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INTRODUCTION

Breast cancer

Breast cancer is the second leading cause of caeaths in women and is the
most common cancer among women. Extensive effaite been made to characterize the
disease and both molecular and histopathologicatufes have been identified and
associated with the clinical outcome (Sires al., 2007). Unfortunately, despite the
improvement introduced by target therapy to the amngeneric chemotherapy in the
adjuvant setting, still different subsets of patseare excluded from any benefit and
recurrence represents a significant trait evenhwse patients that initially respond to
therapies (KaKarala and Wicha, 2008). Breast carfoerthis reason, is considered a
highly heterogeneous group of cancers arising fidferent cell types and each having its
own clinical implications.

Retinoids (vitamin A and related molecules) areldgic agents that have
demonstrated, in preclinical and clinical modelsfept activity in the prevention and
treatment of a variety of malignancies. These agbate been proposed in the adjuvant
treatment of breast carcinoma for the ability toiloit growth and induce morphological or
phenotypic differentiation of the breast carcinaredl lines (Paiket al., 2003, Yanget al.,
2002).

Breast cancer classification

A better understanding of breast tumor heterogerexitd the nature of tumor-
propagating cells requires delineation of the mamynepithelial subtypes that reside
within normal human breast tissue. Analogous to plaeadigm established by the
hematopoietic compartment, there is increasing emad for the existence of a
differentiation hierarchy in the adult mammary glaMammary stem cells (MaSCs) are
presumed to be important for both organ developraedtmaintaining tissue homeostasis.
These cells give rise to mature epithelium of eithe luminal or myoepithelial lineage via
a series of lineage-restricted intermediates. Tia@ral lineage can be further subdivided
into ductal and alveolar luminal cells that line tlucts and constitute the alveolar units

that arise during pregnancy, respectively. In @stirmyoepithelial cells are specialized,



contractile cells located at the basal surfacehef épithelium adjacent to the basement
membrane (Fig.1). The profound expansion of mamnegithelium that occurs during
puberty and pregnancy further implicates a stem-tkll with remarkable regenerative
capability (Visvader, 2009).

myoepithelial basement luminal
cell membrane cell

body cell cap cell

.......

macrophage

Figure 1. Schematic representations of a terminal end AUEB] in the mammary gland during puberty
TEB. (Visvader, Genes Dev, 2009).

In recent years, microarray analyses of proteiredimg gene expression among different
breast cancers have demonstrated the existencmddirhentally different types of cancer
(Hu et al., 2006 and Peppercoret al., 2008). The differences in tumor subtypes are
hypothesized to reflect different mutation profjles well as differences in the cell of
origin (Perouet al., 2000; Gustersod al., 2005). These molecular analyses have revealed
the presence of at least five subtypes, basedrmimal or basal markers (e.g. cytokeratins
and cell-cell and cell-matrix adhesion proteing) an expression of HER2.

The most important determinants of these subtyeesglthe presence or absence
of the Estrogen Recepton (ERa) or the Progesteron Receptor (PR), or the
amplification/over expression of the Her2/ERBB2usc
The luminal A subtype, which is the most commonly diagnosed fofrbreast cancer, is
typically of low grade ( grades 1 or 2), is &€Rositive, PR positive, HER2 negative, and
responds well to selective estrogen receptor mealslgd SERMS) (e.g. tamoxifen) and
aromatase inhibitors and has a good prognosis.

A subset of luminal A cancers can be more precisakggorized asuminal B, which
respond to SERMs and aromatase inhibitors but haheer levels of proliferative indices,
are of higher grade (grades 2 and 3), and havgrafisantly lower frequency of relapse-

free survival than do luminal A cancers.



The basal-like subtype is very heterogeneous and comprises 15%-et(breast cancers
(Gusterson, 2009). This subset expresses basafispaarkers, and is typically a high-
grade tumor (grade 3) that does not express, BR, or HER2, although a significant
percentage over-expresses the epidermal growtbrfaeteptor (EGFR) (Hoadlest al.,
2007). Basal-like tumors are responsive to chemmaflye as opposed to current
“hormonal” therapies. This subset is associateti Wieast cancers that develop in women
harboring a BRCA1 mutation (Peppercetral., 2008) and, in general, has a higher risk of
recurrence than do luminal A cancers.

The fourth subset of breast cancer, the HER2 sulégplays a robust expression of
HERZ2, usually due to gene amplification. These eeare of high grade (grade 3), occur
at an earlier age than do other subtypes, do notesg ER or PR, and have a lower
probability of relapse-free survival than do lumidacancers. This subset of patients can
respond to anti-HER2 therapies (e.g. trastuzunrabdmnjunction with chemotherapy.

The claudin-low subtype of receptor-negative cancers expressesldoels of genes
involved in tight junctions, cell-cell adhesionddaminal genes, including potential Gata-
3 target genes (Herschkowdtal., 2007). Interestingly, this subclass is also abirized
by expression of endothelial and lymphocytic maskand has mesenchymal features.
Metaplastic breast cancers, a subtype of the bi&ksadroup that is largely chemoresistant,
were reported recently to have a distinct molecpiafile that most closely resembles that
of the claudin-low subgroup and is enriched fortleglial - mesenchymal - transition
(EMT) signature genes (Hennessl., 2009).
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Figure 2: Comparison of the histopathology, molecular pathglaenetic and ge-expression analysis
methods used to delineate breast cancer tumor pibtgnd suggested current and future therapies
historical context. Abbreviations: AR, androgen egtor; B(L2, B-cell CLL/lymphoma 2; CK
cytokeratin; EGFR, epidermal growth factor recepteR, estrogen receptor; ERRB2 (HER2), hur
epidermal growth factor Receptor 2PARP, poly (4ribose) polymeras PR, progesterone recepi
(Simset al., 2007).

The recentderivation of specific gene signatures for humanSK-enriched, luminal
progenitor, mature luminal, and stromal populatitvas provided insight into potent
target cells for the diffent breast tumor subtypes (I3). Interrogation of the brea
cance subtype gene sets with the different mammaryhepél signatures unexpectec
revealed that the baslite group shares a striking similarity with tharlinal progenitol
gene signature. This finding has profound implmagi for the basal subtype ofncer, as
the stem cell has been presumed to be the celigithdor these breast cance(Visvades

2009) (Fig.3).
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Figure 3: Schematic model of the human breast epithelialanidry and potential relationships with breast
tumor subtypes. The different tumor types are shtmgether with their closest normal epithelial caupart
based on gene expression analyses. The luminakpitog subtype may be a more appropriate name for
basal tumors. The HER2 subtype could originateutjinoamplification of the HER2 locus in a targetl cel
restricted to the luminal cell lineag@/isvader, 2009).
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As described above, the presence or not af &RPR, or the amplification/over expression
of the Her2/ERBB2 locus seem to be the most importaolecular factors of these

subtypes.

Estrogen Receptor

Estrogen Receptor (ER) is a member of the nucleaoid hormone family of
intracellular receptors which is activated by thmrhone 1B-estradiol (i) (Dahlman-
Wright et al., 2006). The main function of ER is as a DNA-birglimanscription factor
which regulates gene expression (Levin, 2005).

There are two different forms of ER, referreduaandf3, each encoded by a separate gene.
The a isoform is encoded by the ESR1 and phisoform is encoded by the ESR2 gene
(Cowley et al., 1997). There is significant overall sequence homgylamong the two
isoforms (Hall, Couse and Korach; 2001). ESR1 isoded on chromosome 6 (6925.1)
and ESR2 is encoded on chromosome 14 (14q) (Merebaktel1993; Sluyseet al., 1988).
Both ERs are widely expressed in different tissypes$, however, there are some
differences in their expression patterns (Cowseal., 1997). ER: is expressed in

endometrial, breast cancer cells, ovarian strorelif @and in the hypothalamus. ERS



expressed in kidney, brain, bone, heart, lunggstirtal mucosa, prostate, and endothelial
cells. The ER proteins are regarded as being cytoplasmic rererotheir unliganded
state, but it has shown that a fraction of thenEBsides in the nucleus of ER-negative
breast cancer epithelial cells (Htenal., 1999). A specific domain, the helix 12 domain,
determines the interactions with co-activators aoerepressors thereby affecting the
respective agonist or antagonist effect of thenltjéAscenzigt al., 2006, Bourguett al .,
2000).

Two main pathways of estrogen receptor alpha aadivaby estrogens have been
described: the genomic and the non genomic patliRi@yras and Marquez-Garban, 2007)
(Fig.4).

In the genomic pathway, estrogen binds ER to prendanherization and phosphorylation
of the receptor (Weigel, 1996). This allows thendacation of ligand-activated ERs to the
nuclei for regulating gene transcription. This senmptional control is carried out by
binding to DNA at a sequence containing either éslirogen response element (ERE) site
or an ERE half site adjacent to the binding siteaiwother transcription factor like Spl. An
additional mechanism involves gene regulation &triaéte response element through
protein-protein interactions with other transcptifactors (AP-1, CREB, NF-B) (Fig.4A,
Kalraet al., 2008).

Activated ERs control alsenitochondrial gene transcription by binding to EREe
sequences (MtERE) leading to modulation of mitodniah functions including
metabolism, oxidative stress and apoptosis. (Figikkiraet al., 2008).

The non-genomic pathways of estrogen action ingpretein-protein interactions and do
not require direct ER binding to DNA (Bjérnstrém dargjoberg, 2005). Membrane
localized ERs are G-protein coupled receptors thetivate various protein kinase
pathways interacting with transmembrane growthofaotceptors such as EGFR, HER2,
and insulin-like growth factor receptor | (IGFRI)daother signaling molecules, including
components of the ras-MAPK and phosphatidylinos&dinase (PI3K)/AKT pathways,
Shc, Src kinases, Janus-activated kinase/signasdeweer and activator of transcription
signaling, nitric oxide synthase (NOS), and G-prit€Pietraet al., 2001; Pedranet al.,
2007; Osborne and Schiff, 2005). (Fig. 4C, Kalral., 2008).

These signal transduction cascades in turn regidatgions of many transcription factors
resulting in modulation of expression of a numbiegenes involved in cell proliferation,

survival, apoptosis and inflammation (Kaétzal., 2008).
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Figure 4: Genomic and non-genomic functions of estrogeniated by estrogen receptors (ERs) localized in
different sub-cellular organelles of a cell, (Kadtaal., 2008).

ERa is expressed in around 70% of breast cancer césasare referred to as "ER-
positive" (ERy +) tumors. Binding of estrogen to ER stimulatesliferation of mammary
cells, with the resulting increase in cell divisiamd DNA replication and increases
mutation rate. This causes disruption of the ogdle; apoptosis and DNA repair processes
eventually leading to tumor formation. Additionallgstrogen metabolism leads to the
production of genotoxic by-products that could dilye damage DNA, resulting in point
mutations (Deroo and Korach, 2006). &Rexpression is associated with more
differentiated tumors, while evidence that [ER involved is controversial (Herynk and
Fuqua, 2004). Different versions of the ESR1 geaeehbeen identified (with single-
nucleotide polymorphisms) and are associated wiilerdnt risks of developing breast
cancer (Deroo and Korach, 2006).

Patients with high levels of ER are treated witbaarine therapy (Normanre al., 2005).
Endocrine therapy for breast cancer involves SekedR Modulators (SERMS), which
act as ER antagonists in breast tissue or aromatasétors, which work by inhibiting the

action of the enzyme aromatase, which convertsogieahs into estrogens (Osborne, 1999).



Modulators of ER activity represent the first exdenpf targeted anti-neoplastic therapy.
Tamoxifen, a non-steroidal serum estrogen receptatulator (SERM), was the first ER-
targeted agent to be approved for clinical use. @af@n is a competitive inhibitor of
estrogen binding to the ER, and induces a receqaoformational change such that ER
transcriptional activity is repressed. Raloxifemdnich has anti-estrogenic behavior, has
been used as a preventative chemotherapy for wgodged to have a high risk of
developing breast cancer (Osehal., 2008). Other ER modulators used clinically foe t
treatment of ER-positive breast cancers includenatase inhibitors (Fabian and Kimler,
2005) and steroidal anti-estrogens such as ICI7B82(Faslodex) (Buzda&t al., 1998).

The breast cancers that show low or absent ER &sipre display primary resistance to
ER-targeted therapies. A subset of ER-positive direancers also demonstrates primary
resistance, while the majority of tumors that all{i respond to ER modulators eventually
acquire resistance. Hence, endocrine resistareengjor clinical problem in the treatment
of breast cancer. ER expression and function anergdly intact in endocrine-resistant
breast tumors, as supported by data showing fulAD#hding capability of ER with
subsequent transcriptional activity in resistartsc@lohnstonet al., 1997). Mechanisms
leading to the development of endocrine resistareenot completely understood, but
current data strongly supports a role for growtttdareceptor cross talk to the estrogen

receptor.

Progesterone Receptor

The progesterone receptor (PR) also known as NRB@Sear receptor subfamily
3, group C, member 3), is an intracellular stem@ceptor that binds progesterone. PR is
encoded by the PGR gene which lies on chromosom@1id2?2) (Lawet al., 1987). This
gene has two main forms, A and B that differ inirtimeolecular weight (A: 94kD and B:
114kD) (Horwitz and Alexander 1983). These two asofs are transcribed from distinct,
estrogen-inducible promoters within a single-copy gene; the only difference between
them is that the first 164 amino acids of B areeabsn A (Giangrande and McDonnell,
1999). PR is expressed in reproductive tissue asdirhportant roles in folliculogenesis,
ovulation, implantation and pregnancy (Gadkar-Sabkd., 2005). Estrogen is necessary
to induce the progesterone receptors (PRs) aciiMtywitz, Koseki and McGuire, 1978).
PRs become hyperphosphorylated upon binding ofté®id ligand. PR phosphorylation
is complex, occurring in different cellular compaents and perhaps requiring multiple

serine kinases (Takimoto and Horwitz, 1993). Afieogesterone binds to the receptor,
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restructuring with dimerization follows and the qaex enters the nucleus and binds to
DNA. There, transcription takes place, resultingfammation of messenger RNA that is
translated by ribosomes to produce specific pretgiadwardset al., 1995, Li and
O'Malley, 2003).

About 65% of ER-positive breast cancers are alsep&dtive and about 5% of breast
cancers are ER-negative and PR-positive. If cedlgehreceptors for both hormones or
receptors for one of the two hormones, the carsceomsidered hormone-receptor positive.
Co-regulators of PR either enhance or suppressdrigtion activity and thereby modulate
the function of the PR. Nuclear receptor co-remesBRCAL and Ubiquitinactivating
enzyme 3 suppress PR transcription activity (Baal., 2002; Gao and Nawaz 2002). A
mutation or change in expression of the co-regudaaffects the normal function of the PR
and may disrupt the normal development of the mamymiand, thereby leading to breast

cancer (Gao and Nawaz 2002).

HER2/Neu

HER2/neu (also known as ErbB-2, ERBB2) stands fturflan Epidermal growth
factor Receptor 2" and is a member of the ErbBganotamily, more commonly known as
the epidermal growth factor receptor (EGFR) famdpd encodes for a 185 Kd
glycoprotein. The EGFR family consists of four samembrane receptor tyrosine kinases,
EGFR (HER1 or ErbB-1), HER22u (ErbB-2), HER3 (ErbB-3) and HER4 (ErbB-4),
involved in signal transduction pathways that ratpikcell growth and proliferation (Zhou
and Hung 2003).

In general, each receptor protein is composed ofexrnacellular binding domain, a
transmembrane lipophilic segment and an intracelltyrosine kinase domain with a
regulatory carboxyl terminal segment. While HERIER2, and HER4 are all intact
receptors, HER3 has an inactive tyrosine kinase ailtomA soluble ligand has been
identified for all members of the HER family excépt HER2. (Mendelsohn and Baselga,
2000; Hynes and Lane, 2005). All of these recepanesactivated by dimerization, either
with an identical receptor (homodimerization) orttwia different receptor of the same
family (heterodimerization). Normally, HER2 actii@at occurs when a ligand binds to
another HER family member heterodimerized with HER®Band-binding activates the
intracellular tyrosine kinase domain, which resuttsactivation of downstream targets

through phosphorylation. As illustrated in figuretBese targets include pathways involved
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in cell proliferation (via Ras/Raf/MAP-kinase) asdrvival (via PI3-Kinase/Akt) (Lin and
Winer, 2007).

HER2

. o
Ras ) Grb2 ) Shc ; e \l
/ P [

: : PP
l 508 | G2 5 L cas piaK)
- ——

PTEN

MEK1/2 p27

M AIK Cycj:\ D1 FasL \

Cell cycle progression Survival
Proliferation

Figure 5: The HER2 signaling pathway. Ligand binding induckmerization, leading to activation of the
intracellular tyrosine kinase. On auto- and crossgphorylation of the receptor complex, key doweestn
effectors are recruited. This figure illustratesH&ER2-HER3 heterodimer, but HER2 can also form
homodimers or heterodimerize with other members toié HER2 family. FKHR, forkhead in
rhabdomyosarcoma; Grb2, growth factor receptor-doprotein 2; GSK-3, glycogen kinase synthase-3;
MAPK, mitogen-activated protein kinase; mTOR, maolec target of rapamycin; PI3K, phospatidyl-inokito
3-kinase; PTEN, phosphatase and tensin homologletedeon chromosome 10; SOS, son-of-sevenless
guanine nucleotide exchange factor (Lin and Wigega7).

Her2 is an attractive therapeutic target in breasicers because of the tight correlation
between over-expression and poor prognosis, anausecnormal cells express relatively
low levels of HER2. Indeed, approximately 20-30%eivly diagnosed breast cancers are
found to over-express HER®U. Amplification of this gene, located on chromosohe
with concomitant over-expression, is associatedhwat more aggressive form of
malignancy and poorer outcome (Slamenal., 1987). Since this relationship with
outcome was first elucidated in 1987, interest ER2heu has largely been focused on the
development of targeted therapy for HERZ¢positive patients. This interest culminated
in the development of the anti-HER&4 monoclonal antibody trastuzumab (Herceptin). It
was approved by the United States Food and Drugiddtration (U.S.F.D.A.) in 1998 for
clinical use against metastatic breast cancersoteexpress HER2. Trastuzumab targets
the extracellular domain of the HER&l molecule, (Gschwinet al., 2004) and has been
demonstrated to significantly improve disease-fseevival when given in conjunction
with chemotherapy (Piccart-Gebheat@l., 2005 and Romone al., 2005)

12



The Retinoids

Retinoids are formed from dietary vitamin A, pautarly from eggs, milk, butter
and fish-liver oils, and the provitamfiicarotene of plant origin. Dietary-derived aléns
RA (ATRA) is the main signaling retinoid in the bgdand mediates its action through
RAR-RXR heterodimers (retinoic acid receptors it X receptors). After uptake by
the intestinal mucosa cells, retinol is esteriftedretinyl esters before passing into the
lymphatics and being transported through the blaocchylomycrons, from where they are
taken up by the liver and stored. After mobilizatiby cleavage of retinyl esters, retinol is
oxidized to retinal and retinoic acid (RA). A vesynall proportion of plasma and tissue
retinol (0.2-5%) is converted to dlans RA (ATRA), the main activator of RA receptors
(RARSs), but not rexinoid receptors (RXRs). Othertaibelites with signaling activity
include 9¢is RA and 13eis RA. 13<is RA is a metabolite of ATRA that has weaker
activity than alltrans and 9¢is RA in transcription assays. The precise origin -@f9RA,
which binds to and activates transcription from RARd RXRs, is less clear. It is still not
proven that &is RA acts as a physiological ligand of RXRs. Othedagenous ligands
have also been described (De Urquétaal., 2000). The occurrence and physiological
significance of other retinoids, such as the 4-oand didehydro- derivatives, and 1,4-
hydroxy- 4,14retroretinol, are largely unknown (Bucalt al., 1991). Numerous synthetic
retinoids are now available for experimental explibon. So, for nearly every receptor
isotype, selective agonists or antagonists exidtsamveral three-dimensional structures of
RAR and RXR ligand-binding domain (LBD) monomersl dreterodimers, some bound to
agonists and antagonists, have been solved (Bauegak, 2000). Furthermore, ligands

can be synthesized that selectively activate aefudighe functions of the natural ligands.
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Figure 6: Like other nuclear receptors, retinoic acid recept@RARs) and retinoid X receptors (RXF
consist of five to six structural and functionalntkins denoted A to F. The evolutionarily conservedA-

binding domains (DBDs) and liga-binding domains (LBDs) are schematically represérie cylinders

The DBD is composed of two zi-finger motifs and mediates sequerspecific DNA recognition
Transcrptional regulation is mainly mediated by the multi€tional LBD, which contains a liga-binding

pocket, a dimerization surface and a lic-dependent transcriptional activation function -2). The
divergent regions are represented as thin tubes.N-terminal A/B region contains a liga-independent
activation function (AFt), the short D region corresponds to a linkerveilhy the proper orientation «
DBDs and LBDs within DNAbound dimers and finally trC-terminal F domain, which is present in RA
but not in RXRs and for which no clear function lesen assigned. The activation domains (ADSs) col
transcriptional activation functions that can aatéstranscription when fused to a heterologous DBDhe

LBD, this domain corresponds to criticasidues of the most @&rminal helix H12. The structure of the -

length RXR-RAR heterodimer has been virtually reconstitutearfthe crystal structures of the D-bound
and 9eis-retinoic acidbound RXFRAR DBD (Protein Data Bank code 13ismd LBD (Protein Data Bar
code_1xdk heterodimers, respectively. Dotted lines denatmains with unreolved structures. Helices &
represented as ribbons and labelled from H1 to (iBD) or =1 and =2 (DBD). Helix H12 (Af-2 AD) is

shown in red in each subunit. The short L lx-strands are labelled S1 and SZi®retinoic acid in RAR
and RXR LBDs is repeented by green sticks lines. The orange spheré®i®BD indicate Z** ions. (de
Leraet al., 2007).

Retinoids Receptors

Retinoid receptors are nuclear, lig-regulated transcription factors of t
steroid/thyroid hormone receptor superfamily, e activatedn vivo by binding vitamin
A, derived retinoids including ATRA, anc-cis-RA [Germainet al, 200¢ (A) and Germain
et al, 2006 (B)] Essential roles for retinoid receptors in growtéproduction, retine
development, and vision have been inferred from t@sequences of vitin A
deficiency, and from the analysis of retinoid rdoedeficient mouse strains. /
described above there are two distinct classesgtofaid receptor, retinoic acid recept
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(RAR) and retinoid X receptors (RXR), each of whmmprises three isotypes encoded
by separate genes, designatedp andy, as well as several isoforms generated by
alternative splicing or promoter usage [Germeimal, 2006 (A) and Germaigt al, 2006
(B)] RARs and RXRs are transcription factors thatraainly, if not exclusively, as RAR—
RXR heterodimers (Kastnet al., 1997). These heterodimers have two distinct fanst
first, they modulate the frequency of transcriptiomiation of target genes after binding to
RA response elements (RARES) in their promoterd; setond, they affect the efficiency
of other signaling pathways (‘crosstalk’) by medsars that remain elusive. RARs and
RXRs are distinguished by their differential affies for naturally occurring ligands.
Although 9¢is-RA is a ligand for both groups, only RARs bind AARFurthermore,
RXRs and RARs differ in the spectrum of proteinshwwhich they interact, both at the
level of nuclear receptors, and in terms of trapsional co-repressors. Functional activity
of both RARs and RXRs requires dimerization witme@mber of the nuclear nonsteroidal
receptor family. However, although RARs dimerizegominantly with RXRs, in marked
contrast, RXRs can interact with many differenttdes, indicative of their role as the
master heterodimerizing member of the nuclear tecequperfamily. Thus, in addition to
RARs, RXRs also dimerize with thyroid hormone rdoep (TRsS), vitamin D receptor
(VDR), peroxisome proliferator—activated recept(P®ARs), liver X receptors (LXRS),
farnesoid X receptor (FXR), pregnane X receptor RPXand constitutively activated
receptors. All of these nuclear receptors requi¥lRRas a heterodimerization partner in
order to regulate gene transcription (Howe, 2007).

Retinoid receptors regulate transcription via iatéon with RAR elements and RXR
elements in target gene promoters, and subsequertitment of transcriptional
coactivators. Because RXRs are obligate heterodiateon partners for a multitude of
nuclear receptors, retinoids have the potentiaktulate the activity of entire regulatory
networks. Response specificity is achieved throsghieral levels of control. Firstly,
receptor responsiveness is defined by the natutleedigand: each retinoid receptor has a
unique affinity for individual retinoids. As mentied above, natural ligands for retinoid
receptors are derived from vitamin A and includecis3RA, 9<Cis-RA, and ATRA. Of
these, ATRA selectively binds to RARs, buti8-RA is a pan-retinoid that binds to both
RARs and RXRs, albeit with differing affinities. .t8-RA gets isomerized to ATRA, and
thus, is functionally equivalent.

In the absence of ligands for RAR—RXR dimers, othea presence of some antagonists,

the receptors’ target genes are repressed. Thligeigo the possibly gene-specific (Jepsen
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et al., 2000) recruitment of histone deacetylase (HDA@)taining complexes that are
tethered through corepressors (CoRs), such asarudeeptor (NR) corepressor (NCoR)
or silencing mediator for retinoid and thyroid hame receptors (SMRT), to the non-
liganded (apo-) RAR-RXR dimer. Retinoic acids da mact solely through the two

subunits of the RAR-RXR heterodimer. RXR is a psmuous heterodimerization partner
for various NRs.

Retinol
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Figure 7: Scheme of the intracellular pathways involvingin@ids and chemical formula of d@lans retinoic
acid (below). CRBP: cellular retinol binding proteCRABP: cellular retinoic acid binding proteinARE:
retinoic acid response element; RBP: retinol bigdin  protein;
(http://www.igbmc.fr/recherche/Dep_BCD/Eq_PDoll/DREnI).

The Retinoids and cancer prevention mechanisms

Carcinogenesis is a chronic and multistep processulting from mutagenic
damage to growth-regulating genes and their pradihett ultimately leads to development
of invasive or metastat@ancers (Weston, 1997). This transformation frommab through
pre-neoplasito overt malignancy results from defined stepsudtig: A)initiation, where
DNA damage occurs; B) promotion, where additiogahetic and epigenetic changes

augment prior genomic damaged C) progression to locally invasive or distaetastatic
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disease. Carcinogen exposure is hypothesized o ‘firelds” ofaltered cells long before
invasive malignant disease is detectdthically (Slaughteret al., 1953). Perhaps
intermediate markers of carcinogemicanges at affected tissue sites will identify pre-
neoplastic lesions that are likely to progress to a fully stammed phenotype.
Alternatively, absence of these markers might iadiepithelialesions that are unlikely to
become malignantly transformed.

It is not yet known which individual or cassettecafcinogenichanges are rate-limiting in
the maintenance or progressiainpre-neoplastic lesions. Conceivably, these cbharaye
distinctfor each epithelial site or carcinogenic agentqbest genetigains or losses are
reported to occur at diverse sites, includihg head and neck (Califareb al., 1996),
bladder (Sidranskegt al., 1992), colon (Kinzleet al., 1996 and Fearoe al., 1990), lung
(Lonardoet al., 1999; Rusctet al., 1995; Albanellet al., 1997; Wistubeet al., 1999 and
Parket al., 1999),and others. Those carcinogenic pathways requiredldeelopmenbr
maintenance of the transformed phenotype at aetisste may represent attractive
therapeutic targets for cancer preventi@hanges in these pathways or of affected
dominant oncogenesr recessive tumor-suppressor genes may prove luseimonitor
response to clinical cancer prevention ageiitse chronic and multistep nature of
carcinogenesis providasstrong rationale for cancer prevention as aadtite therapeutic
strategy to arrest or reverse one or more of thasgnogenichanges.

Strong clinical validation for clinical cancer pextion wasprovided through a
randomized trial using the selective estrogeceptor modulator (SERM) tamoxifen in
women at high risk fobreast cancer development (Fiskeal., 1998). In those women
randomized taeceive tamoxifen compared to controls, there wdsgaly statistically
significant reduction in the risk of invasive andnmvasivebreast cancers (Fisher al.,
1998). This reduction was seen for hormone-semditiwast cancer. Clinical benefits were
not seen for hormone-resisténéast cancers. Based on these clinical findirgsoxkifenis
now approved by the U. S. F. D. A. fareast cancer risk reduction in high-risk women.
This breastcancer prevention trial will be built upon by ars$y of othercandidate
prevention agents, including other SERMs that mmaye more favorable therapeutic or
toxicity profiles than tamoxiferEffective breast cancer prevention strategies aszied
for hormone-resistant breast cancers. One approach takeaddressthis need is
examination of the retinoid N-(4-hydroxyphenyl) ineimide (fenretinide, 4HPR) for

prevention of a second breast malignamcwomen with early breast cancer (Verongsi
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al., 1999). This 4HPR randomizddal reported a potential benefit in premenopausal
women forreducing second breast cancers.

The carcinogenic steps of initiation, promotiomgressionand invasion or metastasis can
be targeted by antiproliferativadifferentiation-inducing, or pro-apoptotic agenis
reviewed (Honget al., 1997). Extensive epidemiological, preclinical,daclinical data
point to an important role for retinoids in canclkeemoprevention.

These and other findings provided a basis for digetmoidsin clinical cancer prevention
trials. Added support for a retinoid-baselthical chemopreventive approach stemmed
from the successfuétinoid treatment of premalignant lesions, inhiigtthe progression of
cancer from the premalignant to the malignant stageh as oral leukoplakia (Hoegal.,
1986), cervical dysplasia (Meyskedsal., 1994) and xeroderma pigmentosum (Kraemer
et al., 1988) Clinical trials reveal that retinoids are activer@ducingsome second primary
cancers. For example, IBsretinoic acid(13-cRA) reduces second aerodigestive tract
tumors in patientwith resected head and neck cancers (Habad), 1990). Second primary
lung cancers are reduced by retinol palmitate treatroépatientsfollowing resection of
stage | lung cancer (Pastorigbal., 1993). The acyclicetinoid, polyprenoic acid, inhibits
second hepatocellular carcinonader resection or ablation of primary liver can@éuto
etal., 1996).

Retinoids in oncology

Many factors can contribute to tumorigenesis, idiclg inherited and acquired
genetic changes, chromosomal rearrangements, epigephenomena and chemical
carcinogenesis. Retinoic acids can interfere widsé events at several levels (Fig.8), their
principal known actions being induction of diffetetion and/or apoptosis of tumor cells,
and inhibition of tumor promotion in chemically ickd cancers. In keeping with their
ability to regulate growth and induce differentatithroughout life, retinoids affect the

growth of many tumor cell lines in culture.
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Figure 8: Retinoids and rexinoids can interferith events leading to tumorigenesis at severall¢e'a: At
least in skin, chemical carcinogenesis is blocketha promotion step, probably because of the-AP1
activity of retinoids and rexinoids. Whether ittlds activity that blocks chemical «cinogenesis in other
systems remains to be establishb: Retinoids and rexinoids (thrgh ‘crosstalk’ with other sigiling
pathways) are strong inducers of cell differendiatand might overcome a block in a differentiat@thway,
such as the one inded by the action of fusion proteins in acute prelogytic leukaemia (APL)c: Retinoid
and rexinoid action is usually associated with i-cycle block in G1, frequently because of the insesl
expression ofVAF1, a direct target gene of retinoid and vitamin B8aptorsd: In myeloid cells, retinoi
and rexinoid action or crosstalk between rexin@dd protein kinase A leads to g-maturation apoptosis.
In some cell systems, the differentiation effectetfroids has been dissociated from the apoptogenicte
of rexinoids on the differentiated celle: Under certain conditions, rexinoids can autonoshpunduce
premature cell death; survival and differentiatiignals rescue the cells from rexinoid apois. f: Perhaps
owing to activation of death receptors and/or thegignate ligands, retinoids and rexinoids, alonénc
combination with chemotherapy (‘sensitization’), ncaynergistically induce apoptosis. (Altucci &
Gronemeyer, 2001).

Because of thabove described propertitATRA and other natural or synthetic derivativ
are promising agents for the treatment and prewertdf cancer (Altucci and Gronemey
2001; Altucciet al., 2007; Garattinet al., 2007). The most striking example of retir
acid anticancer activity is the use ATRA for the treatment of patients with aci
promyelocytic leukemiaAPL). More than 85% ofAPL patients can be induced ir
complete remission b&TRA in combination with anthraclins (Degos and Wang, 200:
In this disease contexiATRA exerts its beneficial effect predominantly by ao-
differentiating action inducing the leukemic bléstundergo terminal differentiatiorlong
the granulocytic pathwayCurrently ATRA is the only example of clinicly useful
differentiating drug.

ATRA and derivatives are interesting agents not onlythertreatment of certain types
leukemia but also in primary or secondary chemagmgon of solid tumors. Indeed, the
is a wealth of data demonstrating that retinoidshm the progression of cancer from 1

premalignant to the malignant stage. Studies omataly-induced skin carcinogenesis
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mouse demonstrating that the promotion step isvAttig Protein 1 AP-1)-repression-
dependent suggest that retinoid-mediated interterewith the latest pathway could
account for their demonstrated chemopreventiveriac{iHuanget al., 1997). Furthermore
RARS has been demonstrated to be a tumor suppressach wéh frequently lost or
epigenetically silenced in various cancers, andekpression inversely correlates with
tumor grade (Xuwet al., 2007). Recently a new generation of retinoidevkm as atypical
retinoids have been developed showing promisingenas as anticancer drugs. Although
these compounds are able to bind to and transte®RARS, their activity does not fully
explain their growth inhibitory and apoptogenic eets offering new and alternative
pathways to counteract cancer development (Garattal., 2004). Collectively, this body
of evidence supports the concept that retinoids aseful chemopreventive and
chemotherapeutic agents directing the neoplastidaéifferentiate, arrest its growth, or
undergo apoptosis. Unfortunately, promising precdih studies were not consistently
translated into clinical practice (Altucetal., 2007; Field%t al., 2007).

Retinoids and Breast Cancer

One of the main problems associated with the dinise of retinoids in oncology,
is represented by the variability of the respormeserved in different tumors and different
subtypes within a single tumor (Fahal., 2006; Perrearet al., 2006; Sarliest al., 2006).
The molecular determinants responsible for theigeitgresistance of the neoplastic cell
to retinoids are generally unknown, although theylkely to include the complement of
RARs, RXRs and accessory factors expressed (ReehBgty et al., 2009). Breast
carcinoma is a paradigmatic example of heteroggneitthe responses to retinoids.
Clinical data indicate that only pre-menopausal wonbenefit from the use of the
synthetic retinoid, fenretinide, when the drugsed in an adjuvant setting (Veronetsal.,
1996; Veronesiet al., 2006; Decensgt al., 2007). It is well established that steroid
hormones and their receptors, peptide growth factoncogenes and tumor suppressor
genes play a crucial role in the neoplastic trams&tion of the breast (Keen and Davidson,
2004). Two of the main players are the EstrogereReca (Yager and Davidson, 2006)
and HER2heu.
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ERa asaretinoid target

Approximately 70-80% of all breast tumors expre$oEERua-positive tumors
tend to grow more slowly, are more differentiatadd are associated with better overall
prognosis. Pre-clinical observations indicate thB&a + breast carcinoma cells are
generally sensitive, while ER- are generally resistant to the anti-proliferatactivity of
ATRA and derivatives (Rousseatial., 2003; Rousseasat al., 2004).

RARa is an estrogen-induced gene (Laganigral. 2005), and its expression in breast
tumors has been shown to correlate with ER exmreg®omaret al., 1993). Recently, the
binding events of a tagged version of RARere mapped, and RARand ER were shown
to share a subset of binding regions within theoges (Huaet al., 2009). Huaet al.,
concluded that RAR in the presence of its ligand can antagonize gstreER function,
andviceversa. Their hypothesis is that RARand ER can, in some cases, share common
cisregulatory elements, and that the two nuclearptece compete for transcriptional
activity.

Targeting ofERa with SERM is currently one of the most successful type @vpntive
therapy for secondary breast malignancy. Howewverefficacy of this approach is limited
by de novo and acquired resistance in treated patients (Yager Davidson, 2006).
Retinoids are of therapeutic interest because @f #ifficacy in preventing carcinogen-
induced rat mammary cancer (Anzagical., 1994; Gottardigt al., 1996) and their anti-
proliferative effect towards breast cancer caillsitro (Fontana, 1987; van der Buegal.,
1993; van der Leedet al., 1995; del Rincomt al., 2003). Moreover, as mentioned above,
there is also clinical evidence that retinoids mag beneficial in breast cancer
chemoprevention (Veronedial., 2006; Lawrencet al., 2001).

Her2 asaretinoid target

In breast cancer one of the most clearly definetbgic abnormalities with clinical
relevance is HER2 overexpression, which is seeB0i#—-30% of breast cancer cases.
Amplification of this gene, located on chromosonTe ith concomitant over-expression,
Is associated with a more aggressive form of mahgyg and poorer outcome (Slamen
al., 1987). As already mentioned, target therapygusiie monoclonal antibody against
Her2, trastuzumab, have proved to be successfulveMer, despite its efficiency in

inducing high complete or partial remission rat€gstuzumab treatment is associated
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with induction of resistance in a large proportiohpatients. Resistant patients benefit
from second-line treatment with the tyrosine kinaseibitor, Lapatinib, which targets
Her2/Neu as well as others members of the recégtaity (Frampton, 2009).

The HERZ2-targeted agent, lapatinib (Tykerb, GW5®0LlaxoSmithKline), was
approved by the U. S. F. D. A. in 2007 for use agiaHER?2-overexpressing breast cancers
in combination with the chemotherapeutic agent cipieine (Geyeret al., 2007).
Lapatinib is a dual inhibitor of the EGFR and HEB®osine kinase domains, and has
shown efficacy in preclinical models of HER2-ovegreessing breast cancer including
trastuzumab-refractory cells (Rittetral., 2007, Konecnwt al., 2006, Nahta&t al., 2007).
Identification of HER2/neu, and the subsequent kgweent of targeted therapy for
patients who over-express it, has revolutionizedirttmanagement. Therefore, many
research studies have focused on the area of ckmm®17 in which HER2/neu is located
in order to identify other genes in the vicinityathcould be helpful in the treatment of
breast cancer. A minimal common region of ampltf@a around HER2/eu, which spans
between 280 and 746 Kb, and may contain more tltamgehes, has been identified
(Johnstoret al., 1997 and Fuquet al., 2000). Furthermore, at least 40 genes have been
located either within this minimal region or adjatéo it (Geeet al., 2001). Among them
there is alsdRARA, the gene coding for RARthat maps to chromosome 17 at a short
distance (0.65 Mb) from thERBB2 locus (Fig.9). This evidence provides the ratierfar
testing retinoids in the specific genetic backgwh ERBB2/RARA amplification even

in the absence of estrogen receptor, a classidalmdmant of breast cancer sensitivity.
Indeed the lack of estrogen receptor expressiondao many Her2/neu breast cancers
could be compensated by RARA amplification in thgo@y for RAR alpha protein

expression.
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Figure 9: RARA, the gene coding for RARmaps at a short distance, 0.65 Mb, from the ERBBAs gene
coding Her2, to chromosome 17.

23



AIM OF PROJECT

One of the main problems associated with the dinise of retinoids in oncology, is
represented by the variability of the response®mesl in different tumors and different
subtypes within a single tumor. The molecular deiteants responsible for the
sensitivity/resistance of the neoplastic cell toneds are generally unknown, although
they are likely to include the complement of RARXRs and accessory factors expressed.
Clarification of the molecular and cellular mectsang could give insight for a better and

more efficient use of retinoic acid and derivateghie clinical of breast carcinoma.

The major aim of the research program of my PhRoisharacterize the retinoid

sensitivity/resistance in breast carcinoma andefind its molecular mechanism across the

ERa and Her2 pathway. In particular we plan to:

1. Define the molecular mechanism at the basis obtis=rved association betweendcER
and retinoids in breast carcinoma. Indeedg ERconsidered a determinant of retinoids

sensitivity.
2. Establish whether retinoids can be eligible as apeutics in the management of

Her2/neu-positive breast carcinomas alone or in kioation with HER2-targeted

therapeutics (lapatinib).
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MATERIALSAND METHODS

Cdl lines and chemicals

MCF-7, MDA-MB-231, MDA-MB-453, MDA-MB-361 , T47D, BBR3, AU565, UACC-
812, HCC-1569 cell lines were from the American @ypulture. Cells were grown in
DMEM F12 medium (Invitrogen) containing 5% fetalfcserum (Lonza). Only during the
experiments the cells were grown in DMEM F12 medtontaining 5% charcoal stripped
fetal calf serum (Lonza). The cells were grown with antibiotics at 37°C in 5% GO

atmosphere.

ATRA, Estradiol, Tetracycline, Puromycin were fro@igma Chemicals, Geneticin,
Zeocin, Blasticidin were from Invitrogen. AM580,RARa agonist, and CD437, a RAR
agonist, are been already described (Gara#tiral., 2004 and Garattingt al., 2007).
Lapatinib (GW572016) is a tyrosine kinase inhibftmm LC Laboratories.

Cdl growth, senescence and single-cell-motility

Cell growth was evaluated using MTT (Plumb, 2004) aenescence was determined with
a PB-galactosidase kit (Cell Signaling Technology). dh&acell-motility assays were
performed on BSA coated substrate (Hirahal., 2008) using the Imaging Station Cell*R
(Olympus) and the software IMAGEJ.

Generation of stable trasfectants

Generation of stable transfectants conditionaliyressing ER

For the production of MDA-MB-231clones conditionadxpressing ERwe have used the
T-REx™ System (Invitrogen). The system is a tetcling-regulated mammalian
expression system that uses tetracycline (Tetjteesie operon. Tetracycline regulation in
the T-REx™ System is based on the binding of tgtiame to the Tet repressor and
derepression of the promoter controlling expressibthe gene of interest. The system is
based on a double transfection of a regulatorynulspcDNAG6/TR (Invitrogen) (Fig.10),
which encodes the Tet repressdetR) under the control of the human CMV and an
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inducible expression plasmid for expression ofgbee of interest under the control of the
strong human cytomegalovirus immediate-early (CMWpmoter and two tetracycline
operator 2 (Tetg) sites promoter. For our purpose, we used, asnthecible expression
plasmid, pcDNA4/TO/ER (Fig.10) obtained from a sub-cloning. The E&s Estrogen
receptor 1, ESR1, NM_000125.2) was excised fropT-REx-DEST30 — Ex (ImaGenes
GmbH, X, Germany) (Fig.10) in Xhol-Apal position darsub-cloned in pcDNA4/TO
(Invitrogen) (Fig.10). As a control expression phég we have used pcDNA4/TO LacZ
(Invitrogen) (Fig.10), a construct containing thacZ gene, which when co-transfected
with pcDNAG/TR expresses the LacZ protein upon atidun with tetracycline. The MDA-
MB-231 cell line was transfected with pcDNAG6/TR atlte clonal transfectants were
selected by addition of blasticidin (1§'ml) in the culture medium for about two weeks.
The cell line MDA-MB-231 pcDNAG6/TR was used for théransfection of
pcDNA4/TO/ER. and the clonal transfectants were selected bytiaddbf geneticin

(800ug/ml) in the culture medium for about one week.

Eco0109 |

Apal
Pme |

pcDNA"4/TO/
lacZ

Figure 10: constructs used to generate the stable tranafsatanditionally expressing ER
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Generation of stable transfectants conditionallyregsing shRNA against BER

To obtain cellular clones inducibly expressing tBBRNAs against E&R (MCF7
pPcDNAGTR shER) the pSuperior RNAI System (Oligoengine) was usdte system is
based on the co-transfection of a plasmid constélyt expressing the Tet repressor
(pcDNAG6/TR, Fig.10) and a plasmid carrying the cgdsequence for the transcription of
the shRNA of interest (pSuperior Puro, Fig.11). Teeression of the target shRNA
depends upon an H1 promoter that is responsiveaoret repressor. In the absence of
tetracycline in the culture media, the Tet repredsods to the promoter avoiding the
transcription of the shRNA. In the presence ofajcline the Tet repressor dissociates
from the promoter and the H1 promoter gets actd/ategressing the shRNA of interest.
The hairpin structure of the shRNA is then procédse cellular enzyme to produce the
siRNA active in inhibiting the target protein expsen (Fig.12).

Key Sites Vector Features

Bglll: 2106 f1(+) origin: 135-441

Hindlll: 2112 PGK promoter: 1768-1370

EcoRI: 1884 Puro ORF: 1355-756

Sall: 2127 H1 promoter: 1889-2091

Xhol: 2133 Ampicillin resistance ORF: 3369-4226

T3 primer (A\TTAACCCTCACTAAAG): 2183-2167
M13 reverse primer (AACAGCTATGACCATG): 2216-2201

pSuperior.puro

4354 bps

Bsml
ANI EcoO109I
Bbel
Ehel

‘H1 promoter

EcoRI EcoO109I
Bbel Acc65|
Ehel Kpnl

Figure 11: map of pSuperior.puro.

MCF7 were transfected with pcDNA6 TR and the clomahsfectants were selected by

addition of blasticidin (1@g/ml) in the culture medium for about two weeks.
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To clone the single cDNA target for the siRNA oferest in the pSuperior plasmid 59-nt
forward and reverse oligonucleotides were desigmd the following structure shown
in table 1.

Sequence of the oligos used to produced the siRj&nat ER

Forward | 5’- gatccC GGCATGGAGCATCTGTACA TTCAAGAGA TGTACAGATGCTCCATGCC TTTTT

GAATTC a -3
Reverse| 5'- agctt GAATTC AAAAA GGCATGGAGCATCTGTACA TCTCTTGAA

TGTACAGATGCTCCATGCCGg -3’
Sequence of the oligos used to produced the nenailg ShRNA (NS shRNA)

Forward | 5-gatcCTTCTCCGAACGTGTCACGTITCAAGAGA ACGTGACACGTTCGGAGAATTTTT a- 3'

Reverse| 5'-agctt AAAAATTCTCCGAACGTGTCACGTICTCTTGAAACGTGACACGTTCGGAGAAGG-3'

Table 1: Bglll (forward) and Hindlll (reverse) restrictiosite (lowercase); Target sense of 19-nt (red);
Hairpin of 9-nt (underlined); Target antisense & -rit (blu); Termination signal consisting of five
thymidines.

The forward and reverse oligonucleotides were thenealed in Universal Buffer (100
mM NacCl, 50 mM Hepes pH 7.4) by incubating at®4or 4 minutes and then at 70 for

10 minutes followed by a progressive cooling stepdom temperature. The pSuperior
vector was digested with Bglll and Hindlll (New Hagd's laboratory), gel purified
(Eppendorf systems for nucleic acid purificatiomddigated to the annealed oligos by
incubation with T4 DNA ligase (New England’s Labinges). After transformation of
E.Coli JM109 with the product of the ligation reactiommmcillin resistant bacteria
colonies were selected and screened for carryiegdmstruct of interest (pSuperior Puro
ShERy).

The cell line MCF7 pcDNAG6TR was used for the traesibn of pSuperior Puro sh &R
Cells were transfected with pSuperior Puro stEdhd the clonal transfectants were
selected by addition of puromycin (Pg/ml) in the culture medium for about one week.
Puromycin has shown to be extremely toxic for MC#HIs selection was carried-out with
a relative low concentration of the antibiotic &tetmined by the minimum concentration
that kill all the control cells while allowing cles growth. As a control, a stable
transfectant expressing a non silencing ShRNA MTRB (NSshRNA) was obtained by
the same strategy used in the case of MCF7 pcDNAGSITER.. The sequence of the NS
ShRNA is shown in table 1.
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The resulting transcript of the recombinant veaqredicted to fold back on itself to form

a 19-base pair stem-loop structure. The stem-loepupsor transcript is quickly cleaved

in the cell to produce a functional siRNA or the SHBNA. The figure 12 provides an

overview of the insert design, and how the oligasteanscribed and process to functional
SiIRNA.

GACUCCAGUGGUAAUCUACTT
UUCUGAGGUCACCAUUAGAUG

C
GACUCCAGUGGUAAUCUAC vl AA
UUCUGAGGUCACCAUUAGAUG AG G

(Bl Targel Sequence: sense |Hairpin] Target Sequence: antisense
GACTOCAGTGGTAATCTAC GTAGATTACCACTGGAGTC =3*
CTGAGETCACCATTAGATG CATCTAATGETGACC TCAG -

|HimdINI}

Figure 12: Transcription model of 60-nt oligo to hairpin RINgrocessed to functional siRNA.

Chromatin immuno-precipitation, oligonucleotides, plasmid constructs and transfections

in MIRNA experiments

Chromatin immuno-precipitation assays (ChIP) (Giastral., 2009) were performed with
anti-RARu and anti-CYP1ALl irrelevant antibodies. The listlué oligonucleotides used in

the study is described in table 2.

29



Accession

Experiment Gene Oligonucleotide Sequence Number
Cloning of MIR21 |MIR 21 MIR21 promoter S 5’-acaacttcacccctcactgatctc-3’
promoter MIR21 promoter AS |5’-tagtcctcagagtaaggtcagctc -3’
Real Time PCR |Pri-miR-21 [Pri-miR-21 1S 5’-aatggccttgcactcttcttatg-3’ AY699265
Pri-miR-21 1AS 5’-gttgaccaaacatgacatcagaaac-3’
Pri-miR-21 2S 5’-tggtggcacttagagtcttttgtg-3’ AY699265
Pri-miR-21 2AS 5’-aggattttatggagaaatgggga-3’
ChlIP MIR21 ChIP 1S 5’-ccagaagttagggatatgttagca-3’
ChlIP 1AS 5’-tacctccagggttcaagtgattct-3’
ChlP 2S 5’-actgtctaccataaaccatgaaagga-3’
ChlP 2AS 5’-cccactagtcagaagtcagtgattaaca-3’
Deletion of MIR21 |MIR21 ARARE1 S-Stul 5’-ctaggcctccagcctggcaaagatggtgaa-3’
promoter ARARE1 AS-Stul 5’-ctaggcctgatcccccttectcggectcec-3’
Point mutation of [MIR21 Mutl 5’-gaagggggatcacgaggacaggagttcaagaccag-3’
MIR21 promoter Mut2 5’-accatgaaaggattcaaagtgcatagttccttctttgttcc-3’
Cloning of 3’UTR |CCR1 CCR1S 5’-ctcagaccataggaggccaaccca-3’ NM_001295
CCR1AS 5’-cacctgggaaagtgatcacaacttg-3’
PLAT PLATS 5’-ccaggaacacccgactcctcaaaa-3’ NM_ 000930
PLAT AS 5’-cagaagtcaattaagtccaaactcag-3’
PTX3 PTX3S 5’-atgttgtgaaactccacttgaage-3’ NM_002852
PTX3 AS 5’-aatgacgtgagctagttttataaaat-3’
TNFAIP3 |TNFAIP3S 5’-taaccggaaacaggtgggtcacct-3’ NM_006290
TNFAIP3 AS 5’-gaaatccaacaaagaataggtggctttc-3’
ICAM1 ICAM1S 5’-tgaaaccgaacacacaagccacgc-3’ NM_ 000201
ICAM1 AS 5’-tttggcagttgagaaagctttattaac-3’
ITGB3 ITGB3S 5’-tgataagcagtcatcctcagatca-3’ NM_000212
ITGB3 AS 5’-cttcaagacctgtgaacttcattc-3
1L1B IL1B S 5’-agagagctgtacccagagagtcct-3’ NM_ 000576
IL1B AS 5’-cagtgaagtttatttcagaaccattg-3’
Deletion of 3'-UTR [PLAT PLAT delS-Sall 5’-atgtcgacaatttagattatgggggctctg-3’ NM_00093
PLAT delAS-Sal | 5’-atgtcgactcctcttcctgaagttcactte-3’
ICAM1 ICAM1 delS-Sall 5’-atgtcgacaacaccacacctggcaaattt-3’ NM_000201
ICAM1 delAS-Sall 5’-atgtcgactcccagctactcaggaggcetga-3’
IL1B IL 1B delS-Sall 5’-atgtcgacgattatttaaatgggaatattt-3’ NM_ 000576
IL1B del AS-Sall 5’-atgtcgacattttcagtcttaattaaagga-3’

Table 2: The list of the oligonucleotides used in miRNA esipents.

In vitro mutagenesis was performed with the QuikChangealistieted mutagenesis kit
(Stratagene, Cedar Creek, TX). The ERE-tk-Luc, RAREuc, the RAR. and RAR
expression plasmids were described (Cietra., 2001; Gianngt al., 2009). The anti-miR-
21 (ID AM10206), pre-miR-21 (ID PM10206) oligonuotedes and negative controls were
from Ambion Inc. The green-fluorescent-protein piad (DEGFP-N1) was from Clontech

Laboratories. Cells were transfected with 50 nMpoé-miR-21, anti-miR-21 or control

oligonucleotides using the siPORT NeoFX reagentl§fam). Transactivation experiments

with the miR-21 promoter constructs and 3'UTR-lecifse assays were performed using
MCF-7 and293T cells (Gianniet al., 2009; Gregoryt al., 2008).

30



The two predicted RARESs (retinoic acid responsidments, RARE-1 and RARE-2) are
indicated by blue boxes (Fig.13). The point mutaiqMutl and Mut2) introduced in
RARE1 and RAREZ2 are indicated in red underneattséggience. The putative TATA box
(Fujita et al., 2008) is shown in yellow. The pitattranscription initiation site (Ribas et
al., 2010) is indicated in red. The sequence baxredrey represents exon 11 of the
TMEM-49 coding gene, which overlaps the MIR21 geiibe sequence in bold red
characters corresponds to the miR-21 stem-loopidRes+1 corresponds to the first
nucleotide of the miR-21 stem-loop sequence. The ried arrows below the sequence
pointing in opposite directions indicate the pasitof the two oligonuceotides used for the
amplification of the 5’-flanking region of the miRt gene. The amplified 1.5 Kb fragment
was inserted in the corresponding firefly luciferagporter plasmid both in the sense
(miR-21 S) and antisense (miR-21 AS) orientatianfodows. The fragment was first sub-
cloned in the plasmid pCR2.1 (AT Cloning Kit, Imagen), and subsequently digested
either by Xhol and Hindlll (for the sense oriendaf, or by Xhol and Kpnl (for the anti
sense orientation). These fragments were insertetha plasmid pGL-3 Basic Vector

(Promega Italy) to obtain the plasmid DNA constsuatthe appropriate orientations.
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MIR21 5’-flanking region

..... AACAACTTCACCCCTCACTGATCTCTCTTTTCTCCCTCCAATTCCTTCGGTATAT
ATCTTCTGTACCAAAAACTTTAATATTGAATTGTAAATTATTTTGTTCACAGATCAGTTC
GTGTGTGTGTGTGCGCACACATGTGTGCGCATCTGCCTATGTTTTGAATCCAAATCCCCA
TAAATGATTTTAAGTTCCTTGTGGGCAGTTTGGTTTTTTTTTTTTTTGGCTTTTTTCCCA
GCAAAAGGAATCAATTAAGTATTTGGTGACTGATAGATAAAAAGGATTAAAGAAAAGAAT
CAGCCAGAAGTTAGGGATATGTTAGCATCTGATAAAATATAATAGCAAAAACTCTTCTAT
TCCTGCTTTTTGTTATAAAAAGCAGCAAGGAATTGTTCTAGAAAAGAAGTGAAGGCCAGT
CGCGGTGGCTCACACCTGTAATCCCAGCACTTTGGGAGGCCGAGGAAGGGGGATCACGAG
GTCAGGAGTTCAAGACCAGCCTGGCAAAGATGGTGAAACCCCATCTCTACTAAAAATACA

AﬁAAAAAATAGCCAGGCATGGTGACAAGCGCCTGTAATCCCAGCTACTTGGGAGGCTGAG
GCAGGAGAATCACTTGAACCCTGGAGGTAGAGGTTGCAGTGAGCCGAGATCAGGCCATTG
CACTCCAGCCTGGGGGACAGAGTGAGACTCTGTCTCAAAAAAAAAAAAGTGAAGTGAAGT
GAATTTGAGTCAGTGTACTTAATAGGACAAGCATTAGGCAGTGTTGCAAGTACATATCGG
AATCTCTTTGGCTGGCTCTAAGAAAGAGTTTGAACTTATTTACCTCCTTAGCCCTATGTA
ACAGGTAAGAAACTAAAAGGTACAGAAAATAGAGATGTTTGATTTTTCTAAGTTGCCCCA
AGCTACCGTTTTTAAAAACGCCTGCAAGCATGTCTAAAACAGGAGCCTGTTAGCTACAGT
TGCCAAACCGGTTTAACAGCACTGCCTCCATGTATTCTGGGTAAGAAGGAGCTCCGAGTA
CATAAATTTATCAAAGATCACTATCCCAATCATCTCAGAACAAGCTGTTACTAATGTACT
GGAGTTTCTGTGCAAACTGTCTACCATAAACCATGAAAGGATTCAAAGTTCATAGTTCCT

TCTTTGTTCCTTTGTTAATCACTGACTTCTGACTAGTGGGAGGTGCCTCgCAAGTTTGCT
AATGCATTCTTTTTGGATAAGGATGACGCACAGATTGTCCTAATAAGGACTTAGATTGAG
AAAGACCGCCCCCTCTGAGAAGAGGGGACAAGTCAGAGAGAGGGCGGGCAGTTTCTTTTT
TAACTAGGGATGACACAAGCATAAGTCATTTCCTTATTAATTGGTTQ%&%F&@%EE&FTA
CAGGAACTAGTGGTGATAAATGTGGGACTTCTGAGAAGTCATTCATTTTATTCTTTGTGC
CATACCAGAGTACAGTATCAGCTGAGCTGACCTTACTCTGAGGACTAACTCTTTTGCTGG
AAGCGGTTTCTGATTTACAGCTCTTGGTTTCTCCCAGACATGTTGGTGGGAGAGATTTTG
GTTTTTAAGGGGTTGTTAGATGGAGTAAATTTTCTTTTTTTTTTTTTTTTTTTTTAACTA
AAAAGGGGTCACAGAATTTCAGCAGTTCTCTGATTTTTATATTTTATTCCTCTTCCTATC
CAATCCCTGCCTTTTGAGTCCAGGTGGTAAGTACATTTTCTTTAACGTTTTTCCTGCTTT
TCTTCCCAAATGTGTCTTTTTCTTTGGGCTACTGTACCCTGCTTCCAGTGCTGTCCCCGG
CATAGGTCCATCTCTGCAGAAGCCATTTCAGGAGTACCTGGAGGCTCAACGGCAGAAGCT
TCACCACAAAAGCGAAATGGGCACACCACAGGTAA .ttt e eeeeeesoscsscccasanscas
................ CCTTGTCGGGTAGCTTATCAGACTGATGTTGACTGTTGAATCTC
ATGGCAACACCAGTCGATGGGCTGTCTGACATTTTGGTAT . . e e e e e e o ceecoosocses

RARE-1

Mutl

RARE-2
Mut2

Figure 13

Western

Cell were lysed in Laemmli sample buffer or in aisybuffer: 20mM Tris-HCI - 150mM
NaCl - 1ImM NaEDTA - 1mM EGTA - 1% Triton - 2.5mM Sodium Pyropipbate -
1mM B/glycerophsphate - 1mM Ne4O, - one tablet ROCHE complete - 1mM Sodium
fluorure, supplemented with Protease Inhibitor Gaikk (Complete, Roche). Cell lysates
were subjected to SDS-PAGE and protein transfaoed0.2-um pore-sized nitrocellulose
(Whatman) by a semidry apparatus. For Western Inailoh analysis the following
primary antibody were used: Actim-tubulin, RARy, RARB, RARy (Santa Cruz
Biotechnology) and by Caspase 3, Her2 (Cell siggdiPARP (Millipore). As secondary
antibodies we have used the ECL Plex IgG cyani(en8-mouse) and the ECL Plex 1gG

cyanine

blot

5 (anti-rabbit), GE Healthcare.
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Transfections

For transfection experiments, cells were plate®-well plates (50%-70% confluence),
seeded 48h before and transfected with LipofectarBB00 (Invitrogen,) according to the

manufacture’s instruction.

Reporter gene assays

For luciferase assays cell lines grown in 3 cm @i@mculture dishes were transfected at
30-40% of confluence with the indicated mammaliagpression plasmids. Cells were
collected and luciferase activity was measured aodnalized for Renilla luciferase
activity using the Dual Luciferase Reporter assggtesn, according to the manual

instructions (Promega).

Time course

Cell growth of and viability has been scored autbca#ly using the Vi-cell XR apparatus

(Becton Dickinson).

Microarrays and real-time PCR for miRNA experiments

MiRNA microarrays were generated by spotting 1,45&NAs, (Exigon miRNA probe
set v8.1) in quadruplicate onto Corning epoxidetedaslides. Samples from Trizol
extracted RNA (2Qug) were enriched for microRNA using the flash PAG&ctionator
system (Ambion) and subsequently labeled for hybaittbn using the mirVana miRNA
labelling kit (Ambion). Three competitive hybridizan experiments were performed in
duplicate using microRNA fractions pooled from #nradependent cell cultures (Powtll
al., 2009). Arrays were scanned using a GenePix 40R&hner driven by GenePix Pro

4.0 (Molecular Devices). All the analyses were @ened using the statistical

programming and graphics environment R_ (http://erproject.ory. Differentially
expressed miRNAs were identified using the empiBzyes approach which ranks genes
on a combination of magnitude and consistency fiémintial expression (Powed al.,
2009; Smyth, 2004). Gene-expression microarray {(GEl Agilent, Palo Alto)
experiments were performed as detailed (Teta., 2009). MiRNA and gene-expression
microarray results were deposited in the GEO damf@SE18693).
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Mature miR-21 miRNA was measured using Tagman as@agplied Biosystems). The
primary transcript, pri-miR-21, and potential miR-farget-transcripts were determined by
PCR with SYBR green or custom-designed Tagman ad$aignniet al., 2009). For the
detection of pre-miR21, miRNAs were fractionatedpmtyacrylamide gels and Northern
blot analysis performed with a 212-bp probe (nuindies 2,385- 2,596 of AY699265).

Real time PCR and Microarrays gene expression profiling experiments

The RNA samples were been extract from cultureld &gl Qiagen miRNeasy mini kit and
then evaluated by the Agilent 2100 Bioanalyzer daality control and gRT-PCR were
performed with cDNA generated from total RNA. Relatexpression levels for specific
genes were determined using SYBR Green PCR Master(Applied Bio-systems) or
custom-designed Tagman assays (Giastral., 2009) by 7300 Real time PCR system
(Applied Bio-systems).

For expression profiling total RNA samples weraadtanscripted by the Amino Allyl
MessageAmp Il aRNA kit (Ambion) and subsequent wabeled by direct incorporation
of Cyanine 3 or Cyanine 5 and hybridized to AgHéa#850 Whole Human Genome
Microarray 4x44K G4112F (Agilent Technologies) teasure the expression levels by
Agilent 2-color arrays. Hybridized microarrays weseanned using a GenePix 4000B
scanner (Agilent Technologies) at 5um resolutiaor. the Microarray analysis the image
data were analyzed using the Feature extractiawaad (Agilent, version 9.1) Subsequent
data preprocessing all the analyses were perfoused) the statistical programming and

graphics environment R_(http://cran.r-project)omifferentially expressed miRNAs were

identified using the empirical Bayes approach whiahks genes on a combination of
magnitude and consistency of differential exprasg@owellet al., 2009; Smyth, 2004).
Gene-expression microarray experiments were peddras detailed (Teraa al., 2009).
MiRNA and gene-expression microarray results weepodited in the GEO database
(GSE18693).

Gene expression microarray on MCF7 and MDA-MB-231cell lines

MCF7 and MDA-MB-231 cell-lines were either treatedh 1 UM RA or untreated for 48
hours. The cells were harvested after 6 hours &ed 48 hours, in each condition, and
RNA was extracted. RNA expression levels were measby Agilent 2-color arrays.

Each rectangle in fig.14 represents an array, s@hin each array there is one channel
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(dye) for the untreated cells and another chanmetHe treated cells (in the same time
point and cell type). Each array was done twica b®logical repeat, with a dye swap [i.e.
in one replicate the treated cells were labelett giten (Cy3), and in the second replicate

they were labeled with red (Cy5)].
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Figure 14

The microarrays were custom synthesized by spotfngpmplementary Locked Nucleic
Acid probes of 1,450 miRNAs, (Exigon miRNA probet se8.1). RNA extraction,
hybridization and analyses were performed as @et@bove. Gene-expression microarray
results were deposited in the GEO database (GSB)L8®3ature miR-21 and the
normalizing Z30 miRNAs were measured using Tagnssays (Applied Biosystems). The
primary transcript, pri-miR-21, and potential miR-farget-transcripts were determined by
PCR with SYBR green or custom-designed Tagman adgaignniet al., 2009). For the
detection of pre-miR21, miRNAs were fractionatedpmtyacrylamide gels and Northern
blot analysis performed with a 212-bp probe (nuiitkess 2,385-2,596 of AY699265).
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Gene expression microarray on SKBR3 cédll line

SKBR3 cell line was treated with 100 mM RA, withObOM Lapatinib and with the
combination of both drugs or left untreated. Thékisceere harvested after 12 hours and
after 48 hours from chemical addition, and RNA watracted as described above. Four
biological replicates from four independent expenns were used, with a square,
balanced dye design, [i.e. of two technical repisan one replicate the treated cells were
labeled with green (Cy3), and in the second refdithey were labeled with red (Cy5)]
(Fig.15).

NT —— 5 Lap

SK replicate A
SK replicate B

ra «—— Ra+ SKreplicate C
~  Lap

Figure 15

ERBB2 and RARA copy number assessment by quantitative PCR

For cell lines, DNA was prepared using the DNealmp8&Tissue Kit (Qiagen, Valencia).
Cells were grown to 70-80% confluence, then haege$dor genomic DNA extraction.
DNA from paraffin-embedded patient samples wasiobthby QuickExtract FFPE DNA
Extraction Kit (Epicentre Biotechnologies, Madis®¥isconsin).

ERBB2 and RARA copy number was quantified by r@aktquantitative PCR (Q-OCR),
using the 7300 (SDS software v 1.3) System (Appldsystem, Foster City). Pre-
designed TagMan Copy Number Assays Hs01079964 ARAR and Hs05520410 cn
(ERBBZ2) were purchased by Applied

Biosystem.Ribonuclease P RNA component H1 (H1RNAhey (RPPH1), located at
17911.2 was used as a reference control. Readatierescarried out in a final volume of 20
pl containing 25ng genomic DNA and 16 pl TagMan @Ggping Master Mix (Applied
Biosystems, Foster City). PCR conditions were dbvs: one cycle at 95°C for 10
minutes, followed by 40 cycles each at 95°C forsEgonds and 60°C for 1 minute.
Samples were analyzed in triplicate. ERBB2 copy beimcalculation was carried out
using the comparative Ct method (Livetkal., 2001). Human Genomic DNA (Cat.G1471)
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(Promega, Madison), from multiple anonymauale donors, was run in every assay as a
calibrator sample. ERBB2 gene copy number in notmahan genomic DNA was set as 2

and copy number more than 4 in cell lines was dmmed to be increased.

Fluorescence Activated Cell Sorting

SKBR3 cell-lines were treated with 100 mM RA or lwitOOmM Lapatinib, with the
combination of both drugs or left untreated. Thiésogere harvested after 12-24-48-72-96
hours from chemical addition. After harvesting,I€elere counted, fixed in 70% ethanol
and prepared for cytometric DNA analysis. Briefgngples were treated with RNAse,
stained with Propidium lodide and analyzed using=ACSCalibur flow cytometer
(Becton— Dickinson Immunocytometry Systems, Inan Sose).

Sulphorodamine assay

The sulphorodamine assay was performed as desdmpe&tkeharet al. (Skehanet al.,

1990). Briefly, cell cultures fixed with trichloroatic acid were stained for 30 minutes
with 0.4% (wt/vol) sul-forhodamine B (SRB) dissaolvén 1% acetic acid. Unbound dye
was removed by four washes with 1% acetic acid, @atein-bound dye was extracted
with 10 mM unbuffered Tris base [tris (hydroxymd)ayinomethane] for determination

of optical density in a computer-interfaced, 96{vneicrotiter plate reader (Tecan).
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RESULTS

All-trans retinoic acid (ATRA) and derivatives (retinoidsgve shown potential for
the therapy and chemo-prevention of breast car@ee of the main problems for the
clinical use of retinoids in oncology is representey the variability of the responses
observed in different tumors and different subsétsatients within a single type of tumor.
The principal molecular traits defining differentebst cancer subtypes have been
identified to be the presence or absence ai BRthe amplification/over expression of the
Her2/ERBB2 locus. In order to characterize the wasp of the main breast cancer
subtypes to retinoids we decided to decipher tbhsesetalk between the pivotal mediators
of retinoids signaling (RARs receptors) and the enolar determinants of breast cancer
(ERa and Her2).

1. Characterization of the retinoid sensitivity/resistance in breast
carcinoma across the ERa pathway.

ERa influences the sensitivity of malignant cells bhe tanti-neoplastic activity of
retinoids and pre-clinical observations indicatat testrogen-receptor-positive (ERi+)
breast carcinoma cells are sensitive, while estrogeeptora-negative (ER-) are
generally resistant to the anti-proliferative aityivof ATRA and derivatives (Fontana,
1987; van der Burgt al., 1993; del Rincomt al., 2003). This phenomenon is potentially
associated with the fact that ER tumors contain higher levels of RARhan the ER-
counterparts (Schneideral., 2000).

To further validate this hypothesis and understdredmolecular underlying mechanism,
we have taken advantage of MCF7 and MDA-MB-231 streancer cell lines, considered
paradigms of ER+ and ER- tumors type respectively, as an established mfmtethe
association between ERpresence/absence and retinoid sensitivity/resistan breast

cancer.
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1.1 MDA-MB-231 and MCF7 respond differentially to the challenge with retinoic
acid

MCF-7 breast carcinoma cells are &R whereas the MDA-MB-231 counterparts are
ERo- (Fig. 16A). MCF-7 express higher levels of theoERanscript than MDA-MB-231
and express low but similar levels of theErRanscript. MCF-7 have a luminal phenotype
(Mandal and Davie, 2007) and are sensitive, whilBAYMB-231 cells are basal-like
(Jonssoret al, 2007) and are refractory to the transcriptioriay( 16B) effects of 1F
estradiol (k).
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Figure 16: (A) The graphs indicate the relative basal levelshefERx and ER transcripts in MCF-7 and
MDA-MB-231 cells. The results were obtained from the wholeeges gene expression microarray dataset
and represent the mean + S.D. of 6 separate slithesinset shows the relative levels of theugRotein, as
determined by Western blot analysis with a spedfiti-ERx antibody. Similar amounts of proteins were
present in the two lanes, as indicated by the bigii@ined with a specific anfi-actin antibody(B) MCF-7
and MDA-MB-231cells were transfected with an estrogen respondagmid containing firefly luciferase,
as the reporter gene (ERE-tk-Luc) along with theiliee luciferase normalization plasmid. 24 hourserf
transfection, cells were treated with the indicatedcentration of Eor vehicle (DMSO) for a further 24
hours. Renilla and firefly luciferase enzymaticiaties were measured in cell extracts. Luciferasgvity is
expressed in fold induction relative to the vehitkated value taken as 1. Each value is the meaub+of
two replicate cultures.

As described above this pair of cell lines was ehas study the association betweermER
positivity and response to the anti-proliferatiféeets of retinoids. Indeed, ATRA ({IM)
inhibited the growth of MCF-7 cells, but not that MDA-MB-231 cells (Fig. 17A).
Differential sensitivity extended to the transadopgl effects of ATRA, as the retinoid-

dependent reporter construct, RARE-tk-luc, showeachmhigher response to ligand
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activation in MCF-7 cells (Fig. 17B). Ligand-depend trans-activation of RARE-tk-luc
was reduced byHn MCF-7 cells.
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Figure 17: (A) The growth curves of MCF-7 and MDA-MB-231 cellzubated in the presence of vehicle
(DMSO), ATRA (1uM), AM580 (0.1uM) or CD437 (0.1uM) for the indicated amounts of time are shown.
Each value is the mean + S.D. of three replicattums. (B) MCF-7 and MDA-MB-231 cells were
transfected with the retinoid-dependent and firddigiferase-based reporter construct, RARE-tk-larg the
renilla luciferase control plasmid. After furthed4 ours of treatment with the indicated concerdaresiof
ATRA and/or B, cell extracts were used for the measurementreflyfiand renilla luciferase activities.
Results are expressed in arbitrary units of firdilgiferase following normalization for the transtien
efficiency (renilla luciferase activity) and areetmean + S.D. of two replicate transfections. Tamlper in
parenthesis indicates the fold-induction value. Tésults shown are representative of three indegrend
experiments.

In basal conditions (Fig. 18A), both MCF-7 and MDDM-231 cells express significant
amounts of RAR, RARy, RXRa and RXH mRNAs. The levels of these transcripts
largely reflect the amounts of the correspondingtgdn products, as demonstrated for
RARa, RARy and RXR (Fig. 18B). The major quantitative difference le tcomplement
of nuclear retinoid receptors is observed for RARhich is significantly more abundant
in MCF-7 than in MDA-MB-231 cells (Rishet al, 1995). This is consistent with the
observation that Ed? breast carcinomas are generally associated vwgtiehlevels of the
RARa transcript, as illustrated by the meta-analysiatgdnot shown, visible in

http://www.oncomine.org
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Figure 18: (A) The panel shows the levels of the transcripts @ngoRAR and RXR nuclear retinoic acid
receptors in MCF-7 and MDA-MB-23@ells grown in basal conditions. The results wdraimed from the
whole-genome gene expression microarray datasetegondsent the mean + S.D. of 6 separate slidgs. Da
are expressed in absolute fluorescent units andvahees determined in MCF-7 and MDA-MB-23te
comparable directlyB) The relative amounts of RARMRNA present in ER+ and ER:- breast carcinomas
are shown. The results were obtained by an autormaditanalysis of the available data present in the
Oncomine WEBSsite (http://www.oncomine.org) using tfgene search” algorithm. In 19 of the studies
analyzed, the levels of the RA&Rranscript are significantly higher in ER cancers. The remaining 6 studies
present in the database did not show significafféréinces in the levels of the mRNA in &ERand ER:-
breast cancers and are not shown in the plot.
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ATRA is a pan-RAR agonist with no selectivity foARa or RARy (Parrellaet al, 2006;
Rochette-Egly and Germain, 2009), the two RAR pnstexpressed in MCF-7 and MDA-
MB-231 cells. To demonstrate the relative functlangportance of the two receptors in
our cellular model, we compared the activity of AARnd selective agonists of RAR
(AM580) (Gianniet al, 1996) or RAR (CD437) (Garattiniet al, 2004; Mologniet al,
1999). In MCF-7 cells, AM580 (0.1 uM) inhibited tgeowth more efficiently than ATRA
(1 uM) (Fig. 19) and was also a more powerful attv of the retinoid-dependent reporter
construct, RARE-tk-Luc (Fig. 19). At receptor-seiee concentrations (0.01 or 0.1 puM),
CD437 exerted only modest anti-proliferative ananscriptional effects. At 1uM, the
increase in RARE-tk-Luc activity in cells treatedttiwCD437 is due to loss of RAR
selectivity (Garattinget al, 2004; Mologniet al, 1999). In MDA-MB-231 cells, AM580 and
CD437 were devoid of significant growth inhibitoagtivity and caused an almost two
order of magnitude lower activation of RARE-tk-Ltalative to what observed in MCF-7
cells. Altogether, these results indicate that RAR a major determinant of the anti-

proliferative and transcriptional effects of ATRAMCF-7 cells.
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Figure 19: Cells were transfected with the retinoid-dependepbrter construciRARE-tk-Luc, and treated
for 24 hours with the indicated concentrations ofFRK, AM580 or CD437 (mean + SD, 2 replicate
transfections). All the results are representativat least 2 independent experiments.
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1.2 Inducible over-expression and down-regulation of ERain MDA-MB-231 and
MCF7

It is known that the MCF7 respond to ATRA with growth ilsition, differentiation and

apoptosis, in contrast, MDA-MB-231 are completebfractory to retinoid challenge.
Indeed, we have tested for growth, viability anifiedentiation, the normal cell lines MCF7
and MDA-MB-231 using in the cell culture a mediuentaining charcoal-stripped foetal
bovine serum (DCC-FBS) in the presence of vehitteeg B, ATRA and with the

combination E with ATRA (Fig.20). Since both ATRA and;re present in normal foetal
bovine serum, the use of DCC-FBS allows us to stilmeespecific effect due to the two
steroid hormones on cell proliferation. As expeckdinduces cell proliferation while
ATRA triggers growth arrest in the mRpositive MCF7 cells, on the contrary, &R
negative MDA-MB-231 was completely refractory toetleffects mediated by,Eand

ATRA. Moreover the inhibition of cell growth medet by ATRA is stronger in the

presence of E indicating that ATRA interferes specifically withERo triggered
proliferation.
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Figure 20: The growth curves of MCF-7 and MDA-MB-231 cells uthated in the presence of vehicle
(DMSO), ATRA (1uM), E,(10nM) and the combination,Bvith ATRA for 2-4-6 days.
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To define the molecular mechanisms and determimastsonsible for the ElRdependent

regulation of retinoid sensitivity/resistance iredst carcinoma we have established two
complementary models of conditional &Rver-expression and silencing using paradigms
of ERa-positive (MCF7) and E&-negative (MDA-MB-231) breast cancer cells, as

described in materials and methods.

1.3 Over-expression of ERa is not sufficient to restore ATRA sensitivity in MDA-
MB231

MDA-MB-231/TR6 ERux stably over-expressing ERby tetracycline induction were
generated by sequential transfection of pcDNAG6/TRI @cDNA4/TO ER plasmids
carrying the tetracycline repressor andoEf®ding sequences respectively (see materials
and methods). Clones (MDA-MB-231/TR6 ERselected for both blasticidin and zeocin
(as guarantee for TetO and &Rds insertions) were isolated and tested for tiktyaof
inducibly express E&® We as well produce LacZ inducible clones as aatreg control
(MDA-MB-231/TR6 LacZ). For each construct threereds were selected and analyzed.
The figure 21 is representative of &Rver-expression induced by tetracycline incdER

transfectans.

MDA-MB MDA-MB
231/TR 231/TR
ERa LacZ

Ero | & |

ACHN | ™ e |

Tet - + -

Figure 21. Western blot showing the ERexpression in MDA-MB-231/TR ERand MDA-MB-231/TR
LacZ inducibly clones, after tetracycline treatment

To evaluate if the overexpressed R biologically functional as a transcription faGt
we analyzed the ability of our clones to modulateE®n dependent promoter. Therefore
we performed luciferase assay after transfection AMNIB-231/TR6 ERx with the
luciferase reporter plasmid ERE-tk-Luc (Ciagtaal., 2001) and subsequent tetracycline
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addition (Fig. 22). As expected, tetracycline inglu@ strong trans-activation of ERE
promoter. The phenomenon is magnified in the peser the ligand £ As a matter of

fact E is required for the transcriptional activity of &ERnd the spurious reporter activity
measurable in absence of 5 probably due to the residua} Bresent in the medium

combined to a residual leaky expression oftiBR the ER: inserted coding sequence.

ERE luciferase assay

20,000
18,000
16,000
14,000
12,000

10,000
8,000 MDA-MB-231 LacZ

® MDA-MB-231 ERalfa

RFU

6,000 B MDA-MB-231
4,000
2,000
0,000

-tet -E2  -tet +E2  +tet-E2 +tet+E2

Figure 22: Luciferase assay after transfection of MDA-MB-2ZBR6 ERy, MDA-MB-231/TR6 LacZ and
MDA-MB-231/ with the luciferase reporter plasmid ERk-Luc and in presence and absence of tetraagyclin
and k& (10nM).

Since ER: is the major trigger of proliferation in R+ breast cancer cell lines, we study
the effect of ER over-expression on cell growthrpBisingly tetracycline induction do not
increase MDA-MB-231/TR6 E& cell proliferation suggesting that the steroid leac
receptor activated pathway is not sufficient byatgn to interfere with the proliferative

driving force of MDA-MB-231 genetic background.
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Timecourse
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Figure 23: The growth curves of MDA-MB-231 and MDA-MB-231/TRERa cells incubated in the
presence or not of tetracycline ang(EOnM).

Altogether the data reported indicate above thatstiable cell lines generated, correctly
expressed a functional lRbut its over-expression do not affect cell prohteon. To
evaluate if any change in retinoic acid sensitidbpld still occur, we have characterized
our clones for the growth and viability in presemeceabsence of tetracycline with ATRA

and E. As shown in figure 24 no significant increaseANRA sensitivity was acquired
after tetracycline induction.
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Figure 24: The growth curves of MDA-MB-231/TR6 ERand MDA-MB-231/TR6 LacZ cells incubated in the ggace of vehicle (DMSO),
ATRA (1 uM), E,(10nM) and the combinationBvith ATRA for 2-4-6 days.




We also performed luciferase assay after transiectf MDA-MB-231/TR6 ER: with the
luciferase reporter plasmid RARE-luc (Giamhal, 2009) and subsequent tetracycline and
drugs addition. Again, no modulation of RARA depenidtranscriptional activity could be
observed after EdRinduction (Fig. 25) in the MDA-MB-231/TR6 ERclone or in the
control clone MDA-MB-231/TR6 LacZ (data not shown).

Therefore, we can conclude that over-expressidaRuf is not sufficient to modulate cell

proliferation and to restore ATRA sensitivity in MEMB-231.

RARE luciferase assay
25,00
20,00
15,00
2
w B MDA-MB-231/TR6 Era - tet
10,00 B MDA-MB-231/TR6 Era + tet
5,00
0,00 -
CONTROL ATRA E2+ATRA

Figure 25: Cells were transfected with the retinoid-dependepbrter constructRARE-tk-Luc, and treated
for 24 hours in the presence of vehicle (DMSO), ATR uM), E, (10nM) and the combination,Bwith
ATRA in presence and absence of tetracycline.

1.4 Down-regulation of ERe in MCF7 attenuates cell proliferation and
demonstratesitsrole asa crucial determinant of ATRA sensitivity.

MCF7 have been engineerddr the conditional expression of a short-hairpilNAR
silencing ERx. To obtain the above mentioned inducible clone, g produced a stable
transfectant of the tetracycline repressor by texmt®n of pcDNAG/TR into MCF7. After
isolation of the appropriate clones we transfetbedn with the vector pSingle-tTS-shRNA
carrying the shRNA targeting EBR(see material and methods). As a control, clones
conditionally expressing a non silencing shRNA ssme were also produced (control
negative NSshRNA) (see material and methods sedtiaret al, 2006). After appropriate
selection, the isolated clones were tested forathibty of inducible down-regulate ER

For each construct, three clones were selectedvanel tested for their capacity to down-
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regulate endogenous kERexpression in a tetracycline dependent manner bgt& blot.
As expected MCF7 clones stable expressing the sh&nst ER ( MCF7 TR6/shER )
exhibit a tetracycline-dependent down-regulationtlod protein, while no modulation
occurs in control clones (MCF7 TR6/shNS) (Fig. 26).

MCF7 TR6/sh

ERa NS
ERO | = —
AcCtinss= == l“ ;
Tet - 4+ - 4+

Figure 26: Western blot showing a lowest expression level Ré Eh MCF7 TR6/ShER under tetracycline
(tet) treatment. ERexpression is unchanged in &Ron silencing clones (NS).

To evaluate if the silencing we obtained in ournel® correlates with a lower ERE-
dependent transcriptional activity, we performediferase assays by transfection of the
luciferase reporter plasmid ERE-tk-Luc after teyrdime addition. As expected,
tetracycline induces a reduction of the ERE assedigromoter activitFig. 27). As
discussed in the case of MDA-MB-231/TR &Blones, the down-regulation observed also
in the case of absence of Eould be ascribed both to a leakage of the tdesysn the

presence of residue lér to an k& independent transcriptional activity ofder
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ERE luciferase assay
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B MCF7/TR6 shERa

FOLD INDUCTION

-tet - E2 -tet + E2 +tet- E2 +tet + E2

Figure 27: Luciferase assay after transfection of MCF7/TR6a¥8 MCF7/TR6 sh ERwith the luciferase
reporter plasmid ERE-tk-Luc and in presence or aesef tetracycline with or without, £10nM).

We have also characterized our clones for theiwtirand viability state in the presence
or absence of tetracycline with or without @Eig. 28). As shown in figure 28 down-
regulation of ER induces a wide and significant decrease of cealwgn. Trypan blu
analyses reveal that no cell death occurs indigatiat the effect of EéRknock-down is
anti-proliferative and not cytotoxic (data not simwGrowth inhibition is not complete
and correlates quantitatively (about 50%) with pgastial reduction of the ERprotein
observed in clones. Indeed we were not able tarobtalone with complete inhibition of
the ERu protein possibly because of its crucial role irdragng cell viability in the studied

cell line.
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Time course
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Figure 28: The growth curves of MCF7, MCF7/TR6 sh &Bnd MCF7/TR6 NS cells incubated in the
presence or not of tetracycline ang(EOnM).

Altogether the data above reported indicate thatstiable cell lines generated, correctly
down-regulate ER protein inducing a specific decrease in ERE-depethtranscription
and significantly impairing cell proliferation.

To evaluate if the modulation of lRsignaling could affect retinoid sensitivity in MCF
we have characterized our clones for their growth &ability in the presence or absence
of tetracycline followed by addition of ATRA and/d&,. As shown in figure 29 no
significant decrease in ATRA sensitivity was acqdiafter tetracycline induction.

ATRA induced growth inhibition is proportional thd proliferation status of the cells.
Indeed, the ratio, in viable cells number, betw&gmlus ATRA and E alone treated

samples do not significantly differ after tetraggelinduction.

51



MCF7 TR6 shERa
2,5
o
g 2 i
x
é 15 ® veichle
2 ATRA
)
] 1 HE2
9
2 05 A ® E2+ATRA
H
0 - _n
-tetracycline +tetracycline
MCF7 TR6 shNS
3
°s 2,5
[}
x
2 M veichle
£
2 ATRA
)
E W E2
[}
) B E2+ATRA
S
-tetracycline +tetracycline

Figure 29: The growth curves of and MCF7/TR6 sh&&d MCF7/TR6 NS cells incubated in the presence
of vehicle (DMSO), ATRA (1uM), E; (10nM) and the combination, Evith ATRA after 6 days.

We also performed luciferase assays after transfecf MCF7 TR6/sh ER with the

luciferase reporter plasmid RARE-tk-luc and subsedutetracycline and JFATRA
addition (Fig. 30).
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Figure 30: Cells were transfected with the retinoid-dependepbrter construclRARE-tk-Luc, and treated
for 24 hours in the presence of vehicle (DMSO), ATR uM), E, (10nM) and the combination,Bvith
ATRA in presence and absence of tetracycline.

As already show in figure 17B,.Eaddition is able to reduce the RARE dependent
transcriptional activity. This effect is reverted BRa knock-down (compare the RFU ratio
between ATRA and Eplus ATRA treated samples in fig. 30) as expected siBBe
mediates Etranscriptional signaling in MCF7.

The data described above suggest that ATRA exsremntiproliferative activity in
MCF7 by specifically antagonizing.Eiggered cell proliferation by ER
It is interesting to note, that White and colleaggdeave described a dose dependent
inhibitory effect of retinoic acid on ERE-luc degemt promoter (Whitet al, 2005). The
evidences here reported indicate a two-way crdksk@tween E and ATRA possibly
mediated by ER and RARx . They appear to counteract each other, ATRA itihdp E;
mediated proliferation and ;Eblocking ATRA induced cell growth arrest. These is
supported also by a recent work, based on ChiPriemeets, from Hua and colleagues
claiming the existence of a genomic antagonism éetwretinoic acid and estrogen
signaling in breast cancer (Hagal, 2009).
To learn more about the mechanisms that undedieetbss-talk between ERand RAR
we have performed gene expression microarray sinbeige insights in the molecular

pathways involved in breast cancer have been diedlby this approach.
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1.5 Wide genome gene expression microarray reveals the activation of different
gene pathwaysin MDAMB231 and MCF7 after treatment with retinoic acid.

The aim of our microarray study has been to comgadranscriptional action of
retinoic acid in the two cell lines we have chosenparadigms of ERpositive and
negative breast cancers: MDA-MB-231 and MCF7. Tietato account both early and
late transcriptional events triggered by retin@@aMCF-7and MDA-MB-231 cells were
treated for 6 and 48 hours with ATRA uM. Total RNA was extracted and processed as
described in materials and methods for the hyhaithn of the Whole Human Genome
Oligo Microarray G4112F chip (Agilent). Each micraey chip that contains sequences
representing over 41K human genes and transcdptgloped using data sourced from
RefSeq, Goldenpath, Ensembl, Unigene, Human Geriginié 33, and others, represents
a compiled view of the up to date human genomehénsubsequent analysis of the data
obtained we looked for a subgroup of genes whogeesgion levels between replicate
samples were similar, and whose expression levetvden different conditions
(untreated/treated or 6h/48h) were significantijedent. By this approach we were able to
identify reliable genes that were significantlyuéged in response to ATRA treatment and
we identified 473 such genes in MCF7 samples a®dg28es in MDA-MB-231 cells.
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Figure 31: Results of neighborhood SPIN algorithm to represea expression matrix of the sorted genes
across MCF7 and MDA-MB-231 samples. 3 subgroupgeoks, in MCF7 cells, and 4 subgroups of genes in
MDA-MB-231, which are similar between replicate sdes, and behave in a significantly different fashi
between untreated cells and cells treated with ATRA

The 473 genes identified in MCF7 has been divide@ isubgroups of genes which are
similar between replicate samples, and behavesigraficantly different fashion between

untreated cells and cells treated with ATRA.

Groupl Contains 78 genes that are up regulated in regptmATRA after 6 hours, and
some of them remain up also after 48 hours relativéhe control. Among these genes
there are 12 known genes that are affected by A(deA Table 3).

Group2 Contains 50 genes that are up regulated in theated cells only after 48 hours,
while in MCF7 cells treated with ATRA they are wggulated already after 6 hours. See

Table 2 for known genes connected to ATRA.
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Group3 Contains 5 genes which are down-regulated inoespto ATRA.

MCF7

GROUP 1

ACOX2, ADCY5, AHRR, AKO023572, AK023757, ARQ243,
AK124576, ALS2CL, APOAl, ATP6VOA4, AW993939, AXIN2
A_24 P153363, A_24 P174353, A_32 P75141, BATF, E5Q0,
BDKRB1, BE004814,BTG2, C2orf54, C30rf32, CAPN13, CD14,
CD52, CEACAM6, CNTD2, CSTA, CYP24A1CYP26B] DLX2,
ELF3, ENST00000360329, EPAS1, EVA1, GDNEDPD5 GPR109B,
H19, HOXA4, HOXA5, HOXB2, ID1, IGFBP6, LOC120376
LOC123688, LOC154822, LXN, LYZL2, MAG, N4BP3, NRXNB
NTN4, PADI3, PARP9 PHLDAL, PTGS1, RAP1GAPRET, RFTN1,
RGS16, S100P, SLC16A5, SLC4A8, SMPD3, SPOCK1, STBGA
STRAG, THC2550463, TMC5, TMPRSS2, TMPRSSZNFAIP2,
TNFSF1Q TPPP3, USP35, WFDC5, ZBTB46

GROUP 2

ACTR2, ATP1A2, AW993939, A 24 P306754, A Ra23778
A_24_P418106, A_32_P86264, BC041926, BCL2, BZW142fL00,
C180rf10, CDKN3, CIRBP, CKS1B, CKS2, CMTM6, CNOTT
CTNNB1, CYP51A1, DNAJAL, DTNA, FAM113B, GPR109B, HEXB,
IARS2, ISOC1, KIAA0143, LOC120376, LSS, MYB, NDUF(RBX1,
PDHB, PTTG2, RAN, RFC3, RPL22, SERBP1, SRP54, SIEROL1,
TBC1D9B, TFRC, THC2691419, TMEM29, TUBB6, UBEZT,
UTP11L, VDP

GROUP 3

BMP7, C210rf29, CLCARDH16, SLC26A2

Table 3: Genes significantly different between untreated AM&RA treated samples in MCF7 cells, the red
genes are connected to ATRA pathway.

With respect to MDA-MB-231, we divided the 288 itied genes in 4 subgroups of

genes which are similar between replicate sampled, behave differently in untreated
cells relative to cells treated with ATRA (Fig.31).
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Groupl Contains 21 genes that behave in the same tretiné iuntreated and treated cells,
but in response to ATRA, were significantly moreregulated than without ATRA.

Group2 Contains 4 genes that are up regulated in respon&TRA after 48 hours.

Group3 Contains 5 genes which are up-regulated in respdo ATRA after 6 and
especially 48 hours.

Group 4 Contains 5 genes which are significantly up-ratgd in response to ATRA after

6 and 48 hours relative to untreated cells.

MDA-MB-231

GROUP 1 ABCG1, APOE, C210rf84, CFI, CHI3LZ;LDN7, DAPK2,
ICAM1, ITGB3, KIAA1199, LAMAS, LTBP3, PTGS2,
SERPINB3, SERPINB4, SIRPG, SLC2AS5TRAG,
THC2650074, THC2699928NFSF10

GROUP 2 CFICYP26A1 RARRES] UBD

GROUP 3 AK026140, ANGPTL4, FYB, GBP4, IL1B

GROUP 4 AKO024680, A_32_P75141, BC045163, RARSH2D1B

Table 4: Genes significantly different between untreated AMRA treated samples in MDA-MB-231, the
red genes are connected to ATRA pathway

In conclusion, by limiting our analysis to relialgenes that are expressed in the same way
in replicate samples, and significantly differemtuintreated and retinoic acid treated cells,
we were able to identify 133 genes that are sicguifily regulated by ATRA in MCF7
cells, among them 16 known genes affected by ATRAthe MDA-MB-231 cells we
identified only 35 genes that are significantlyukded. This lower response is consistent
with the evidence that MDA-MD-231 cells are notsiiwe to ATRA treatment. However,
the transcriptional response is not completely absad includes the two metabolizing
enzymes and six other genes which are likely toebsed to ATRA (either because they
are part of the nuclear receptor complex or bectheseare known to functionally interact
with). It is worthwhile noticing that more than 1086the identified genes are known to be
related to ATRA supporting our approach in the tdeation of ATRA responsive genes.

57



The above described approach has allowed us taifiddrspecific retinoid acid regulated
genes in two breast cancer cell lines prototypesEBé presence or absence as a
proliferative driving force. Further exploration tifese lists by such pathway enrichment
analysis is needed to identify the specific molacuhechanism responsible for ATRA

sensitivity in the two different cell lines and edplly in their tumor counterpart.

1.6 Involvement of microRNASin breast cancer

In the past decade microRNA have been demonstratiee important regulators of
transcription. Their role in mediating ATRA sengity in breast cancer in dependence of
estrogen receptor status has been also the olbjeat studies in the attempt to understand
the molecular relationship between retinoids and.ER
The aim of microRNA array study is to compare ttascriptional action of ATRA in the
two cell lines, in order to understand the spectafrmiRNAs over-expression or down-
regulation by ATRA. Considering that the ER-negatieells (MDA-MB-231) are not
phenotypically affected by ATRA, while the ER-post (MCF7), differentiate and stop

proliferation in response to ATRA.

1.6.1 MiR-21 isthe sole miRNA induced by ATRA in ERa+ and retinoid sensitive MCF-
7 célls

We determined the profiles of miRNAs in MCF-7 andAMB-231 cells cultured with
or without ATRA (Fig. 32). While ATRA had no effeon the miRNA profile of MDA-
MB-231 cells, in the MCF-7 counterparts, the retihoaused significant increases of a
single miRNA, miR-21 (Fig. 32A and 17B). The reswtis confirmed by RT-PCR (Fig.
32C). Induction of miR-21 was detectable after 2irscand plateaued at 24 hours (Fig.
32D). Consistent with elevated miR-21 expressiorERnx+ compared to E& breast
cancers (Mattiest al., 2006), in basal conditions, the amounts of the N#ARvere higher

in MCF-7 than in MDA-MB-231 (Fig. 32B).
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Figure 32: (A) Heat-map of microRNAs showing significant diffeceis (adjusted p<0.05) in at least one of
the comparisons indicated. Relevant microRNAs &ted on the right(B) Relative levels of miR-21
(mean+S.D. of two independent microarray experisigmrformed in triplicate). (C) RTPCR validation of
microarray results (mean+SD; 3 independent culju@slls were treated with ATRA (M) for 6 hours.
Data are representative of 3 independent experen&nignificantly higher than the correspondinontrol
value (p<0.01, Student’s t-test). (D) Time cour§eniR-21 induction. Results were obtained ag@) and
are representative of 2 independent experimentSighificantly higher than the corresponding cohradue
(p<0.01, Student’s t-test).
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1.6.2 Ligand-dependent activation of RARa induces transcription of the MIR21 gene via
functional retinoic acid responsive elements

To determine the molecular mechanism of miR-21 atida in MCF-7 cells, we
measured the levels of the primary transcript pifR-21) and the 77-nucleotide hairpin
pre-miRNA (Fig. 33A). Both pri-miR-21 and pre-miR-2were induced by ATRA,
suggesting increased transcription of the MIR21egém MCF-7 cells, induction of miR-
21 was observed with the RARigand, AM580, but not with the RARagonist, CD437
(Fig. 33B). In line with the relative anti-prolif@ive and transcriptional potency of the two
compounds (see Fig. 19), the inducing effect of BBlBvas superior to that of ATRA.
This indicates that transcriptional activation bétMIR21 gene in the ER+ cell line is
mediated by RAR.

Two predicted retinoid-regulated elements (RAREAtl & ARE-2) are present in the 5'-
flanking region of MIR21 (as described in materiatel methods). To establish whether
RARa is part of a retinoid - dependent transcriptionamplex binding to the MIR21
promoter, we performed ChIP experiments (Fig. 338)er treatment of MCF-7 cells
with ATRA, RARa specific signals were determined with amplimersoempassing both
the RARE-1 and RARE-2 containing regions of the RilRpromoter, while no binding to
a transcribed region of MIR21 was detected. Thealabla evidence demonstrates that
RARa is recruited to the promoter region of MIR21 afigand activation. Hence, MIR21
seems to have all the characteristics of a diretihaid-target gene. To define the
functional activity of the predicted RARE-1 and RBR sequences, the MIR21 5'-
flanking region was inserted upstream of a lucderaeporter gene. In MCF-7 cells, the
reporter was induced by ATRA and AM580 only whee firomoter was in the sense
orientation (Fig. 33D). Trans-activation of the MIRpromoter construct was specific, as
ATRA did not affect the activity of a control reper (p-GL3). In MDA-MB-231 cells, the
basal level of MIR21 promoter activity was left iteeed by ATRA (data not shown).
Point mutations were introduced in critical resisloé the RAR-binding consensus repeats
(A/IGGG/TTCA) of RARE-1 Mutl: AGGACA, nt -4,218) and RARE-Mut2: AGTGCA,

nt -3,630) (Fig. 13). OnliMutl abrogated transcriptional activation of 1&éR21 promoter
by ATRA, although a minor reduction was also obsdrwithMut2 (Fig. 33E). The role of
RARE-1 in ligand-dependent trans-activation of MIR2anscription was confirmed by
deletion of both RAR-binding consensus repedRAREL). All this indicates that both
RARE-1 and RARE-2 are functionally active and cohthe transcriptional activity of
MIR21 in a retinoid-dependent manner. Abrogation of #toid response witMutl or
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ARAREL is consistent with a model predicting cooperatineeraction between RARE-1
and RARE-2.
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Figure 33 (A): Cells were treated with ATRA (M) or vehicle (DMSO) for 48 hours. Left: RT-PCR
analysis of pri-miR-21, using a primer pair corrasging to sequences placed outside the miR-21 icomtga
stem-loop region of the primary transcript. Twosset primers were selected from the published secpie
(AY699265) and used for the amplification of priRaR1. The two transcripts were determined by a SYBR
green based assay. Since the results obtainedthvattwo pairs of primers were super imposable, dinéy
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results obtained with the first pair are shown.lEa&lue is the mean + S.D. of three separate agdiRight:
Northern blot analysis of pre-miR-21 (radio-labelpbbe encompassing the stem-loop region). MW =
molecular weight. The ethidium bromide stainingtloé gel is also shown. Results are representafi& o
independent experimentéB) RT-PCR determination of miR-21 MCF-7 cells treated with the indicated
concentrations of ATRA, AM580, or CD437, for 48 heu(mean+SD, 3 independent cultures). **
Significantly higher than control (Student’s t-tepk0.01).(C) ChIP assays of MCF-7 cells treated with
vehicle or ATRA for 2 hours. For the amplificatiofithe transcribed region (tr.reg.) BiR21, we used the
same pair of amplimers described in (f)) MCF-7 cells were transfected with firefly luciferase regeo
constructs driven by the 5'-flanking-region of humIR21 in the sense or antisense orientation. A plasmid
containing a CMV-based enhancer/promoter was usedreegative control for the effect of ATRA (pGL-3)
Cells were treated with ATRA (M) for 24 hours. Results are expressed in arbitramits following
normalization with renilla luciferase (mean+SD, éplicate transfections)E) Functional analysis of the
putative RARE-1 and RARE-2 sequences. Constructsaaong the firefly luciferase reporter gene dnvey

the wild type MIR21 promoter (WT) or the same prdenonith point mutations in RARE-1 and RARE-2
(Mutl and Mut2, see text) or deletion of RARE-1 sequenc&RAREL) were transfected in MCF-7 cells,
before treatment with vehicle or ATRA (M) for 24 hours.

1.6.3 RARa expression and sensitivity to retinoids is not sufficient for the induction of
miR-21

To investigate the determinants of cell-specifidRA2il induction, we selected three
other breast carcinoma cell lines with differemsgvity to ATRA (Fig. 34) and distinct
patterns of ER/RAR/RXR expression (Fig. 18B). ERpositive T47D cells were sensitive
to the anti-proliferative action of ATRA and resped to the retinoid with miR-21
induction (Fig. 20A). In contrast, expression aé thiRNA was unaltered in the two &R
negative cell lines, SKBR3 and MDA-MB-453 cellspsling sensitivity and resistance to
ATRA, respectively. Our results suggest a correfathetween ERpositivity and miR-21
up-regulation by ATRA. Furthermore, the data oledirwith SKBR3 cells support the
concept that sensitivity to retinoids and high Isvef RARua in the context of ER

negativity are not sufficient to determine miR-atluction by ATRA.
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Figure 34: ERo - SKBR3 and MDA-MB-453 as well as R T47D cells were treated with ATRA (iM)
for the indicated amount of time. The growth curedéghe three cell lines are shown after stainirithw
trypan blue for the determination of cellular vidi Each value is the mean + S.D. of three regéc
cultures. ** Significantly lower than the corresulimg vehicle-treated value (Student’s t test, p&R.0

Selective induction of miR-21 by ATRA in ER cells may be controlled by multiple
factors, including antagonistic (Hehal., 2009) (see also Fig. 2B) or cooperative (Ross-
Inneset al., 2010) interactions between the estrogen andetingoid receptor pathways. A
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direct correlation between miR-21 and &8xpression in breast cancer has been observed
(Elgort et al., 1996; Mattieet al., 2006). On the other hand; Bas also been reported to
exert the opposite effect, down-regulating miR-21ERu+ cells (Wickramasinghet al.,
2009). For all these reasons, we evaluated wheatideiction of miR-21 by ATRA was
influenced by & MCF-7, T47D and MDA-MB-231 cells were estrogearged for 5 days
and subsequently exposed to ATRA, & E+ATRA for 48 hours (Fig. 20B). MiR-21
levels in MDA-MB-231 were unaffected by, End/or the retinoid, whereas the estrogen
inhibited miR-21 expression in MCF-7 (Wickramasiegh al., 2009) and T47D cells. In
these conditions, increased expression of miR-21ABRA was evident both in the
presence and absence of Ell this supports the idea that ligand-activatel®e does not
exert a significant effect on miR-21 induction by RA and suggest that as yet undefined
permissive mechanisms underlay retinoid-dependpriegulation of miR-21 in ER +

cells.
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Figure 35: (A) The indicated cell lines were treated with ATRA (M) for 48 hours. The microRNA
fraction was extracted and subjected to the detextinin of mature miR-21 by quantitative RT-PCR. &at
are normalized for the content of the Z30 contridroRNA and are the mean+S.D. of the RNA extracted
from three independent cultures. ** Significantligher than the corresponding control (Student’sst;t
p<0.01). The data are representative of at leastibdependent experimentd) The indicated cell lines
were depleted of By culturing in F12 medium supplemented with cbafstripped serum for 5 days. Cells
(125,000/ ml) were replete and treated with vehiEle(0.01uM), ATRA (1 uM) or the combination of the
two agents for 48 hours. Mature miR-21 were deteealias above. The data are the mean+S.D. of three
independent cultures. The results shown are repiaEse of two independent experiments. ** Sigrafitly
different (Student’s t-test, p<0.01). Total RNA wadracted and subjected to quantitative RT-PCRHer
determination of pri-miR-21. The data are the mé&bt of three independent cultures. The resultsveho
are representative of two independent experim&hignificantly higher (Student’s t-test, p<0.01).
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1.6.4 MiR-21 modulates growth, senescence and motility in MCF-7 cells

Induction of miR-21 by an anti-proliferative ageike ATRA in ERo+ breast
carcinomacells was unexpected, as the miRNA is endowed anttogenic properties and
is over expressed in many tumors (Krichevsky andri@l, 2009). Thus, we studied the
role of miR-21 induction in some of the cellularspenses underlying the therapeutic
activity of ATRA. To this purpose, we over-expredsa silenced miR-21 by transient
transfection experiments of appropriate and vaddabligonucleotidespfe-miR-21 and
anti-miR-21). PremiR-21 stimulated MCF-7 cell proliferation at both the time points
considered (Fig. 36A). In complementary studiesiti-miR-21 did not alter the
proliferative action of Ein the same cell line (Fig. 36B). ATRA exerted yomhinimal
effects on the growth of control oligonucleoti@at{-NC) treated and Estimulated cells at
these early time points. In contrast, significardvgh inhibition by ATRA was observed
upon miR-21 silencing, indicating sensitization MCF-7 cells to the anti-proliferative
activity of the retinoid. These results suggest thér21 induction is part of negative feed-
back loop counteracting the anti-proliferative atyi of ATRA. Senescence is a modality
by which cells lose the ability to divide and i thnal destiny of ATRA-treateMCF-7
cells (Chenet al., 2006). The effect of miR-21 silencing on ATRA-uwkd senescence
was evaluated (Fig. 36C). Control-transfected cleé#same positive for the senescence
marker after 4 days of treatment with ATRA. The geetage of senescent cells was
significantly augmented in ATRA-treated cultureansfected withanti-miR-21. Thus,
miR-21 induction counteracts not only the anti-fevhtive but also the cell-aging

program activated by the retinoid.
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Figure 36: (A) MCF-7 cells were transfected witine-miR-21 or the negative contrgire-NC. Cell growth
was evaluated 24 or 48 hours later by the MTT ag¢ssan+SD, 3 independent culture®) E,- depleted
MCF-7 cells were transfected witimti-miR-21 or the negative controfnti-NC, 24 hours before treatment
with ATRA and/or & for 24 or 48 hours and proliferation evaluatediragA). (C) MCF-7 cells were
transfected wittanti-miR-21 or anti-NC. After transfection cells were treated with vetior ATRA (1uM)

for a further 4 days in the presence gf(BE01uM) and stained for the senescence mafkgalactosidase.
The pictures show representative light micrographsl the bar-graph illustrates the percentageB-of
galactosidase-positive cells. More than 500 cédlsif 4 fields/experimental point, were counted &meSD,

3 independent cultures). (A), (B), (C) ** p<0.01t{8ent's t-test). Results are representative of 3
independent experiments.

The metastatic process is a sequence of eventsirttlades increase in cancer cell
motility. As retinoids are endowed with anti-metdst properties (Nwankwo, 2002), we
evaluated the action of ATRA on random cell matjliising time-lapse microscopy. In
our assay conditions, ATRA (M) inhibited the ability of both MCF-7 and T47Eell
lines to move in a non directional manner, whilerdrg no appreciable effect on MDA-
MB-231 cells (data not shown). AM580 (QuM) suppressed random motility of MCF-7
cells, again indicating involvement of R&RFig. 37A). The significance of miR-21 for
inhibition of cellular motility by ATRA was examinkeby knocking down the miRNA in
MCF-7 and T47D cells. Retinoid-dependent inhibit@MCF-7 and T47D motility was
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reproducibly reversed by transfectionati-miR21 (Fig. 37B). This implies that miR-21
induction mediates at least part of the reductiorcell motility afforded by ATRA in
ERa+ breast cancer cells.

The results obtained in retinoid treated MCF-7 d@&¥D cells were unexpected, as a
permissive role of miR-21 in cancer cell dissemorahas been reported (ki al., 2009).
Reversion of motility inhibition may be the consequoe of a retinoid-dependent re-
orientation of some cellular responses to miR-2ideed, in the absence of ATRA,
transfection ofanti-miR 21 in both MCF-7 and T47xcells resulted in a reproducible
decrease, rather than increase, in cell motilitg.(E2B). This observation was supported
by mirror studies involving transfection of MDA-MB31 cells with pre-miR-21, which
resulted in augmentation of random motility in afRA independent manner (Fig. 37C).
We propose that exposure of éeRsensitive cells to retinoids are associated witiwitch

of this miR-21 biological activity.
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Figure 37: (A) MCF-7 cells were
treated with vehicle or AM580 (0.1
uM) for 48 hours. Single cell
random motility was monitored by
time-lapse microscopy for the
indicated amount of time. Each
value is the mean+SEM of at least
16 cells/experimental pointBj E,-
depletedMCF-7 or T47D cells (5
days) were transfected withnti-
miR-21 or anti-NC along with
pEGFP-N1 (containing the
enhanced green fluorescent protein
gene, GFP) before treatment with
ATRA (1 puM) or vehicle in the
presence of E (0.01 uM). The
displacement  of individually
tracked GFP-positive cells
(mean+SEM, at least 10 GFP-
positive cells/experimental point)
was measured by time-lapse
microscopy, starting 48 hours after
transfection. Results are
representative of 3 independent
experiments. All the points of the
curves corresponding to thanti-
NC and ATRA+anti-NC treatments
are significantly different (Student’s
t-test, p<0.01). ¢) MDA-MB-231
cells were transfected with pre-
miR-21 or pre-NC along with
pPEGFP-N1 before treatment with
ATRA (1 uM) or vehicle. Random
motility was measured as irB).
Results are representative of 3
independentexperiments. All the
points of the curves corresponding
to the premiR-21 and pre-NC
treatments  are significantly
different  regardless of the
presence/absence of ATRA
(Student’s t-test, p<0.01).



1.6.5 MiR-21 regulates the established target, maspin, in MCF-7 cells

To identify functionally relevant genes regulated ATRA-dependent miR-21
induction, we focused our attention on the difféi@nexpression of established miR-21
targets (Krichevsky and Gabriely, 2009) in MCF-®t aiDA-MB-231 cells exposed to
ATRA. The only gene whose expression was cleariuced by ATRA selectively in
MCF-7 cells was maspin. Subsequent RT-PCR expetsngmowed ATRA dependent
down-regulation of maspin not only in MCF-7 butaala T47D cells and confirmed lack
of modulation by the retinoid in MDA-MB-231 cell&ig. 38A). In MCF-7 cells, down-
regulation of maspin mMRNA was evident at 6 and mmakiat 48 hours (Fig. 38B).
Consistent with the relative ability to induce ni2R; AM580 was more effective than
ATRA in inhibiting the expression of maspin mMRNAGF38C), which was not reduced by
CDA437. To gain direct evidence for miR-21 involverna retinoid-dependent control of
maspin expression, MCF-7 cells were transfectedl aitti-miR-21 and pre-miR-21 (Fig.
38D). Anti-miR-21 increased the basal levels anevented down-regulation of maspin
MRNA by ATRA. In contrast, pre-miR-21 enhanced #ffect.

Altogether these results indicate that inductiomiR-21 by ATRA controls the levels of

maspin transcript in B+ cells.
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Figure 38: The levels of maspin transcripts were determimg@®T-PCR using a Tagman assay (SERPINB5
(Maspin), Hs00985283 m1). Results are the mean83bjdependent cultureq)A) MCF-7, MDA-MB-231

or T47D cells were treated withiM ATRA. (B) MCF-7 cells treated with tM ATRA (time course)(C)
MCF-7 cells were treated with the indicated commsu(D) Left: MCF-7 cells were transfected with anti-
miR-21 or the negative control, anti-NC, beforeatreent with ATRA for 72 hours. Right: MCF-7 cells
transfected with pre-miR-21or the negative confpoé-NC and cultured for 72 hours. Results are esged

as the ATRA/vehicle ratios. All the data are repraative of at least 2 independent experiments<C.@b,

** p<0.01 (Student’s t-test).

1.6.61L1B, ICAM1 and PLAT aredirect miR-21 targets

We exploited our cellular model to identify novedriscripts negatively controlled
by ATRA via miR-21, using gene-expression microgsran combination with a bio-
informatics approach. Given the large pool of miR+{arget genes predicted by the
commonly available algorithms, we proceeded by megjvely restricting the number of
potential miR-21 targets. Initially, ATRA- inducethanges in the transcriptomes of MCF7
and MDA-MB-231 cells were determined. As miR-21 waduced by ATRA only in

MCF-7 cells, we focused on genes whose retinoicedéent regulation was significantly
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different (p<0.01) in the two cellular contexts. tQu the 481 genes identified, 276 were
either down-regulated in MCF-7, but not in MDA-MB2, or up-regulated by the retinoid
in MDA-MB-231, but not in MCF-7 cells. This is thiegulation pattern expected for direct
targets of miR-21.

Subsequently, we focused on the 78 genes (20%drat predicted to be potential miR-
21 targets by at least one of the algorithms, MiearTargetScan or PITA. Genes involved
in inflammation and immunity, including IL1B, areriched in this last group. To examine
the role of miR-21 in the regulation of these geMSF-7 cells were transfected with anti-
miR-21 or anti-NC and treated with ATRA for 72 hsusefore analysis of global gene
expression with microarrays. The two transcriptomvese compared and the data obtained
for the 67 predicted miR-21 target genes were etdth We expressed the results as the
Log?2 ratio of the anti-miR-21/anti-NC signal, aiyiating that this value would be positive
for direct miR-21 targets. Using a threshold vadfi®.2, the prediction was fulfilled for 15
(22%) of the genes.

We selected 7 candidate miR-21 targets of bioldgntarest. Differential regulation of the
corresponding mMRNAs by ATRA in MCF-7 and MDA-MB-28glls was validated by RT-
PCR, and the expression of RLlas investigated also at the protein level (daid n
shown). CCR1, PLAT, PTX3 and TNFAIP3 were represewve of potential miR-21
targets down-regulated by ATRA in MCF-7 cells. ILIBEAM1 and ITGB3 represented
genes, whose ATRA-dependent up-regulation in MDA-RE. was not observed in
MCF-7 cells possibly as the result of a suppressifect exerted by miR-21 induction.
Except for CCR1, all the selected transcripts wegler in MCF-7 than in MDA-MB-231
cells, consistent with the basal levels of miR-21he two cell lines (data not shown). To
define whether any of these 7 genes is indeedeatdiniR-21 target, we cloned the 3'UTR
of the selected transcripts downstream of a luasferreporter and evaluated the effect of
miR-21 in 293T cells, which contain low levels dfetmiRNA (Zhuet al., 2008) (Fig.
39B). MiR-21 inhibited the expression of the ICAMIGB3, PLAT and IL1B constructs.
The inhibitory effect was similar (PLAT) to or high(IL1B, ICAM and ITGB3) than that
observed with the 3'UTR of maspin. We confirmed healogical significance of miR-21
induction for the control of IL1B, ICAM1 and PLAT RNAs in MCF-7 cells challenged
with anti-miR-21 and ATRA, by RT-PCR (Fig. 39C)le&icing of miR-21 resulted in the
appearance of detectable amounts of IL-1B aftatrirent with ATRA (48 and 72 hours).
Similarly, in the presence of the retinoid, antR¥#21 caused up-regulation of ICAM1 (72

hours) and relieved PLAT down-regulation (72 houf$)e relevance of miR-21 induction
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for the control of IL1B and PLAT is supported byrror results obtained in MDA-MB-
231 cells exposed to pre-miR-21 and ATRA (Fig. 39D) these conditions, forced
expression of miR-21 reduced ATRA-dependent indmctof PLAT mRNA, as well as
IL1B mRNA and the respective protein. ICAM1 was dotvn-regulated by pre-miR-21 in
MDA-MB-231 cells, suggesting that direct regulatiby miR-21 of the transcript is
superseded by other regulatory circuits activateADRA in these cells.
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Figure 39: (A) Gene expression profiling of MCF-7 and MDA-MB-28¢&lls treated with vehicle or dM
ATRA (Log?2 ratio of ATRAVvs. vehicle). Left: heat-map of genes whose retinoigeselent regulation is
significantly different in the two cell lines (p<l) and classification in patterns consistent witiiR-21
regulation (blue cluster) or not (orange clust&®nes predicted to be target of miR-21 by MiraRiaA or
TargetScan are indicated in light blue. Middle: tRérblow-out of the blue cluster containing the 68
predicted and annotated targets of miR-21. RighgatHnap of the same transcripts derived from MCF-7
cells treated with uM ATRA (72 hours) after transfection witlnti-miR-21 or anti-NC (Log?2 ratio of
ATRA+anti-miR-21 vs. ATRA+anti- NC). Genes belonging to inflammatory/immune respoiedsocyte
migration pathways are marked in yellaiB) 293T cells were co-transfected wjilre-NC or pre-miR-21 and
plasmids containing the renilla luciferase reporpstream of the indicated cDNAs’ 3'-UTR. Forty leig
hours later, luciferase activity was determinede@ary PA,et al., 2008). The results were normalized for
the transfection efficiency using firefly lucifemsEach value is the mean + SD of three replicatekis
representative of 3 independent experiments. Efeanti-miR-21 in MCF-7AC) and pre-miR-21 in MDA-
MB-231 (D) cells on the ATRA dependent regulation of IL1B,AAL, ICAM1 and ITGB3 mRNAs. Cells
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were transfected with the indicated oligonucledatided extracted RNA subjected to RT-PCR. Resulte we
normalized for the expression of tileactin mRNA, are the mean+SD of triplicate celltatgs and are
representative of 3 independent experiments. *h&igantly different (p<0.01).
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2. Characterization of retinoid sensitivity/resistance in Her 2/Neu positive
breast carcinoma cells

Breast carcinoma is traditionally classified acoogdto the presence/absence of
estrogen receptar (ERa) and Her2/Neu, a membrane protein coded for byBR8B2
gene. This classification has both prognostic &edapeutic value. Since breast carcinoma
is a paradigmatic example of heterogeneity in &sponses to retinoids, the second aim of
the research program of my PhD was to charactegiz®oid sensitivity/resistance in breast
carcinoma and to define its molecular mechanisrosacthe Her2 pathway.

We identified the Her2/neu+ subset as a group ofotg of particular interest for the
development of new retinoid-based therapeutic exjias on the ground of a number of
considerations and some data obtained.

The vast majority of Her2/neu+ carcinomas is theulte of an amplification event
involving the ERBB2 gene, interestingly, ERBB2 mapshromosome 17 and is located
at a short distance (0.65 Mb) from the RARA locuBich encodes RA& Different
observations made in different breast cancer aeslwith RARi-specific agonists and
antagonists suggest that RAR a primary determinant of breast cancer cedgisgivity

to retinoids. This makes it plausible that a certaroportion of breast carcinoma with

amplification of ERBB2 may carry an amplificatiohRARA.

2.1 Sensitivity of breast cancer cell linesto all-transretinoic acid

To define the functional significance of RARwnd/or other nuclear receptors, we
evaluated the sensitivity of different breast casona cell lines to the anti-proliferative
effects of ATRA, which is a pan-RAR agonist, bingliand activating all RAR isoforms
with similar affinity. Logarithmically growing cedl were challenged with increasing
amounts of the retinoid and we determined half maxkieffective concentrations (g4
(Fig. 40). The three cell lines, SKBR3, AU565 andQL-812, characterized by co-
amplification of ERBB2 and RARA showed the highsshsitivity to ATRA, with similar
ECso values falling in the low nanomolar range. Theséu®s more than one order of
magnitude lower than the B&calculated for the two control cell lines MCF-7dai47D,
which represent popular models of the very well wnoassociation between ER

positivity and sensitivity to retinoids in breastrcinoma. In contrast, MDA-MB453 and
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HCC-1569 cells, which are characterized by an ERB&&aining amplicon that does not
extend to the RARA locus in the context of &Regativity, show the a higher
refractoriness to the anti-proliferative effect ®TRA as the ER- and ERBB2-negative
MDA-MB-231 cell line. Interestingly, expression &Ro in the context of the ERBB2
gene amplification, as observed in the case of MBB-361 cell line restores sensitivity
to the growth inhibitory effect of the retinoid. Axpected the EiRnegative, ERBB2 not
amplified MDA-MB-231 cell line is highly refractorjo challenge with retinoids. Taken
together, our results demonstrate that RARpression above a certain threshold level, be

it the result of RARA gene amplification, ERnduction or both mechanisms, confers
sensitivity to ATRA.
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Figure 40: The indicated cells were challenged with increasiogcentrations of ATRA and the anti-
proliferative effect of the retinoid determined.eTgrowth and viability of cells was measured witboalter

counter after staining with trypan-blue. The s5@& the concentration of a drug that gives half-immeat
response.
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2.2 Role of retinoic acid receptorsin mediating sensitivity to retinoids

As shown in fig 26, RAR is not or poorly expressed in cell lines refragttw
ATRA (MDA-MB453, MDA-MB231, HCC1569), while cellshiat respond to the growth
inhibitory effect of the retinoid express the naeleeceptor. As RAR is not the only
nuclear retinoid receptor potentially active in dse carcinoma, expression of RAR
RARB and RXRx in our panel of cell lines was also evaluated bgsW#rn blot analysis
(Fig. 41). Consistent with results obtained in ott&| lines and breast carcinoma samples,
the amounts of RARsynthesized in the various cell lines are sinalad no correlation is
observed with RAR or Her2/neu expression. A similar situation isdewit in the case of
RXRa, which is likely to represent the major silenttpar of the RXR/RAR complexes
present in these as well as other breast carcirmmthdines. Our cell lines do not show
detectable amounts of RARN basal conditions, although treatment with ATR&uses
induction of the receptor particularly in the majprof cells expressing high levels of

RARa, regardless of the Her2/neu status.

= W <HER2

-—— 6.‘“.‘ <« RXRa

-« actin

SKBR3
MDA-MB-453
MDA-MB-361

UACC812
AU565
MCF-7

MDA-MB-231
HCC1519
T47D

Figure 41: A panel of cell lines screened by Western blalgsis showing the levels of RAR RARy,
RXRo and HER?2 proteins in the cell lines considered.

We further evaluated the effect of ATRA treatmentRARy or RARB and Her2 on two
cell lines representative of sensitivity/refrach@ss to retinoids in the context of the
ERBB2 amplification. We can see in figure 42 thatR down-regulates the expression
of HER2 in SKBR3 cells and this may represent theclmanism underlying the anti-
proliferative effect of the retinoid in cells witto-amplification of RARA and ERBB2 and
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the ATRA-dependent down-regulation of RARNd RAR is expected as it is the result of
degradation coupled to activation of the two regeptin contrast and as expected ATRA
has no effect on MDA-MB-453 cells, which are chaégazed by an ERBB2-containing
amplicon that does not extend to the RARA locuthancontext of ER-negativity even if
they express RAR Therefore sensitivity to retinoids is not infloeal by the presence of
RARYy.

SKBR3 MDA-MB-453

ATRA (1uM) - + ) "

I 1T 1 T 1T )

Time(days) 2 4 6 2 46 2 462 486

HER2 ;g_ﬁ;:gn ..... B
RARo &
RARy B %

Act bmw — - S e

Figure 42: SKBR3 and MDA-MB-453 cells were challenged witthicle (DMSO) or ATRA (1 uM) for 2, 4
and 6 days. A Western Blot analysis illustrating livels of RAR, RARy and HER2 proteins is shown.

Complementary evidence supporting a pivotal roleRARa in the observed effects was
provided by the results obtained after treatmenSldBR3 cells with the three synthetic
retinoids, AM580, CD437 and ATRA (Fig. 43). The R&Relective agonist, AM580, is
the most powerful anti-proliferative agent in SKBR8lls showing co-amplification of
RARA and ERBB2. The responsiveness of SKBR3 cellhié anti-proliferative effects of
AM580 is two orders of magnitude higher than tHaHH&R2- and ER+ cells, T47D cells.
This is the same type of differential sensitivityserved in the case of ATRA. Regardless
the three synthetic retinoids were completely ieetie in the context of the MDA-MB-
453 (characterized by an ERBB2-containing amplitaat does not extend to the RARA
locus), lending support to the specificity of tlesults obtained.
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Figure 43: SKBR3, T47D and MDA-MB453 cells were challengedhnincreasing concentrations of the
RARa selective agonist, AM580, the RARelective agonist, CD437 and the pan-RAR agonigRA as an
internal reference. The growth of cells was meabsusing the Sulforhodamine assay.

Taken together, our results demonstrate that ®RARoression above a certain threshold
level, be it the result of RARA gene amplificatidBRo induction or both mechanisms,
confers sensitivity to ATRA. In addition, they icdte that sensitivity to retinoids is not
influenced by the presence of RARFinally, the data presented are in line with ithea
that RARx expression is particularly effective in inducingtinoid sensitivity, when the
breast carcinoma cell is endowed with amplificattdriERBB2 and consequent expression
of the Her2/neu protein. This suggests a specifiece of retinoids on the proliferative
pathway(s) activated by Her2/neu in ERBB2-posibweast carcinoma cells.
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2.3 Cell linesrecapitulating ERBB2 and RARA co-amplification

To perform functional studies, cellular models metdating RARA gene-
amplification in the context of Her2-neu-positivityere sought for, evaluating a panel of
breast carcinoma cell lines with an RT-PCR appra@&iy. 44A). SKBR3, AU565 and
UACC-812 cells were characterized by co-amplifizatof the ERBB2 and RARA genes.
Similar relative ratios of co-amplification (4.4,04and 4.7, respectively) were observed in
the three cell lines. MDA-MB361, MDA-MB453 and HCIG69 cells were endowed with
amplification of the sole ERBB2 gene. As expectdd;F-7 showed no amplification of
ERBB2 and RARA genes. Co-amplification of RARA ttated into increased basal
levels of the corresponding protein product in SBBRU565 and UACC-812 relative to
MDA-MB-361 and MDA-MB-453 cells (Fig. 44B). The amwots of RAR: synthesized in
the Her2/neu-positive cell lines showing co-ampéfion of RARA were comparable to
those present in MCF-7 and T47D cells (as describleove). These two cell lines
synthesize significant amounts of RARBs a consequence of the inducing effect exerted by
ERa expression. With respect to this, it is interggtio notice that UACC812 and MDA-
MB-361 are ER-positive and are the cell types endowed with #rgdst amounts of
RARa within the two distinct groups of cells characted by simple and combined

amplification of the ERBB2/RARA gene pair, respeely.
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Figure 44: The specific RT-PCR assay described was usedfioedthe copy number of RARA and ERBB2.
The panel of cell lines screened includes cellsiadready characterized for the HER2 and ER staisis,
indicated and Western blot analysis showing thelewof RAR:, RARy, RXRa and HER2 proteins in the
cell lines considered (Fig. 41).

2.4 RARA and ERBB2 co-amplification in HER2+ breast carcinoma patients

So an important objective of the project is to klssh whether a sub-population of
patients suffering from Her2-positive breast cavoma has the ERBB2-RARA
amplification and if is responsive to treatmentsdzhon ATRA. We obtained the samples
from the divisions of medical oncology at the htsipdf Reggio Emilia. We have focused
our attention on the sub-population of patientsratigrized by co-amplification of
ERBB2 and RARA, with no distinction for the ERtatus.

DNA was extracted from paraffin-embedded histolabisamples obtained from
HER2+ breast carcinoma samples (from year 200@©0#$ cases classified as Her2/Neu+
by immune-cyto-chemistry and studied to amplificatiof the HER2 and RARA loci by
RT-PCR (Fig. 45A). The patients showed amplificatiof HER2, indicating that a
significant fraction of Her2/Néubreast carcinomas is characterized by this genetic
abnormality. In 24% cases, we demonstrated simedtas amplification of thdRARA

gene.
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Figure 45: (A) A specific RT-PCR assay for the simultaneous deiteation of theRARA andERBB2 genes
was developed. The method was implemented to deterthe copy number of the two genes, using DNA
extracted from paraffin-embedded histological saspbbtained from HER2+ breast carcinoma samples
(from year 2006 on). The cut-off used to define Hiicption of RARA andERBB?2 is indicated by a dotted
line. Each sample represent a single pati@ijt.Most of the results obtained were confirmed byl-aaéor
fluorescence in situ hybridization (FISH) analypexformed on interphase nuclei of the same histcébg
sections. A representative case with amplificabbbhoth RARA and ERBB2 is shown.

2.5 Inhibition of Her2/neu by lapatinib enhances the anti-proliferative activity of
retinoids in breast carcinoma cells with amplification of the ERBB2 and RARA
genes

It is known that the anti-tumor activity of antic@r drugs can be enhanced by
combining them with modulating agents to reducer ttexicity and/or boost their anti-
tumor activity. This is particularly important codering that many human tumors have
resistance mechanisms responsible for the failloh@motherapeutic treatment so the use
of resistance-counteracting compounds is potentiséful.

Given the peculiar sensitivity of breast carcinooe#ls with co-amplification of ERBB2
and RARA to ATRA we evaluated whether targeting itinoid and Her2/neu pathways

simultaneously has the potential to represent blevitherapeutic strategy. To this purpose
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the anti-proliferative effect of combinations beame ATRA and lapatinib, a tyrosine
kinase inhibitor used for the second-line treatnwnitier2/neu-positive breast carcinoma
(Medinaet al., 2008), was assessed in our panel of cell lingg @#6A). Lapatinib has
been described to inhibit the growth of Her2/nesHdee cell lines including the ones
described in our study in a dose-dependent fasff@mencyet al., 2006) ( SKBR3,
AU565, UACC-812, MDA-MB-453, MDA-MB-361 and HCC-19% In contrast it does
not exert any appreciable effect on the Her2/nagatiee cell lines MDA-MB-231, MCF-7
and T47D (Konency et al., 2006). To test the effgcthe combination of ATRA and
Lapatinib on an ERBB2/RARA amplified genetic baakgnd we used the compounds on
the ERBB2/RARA amplified cell lines SKBR3 UACC-81IDA-MB-453 was used as a
negative control (Fig. 46). In agreement with retthsensitivity when Her2/neu-positive
cell lines were challenged for 4 days with combora of the lapatinib and ATRA
cooperative interaction was observed only in treeaa the SKBR3 and UACC-812 cells
but not in the case of the negative control breasicer cell line MDA-MB-453. Since
MDA-MB-361 cell line has shown a peculiar senstiiveven in the absence of RARA
amplification we studied the effect of the combioatalso in this cell line. As expected the
combination results in cooperativity also in these (Fig. 46).

To asses if the cooperative nature of the growhiibitory effect is due to an additive or a
synergistic interaction between the two compounaslied further experiments were
carried out using the sulforhodamine -based pmalifen assay (Skehagt al., 1990) on
SKBR3 chosen as paradigm of ERBB2/RARA co-amplifma The anti proliferative
effect of combined ATRA and Lapatinib treatmentsreveevaluated in experiments
challenging several combinations with drug conaiins spanning the whole efficacy
range in SKBR3 cells (Fig. 46B). We used the isog@dm analysis (Ubezio, 1985) for
qualitative assessment of synergy or antagonismshisvn in fig. 46B the normalized
concentrations of the combinations causing 50 d¥ 7@rowth inhibition could be
evaluated by their position in relation to the lwfeadditivity connecting all pairs of drug
concentrations expected to produce 50 or 70% grawhibition. Co-treatments were
highly synergistic in SKBR3 (Fig. 46B).
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Figure 46 (A): The HER2+ cell
lines, SKBR3, UACC-812,
MDA-MB-361 and MDA-MB-
453 cells were challenged with
vehicle (DMSO), ATRA (0.1
uM), lapatinib (0.1 uM) for the
indicated amount of time. The
growth and viability of cells was
measured with a coulter counter
after staining with trypan-blue.
Each value is the mean SD of
three culture dishes.

(B): SKBR3 were treated with
increasing  concentrations  of
ATRA (0,33 to 1000nM) and
Lapatinib (1 to 90 nM) for 96
hours and sulforhodamine assay
was performed to asses cell
proliferation. Isobolograms of
ATRA and Lapatinib
combinations in SKBR3 at the
IC50 and IC70 levels. SKBR3
were treated with increasing
concentrations of ATRA,
Lapatinib or the combination for
96 hours and sulforhodamine
assay was performed to asses cell
proliferation. Abscissa: Lapatinib
concentration, as a fraction of
ATRA IC50 or IC70; ordinate:
ATRA concentration, as a
fraction of Lapatinib IC50 or
IC70. The additivity line (dashed)
separates the antagonistic (upper)
from the synergistic (lower)
region. The cells were exposed to
a range of concentrations of
ATRA plus Lapatinib. Combined
concentrations producing 50 and
70% growth inhibition were
calculated by fitting dose
response curves of ATRA at each
tested Lapatinib concentration
andviceversa.



2.6 Combination of ATRA and Lapatinib cooperate to induce citotoxicity and
apoptosisin SKBRS.

To establish the nature of the anti-proliferativie@ of the combination ATRA/Lapatinib
we evaluated the effects of the compounds on c¢alliity and apoptosis induction in a
dose dependent manner. Treatment of SKBR3 cellshi@e days with two different
concentrations (0.1 andu1) of ATRA or lapatinib determines a reduction @lloviability
that is magnified by the combination of the two eamunds (Fig. 47A). The loss of
viability was associated with a proportional in@ean cytotoxicity as determined by
trypan blue analysis (Fig. 47D). The analysis & Hppearance of apoptotic bodies in
SKBR3 cells transfected with GFP and treated agabeld in fig. 47A revealed that the
compounds combination, but not ATRA or lapatinibred, is able to induce programmed
cell death. Indeed the co-administration of ATRAdamapatinib was able to trigger
caspase-3 processing and PARP cleavage, a wellrknoavker of apoptosis (Fig. 47B).
To confirm that the synergistic cytotoxic effectsebved is mediated by ATRA signaling
thought RAR:, we performed the trypan blue assay in the samditton above described
but using specific retinoic acid receptor agorsyy 32A shows that the RARselective
agonist, AM580, is even more powerful that ATRAImucing cytotoxicity in SKBR3
while the RAR selective agonist, CD437 has no effekt the same experimental
conditions (data not shown) MDA-MB-453 did not showtotoxicity or apoptosis after
treatment with ATRA and in addition, the low cytgito and apoptotic effect afforded by
lapatinib was not altered by addition of the reitiho

86



,
C Cell growth
§ 500
s |1
— 4001
X
© 300
©
Q
o 2001
8
S 1004
(]
=z 0-
Lapatinip - 01 10 - - 01 01 1.0 10
B g 600, | Cell growth ATRA - - - 0110011001 10
'2- 500
> .
w 0] D Apoptosis
8 300+ \?
2 200 < 100
© £ 80
<100 =
2 o 60
= 0 &}
= 40
40, - 2
3 cytotoxicity g 20
% 30 o g 0
o k%
q’ -
2 2 CASPIp e e s B =
& 10 = ==
g 4
E APARP » — g
0_
Lapatinib -+ -+ - 4+ -+ )
ATRA - - + 4+ - - - ACHN I e e s S N s e’
AMS80 - - - - + o+ - - Lapatinb - 01 10 - - 01 01 10 1.0
cp4asr - - - - - @ ATRA - - - 0110 01 1.0 01 10

Figure 47: SKBR3 weke challenged with the RARselective agonist, AM580 (0.1 uM), the RARelective
agonist, CD437 (0.1 pM) and the FRAR agonist ATRA (0.1 pM) alone or in combinatioitiwliapatinib
(0.1 pM). The morphologyA) growth and viability(B) of cells was evaluat after trypan blue stainin
Each result is the mean+SD of three replicate oedtu** Significantly lower than ATRA (p<0.01)(C)

SKBR3 cells were challenged with vehicle (DMSO),RA (0.1 or 1.0 uM), lapatinib (0.1 or 1.0 uM) a
the combination of the two compounds for 4 dayse ghowth and viability of cells was measured wit
coulter counter after staining with tryf-blue. Each value is the mearSb of three culture dishe(D) The
number of apoptotic cells was determined at theasope, after trypan blue staining. Cas-3 levels and
degradation of PARP, two well known markers of apsis, were measured by Western Eanalysis.

2.7 Whole genome microarray analysis of the effect of the combination of ATRA
and Lapatinib in SKBR3 reveal specific molecular pathways modulated by the
compound combination.

To decipher the molecular pathways involved in $lyaergistic effeciproduced by co-
administration of ATRAand Lapatinib in SKBR3, we tookdvantage of the who
genome microarray teclque (see materials and metho This approach was expected

reveal all the genes whose expression is influerdmethe single compouncor by the

combination of them. We have analyzed gene exmessi a time dependent manr
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looking for genes changed at 12 and 48 hours afterinistration of a fix concentration of
ATRA (100nM) and Lapatinib (100nM) alone or in comdtion. We hypothesized
therefore to obtain information on both early ege(it2h), when no detectable biologic
effect occurs, and late events (48h), when thepantiferative activity of the combination
is evident. For the analysis of the obtained dataywo-way ANOVA test was performed,
for each time separately. This has lead to thetifilgation of 2846 genes significantly
affected at any time by any treatment. We subsdtyuparformed a time course analysis
using the BETR method, to select those with a teaipregulation of ATRAvs C,
Lapatinibvs C, Lapatinibplus ATRA vs ATRA or Lapatinibplus ATRA vs Lapatinib, and
finally Lapatinib plus ATRA vs C. We have thus identified 4 groups of genes, with
relevant regulation patterns (Table 5). The fogribup is rather different from the others,
as it is selected also with a maximal thresholé @so the different scale). The criteria for
the identification of the four groups was basedlmnidea of isolating genes modified by
the combinatiorversus each single agent (group 1 and 2) or (group 4thlbycombination
only. To get insights into the molecular pathwayaimty involved in each of the four
groups, the EASE pathway enrichment analysis wafnmeed, followed by Euclidean
Hierarchical clustering. The principal gene pathsvégund modulated in each of the four
groups are depicted in figures 48, 49, 50 and 51.

Genes,
Group Selection, (BETR, comparisons) (number)
1 (LAP, vs, C, AND, LRA, vs, LAP), NOT, RA, \ 247
(RA, vs, C, AND, LRA, vs, RA), NOT, LAP, vs,

2 C 190
(LAP, vs, C, AND, LRA, vs, LAP), AND, RA,

Q vs, C 167

(RA, vs, C, AND, LRA, vs, RA), AND, LAP, vs,

R C 163

3 Q,or, R 193
LRA, vs, C, not, (LAP, vs, C, or, RA, vs, C¥)

4 182

*with, no, significance, in, BETR, and, max,
threshold, of, 0.5

Table5
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2.8 Co-administration of ATRA and Lapatinib severely affects cell cycle

progression while specifically inducing cell death.

From the microarray analysis it appears cleardhatof the main pathways affected by the
combination of ATRAplus Lapatinibversus each agent alone is the cell-cycle pathway.
Indeed many crucial regulator of the cell cycle al#ferently modulated by the
combination in respect to ATRA or Lapatinib alofi@. better understand the relationship
between cell cycle progression and the effect af @mpounds, FACS analysis was
performed on SKBR3 cells treated with ATRA, Lapdtior the combination (Fig.52).
After FACS analysis any effect of ATRA was detected 24/48h. After that time no
major alterations of cell cycle percentages wergeoked but the growth rate was reduced
respect to controls associated to a minor numbecetls in S and G2M phases. All
together the data suggest a generalized cell cgtiey with a G1 delay somewhat stronger
than in the other phases. An increase of the ptaagerof G1 cells was observed after 24h
lapatinib treatment which however was not assodiata strong growth inhibition. This
indicates that most of the cell divided in thetfi2zdh but then were blocked in G1 phase.
The G1 block was persistent and confirmed by tlosv srowth up to the end of the
experiment. The G1 block is not complete howeveraasmall fraction of cells was
detected in S and G2/M phases at all times. Theepé&ge of S, G2/M cells increased in
time indicating that a subset of resistant cellpridiferating or/and G1 blocked cells are
dying. While a subG1 population was observed incthrabined treatment that was absent
in both lapatinib and ATRA single treatments. ThbG1population was already observed
at 24h increased at 48h reaching a maximum atTt2.G1 block induced by lapatinib is
almost complete and persistent in the combinaterabse no cells overcoming the block
were observed suggesting a contribution of the l@asting cytostatic effect of ATRA.
Altogether the data achieved by FACS analysis stdicthat while both ATRA and
Lapatinib are capable on their own to impair ceitle progression, the combination is
even more effective and only their combinationbfeao induce cell death supporting the

idea that ATRA plus Lapatinib engages a synergsitway leading to cell death.
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DISCUSSION

The aim of my PhD project was to investigate thHe exerted by altrans retinoic
acid (ATRA) and derivatives in breast carcinomdscel order to better understand the
nature of retinoid sensitivity/resistance in breeatcinoma and to define, by different

approaches, its molecular mechanism focusing okRweand Her2 pathways.

Retinoid acid signaling and Estrogen Receptor status

ATRA and derivatives are interesting agents not onfytlie treatment of certain
types of leukemia but also for the treatment arel/@mtion of solid cancer (Altucci and
Gronemeyer, 2001; Altucet al., 2007; Garattinet al., 2007). Indeed, there is a wealth of
data demonstrating that retinoids inhibit the pesgron of cancer from the premalignant to
the malignant stage due to their ability to modulaell growth, differentiation and
apoptosis.

Retinoids are of therapeutic interest because @t #fficacy in preventing carcinogen-
induced rat mammary cancer (Anzaapal., 1994; Gottardiset al., 1996) and their
antiproliferative effect towards breast cancerscellvitro (Fontana, 1987; van der Burg,
1993; van der Leedet al., 1995; del Rincon, 2003). There is also clinieaidence that
retinoids may be beneficial in breast cancer cheevgmtion (Veronesit al., 2006;
Lawrencest al., 2001).

In vitro studies indicate that retinoids inhibit the growthERa-positive but not oERa-
negative breast cancer cell lines (Fontana, 198i;der Burg, 1993; del Rincon, 2003).
The molecular mechanisms responsible for the mddulaf the cellular responses to
retinoids byERa are largely unknown. Clarification of these medkiars will result in a
better understanding of retinoids anti-tumor atgivand is also likely to lead to the
identification of specific molecular targets forethclinical management of breast
carcinoma.

To study this aspect of retinoid biology we useel tihio cell lines MCF-7 and MDA-MB-
231 that recapitulate sensitivity and refractorine$ estrogen receptor- positive (&R
and estrogen-receptor-negative (ERbreast carcinomas to the anti-proliferative \atti
of ATRA.

This part of project is expected to provide fundatakinformation on the molecular

determinants responsible for the sensitivityeBa-positive and the resistance BRa-
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negative breast carcinoma cells to the anti-tunmo¥@ chemopreventive action ATRA
and derivatives. A further fall-out of this resdarbas been the identification of new
molecular determinants (gene products aaNAs) of functional significance for the anti-
tumor activity of retinoids.

To define the molecular mechanisms and determinasisonsible for the ER
dependent regulation of retinoid sensitivity/remigte in breast carcinoma we have
established two complementary models of conditidfd over-expression and silencing
using MDA-MB-231 and MCF7 breast cancer cells. 8iiicis known that theMCF-7
respond to the challenge with retinoids by growthest, differentiation along the
lactogenic pathway and eventually apoptosis. Intregh retinoids exert no effect on
MDA-MB231 (Fontana, 1987; van der Burg, 1993; déhden, 2003; Donato and Noy,
2005). We expected that the introduction of a comal ShRNA targeted against ERn
MCF7 should allow us to induce resistance to ATIRAa reversible fashion by switching
on and off the expression of the receptor, usitigdgcline. Conversely, we expected to
induce a reversible form of retinoid sensitivitytimke MDA-MB231 cells engineered for
the conditional expression of ERising the same strategy.

To evaluate if the over-expressed ER biologically functional as a transcription fact
we analyzed the ability of our clones to modulateER dependent promoter and the
effect of ER over-expression on cell growth. Toleage if any change in retinoic acid
sensitivity could occur, we have characterizedaanes for the growth and viability after
ATRA and E administration. Altogether the data obtained iaths that the stable cell
lines generated correctly expressed a functional ER its over-expression do not affect
cell proliferation suggesting that the steroid eacl receptor activated pathway is not
sufficient by its own to interfere with the proliégive driving force of MDA-MB231
genetic background. Moreover, in our clones aftBo Enduction, we cannot find any
significant modulation of RARA dependent transaapal activity.

Therefore, we can conclude that in MDA-MB231 theemgxpression of ER is not
sufficient to modulate cell proliferation neitherrestore ATRA sensitivity.

To better define the molecular mechanisms and migtants responsible for the BR
dependent regulation of retinoid sensitivity/remigte in breast carcinoma we have
replicated the same analyses described above foA-MB-231/TR6 ERy, for the MCF7
TR6/shER.. As expected, the stable cell line generatedr dfte silencing induction,

exhibit a down-regulation of the protein and a wlun of ERE associated promoter
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activity. Cell growth was significantly reduced BERa silencing. Importantly, the effect
exerted by ATRA was proportional to the magnitudesstrogen mediated proliferation
both in silenced and in the non-silenced clonedicating that ATRA affect specifically
ERa driven cell growth. This suggests that ATRA exatssantiproliferative activity in
MCF7 by specifically antagonizingEriggered cell proliferation via ER

The evidence reported indicates a two-way crossitetween E and ATRA possibly
mediated by ER and RAR.. They appear to counteract each other, ATRA ininidpiE,
mediated proliferation andiBlocking ATRA induced cell growth arrest. Thissigpported
also by a recent work, based on ChiP experimetdsning the existence of a genomic
antagonism between retinoic acid and estrogen langnia breast cancer (Hwa al, 2009).
To gain more insight into the mechanisms that ureléne cross-talk between kRand
RARa we have performed gene expression microarray terbenderstand the molecular
pathways involved in breast cancer. We were abldéntify, by this approach, 133 genes
that are significantly modulated by ATRA in MCF7llse among them, 16 genes were
already known to be affected by ATRA. In the MDA-MB1 cells we identified only 35
genes that are significantly regulated. This lovesponse is consistent with the evidence
that MDA-MD-231 cells are not sensitive to ATRAdtment. So we can conclude that the
microarray approach has allowed us to identifieglcHT retinoic acid regulated genes in
two breast cancer cell lines.

Further exploration of these lists with pathwayigmnent analysis is needed to identify
the specific molecular mechanism responsible foRATsensitivity in the two different
cell lines and hopefully in their tumor counterpart

Retinoic acid modulation of microRNA in breast cancer

Breast cancer is a complex and phenotypically devalisease, involving a variety
of changes in gene expression and structure. Reabrdances in molecular profiling
technology have made great progress in the moletaxanomy of breast cancer, which
has shed new light on the etiology of the diseaskadso heralded great potential for the
development of novel biomarkers and therapeutigetar The recent discovery that
mMiRNA expression is frequently deregulated in carltgs uncovered an entirely new
repertoire of molecular factors upstream of genpression, which warrants extensive
investigation to further elucidate their preciskenm malignancy (Verghesat al., 2008).
MiRNA biogenesis in the human cell is a multi-stepmplex process and elucidating its

mechanisms of action is still in its infancy. Ndmgless, some work in this area has
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demonstrated that miRNAs may regulate cellular geqgession at the transcriptional or
posttranscriptional level by suppressing transhatd protein coding genes, or cleaving
target mRNAs to induce their degradation, througperfect pairing with target mMRNAs
of protein coding genes (Jackson and Standart,)2007

To gain more insight into the mechanisms that ureléne initiation and progression of
ERa positive breast cancers, many groups have stutiiedregulation of ER gene
expression. Regulation of the expression of ESRtomplex and posttranscriptional
regulation of ER mRNA includes targeting by miRNAs. It is reportideht relatively long
3'UTR of the human ERmMRNA is enriched in putative miRNA target sitegreover the
mMiRNAs that were increased in ERvegativeversus ERuo positive breast cancer might
have a role in down-regulation of eRRxpression (Adamet al., 2007).

We demonstrated that treatment of retinoid-seresittRi+ breast carcinoma cells with
ATRA resulted in the induction of miR-21. Up-regtube of miR-21 was the consequence
of increased transcription of the correspondingegaaselective activation of RAR This
was due to a direct effect of the ligand-activatedeptor on two functional RARES,
mapping to the 5'- flanking region ®IR21. Induction of miR-21 by an anti-proliferative
agent like ATRA in ER+ breast carcinoma cells was unexpected, as theNAiR
endowed with oncogenic properties and is over-esga@ in many tumors (Krichevsky and
Gabriely, 2009). For this reason, we deemed it m@pd to establish whether miR-21
induction was involved in some of the cellular @sges underlying the therapeutic
activity of ATRA. In the MCF-7context, miR-21 protected cells from the antipeotittive
effect of ATRA by inhibiting retinoid-induced semesce. This is consistent with the
reported role of miR-21 on the growth and progi@ssif breast carcinoma, suggesting that
induction by ATRA is part of an uncharacterized atege feedback loop similar to the one
activated by E2 in E&+ cells (Bhat-Nakshatrit al., 2009; Castellanet al., 2009). Our
data suggest that caution should be exercisedawmidg conclusions as to the beneficial or
detrimental significance of miR-21 induction forettoverall therapeutic activity of
retinoids. As miR-21 is predicted to control thaiaty of hundreds of direct targets,
identification of the genes responsible for the wgleactivating and anti-motility
properties of the miRNA in ER breast carcinoma cells treated with retinoids is
challenging. Among the few validated miR-21 targetaspin was the only one modulated
by ATRA via induction of the miRNA in MCF-7 celldaspin may be directly involved in
miR-21-dependent suppression of retinoid—depengievtth inhibition. In fact, maspin is

endowed with onco-suppressor properties and irghitiie growth of breast carcinoma
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(Joensuuet al., 2009; Lathaet al., 2005). Given the reported role in suppressing the
metastatic potential of cancer cells (Joenaual., 2009; Lathaet al., 2005), it is unlikely
that maspin plays any role in ATRA-dependent irtiobi of cell motility. Selective
modulation of miR-21 by ATRA was exploited to idépntnovel direct targets of the
MIiRNA. ICAM1 is an adhesion molecule and its dowgulation by miR-21 may be
relevant for the ATRA-dependent morphological @tems associated with changes in the
adhesion properties of MCF<ells (see Fig. 36C). PLAT, codes for a known fibhytic
factor, whose induction in cells lacking miR-21 rggulation may be part of a stereotyped
cellular response to ATRA, which is endowed withi-#inrombotic activity (Marchettet

al., 2003). Inhibition of PLAT expression by miR-2X% abserved in MCF-¢ells, may be
therapeutically desirable, as stimulation of a mhpotic response in cancer cells is
associated with tumor growth and progression (R&kR009). PLAT is also known to
activate the motility of neural crest cells (Erioksand Isseroff, 1989), which is consistent
with an involvement of the protein in the miR-2lpdadent anti-motility effects observed
in ATRA-treated ER+ cells. Finally, IL-B is an inflammatory protein and our microarray
data indicate that ATRA up-regulates inflammatietated genes in ER MDA-MB-231
cells, but not in ER+ MCF-7 cells. Based on the presence of several potenit2h
targets in this group of genes, including IL1B, m®pose that miR-21 inhibits, either
directly or indirectly, certain aspects of the amfimatory responses otherwise activated by
retinoids in breast cancer cells. As inflammatisrkmown to be involved in tumor growth
in vivo (Mantovaniet al., 2008), the proposed anti-inflammatory action oRf21 may
play a positive role in the overall therapeuticp@sses to retinoids. In conclusion, this is

the first demonstration that MIR21 is a directmetd target gene.

The results relating to the role of miR-21 in timdi-groliferative, pro-senescence and anti-
motility effects, as well as the identification bfLB, ICAM1 and PLATas novel miR-21
target genes have far-reaching implications for ttiexapeutic use of retinoids in breast

carcinoma and are the object of studies in progress
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Retinoid acid signaling and Her 2 status

Co-amplification of RARA and ERBB2 in breast cancer: therapeutic implications

Tailoring of therapeutic approaches according @ rtiolecular characteristics of
the disease is one of the priorities and goals @flemn medicine. This is particularly true
in the realm of oncology, as tumors with similastblogy of specific types of cancer are
likely to be an important determinant of prognosi&d response to therapy.
Reclassification of common and rare types of tunawrsording to the gene expression
profile to develop targeted and more rational thewtic approaches is the objective of
numerous studies. Often these studies aim at thetiftation of sub-population of
patients characterized by a presence of a novel danggable molecular targets or
molecular targets of established and availablerstplastic drugs. Selection of patients
that may obtain the greatest benefit from any gittegrapeutic regimen calls for the
development of robust diagnostic tests capabletratifying the oncologic population
according to the presence/absence and level oession of single or multiple molecular
targets.

The accumulated knowledge of the mechanistic, nude@nd pharmacological actions of
retinoids, together with the possibility of creatinovel types of retinoid-related molecules
with defined activities, is the basis for the deyehent of efficient anticancer therapies, as
is obvious from the success story of treating ARIhWTRA (Degos and Wang, 2001).

The identification of HER2/neu and the resultamntedepment of Trastuzumab has been
hailed as the most significant development in lreascer therapeutics over the past
twenty years (Glynet al., 2010).

Her2 is an attractive therapeutic target in breasicers because of the tight correlation
between over-expression and poor prognosis, anaubecnormal cells express relatively
low levels of HER2. Approximately 30% of breast cars have an amplification of the
HERZ2/neu gene or over-expression of its proteirdped (Zhou and Hung, 2003). Over-
expression of this receptor in breast cancer iscet®d with increased disease recurrence
and worse prognosis. The poor prognosis may bealgebal genomic instability as cells
with high frequencies of chromosomal alterationsehéaeen associated with increased
cellular proliferation and aggressive behavior f@brth et al., 2008). The success
demonstrated with Trastuzumab has stimulated theareh community to go in search of
further suitable therapeutic targets, includingsthgenes located on chromosome 17q12-
21.
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The rationale behind the selection of Her2 as aniw@l target of retinoic acid combined
therapy is based on the presence of RARA on chromesl7 at 0,650 Mb from ERBB2.
Since in most case, her2/Neu positivity is the ltesfuan amplification event involving a
variable portion of chromosome 17 where the ERBBRegis located, we expected to find
in the amplicon RARA locus. This should result of iacrease of Her2/Neu and RAR
proteins.

For this reasons we evaluated the sensitivity fi€int breast carcinoma cell lines to the
anti-proliferative effects of ATRA characterizingpanel of breast cell lines showing the
amplification of the ERBB2 and/or not RARA.

The three cell lines, SKBR3, AU565 and UACC-812areltterized by co-amplification of
ERBB2 and RARA showed the highest sensitivity te #@mti-proliferative effects of
retinoids, indicating a sensitivity which is hightran that observed in MCF-7 cells,
showing no amplification of ERBB2 and RARA genesl aionsidered the gold standard
for sensitivity to retinoids. In general, the datstained indicate that breast carcinoma cell
lines with high levels of RAR, as a consequence of RARA co-amplification, are
exquisitely sensitive to the anti-proliferative addferentiating activity of ATRA and
derivatives.

Therefore, an important objective was to estabhigiether a sub-population of patients
suffering from Her2-positive breast carcinoma witlte ERBB2-RARA amplification is
responsive to treatments based on ATRA. We havastxt our attention on the sub-
population of patients characterized by amplificatiof HER2, and in 24% cases we
demonstrated simultaneous amplification of the RAg®&e. On the other side, given the
peculiar sensitivity of breast carcinoma cells watlhamplification of ERBB2 and RARA
to ATRA we evaluated whether targeting the retinchd Her2/neu pathways
simultaneously has the potential to represent lBleviherapeutic strategy.

HERZ2-positive breast carcinoma patients are thedad our proposal because it is known
that the patients with Her2/Neu-positive breasticema used to have a poor prognosis
until the introduction of HER2/Neu- targeted therajisonzalez-Anguloet al., 2006).
Currently, front-line treatment of this group oftieats is based on trastuzumab, despite its
efficacy; trastuzumab treatment is associated waistance in a large portion of these
patients (Galleshaw, 2003 and Boatdl., 2006). Resistant patients benefit from second-
line treatment with lapatinib, in spite of signditt progress the management of this

subgroup of breast cancer patients is still famfigatisfactory (Frampton, 2009).
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To this purpose we evaluated the anti-proliferagffect of combinations between ATRA
and lapatinib. Lapatinib has been described tabihkie growth of Her2/neu-positive cell
lines and not exert any appreciable effect on tee2heu-negative cell lines (Konenety
al., 2006). In agreement with retinoid sensitivity whider2/neu-positive cell lines were
challenged with combinations of the lapatinib an@iR a cooperative interaction was
observed only in the case of cells responsive t&ATBuch as the cell lines harbouring co-
amplification of ERBB2 and RARA (e.g. SKBR3 and UB12).

To establish the nature of the anti-proliferativie& of the combination ATRA/Lapatinib
we have chosen SKBR3 as our model of study to etalihe effects of the two
compounds on cell viability and apoptosis inductiora dose dependent manner. We can
affirm that the growth inhibitory effect of two cqounds is synergistic and the two types
of compounds synergize in terms of anti-proliferatand apoptotic activity too. Treatment
of SKBR3 cells with ATRA or lapatinib in fact, deteines a reduction of cell viability that
Is magnificated by the combination of the two conmpds and the loss of viability is
associated with a proportional increase in cytaiibyi

To decipher the molecular pathways involved in $iyaergistic effect produced by co-
administration of ATRA and Lapatinib in SKBR3, weaJe used the whole genome
microarray technique, with the aim to reveal aél tfenes whose expression is influenced
by the single compounds or by the combination efrthThe gene-expression microarray
data demonstrate that treatment of cells \ERBB2 andRARA co-amplification results in
massive effects at the transcriptional level and hawe identified four clusters with
modulated gene pathways involving many genes étgele, cell growth and apoptosis.
The data, confirmed by FACS analysis, indicate thaile both ATRA and Lapatinib are
capable by their own to impair cell cycle progressithe combination is even more
effective and only their combination is able tound cell death supporting the idea that
ATRA plus Lapatinib engages a synergistic pathway spedyi¢ahading to cell death.

In conclusion we think that our findings providestiong rationale to propose a
combinatorial therapeutic approach based on rettn@nd Her2 inhibitors for the
management of a subset of her2/Neu-positive biasinoma patients characterized by
co-amplification of the ERBB2 and RARA genes. M@ we are confident that the
results of our research project will have an imgactthe development of new diagnostic

methodologies for breast cancer classification.
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