and hijack signals coming from the bone matrix (6). Following escape from the primary
tumor, they must express a specific gene signature to be attracted to bone, invade the bone marrow,
adapt to the local microenvironment and finally exit the dormancy step to colonize bone (7). A classical
view argues that cancer cells cumulate genetic alterations and express a specific set of genes that act
cooperatively to render them competent for bone marrow engraftment (8),(9),(10). Indeed,
transcriptional profiling of primary tumors has revealed gene signatures that correlate with metastatic
relapse, enhanced invasive phenotype, increased angiogenesis and ability to modify the bone

microenvironment (9),(11),(12).

How cancer cells are acquired into the regulatory network to lead such deregulation of gene expression
is not fully understood. In that, the endogenous small non-coding RNAs, microRNAs (miRs) are able to
post-transcriptionally regulate the expression of numerous genes and are attractive candidates to
regulate metastatic dissemination (13),(14),(15). Indeed, abnormalities in their expression confer their
properties as tumor suppressors or oncomirs, depending on the silenced cognate genes (16). Large sets
of miRs are underexpressed in tumors compared to normal tissue, whereas miR genes located in fragile
chromosomal regions are susceptible to amplification or deletion, often promoting tumorigenesis and
metastatic dissemination (17). Insight into the molecular mechanisms of cancer cell dissemination to
tissues has been obtained through associations between miR expression in primary tumor and

metastasis with the involvement of specifically cognate genes during metastasis formation (18),(19).

Here we asked whether miRs are involved in bone metastasis formation and progression in breast
cancer, and whether modulation of their expression might regulate specific steps of bone metastasis.
Comparative expression of miRs in human breast cancer cell lines, MDA-MB-231 (non-osteotropic),
MDA-B02 (an osteotropic subpopulation of MDA-MB-231) and micrometastases from bone marrow

aspirate (BC-M1) identified the miR-30 family (miRs-30) as being down-regulated in osteotropic cell lines,

61



MDA-B02 and BC-M1. Screening for miRs-30 gene targets in predictive databases identified gene sets
that are associated to tumor cell invasiveness, bone homing and colonization as well as bone physiology.
Therefore, we have studied the role of mirs-30 in bone metastasis using a murine pre-clinical model of

these metastasis.
Materials and Methods
Cell lines and cell culture

The human MDA-B02 cell line (MDA-B02) is a subpopulation of the MDA-MB-231 breast cancer cell line
that was selected for the high efficiency with which it metastasizes to bone in animals (20). These cell
lines were authenticated using short tandem repeat analysis. Human breast cancer lines, MDA-MB-231,
Hs578T, T47-D, MCF-7, BT-474, ZR-751 and SK-BR were obtained from the American Type Culture
Collection. MDA-MB-231 and MDA-B02 were cultured in 1 g/L glucose DMEM supplemented with 10%
FBS and Hs578T in the same medium supplemented with 0.2 Units/mL of bovine insulin. ZR-751 was
cultured in RPMI 1640, 10% FBS, MCF-7 and T47-D in the same medium supplemented with 0.2 Units/mL
insulin. SK-BR3 was cultured in ATCC-formulated McCoy’S medium modified, 10% FBS. BT-474 was
cultured in ATCC Hybri-Care medium supplemented with 1 g/L sodium bicarbonate and 10% FBS. BC-M1,
a cell line immortalized with DNA encoding for SV40 large T antigen, is a GO state dormant DTC, obtained
from bone marrow aspirate of a breast cancer patient with no signs of metastasis at time ((21). This cell
line was cultured in RPMI 1640, supplemented with 1X IST (Insulin, Selenium, Transferin, Gibco), 50
ng/mL epidermal growth factor, 10 ng/mL human basic fibroblast growth factor (Mylenyi Biotec) and
10% FBS.

Cell transduction and transfection

MDA-B02 was transduced using the amphotropic retroviral packaging system (ClonTech Laboratories,
Takara Bio Company, CA, USA). Briefly, GP2-293 cell line which has the viral gag and pol genes
incorporated in its genome were transfected with the pantropic VSV-G envelope vector and the
retroviral pmiR-Vec vector (kindly provided by Dr R. Agami, The Netherlands Cancer Institute,
Amsterdam). Virus particles were collected at 72h after transfection, filtered and used to transduce the

recipient cells in presence of 8 ug/mL polyprene. Vector transduced cells were selected with blasticidine.

Transient overexpression or downregulation of miRs-30 in MDA-B02 and MDA-MB-231 was achieved by

transfecting the cells with chemically modified double-stranded RNAs that mimic endogenous miRs
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(miRNA-mimics, Applied BioSystems) or chemically modified single-stranded RNA molecules designed to
specifically inhibit endogenous miRs (miRNA-inhibitors, Applied BioSystems). Both cell lines were
transfected with 10nM of each miR-30s mimics or antagonist sequences or with 50 nM of negative
scramble controls (Applied BioSystems). These oligonucleotides were incubated with 10° cells in
appropriated medium, in the presence of HiPerFect transfection reagent (Qiagen, courtabeuf, France)
for 30 min at 37°C in a 5% CO, incubator, prior to cell plating. Transfected cells were then grown in
culture for 72 hours before cell assays. The efficiency of oligonucleotide delivery into these tumor cells
was assessed using cell transfection with Alexa-fluor488-conjugated oligonucleotides followed by flow
cytometry analysis of fluorescently-labelled transfected cells. MDA-BO2 and MDA-MB-231 were

transfected with Psicheck2 reporter vector (Promega) using Calcium Phosphate transfection Kit (Sigma).
Plasmid construct

pLentiVectors containing genomic sequence of miR-30b, miR-30d, miR-30b-d, miR-30c-b and miR-30e-b-
c-d-a were constructed by inserting the PCR amplified miR-30 genomic DNA into the Hindlll/EcoRlI
multiple cloning site (MCS) from PmiRVec. Genomic DNA was extracted from MDA-MB-231 with
NucleoSpin® Tissue kit (Macherey-Nagel, Duren, Germany) and used as template PCR in presence of
appropriate primers to generate PCR products (Supplementary methods S1). The 364-base pair of CDH11
ORF containing mir-30 sequence was amplified from genomic MDA-MB-231 by PCR, using appropriate

primers and cloned into the psicheck-2 dual luciferase reporter Vector (Supplementary methods S2).
Real-time RT-PCR

Total RNA from human breast tumor cells was extracted using the Nucleospin RNA kit based on RNA
adsorption on silica membranes, further treated by rDNAse (Macherey Nagel, Duren). cDNA was
produced from 1 pg total RNA using the iScript cDNA Synthesis Kit (Bio Rad). Real-time quantitative
PCR reactions were performed using a SYBR Green gPCR kit (Qiagen, Courtabeuf, France) on
Mastercycler RealPlex (Eppendorf GmbH, Wesseling, Germany). Relative gene expression levels
were normalized according to the Ct value of the gene encoding the ribosomal protein L32 and

results were expressed as fold differences equal to 2742,

Analysis of miRNA expression

Tagman microRNA assays (Applied Biosystems, Life Technologies) were used to quantify miR levels and

RNU48 levels after extraction by cell homogenization in Qiazol reagent followed by extraction on silica
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column (miRNeasy Micro Kit, Qiagen) (22). Ten (10) ng of total RNA were reverse-transcribed using the
MultiScribe reverse transcriptase and 50 nM stem-loop RT primers specific for miR and the endogenous
control RNU48. Mature miRNAs were amplified using the TagMan 2X universal PCR Master Mix and
levels were expressed as fold differences equal to 24", Analysis of miR expression in primary breast
tumors was performed on TagMan 96 wells custom plates after multiplexed reverse transcription (RT)
(Supplementary methods S3A). MiR profiling of breast cancer cell lines was performed by real-time PCR
on TagMan® Low Density Array Human MicroRNA Panels A and B (Applied BioSystems) (Supplementary
methods S3B).

Cell invasion assay

Experiments were conducted in 24-well cell culture plates with 8-um diameter pore-size inserts,
previously coated with 100 pl basement membrane Matrigel (0.3 mg/mL), as previously described (22).
MDA-B02, MDA-MB-231 transfectants and control (1.6 x 10° cells/mL) were re-suspended in culture
medium containing 0.1% (w/v) bovine serum albumin and 300 uL of this cell suspension were loaded into
each insert (upper chamber). The chemoattractant (10% (v/v) FBS) was placed in the lower chamber
(750 uL/well). After a 24-h incubation at 37°C in a 5% CO, incubator, inserts were collected, the non-
invading cells were removed and the invading cells on the under surface of the inserts were fixed and

stained with crystal violet. Cells were then counted under microscope.
Cell enumeration assay

Cell growth curves were done after seeding the cells (10* per well) into 12-well plates and cultured them
up to 96h. Cells were harvested at various time points following trypsinization and single-cell
suspensions were then counted by the True Volumetric Absolute Counting technique of flow cytometry

(Partec Instruments).

Flow-cytofluorimetic analysis

Cells (10° cells in 500pL PBS supplemented with 1% BSA) were stained with a phycoerythrin-conjugated
human anti-CD24 or a fluoroscein-isothiocyanate-conjugated human anti-CD44 monoclonal antibody (BD
Biosciences). Stained cells were then immediately analyzed by flow cytometry (Canto I, Becton
Dickinson). Aldehyde Dehydrogenase (ALDH) activity was performed with ALDEFLUOR™ reagent kit
(STEMCELL Technologies) in which specific ALDH activity was obtained by monitoring fluorescence of an

ALDH substrate retained in cells.
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Osteoclastogenesis assay

Experiments were conducted as described previously (23),(22), with minor modifications. Briefly, murine
bone marrow cells were cultured in a-MEM medium containing 10% (v/v) fetal calf serum supplemented
with M-CSF (20 ng/mL) and RANK-L (30 ng/mL), in the presence of conditioned medium from
transfectants (20 ug/mL). A low concentration of RANKL was chosen in this study in order to maximize
potential differences between conditioned media from MDA-B02 cell transfectants. Conditioned media
were prepared from transfected cells cultured for 72h prior to replacement of complete medium by
medium supplemented by 0.1% FBS. 72h later, media were harvested, centrifuged, filtered on 0.2 um
filter and aliquoted for conservation at -80°C. After 7 days, mature osteoclasts were enumerated under
a microscope on the basis of the number of nuclei (three nuclei) and TRAP activity. Results were
expressed as the number of osteoclasts per well. The expression of genes involved in osteoclast
differentiation and activity was analysed by RT-qPCR, as previously described, after RNA extraction with

RNA easy microKit (Qiagen) (22).
Osteoblastogenesis assay

MC3T3-E1 were seeded in 12 well plates (10° cells/well) and cultured in oMEM medium, 10% FBS,
supplemented with 50 ug/mL ascorbic acid from day 1 and 10 mM B-glycero-phosphate from day 8 to
induce differentiation, during 21 days (24). Conditioned media, prepared as above, were incubated (25
ug/mL protein) with the cells two days after plating and changing medium every two days, until the end
of experiment. Wells were washed with PBS and either further stained by modified Von Kossa to
visualize mineralization, either harvested in lysis buffer for RNA extraction. MC3T3-E1 was also
transiently transduced by equimolar concentrations of each miR-30 mimic (10 nM each) or
corresponding control (50 nM) (Applied BioSystems) by incubating the cells in suspension with

oligonucleotides in the presence of HiPerfect (Qiagen) for 30 min at 37°C prior to plating.
Western blotting

Total protein cell extracts were lysed in RIPA buffer (Sigma) containing a protease cocktail inhibitor
(Roche). Protein cell extracts were electrophoresed on a 4-12% gradient SDS-polyacrylamide gel (Life
technologies), then transferred onto nitrocellulose membranes (Millipore, Billerica, MA) and proteins
were probed with a primary antibody against CDH11 (1/2,000 dilution) (Human Cadherin-11 Polyclonal
Ab, Goat IgG, R&D Systems, MN, USA) or B-tubulin (Cl B-512, 1/5,000 dilution; Sigma), according to
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manufacturers’ instructions. After incubation with primary antibodies, membranes were incubated with
horseradish peroxide (HRP)-conjugated donkey anti-rabbit and anti-mouse secondary antibodies
(Amersham; 1/2,000 dilution), and immunostaining was performed with enhanced chemiluminescence

(ECL) detection system (Perkin Elmer).
Animals

Four-week-old female BALB/c nude mice were purchased from Janvier Laboratories. All procedures
involving animals, including housing and care, the method by which they were sacrified, and
experimental protocols, were conducted in accordance with a code of practice established by the local

ethical committee (CREEA: comite Regionale d'Ethique pour I'Expérimentation Animale).

Animal studies

Tumor xenograft experiments were conducted, as previously described (25),(22). Four-week-old female
Balbc nude mice were subcutaneously inoculated on both flanks with MDA-B02 transfectants (10° cells in
50-uL PBS), respectively. Tumor size was calculated by external measurement of the width (m,) and
length (m,) of tumor xenografts using a Vernier caliper. Tumor volume (TV) was calculated using the
equation TV = (my°xm,)/2. At the end of the protocols, mice were sacrificed and tumors collected, then

prepared for immunohistochemistry.

Bone metastasis experiments were conducted in female Balb/c nude mice, as described previously (22).
Doxycycline-treated or untreated transfectants (5 x 10° cells in 100-pL PBS) were injected into the tail
artery of anesthetized nude mice. Radiographs of anesthesized animals were taken weekly with the use
of MIN-R2000 films (Kodak, Rochester, NY) in an MX-20 cabinet X-ray system (Faxitron X-ray
Corporation, Wheeling, IL). Osteolytic lesions were identified on radiographs as radiolucent lesions in the
bone. The area of osteolytic lesions was measured using a computerized image analysis system, and the
extent of bone destruction per leg was expressed in square millimeters. For measurement of skeletal
tumor burden, bioluminescence imaging of animals was performed weekly using the Nightowl imaging
system (Berthold, Germany), as previously described (26). On day 32 after tumor cell inoculation,
anesthetized mice were sacrificed by cervical dislocation after radiography and bioluminescence

imaging.
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Bone histology, histomorphometry and immunohistochemistry

Bone histology and histomorphometric analysis of bone tissue sections were performed as previously
described (22). Histomorphometric measurements [bone volume (BV)/tissue volume (TV) and tumor
volume (TuV)/soft tissue volume (STV) ratios] were performed in a standard zone of the tibial
metaphysis, situated at 0.5 mm from the growth plate, including cortical and trabecular bone. The BV/TV
ratio represents the percentage of bone tissue. The TuV/STV ratio represents the percentage of tumor
tissue. The in situ detection of osteoclasts was performed on tartrate-resistant acid phosphatase (TRAP)-
stained longitudinal paraffin-embedded medial sections of tibial metaphysis with the use of
a commercial kit (Sigma). Osteoclast resorption surface was calculated as the ratio of TRAP-positive

trabecular bone surface to the total trabecular bone surface at the tumor-bone interface.

For immunohistochemistry, tumor sections were incubated with a mouse anti-human Ki-67 monoclonal
antibody (DakoCytomation) or a rabbit polyclonal anti-CD31 antibody (AnaSpec) that specifically
recognize proliferative cells and blood vessels, respectively. The mitotic index and tumor microvessel

density were quantified, as previously described (22).
Breast cancer cohort of patients

In the cohort, patients (n = 120) were selected according to the following criteria: primary breast tumor
without inflammatory features and no previous treatment (27). Breast cancer tissue biopsies were
obtained from surgery, selected by the pathologist, and immediately stored in liquid nitrogen until
processing. The biopsies were pulverized using a MikroDismembrator (B.Braun Biotech International),
and total RNA was extracted using TRI Reagent (Sigma). RNA quality was verified using an Agilent

Bioanalyser 2100 (Agilent Technologies) (27).
Transcriptomic profiling of breast cancer metastasis

The transcriptomic profiles of 80 breast cancer metastases including 21 bones, 24 lung, 23 brain, 10 liver
and 2 skin metastases were compared in silico using two publically available data sets : the Gene
Expression Omnibus, under IDs GSE11078 (MSK) and GSE14020 (Institut Curie). A class comparison was
conducted based on univariate t test, with a stringent p value of 10 to identify genes differentially
expressed by the bone and non-bone metastatic lesions. A filtering criteria (p< 10™, fold change > 1.5

was applied to remove poorly expressed genes in normal bones as compared to normal breast.
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Statistical Analysis

All data were analyzed using GraphPad Prism 5 software (version5.2; GraphPad Software, San Diego).
Pairwise comparisons were carried out by performing nonparametric Mann-Whitney U test, one-way
ANOVA, post-hoc Bonferroni test and Student t-test, as indicated in figures and tables. P-values less than

0.05 were considered statistically significant. All statistical tests were two-sided.
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Results and discussion

Identification of microRNAs that are deregulated in osteotropic breast cancer cell lines

To identify human miRs that may interfere with breast cancer metastasis to bone, we first performed
miR profiling of human breast cancer cell lines with different affinities for bone. MDA-B02, a sub-variant
of the parental MDA-MB-231 breast cancer cell line is highly and specifically metastatic to bone (20). We
also analyzed miR expression in BC-M1, a human breast cancer cell line obtained from bone marrow
aspirates of a breast cancer patient with no signs of metastasis at time of surgery (21). The expression of
152 miRs was identified to be significantly differentially expressed between the three cell lines (Fig S1).
Hierarchical clustering of normalized miR expression levels for the 27 miRs that displayed the highest
coefficient of variation between cell lines show that a large set of miRs was under-expressed in the two
osteotropic cell lines (Fig 1A). The expression of miR-222, miR-125a-3p, miR-145, miR-34a, miR-146a,
miR-146b, miR-10b was down-regulated in MDA-B02 but was up-regulated in BC-M1. Such an inverse
miR regulation is probably related to a difference in BC-M1 phenotype since these cells are disseminated
tumor cells in dormant GO-phase with a low proliferative index. A set of 20 miRs, previously reported as
suppressors of breast cancer metastatic dissemination to organs including bone (such as miR-335, miR-
206) (14), were down-regulated in both osteotropic cell lines. The tumor suppressor and EMT repressor,
miR-200a, b, ¢ and miR-429 cluster, were strongly down-regulated in MDA-B02 and BC-M1 (28). These
data were associated with (1) positive and negative expression of cancer stem cells markers CD44 and
CD24, respectively, as well as ALDH activity; (2) up-regulation of EMT-transcription factors Zeb1, 2 and

snaill, 2; and (3) modulation of EMT-associated genes in the two osteotropic cell lines (Fig. S2A, C,D,E).

Both osteotropic cell lines expressed low levesl of miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30d-5p and
miR-30e-5p, in accord with the property of miRs-30 which is involved in EMT switching in several solid
tumors and metastatic dissemination (Fig. 1A, 1B) (29),(30). Although the genomic locus of the five miR-
30s are located on three different chromosomes, they share a similar decreased expression pattern,
suggesting a regulatory mechanism at the transcriptional level independent of chromosomal copy
number alterations. RT-gPCR analysis confirmed differential expression of the miRs-30 expression and
revealed that the complementary sequence excised from the opposite strand of the hairpin precursors,
miR-30a-3p, miR-30d-3p and miR-30e-3p (but not miR-30b-3p and miR-30c-3p; currently named miR-
30*) were also down-regulated in MDA-B02 and BC-M1 (Fig 1B). The low expression of miR-200 cluster

and miRs-30 in osteotropic cell lines was explained with the down-regulation of the tumor suppressor
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Dicer, a miRNA biogenesis enzyme, in agreement with the fact that these cells have undergone EMT to
escape the primary tumor before reaching and invading the bone marrow, prior to isolation (Fig S2B)
(31) (32). To gain insight into the functional consequences of miRs-30 expression, we investigated the
expression levels of the five miR-30s-5p in breast cancer cell lines isolated from primary tumor sub-types
that have different tumorigenic and metastatic properties in mice models (Fig S3). Basal tumors are
aggressive in terms of metastatic dissemination, difficult to treat and of a general poor prognosis. The
basal claudin-low subtypes (MDA-MB-231, MDA-B02 and BC-M1 and Hs578T) expressed all five miR-30s-
5p at low levels, in contrast they were highly abundant in hormone responsive luminal A (T47D, MCF-7)

and luminal B (BT-474, ZR-75) subtypes, and in non-hormone responsive but HER* subtype (SK-BR3).

MicroRNA-30 family targets genes involved in metastatic dissemination and bone physiopathology,

supporting its activity in vivo to reduce experimental bone metastasis in mice

To find out if miRs-30 may be involved in bone metastasis regulation, we performed an in-silico analysis
of mirs-30 target genes by searching databases MiRWalk, Microcosm, TargetScan and Pictar. We
highlighted numerous genes that are either only predicted in-silico but also genes that are already
experimentally validated (Table S1). Briefly, miRs-30 target several genes involved in tumorogenesis, cell
survival, adhesion, invasion, ECM and finally bone physiology, making this miR family a good candidate to
interfer with bone metastasis. Therefore, to experimentally validate the activity of miRs-30-targeted
genes in bone metastasis, MDA-B02 was transduced by the lentiviral vector pmiRVec containing different
combinations of the five miR-30 genomic sequences down-stream of CMV promoter. The genomic
sequences of miR-30d-5p and miR-30b-5p were individually inserted in pmiRVec and also as a tandem
sequence since they are located in a chromosome cluster. A third construct was obtained by the tandem
insertion of genomic sequences of the 5 miR-30 in pmiRVec. The genomic sequences of miR-30c-5p and
miR-30b-5p, the complementary sequences -3p of which is not expressed in MDA-B02, were similarly
inserted into pmiRVec. Transduction by miR-30d and miR-30b genomic sequences induced a 17- and 6.2-
fold increase of miR-30d and miR-30b, respectively when compared to endogenous levels. The lower
enrichment of miR-30b compared to miR-30d reflects the higher endogenous level of miR-30b versus
miR-30d. MDA-BO2 transduction by pmiRVec-30d-b, pmiRVec-30c-b and/or pmiRVec-30e-c-d-b-a
resulted in significantly enriched levels of each miR present in the construct (Fig 2). However, miR
expression in tandem or as the complete family reduced the enrichment of each miR-30, compared to
the level obtained after transduction with a single miR genomic sequence, probably due to the

saturation of the RISC complex. A lower enrichment level obtained with miR-30b-5p reflects the higher
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endogenous level of miR-30b versus miR-30d (Fig 2). Endogenous levels of the poorly expressed miR-335,
the moderately expressed miR-152 and the highly expressed miR-21 were not modified by the

transduction (not shown).

The activity of miR-30s-5p on bone metastasis development was investigated in a mice model of bone
metastasis, in which bone seeking MDA-B02 cells were injected into the arterial circulation to mimic
circulating breast tumor cells that invade the bone marrow and subsequently form overt osteolytic
lesions. Restoring the expression of miRs-30 in MDA-B02 wild type (MDA-B02-wt) decreased the bone
metastasis formation in mice irrespective of the miR-30 genomic sequence used to transduce the cells
(Table 1). X-ray and histomorphometric analyses showed that mice bearing MDA-B02-wt tumors
developed osteolytic lesions that were not significantly different than those of mice bearing MDA-BO2-
pmiRVec, whereas mice inoculated with MDA—B02-pmiR30d-b developed smaller osteolytic lesions (Fig
3A-E). Specifically, skeletal tumor outgrowth and bone destruction in metastatic animals were both
markedly decreased by the increase of miR-30d and miR-30b levels in cells (Fig 3D,E,G). The inhibitory
effect of miRs-30 on tumor-induced bone destruction was confirmed by the significant increase of BV/TV
ratio in tibias from mice injected with MDA-B02-pmiRs-30e-c-d-b-a (11.9% 2.4 vs 26.6% +2.7 P<0.01).
This was associated with a decrease in TB/TV ratio (45.2%%5.4 vs 21.7%%6.1 P<0.01) and a decrease of
TRAP-positive osteoclast surface at the bone/tumor cell interface (77.4%+8.1 vs 41.7%+16.5 P<0.05)
(Table 1). The miR-5p sequences and not the complementary sequences excised from the opposite
strand of the hairpin precursors appear to specifically inhibit bone metastasis, since MDA-B02-pmiR30c-b
(in which only 5p strands are expressed) also repressed bone destruction and tumor burden in mice
tibias (Table 1). Bioluminescence quantification of bone metastasis revealed that cell enrichment with
miR-30d-b repressed the tumor burden in legs, suggesting that miR-30s-5p negatively interfere with
circulating tumor cell homing and/or extravasation and bone marrow engraftment (Fig 3C,F). We showed
here that miRs-30 negatively affects the vicious cycle by repressing the tumor burden which in turn

decreases osteoclast activity and bone destruction.
MIiR-30s-5p regulate osteoclastogenesis and osteoblastogenesis in MDA-B02

Tumor-induced stimulatory effects on bone destruction were attenuated in hind limbs from mice
inoculated with MDA-BO2-miRs-30 (Table 1). The overall TRAP staining and the ratio of TRAP staining
surfaces over bone surfaces at the tumor-bone interface were significantly decreased in decalcified bone
tissue sections from these animals. This indicates a decrease in global bone destruction associated with

a reduced tumor burden and with a lower osteoclast activity in mice bearing MDA-B02-miRs-30. Activity
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of the five miR-30-5p on osteoclastogenesis were assessed after transfection of MDA-B02 by a mix of the
five miR-30s-5p at equimolar concentrations (MDA-BO2-miR-30a,b,c,d,e) and by equivalent
concentrations of a miR scramble control sequence (MDA-B02-miR-Ctrl). The treatment of primary
mouse bone marrow cell cultures in presence of RANKL and M-CSF together with conditional media from
MDA-BO2-miR-30a,b,c,d,e decreased the formation of TRAP* multinucleated osteoclasts compared with
that observed with the conditional medium of MDA-B02-miR-Ctrl (Fig 4A). The ability of mir-30s-5p to
decrease osteoclast number was accompanied with lower expression of Trap (a marker associated with
osteoclast differentiation) and inhibition of Ctsk (a gene encoding for cathepsin K, an osteoclast-derived

cysteine protease enabling degradation of the collagenous matrix) (Fig 4B).

We next investigated the molecular inhibitory effect of miRs-30-5p on osteoclastogenesis. We first
hypothesized that miRs-30 released in conditional media did not have a major impact on genes
expressed by mouse bone marrow cells, in regard of very low amounts detected in conditional media
(not shown). Rather, miR-30s might directly and/or indirectly modulate gene expression in MDA-B02.
MiR-30c-5p has been reported as a human breast tumor prognosis marker that plays a role in
chemoresistance by a direct targeting of TWF1, a gene encoding for an actin-binding protein that
stimulates IL-11 as a secondary target of miR-30c signaling pathway (33). ELISA measurement of
Interleukin levels in conditional medium showed a significant decrease of IL-11 and IL-8 in MDA-BO2-
miR-30a,b,c,d,e conditional medium whereas IL-6 and IL-18 levels were not affected (not shown). This
was consistent with the significant decrease in levels of /L-11, IL[-8 and TWF1 in MDA-B02 at the
transcriptional level (Fig 4C,D,E). Thus, miR-30s-5p interfere negatively in the vicious cycle by decreasing
II-11 and II-8 that in turn decrease osteoclast formation and contribute to attenuate the osteolytic

lesions induced by breast tumor cells in mice bone marrow (5).

MiR-30s-5p have been described as negative regulators of osteoblast differentiation (34). Therefore, we
next investigated whether tumoral miRs-30 may affect osteoblastogenesis. Incubation of conditional
medium from MDA-B02-miR-30s with MC3T3-E1 osteoblast cells shown that miRs-30 reversed the
inhibition of osteoblast differentiation and mineralization induced by MDA-B02 conditional media from
MDA-BO02 (Fig 4F) and increased ALP and OCN expression in MC3T3-E1 (Fig 4l). In accordance with this
observation, conditional medium from MDA-MB-231 cells transfected with a mix of equimolar
concentrations of the five mir-30 antagomirs did not reverse osteoblast differentiation and
mineralization induced by conditional medium from MDA-MB-231, but increased osteoblast inhibition

(Fig 4G). Previous data showed that miRs-30 negatively regulates BMP-2-induced osteogenic
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differentiation of MC3T3-E1, by direct targeting of smad1 and RunX2 (35). Further, miR-30a and miR-30d
are down-regulated during BMP-2-induced osteogenesis of C2C12 mesenchymal cells (34). Consistent
with these previous results, we observed a strong inhibition of osteoblastogenesis in MC3T3-E1
transfected with miRs-30 (Fig 4H). Thus, we deduced that miRs-30-induced osteoblastogenesis
stimulation resulted from modulation of MDA-B02 target genes. This tumor-induced stimulation of
osteoblastogenesis was efficient enough to uncover direct miR-30s inhibition of MC3T3-E1
differentiation. Indeed inhibition of DKK-1, but not of other Wnt inhibitors such as SOST and NOGGIN, in
MDA-B02, explains the pro-osteoblastic effect of tumoral miRs-30 (Fig 4J-L). This was observed at high as
well as lower miRs-30 levels in MDA-BO2. Overall, we conclude that miRs-30 interfere negatively with
the vicious cycle induced by MDA-B02 in the mice bone microenvironment by regulating positively pro-

osteoblastic genes and inhibiting pro-osteoclastogenic genes.
Stable over-expression of miRs-30 reduces tumorigenesis and invasion of MDA-B02

In order to decipher bone metastasis regulation by miRs-30, we used a xenograft mice model in which
mice were implanted subcutaneously with MDA-B02-pmiRVec and with MDA-B02-pmiR30d-b to
determine whether miR-30 would affect tumor take, tumor growth and angiogenesis. Tumor progression
did not differ between groups until 35 days after inoculation, indicating that miR-30d and b did not
interfere with tumor take. However, MDA-B02-pmiR30d-b grew more slowly after this time until
sacrifice, resulting in a significantly lower tumor burden (Fig 5A-B). In regards to large necrotic areas in
tumors, the number of Ki-67" cells and of microvessels labeled by endothelial cell marker CD31, was
measured at the edge of tumors (Fig 4C-F). Significant decrease of CD31 and of proliferative Ki-67 index
in MDA-B02-pmiR30d-b tumors suggested that miR-30 decreased tumor neovascularization, a necessary
event for growth and invasiveness of cancer cells, and impact negatively on tumor growth (Fig 5A-F).
Indeed, previous works have reported that CTGF, a pro-angiogenic factor mediates local angiogenesis
induced by breast cancer cells and stimulates bone osteolytic lesions in mice inoculated with osteotropic
breast cancer cells (36). CTGF expression is down-regulated by miR-30c at the 3’UTR level, in
a myocardiac matrix remodeling (37). Similarly, some members of miRs-30 were reported as negative
regulators of invasion and metastatic dissemination in several solid cancers by targeting genes involved
in EMT, such as SNA/1 (38) and ERG (39), and in breast cancer cell invasiveness, such as MTDH (40), VIM
(30), and TWF1 (33). Therefore, we analyzed proliferation and invasion of MDA-B02-pmiR30d-b in vitro.
Growth curves were monitored after MDA-B02 low seeding. Mir-30d and miR-30b had no effect on

MDA-B02 growth rates but markedly decreased cell invasion in plates coated with basement membrane
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Matrigel (Fig 6A,B). The growth rates of MDA-BO2pmiR-30e,c,d,b,a in the same seeding conditions were
not altered (not shown). The absence of miRs-30 modulation on proliferation is consistent with our
finding in xenograft tumors in which the decrease in angiogenesis and invasiveness would account for
decrease in proliferative index. MiR-30a has been reported as suppressing breast tumor growth and
breast cancer cell lines in vitro (40). This discrepancy might be attributed to a difference in targeted
genes. According to most of predictive algorithms, the five miRNAs sharing the same seed sequence,
they supposedly target the same genes, although differences in nucleotide sequences on 5’, 3’ sides may
also modulated miR activity. Eguchi et al (41) have reported that among osteomiRs, miRs-30 could be
classified into miR-30b-c and miR-30a-d-e on the basis of their mature structures, of their targets and
also expression pattern during osteogenesis. In our work, by extending the invasiveness study to MDA-
BO2-miR-30e-d-c-b-a and MDA-B02-30b-c, we showed that the inhibition of invasion was quite

comparable within cell lines (Fig 6C-D).
MiR-30s-5p mimics reduce invasion of MDA-B02 and MDA-MB-231 cells

To exclude the possibility that the modification observed in cell invasiveness may be due to nonspecific
assay of the forced expression by transduction, such as saturation of tmiR machinery, cells were
transfected with equimolar amounts of chemically-stabilized mature sequences of the five miR-30s (miR-
30 mimics, or miR-30 antagomirs). The use of miRNA mimics also rule out the possible involvement of
miR-30s-3p in regulation of MDA-B02 invasiveness, due to antisense strands (-3p). It also permits
a roughly similar, since randomized cell content of each miR-30-5p. Treatment with miRNA mimics
inhibited the invasion of MDA-B02 and MDA-MB-231 cells through Matrigel compared to cells
transfected with a scramble miR sequence as control (Fig 6E-F). Surprisingly, antagonizing the miRs-30
activity did not affect invasion in either cell lines. qRT-PCR analysis revealed profound elevated
expression of each miR-30 after mimic transfection (Fig S4A), whereas miR-30 expression was
moderately repressed by antagonists that might explain lack of effect on invasion (Fig S4B). We next
studied the expression of genes down-regulated by miR-30-5p which may interfere with breast cancer

cell angiogenesis and invasiveness and in turn act as negative regulators of bone metastasis.
MiR-30s-5p modulate bone metastasis by targeting osteomimicry

We (20) and others (42),(43) have established bone seeking clones by the selection of human breast
cancer cell lines from the parental MDA-MB-231 cells that spread and thrive in organs without

selectivity. MDA-B0O2 express sets of deregulated genes, involved in bone homing, adhesion, invasion and
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osteogenesis, that act cooperatively to form osteolytic bone lesions. Transcriptomic analysis has shown
that MDA-B02 acquired selective properties to adhere to the bone surface, as well as to adapt and grow
in the bone marrow by expressing a pseudo-bone cell phenotype through a process called osteomimicry
(44). Here, we report that the expression of genes encoding for bone homing proteins, ITGf3, ITGa5 and
CDH11 was down-regulated by miRs-30 (Fig 7A). ITGP3 has been experimentally validated as a miRs-30
target in breast-tumor-initiating cells contributing to an anti-tumorigenic and anti-metastatic effect in
these cells (see table S1). ITGPB3 is part of the ovP3 integrin, an adhesion receptor expressed by breast
cancer cells and osteoclasts that increases tumor cell invasion and osteoclast-mediated bone resorption.
Inoculation of awvp3-overexpressing MDA-MB-231 breast cancer cells in mice increases bone metastasis
incidence and promotes both skeletal tumor burden and bone destruction (45). Expression of ITGo5 was
inhibited in MDA-B02 transduced by miRs-30 genomic sequences (Fig 7A), presumably through the 8-
mer target sequence at position 206 of 3’UTR. Binding of integrin o531 to its ligand fibronectin promotes
the survival of dormant breast cancer cells in the bone marrow (46). MiRs-30 strongly decreased
transcriptional and protein expression of cadherinll in MDA-BO2 that highly express this adhesion
molecule compared to parental cells (Fig 7A, Fig S5A,E) and (Fig S5C,E). We described the presence of
a conserved 8-mer site at position 16 of CDH11 ORF that matches the seed region of each miR-30-5p,
and was experimentally validated by luciferase reporter assay (Fig S5F). This site is well conserved
through evolution and presents the highest free energy of -17.1 Kcal/mol for miR-30d and CDH11 coding
sequence (Fig S5B,C). CDH11 is known to stimulate breast cancer bone metastasis. Indeed,
overexpression of CDH11 in MDA-MB-231 enhances bone, but not lung metastasis by promoting cell
homing and early colonization of the bone marrow as well as osteoclastic bone resorption induced by
PTH-rP (43). In our model of bone metastasis, miRs-30 that negatively regulated the adhesion molecule

cadherinll appears as a metastatic suppressor in bone.

Moreover, we found that CTGF and RUNX2, two proteins involved in osteogenesis and bone
physiopathology, and that are already experimentally validated miRs-30 targets (see table S1), were
down-regulated in MDA-B02-miR-30s (Fig 7). CTGF, a cysteine-rich secretory protein belonging to the
CCN family and a mediator of local angiogenesis induced by breast cancers, is strongly expressed in
MDA-B02 and BC-M1 (not shown). This follows from the pioneer work of Kang and al. (9), which
reported that CTGF contributes to bone metastasis and converts low-metastatic breast cancer cells to
become highly metastatic, while Shimo et al. have shown that osteolytic metastasis of breast cancer

bone-seeking variant was inhibited by an anti-CTGF antibody (36). The miRs-30s induced decrease in
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CD31 tumors from mice xenograft model may be sustained by the negative regulation of CTGF that in
turn modulate negatively invasion and tumor growth. In this, miR-30s may reduce tumor burden in

metastatic bone.

Based on immunoblot measurements and luciferase reporter binding assays, the master regulator of
osteogenesis RUNX2 has been previously shown to be a direct target of miRs-30 in osteoblasts and
chondrocytes (see Table S1). RUNX2 expression by breast cancer cells through osteomimicry is known to
enhance interactions between tumor cells and bone microenvironment to promote osteolytic lesions in
mice (47). Therefore, miR-30 targeting of this gene might contribute to decrease progression of
osteolytic lesions. The gap junction protein CX43 that is highly expressed in osteocytes and osteoblasts,
was also negatively regulated in MDA-B02-miR-30S, presumably through the 8-mer target sequences
highlighted in its 3’'UTR (see Table S1). Immunohistochemistry performed on human breast primary
tumors and matching liver and bone metastases have shown that CX43 is highly expressed in bone

metastasis compared to liver metastasis and primary tumors (44).

Tumor cells produce the soluble protein DKK1, a WNT inhibitor that inhibits osteoblastogenesis and
promotes osteolytic lesions (48). MiRs-30-induced downregulation of DKK1 levels might contribute to
decrease bone metastasis. DKK1 might be a direct target of miR-30s by a putative sequence in its ORF
reported by MirWalk and/or an indirect target of these miRNAs. Kang et al. (9) have reported a gene
specific signature (CXC4, OPN, IL-11 and CTGF) that drives metastasis to bone, these genes acting
cooperatively to promote these metastasis. Expressed individually, these genes did not cause
a significant increase in osteolytic lesions while these lesions were dramatically increased following the
combined transfection of these genes in MDA-MB-231. We propose that miRs-30 act through the
combined negative regulation of osteomimetic genes, ITGf3, ITGob, CTGF and CX43 to decrease bone

metastasis in our mice model of breast cancer bone metastasis.

Besides osteomimicry, we analyzed the expression of genes highly expressed in MDA-B02 and BC-M1
that have been involved in tumor cell dissemination and have also been reported as experimentally
validated targets of miRs-30. For instance, MTDH (metadherin), a cell surface protein, is highly expressed
in breast cancer and mediates lung metastasis (40). Direct targeting of metadherin by miR-30a on two
putative binding sites in 3’UTR has been validated by dual luciferase assay. Consistently, overexpression
of miR-30a in breast cancer cell lines inhibits cell invasion, tumorigenesis and lung metastasis in
xenograft mouse models (40). MiR-30s-5p have been reported as tumor suppressors in multiple

myeloma, in which their down-regulation enhances expression of BCL9, a transcriptional coactivator of
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the WNT signaling pathway that promotes multiple myeloma cell proliferation, survival and migration
(49). In this, miR-30s-5p are potential therapeutic in murine xenograft models of human multiple
myeloma, reducing tumor burden and metastasis. We found that expression of MTDH and BCL9 were
downregulated by miRs-30 (Fig 7B) and this might enhance invasiveness of MDA-B02, a property that can
be antagonized by miR-30s to inhibit tumor cell invasion in mice bone marrow. High expression of NT5E
(5’ectopic nucleotidase, CD73), an enzyme that generates adenosine is associated with a poor prognosis
in triple negative breast cancers (50). This protein enhances breast tumor cell migration, invasion and
specific adhesion to ECM protein, tenascin C (51). 5NTE was down-regulated by miR-30s in MDA-BO2
(Fig 7B), consistent with the two 8-mer match to position 2-8 of miR-30s present at position 328-335 and
1442-1449 of 3'UTR (Table S1). We hypothesized that 5NTE could enhance bone metastasis formation by
stimulating the adhesion of breast tumor cells to ECM, especially tenascin C which is highly abundant in
MDA-B02 and BC-M1 (not shown). In MDA-B02-miR-30s, TNC was down-regulated at the transcriptomic
level, despite the absence of reported miR-30s-5p targeted sequence in TNC (miRWalk, Microcosm),
suggesting that this gene is indirectly regulated by miRs-30 by an unknown mechanism. TNC expression
is associated with breast cancer aggressiveness through enhancing the expression of WNT target, LGR5
(52). Tumor cell-derived TNC initiates metastasis in the niche until the tumor stroma can act as a source
of TNC to support metastasis outgrowth. Both 5NTE and TNC were up-regulated in bone metastasis
compared to other tissue metastases from GEO datasets (Fig 7B). Thus, the direct down-regulation of
5NTE and indirect inhibition of TNC expression by miR-30s in MDA-B02 that highly express these genes
might interfere negatively with bone metastasis formation. NEDD4 (E3 ubiquitin-protein ligase) is an
oncoprotein and a metastasis-associated gene that prevents apoptosis in hepatocellular carcinoma and
is a poor prognosis factor for relapse in gastric and colon carcinoma (53). Nedd4 regulates ubiquitin-
mediated trafficking, lysosomal or proteasomal degradation, and nuclear translocation of multiple
proteins. It induces the ubiquitination and degradation of the tumor suppressor phosphatase and tensin
homolog protein in colon cancer (54). Consistent with the presence of two 8-mer sites in position 942-
049 and 1116-1122 in the 3'UTR, we found that NEDD4 that is highly expressed in MDA-B02, but not the

poorly expressed NEDD9, was down-regulated in MDA-BO02 at the transcriptomic level.

Finally, we performed in-silico analysis of transcriptomic profiles of bone metastasis and other metastatic
sites from breast cancer patients, in two data sets from Gene Expression Omnibus (GEO) (GSE11078 and
GSE14020) (Fig 7C). Among genes that were down-regulated by miRs-30 in MDA-B02, we found that
CTGF was up-regulated in bone metastasis from breast cancer patients compared to other metastatic

sites. Genes associated to various solid cancer metastases which were down-regulated in MDA-B02-miR-
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30s by direct miRs-30 targeting (NEDD4, 5NTE) or indirect regulation (TNC) were also up-regulated in
bone metastasis at the transcriptomic level (Fig 7C). We also found that the oncogene Nidl and
Vimentin, that are in-silico predicted direct targets of miR-30s (see table S1), are up-regulated in bone

metastasis at transcriptomic levels and could promote bone metastasis (Fig 7C).

Low miR-30 expression in breast cancer primary tumors is associated with short distant disease-free

survival

We analysed the expression of miR-30a-5p, miR-30b-5p, miR-30c-5p, MmiR-30d-5p, miR-30e-5p and miR-
30e-3p by Tagman RT-gPCR in primary tumors from 120 breast cancer patients. 81 patients were
metastasis relapse-free over a period of 5 years and 39 patients suffered metastatic relapse during this
time period. Mir-30 levels were stratified in low and high expression groups, according to the median of
each miR-30 expression. These levels were compared to the metastatic relapse by Cox regression
analysis on continuous variable obtained in 120 patients. Low level of miR-30a-5p, miR-30d-5p and miR-
30e-5p was significantly associated with metastatic relapse while association with miR-30b-5p level
approached significance only for pN+ patients (Table 2A). In contrast to miR-30e-5p, its counterpart miR-
30e-3p was not associated to metastatic relapse (Table 2A). This suggests that the down-regulation of
miR-30-3p, as for miR-5p, occurs during EMT and/or by altered miR biogenesis in primary breast tumors.
However, differences in the associations with patient outcomes may be explained through different

target genes of miR-30-3p which may not be involved in metastatic dissemination.

In accordance with our data, miR-30a-5p was found to be significantly lower in primary breast
carcinomas than in the paired normal tissues and negatively correlated with the extent of lymph node
and lung metastases (30). Reduced tumor expression of miR-30a in breast cancer patients was
associated with an unfavorable outcome, including late tumor stage, lymph node metastasis and worse
out mortality and recurrence. In this study, the targeting of VIM by miR-30a inhibits cell migration and
invasion. We found that VIM was highly expressed in human bone metastasis that suggests a role for this
protein in bone metastasis. Surprisingly miR-30c-5p levels, despite a tendency to be expressed at low
levels in metastatic patients, were not associated to metastatic relapse. Meta-analysis conducted in the
GSE22216 breast cancer dataset by Bockhorm et al (33) have shown that low levels of miR-30c, but not
miR-30b was significantly associated with distant relapse-free survival during a 10 year follow-up. This
discrepancy with our results may be explained by the shorter time of follow-up in our study and/or by
the fact that miR-30c is significantly decreased in basal tumor subtypes compared to luminal A subtypes,

and that our data have not been stratified according to the tumor subtype. However, Dobson et al. have
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reported an amplification of miR-30c gene and overexpression of the mature miR-30c in breast cancer
patients, associated with poor survival (55). Consistent with this, overexpression of miR-30c-5p in breast
tumor cells increased invasion by targeting NOV/CCN3, the expression of which is negatively correlated
with metastasis in patients. This discrepancy may be explained by poor expression of NOV/CCN3 in MDA-
B02 and that miR-30c was overexpressed in presence of others members of miRs-30. This raises the
necessity to extend these studies to larger cohort patients with define sub-types of cancer and

associated gene profiling.

We have also studied the association between miR-30 levels and clinic-pathological features (Table 2B).
Low level of miR-30a, ¢, d, e and miR-30e-3p was significantly associated to higher primary tumor size.
We also assessed let-7c, a tumor suppressor in breast cancer that is not involved in metastatic
dissemination (56). The data obtained in the present cohort showed that let-7c was negatively correlated
to tumor size confirming a tumor suppressor role but was not associated to metastatic relapse. Low level
of mir-30a, c and e was also associated with high grade and negative hormonal status whereas miR-30b
levels show only a tendency to be associated to hormonal levels and miR-30d was not associated with
this parameter. This is in good agreement with lorio et al study that reports higher expression of miR-30s
in ER+ and PR+ breast tumors (16). Our results confirm that miRs-30 would maintain epithelial non-
differentiated and non-invasive phenotype of cancer cells that would prone anti-metastatic effect in
breast cancer. However, they point out that the five members of the family might have different

regulating functions in vivo that need to be further investigated.
Conclusion

We have shown that low level of miRs-30 in breast tumor cells promotes bone metastasis in animal
model and is associated to poor relapse-free survival in primary tumors from breast cancer patients
Increasing miRs-30 in breast tumor cells impacts negatively on osteomimicry and decreases tumor cell
invasion within the bone marrow that prevents vicious cycle to promote bone metastasis. Specific to
bone, miRs-30 inhibits osteoclasts and stimulated osteoblasts through regulation of IL-11 and WNT
signaling DKK1, respectively. MiRs-30 lowers expression of osteomimetic genes, CDH11, CTGF, ITG/33 and
RunX2 and of pro-metastatic genes, ITGa5, NEDD4, 5NTE and TNC that suggests potential anti-metastatic
properties of miR-30 mimics. Further loss-of-function studies are necessary to find out if these proteins

might be therapeutic targets through miR-30 mimic inhibition.

79



References

10.

11.

12.

13.

14.

15.

Buijs JT, van der Pluijm G. Osteotropic cancers: from primary tumor to bone. Cancer Lett. 18 Jan
2009;273(2):177-93.

Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a fatal attraction. Nat Rev Cancer. June
2011;11(6):411-25.

Clezardin P, Teti A. Bone metastasis: pathogenesis and therapeutic implications. Clin Exp
Metastasis. 2007;24(8):599-608.

Mundy GR. Metastasis to bone: causes, consequences and therapeutic opportunities. Nat Rev
Cancer.Aug2002;2(8):584-93.

Ell B, Kang Y. SnapShot: Bone Metastasis. Cell. 26 Oct 2012;151(3):690-690.e1.

Quayle L, Ottewell PD, Holen I. Bone Metastasis: Molecular Mechanisms Implicated in Tumour Cell
Dormancy in Breast and Prostate Cancer. Curr Cancer Drug Targets. 5 May 2015;

Suva L, Washam C, Nicholas RW, Griffin RJ. Bone metastasis: mechanisms and therapeutic
opportunities. Nat Rev Endocrinol. April 2011;7(4):208-18.

Smid M, Wang Y, Klijn JGM, Sieuwerts AM, Zhang Y, Atkins D, et al. Genes associated with breast
cancer metastatic to bone. J Clin Oncol Off J Am Soc Clin Oncol. 20 May 2006;24(15):2261-7.

Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen SM, Corddn-Cardo C, et al. A multigenic program
mediating breast cancer metastasis to bone. Cancer Cell. June 2003;3(6):537-49.

Minn AJ, Kang Y, Serganova |, Gupta GP, Giri DD, Doubrovin M, et al. Distinct organ-specific
metastatic potential of individual breast cancer cells and primary tumors. J Clin Invest. Jan
2005;115(1):44-55.

Ottewell PD, O’Donnell L, Holen I. Molecular alterations that drive breast cancer metastasis to
bone. BoneKEy Rep. 2015;4:643.

Nguyen DX, Bos PD, Massagué J. Metastasis: from dissemination to organ-specific colonization. Nat
Rev Cancer. April 2009;9(4):274-84.

Baffa R, Fassan M, Volinia S, O’Hara B, Liu C-G, Palazzo JP, et al. MicroRNA expression profiling of
human metastatic cancers identifies cancer gene targets. J Pathol. Oct 2009;219(2):214-21.

Tavazoie SF, Alarcon C, Oskarsson T, Padua D, Wang Q, Bos PD, et al. Endogenous human
microRNAs that suppress breast cancer metastasis. Nature. 10 Jan 2008;451(7175):147-52.

Ell B, Mercatali L, Ibrahim T, Campbell N, Schwarzenbach H, Pantel K, et al. Tumor-induced

osteoclast miRNA changes as regulators and biomarkers of osteolytic bone metastasis. Cancer Cell.
14 Oct 2013;24(4):542-56.

80



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

lorio MV, Croce CM. microRNA involvement in human cancer. Carcinogenesis. June
2012;33(6):1126-33.

lorio MV, Ferracin M, Liu C-G, Veronese A, Spizzo R, Sabbioni S, et al. MicroRNA gene expression
deregulation in human breast cancer. Cancer Res. 15Aug 2005;65(16):7065-70.

Browne G, Taipaleenmaki H, Stein GS, Stein JL, Lian JB. MicroRNAs in the control of metastatic bone
disease. Trends Endocrinol Metab TEM. June 2014;25(6):320-7.

Croset M, Santini D, luliani M, Fioramonti M, Zoccoli A, Vincenzi B, et al. MicroRNAs and bone
metastasis: a new challenge. Mol Basel Switz. July 2014;19(7):10115-28.

Peyruchaud O, Winding B, Pécheur I, Serre CM, Delmas P, Clézardin P. Early detection of bone
metastases in a murine model using fluorescent human breast cancer cells: application to the use
of the bisphosphonate zoledronic acid in the treatment of osteolytic lesions. J Bone Miner Res Off J
Am Soc Bone Miner Res. nov 2001;16(11):2027-34.

Pantel K, Dickmanns A, Zippelius A, Klein C, Shi J, Hoechtlen-Vollmar W, et al. Establishment of
micrometastatic carcinoma cell lines: a novel source of tumor cell vaccines. J Natl Cancer Inst.
2Aug1995;87(15):1162-8.

Croset M, Goehrig D, Frackowiak A, Bonnelye E, Ansieau S, Puisieux A, et al. TWIST1 expression in
breast cancer cells facilitates bone metastasis formation. J Bone Miner Res Off J Am Soc Bone
Miner Res.Aug2014;29(8):1886-99.

Fradet A, Sorel H, Bouazza L, Goehrig D, Dépalle B, Bellahcéne A, et al. Dual function of ERRa in
breast cancer and bone metastasis formation: implication of VEGF and osteoprotegerin. Cancer
Res. 1 Sept 2011;71(17):5728-38.

Bonnelye E, Merdad L, Kung V, Aubin JE. The orphan nuclear estrogen receptor-related receptor
alpha (ERRalpha) is expressed throughout osteoblast differentiation and regulates bone formation
in vitro. J Cell Biol. 28 May 2001;153(5):971-84.

Zhao Y, Bachelier R, Treilleux I, Pujuguet P, Peyruchaud O, Baron R, et al. Tumor alphavbeta3
integrin is a therapeutic target for breast cancer bone metastases. Cancer Res. 15 June
2007;67(12):5821-30.

Boucharaba A, Serre C-M, Guglielmi J, Bordet J-C, Clézardin P, Peyruchaud O. The type 1
lysophosphatidic acid receptor is a target for therapy in bone metastases. Proc Natl Acad Sci U S A.
20 June 2006;103(25):9643-8.

Berthier A, Seguin S, Sasco AJ, Bobin JY, De Laroche G, Datchary J, et al. High expression of
gabarapll is associated with a better outcome for patients with lymph node-positive breast cancer.
Br J Cancer. 16 March 2010;102(6):1024-31.

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The miR-200 family and miR-
205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol. May
2008;10(5):593-601.

81



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Braun J, Hoang-Vu C, Dralle H, HittelMayer S. Downregulation of microRNAs directs the EMT and
invasive potential of anaplastic thyroid carcinomas. Oncogene. 22 July 2010;29(29):4237-44.

Cheng C-W, Wang H-W, Chang C-W, Chu H-W, Chen C-Y, Yu J-C, et al. MicroRNA-30a inhibits cell
migration and invasion by downregulating vimentin expression and is a potential prognostic marker
in breast cancer. Breast Cancer Res Treat.Aug2012;134(3):1081-93.

Valastyan S, Weinberg RA. Metastasis suppression: a role of the Dice(r). Genome Biol.
2010;11(11):141.

Joglekar MV, Patil D, Joglekar VM, Rao GV, Reddy DN, Mitnala S, et al. The miR-30 family
microRNAs confer epithelial phenotype to human pancreatic cells. Islets. Oct 2009;1(2):137-47.

Bockhorn J, Yee K, Chang Y-F, Prat A, Huo D, Nwachukwu C, et al. MicroRNA-30c targets
cytoskeleton genes involved in breast cancer cell invasion. Breast Cancer Res Treat. Jan
2013;137(2):373-82.

Wu T, Zhou H, Hong Y, Li J, Jiang X, Huang H. miR-30 family members negatively regulate osteoblast
differentiation. J Biol Chem. 2 March 2012;287(10):7503-11.

Li Z, Hassan MQ, Volinia S, van Wijnen AJ, Stein JL, Croce CM, et al. A microRNA signature for a
BMP2-induced osteoblast lineage commitment program. Proc Natl Acad Sci U S A. 16 Sept
2008;105(37):13906-11.

Shimo T, Kubota S, Yoshioka N, lbaragi S, Isowa S, Eguchi T, et al. Pathogenic role of connective
tissue growth factor (CTGF/CCN2) in osteolytic metastasis of breast cancer. J Bone Miner Res Off J
Am Soc Bone Miner Res. July 2006;21(7):1045-59.

Duisters RF, Tijsen AJ, Schroen B, Leenders JJ, Lentink V, van der Made |, et al. miR-133 and miR-30
regulate connective tissue growth factor: implications for a role of microRNAs in myocardial matrix
remodeling. Circ Res. 30 Jan 2009;104(2):170-8, 6p following 178.

Zhang J, Zhang H, Liu J, Tu X, Zang Y, Zhu J, et al. miR-30 inhibits TGF-B1-induced epithelial-to-
mesenchymal transition in hepatocyte by targeting Snaill. Biochem Biophys Res Commun. 20 Jan
2012;417(3):1100-5.

Kao C-J, Martiniez A, Shi X-B, Yang J, Evans CP, Dobi A, et al. miR-30 as a tumor suppressor connects
EGF/Src signal to ERG and EMT. Oncogene. 3 June 2013;

Zhang N, Wang X, Huo Q, Sun M, Cai C, Liu Z, et al. MicroRNA-30a suppresses breast tumor growth
and metastasis by targeting metadherin. Oncogene. 15 July 2013;

Eguchi T, Watanabe K, Hara ES, Ono M, Kuboki T, Calderwood SK. OstemiR: a novel panel of
microRNA biomarkers in osteoblastic and osteocytic differentiation from mesencymal stem cells.
PloS One. 2013;8(3):e58796.

Nutter F, Holen I, Brown HK, Cross SS, Evans CA, Walker M, et al. Different molecular profiles are
associated with breast cancer cell homing compared with colonisation of bone: evidence using a
novel bone-seeking cell line. Endocr Relat Cancer. April 2014;21(2):327-41.

82



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Tamura D, Hiraga T, Myoui A, Yoshikawa H, Yoneda T. Cadherin-11-mediated interactions with
bone marrow stromal/osteoblastic cells support selective colonization of breast cancer cells in
bone. IntJ Oncol. July 2008;33(1):17-24.

Bellahcéne A, Bachelier R, Detry C, Lidereau R, Clézardin P, Castronovo V. Transcriptome analysis
reveals an osteoblast-like phenotype for human osteotropic breast cancer cells. Breast Cancer Res
Treat. Jan 2007;101(2):135-48.

Pécheur |, Peyruchaud O, Serre C-M, Guglielmi J, Voland C, Bourre F, et al. Integrin alpha(v)beta3
expression confers on tumor cells a greater propensity to metastasize to bone. FASEB J Off Publ Fed
Am Soc Exp Biol.Aug2002;16(10):1266-8.

Korah R, Boots M, Wieder R. Integrin alphaSbetal promotes survival of growth-arrested breast
cancer cells: an in vitro paradigm for breast cancer dormancy in bone marrow. Cancer Res. 1 July
2004;64(13):4514-22.

Zhang Y, Xie R, Croce CM, Stein JL, Lian JB, Wijnen AJ van, et al. A program of microRNAs controls
osteogenic lineage progression by targeting transcription factor Runx2. Proc Natl Acad Sci. 14 June
2011;108(24):9863-8.

Clézardin P. Therapeutic targets for bone metastases in breast cancer. Breast Cancer Res BCR.
2011;13(2):207.

Zhao J-J, Lin J, Zhu D, Wang X, Brooks D, Chen M, et al. miR-30-5p functions as a tumor suppressor
and novel therapeutic tool by targeting the oncogenic Wnt/B-catenin/BCL9 pathway. Cancer Res.
15 March 2014;74(6):1801-13.

Wang L, Zhou X, Zhou T, Ma D, Chen S, Zhi X, et al. Ecto-5'-nucleotidase promotes invasion,
migration and adhesion of human breast cancer cells. J Cancer Res Clin Oncol. March
2008;134(3):365-72.

Sadej R, Skladanowski AC. Dual, enzymatic and non-enzymatic, function of ecto-5-nucleotidase
(eN, CD73) in migration and invasion of A375 melanoma cells. Acta Biochim Pol.
2012;59(4):647-52.

Oskarsson T, Acharyya S, Zhang XH-F, Vanharanta S, Tavazoie SF, Morris PG, et al. Breast cancer
cells produce tenascin C as a metastatic niche component to colonize the lungs. Nat Med. July
2011;17(7):867-74.

Kim SS, Yoo NJ, Jeong EG, Kim MS, Lee SH. Expression of NEDD4-1, a PTEN regulator, in gastric and
colorectal carcinomas. APMIS Acta Pathol Microbiol Immunol Scand. Sept 2008;116(9):779-84.

Eide PW, Cekaite L, Danielsen SA, Eilertsen IA, Kjenseth A, Fykerud TA, et al. NEDD4 is
overexpressed in colorectal cancer and promotes colonic cell growth independently of the
PI13K/PTEN/AKT pathway. Cell Signal. Jan 2013;25(1):12-8.

Dobson JR, Taipaleenmdki H, Hu Y-J, Hong D, van Wijnen AJ, Stein JL, et al. hsa-mir-30c promotes
the invasive phenotype of metastatic breast cancer cells by targeting NOV/CCN3. Cancer Cell Int.
2014;14:73.

83



56.

57.

58.

59.

Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C, et al. let-7 regulates self renewal and tumorigenicity of
breast cancer cells. Cell. 14Dec 2007;131(6):1109-23.

Ouzounova M, Vuong T, Ancey P-B, Ferrand M, Durand G, Le-Calvez Kelm F, et al. MicroRNA miR-30
family regulates non-attachment growth of breast cancer cells. BMC Genomics. 2013;14:139.

Gaziel-Sovran A, Segura MF, Di Micco R, Collins MK, Hanniford D, Vega-Saenz de Miera E, et al. miR-
30b/30d regulation of GalNAc transferases enhances invasion and immunosuppression during
metastasis. Cancer Cell. 12 July 2011;20(1):104-18.

Yu F, Deng H, Yao H, Liu Q, Su F, Song E. Mir-30 reduction Mayntains self-renewal and inhibits
apoptosis in breast tumor-initiating cells. Oncogene. 22 July 2010;29(29):4194-204.

84



Table 1: Stable over-expression of microRNA-30 family in MDA- B02 decreases bone metastasis in mice.

Radiography Histomorphometry TRAP staining
Cell line
mm*/mouse P BV/TV (%) P TuV/STV (%) OC.S/BS (%) P
MDA-B02 WT 12.95 + 1.14 (n=8) NS
MDA-B02-pmiRVec | 14.09 +1.69 (n=10) | ------—---- | 11.88 +2.41 (n=13) |--—--—--- 45.25+5.41 (n=13) 77.43 £8.13 (n=5) | -—---—-
MDA-B02-pmiR30d-b | 7.67 +1.17 (n=9) 0.01 20.88 £5.30 (n=5) 0.01 14.74 £5.63 (n=5) 60.25+2.19 (n=5) 0.05
MDA-B02-pmiR30b-c | 6.00 £ 0.96 (n=7) 0.01 27.55 +2.65 (n=5) 0.01 21.75+2.51 (n=5) 48.0 £ 1.50 (n=4) 0.01
B02-pmiR30e-c-d-b-a | 5.74 +0.76 (n=6) 0.02 26.64 £2.70 (n=4) 0.02 21.75+6.13 (n=4) | 41.67£16.52 (n=4) 0.02

Measurements are performed 32 days after tumor cell injection.

Values of p-two sided are for comparison with the control group (B02-pmiR Vec) using , one-way ANOVA, post hoc
Bonferroni test (mean + SD)

BV/TV: bone volume to tissue volume ratio. TuV/STV: tumor volume-to total soft tissue

MDA-B02-pmiR30d-b: MDA-B02 transduced with pmiR-30d-b; MDA-B02-pmiR30b-c: MDA-B02 transduced with pmiR-30b-
¢; MDA-B02-pmiR30e-c-d-b-a: MDA-B02 transduced with pmiR-30e-c-d-b-a. OC.S/BS: active osteoclast-resorption surface per
trabecular bone surface, TRAP: tartrate-resistant acid phosphatase.
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Table 2: (A) Low level of miR-30a-5p, miR-30d-5p and miR-30e-5p is a poor prognosis in recurrence of
breast cancer patients. (B) Association of miR-30s levels in primary tumors with clinico-pathological

features of breast cancer patients.

A
miRNAs HR Cl P-value
miR-30a-5p 0.17 0.04-0.65 0.010
miR-30b-5p 0.26 0.05-1.38 0.068
miR-30c-5p 0.35 0.06-1.91 0.223
miR-30d-5p 0.20 0.04-0.99 0.049
miR-30e-5p 0.26 0.07-1.02 0.050
miR-30e-3P 0.48 0.08-2.97 0.431
Let-7c 0.72 0.40-1.30 0.279
B
Variable N miR-30a-5p miR-30b-5p miR-30c-5p miR-30d-5p miR-30e-5p miR-30e-3p let-7¢

Post-menopausal status

Yes 69 0.511 0.952 1.000 1.000 1.019 1.060 0.899

No 40 1.043 (0.895) 1.805 (0.875) 1.009 (0.692)  0.954 (0.669) 1.008 (0.597) 0.972(0.855) 1.319 (0.245)
Tumor Size

<20 mm 36 1.239 1.027 1.17 1.309 1.499 1.217 1.432

>=20 mm 69 0.865 (0.002) 0.905 (0.150)  0.880 (0.001)  0.926 (0.020) 0.938 (0.001) 0.925(0.002) 0.762 (0.007)
Grade

¢]] 11 1.210 1.042 1.238 0.973 1.689 1.306 1.553

Gll 42 1.050 0.986 0.970 1.155 1.115 1.053 1.167

Glll 28 0.697 (0.071) 0.895(0.071)  0.758 (0.028)  0.811(0.295) 0.748 (0.006) 0.848 (0.076) 0.748 (0.071)
LN status

pN neg 49 1.132 0.952 1.072 1.062 1.292 1.168 1.350

pN pos 60 0.812 (0.028) 0.977 (0.942)  0.799 (0.114)  0.889(0.252) 0.948 (0.012) 0.899 (0.014) 0.747 (0.048)
ER/PR status

ER/PR pos 69 1.082 1.012 1.050 1.000 1.219 1.082 1.195

ER/PR neg 40 0.752 (0.02) 0.872 (0.09) 0.804 (0.050)  0.975(0.343)  0.771(0.006) 0.901(0.382) 0.641(0.128)

MiR levels were quantified by TagMan gPCR using RNU48 and snu6B, as endogenous normalizers. The
expression level of a given miR in each sample was normalized to the median expression values for that
miR in the 120 tumor patients. In A, these expressions were compared to the metastatic relapse by Cox

regression analysis on continuous variable in 120 patients. Data are compared by Mann-Whitney and
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Kruskall-Wallis tests. LN status: Lymph node status, ER/PR estrogen, progesterone receptors, HR: Hazard

Ratio.

Figure legends

Figure 1. Comparative expression of miRs in a non-osteotropic human breast cancer cell line (MDA-
MB-231) with an osteotropic subpopulation of MDA-MB-231 (MDA-B02) and micro-metastasis cell line

from bone marrow aspirate (BC-M1).

(A) Hierarchical clustering of normalized miR expression levels for the 27 miRs that displayed the highest
coefficient of variation between cell lines. C; values and relative quantity were obtained from RQ
manager (Applied Biosystems). T-test and Log, fold changes were calculated on Microsoft Excel. MiRs
that are differentially expressed between the three cell lines were reported as log, fold-change > 1.5,

with P-value < 0.05 considered as significant.

(B) The miR-30 family (miRs-30) was identified to be down-regulated in MDA-B02 and BC-M1 compared
to the parental MDA-MB-231 cell line. Levels of miR-30s (-5p: miR-30a, -30b, 30c, -30d and -30e; and -3p:
miR-30a*, -30d* and -30e*) were measured by TagMan RT-gPCR in 3-5 independent experiments. Error

bars are indicated * SD.
Figure 2. Stable over-expression of miR-30a, miR-30b, miR-30c, miR-30d and miR-30e in MDA-B02.

Genomic sequence of a single miR-30 (miR-30d, miR-30b) or in tandem (miR-30d-b, miR-30b-C, miR-30e-
c-d-b-a) was expressed in MDA-B02 by transduction with the lentiviral vector pmiRVec containing
different miR-30 genomic sequences. Level of mature miR-30s-5p analyzed by TagMan RT-gPCR was

compared to MDA-B02 transduced with pmiRVec.
Figure 3. Stable over-expression of miRs-30 reduces breast cancer bone metastasis formation.

(A) Summary of the experimental bone metastasis protocol. MDA-BO2wt, MDA-B02 transduced with
pmiRVec (MDA-B02-pmiRVec) or with pmiR-30d-b (MDA-B02-pmiR-30d-b) were inoculated in the caudal
artery of female Balb/c nude mice on day 0. (B,C) Mice were analyzed by radiography (RX) and
bioluminescence. (D-E) RX analysis of hind limbs from mice bearing tumor burden, at scheduled intervals
(day 25 and day 32). Arrow indicates osteolytic lesions in mice hind limbs. (F) Bone colonization by tumor
cells as judged by bioluminescence imaging. Bioluminescence was analyzed over time in mice inoculated

with MDA-B02-pmiRVec and MDA-B02-pmiR-30d-b, (Mean % SD). (G) Goldner’s trichrome staining of
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tissue sections of tibial metaphysis. Bone is stained green whereas bone marrow is stained violet and
tumor cells (asterisk) are stained brown. (H) TRAP-stained metastatic bone tissue sections from animals

inoculated with MDA-B02-pmiRVec and MDA-B02-pmiR-30d-b. Osteoclasts are stained red.

Figure 4. MiRs-30 affects osteoclast and osteoblast formation in MDA-B02.

(A) Primary mouse bone marrow cells were cultured in the presence of RANKL and M-CSF and were
treated or untreated (Ctrl) with media conditioned by MDA-BO2-scramble (MDA-B02 Ctrl) or by MDA-
B02 transfected by miR-30s mimics (MDA-BO2 miR-30s). Mature osteoclasts were quantified as
multinucleated (3 or more nuclei), TRAP-positive cells. Representative images of mature osteoclasts are
shown for each group. (B) Relative expression of markers associated with osteoclast differentiation and
activity as analyzed by RT-gPCR, (Mean + SD, n=3). (C-D) Relative expression of TWF1, /L-11 and IL-8 in
MDA-B02 Ctrl and MDA-B02 miR-30s, as measured by RT-qPCR (Mean * SD n=3). Elisa measurement of
IL-11 and IL-8 in conditioned media from MDA-B02 Ctrl (B02 CT) and MDA-B02 miRs-30 (BO2-miRNA
mimics) (Mean = SD n=3). (F) MC3T3-E1 cells were treated or not (NT) during differentiation with
conditioned media from MDA-B02 Ctrl (BO2 Ctrl) and from MDA-B02 miR-30s (B0O2-miRNA-mimics). (G)
MC3T3-E1 cells were treated with conditional media from MDA-MB-231 scramble (MDA-CT) and from
MDA-MB-231 transfected with miRNA-inhibitors (MDA-miRNA inhibitors. (H) MC3T3-E1 was transfected
with scramble (MC3T3-CT), with miR-30s mimics (MC3T3-miRNA-mimics) or not transfected (MC3T3 NT).
Mineralisation is evidenced by Von Kossa staining. (I) Relative expression of markers associated with
osteoblast differentiation and activity as analyzed by RT-gPCR, (Mean * SD, n=3). (J-L) Relative expression
of DKK-1, Noggin and SOST in MDA-B02-Ctrl (BO2-Ctrl), MDA-B02 transfected with miR-30s mimics (high
B02-miRs-30) and MDA-B02 transduced by pmiRVec30e-c-d-b-a (low B02-miRs-30) (Mean = SD n=3),
*:P<0.05, **p<0.02, ***p<0.01.

Figure 5. Stable over-expression of miR-30d-b in MDA-B02 decreases tumor growth in a mice model of

orthotopic tumor xenograft.

(A-B) Tumor cells were inoculated subcutaneously in female Balbc nude mice. Tumor growth was
obtained by measuring tumor volumes with a Vernier caliper and tumor weight at time of sacrifice. (C-F)
Ki-67 and CD31 immunostaining of tissue sections of harvested tumors from mice inoculated with MDA-
B02-pmiRVec and MDA-B02-pmiR-30d-b, as a measurement of proliferative index of tumor cells and

number of tumor-associated blood vessels, respectively.
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Figure 6. MiRs-30 reduce invasion of MDA-BO2 and MDA-MB-231.

(A-B) Proliferation of MDA-B02-pmiRVec and MDA-B02-pmiR-30d-b was analysed by cell counting. Cell
invasion was measured by loading MDA-B02-pmiRVec and MDA-B02-pmiR-30-d-b in inserts with porous
membrane coated with basement membrane Matrigel (upper chamber) and the chemoattractant

(serum) was placed in wells of a companion plate (lower chamber), (Mean * SD).

(C-D) Cell invasion was measured in MDA-B02 transduced with different genomic sequences of miR-30,
(Mean £ SD n=3). (E-F) Cell invasion was measured in MDA-B02 and MDA-MB-231 transfected with miRs-
30 mimics and miRs-30 inhibitors (Mean + SD n=3). (D-F) Representative images of invasion, with the
three first wells having FBS as chemoattactant in the lower chamber and the fourth well without

chemoattractant (blank). *:P<0.05, **p<0.02.

Figure 7. MiRs-30 targets osteomimetic genes and down-regulates osteomimicry.

(A) Relative expression of osteomimetic genes in MDA-B02-pmiRVec, MDA-BO2-pmiR-30d-b and MDA-
B02-pmiR-30e-c-d-b-a (Mean + SD n=3-6) (B) Relative expression of genes targeted by miR-30s in MDA-
B02-pmiRVec and MDA-B02-pmiR-30e-c-d-b-a (Mean + SD n=3-6), *:P<0.05, **p<0.02, ***p<0.01. (C)
Over-expression of ITGas, CTGF, 5NTE, TNC, NEDD4, Vim and NID1 in human bone metastasis as
compared to other metastatic sites, in breast cancer patients. Data were obtained from two publically
available data sets from the Gene Expression Omnibus, under IDs GSE11078 (MSK) and GSE14020
(Institut Curie). Pairwise comparisons were carried out by performing nonparametric Mann-Whitney U

test. *:P<0.01, **p<0.005, ***p<0.001.
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Supplementary m

plentivector constructs

ethods

The human miR-30 genes were PCR-amplified from MDA-MB-231 genomic DNA (0.5 pg) with Tag DNA

Polymerase in buffer Il (Accuprime High Fidelilty, Invitrogen) with appropriate primers (See above). PCR

products were digested by the appropriate restriction enzymes, purified on agarose gel, and extracted

(NucleoSpin, Macherey Nagel) prior to ligation in Plentivector (T4 DNA ligase, Invitrogen).

pmiRVec Construct
pmiR-30-e-d-c-b-a

pmiR-30-e

pmiR-30-e-d

pmiR-30-e-d-c

pmiR-30-e-d-c-b

pmiR-30-e-d-c-b-a

pmiR-30d-b

pmiR-30b

pmiR-30d

pmiR-30d-b

Primers

5'-TAGAAGCTTCCAGCCTGTATTAATAACCAG
5'-TGAGAATTCCATCACAGAGCTCACAATCT

5'-GTACACCTGCTTTCTAGGATATCAGGGTAATATC-3'
5'-TGAGAATTCTTCTCTAAGGCCCAGCAGC-3'

5'-GTACACCTGCTTTCATGTGTCACACAGGTCACT-3'
5'-TAGCACTTGGTGCTCAGTGTCACATCTGGTTC-3'

5'-AGTCTCGAGACACTTTCTCTCAGGATATC-3'
5'-TGAGAATTCTAACTACTCCTACTGCAACC-3'

5'-CTAGTATACAGACATTTTCTAGAATATTGCTG-3'
5'-TGAGAATTCTCCTCAATGCCCTGCTGAAG-3'

5'-TAGAAGCTTAGCCGGGCATAGTAGTAGCGTGCC-3'
5'-TGAGAATTCTACTCCTACTGAACCATGC-3'

5'-TCACCACTGCCCTGGATTGCACTTGGTGAACCAC-3'
5'-TGAGAATTCTTTCTCTTTAATTATTAGC-3'

5'-ATTCTCGAGAGCCGGGCATAGTAGCGTGCC-3'
5'-TGAGAATTCTACTCCTACTGCAACCATGC-3'

From

pmiRVec
HinDIlI/EcoR1

pmiR-30-e
AaRI/EcoRlI

pmiR-30e-d
AaRlI/Dralll

pmiR-30e-d-c
Xhol/EcoRI

pmiR-30e-d-c-b
Accl/EcoRI

pmiRVec
HinDIlI/EcoRlI

pmiR30b
BstX1/EcoRl

pmiR30d
Xhol/EcoRI

PCR Inserts

30e

30d

30c

30b

30a

30b

30d

30b
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psiCHECK-2-CDH11 Vector

A 364 bp of CDH11 ORF was PCR-amplified from MDA-MB-231 genomic DNA (0.5 pg) with Tag DNA
Polymerase in buffer Il using the following primers: (F) 5-TAGCTCGAGAGAACTACTGTTTACAAGCC-3’ and
(R) 5’-TCAGGCCCGGTGTACTCCT-3'. The purified PCR product was digested by Xhol and Notl prior to

ligation in psiCHECK-2 vector.

MiRNA quantification in primary tumor of breast cancer patients.

MiRs were extracted from primary tumors with Trizol and quantified on TagMan 96 wells custom plates
after multiplexed RT. Total RNA was reverse-transcribed using a pool of TagMan MicroRNA Assays RT
primers. MiR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30d-5p, miR-30e-5p, miR-30e-3p, let-7c, RNU48 and
Snub6 reverse primers were diluted at 0.05X in T/E buffer. RT reaction was carried out by adding 3 pl RNA
(100ng) in a mix containing 7 uL RT primer pool, 0.3 puL dNTP, 3 pL Reverse transcriptase 50u/uL , 1.5 uL
10X RT buffer and 0.2 uL RNase inhibitor. PCR amplification was run on StepOne Applied BioSystems
Real-time PCR Systems using custom plates. 10 UL TagMan 2X Universal PCR Master Mix and 1.4 uL of
1/15 diluted RT were added to each well containing primers and probe. Results were analysed with RQ
Manager, with RNU48 and Snu6 as endogenous controls (AC;). Relative quantitation was calculated as
the AAC; mean using both endogenous controls and expressed relative to the median values of all

patients.

MIiRNA profiling of breast cancer cell lines

Cellular miRs (defined in miRBase database V19, Sangers Institute) were analysed by real-time PCR on
TagMan® Low Density Array Human MicroRNA Panels A and B (Applied BioSystems). Single-stranded
cDNA was synthetized from 800 pig total RNA by two separated RT reactions using TagMan MicroRNA
Reverse Transcription Kit and Megaplex™ RT Human Pool A, Pool B. Thermo-cycling conditions were 40
cycles: 16°C, 2 min, 42°C, 1 min, 50°C, 1 sec followed by 5 min at 85°C. RT were diluted in 0.1 X TE pH 8.0
and mixed with TagMan ®Universal PCR Master Mix, No AmpErase UNG, 2X prior to loading TagMan
MicroRNA Arrays A and B. Amplification was performed on 7900HT System equipped with TagMan Array

Block and results expressed as relative quantification (AACt) using RQ Manager software.

Luciferase assay
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MDA-B02-pmiRVec, MDA-B02-miR-30-e-d-c-b-a and MDA-MB-231 were seeded in 48 well plates (2 x 10*
cells/plate) and transiently transfected with psiCHECK-2-CDH11 Vector. Cells were harvested 48h later in
lysis buffer and luciferase activity was measured using the Dual-Glo Luciferase Assay System (Promega).
Renilla luciferase activity was normalized to corresponding firefly luciferase activity and plotted as a ratio

between the two values.
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Table S1: Identification of genes that are miRs-30 targets and might be involved in bone metastasis.

Gene 8 7.8 E
- X|
symbol Score PCT mer | mer Val?d
Gene name
Tumorigenic proliferation
LIN28B lin-28 homolog B -0.46 0.98 1 1
RARG retinoic acid receptor, gamma -0.30 0.97 2 0
SMAD2 | SMAD family member 2 -0.25 0.91 2 0
KLF9 Kruppel-like factor 9 -0.20 0.67 0 1
CALB2 calbindin 2 -0.20 0.85 1 1
ERG v-ets erythroblastosis virus E26 oncogene homolo >-0.03 | 0.93 1 0 39
Apoptosis / senescence / cell survival
AVEN apoptosis, caspase activation inhibitor -0.34 0.15 1 0 (57)
MTDH metadherin -024 | >099 | 2 2 (40)
NFIB nuclear factor I/B -0.18 0.99 0 3
GLI2 GLI family zinc finger 2 >-0.05 | 0.95 1 1
Immune surveillance
B3GNTS5 UDP-GIlcNAc:betaGal beta-1,3-N- -1.07 >0.99 3
acetylglucosaminyltransferase 5 0
GALNT7 | UDP-N-acetyl-alpha-D-galactosamine:polypeptide N- -0.84 >0.99 2
acetylgalactosaminyltransferase UDP-Gal:betaGlcNAc 0 (58)
beta 1,4- galactosyltransferase
PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide -0,23 0,92 1 0
Cancer stemness
ITGA4 . . . .
integrin, alpha 4 (antigen CD49D, alpha 4 subunit of -0,25 0,7 1 0
VLA-4 receptor)
ILIA interleukin 1, alpha -0,24 0,62 1 0
ITGA6 integrin, alpha 6 -0,2 0,35 1 0
EMT
EED embryonic ectoderm development -0.61 0.76 2 0
M snail homolog -0.25 0.76 1 0 (3 8)
SNAI2 snail homolog 2 B 0.51 0 1
CELSR3 )
cadherin, EGF LAG seven-pass G-type receptor 3 -0,55 > 0.99 5 0
(flamingo homolog, Drosophila)
Adhesion
CELSR3 | cadherin, EGF LAG -1.50 | >099 | 5 0
S100PBP | S100P binding protein -0.53 0.74 2 1
ITGA4 integrin, alpha 4 -0.25 0.70 1 0
PCDHIO | protocadherin 10 -0.23 0.86 1 1
M integrin’ alpha 6 '0.20 0.85 1 0
ITGB3 integrin, beta 3 -0.19 0.93 1 0 (59)
ITGAS integrin, alpha 5 -0.14 0.77 1 0
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PCDH20 | protocadherin 20 -0,24 0.56 1 0
UNC5C unc-5 homolog C (C. elegans) -0,21 0.93 1 0
PCDHI9 | protocadherin 19 -0,04 0.67 0 1
SMAD2 SMAD family member 2 -0,25 0,91 0 2
Migration / invasion

NEDD4 gzlxﬁl_r};r;fﬁzzr 4cell expressed, developmentally 100 | >099 5 1
NTSE 5'-nucleotidase, ecto (CD73 -0.47 0.93 2 0
TWF1 twinfilin, actin-binding protein -0.42 0.98 1 1 (33)
BCLS B-cellCll lymphoma -0.10 0.71 0 2 (49)
SRGAP3 | SLIT-ROBO Rho GTPase activating protein 3 -0.18 0.96 1 1
PLAGLZ | plejomorphic adenoma gene-like 2 -0.10 | >0.99 | 2 1
Matrix

TIMP3 TIMP metallopeptidase inhibitor 3 -0.22 0.93 1 0
LOX lysyl oxidase -0.22 0.94 1 0
NID1 nidogen 1 -0.05 0.96 1 0
ADAMI2 | ADAM metallopeptidase doMayn 12 >-0.03 | 0.64 0 2
ADAM22 | ADAM metallopeptidase doMayn 22 -0,17 0.73 1 1
ADAMII | ADAM metallopeptidase doMayn 11 >-0.01 | 0.84 0 1
ADAMI9 | ApAM metallopeptidase doMayn 19 -0,32 0.93 1 0
ADAM9 ADAM metallopeptidase doMayn 9 -0,18 0.91 1 0
Bone

Osteogenesis

RUNX2 runt-related transcription factor 2 -0.52 0.84 1 1 34,3541
RUNX1 runt-related transcription factor 1 -0.12 0.96 1 1
SATBI SATB homeobox 1 -0.06 0.76 1 0
SATB2 SATB homeobox 2 -0.05 0.44 1 1
WNT7B ;vligngless-type MMTYV integration site family, member -0.01 076 | 0
Osteoclast

CALCR calcitonin receptor nuclear factor of activated T-cells -0.26 0.81 1 0
OSTMI1 osteopetrosis associated transmembrane protein 1 >-0.03 | 0,84 0 2
Osteoblast

GJAL gap junction protein, alpha 1 -0.06 0.84 1 0
BMP7 bone morphogenetic protein 7 >-0.02 0,4 0 1

Biological targets of miR-30 family have been predicted by TargetScan by searching for the presence of
conserved 8 mer/7 mer sites that match the seed region of miR-30s. Prediction is marked by)
context+scores (Score) of the sites and probability of conserved targeting (Pct). 8 mer is an exact match
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to position 2-8 of the mature miRNA (the seed+postion8) followed by an “A”, 7-8 mer is the seed +
position 8.

Exp Valid indicates the predicted miRs-30 gene targets that have been already experimentally

demonstrated to be down-regulated by miRs-30 (marked yellow). The experimental validations are
referenced.
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Table S2: Clinical pathological features of 120 breast cancer patients.

Variable N HR Cl P-value
Post-Menopausal Status Yes 69 1.00

No 40 1.05 0.49-2.23 0.909
Tumor size <20 mm 36 1.00

>20 mm 69 2.35 0.89-6.21 0.086
Morphology Other 20 1.00

Ductal 89 1.32 0.46-3.81 0.605
Grade Gl 11 No events

Gll 42 1.00

Glil 28 2.18 0.94-5.05 0.070
PN Neg 49 1.00

1-3 pos 36 1.54 0.49-4.86

>4 pos 29 6.89 2.52-18.81  <0.001
pN Neg 49 1.00

Pos 65 3.39 1.29-8.92 0.014
ER Pos 85 1.00

Neg 24 2.09 0.95-4.64 0.068
PR Pos 74 1.00

Neg 35 1.47 0.69-3.15 0.319
ER and PR Pos 69 1.00
ER and/or PR Neg 40 1.93 0.92-4.05 0.083

ER, PR: Estrogen and progesterone receptor. pN: lymphe node status

P values correspond to Mann-Whitney test.
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Legends of supplementary figures

Figure S1. Heat Map of the differential miR expression in three breast cancer cell lines, MDA-MB-231,

MDA-B02 and BC-M1.

Values representative of the relative quantification of miRs measured by TagMan Low Density Array in
three separated cell cultures. Ct values were calculated from the RQ manager (Applied Biosystems) and
the t-test and Log, fold change were calculated on Microsoft Excel. MiRs that are differentially expressed
between the 3 cell lines are reported as log2 fold-change > 1.5, with P-value < 0.05 considered as
significant. Heat-map and hierarchical clusters were performed using the Euclidean distance and

pairwise average linkage on Genepattern v3.2.3 (Broad Institute).
Figure S2. Mesenchymal phenotype of MDA-BO2 and BC-M1.

(A) Expression of genes associated with epithelial-mesenchymal transition is increased in MDA-B02 and
BC-M1. (B) MDA-B02 and BC-M1 are CD44" and CD24 and have ALDH activity. Dicer expression is
decreased in MDA-B02 and BC-M1 relatively to MDA-MB-231, ***: P<0.01, **: p<0.02.

Figure S3. Expression levels of miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30d-5p and miR-30e-5p in

breast cancer cell lines.

Levels of miR-30s mature forms were measured in breast cancer lines isolated from basal claudin-low
subtypes (MDA-MB-231, MDA-B02, BC-M1 and Hs575) from hormone responsive luminal A (T47D, MCF-
7), luminal B (BT-474, ZR-75) and in HER+ subtype (SK-BR3). Results are mean + SD of triplicate

determination on three different biological samples.

Figure S4. Expression of miR-30a-5p, miR-30b-5p, miR-30c-5p miR-30d-5ps and miR-30e-5p in MDA-
BO2 after transfection with miRNA-mimics and in MDA-MB-231 after transfection with miRNA-

inhibitors.

(A) MDA-B02 were transfected by a mix of the five miR-30s-5p mimics at equimolar concentrations
(MDA-BO2-miR-30a,b,c,d,e) and by equivalent concentrations of a miR scramble control sequence (MDA-
B02-miR-Ctrl), logyo values in MDA-B02-miR-30a,b,c,d,e relative to MDA-B02-miR-Ctrl. (B) MDA-MB-231
were transfected by equimolar concentration of the five miR-30s-5p, chemically modified single-
stranded RNA molecules designed to specifically inhibit endogenous miRNA and with control scramble

(miRNA inhibitors, Applied BioSystems). Results are triplicate determination of three biological samples.
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Figure S5. Experimental validation of cadherinll targeting by miRs-30.

(A) A conserved 8-mer site in CDH11 ORF matches the seed region of miR-30a-5p, miR-30b-5p, miR-30c-
5p, miR-30d-5p and miR-30e-5p. (B) Free energy for duplexes of CDH11 coding sequence and miR-30s
seed sequence has been calculated according to RNAhybrid Software. (C) MiR-30s sequence is conserved
through evolution. The alighments have been done using the publicly available data base, miRBase. (D-
E) Cadherinll is highly expressed in MDA-B02 compared to parental MDA-MB-231. (F) Firefly luciferase
activity of the psiCheck2-CDH11 reporter in MDA-B02, MDA-B02-pmir-30e-d-c-b-a and MDA-MB-231.
Values are normalized to that of the internal Renilla luciferase (Mean + SEM of triplicate on two

biological samples).
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1.2. MiRs-30 activity in breast tumorigenesis and tumor cell dissemination to bone.

In the first part of the work, we have shown that the miRNA-30 family (miRs-30) regulates the
expression of a set of genes which are mediators of bone metastasis formation, at the steps of
bone tropism, homing, colonization and macro-metastasis development. Through the carcinoma-
induced down-regulation of Dicer expression, large sets of miRNAs are underexpressed in breast
human tumors compared to normal tissues and this interference with miRNA processing
enhances experimental tumorigenesis (Valastyan and Weinberg, 2010). Therefore, the decrease
of miRs-30 levels, which are highly expressed in epithelial tissues, in the breast primary tumor
may affect breast tumorigenesis and the subsequent metastatic dissemination (Joglekar et al.,
2009). Based on the analysis of a genome-wide miRNA expression in a set of normal and tumor
breast tissues the pioneer work of Iorio et al. (Iorio et al., 2005) demonstrates the existence of a
breast cancer-specific miRNA signature. The authors reported that miRs-30, the levels of which
did not differ in tumor versus normal tissue, was expressed at higher levels in
hormone-dependent and well differentiated breast tumors versus hormone-independent tumors.
MiRs-30 are tumor suppressor in lung (KuMarchwamy et al., 2012b), prostate (Kao et al., 2013),
breast (Zhang et al., 2013) and anaplasic thyroid (Visone et al., 2007) cancers mostly by
regulating EMT and related transcription factors such as SNAIL1 and ZEB2. Their lower
expression levels in lymph node metastases versus primary tumors suggest a role for miRs-30
during metastatic dissemination of breast carcinomas (Baffa et al., 2009). Moreover, miRs-30
were reduced in putative breast tumor-initiating cells (BT-ICs) inducing the up-regulation of
ubiquitin-conjugating enzyme 9 (Ubc9) and ITGB3 (Yu et al., 2010). Enforced constitutive
expression of miRs-30 in BT-ICs inhibited their self-renewal capacity by reducing Ubc9, and
induced apoptosis through silencing ITGB3. Growing MCF-7 under non-attachment conditions
revealed that miRs-30 level was markedly lower than in parental cells that in turn, modulated the

expression of apoptosis and proliferation genes (Ouzounova et al., 2013).

In this part of work, we asked whether miRs-30 deregulated expression in breast primary tumor
might modulate tumor growth and subsequent metastatic dissemination to bone. To answer this
question, we used murine breast cancer cell lines that spontaneously metastasize. We have
modulated the endogenous miRs-30 level of these cells by lentiviral transduction and by
transfection of chemically stabilized oligonucleotides prior to inoculation in mice. We also set up

a syngeneic orthotopic mouse model, based on mammary gland injection of breast cancer murine
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cells. To mimic the in vivo phenotype of CTC, tumor cells have been grown in anchorage-
independent conditions, as mammospheres. The impact of 3-dimensional culture on miRs-30
endogenous level of these cells has been analyzed in relation to their target genes. Tumor cells
dissociated from mammospheres have been inoculated in caudal artery of mice to study their

metastatic potential to bone.

1.2.1. Materials and Methods

1.2.1.1. Cell lines and cell culture

To study the role of miR-30s in the early steps of metastatic dissemination, we used four murine
cell lines: 67NR, 66¢14, 4T1 and 4T1.2. Originally, three sublines of breast cancer cells were
derived from a spontaneously arising mammary tumor of a BALB/cfC3H mouse: the 67, 66 and
410 (Dexter et al., 1978) (Fig 10). The 67NR were next transfected with the bacterial pSV2
plasmid containing the neomycin resistance gene. They form primary tumors, however, they do
not metastasize (Aslakson and Miller, 1992), (Fig 11). The 66 was subjected to mutagenesis with
ethyl methanesulfonate. In that way, the 6-thioguanine-resistant mutant, line 66¢14 was isolated
from a clone of these cells (Miller et al., 1983). Later on, 66¢c14 were transfected with the pGL4
vector to stably express the luciferase gene and were shown to metastasize from the primary
tumor to the lung and bone but also to liver (Aslakson and Miller, 1992). The last subline, the
410, was derived as a primary culture from a single nodule growing in the lung of Balb/c mouse
bearing an s.c implant of the tenth in vivo passage of the original, unseparated tumor. The tumor
410 was serially transplanted through 4 in vivo passaged at which time tumor cells were
designated 410.4. The 4T1 is a 6-thioguanine resistant variant of 410.4 that was selected without
mutagen treatment (Aslakson and Miller, 1992). From this cell line, a 4T1.2 cell line was
established by a single cell cloning (Lelekakis et al., 1999). 4T1.2 was shown to closely model
the sites of metastases seen in human patients including lung, liver, and bone (Fig 11).

Specifically, 4T1.2 cells demonstrated a high incidence of metastasis to spine (Bolin et al., 2012).
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Figure 10. Derivation of murine breast cancer cell lines.
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Figure 11. Metastatic dissemination of breast cancer cell lines after inoculation of these cells

in mice mammary gland.
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The 67NR were cultured in DMEM medium supplemented with 10% fetal bovine serum and 1 %
penicillin/streptomycin. 66cl4 were cultured in aMEM medium supplemented with 10 % fetal
bovine serum (FBS), 1% penicillin/streptomycin and 1% sodium pyruvate. 4T1 were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum, 2% penicillin/streptomycin and 0.2 %
fungizone. 4T1.2 cells were cultured in aMEM medium supplemented with 10 % fetal bovine
serum, 1% penicillin/streptomycin and 1% sodium pyruvate. All cells were cultured at 37°C in

a humidified atmosphere in 5 % CO2 incubator.

In animals, we inoculated the following cell lines: 4T1 wild-type cell line (4T1) which is from
ATCC, UK, 4T1 expressing luciferase2 (4T1luc2) which was engineered in the lab, 4T1.2-
luciferase2 cell line (4T1.2luc2) and 66c¢c14-luciferase2 cell line (66cl4luc2) which were
a generous gift from Celeste Boilin and Cheryl Jorcyk, Boise State University, ID, USA.

1.2.1.2. Plasmid construction

The pCMV-luciferase2 retroviral vector was constructed by inserting the coding sequence of
Firefly luciferase2 (luc2) into the multiple cloning site of pMiRVec. To increase expression and
reliability of the firefly luciferase, a synthetic firefly luciferase gene, has been engineered by the
constructor (Promega) and inserted in the cloning vector PGL4. The gene was synthetically
redesigned by changing the codons to those most frequently used in mammalian cells while
simultaneously removing most of the consensus sequences for transcription factor binding sites.
Luc2 coding sequence was amplified by PCR using Accuprime High Fidelilty (Invitrogen) and
purified after agarose gel extraction (NucleoSpin, Macherey Nagel). PCR product was inserted
into HinDIII/EcoR1-digested pMiRVec vector using In-Fusion HD Cloning Kit (Clontech
Laboratories). PCR primers for luc2 were designed with 15 base pairing extensions that are
complementary to the ends of the linearized vector. In-fusion cloning reaction was as followed: 2
ml of In-Fusion HD Enzyme Premix (5X), linearized vector (25ng), PCR product (50ng),
completed to 10 ul final volume with H,O. Reaction was incubated for 15 min. at 50°C and

placed on ice, prior to transformation of Stellar Competent cells (Clontech).

The retroviral PmiRVec-miR-30sponge vector was constructed by inserting the miR-30 bulged
sponge sequence in the MCS of pMiRVec. Briefly, “miRNA sponges” are miRNA competitive
inhibitors that have been developed in Philipp Sharp’s laboratory, as an alternative to modified

antisens oligonucleotides (Ebert et al., 2007). They function as decoy targets that anneal to the
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cognate miRNA and derepress miRNA targets in mammalian cells. They are designed as
oligonucleotides to miRNAs binding sites with a bulge at the position normally cleaved by
Argonaute 2 and are inserted tandemly as heptameric sites into the 3’UTR of a reporter gene.
MiR-30-Sponge have been constructed by Philipp Sharp laboratory by inserting six miR-30
binding sites tandemly arrayed into the 3’UTR of a reporter gene encoding destabilized GFP
driven by the CMV promoter. Binding sites for miR-30 seed family were perfectly
complementary in the seed region with the bulge at positions 9-12 to prevent RNA interference-

type cleavage and degradation of the sponge, as followed:

cCuu
miR-30e 5’ —UGU AAA CAU GACUGGA-3
miR-30e bulged sponge 3'—ACA UUU GUA CUGACC T-5
Ucu

The sponges specifically inhibit miRs with a complementary heptameric seed (the sequence
indicated in blue, common to the five members of miRs-30), such that a single sponge can be
used to block an entire miR seed family. We have digested the DNA with six bulged sequences
(in red) from pcDNAS-CMV-d2eGFP vector and cloned this sequence into MCS of pmiRVec to
obtain stable expression of this miRs-30 sponge.
CCATGTCTTGTGCCCAGGAGAGCGGGATGGACCGTCACCCTGCAGCCTGTGCTTCTGCTAGGATCAATGT
GTAGGCGGCCGCCTCGAGCCGGTCCAGTCCCTATGTTTACACCGGTCCAGTCCCTATGTTTACCGGTCCAG
TCCCTATGTTTACACCGGTCCAGTCCCTATGTTTACACCGGTCCAGTCCCTATGTTTACACCGGTCCAGTCCC

TATGTTTACACCGGATCGCGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCC
ATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAG

1.2.1.3. Cell transfection and transduction

Transient overexpression or down-regulation of miRs-30 in tumor cell lines was achieved by
transfecting the cells with chemically modified double-stranded RNAs that mimic endogenous
miRNAs (miR-mimics, Applied BioSystems) or chemically modified single-stranded RNA
molecules designed to specifically inhibit endogenous miRNA (miRNA inhibitors, Applied
BioSystems). Cell lines were transfected with 10nM of each miR-30s mimics or antagonist
sequences or with 50 nM of negative scramble controls (Applied BioSystems). These

oligonucleotides were incubated with 10° cells in appropriated medium, in the presence of
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HiPerFect transfection reagent for 30 min at 37°C in a 5% CO0, incubator, prior to cell plating.

Transfected cells were then grown in culture for 48-72 hours before cell assays.

Tumor cells were transduced using the amphotropic retroviral packaging system (ClonTech
Laboratories). Briefly, GP2-293 cell line which has the viral gag and pol genes incorporated in its
genome were transfected with the pantropic VSV-G envelope vector and the retroviral pmiR-Vec
vector (kindly provided by Dr R. Agami, The Netherlands Cancer Institute, Amsterdam). 4T1 cell
line was transduced with pCMV-luciferase2 retroviral vector generating 4T1 cell line stably-
expressing luciferase2 (4T1luc2). 4T1.2 and 66C14 cell lines were transduced with pmiRVec —
miR-30-sponge. Virus particles were collected at 72h after transfection, filtered and used to
transduce the recipient cells in presence of 8 pug/mL polyprene. Vector transduced cells were

selected with blasticidine.

Finally, cell transduction was also performed with RNAi MISSION™® Lenti microRNA Inhibitor
particles. For these experiments, we obtained lentiViral particles from Sigma and performed
4T1.2-luc2 and 66¢14-luc2 transduction by incubating 4 x 10* cells with 10 TU/cell, in presence
of 8 pug/ml of polyprene for 72h. Selection of stable transfectants was further achieved by
incubating the cells with puromycin. Briefly, in this technology, expression of the miRNA
inhibitors is driven by the hU6 promotor upon genomic integration of the lentiviral transfer
vector into the host cell post-transduction (Haraguchi et al., 2009). MiRNA inhibitors are able to
competitively bind specific miRNAs and prevent them from regulating their endogenous targets.
Lentiviral vectors have been constructed by integration of decoy RNA molecules in the MCS of
pLKO lentiviral vector (Haraguchi et al., 2009). The entire secondary structures of these decoys
and the sequence of miRNA-binding site have been optimized to establish a highly potent
miRNA inhibitory system (tough decoy design).

1.2.1.4. Animal studies

Four-week-old female Balb/c mice were purchased from Janier Laboratories. All procedures
involving animals, including their housing and care, the method by which they were culled, and
experimental protocols were conducted in accordance with a code of practice established by the

local ethical committee of the University of Lyon.

Mice were injected orthotopically into the fat pad of the 4th mammary gland with 10° cells in 100
uL of 50 % PBS-50 % Matrigel for 4T1.2luc2 and 66¢14luc2 and with 10° cells in 10 pL PBS,
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for 4T1. Tumor size was calculated by external measurement of the width (m1) and length (m2)
of tumors using a Vernier caliper. Tumor volume (TV) was calculated using the equation TV =
(m1?xm2)/2. On day 14 after tumor cell inoculation, mice were anesthetized and the primary
tumors were resected, measured, weighted and cut into two pieces. Half of tumors was fixed into
4 % PFA for immunohistochemistry and the reMayning tissue was placed into liquid nitrogen for

RNA extraction.

Injection of 4T1.2luc2 and 66¢14luc2 grown under non-attachment conditions and of control

cells grown on plates was performed intra-arterially with 10° cells in 100 uL of PBS.

Bioluminescence imaging of animals was performed weekly, by s.c injection of luciferine and
was monitored by the Nightowl imaging system (Berthold, Germany), as previously described
(Bolin et al., 2012; Fradet et al., 2011; Peyruchaud et al., 2001).

At the end of protocols, animals were anesthetized, sacrificed and several organs were dissected.

Hind limbs and spines were placed in medium and lungs in PBS.

1.2.1.5. Bone marrow micrometastasis isolation

For ex-vivo bone marrow micrometastasis experiments, cells were injected into the mammary
gland or into the tail artery of animals. At day of sacrifice, hind limbs, spines and lungs were
collected and tibiae and femurs were minced then soaked in an enzyme cocktail containing
300U/mL type-I collagenase and 100 U/ml hyaluronidase (StemCell Technologies) in DMEM
medium for 2 hours at 37°C. Lungs were minced and an enzyme solution containing 0.25 mg/mL
type-I collagenase (Sigma) was added for 1 hour at 37°C. After incubation, cell suspensions from
bone marrow and lungs were seeded in 6-well plates and cultured in complete medium. After 1-
day culture, cells were placed under 6-thioguanine selection, allowing the selective growth of
antibiotic-resistant tumor cells. Colonies of tumor cells were then fixed and stained with crystal

violet.

1.2.1.6. Cell invasion assay

Experiments were conducted in 24-well cell culture plates with 8-um diameter pore-size inserts,
coated with 100 ul basement membrane Matrigel (0.3 mg/mL), as previously described (Fradet et
al., 2011). 4T1.2luc2 or 66¢1luc2 were transfected with either control or miR-30 inhibitors. After

48 h, cells were detached with trypsine/EDTA and a suspension of 5x10* cells in 300 pL of
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culture medium containing 0.1 % (w/v) bovine serum albumin was loaded into each insert (upper
chamber). The chemoattractant [10 % (v/v) fetal calf serum] was placed in the lower chamber
(750 pl /well). After a 24-h incubation at 37°C in a 5 % CO2 incubator, inserts were collected,
the non-invading cells were removed and the invading cells on the under surface of the inserts

were stained with 0.5 % crystal violet for 10 minutes. Cells were then counted under microscope.

1.2.1.7. Cell culture under-non attachment condition

66cl4luc2 and 4T1.2luc2 cells were cultured on ultralow attachment 10 cm plates (Nunclon
Sphera) at 1x10* cells in 10 mL Mammocult Basal Medium, supplemented with 10 %
Mammocult Proliferation Supplement, 0.0002 % heparin, 1 pM hydrocortisone, 0.5 %
penicillin/streptomycin and 500 uM L-glutamine for 5 days. At this time, cell aggregates were
mechanically and enzymatically disrupted, filtered through 70 or 40 um filter, counted and
cultured again in 10 cm ultralow attachment plates. The same was repeated twice and at each
stage, some cells were cultured under attachment condition. RNA was extracted from both

conditions to analyze miR-30s and gene expression levels.

1.2.1.8. RNA isolation

1.2.1.8. a. RNA isolation for gene expression analysis
Total RNA was extracted using Total RNA isolation NucleoSpin RNA II kit, as described in the

protocol.

1.2.1.8. b. RNA isolation for microRNA expression analysis
Total RNA, including small RNAs, was extracted using miRNeasy Micro Kit, as described in the

protocol.

1.2.1.9 . Real time RT-PCR

1.2.1.9. a. RT-PCR for gene expression analysis
cDNA was produced from 1 pg total RNA using the iScript cDNA Synthesis Kit. Real-time
quantitative PCR reactions were performed using a SYBR Green qPCR kit on a RealPlex

(Eppendorf, Durheim). Relative gene expression levels were normalized according to the Ct
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value of the gene encoding L32 protein and results were expressed as fold differences equal to 2-

AACt.

1.2.1.9. b. RT-PCR for microRNA expression analysis

TagMan microRNA assays were used to quantify miRs-30 and snU6 levels after RNA isolation.

100 ng of total RNA were reverse-transcribed using the MultiScribe reverse transcriptase and 50

nM stem-loop RT primers specific for miR-30 members and the endogenous control snU®6.

Mature miRNAs were amplified using the TagMan 2X universal PCR Master Mix and miRs-30s

level were expressed as fold differences equal to

1.2.1.10. Reagents

-AACt
277

Name concl;i::?:l tion Reference Company
DMEM (1X) medium (1X) 41966-029 Gibco
MEM Alpha Medium (1X) (1X) 22561-021 Gibco
RPMI-1640 (1X) (1X) A10491-01 Gibco
MammoCult®Basal Medium (1X) 5621 STEMCELL
(Human) TECHNOLOGIES
Mammocult Proliferation 10% 5622 STEMCELL
Supplement (human) TECHNOLOGIES
Heparin 0.0002%
Hydrocortisone (10 pg/ul) 1 uM
L-Glutamine 200 nM (100X) 500 uM 25030 Gibco
Sodium Pyruvate 100nM InM 11360-039 Gibco
PenicillinStreptomycin InM 15140-122 Gibco
0,05% Trypsin-EDTA (1X) 25300-054 Gibco
Fungizone® Amphotericin B 0.2% 15290-026 Gibco
250 mg/ml
6-thioguanine 50mg/ml 0.01 mg/ml A4882-1G Sigma
Crystal violet
Collagenase from Clostridium 250 pg/ml C1639-50MG Sigma

Histolyticum 1mg/ml
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STEMCELL

Collagenase/hyaluronidase 300U/100U/ml 79919 TECHNOLOGIES
Fetal Bovine Serum 10% FB-1001 BioSera
Non attachment culture plate Thermo Scientific
MycoKill AB (50X) 10 pug/ml PAA
Growth Factor Reduced BD L
Matrigel Matrix 300 pg/ml 354230 BD Biosciences
rDNase 1/10 DI109R Macherey-Nagel
EXPRESS SYBR® Green ER™ .
qPCR Super Mix Universal 10ul Al0314 Invitrogen
E/E?(Man Universal PCR Master 10ul 4324018 Applied Biosystems
. 12% (incubated .

HiPerFect® for 30 min) 301705 Qiagen
Buprécare 0,3mg/ml 1,8 ul F15 Axience
Kétamine 1000 130mg/kg 100 mg/ml 4F3R Virbac France
Rompun 2% 8,8mg/kg 20 mg/ml KPO8FN1 Bayer
NaCl solution 0.9% 3400936340824 Lavoisier
Vetflurane 3% 4FTR Virbac France
Luciferine for in vivo use
10mg/ml-Luciferine-EF™ 200 ul 655X Promega
luciferine for in vitro use- 0
Luciferase Assay Reagent 0.1% E1483 Promega

. Generous gift from
pmiR-Vec vector Reuven Agami,

) ClonTech Laboratories,
Amphotropic Systems Takara Bio Company
RNAi MISSION™® Lenti :
microRNA Inhibitor HLTUDOOOL.... Sigma
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1.2.2. Results

1.2.2.1.Orthotopic murine model of metastatic dissemination from breast tumor cells: 4T1

We have first set up a mouse model of spontaneous breast cancer metastasis. In this animal
model, tumor cells form a primary tumor that is resected, mimicking clinical situation, and tumor
cells disseminate to secondary organs to form micro- or macro- metastasis. 4T1-luc2 form
primary tumors that are detected by bioluminescence imaging. However, we could not detect
tumor cells in bone and lungs by this technique. In regard of the difficulty to detect
bioluminescence in lungs, we isolated the DTC from legs and lungs. Micro-metastases were
detected in lungs but not in legs. Indeed, when injected in mammary gland in a syngeneic model,
some investigators report that 4T1 highly disseminates to lungs, but not to bone. Our results were
in accord with these data. We further asked if 4T1 tropism might have been disturbed by
luciferase2 labeling or transduction. Therefore, we performed another study using the same mice
model, in which 35 mice have been inoculated with 10° 4T1 cells. Every 7 day, 7 mice were
sacrificed, lungs and bone were collected and DTC were isolated from lungs and bone. Despite
the fact that lungs were highly metastatic, the presence of micro-metastases in bones was found
in only one out of 35 mice, meaning that in our hands, 4T1 metastasizes very weakly, if not at all,

to bones.
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Figure 12. Follow-up of bioluminescence imaging from a mouse inoculated with 4T1luc2 in
mammary gland.

Numbers indicate the day of BLI imaging. At day 14, the primary tumor was resected. The colourful spot on mouse
indicates the bioluminescent 4T 1-luc2 which forms the primary tumor. After 14 days, tumor was resected and tumor

re growth was detected over time.

1.2.2.2. Orthotopic murine model of metastatic dissemination from breast tumor cells: 4T1.2luc2,
66¢c14luc2

4T1.2luc2 was injected in 10 ul PBS, according to the Lab’s procedure. However, even by
increasing the cell amount over 10°, we did not get formation of primary tumor, indicating
probably a weaker tumorigenic propensity of these cells. Therefore, we have adapted a protocol
(from Christophe Ginestier, Centre de Recherche en Cancérologie de Marcheille, Laboratoire
d'Oncologie  Moléculaire, UMRS891 Inserm/Institut Paoli-Calmettes, Marcheille, France), in
which 4T1.2luc2 was injected in 100 pl of 50 % / 50 % mixture of PBS and Matrigel . In these

conditions, 4T 1.2luc2 forms primary tumor and disseminate to secondary organs (Figures 13).
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Figure 13. Spontaneous metastatic dissemination of 4T1.2luc2 and 66c14luc2 to bone and
lung after cell inoculation into the mice mammary fad pad.

The diagram represents the percentage of mice having developed bone and lung metastases. (n=12 animals).
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Despite the fact that injection of 66¢cl4luc2 in 10 pl PBS, according to the Lab’s procedure
induced primary tumor formation, we used the same procedure than the one used for 4T1.2luc2
study to compare the metastatic behavior between the two cell lines. 66c14luc2 was injected at
range from 0.25x10° to 1x10° cells in 100 pl of 50 % / 50 %, PBS / Matrigel. Finally, injection of
1x10° 66c14luc2 induced strong dissemination to lungs whereas few mice developed bone
metastasis. Moreover, for both cell lines, only the incidence was plotted. It should be noticed that
the number of bone micro-metastasis was high in mice inoculated with 4T1.2luc2 but not in lung

and inversely for 66c14luc?2.

1.2.2.3. Expression of miRs-30 in breast cancer cell lines

MiRs-30 expression was investigated in the murine cell lines and their levels compared to human
breast cancer cell lines, MDA-B02 and its parental MDA-MB-231. MiRs-30 were highly
expressed in the three murine cell lines, and this is in agreement with the epithelial phenotype of
these cell lines (not shown). Thus, we designed experiments to decrease miRs-30 activity in these

cells and to conduct loss-of-function study.
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Figure 14 . Expression of miRs-30 in human and murine breast cancer cell lines.

MiRs-30 level in breast cancer cell lines was analyzed by TagMan RT-qPCR and expressed as relative level
compared to MDA-MB-231.
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1.2.2.4. MiRs-30 silencing in 4T1.2luc2 and 66c14luc2 by overexpressing miR-30-sponge

4T1.2luc2 and 66¢l14luc2 were transduced with pmiRVec-miR-30-sponge vector to obtain the
stable expression in these cells of miR-30 antagonists synthesized from genomic DNA. The
expression level of miRs-30 target genes, Krupper-like factor 10 (KLF10) and RUNX2 was
analysed in 4TI1.2luc2 and 66¢cl14luc2 transduced with pmiRVec-miR-scramble vector
(4T1.2luc2-Ctrl and 66¢14luc2-Ctrl) and in the cells transduced with PmiRVec-miR-30-sponge
vector (4T1.2luc2-sponge-30 and 66¢14luc2-sponge-30).
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Figure 15. Expression of miRs-30 target genes in 4T1.2luc2 and 66¢cluc2 expressing miRs-
sponge-30.

Both cell lines were transduced by pMiRVec-sponge-30 and pMiRvec-Ctrl to stably express miR-sponge-30
(4T1.2luc2-sponge-30, 66cluc2-spone-30) or miRs-scramble (4T1.2luc2-Ctrl, 66¢cluc2-Ctrl). Gene expression was
measured by TagMan-RT-qPCR. (*: p<0.05).

Repressing miRs-30 activity was effective to derepress KLF10 and RunX2 expression in

66¢c14luc? but was ineffective to do so in 4T1.2luc2.
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1.2.2.5. Mir-30 silencing in 4T1.2luc2 and 66c14luc2 overexpressing miR-30-decoy

4T1.2luc2 and 66c14luc2 were transduced with lentiviral particles to obtain the stable expression
in these cells of miR-30 decoys synthesized from genomic DNA. The expression level of miR-30
target genes, KLF10 and RUNX2 was analysed in 4T1.2luc2-Ctrl and 66¢c14luc2-Ctrl and in the
cells transduced with 4T1.2luc2-decoy-miR-30 and 66c¢14luc2-decoy-miR-30. The silencing of

miRs-30 did not induce any changing in this expression levels.
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Figure 16. Expression of miRs-30 target genes in 4T1.2luc2 and 66¢luc2 stably transduced
with lentiviral miR inhibitors.

Both cell lines were transduced by lentiviral miR scramble control (Ctrl) and by lentiviral miR inhibitors (-decoy-
miR-30) Ctrl or miR-30 inhibitors (4T1.2luc2-Ctrl, 4T1.2-decoy-miR-30, 66¢14.luc2-Ctrl, 66¢14luc2-decoy-miR-
30). Gene expression was measured by TagMan-RT-qPCR. (*: p<0.05).

Repressing miR-30 activity was ineffective to de-repress KLF10 and RunX2 expression in 66¢14luc2 and in
4T1.21uc2.
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1.2.2.6. Effect of miR-30 antagonism on 4T1.2luc2 invasiveness and tumor growth in murine

syngeneic model

4T1.2luc2 and 66¢c14luc2 were transiently transfected with a mixture of each miR-30 that mimics
(miR-30 mimics) or antagonizes (miR-30 inhibitors) endogenous miR-30 or with their respective
negative scramble controls. Measurement of oligonucleotide delivery into tumor cells, using
Alexa-fluor488-conjugated oligonucleotides followed by flow cytometry analysis of
fluorescently-labelled transfected cells, showed a transfection efficiency of 100 % (not shown).
Expression level of miRs-30 delivered in the cells, by mimics or reMayning untrapped by the

inhibitors was analyzed by TagMan RT-qPCR (Fig 17A).
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Figure 17. Expression of miRs-30 in 4T1.2luc2 after transient transfection of miR-30
mimics and miR-30 inhibitors.

(A) 4T1.2luc2 was transfected with chemically modified double-stranded RNAs that mimic endogenous miRs-30
(miR-30 mimics) or with chemically modified single-stranded RNA designed to specifically inhibit endogenous
miRs-30 (miR-30 inhibitors) or with sramble controls (Negative Ctrl). MiRs-30 expression was analyzed by TagMan
RT-qPCR.

(B) Integrin a5 expression was measured by TagMan-RT-qPCR. (Mean £ SD, *: p<0.05).

Transfection of 4T1.2luc2 with miR-30 mimics increased the miR-30 level over endogenous
level whereas miR-30 inhibitors moderately decreased this level (from 31 to only 15 % of
inhibition). For data reported on fig 17A, high number of cells was transfected prior to
inoculation in mice mammary gland, and we obtained a lower inhibition than in previous
transfections. This might be due to the fact that these cells have high dividing rate, thus the
amounts of transfectant is diluted very quickly during cell division. Despite this, the expression
level of ItgaS, a miR-30 target gene, was increased in 4T1.2luc2 transfected with miR-30
inhibitors. Modulation of invasiveness was analyzed, in vitro on plate coated with Matrigel.
Increasing miRs-30 level inhibited significantly the invasiveness of 4T1.2luc2 whereas trapping

miR-30 with miR-30 inhibitors increased cell invasiness. This was not observed in 66c¢14luc2

(Fig 18).
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Figure 18. MiRs-30 decreased 4T1.2luc2 invasion whereas trapping miRs-30 increased
4T1.2luc2 invasion.

4T1.2luc2 was cultured in 24-well culture plates with 8-pum diameter pore-size inserts, coated with basement
membrane Matrigel. (Mean of n=3, p<0.05). No significant effect was observed with 66¢14luc?2.

To investigate miRs-30 activity in vivo in syngeneic model, Balb/c mice were injected
orthotopically, with 4T1.2luc2 transfected with negative control (10 mice), or with 4T1.2luc2
transfected with miR-30 inhibitors (10 mice). No difference was observed in the growth of
primary tumor (Figure 19). Mice were sacrified 11 days after tumor resection and
micrometastasis were isolated from legs, spine and lungs. We did not observe any occurrence of
metastasis in lungs in the two groups of mice. The incidence of metastasis in bone and spine was
only of 2 mice having metastasis in the group of mice inoculated with 4T1.2luc2 transfected with
miR-30 inhibitors (not shown). The reason of the absence of dissemination may be explained by
the short time that we kept the animal after resection, due to the fact that we inoculated cells that

were transiently transfected. This study appears only as preliminary experiment.
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Figure 19. MiRs-30 did not affect 4T1.2luc2 growth in mice mammary fad pad.

4T1.2luc2 was transfected with miRs-30 inhibitors (miR-30 inhibitors) and scramble control (Negative Ctrl), prior to
inoculation in mammary fad pad. Tumors were resected 11 days after cell inoculation and weighted.

1.2.2.7. Expression of miRs-30 is down-regulated in 4T1.2luc2 and 66¢ci4luc2 under non-
attachment growth conditions

Preclinical evidence suggests that metastasis arises from a small subset of tumor cells, the cancer
stem-like cells (CSCs) that have acquired the capacity to self-renew and to differentiate into cell
with limited proliferative capacity. CSCs, also named tumor initiating cells (TICs) have
migratory capacity and high metastatic potential. Here, we asked if miR-30 level might be
modulated in breast TIC (BT-ICs) and impact on their metastatic potential. To enrich 4T1.2luc2
and 66¢c14luc2 in BT-ICs, we have grown these cell lines without anchorage, in serum-free

medium, conditions in which they form mammospheres.
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Figure 20. Expression of miRs-30 in mammospheres obtained by growing 67NR, 66c14luc2
and 4T1.2luc2 without anchorage and without serum.

MiR-30 level in cells grown under non-attachment conditions (MMO) was compared to the corresponding cell line
cultured on plastic and in medium supplemented with FBS (Att). p is the number of passages for MMO, (Mean + SD
of 3 measurements).

The three cell lines harbored reduced levels of the five miRs-30 when grown as mammospheres
and this was partly reversed when these mammospheres were dissociated, plated and cultured in
presence of FBS. Moreover, the CSCs phenotype was markedly up-regulated in tumor cells
dissociated from mammospheres (Fig 21). The CSC-like markers, CD44 that binds hyaluronan
and osteopontin, was up-regulated in both cell lines whereas CD24 reMayned unchanged
showing Cd44"/Cd24"™ character and CSC enrichment of these cultures. The expression of the
three transcription factors POU doMayn, class 5, Transcription Factor 1 (Oct4), SRY (sex
determining region Y)-Box 2 (Sox2) and Nanog was also increased, confirming the CSC

enrichment.
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Figure 21. Expression of cancer stem cell markers in 4T1.2luc2 and 66c14luc2.

Gene expression in 4T1.2luc2 and 66¢14luc2 grown under non-attachment conditions (4T1.2 MM, 66¢c14 MM) was
compared to that in 4T1.2luc2 (4T1.2) and 66c14luc2 (66¢14) grown in regular culture conditions. 66c14 Att:
dissociated mammospheres that have been put back in regular culture conditions (Mean + SD, *p<0.05).
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Figure 22. Expression of Vimentin and Twifilin in 4T1.2luc2 and 66c14luc2.
See abbreviations on figure 21. (*: Mean + SD, p<0.05)

Vimentin and Twifilin are proteins that regulate EMT by promoting F-actin formation, a key
component of cellular transition to a more invasive mesenchymal phenotype. Both genes are
targets of miRs-30 at the 3’UTR level and their expression is up-regulated in tumor cells that
have low levels of miRs-30 (see paper page 59-111 of this manuscript). This result suggests that
the miRs-30 depletion in mammospheres promotes Vim and Twf expression and thus would
stimulate the invasive mesenchymal phenotype of mammospheres. In primary tumor, BT-ICs
acquire mobility to migrate into the surrounding stroma, circulate in blood stream and seed at
distant sites to grow. The specific development of bone metastasis requires the recruitment of
CTC in bone marrow and their adaptation to survive in the surrounding microenvironment. We
hypothesized that miRs-30-depleted mammospheres mimic CTC that have undergone EMT and
escaped primary tumors to reach blood flow. To anticipate their propensity to migrate to bone,

the expression of genes involved in bone metastasis has been analyzed in these cells.
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Figure 23. Expression of bone metastasis-related genes in 4T1.2luc2 (A) and 66c14luc2 (B).
See abbreviations on figure 21, (Mean + SD, p<0.05).

Secreted protein, acidic, cysteine-rich (SPARC, osteonectin), Integrinf3 and Integrino5 that are
involved in bone tropism and bone homing were up-regulated in miRs-30-depleted tumor cells,
suggesting that miRs-30 would decrease bone-seeking of these tumor cells. Regarding genes
which might be involved in bone invasive properties of CTCs, we analyzed the expression level
of Bcl9, an experimentally validated miRs-30 target. BCL9 is a transcriptional coactivator of the
WNT signaling pathway known to promote multiple myeloma cell proliferation, survival,
migration, drug resistance, and formation of multiple myeloma cancer stem cells (Zhao et al.,
2014). The up-regulation of Bc/9 in 4T1.2luc2 MMO suggests that this protein might stimulate
invasion of CTC in bone marrow. Lysyl oxidase (LOX) is also a critical factor for bone homing

of tumor cells that enhances tumor cell engraftment in the pre-metastatic niche (Erler et al.,
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2009). Lox expression was increased in miRs-30-depleted-4T1.2luc2, in accord with the fact that
this gene is a miRs-30 target. In this model, lysyl oxidase would also stimulate the engraftment of
tumor cells in bone marrow. Finally, the expression level of Bcl2-like 11 (Bcl2/11) which is
a proapoptotic gene, belonging to Bcl-2 family member (Li et al., 2014), and a predicted target of
miR-30s, was also increased in these cells, suggesting a higher level of apoptosis in
mammospheres. This was confirmed by preliminary study showing that late apoptosis was
increased in mammospheres as compared to cells grown in attachment (not shown). The reason
for that is not clear, but it is reasonable to think that the non-attachment culture conditions
without serum alter the cells. Despite this, we decided to investigate if miRs-30-induced
modulation in expression of these genes would modify metastatic dissemination of 4T1.2luc2

and/or 66c14luc2 in animal model.

1.2.2.8. Metastatic dissemination of miRs-30-depleted 4T1.2luc2 and 66c14luc2 in mice.

Tumor cells dissociated from mammospheres and tumor cells detached from culture wells were
injected intra-arterially in mice. Metastasis dissemination to lung, spine and legs was assessed by
occurrence of micro-metastasis in organs. We choose this type of injection that bypasses escape

of primary tumor to investigate the steps of bone tropism and homing of CTC.

LUNGS |% _ SPINE %
4T1.2 MM 3/5 60 4/5 80 4/5 80
66c14 MM 5/5 100 5/5 100 5/5 100
4T1.2 4/5 80 4/5 80 4/5 80
66cl4 5/5 100 3/5 60 4/5 80

Table 5. Incidence of metastasis in mice inoculated with 4T1.2luc2 and 66c14luc2 grown
under non-attachment conditions and with 4T1.2luc2 and 66c14luc2 cultured in regular
conditions.

Abbreviations are as in figure 21. (%) represent the percentage of mice that developed micro-

metastasis in organ.
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MiRs-30-induced regulation of gene involved in bone metastasis did not impact on metastatic
dissemination in vivo (Table 5). We hypothesized that growing cells as mammospheres may
induce a loss-of-functions of these cells by stimulation of apoptosis and/or necrosis. In this
model, there was a huge amount of tumor cells in lungs that we cannot numerate, making
difficult to figure out the impact of gene modulation. Moreover, tumor cells seemed also to have
grown outside organs, especially in bone. We concluded, on these preliminary data, that
4T1.2luc2 and 66cl4lucl2 grown as mammospheres is not adapted to study bone tropism and

bone homing in a mice model of bone metastasis.
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1.2.3. Discussion

In the course of this study we have first confirmed that 4T1 is not a model of metastatic
dissemination to bone after cell inoculation in fat pad since animals developed strong
macrometastasis in lung after tumor resection but not in bone. Moreover, mice would suffer
rapidly from lung metastasis before developing bone metastasis. We found that 4T1.2luc2 forms
reproducible breast primary tumors when inoculated in mammary gland mixed to Matrigel and
disseminates more in spine and leg than in lung. 66c14luc2 disseminate more in lungs than in
bone. In regard of high levels of miRs-30 expression in these murine cells, we used a loss-of-
function approach to study miRs-30 activity. The miRs-sponge technology that has been
specifically design to target entire miR family seemed very attractive for our study, in regard of
the five members of the family. From the sponge sequences in a cloning vector designed by
Philippe Sharp laboratory, we obtained a stable cell line from the entire 4T1.2luc2 and 66¢14luc2
population. This technical approach allows avoiding clonal selection of these very heterogeneous
cell populations. We did not obtain the derepression of miRs-30 target genes in 4T1.2luc2. The
reason for that is not clear, since the technology is efficient to derepress expression of several
genes (RUNX2, ITGB3, CDHI11 and CX43) in human MDA-MB-231 and MCF-7. It is possible
that the transduction was not efficient in 4T1.2luc2 or that these genes were not efficiently
regulated by miRs-30 in these cells. We used the miR-30s mimics and miR-30s inhibitors to
modulate gene expression in these cells. Here we choose to target the 5 miRs-30 by mixing
equimolar concentrations of each. Both, mimics and inhibitors modulate 4T1.2luc2 invasiveness
efficiently indicating that exogenous miRs-30 can still repress gene targets, despite high levels of
endogenous miRs-30. In this, miRs-30 in these murine cell lines might be not directly linked to
their spontaneous dissemination. This would agree with results reporting that overexpression of
miR-30a suppresses the migration and invasive phenotype of breast cancer cell line, MDA-MB-
231. When we transfected MDA-MB-231 with miR-30 mimics, cell invasiveness was decreased
but transfection with miR-30 inhibitors did not increase cell invasiveness (See paper page 59-
111). Another complexity of miRs-30 activity is that there are five members that share similar
seed regions but that may have difference in activity. They are also expressed at very high levels
in cells that would explain why miR-30 inhibitors were inefficient to modulate tumor growth in

vivo. Further, we found that growing these cells without anchorage, to mimic CTC in vivo,
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induced a depletion of endogenous level of miRs-30. In preliminary results, this miRs-30
depletion up-regulated the expression of several genes involved in bone metastasis. Although
these experiments need to be repeated, we hypothesize that the down-regulation of miRs-30 is not
occurring only in primary tumor, through the occurrence of EMT and/or Dicer down-regulation.
This process may be modulated during dissemination steps. DICER expression will be analyzed
in mammospheres to find out if the tumorogenicity was altered. It also turn out that such grown
cells are not suitable to be inoculated to mouse, probably due to an enhanced oncogenic-induced

failsafe program in cells.

Overall, the orthotopic mouse model set up with 4T1.2luc2 is suitable to investigate metastatic
dissemination to bone. However, we did not succeed to efficiently downregulate miRs-30 in these
cells. Transient transfection of short oligonucleotides is not suitable, in regard of the rapid high
dilution of these molecules in highly dividing cells. In 4T1.2luc2, the efficiency of sponge
technology that allows continuous and stable expression of miRs-30 inhibitors, counteracting all

members of the family need to be improved.
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GENERAL DISCUSSION AND
PERSPECTIVES
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According to data reported in literature, miRs-30 appear as tumor suppressors, in regard of their
EMT repressor properties. These miRs inhibit tumorogenesis, tumor cell invasion and survival.
We have shown that they inhibit breast cancer bone metastasis, mostly by repressing the
expression of osteomimetic genes. To show that, we have increased miRs-30 in MDA-B02, a cell
line that specifically invades bone, in animal model. These cells have been previously selected by
selection pressure in animal and exhibit a mesenchymal phenotype. They disseminate to bone
after injection in blood circulation and mimic breast cancer circulating tumor cells that have
escaped primary tumor. In accord to its mesenchymal phenotype, this cell line is only weakly
tumorogenic and do not escape primary tumor to disseminate in mice. Therefore, our observation
is still restricted to a specific cell line with osteomimicry competence and need to be extended to
others cell lines. We need to find out if miRs-30 would decrease bone metastasis in rather less
osteomimetic cell lines before concluding that this miR family is negatively associated to
a specific bone metastasis signature. This is also sustained by the fact that some members of
miRs-30 prevents tumor growth and/or cancer cells escape and lung metastasis in animal models.
In the clinic, we show that miR-30a-5p, miR-30d-5p and miR30e-5p in primary tumors from
patients with breast cancer is negatively associated with poor distant metastasis-free survival.
From this observation that also partially confirms previously published data, we conclude that
a miRs-30 signature exists in vivo in breast tumors. Whether this confers the CTC to have an
enhanced ability to invade bone rather than lungs or others metastatic sites reMayns to be
investigated. It seems also, from our results, obtained with 4T1.2 model, that the expression of
pro-metastatic genes is increased in breast cancer CTC. Therefore, searching for a gene signature
of bone metastasis in CTC from breast cancer patients would be of interest. It would also inform
on whether osteomimicry is relevant for all types of breast cancer subtypes or restricted to
hormone-responsive breast cancer. We and others have also shown that miRs-30 in primary
tumors from patients with breast cancer are negatively associated with hormone-insensitive
status. For further study, we will work with the hormone-responsive and epithelial cell line,
MCF-7 that expresses relatively high levels of miRs-30 and does not present osteomimicry
competency. The aim will be to find out if modulation of miRs-30 levels in these cells would

modulate osteomimetic genes and bone metastasis, in an hormone-responsive model.

Another point that needs to be addressed is to find out whether the five different members of the

miR family differ in their anti-tumoral and anti-metastatic activity. This has been suggested by
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some discrepancy in the literature. It is of special importance in regard of the very high
expression of each miR-30. This means that for a loss-of-function study, a high amount of
“trapping activity” is needed to derepress the expression of targeted genes. In these experiments,
we are going to use the sponge technology that seems promising, using MCF-7 cells.
Surprisingly, preliminary study conducted with MDA-MB-231 and MCF-7 showed that
increasing miRs-30 levels by transfecting these cells with equimolar concentrations of each miR-
30 modulate gene expression, in a way that resembles that obtained with MDA-B02. Neverthe
less, this approach will allow to compare the activity of each miR-30, as they may modulate

differently the expression of specific genes.

In the course of our study, we have also shown that genes associated to various solid cancer
metastases were down-regulated in MDA-B02-miR-30s by direct miRs-30 targeting (NEDD4,
SNTE) or indirect regulation (TNC). These genes were also up-regulated in bone metastasis at the
transcriptomic level and appear as bone metastasis targets. We also found that the oncogenes
Nidl and Vimentin that are in-silico predicted direct targets of miR-30s are up-regulated in bone
metastasis at transcriptomic levels and could promote bone metastasis. We are going to

investigate the role of some of these targets in bone metastasis.

Finally, another interesting approach to characterize the role of miRs-30 in bone metastasis

would be to treat mice with miRs-30 mimics, using our mice model of human bone metastasis.
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1. TWISTI Expression in Breast Cancer Cells Facilitates Bone Metastasis
Formation.

Twistl is a basic helix-loop-helix transcription factor initially identified as a major regulator of
cell movement and tissue reorganisation during early embryogenesis that is aberrantly reactivated
in human cancers. Twistl promotes tumour cell invasion through activation of miR-10b,
facilitating the intravasation of breast cancer cells in the systemic circulation and their
dissemination to the lungs. Twistl has been reported as a link between EMT and stemness in
breast carcinomas. We have shown, by microArray transcriptomic analysis, that Twistl
expression level is significantly higher in bone metastasis from breast cancer patients than in

others type of metastasis.
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Twistl expression in bone metastasis from breast cancer patients (from Croset M, Pantano
F, Driouch K and Clezardin P; unpublished results)

(from the Gene Expression Omnibus, under IDs GSE11078 (MSK) and GSE14020 (Institut Curie).

We have studied the activity of Twist]l in bone metastasis formation in a mice model of human

bone metastasis.

We have shown that Twistl enhances the engraftment of tumor cells to bone marrow without
affecting osteomimicry and EMT/MET-dependent functions but through a miR-10b dependent

mechanism.
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ABSTRACT

The transcription factor TWIST1 induces epithelial-mesenchymal transition and/or escape to the oncogenic-induced failsafe program,
facilitating the intravasation of breast cancer cells in the systemic circulation and their dissemination to the lungs. Its involvement in
breast cancer bone metastasis is unknown. To address this question, human osteotropic MDA-MB-231/B02 breast cancer cells were
stably transfected with a Tet-inducible vector encoding for TWIST1, whose expression was specifically repressed in the presence of
doxycyciine {dox). The intra-arteriai inocuiation of transfectants expressing 7T¥iST7 in immunodeficient mice substantiaily increased
the extent of osteolytic lesions in these animals, being 50% larger than that of animals bearing mock-transfected tumors, as
determined by radiography. This difference was accompanied by a sharp reduction of the bone volume (indicating a higher bone
destruction) and a twofold increase in the tumor volume rnmnarpd with mice bearmn mack-transfected tumors, as determined bv
histomorphometry. Importantly, the suppression of TWIST1 expression in MDA-MB-231/B02 cells in the presence of dox abolished the
stimulatory effect of TWIST1 on bone metastasis formation in vivo. Additionally, examination of the bone marrow from untreated and
dox-treated animals on day 7 after tumor cell inoculation, at which time there was no evidence of radiographic osteolytic lesions,
revealed that the number of tumor cell colonies that were recovered from the bone marrow of untreated mice was dramatically
increased compared with that of dox-fed animals. In vitro, TWIST1 expression promoted tumor cell invasion and enhanced microRNA
10b (miR-10b) expression a proinvasive factor, but was dispensable for growth of tumor cells. In vivo, the repression of miR-10b
substantially decreased the presence of TWIST i-expressing breast cancer ceiis in the bone marrow. Overali, these resuits establish that
TWIST1 facilitates breast cancer bone metastasis formation through a mechanism dependent of miR-10b, which leads to increase

tumor burden and bone destruction. © 2014 American Society for Bone and Mineral Research.

KEY WORDS: TWIST1; BONE; METASTASIS; BREAST CANCER; MIR-10B; INVASION

Introduction the use of therapies that inhibit the activity of bone-resorbing
osteoclasts (bisphosphonates, denosumab).” However, these
treatments are only palliative. They do not provide a life-

proionging benefit to patients, and a significant proportion of

reast cancer is prone to metastasize to bone: around 70% to
LJ 80% of patients with advanced disease exhibit osteolytic

bone metastases.””’ Once metastatic breast cancer cells are in the
bone marrow, they cannot destroy bone on their own. Instead,

thev alter the functions of bone-resorbinag cells (osteoclasts) and

ey ater The Tundlions OF 2one-resording Cens (osteediasts; ang

bone-forming cells (osteoblasts) and hijack signals coming from
the bone matrix.” Specifically, metastatic breast cancer cells
enhance bone resorption and inhibit bone formation, and bone-
derived growth factors released from resorbed bone stimulate
skeletal tumor outgrowth.””’ The realization that breast cancer
cells in the bone marrow promote skeletal destruction has led to

these patients with advanced breast cancer still experience bone
complications.” Thus, cellular and molecular mechanisms

imnlicated in the early discemination of hreast cancer cells in

mpacated In Ine eany aissemination OF dreast candcer cens in

the bone marrow need to be better understood in order to
improve current treatment modalities.

The blood of many patients with advanced breast carcinomas
contains circulating tumor cells, at least a subset of which may
extravasate and disseminate in the bone marrow.® These tumor
cells disseminating in the bone marrow, in all probability,
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represent the earliest sign of development of metastatic disease
in patients. Indeed, their detection in the bone marrow correlates
with a poor clinical outcome in breast carcinomas.” Additionally,
a current hypothesis gaining ground is that disseminated tumor
cells in the bone marrow (and circulating tumor cells in the
blood) display a full or partial epithelial-to-mesenchymal
transition (EMT), leading to mesenchymal traits such as loss of
E-cadherin-mediated cell-cell adhesion, induction of invasive-
ness, and anchorage-independent growth.®*® EMT can also
induce circulating and disseminating breast cancer cells to enter
into a stem cell-like state, as exemplified by the expression of
stem cell markers (such as CD44"9"/CD24'%).%>9 |nterestingly,
Twist1 has been reported as a link between EMT and stemness in
breast carcinomas.” It is expressed in disseminated breast
cancer cells that persist in the bone marrow after chemothera-
py.® Yet its involvement in breast cancer bone metastasis
formation is unknown.

Twist1 is a basic helix-loop-helix transcription factor initially
identified as a major regulator of cell movement and tissue
reorganization during early embryogenesis.” However, TWIST1
is aberrantly reactivated in human cancers.” In clinical studies,
TWIST1 expression in primary breast tumors has been associated
with disease aggressiveness and poor survival.” Indeed, TWIST1
mediates escape to the oncogenic-induced failsafe program by
preventing oncogene-induced senescence and apoptosis, which
provides tumor cells with a growth advantage."” In mouse and
human breast tumor xenograft modeis, TWiST1 aiso promotes
tumor cell invasion through activation of microRNA 10b (miR-
10b), facilitating the intravasation of breast cancer cells in the
systemic circulation and their dissemination to the lungs. (1-13)
Additionally, the prometastatic effects of TWIST1 are dependent
on the activation of a CD44-lysyl oxidase (LOX) pathway that
stimulates TWISTT transcription in breast cancer cells."® Thus,
a number of experimental findings have been gathered
demonstrating that TWISTT expression in breast cancer is
associated with tumorigenesis and lung metastasis.

in the present study, we sought to expiore the function(s) of
TWIST1 in experimental human breast cancer bone metastasis.

Materials and Methods

Cell lines, cell culture and transfection

The human B02 breast cancer cell line is a subpopulation of the
MDA-MB-231 cell line that was selected for the high efficiency
with which it metastasizes to bone in animals."® This cell
iine was authenticated using short tandem repeat anaiysis.
The human MCF-7 and mouse 4T1 breast cancer cell lines were

obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The human mar | cell (HMEQ)

lines expressing the control vector pBABE -PURO or pBABE-PURO/
TWIST1 and characteristics of Tet-off-expressing B02 cells were
previously described.""""'® The cDNA encoding the entire human
TWIST1 was amplified by PCR and inserted into the pCi-Neo
plasmid (Promega, Charbonnieres, France) to generate the
pCi-Neo-Twist1. The bidirectional vector pBiL/TWISTT was
constructed by inserting the Twist1 encoding sequence digested
by Nhel/Notl from the pCi-neo into the pBiL plasmid (Clontech).
Tet-off-expressing B02 cells were cotransfected with pBiL/Twist1
together with a vector conferring puromycin resistance.
Selection of the clones was obtained after growing the cells
for 2 weeks in the presence of puromycin (2 j.g/mL). Luciferase
induction upon doxycycline (dox) withdrawal was used to select

inducible clones among stable transfectants. Two TWISTI-
inducible transfectants (B02-Twist#112 and B02-Twist#135)
and one negative control-inducible transfectant (B02-GFP/
BGAL) encoding for B-galactosidase (BGAL) and luciferase
were used in the present study. Inducible transfectants were
routinely cultured in DMEM medium (Invitrogen, France)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen) at 37°C in a 5% CO, incubator.

For the silencing of miR-10b in BO2-Twist#135 and 4T1 cells, an
antagomiR-10b and a negative control antagomiR were
purchased from Applied Biosystems. Both cell lines were
transfected with 50 nM of antagomiR-10b or negative control
antagomiR using the HiPerFect transfection reagent (Qiagen,
Courtabeuf, France). These antagomiRs were incubated with
1% 10° cells for 30 minutes at 37°C in a 5% CO, incubator.
Transfected cells were then grown in culture for 72 hours before
tumor cell inoculation to animals. The efficiency of oligonucleo-
tide delivery into these tumor cells was assessed using cell
transfection with Alexa-fluor488-conjugated oligonucleotides
followed by flow cytometry analysis of fluorescently-labeled
transfected cells.

Immunofluorescence

Dox-treated and untreated B02 transfectants were fixed in
culture wells with 2% paraformaldehyde (Sigma) in PBS for 10
minutes and permeabilized with 0.2% (vol/vol) saponin in PBS for
10 minutes. The samples were washed with 10 mM glycine in PBS
prior to blockage of aspecific sites with 10% (vol/vol) goat serum.
Immunodetection was performed using a mouse monoclonal
antibody against TWIST1 (Twist2Cla; Abcam; dilution 1/100)
or a rabbit polyclonal antibody against YB-1 (Abcam; dilution
1/1,000). Following overnight incubation at 4°C, cells were

incubated for 1 hour with a2 cecondary antibody (Alaxa 488-
MCURATEC TOr ¢ NoUr With 2 SeCengary antilCly aeXa 438

conjugated goat anti-mouse for TWIST1 and Alexa 488-
conjugated goat anti-rabbit for YB-1) at a dilution of 1/1000
(Rockland, Tebu-bio). Nuclei were labeled for 10 minutes at room
temperature with 4,6-diamidino-2-phenylindole (DAPI) at a
concentration of 1mg/mL in PBS. The distribution of F-actin
was visualized after incubation of permeabilized cells for
50 minutes at room temperature with phalloidin (1/40 dilution;
Molecular Probes), according to the manufacturer’s instructions.
Cells were observed using a LMS510 laser scanning confocal

mirrnccana (Zaice la Dara Eranca)l with a2 82y [(niimarical
MiICIosTOPRE (\£L&8i55, L& relq, rifandd) wWitn a O3 X \numehilar

aperture 1.4) Plan Neo Fluor objective. To prevent contamination
between fluorochromes, each channel was imaged sequentially,
using the multi-track recording module, before merging.

Western blotting

mllngprec|p|.
tation assay (RIPA) buffer (Slgma) containing a protease
cocktail inhibitor (Roche). Nuclear and cytoplasmic proteins
were extracted from 4 x 10° cells using the NE-PER nuclear and
cytoplasmic extraction kit (Thermo Scientific), according to the
manufacturer’s instructions. Protein cell extracts were electro-
phoresed on a 4% to 12% gradient SDS-polyacrylamide gel
(Life Technologies), then transferred onto nitrocellulose
membranes (Millipore, Billerica, MA, USA) and proteins were
probed with a primary antibody against TWIST1 (twist2C1a,
1/200 dilution; Abcam), YB1 (rabbit polyclonal antibody, 1/2000
dilution; Abcam), E-cadherin (goat polyclonal antibody, 1/2000
dilution; R&D Systems), vimentin (rabbit polyclonal antibody,
1/1000 dilution; BioVision), B-tubulin (Cl B-512, 1/5000 dilution;

Total protein cell extracts were |\/cnd inra
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Sigma) or H4 histone (mabF-9, 1/1000; Santa Cruz Biotechnol-
ogies, Santa Cruz, CA, USA), according to the manufacturers’
instructions. After incubation with primary antibodies, mem-
branes were incubated with horseradish peroxide (HRP)-
conjugated donkey anti-rabbit and anti-mouse secondary
antibodies (Amersham; 1/2000 dilution), and immunostaining
was performed with enhanced chemiluminescence (ECL)
detection system (Perkin Elmer).

Real-time RT-PCR

Total RNA from human breast tumor cells was extracted using
the Nucleospin RNA kit based on RNA adsorption on silica
membrane further treated by rDNAse (Macherey Nagel, Duren).
cDNA was produced from 1 g total RNA using the iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-time quantitative
PCR reactions were performed using a SYBR Green gPCR kit
(Qiagen, Courtabeuf, France) on a Light-Cycler (Roche Diagnos-
tics, Mannheim, Germany). Relative gene expression levels were
normalized according to the threshold cycle (Ct) value of the
gene encoding the ribosomal protein L32 and results were
expressed as fold differences equal to 27**<, In some experi-
ments, TWISTT levels in BO2 clones were expressed as copy
number/iug RNA by absolute quantification, using a standard
curve set up from 2 x 10" to 2 x 107 copies. PCR reactions were
performed with the following primers: TWIST1 forward 5'-
GCAGGACGTGTCCAGCTC-3’, TWISTT reverse 5'-CTGGCTCTTCCT-
CGCTGTT-3'; VEGF forward, 5-AGGAGGAGGGCAGAATCAGAC-3/,
VEGF reverse 5'-TCTATCTTTCTTTGGTCTGCATT-3'; DKK1 forward
5'-TAGCACCTTGGATGGGTATT-3', DKK1 reverse 5'-ATCCTGAGG-
CACAGTCTGAT-3'; YB-1 forward 5'-GGAGATGAGACCCAAGGTCA-
3/, YB-1 reverse 5'-GGTAAGCCGGCATTTACTCA-3'; LOX forward
5'-GGATACGGCATGGCTACTTC-3’, LOX reverse 5'-TTGGTCGGCT-

GGCTAAGAAAT- 2/ 10X 2 farmard B/ CCCAGGATCTCGETCTGET.
UUL i ANAGANANT S tuncg 10TWaIG 5 - LGUAGUAITIGIVGGIGIGST

3/, LOXL2 reverse 5'-TGGCAGTCGATGTCCGCAT-3'; CDH2 forward
5/-CCATCACTCGGCTTAATGGT-3/, CDH2 reverse 5'-ACCCA-
CAATCCTGTTCCACAT-3"; RUNX2 forward 5'-GGAGTGGACGAGG-
CAAGA-3', RUNX2 reverse 5'-AGCTTCTGTCTGTGCTTCTGG-3'; ZEB1
forward 5'-AGCAGTGAAAGAGAAGGAATGC-3/, ZEB1 reverse 5'-
GGTCCTCTTCAGGTGCCTCAG-3'; ZEB2 forward 5-CAAGAGGCG-
CAAACAAGC-3', ZEB2 reverse 5'-GGTTGGCAATACCGTCATCC-3;
SNAIT forward 5'-TCGGAAGCCTAACTACAGCGA-3'; SNAIT reverse
5'-AGATGAGCATTGGCAGCGAG-3'; SNAI2 forward 5'-AAGCATTT-

CAANCCOCTOCAAN 2/ CMAID vavavea B COANTCTOTOCTTCTOACTAT,
CAALULLILLAAATD , JivAIZ TEVEISE 5 -UuniItiviUuinigioaini

GACA-3’; and RPL32 forward 5'-CAAGGAGCTGGAAGTGCTGC-3/,
RPL32 reverse 5'-CAGCTCTTTCCACGATGGCT-3'.

TagMan microRNA assays (Applied Biosystems, Life Technolo-
gies) were used to quantify miR-10b and RNU48 levels after
extraction by cell homogenization in TRIzol reagent (Gibco). Ten
(10) ng of total RNA were reverse-transcribed using the
MultiScribe reverse transcriptase and 50 nM stem-loop RT
primers specific for miR-10b and the endogenous control RNU48.
Mature miRNAs were amplified using the TagMan 2x universal
PCR Master Mix and miR-10b levels were expressed as fold
differences equal to 2724,

Cell enumeration assay

Cell growth curves were done after seeding the cells (1 x 10% per
well) into 12-well plates and cultured them up to 96 hours. Cells
were harvested at various time points following trypsinization
and single-cell suspensions were then counted by the True
Volumetric Absolute Counting technique of flow cytometry
(Partec Instruments).

Cell apoptosis assay

Cells in culture were serum-starved for 24 hours using DMEM
medium supplemented with 0.1% (wt/vol) BSA then treated or
not treated with camptothecin (a proapoptotic drug) for 6 hours.
These cultured cells were then detached with Accutase, washed
twice with cold PBS and resuspended in Annexin V binding
buffer at a concentration of 1 x 10° cells/mL, according to the
manufacturer’s instructions (BD Pharmingen). Cells in suspension
were stained with phycoerythrin (PE)-AnnexinV and the vital dye
7-amino-actinomycin (7-AAD). Early apoptotic cells will exclude
7-AAD, whereas late-stage apoptotic cells will stain positively,
due to the passage of the dye into the nucleus where it binds to
DNA. Cell apoptosis was measured by flow cytometry.

Cell invasion assay

Experiments were conducted in 24-well cell culture plates with 8-
pm-diameter pore-size inserts, coated with 100-p.L basement
membrane Matrigel (0.3 mg/mL), as described."'” Untreated and
dox-treated B02 transfectants (1.6 x 10° cells/mL) and control-
and TWIST1-expressing HMEC cells (5 x 10° cells/mL) were
resuspended in culture medium containing 0.1% (wt/vol) bovine
serum albumin and 300 p.L of this cell suspension were loaded
into each insert (upper chamber). The chemoattractant (10% v/v
fetal calf serum) was placed in the lower chamber (750 p.L/well).
After a 24-hour incubation at 37°C in a 5% CO, incubator, inserts
were coiiected, the non-invading ceiis were removed, and the
invading cells on the under surface of the inserts were fixed and

stained with crystal violet. Cells were then counted under a
mlrrn<rnnp

Animals

Four-week-old female Balb/c immunocompromised mice were

purchased from Charles River Laboratories (St. Germain sur
I'Arbresle, France). All procedures involving animals, including
their housing and care, the method by which they were culled,
and experimental protocols were conducted in accordance with
a code of practice established by the local ethical committee of
the University of Lyon.

Animal studies

Orthotopic tumor xenograft experiments were conducted, as
described."” Four-week-old female nude mice treated with dox
or left untreated were injected in the fat pad of the fourth
mammary gland with dox-treated or untreated transfectants
(1 x 10° celis in 50l PBS), respectively. Tumor size was
calculated by external measurement of the width (m;) and
length (m,) of tumor xenografts using a Vernier caliper. Tumor

volume (TV) was calculated usina the equation TV = (m 2 xm-)/2

€ vy was aiduiateg using tne equation Y200 &

At the end of the protocols, mice were euthanized and tumors
were collected then prepared for immunohistochemistry.

Bone metastasis experiments were conducted in female Balb/c
nude mice, as described.">"'® Dox-treated or untreated trans-
fectants (5 x 10° cells in 100 L PBS) were injected into the
tail artery of anesthetized nude mice treated with dox or left
untreated, respectively. Animals received or did not receive dox in
the water supply (containing sucrose) for the duration of the
experiments. Radiographs of anesthetized animals were taken
weekly with the use of MIN-R2000 films (Kodak, Rochester, NY,
USA) in an MX-20 cabinet X-ray system (Faxitron X-ray
Corporation, Wheeling, IL, USA). Osteolytic lesions were identified
on radiographs as radiolucent lesions in the bone. The area
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of osteolytic lesions was measured using a computerized image
analysis system, and the extent of bone destruction per leg was
expressed in square millimeters. For measurement of skeletal
tumor burden, bioluminescence imaging of animals was
performed weekly using the Nightowl imaging system (Berthold,
Germany), as described."*'® On day 32 after tumor cell
inoculation, anesthetized mice were euthanized by cervical
dislocation after radiography and bioluminescence imaging.

For ex-vivo bone marrow micrometastasis experiments, dox-
treated or untreated B2 transfectants (5 x 10° cells in 100 uL
PBS) were injected into the tail artery of animals treated with dox
or left untreated, respectively. Alternatively, animals were
inoculated with BO2-Twist#135 or 4T1 cells transfected with
antagomiR-10b (5 x 10° cells in 100 p.L PBS). Animals were then
culled on day 7 after tumor cell inoculation. Hind limbs were
collected and tibias and femurs were minced then soaked in an
enzyme cocktail containing 300 U/mL type-l collagenase and
100U/mL hyaluronidase (StemCell Technologies) in DMEM
medium for 2 hours at 37°C. Lungs were minced and an enzyme
solution containing 0.25 mg/mL type-l collagenase (Sigma) was
added for 1 hour at 37°C. After incubation, cell suspensions from
bone marrow and lungs were seeded in six-well plates and
cultured in complete medium. After 1 day of culture, B02-
Twist#135 and 4T1 cells were placed under antibiotic selection
for 2 weeks (puromycin and 6-thioguanine, respectively),
allowing the selective growth of antibiotic-resistant tumor cells.
LUIOﬂIeS UI tumor CEIIS werie thE‘ll IIXEU, bldlileu Wllll Ci‘ystal
violet, and counted.

Bone histology, histomorphometry, and
immunohistochemistry

Bone histology and histomorphometric analysis of bone tissue

sections were performed as described.'>18) Hictomorohomet-
sections were performed as descr stomorphor

ric measurements (bone volume [BV]/tissue volume [TV] and
tumor volume [TuVl)/soft tissue volume [STV] ratios) were
performed in a standard zone of the tibial metaphysis, situated
at 0.5mm from the growth plate, including cortical and
trabecular bone. The BV/TV ratio represents the percentage of
bone tissue. The TuV/STV ratio represents the percentage of
tumor tissue. The in situ detection of osteoclasts was performed
on tartrate-resistant acid phosphatase (TRAP)-stained longitudi-
nal paraffin-embedded medial sections of tibial metaphysis with
the use of a commercial kit (Sigma).
surface was calculated as the ratio of TRAP-positive trabecular
bone surface to the total trabecular bone surface at the tumor-
bone interface.

For immunohistochemistry, tumor sections were incubated
with a mouse anti-human Ki67 monoclonal antibody (DakoCy-
tomation) or a rabbit polyclonal anti-CD31 antibody (AnaSpec)
that specifically recognize proliferative cells and blood vessels,
respectively. The mitotic index and tumor microvessel density

were quantified, as described."®

Ostoanclast rocorntion
USstelliast resorplion

Osteoclastogenesis assay

Experiments were conducted as described,"®'® with minor
modifications. Briefly, murine bone marrow cells were cultured in
a-MEM medium containing 10% (vol/vol) fetal calf serum
supplemented with macrophage colony-stimulating factor
(M-CSF) (20 ng/mL) and RANK-L (30 ng/mL), in the presence of
conditioned medium from transfectants (20 pg/mL). A low
concentration of RANKL was chosen in this study in order to
maximize potential differences between conditioned media

from BO2-Twist#135 cells expressing or not expressing TWIST1.
After 7 days, mature osteoclasts were enumerated under a
microscope on the basis of the number of nuclei (more than
three nuclei) and TRAP activity. Results were expressed as the
number of osteoclasts per well. The expression of genes involved
in osteoclast differentiation and activity was analyzed by RT-

qPCR, as described."”

Cytokine array

A commercial antibody-based protein microarray designed to
detect 23 proteins including growth factors, cytokines, and
chemokines (RayBio Human Cytokines Array 1, RayBiotech)
was used. Array membranes were incubated for 2 hours
with the conditioned medium from cultured transfected cells
(150 pg/mL). After washing, membranes were incubated with a
cocktail of 23 biotinylated antibodies, and the remaining
experimental procedure was carried out following the manu-
facturer’s instructions.

Flow-cytofluorometric analysis

Untreated and dox-treated BO2-Twist#135 cells (1 x 10° cells in
500 pL PBS supplemented with 1% BSA) were stained with a
phycoerythrin-conjugated human anti-CD24 or a fluorescein-
isothiocyanate-conjugated human anti-CD44 monoclonal anti-
body (BD Biosciences). Stained cells were then immediately
analyzed by flow cytometry (Canto II; Becton Dickinson).

Statistical analysis

All data were analyzed using StatView software (version5.0; SAS
Institute Inc, Cary, NC). Pairwise comparisons were carried out by

nerforming a nonparametric Mann-Whitney U/ test, n values less
pericrming a nonparametnc Mann-Whoithey U test. p vaiues 1ess

than 0.05 were considered statistically significant. All statistical
tests were two-sided.

Results

Structural and functional characterization of TWIST1-

expressing B02 transfectants

To investigate the role of TWIST1 in bone metastasis, we chose
the human osteotropic MDA-MB-231/B02 breast cancer cell line
(named BO2 for brevity). The B02 breast cancer cell line is a
subpopulation of the MDA-MB-231 cancer line that was selected
for the high efficiency with which it metastasizes to bone in
animais.”"® Like many other basai breast cancer ceii iines, MDA-
MB-231 (Supporting Fig. S1) and B02 cells did not express Twist1.
B02 cells were stably transfected with a Tet-inducible bidirec-

tional vector nnrnr'hpg for TWIST1

expression was specifically repressed in the presence of dox. A
negative control cell line was obtained by introducing a pBI-L
bidirectional Tet-inducible vector encoding for B-galactosidase
and luciferase (BOZ—CtrI).“é) Two TWIST1-inducible clones (B02-
Twist#112 and B02-Twist#135) were selected on the basis of a
specific TWIST1 expression upon dox withdrawal. TWISTT levels in
BO2-Twist#112 and #135 cells were moderate and high,
respectively (Supporting Fig. S2). BO2-Twist#135 cells expressed
2+0.014 x 10° copies/ug RNA of TWIST1, as assessed by
RT-gPCR analysis, whereas B02-Twist#112 cells had 3.5 fewer
copies. Analysis of BO2-Twist#135 cells by confocal microscopy
showed that TWIST1 was specifically localized in the nucleus. Dox
treatment of B02-Twist#135 cells led to an almost complete

Iy |r|fnr:cn whose

and
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repression of TWIST1, as judged by both confocal microscopy and
immunoblotting (Fig. 1A, B).

Although B02 cells did not express TWIST1, many other genes
encoding for EMT-inducing transcription factors, including SNAIT
(Snail), SNAI2 (Slug), ZEB1 and ZEB2, were highly expressed in
these mesenchymal cells, compared with that observed for
MCF-7 breast cancer cells, which have an epithelial phenotype
(Supporting Table 1). Additionally, BO2 cells lost the expression of
the epithelial marker E-cadherin, whereas they expressed the
mesenchymal marker vimentin (Fig. 1C). The expression of these
transcription factors and vimentin, and the loss of E-cadherin

TWIST1 DAPI

ihalloidin

BO2-Ctrl
26k0 dox (-) dox(+)

A

- dox

+ dox

BO2-Twist#135
dox () dox (+)

-_—
| — e — H4

TWIST1

(9]
w)

miR-10b
SNAI1
SNAI2
ZEB1
ZEB2
RUNX-2
VEGF
DKK1
CDH-2
YB-1
LOX
LOXL2

\ Cadh-11

0.1 1 2 3

RO2-Twict#135/R02-Ctrl

Fig. 1. Ectopic expression of TWISTT in mesenchymal human B02 breast
cancer cells upregulates microRNA-10b. (A) Representative images by
confocai microscopy showing the expression of TWiSTi (green) in
untreated [dox (—)] and doxycycline-treated [dox (+)] BO2-Twist#135
cells. Dox almost completely repressed the nuclear expression of TWIST1
in BO2#135 cells, compared
(blue) and phalloidin (red) were used as reporters for the nuclei and
cytoskeleton, respectively. (B) Mock-transfected B02 cells (MDA-B02-Ctrl)
and B02-Twist#135 cells, treated or not treated with dox, were subjected
to Western immunoblotting with antibodies against TWIST1 or H4
histone (control for equal loading). B02-Ctrl cells do not express TWISTI.
Dox repressed TWISTT expression in B02-Twist#135 cells. (C) Immuno-
blotting of E-cadherin (E-Cadh), vimentin (VIM), cadherin-11 (Cadh-11),
and B-tubulin in MCF-7 and parental B02 breast cancer cells, and
untreated and dox-treated B02-Twist#135 cells. (D) Effects of TWIST1 on
target gene expression in B02 cells. Relative transcript levels are
represented as the ratios between B02-Twist#135 and B02-Ctrl real-time
PCR values.

that observed with untreated cells. DAP!

likely explained the spindle-like, fibroblastic morphology of B02
cells (not shown). This morphological change is one of the
hallmarks of an EMT. Ectopic TWISTT expression in BO2-Twist#135
cells did not, however, further modify the morphological
appearance of these cells (not shown) and, at the molecular
level, it did not alter cadherin-11 expression (Fig. 1C). Cadherin-
11 is an osteoblast cadherin whose expression correlates with
the osteotropic properties of B02 cells.?” Conversely, TWIST1
regulated the expression of zinc-finger transcription factors. An
inverse transcriptional link between TWISTT and SNAIT in
MCF10A mammary epithelial cells has been suggested.?”
Additionally, ectopic TWIST1 expression in human HMLE
mammary epithelial cells induces SNAI2 transcription.®? In
agreement with these findings,?’?? we observed here that
TWIST1 had a slight impact on expression of these two
transcription factors, regulating SNA/T and SNAI2 in a negative
and positive manner, respectively (Fig. 1D). It also increased ZEB2
transcription, but not ZEB1 transcription (Fig. 1D). Compared
with parental B2 cells, TWIST1 ectopic expression did not affect
or merely modestly modulated expression of other target
genes,?>2% such as transcription factor YB-1 (a transcription
factor associated with breast cancer cell proliferation), Dickkopf-1
(DKK-1; an inhibitor of canonical Wnt signaling), vascular
endothelial growth factor (VEGF), CDH-2 (N-cadherin), and
RUNX-2 (an osteoblastic transcription factor) (Fig. 1D). By contrast,
it induced a 3.5-fold increase of miR-10b expression in B02#135
celis (Fig. 1D). LOX, but not LOXL2 (LOX-like 2), was modestly
repressed (Fig. 1D). In agreement with previous studies,"”’ ectopic
TWIST1 expression also modestly but significantly increased
stemness traits of B02 cells, which were already CD44"9"/CD24'%,
increasing the percentage of CD44-positive cells from 75% to
91.4% upon dox withdrawal (Supporting Fig. S3). All of the B02
cells were CD24"°", irrespective of TWISTT expression (Supporting
Fig. S3).

We next examined whether ectopic TWISTT expression affects
B02 breast cancer cell functions in vitro. B02-Ctrl and B02-
Twist#135 celis grew at a simiiar rate in the presence or absence
of dox, indicating that TWIST1 was not required for the
proliferation of BO2 breast cancer cells, when growing in vitro
(Fig. 2A). These results were in line with the observation that
TWIST1 did not affect YB-1 production, as determined by
immunoblotting and confocal microscopy (Fig. 2B; data not
shown). TWIST1 did not affect tumor cell apoptosis either,
whether B02-Twist#135 cells, when deprived of serum, were
treated or not treated with camptothecin (a proapoptotic agent)
(Supporting Fig. S4). By contrast, TWISTT ectopic expression in
promoted miR-10b expression, when compared with B02-Ctrl
cells (Fig. 2C, D). Furthermore, both the increased cell invasive-
ness and enhanced miR-10b expression were abrogated in dox-
treated BO2-Twist#135 cells (Fig. 2C, D). Thus, TWIST1 contributed
to the invasive phenotype of B02 breast cancer cells in vitro.
Similar results were obtained with immortalized HME mammary
epithelial cells where ectopic TWISTT expression also promoted
both cell invasiveness and miR-10b expression (Fig. 2E, F),
indicating that the proinvasive effect of TWIST1 was not
restricted to BO2-Twist#135 cells.

TWIST1 ectopic expression enhances breast cancer bone
metastasis formation

To determine whether TWIST1 plays a causal role in bone
metastasis, luciferase-expressing B02-Ctrl or BO2-Twist#135 cells
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Fig. 2. TWISTT ectopic expression promotes invasion but is a dispensable transcription factor for the proliferation of human B02 breast cancer cells in vitro.
(A) Proliferation rates of untreated and dox-treated mock-transfected (B02-Ctrl) and TWIST1-expressing B02 cells (BO2-Twist#135). (B) Representative
images by confocal microscopy showing the expression of YB-1 (green) in BO2-Twist#135 cells. DAPI (blue) and phalloidin (red) were used as reporters for
the nuclei and cytoskeleton, respectively. (C) Cell invasion assay. Untreated and dox-treated B02 clones (B02-Ctrl and B0O2-Twist#135) were loaded in inserts
with a porous membrane coated with basement membrane Matrigel (upper chamber) and the chemoattractant (serum) was placed in wells of a
companion plate (lower chamber). After a 24-hour incubation at 37°C, the non-invading cells were removed and the invading cells on the under surface of
the inserts were fixed, stained, and counted under a microscope. “p < 0.05. (D) miR-10b expression in untreated and dox-treated B02-Ctrl and B02-
Twist#135 cells. miR-10b expression level in untreated B02-Ctrl cells was set to 1. Data were then expressed as a fold-change of miR-10b expression
compared with that observed in untreated B02-Ctrl cells. “p < 0.05. (E, F) Same as C and D, showing the effects of TWIST1 on invasion and miR-10b
production by immortalized human mammary epithelial cell (HMEC) lines expressing the control vector (HMEC-Ctrl) or TWISTT (HMEC-Twist1), respectively.

were injected into the tail artery of immunodeficient mice.
Bioluminescence imaging of animals bearing B02-Twist#135
tumors showed tumor take in hind limbs as early as on day 7
after tumor cell inoculation, then skeletal tumor burden
progressively increased over time (Fig. 3A). There was no

bioluminescence in organs other than bone, indicating that
ectopic TWIST1 expression did not modify the bone tropism of
B02 breast cancer cells in vivo. However, tumor take in hind
limbs of animals bearing BO2-Twist#135 tumors occurred much
earlier than that observed in animals bearing B02-Ctrl tumors
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Fig. 3. TWIST1 ectopic expression promotes breast cancer bone metastasis formation. (A) Upper panel: Summary of the experimental bone metastasis
protocol. BO2-Ctrl cells or BO2-Twist#135 cells [treated or not treated with doxycycline (dox)] were inoculated into female Balb/c nude mice on day 0.
Animals then received or did not receive dox in the water supply for the duration of the experiment. Animals were analyzed by bioluminescence imaging
(BLI) and radiography (RX) at scheduled intervals. Bottom panels: For BLI, representative images of animals inoculated with BO2-Twist#135 cells or B02-Ctrl
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Upper panels: Radiographic analysis of hind limbs from mice bearing B02-Ctrl or BO2-Twist#135 tumors. TWIST1 expression in BO2#Twist-135 cells was
turned off by dox [dox (+)]. Arrows indicate osteolytic lesions. Bottom panels: Goldner’s trichrome staining of tissue sections of tibial metaphysis. Bone is
stained green whereas bone marrow and tumor cells (asterisk) are stained red. All images were obtained from different mice on day 32 after tumor cell
inoculation. The images shown are examples that best illustrate TWIST1’s effects on bone destruction and tumor burden.

(Fig. 3A). This observation suggested that the expression of animals bearing B02-Twist#135 tumors was increased, being
TWISTT in B02 cells promoted tumor cell invasion in the bone 50% larger than that of animals bearing B02-Ctrl tumors (Table 1,
marrow microenvironment. Fig. 3B). Compared with B02-Ctrl tumor-bearing mice, there was

Radiographic analysis on day 32 after tumor cell injection also a substantial increase in the extent of osteolytic lesions in
revealed that the extent of osteolytic lesions in hind limbs of animals bearing B02#Twist-112 tumors (Supporting Fig. S5).
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Table 1. Effects of TWISTT Expression in B02 Breast Cancer Cells on Bone Metastasis Formation in Animals Treated or Not Treated With

Doxycycline

Radiography Histomorphometry TRAP staining
Cell line mm?/mouse p BV/TV (%) p TuV/STV (%) P OC.S/BS (%) p
B02-Ctrl 41+03 (n=11) - 214+8.1 (n=11) - 41.7+£129 (n=11) . 459+228 (n=5 -
B02-Twist#135 82+05(n=10) 0.01 77+42 (n=10) 0.001 724+166 (n=10) 0.0007 335+6.1 (n=5) NS
BO2-Twist#135+ 3.2+04 (n=5) 0.02 204+2 (n=5) 0533 258+16.2 (n=5) 0.027 369+114 (n=5) NS

doxycycline

Values are mean =+ SD. Values of p (two sided) are for pairwise comparison with the control group using the Mann-Whitney U test. All measurements were

performed 32 days after tumor cell injection.

TRAP = tartrate-resistant acid phosphatase; BV/TV = bone volume-to-tissue volume ratio; TuV/STV = tumor volume-to-total soft tissue volume ratio; OC.
S/BS = active osteoclast-resorption surface per trabecular bone surface; B02-Ctrl = control B02 breast cancer cells expressing the doxycycline-inducible
vector encoding for B-galactosidase (Tet-Off system); — = not applicable (referent); BO2-Twist#135 = B02 breast cancer expressing the doxycycline-

inducible vector encoding for TWIST1; NS = not significant.

Additionally, on day 24 after tumor cell injection, osteolytic
lesions in hind limbs of animals bearing BO2#Twist-135 tumors
were statistically significantly larger than those of animals
bearing B02#Twist-112 tumors, indicating that there was a
correlation between TWIST1 expression levels in BO2 cells and the
extent of bone destruction in vivo (Supporting Fig. S5). This
difference was accompanied with a sharp reduction of the BV/TV
ratio (indicating a higher bone destruction) and a twofold
increase in the TuV/STV ratio {a measure of the skeietai tumor
burden) (Table 1, Fig. 3B). Importantly, the TWIST1-related
stimulatory effects on bone destruction and skeletal tumor
burden were abolished in dox-fed animals, indicating that
TWIST1 expression in tumor cells was responsible for enhanced
bone metastasis formation in vivo (Table 1, Fig. 3B).

Compared with dox-fed animals, the overall TRAP staining of
bone tissue sections of metastatic legs from untreated mice
bearing B0O2-Twist#135 tumors was increased (Fig. 4A). However,
ratios of TRAP staining surfaces over bone surfaces at the tumor-
bone interface were simifar, irrespective of TWiST7 expression
(Table 1). This showed that bone destruction in metastatic legs
from animals bearing BO2-Twist1#135 tumors increased as a
function of the skeletal tumor burden; the higher the tumor
burden, the higher the bone destruction (Table 1). To further
address this question, a human cytokine antibody array was used
to measure cytokines in the conditioned medium from
BO2#Twist-135 cells, treated or not treated with dox. Several
cytokines and interleukins known to stimulate osteoclast
differentiation (MCP-1, GM-CSF, IL-6, IL-8) were produced by
these ceiis (Fig. 4B). Cytokine profiies produced by BO2#Twist-135
cells were, however, similar, irrespective of TWIST1 expression
(Fig. 4B). Additionally, to directly test whether ectopic TWIST1

expra(cinr\. in B02 cells could influence osteoclast differentiation,

we treated primary mouse bone marrow cell cultures with RANKL
and M-CSF, which are two hematopoietic factors both necessary
to induce osteoclastogenesis, together with the conditioned
medium of untreated or dox-treated BO02#Twist-135 cells.
Consistent with in vivo data (Fig. 4A), the conditioned media
of BO2-Twist#135 cells treated or not treated with dox stimulated
the formation of TRAP-positive multinucleated osteoclasts to a
similar extent (Fig. 4C). Therefore, ectopic TWISTT expression did
not enhance the intrinsic ability of B02 cells to stimulate
osteoclast differentiation. Compared with the conditioned
medium of dox-treated B02-Twist#135 cells, the conditioned
medium of untreated B02-Twist#135 cells did, however, stimu-
late osteoclast activity as judged by a twofold increase in Ctsk

expression (Fig. 4D), a gene encoding for cathepsin K, an
osteoclast-derived cysteine protease enabling degradation of
the collagenous matrix.") Conversely, the expression of other
markers associated with osteoclast differentiation (eg, Trap,
Calcr, Car2) and morphology (eg, Itgh3) was not affected
(Fig. 4D). Additionally, TWIST1 in B02 cells did not modulate
osteoblast differentiation in vitro (data not shown). Hence, our
observations pointed to a specific role of TWIST1 in promoting
skeletal tumor outgrowth and osteociast activity.

TWIST1 ectopic expression accelerates tumor

actahlichmant hit hac no affact on arowth ratac
esiasisnment Sutl nas no &iiedt on growin rates

of breast tumors into the mammary gland

To determine whether TWIST1 affects B02 cells to form primary
tumors in vivo, BO2#Twist-135 tumor ceiis were injected into the
mammary fat pads of untreated or dox-fed female nude mice.

TWIST1 expression induced a rapid tumor take in untreated

anir

als compared with dox-fed animals (Fig. 5A). Untreated
BO2#Twist-135 tumor cells formed tumors within 5 to 6 weeks of
inoculation, whereas it took an additional 4 weeks for dox-
treated BO2#Twist-135 cells to grow as palpable tumors.
However, once BO2-Twist#135 tumors were established, those
expressing TWIST1 grew at the same rate as tumors where
TWIST1 was repressed (Fig. 5A). Immunostaining of B02-
Twist#135 tumors for Ki67 (a measure of tumor celi proiiferation)
and CD31 (a measure of the microvessel density) showed,
respectively, that the proliferative index and the vascularization

of tuimare ware cimilar raaardlace of TWIST1 aynroccion (Fin 5R) In
OF TUMOIS WEere simiiar régarGiess OF 1Wisi 1 eXpression (rig. 5o, in

the same vein, BO2#Twist-112 cells, which produced moderate
TWIST1 levels (Supporting Fig. S2), only modestly accelerated
tumor establishment in untreated animals, compared with that
observed in dox-fed animals (Supporting Fig. S6). Additionally, once
tumors were established, untreated and dox-treated BO2#Twist-112
cells formed primary mammary tumors at similar rates (Supporting
Fig. S6). Hence, TWIST1 was not required for primary tumor growth
formation. However, TWISTT expression levels correlated with the
onset of tumor establishment into the mammary gland.

TWIST1 promotes the engraftment of breast cancer cells
in the bone marrow through a process dependent
of miR-10b

Because TWIST1 promoted breast tumor establishment into the
mammary fat pad of animals, we hypothesized that this
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transcription factor might also facilitate the engraftment of B02
cells in the bone marrow microenvironment. To address this
question, dox-treated or untreated B02-Twist#135 cells were
injected into the tail artery of animals treated with dox or left

untreated, respectively, and these animals were then culled on
day 7 after tumor cell inoculation, at which time there was no
evidence of metastases, as judged by radiography. The bone
marrow was collected from the hind limbs of these animals and
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tumor establishment in animals. (A) BO2#Twist-135 tumor cells were
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doxycycline (dox) in drinking supply. TWISTT expression in BO2#Twist-
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Vernier caliper. Inset: Logarithmic conversion of the growth curves. (B)
Ki67 and CD31 immunostaining of tissue sections of harvested B02-

Twist#135 tumors from untreated and dox-treated animals at weeks 8

and 12, respectively, as a measurement of the proliferative index of tumor
cells and number of tumor-associated blood vessels.

placed in culture under antibiotic selection, allowing the
seiective growth of antibiotic-resistant tumor celis. The incidence
and number of colonies formed by B02 cells were then
quantified. We recovered tumor cell colonies from 4 of 5
untroatoed animalc iniocted with RO2-Twict#1235 collc (Fia 8A) In

untreated animais injecied with SUZ- WISt 1325 Celis (rig. CA,. in

sharp contrast, under the same experimental conditions, tumor
cell colonies were recovered from the bone marrow of 1 of 5 dox-
fed animals. Moreover, the average number of colonies
recovered from the bone marrow of the 4 mice bearing B02-
Twist#135 cells (89 colonies/well) was much higher than that
recovered from the single mouse bearing dox-treated B02-
Twist#135 cells (2 colonies/well) (Fig. 6A). This observation
strongly suggested that TWIST1 expression enhanced the
presence of B02 cells in the bone marrow.

We next undertook to determine how TWIST1 could promote
engraftment of BO2 breast cancer cells in the bone marrow. The
observations that miR-10b was upregulated by TWIST1 in B02-
Twist#135 cells (Fig. 2D) and that miR-10b induces breast tumor

invasion in vivo"® led us to ask whether miR-10b might mediate
TWIST1-dependent engraftment of B2 cells in the bone marrow.
We therefore silenced miR-10b in B02-Twist#135 cells using an
antagomiR. As assessed by RT-qPCR, miR-10b expression was
suppressed by more than 70% in the presence of antagomiR-10b
(data not shown). Transfected cells silenced for miR-10b were
then inoculated into animals. On day 7 after tumor cell
inoculation, colonies were recovered from the bone marrow of
only 2 of 5 mice, whereas tumor cell colonies were recovered
from all of the 5 animals inoculated with control BO2-Twist#135
cells (Fig. 6B). Additionally, the average number of colonies
recovered from the bone marrow of the 2 mice bearing B02-
Twist#135 cells silenced for miR-10b (26 colonies/well) was much
smaller than that recovered from the 5 mice bearing control B02-
Twist#135 cells (65 colonies/well) (Fig. 6B). Hence, miR-10b
silencing in TWIST1-expressing B02 cells led to a substantial
reduction of the incidence and number of tumor cell colonies in
the bone marrow.

We wished to determine whether the ability of miR-10b to
mediate engraftment of B02 cells in the bone marrow could be
extended to another breast cancer cell line (4T1) that
spontaneously metastasizes to the bone marrow and lungs in
animals. Twist1 directly regulates miR-10b expression in 4T1
cells'¥ Mouse 4T1 cells were therefore transfected with an
antagomiR-10b then inoculated into the tail artery of immuno-
competent mice. At day 7 after tumor cell inoculation, the bone
marrow and iung extracts of these animais were coiiected and
cells derived from these tissues were placed in culture under 6-
thioguanine selection (Fig. 7A). We recovered tumor cell colonies
from the bone marrow in 2 of 5 animals inoculated with control
4T1 cells (Fig. 7B). By contrast, colonies were recovered from only
1 of 5 mice inoculated with 4T1 cells silenced for miR-10b
(Fig. 7B). Similarly, tumor cell colonies were recovered from the
lungs in only 2 of 5 mice inoculated with 4T1 cells silenced for
miR-10b, whereas tumor cell colonies were recovered from the
lungs of 4 of 5 mice bearing control 4T1 cells (Fig. 7C). Taken
together, these data show that miR-i0b contributes to the
engraftment of TWIST1-expressing breast cancer cells in the bone
marrow and lungs.

Discussion

There are a number of experimental findings providing evidence
that aberrant TWISTT reactivation in human breast cancer is
associated with tumorigenesis and lung metastasis forma-
tion.”®1*** The contribution of TWIST1 in the deveiopment
of bone metastasis in vivo was, however, unknown. In the

present study, we demonstrated that TWIST1 facilitates experi-

mental hreast cancer hone metastasis formation, Snecifically

mental dreast andcer done metasiasis iermation. spedndaailly,

skeletal tumor outgrowth and bone destruction in metastatic
animals were both markedly increased when TWISTT expression
in BO2 breast cancer cells was turned on by dox withdrawal. In
osteolytic lesions, there is a vicious circle whereby metastatic
breast cancer cells in the bone marrow stimulate osteoclast-
mediated bone destruction, and bone-derived growth factors
released from resorbed bone stimulate skeletal tumor out-
growth.”” We showed here that TWIST1 promoted this vicious
circle by enhancing skeletal tumor outgrowth, which in turn
stimulated bone destruction. It has been previously reported that
TWIST1 in PC-3 prostate cancer cells promotes PC-3-mediated
osteoclast differentiation in vitro and stimulates DKK-1 expres-
sion.?* Here, the conditioned medium from B02 cells promoted
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Fig. 6. TWIST1 expression enhanced the presence of B02 breast cancer cells in the bone marrow. (A) Doxycycline (dox)-treated or untreated BO2#Twist-135
cells were injected into the tail artery of animals treated with dox or left untreated. TWIST1 expression in BO2#Twist-135 cells was turned off by dox. One
week after tumor cell inoculation, the bone marrow was collected from the hind limbs of these animals and placed in culture under antibiotic selection,
allowing the selective growth of antibiotic-resistant tumor cells. After 2 weeks in culture, tumor cell colonies recovered from the bone marrow were fixed,
stained and counted. Left-hand panels: Each well shows outgrowth of tumor cell colonies from the bone marrow of a single animal. There were 5 mice per
group. Right-hand panel: Graph showing the total number of tumor cell colonies formed in the bone mairow fiom each mouse that received dox of was
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osteoclast differentiation in vitro regardless of TWIST1 expres-
sion. Additionally, DKK-1 was only modestly upregulated in
TWIST1-expressing breast cancer cells, whereas several other
cytokines (MCP-1, GM-CSF, IL-6, IL-8) that stimulate osteoclast
differentiation were also produced by these tumor cells

irrespective of TWIST1. Yuen and colleagues
macrophage cell line, RAW264.7, whereas we gave greater
importance to the use of mouse primary bone marrow cells as a
model to induce the formation of osteoclasts. The use of different
cellular models for osteoclast differentiation could account for
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the discrepancy between the two studies. Although TWIST1 did
not enhance the intrinsic ability of B02 cells to produce cytokines
that stimulate osteoclast differentiation, we observed a stimula-
tory effect on osteoclast activity in vitro, as judged by increased
Ctsk (Cathepsin K) expression in osteoclasts, further indicating
that TWIST1 promoted both skeletal tumor burden and bone

destruction in vivo. The effect of TWIST1 on PC3-induced
osteolytic lesions in animals has not yet been investigated,
making any additional comparison with our experiments
difficult. Such a study would be of interest, as the role of TWIST1
in bone metastasis formation may vary according to the type of
cancer.
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Having shown that TWIST1 promoted the development of
breast cancer osteolytic lesions, we then attempted to determine
the specific steps of bone metastasis to which TWIST1 could
contribute. Twist1 has been reported as a link between EMT, the
intravasation of breast cancer cells in the systemic circulation,
and their dissemination to the lungs."” Our present results
establish that TWIST1 promoted breast cancer cell dissemination
to the bone (Fig. 3A). TWIST1 expression in B02 cells did not
modify the morphological appearance of these already mesen-
chymal cells and it only modestly affected the expression of
major EMT-inducing transcription factors (SNAI1, SNAI2, ZEBI,
and ZEB2), indicating that TWIST1 in B02 cells did not contribute
to breast cancer bone metastasis formation by promoting an
EMT. However, TWISTT is expressed in disseminated breast
cancer cells that persist in the bone marrow after chemothera-
py,® suggesting this transcription factor must have some robust
EMT-independent functions that promote the seeding, adapta-
tion, and/or survival of metastatic cells in this bone microenvi-
ronment. A current hypothesis gaining ground is that
disseminated tumor cells in the bone marrow must acquire
bone-like properties to adapt and thrive in the bone microenvi-
ronment, a process called osteomimicry."*® For example,
human bone metastatic breast cancer cells, including MDA-
MB-231 and B02 cells, express osteoblast-related factors, such as
RUNX2 and CDH-11 (cadherin-11).?%?% However, the expression
of RUNX2 and CDH-11 in BO02-Twist#135 cells remained
unchanged compared with controi B02 ceiis, suggesting that
TWIST1 did not affect osteomimicry. Additionally, TWIST1 was
not required for the proliferation of B02 cells when grown in
culture and as xenografts in vivo. TWIST1 did not modulate
tumor cell apoptosis either. These results were in agreement with
previous findings showing that suppression of Twist1 does not
affect the proliferation of 4T1 breast cancer cells in vitro and in
vivo."" Moreover, Twist1 depletion in 4T1 breast cancer cells
does not affect cell survival."” Our data may be explained by the
fact that BO2 cells (and the MDA-MB-231 parental cell line) carry a
KRAS(G13D) mutation that ieads to the constitutive phosphory-
lation of YB-1 and extracellular signal-regulated kinase (ERK)1/2,

which in turn endows these tumor cells with a cell growth
(27,28)

This observatio!
B02 cells did not modulate the activity of YB-1 (Fig. 28), which is a
target gene.®?

Although TWIST1 was dispensable for growth of B02 cells in
vivo, tumor establishment of TWIST1-expressing B02 cells in the
mammary gland of animals was markedly accelerated. It has
been previously reported that ectopic TWISTT expression in MCF-
7 breast cancer ceiis stimuiates VEGF production and tumor
vascularization, enhancing the establishment of MCF-7/Twist1
tumors in the mammary gland of nude mice, when compared
with MCF-7/control tumors.?®) TWIST1 in B02 cells did not,
however, increase the microvessel density of tumor xenografts
(Fig. 5B). Indeed, we have previously shown that B02 cells, which
do not express TWIST1, produce VEGF levels that are high enough
to ensure a correct tumor vascularization.'® Besides accelerating
tumor establishment in the mammary gland, our results also
showed that TWIST1 markedly enhanced the incidence and
number of tumor cell colonies, which were recovered in the bone
marrow from animals inoculated with TWIST1-expressing B02
cells. It is possible that TWIST1 promoted the survival of B02 cells
in the mammary gland and bone marrow. For example, TWIST1
in MCF7-14 and MDA-MB-453-14 breast cancer cells mediates
prosurvival and proinvasive functions, at least in part, through
the activation of the cell-survival AKT2 kinase.®’ However, the

advantage. likely explains why TWIST1 in

effects of TWIST1 on cell survival are cell-type-specific.'%%? In

our study, TWIST1-mediated effects on B02 cells rather resemble
those reported on 4T1 and MDA-MB-231 breast cancer
cells."""339 For instance, we (this study) and others!''>3)
have shown that TWIST1 endowed B02, MDA-MB-231 and 4T1
cells with higher invasiveness in vitro, and that this TWIST1-
dependent invasive process was associated with a robust
expression of miR-10b, a prometastatic factor. Additionally, we
showed that TWIST1 enhanced stemness traits of B02 cells,
increasing CD44 expression. Interestingly, CD44 facilitates the
arrest of CD44-expressing MDA-MB-231 cells in the bone marrow
and the treatment of MDA-MB-231 cells with an anti-CD44
antibody reduces miR-10b production.®***" Additionally, we
showed that the repression of miR-10b in TWIST1-expressing
breast cancer cells substantially decreased the incidence and
number of tumor cell colonies recovered from the bone marrow
and lungs of animals. Hence, our results align with previous
studies®*3" and strongly suggest that TWIST1 promotes the
seeding and colonization of breast cancer cells in the bone
marrow through, at least in part, CD44-dependent and miR-10b-
dependent mechanisms.

In summary, we have provided evidence that TWIST1
enhances the presence of breast cancer cells in the bone
marrow, which in turn leads to an increase in tumor burden and
bone destruction.
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1. Conference Presentations
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18-21 June 2013, Leiden, Netherlands
3-6 February 2014, Sheffield, UK
18-20 June 2014, Hamburg, Germany
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1.2. International Conferences:

v' ECTS PhD training Course, 27-30 June 2014 at St Catherine’s College, Oxford, UK,
ORAL PRESENTATION
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From Basic Research to Clinical Practice, (ACTC 2014) 8—11 October 2014, Crete,
Greece, POSTER

2. Awards
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France, POSTER, AWARD for the best poster
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Implication des MicroRNAs-30 dans la Dissémination Meétastatique des Cellules
Tumorales de Cancer du Sein au Site Osseux.

Les métastases osseuses sont des complications fréquentes des tumeurs solides, notamment du
cancer du sein. Sur le plan clinique, elles sont associées a une morbidité sévere, induisant une
hypercalcémie, des compressions médullaires, des douleurs osseuses, une fragilité osseuse et
des fractures. Ces complications entrainent une réduction importante de la qualité de vie mais
aussi de I’espérance de vie des patientes. Avec 50 000 a 70 000 personnes concernées par an
en France, les métastases osseuses constituent un probléme majeur de santé publique pour
lequel il faut envisager des traitements curatifs, car il n’existe a 1’heure actuelle que des
traitements palliatifs. Les cellules tumorales de carcinomes mammaires qui métastasent au site
osseux expriment des génes qui favorisent le tropisme osseux de ces cellules ainsi que leur
ancrage et développement dans la moelle osseuse. Au niveau de 1’os, les cellules
métastatiques altérent la fonction des cellules osseuses formatrices, les ostéoblastes, mais aussi
résorbantes, les ostéblastes, de la matrice osseuse. En perturbant ainsi 1’équilibre entre
formation et résorption osseuse, les cellules métastatiques induisent la destruction de I’0s. Les
mécanismes moléculaires sous-jacents a ces processus sont controlés par I’expression génique
des cellules tumorales qui interagissent avec le microenvironnement et les cellules osseuses.
Dans ce contexte, les microARNs (miRs) en tant que régulateur endogeéne de I’expression
génique, interférent avec les différentes étapes de la formation des métastases osseuses,
incluant 1’échappement des cellules tumorales de la tumeur primaire, la dissémination et
I’invasion du site osseux, ainsi que I’apparition de lésions ostéolytiques.

Notre travail expérimental a débuté par I’analyse des profils transcriptomiques des miRs dans
des cellules de tumeurs mammaires a fort tropisme osseux. Nous montrons que l’expression
d’une famille de miRs (miRs-30), composée de miR-30a, miR-30b, miR-30c, miR-30d et
miR-30e, est inhibée dans ces cellules. Sur le plan clinique, la faible expression des miRs-30
dans la tumeur de patientes atteintes de cancer du sein est associée a un mauvais diagnostic de
rechute métastatique, a la taille élevée de la tumeur primaire, a I’envahissement ganglionnaire,
au stade avancé de la maladie et au statut hormono-résistant. Nous avons alors étudié 1’activité
des miRs-30 dans le développement des métastases osseuses en utilisant un modele
expérimental de métastases osseuses humaines dans lequel des cellules tumorales sont
inoculées dans la circulation sanguine des souris. L’expression forcée des miR-30s dans ces
cellules tumorales qui métastasent fortement et spécifiquement a I’os, inhibe la formation des
métastases osseuses. Nous montrons que les miRs-30 inhibent 1’invasion et stimulent
I’ostéoblastogenese, in vitro et réduisent la charge tumorale et 1’ostéoclastogenese, in vivo. En
accord avec ces résultats, 1’expression de genes qui stimulent les métastases osseuses est
inhibée par les miRs-30. Parmi ces genes, I’expression du CTGF (connective tissue growth
factor) est augmentée dans les métastases osseuses humaines.
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Ces résultats sont présentés dans la premicre partie du travail expérimental d’un papier
intitulé : « The Tumor Suppressor miRs-30-5p Family Regulates Human Breast Cancer Cell
Colonization in Bone », qui est en préparation de soumission a publication.

Dans la seconde partie du travail, nous avons étudié 1’activité des miRs-30 dans la formation
de la tumeur primaire et dans la dissémination métastatique des cellules tumorales au site
osseux. Des expériences de xénogreffes tumorales orthotopiques ont été menées, en inoculant
des cellules tumorales qui métastasent spontanément dans la glande mammaire de la souris.
Dans ce modele, les miRs-30 n’altérent pas la croissance tumorale et I’apparition des micro-
métastases dans 1’0s. Cependant les miRs-30 inhibent I’invasion et le caractére de cellules
souches tumorales de ces cellules métastatiques, in vitro.

Globalement, cette ¢tude montre que les miRs-30 inhibent les étapes du tropisme, de I’ancrage
de I'invasion et de la formation de macro-métastases dans 1’os, mais pas de la croissance
tumorale et/ou de I’échappement des cellules cancéreuses de la tumeur primaire.

Ce travail nous permet d’envisager plusieurs perspectives. Nous allons modifier 1I’expression
des miRs-30 dans des cellules de cancer du sein hormono-sensibles et étudier I’impact de cette
modification sur le phénotype cellulaire, la croissance tumorale et la dissémination
métastatique vers les sites secondaires. L’intérét thérapeutique des miRs-30 sera testé en
injectant les miRs-30 sous forme d’oligonucléotides stabilisés chimiquement, chez la souris,
en présence ou non d’agents pharmacologiques utilisés dans le traitement des ostéolyses
malignes, les bisphosphonates. Finalement, ce travail a mis en évidence des génes fortement
exprimés dans les cellules tumorales a tropisme osseux et dont 1’expression est inhibée par les
miRs-30. L’expression de certains de ces genes est ¢levée dans les métastases osseuses
humaines. Nous étudierons le role de ces geénes au niveau des métastases osseuses.

La derniére partie de la thése est consacrée a 1’activité de I’oncomir miR-10b, un miR dont
I’expression est augmentée par le facteur de transcription Twistl, ce qui facilite la formation
des métastases osseuses. Le papier intitulé « TWIST1 expression in breast cancer cells
facilitates bone metastasis formation » est inséré en derniére partie du manuscrit.

Apres avoir replacé ce travail dans son contexte bibliographique en présentant 1’état des
connaissances actuelles sur le cancer du sein, le tissu osseux, les métastases osseuses et les
microARNS, nous présentons les résultats obtenus au cours des travaux de thése, ainsi que les
perspectives qui en decoulent.
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