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General introduction

Cancer biology

Cancer is a heterogeneougroup of diseass caused by
genetic and epigenetic changel addition, interactionsbetween
tumor cells and the stromal micrenvironment are a crucial
determinant of malignant growtliTIsty and Coussens, 2006
Tumorigenesis is a multistep process in which deregulation of the
transcriptional program and disruption of moleculzetworks lead to
the selective acquisition by cells of a number of functional
characteristics that cause their transformation and further
progression to a malignant phenotypgHanahan and Weinberg,
2011). The most fundamental of these hallmarks is the ability of
cancer cells to sustain chronic proliferation. This is generally achieved
through dereglation of growthpromoting signals, that maintain
normal tissue architecture and functio(Bhowmick et al., 2004
Cheng et al., 2008Hynes and MacDonald, 200&/itsch et al., 201))
and inactivation of tumor suppressor genes (dr@gand TP53, that
negatively regulee cell proliferation(Burkhart and Sage, 200Bowe
et al., 2004 Sherr and McCormick, 20P2Another mechanism
through which cancer cells resist to cell death and acquire unlimited
replicative potential is the wpegulating expression of telomerase,
the specialized DNA polymerase that, by adding telomexgeat
segmrents to the ends of telomeric DNA, counters the progressive

telomere erosion(Blasco, 2006



In normal tissues, most blood vessels are quiescent, and angiagenes
(growth of new blood vessels from pexisting ones) occurs only
during the female reproductive cycle and under certain
pathophysiological conditiongCarmeliet and Jain, 20L1An early
event in the multistagelevelopment of cancer is the wgegulation of
proangiogenic signale.g.VEGFA, angiopoietin and members of the
FGF family) that cause quiescent endothelial cells to enter in a cell
biological program consisting in a chronically activated angiogenesis
necessary for tumor sustenancé@aeriswyl and Christofori, 2009
Bergers and Benjamin, 2003armeliet, 2005Hanahan and Folkman,
1996 Raica et al., 2009 Tumorassociated vessels are distinctly
irregular and inherently unstabl@De Bock et al., 201IMMcDonald
and Choyke, @03).

The invasive and chaotic organization of tumrassociated neo
vasculature, combined with the chronic and uncontrolled cell
proliferation, result in series of adjustments of energy metabolism.
Under aerobic conditions, normal cells process glucfisgt to
pyruvate, via glycolysis in the cytoplasm, and then to carbon dioxide
in the mitochondria. Most cancer cells instead, even in the presence
of oxygen, limit their energy metabolism largely to glycolysis,
AgAGOKAY3 (2 | az2¢0r{AgFRSalSNRPOAO 3If&02
an inefficient way to generate ATP, respect to mitochondrial
oxidative phosphorylation, cancer cells must compensate in part by
upregulating glucose transporte(BeBerardinis et al., 2008isu and
Sabatini, 2008Jones and Thompson, 2009 his reliance on aerobic

glycolysis has beerhswn to be associated with activated oncogenes



(e.g. RASand MYQ and mutant tumor suppressor (e.giP53
(DeBerardinis et al., 2008ones and Thompson, 200&8nd can be
further accentuated under the hypoxic conditions that operate within
many tumors(DeBerardinis eal., 2008 Jones and Thompson, 2009
Semenza, 2030 Furthermore, increased glycolysis allows the
employment of glycolytic intermediates into various $yothetic
pathways, including those involved in nucleoside and amino acid
production, thus supporting the largecale biosynthetic programs
required for active proliferatiorfVander Heiden et al., 2009

For what concerns epithelial cancers, as the carcinomgresses to
higher grades of malignancies, cells acquire invasion and metastatic
potential (Fidler, 2003 A means by which transformed epithelial
cells can acquire the abilities to invade and disseminate is the
epitheliatmesenchymal transition (EMT), a developmental process
that can be reactivated in the adult duringownd healing, fibrosis
and cancer progression. During EMT, epithelial cells undeggries

of rapid changesluring which theydown-regulate cell-cell adhesion
structures, losetheir apicatbasal polarity and reorganize their
cytoskeleton(Fidler, 2003 Polyak and Weinberg, 200%hiery et al.,
2009. This increasethe motility of individual cells and enables the
development of an invasive phenotype. This process can be activated
transiently or stably by carcinogenic cells and is mediated by key
transcription factors, including SNAIL, SLUG, TWIST and ZEB1/2,
whose functions are finely regulated at the transcriptional,

translational and postranslational levels.



It is well established that a fundamental part of cancer
etiology is the stepwise accumulation of genetic mutations, including
deletions, chromosomal reangements and gene amplifications
(Hanahan and Weinberg, 20L1Cancer initiation and, more raxgl
cancer progression can depend on the activation of certain
oncogenes, most commonlI3K MYC and RAS and on the
inactivation of key tumor suppressor genes likR€C TP53 PTEN
P21, P18¥**and RB Such events are thought to be followed by a
clonal ®lection of variant cells that show increasingly aggressive
behaviourgMarusyk and Polyak, 2010

Nevertheless, new models of oncogenic progression must
consider the combined effect of genetic and epigenetic changes as
determinant of tumor heterogeneity. Epigenetic alterations involve
both loses and gains of DNA methylation, as well as altered patterns
of histone modifications, that are linked to changes in gene
expression and contribute to carcinogenesis, tumor invasion and
metastasis(Feinberg, 2004 The best described epigenetic event in
tumorigenesis is the transcriptional repression of tumor suppressor
genes associated with hypermethylation at the CpG islands that lie in
their promoter regiongHerman and Baylin, 2003ones and Baylin,
2002. These kind of events affect diverse genes, sucliRB

retinoblastoma, P14

in melanoma, VHLIn renal cell carcinoma
and APdn colorectal cancefGonzaleZZulueta et al., 1995Greger et
al., 1994 Herman et al., 1994Hiltunen et al., 199% Another
hallmark of tumors, both benign and malignant, is the global

reduction of DNA methylatiorfFeinberg and Vogelstein, 1983-or



what concerns chnmatin alterations, over production of key histone
methyltransferases, that catalyze the methylation of eitherkBor
H3-K27 residues, and global reductions in monoacetylateeKiHé
and trimethylated H420 are common hallmark of human cancer
(Fraga et al., 20Q%ess, 2004Sellers and Loda, 20D2

In cancer initiabn, genetic and epigenetic alterations may
interact in that epigenetic alterations may render the cell more
susceptible to subsequent genetic insultsFor example,
hypomethylation generally arises early during tumorigenesis and
leads to chromosomal instdlty and increased tumor frequency
(Eden et al., 2003Gaudet et al., 2003 as well as activation of
specific oncgenes, such afRASand Cyclin D2in gastric cancer
(Nishigaki et al., 20050shimo et al., 20Q3Sato et al., 2003
Furthermore, recent studies have shown that although the abnormal
epigenetic silencing of genes can occur at any time during tumor
progression, it occurs most frequently during the early stages ef th
neoplastic process, such as the precancerous s{&ginberg and
Tycko, 2004Holst et al., 2003Romanov et al., 20011t has been
proposed that these early epigenetic alterations could predispose
cells to the acquisition of genetic abnormalities that would advance
the neoplastic process. In some cases epigenetianges and their
interactions with genetic aberrations, can cause an addiction of
neoplastic cells to certain oncogenic driving signaling. In fact, it is
possible that epigenetic mechanisms induce constitutive activation of
a signaling pathway even lmt the appearance of mutations in that

pathway. As a consequence, cells that rely on the pathway for



proliferation, would start to expand abnormally and will be positively
selected for their survival and proliferative advantages. This fact
could enhancelteir probability to acquire subsequent mutations to
the level of genes that lie downstream in the pathway, with
consequent further increase of cellular addiction to the abnormalities
and resultant tumor progressio(DeAngelo et al., 20Q0Z5regorieff
and Clevers, 200%ao et al., 200IMori et al., 2004.

The existence of epigenetic precursor lesions could explain
the relationship between environmental exposure or injury and
cancer: environmental insults, such alronic inflammation, injury
and nutrition, might influence disease onset by epigenetically
affecting gene expression. For example, diet has a strong influence
on DNA methylation and can increase the risk of cancer development
(Pogribny and James, 2002Poirier, 2002 Furthermore,
environmental agents might lead to cancer by epigenetically
disrupting key signalg pathwaygRuden et al., 2005

It is now evident that tumor biology doawt only rely on the
individual specialized cell types within it, but also on the dum
microenvironment (TME), constituted by the noancerous cells
present in the tumor(Hanahan andVeinberg, 2011 These include
fibroblasts, myofibroblasts, neuroendocrine cells, adipose cells,
immune and inflammatory cells, cells that comprise the blood and
lymphatic vessels and the extracellular matrix (ECM), but also the
proteins produced by albf the cells present in the tumothat
support the growth of the cancer cel€hen et al., 200)5The stroma

of healthy individuals has a critical role in maintaining tissue



physiological homeostasis and recent studies indicate acipe
anticancer activity of certain stromal componen®zdemir et al.,
2014 Rhim et al., 2014 Neverthelessnormal stroma also possesses
the capacity to rapidly respond to evolving environmental conditions
and oncogenic signals from growing tumors and, in concert with the
I R2F OSy i SLAGKSt Adzy AyRdz0Sa GKS
Under such conditions,he stromal cells cevolve with the cancer
cells by being induced by the latter to synthesize a wide variety of
cytokines, chemokines, growth factors and proteinases, that have a
dramatic accelerating effect on tumor progressi@hunttila and de
Sauvage, 2013

Prominent among the TME constituents are the endothelial cells
implicated in tumorassociated angiogenesis and those forming the
lymphatic vessels located at the periples of tumors and in the
adjacent normal tissues, which likely serve as channels for the
seeding of metastasis. Generic constituents of tumors are also
infiltrating cells of both the innate and adaptive immune system.
Such immune response represents intpan attempt by the immune
system to eradicate tumors, but also have functionally important
tumor-promoting effects(Colotta et al., 2009DeNardo et al., 2010
Grivennikov et al., 2010 Qian and Pollard, 20)0 Indeed,
inflammation can contribute to neoplasticrggression through the
supply of bioactive molecules to the TME, including growth factors,
survival factors, proangiogenic factors, E@Mdifying enzymes, that
facilitate angiogenesis, invasion and metastasis, and inductive signals

that lead to activationof EMT(DeNardo et al., 201,0Grivennikov et
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al., 2010 Kanoub and Weinberg, 2008Qian and Pollard, 20)0
Inflammatory cells can also release reactive oxygen species that are
actively mutagenic for nearby cancer cells, therefore accelerating
their evolution toward state of enhanced malignan@@rivennikov et

al., 2010.

Cancer stem cells

Evidence is acenulating that many if not most tumors harbor
adzo L2 LJdz F GA2ya 27 a2 Oasubcl8shPf ¢ OF Yy OSNJI ai
neoplastic stem cells able wopagate malignant clones indefinitely
andto produce an overt cancdWalent et al., 201
Notably, whereas normal stem cells (SCs)-regiéw in a highly
regulated manner, CSCs do so in a poorly controlled way, and while
SCs generate normal, mature cells, CSfiien differentiate
abnormally. The existence of CSCs was first proven in the context of
the acute myeloid leukemia (AML), where surface markers were used
to distinguish the SC subpopulation from the remaining AML cells
(Bonnet and Dick, 1997 apidot et al., 1994 Ten years later, CSCs
were isolated also in solid tumors, in particular in breast carcinomas
and glioblastma, using appropriate cell surface markéfd-Hajj et
al., 2003 Singh et al., 2003
Although CSCs express nmexkthat are also expressed by normal SCs
in the tissue of origin, it is not sufficient to define a CSC based solely
on surface markers, in the absence of linking marker expression to a
selfrenewal assay. Indeed, none of the markers used to isolate SCs in

various normal and cancerous tissues is expressed exclusively by SCs.



CSCs can thus only be defined experimentally by their potential to
show both seHrenewal and tumor propagatio(Pardal et al., 208)
and the gold standard assay that fulfils these criteria is the serial

transplantation in animal model&igure 1)

Parent tumor

C

. &

{ -_\'l:"g:[-a
Viable tumor cells™ | )
lacking tumor

(@
initiation potential @

m CSC with self-renewal
and tumor initiation
@ potential

Fractionation
of cells and injection
into immunodeficient mice

- Xenograft resembling
the human parental tumor

1 )
— W -
Non-CSCs @ (@

P Fractionation of
cells and injection into

sacondary mice

Y

@

Mo tumor

Secondaw&
xenograft "

4
\.

Figure 1.Features of human CSCs as assayed in immunodeficieni{@iBeen et
al., 2010.

In transplantation assays, cells are xgrafted into an orthotopic site

of immunocompromised micethat are assayedor their capacity to



form tumors resembling the immunrpathological features of
primary cancerThe tumorigenic selfenewal potential is determined

by measuring the capability of xenograkerived cancer cells to
engraft in secondary recipient miceln addition to in vivo
experiments, also several vitro functionalassag have ben used to
identify CSCs, including sphere assays, serial colony forming unit
(CFU) assays and label retention assays.

The experimental demonstration of CSCs presence in several
human tumorsindicates the existence of @ancer celhierarchythat
contributes to the determination of intraumor heterogeneity.
Current failure with cancer treatment is not usually due to a lack of
primary response, but to relapse or tumor recurrence after therapy.
This can be explained by the fact that CSCs seem to be mastargs
to chemotherapy and radiotherapy than other cancer cells and can
therefore escape from the conventional cytotoxic treatments, driving
tumor growth that presents as clinically relapsed diseg$sey et al.,
2009 LaBarge, 20L0varnat et al., 2010Vermeulen etal., 2010.
CSCs resistance to chemotherapeutics can be due to various reasons,
including their quiescent or slowly dividing natuf&ottesman,
2002, the high expression level of Abihding cassette (ABC) drug
pumps(Zhou et al., 2004 the intrinsic high levels of artipoptotic
molecules, their relative resistance to oxidative or DNA damage and
their efficiency of DNA repa(Bao et al., 2008Diehn et al., 2009to
et al., 2004. On the basis of these observations, it has been
hypothesized that treatments targeting the CSCs subpopulation could

be more effective than existing therapies.
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CSCs are known to have one or more aberrations in various
signaing pathway.Notably, the abnormal activity of pathways that
control normal SCs salénewal and have important roles in
embryonic development and differentiation, is probably most crucial
to the tumorigenicity of CSCs. Increasing evidence demonstrates that
these embryonic pathways can interact with other cellular signaling,
such as thosenvolving NFkB, MAPK and PI3K, and with additional
signals like bone morphogenetic proteins (BMPs) and growth factors
produced by cancer cells and the TME. All these signals converge to
generate the CSCs distinct features and represent therefore
important therapeutic (Merchant and Matsui, 2010Takebe et al.,
2011). Other potential strategies to kill CSCs includl@biting their
survival mechanisms, targeting CSCs surface markers through
antibody-based cytotoxic approaches or inducing tumor cell
differentiation, which can potentially be achieved by inhibiting
developmentalpathways or epigenetic prograanMoreove, as many
CSCs can depend on a niche to maintain their identity, targeting their
microenvironment could represent a strategy to indirectly inhibit or
induce differentiation of CS@&hou et al., 2000

¢tKS GSNXY aOIFIyOSNI atdSy OStté¢ R2Sa

necessarily derived from a normal SC: the phenotype of the cell of
origin,the normal cell that acquired the first canepromoting insult,

can deeply differ from that of the CS@isvader, 201l Indeed,
increasing evidence indicate that tumors may originate fr&Gs
progenitor cells, as well as from the dedifferentiation of mature cells

Moreover, although aSCmay acquire the first oncogenic hit, the
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subsequent dkrations required for the onset of CSC traits can occur
in descendent cellfJamieson et al., 2004t has been proposed that
progressive accumulation of genetand epigenetic alterations in a
differentiated cell may induce the fracquisition of selfenewal
capacity and prevent the differentiation to a pesitotic state
(FriedmannMorvinski et al., 2012Koren et al., 2015Nishi et al.,
2014 Schroeder et aJ 2014 Schwitalla et al., 2033Southall et al.,
2014 Van Keymeulen et al., 20L8CS@ondition can also be induced

by specific environmental cues (growth factor signaling) or in stress
related conditiongdVermeulen et al., 20)0Moreover, recehstudies
have linked the acquisition of CSC traits with the EMT, since induction
of this program can induce many SC features, includingresedfwal

and the expression of markers that are common to SCs and CSCs
(Mani et al., 2008Morel et al., 2008Singh and Settleman, 2010n

this view, not all cancer show a fixed hierarchical organization, that
resembles that of the corresponding healthy tissue, but can be
OKI N} OGSNAT SR o0& | alddzy2NJ OS¢t ¢ LI &
dedifferentiation process from a ne8C to a CSC canppaned. In a
process similar toreprogramming of somatic cells induced by
exogenous transcription factors, the cell of origin has to undergo a
series of alterations, that would alter the epigenetic state that
stabilizes its original identity, in order toaip a new epigenetic
program responsible for the acquisition of &SC phenotype
(Apostolou and Hochedlinger, 2013The molecular mechanism that

regulates this dgamic processes in tumorigenesis, whether this
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plasticity is restricted to certain type of cancer and the frequency

with which dedifferentiation events can occinr vivois still unclear.

Breast cancer cell of origin

The adult mammary gland is an epitia¢ organcharacterized
by a branching network of ducts formed by two main cell lineages
represented bybasal and luminal cell¥he majority of the basal cells
are differentiated myoepithelial cells, namesépecialized, contractile
cells located at the basal surface of the epithelium, @dent to the
basement membrane(Sleeman et al.,, 2007 However, it has been
demonstrated that this layer also includes themmaary stem cells (MaSCs)
population(Shackleton et al., 200&leeman et al., 200&tingl et al., 2006
Taddei et al., 2008 Luminal cell lineage includes ductal epithelial cells, that
line the ducts, and alveolar epithelial cells, that constitute aheeola units
that arise during pregnancy and syntliss milk proteins.MaSCs are
important for both organ deelopment and maintenance otissue
homeostasis, and give rise to mature epithelium of the two lineages,
through a series of intermediate progenito(¥isvader and Stingl, 2014

Breast cancer is a very heterogeneous disease at both the
histological and molecular levels, which can be subdivided into
clinical subtypes based othe expression ofestrogen ER and
progeserone PR, as well as the expression of the growth factor
receptor HER2Hrb-B2). By this classification, combined with gene
SELINB&a&aA2y LINRPFTAE SAS (dzy2 NiEe XKI S 0SSy ¢
andd ¢ 6 6 KA (BRan@dERBNS a GUID WM A @®rizedd OK | NI
by amplification of theHER23 Sy S0 s&liNg/tripl@y S G A @S¢
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(which do not expres&R PRor HERZ2 (Perou et al., 2000Sorlie et

al., 200). The histological appearance and marker expression can
predict the response of the taor to therapy, butthey are not
necessarily correlated to the cell of origifor exampleit has been
demonstrated that basdike breast cancers developed in women
with mutations in the BRCAltumor suppressor gene, generally
associated with a poor prognosis, the cell of origin is not represented
by a basal stem cell, but by a luminal progeniioim et al., 2009
Notably, inactivation of the gene in either luminal or basal
progenitors in the mouse mammary gland showed that only luminal
cells are able to give rise to bagdie breast cancey, suggesting that
both the cell of origin and the specifimcogenic insult contribute to
the diversity of breast cancer molecular subtyg®olyneux et al.,
2010. The cell of origin of mosither breast cancer has not been
identified yet. In particular, it is yet unclear the role that MaSCs have
in tumorigenesis, although they are primarily affected by alterations
of the WNT signalingRecent studies showed that their expression
profile hasa O NPy 3 &AYAf I NROGASE oXRweL
subtype, characterized by low expression of genes involved in tight

junctions and celtell adhesior{Lim et &, 2009 Prat et al., 201D

Wnt signaling

WNTSs are a family of 19 secreted proteins with a crucial role
in the regulation of cell proliferation, survival, migration and polarity,
cell fate determinabn and seHrenewal during embryonic

development and in adult tissues homeostafimgan and Nusse,
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2004). Aberrant Wht signaling activation results in the expansiof
SGand progenitor cedl populations and is therefore strongly related
to tumor initiation and progression in many tissues, including
mammary gland and colorCurrently, three different pathways are
believed to gnal upon Wit receptor activation: tle canonical
Whnt/i -Catenincascade, the nowganonical planar cell polarity (PCP)
pathway, and the Wt/Ca" pathway (Katoh, 2005Kohn ad Moon,
2005 Veeman et al., 20Q030f these three, the canonical pathway is
the best understood and umerous studies indicate that it can
contributes to cancer prograson through the maintenance ofSCs

(Nguyen et al., 2004Figure 2)
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Figure 2.Wnt/i -Cateninsignaling(MacDonald et al., 2009(A) In the absence of
WNT, cytoplasmid -Caenin forms a complex with XIN APC, GSK3, and CK1, and
is phosphorylated by CK1 and subsequently@8K3. PhosphorylatedCateninis
recognized by the E3 ubiquitin ligaseTrCR which targetsi -Catenin for
proteosomal degradation. W target genesare repressed by TEH.E/Groucho and
histone deacetylases (HDAGB) In the presence of MI ligand, a receptor
complex forms between Zand LRP5/6. YL recruitment by F leads to LRP5/6
phosphorylation and XIN recruitment. This disrupts XINmediated
phosphogylation/degradation of -Catenin allowing -Cateninto accumulate in the
nucleus where it serves as a coactivator for TCictivate Wht-responsive genes.

15



In the presence of extracellulainhibitors, which act at the cell
surface to inhibit Wht signaling through its recepts, the stability of
cytoplasmici -CateninA & NXB 3 dzf F SR o6& Fthat RS& G NHzOG A 2
contains two scaffolding pteins, the tumor suppressor proteins
adenomatous polyposis coli (APC) and AXIN. APC and bAXIN
newly synthesized i -Catenin and facilitate its sequential
phosphorylation to the level of a set of conserved Ser and Thr
residues, by casein kinase 1 (CK1) and glycogen synthase kinase 3
(GSK3), two kinases residing in the destruction complex
Phosphorilated -Cateninis then recognized by the box/WD repeat
protein i -TrCP, a component of a E3 ubiquitin ligase complex and
targeted for ubiquitination and subsequent proteasomal
degradation. In the nucleus, prospective target genes of the pathway
are kept in a repressed state bycé&ll factor (TCFand lymphoid
enhancerbinding protein (LEF) transcription factors. Ti€presses
gene expressionby interacting with the repressor TLE1, which
promotes histone deacetylation and chromatin compacti®@u, in
GKS a2FF adl 6§Sé¢sx OStndrucledllevgsioft Ay t2g Oed
Catenin althoughit is also associated with cadherins as a component
of adherens junctions, an association that spares it from the
degradative pathway(Nelson andNusse, 200¢ Mutations of i -
Cateninat and surrounding its phosphorilation sytes are frequently
found in cancers, generating mutant-Catenin that escapes
phosphorylation and degradationExtracellular WT ligands can
interact with several secreted ptein families that antagonize or

modulate Wht/i -Cateninsignaling.Secreted Frizzletelated protein

16



(sFRP) and Wimhibitory protein (WIF) bindlirectly to WNT and, in
the case of sFRP, also to (Bovolenta et al., 2008 Dickkopf (DKK)
proteins inhibit Wntsignaling by direct binding to LRP5édacausing
the disruption of Wit-induced FA.RP6 complexeSemenov et al.,
2001). Another class of secreted Winhibitors, Wise and SOST, also
act by binding to LIR5/6 (Itasaki et al., 2003.i et al., 2005Semenov

et al., 2003. If the local concentration of WNTs exceeds the burfiig
capacity of inhibitors, \WWTs engage their cognate receptor complex,
consisting of members of the Frizzled (FZ) family of spass
transmembrane receptors, and a member of the siAopess
transmembrane protein LDteceptor family, the LDtelated proteins

5 and 6 (LRP5 and LR8g et al., 2004Tolwinski ad Wieschaus,
2004). The binding of WNT to Rihibits the kinase activity of the
destruction complex by a mechanism tHaads to the activation and
membrane recruitment of thecytoplasmic scaffolding protein
Dishevelled (DSH or DVL), that may direatbgract with FZ. This
event induces the recruitement of AXIN and the destruction complex
to the plasma membrane and the consequent phosphorilation of the
cytoplasmic tail of LRP5/6 mediated by GSK3 and CK1, which
constitute a docking site for AX(®avidson et al., 200%eng et al.,
2005. Recruitment to the plasma membrane induces AXIN
degradation and also leads tthe inhibition of GSK3, which further
reduces the phosphorylation and degradation e€atenin(Tolwinski
and Wieschaus, 200 { 2> (KS a2y adal 6-S¢
Cateninaccumulation and its displacement to the nucleus, where it

interacts with TCF/LEF factors, and recruits muitiein complexes
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such as the histone acetylase CBP andlBRfadeli et al., 2006this
event displaces TLE1 amchnsiently converts TCF/LEF factors into
transcriptional activatorgMacDonald et al., 2009

In addition to FZ family proteinsther reported transmembrane Vit
receptor are the RTKlike protein RYK and théyrosine kinase
receptors ROR1 and RO et al., 200¥(Mikels and Nusse, 2006
Among Wit antagonists, at least two families that are unrelated to
WNT factors, represented by Norrin angspondin (Rspo) proteins,
are able to activate the Frizzled/LRP recepidtisn et al., 2005Xu et
al., 2004.

Notable Wnt signaling is autoregulated at many levels, since
the expression of a variety of positive and negative regulators of the
pathway, such a$Z LRP AXIN2 and TCF/LERgenes, is under the
control of thei -CatenidTCF compleg.ogan and Nusse, 200Most
Wnt pathway mutations that are observed in cancessult in
hyperactivation of Wit/i -Cateninsignaling. For example, mutahs
in APC activate the pathway and aresponsible for the initial
progression of almost all cases of human colorectal cancer
(Gregorieff and Clevers, 2003VNTs and W pathway components
are alsofrequently over or underexpressed in different human
cancers and these changes in the expression profiles often correlate
with epigenetic activation or inactivation of gene promotéfgjuilera
et al., 2006 Chim et al., 2007Kansara et al., 200Klarmann et al.,
2008).
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Whnt pathway alteration in breast cancer

In the mammary gland/nt/i -Cateninsignaling supports the
selfrenewal of both normal and malignant mammary stem cells
(MaSCs)i -Catenin stabilization and nuclear localization has been
observed in50% ofhuman breast tumors, with an enrichment in the
aggressive basdike subtype(Khramtsov et al., 2030 this finding
has been associated with poor prognodim et al., 20000zaki et al.,
2005 Ryo et al., 2001 In addition toi -Catenin other downstream
targets, such agyclin D1 LEFland the proteoncogeneMYG are
reported to be upregulated in over 40% of breast cand@gyanan
et al., 2006 Chrzan et al., 20Q1Lin et al.,, 200D Nevertheless,
contrary to colon canceractive genetic mutations in W pathway
members are rargvan de Wetering et al., 2001Instead,various
lines of evidence suggest thentVpathway may be deegulated by
epigenetic loss of expression of negative pathwagutators. For
example loss of various antagonists of WNT ligands (SFRPs, WIF1 and
DKK1) as well as loss of APC tumor suppressor, through promoter
methylation, leads to overactivation of the pathway, promoting
tumorigenesis in the mammary tissyai et al., 2006 Suzuki et al.,
2008 Veeck et al., 20Q6/irmani et al., 2001Wissmann et al., 2003

cMYC

ThecMYC(MYQ proto-oncogene encodes for a transcription
factor thatis broadly expressed during embryogenesis antissue

compartments of the adult that possess high proliferative capacity. It
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canregulate up to 22% of human genéBerna et al., 200)2and its
expression strogly correlates with cell growthand metbolism
proliferation, inhibition of terminal differentiation and apoptosis
(Dang et al.,, 2006 MYC activate transcription as part of a
heteromeric complex with MY-@&ssociated factor XMAX), which
binds to specific DNA sequences, such as tH®k element CACGTG
(Blackwood and Eisenman, 199MYGMAX heterodimers regulate
gene activation thragh the recruitment of multiple coactivators and
protein complexes, including TRRAP, GCN5 and TBP, that cause
chromatin remodeling (Fladvad et al., 20Q5Liu et al., 2003
McMahon et al., 2000 Nikiforov et al., 200R For example, the
association with the cactivator TRRAP, that recruits the histone
acetyltransferase GCN5, causes histones acetylation, permitting
transcription of target gene@Bouchard et al., 2001

MYC can also act as a transcriptional repressor via different
mechanisms, often involving interactionith MY Cinteracting zinc
finger proteinl (MIZ1). By binding to MIA, MYC indirectly
repres®s transcriptional activation of genes that are activated by
MIZ-1 (Adhikary and Eilers, 20D5For example, in the absence of
TGHF = a, / OCBHKN2gsrielmRiBpiacing M-1. With TGF

i, MYCexpression is suppressed, and thdAD transcription factor
cooperates with NIZ1 to recruit NPM1 as a Mik cofactor to
stimulate CDKN2Branscription and induce cetlycle arrest{Seoane

et al., 2001 Wanzel et al., 2008 MYC can also inhibit MIIZactivity
indirectly, by activating Rp123 ribosomal gene, which retain NPML1 in

the nucleous (Li et al., 2008 Another critical mode for MC
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mediated gene repression terough its ability to activate microRNAs
(miRNAs]Chang et al., 200®'Donnell et al., 2005

One of the key biological functions of MYC is the regulation of
cell proliferation(Amati et al., 1998Dang, 1999Eilers, 1999 An
essential event in the G& progressin is the MY@nduced activation
of CCND4cyclin D2) andCDK4(Cyclindependent Kinase 4) genes,
which leads to sequestration and proteasomal degradation of the
CDK inhibitor KIPXBouchard et al., 1999Coller et al., 2000
Hermeking et al., 20Q0In doing so, KIP1 is not available for binding
and inhibiting cglin ECDK2 complexes, which therefore can be
activated by the cyim-activating kinase (CAK) and promote cell cycle
progression(PerezRoger et al., 1999 Furthermore, MYC directly
targets and activate the expression of the translation initiation
factors eiF4 and eiF2, important in cell growtoller et al., 2000
Adivation of MYC and cetlycle entry is generally incompatible with
terminal differentiation. MYC can block cell differentiation through
repression of differentiatioinduced p21“F* expression, by
interacting with MIZ1 at p21°"*core promoter (Wu et al., 2008
Moreover, in the absence of survival factors or in stress conditions,
MYC can induce apoptos{gskew et al., 1991Evan et al., 1992
Harrington et al., 1994 This can happen through the induction of
p19*RFexpression, Wich leads to the stabilization of P&&indy et al.,
1998. MYC can also induce apoptosis by promoting the release of
cytochrome ¢ from mitochondria, in a pi¥ and P53independent
manner (Juin et al.,, 1999 This can be both mediated by MYC
induced expression of the prapoptotic BH2only protein BIM, and
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by block of the antapoptotic factors BCL2 and BElLexpression,
caused by MY(Egle et al., 20Q£ischen et al., 2001

In physidogical conditions, MY{inctions as a key integrator
of many sigaling cascade, included thent¥ iCateninpathway, and
its expression is strictly correlated to cell proliferati(iang, 2012
In quiescent cells, MYC is virtually absent, but is rapidly induced by
mitogens, during cell reentry into the cell cydlger et al., 1999
Thereaafter, both mRNA and protein decline to a low, constant level
and its expression and activity are maintained tightly regulated
(Chung and Levens, 2003anson et al., 1994.iu and Levens, 2006
Oster et al.,, 2002 Nevertheless, the presence of aptoliferative
signalsresults in MYC immediate dowegulation(Dean et al., 1986
Lachman and Skoultchi, 198MYC is regulated by ntigle signals
that control promoter activity, transcriptional elongation and
translation and posti NI yat F A2yl f Y2RAFAOIGAZ2ya (K
protein stability.One of the mechanisms by whishY Cprotein levels
are regulted is aRASdependent signalingpathway, whichcontrols
MY Cphosphoglation at two highly conserved residueSer62 (S62)
and Thr58 (T58Sears et al., 200 eh et al., 2004 Figure 3)
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(Adhikary and Eilers, 20D5

These two phosphorylation tes have opposite effects: while
phosphaS62 stabilizes MYC, the presence of phospb® induces its
degradation. Phosphorylation at S62 is induced by R#8ugh the
MAPK/ERK pathwagnd carserve as a platform for phosphorylation
of T58 by GSK3Gregory et al., 2003 PhosphorylatedT58 is
recognized by the prolyl isomeras€PIN1), which enables
phosphatase2A (PP2A) to remove thehpsphateresidue from S62.
The ubiquitin E3 ligaseSCF"®" recognizes the remaining phospho
T58 and labels MYQor proteasomaldegradation (Welcker et al.,
20043 Welcker et al., 2004bYada et al., 2004In the presence of
proliferative stimuli, RAS phosphorylates S62 and inhibits GSK3
through the PI3K signalintherefore leading to MYC stabilization.

23



Unlike what has been observed for other oncogenes (RAS),
MYC deregulation in cancer is generally not caused by genetic
mutations in the coding sequend&chulein and Eilers2009, but
from large genetic changes in tidYClocus such as amplification
and chromosomal translocation. Notably, its alteration can also be
caused by any of the several mechanisms and signals that target its
expression and/or control its activiyMYC has been found to be
overexpressed in up to 50% of all human cancers and is often
associated with aggressive and poorly differentiated tumors. The
cellular response to MYC overexpression is dependent on the cellular
context. In addition to causing unietvolled cell proliferation and loss
of terminal differentiation (Pelengaris et al., 2002aderegulated
expression of MYC can drive cell growBarna et al., 2008Dang,
1999, angiogenesigBaudino et al., 2002 reduced cell adhesion
(Arnold and Watt, 2001Frye et al., 2008and promote metastasis
(Pelengaris et al., 2002bNevertheless, the only MYC deregulated
expression is not sufficient to transform either mouse or human cells,
and tumors derived fronMY Ctransgenic mice are characterized by a
long latency, sggesting that additional mutagenic events are
necessary for tumor formatio(Beer et al., 2004D'Cruz et al., 2001
Eischen et al., 1999

In addition to its role in tumorigenesi®YChas also been
identified as one of four genes, includi@CT4SOX2and KLF4 that
could collectively reprogram fibroblasts to a ppotent SC state
(known as OSKM factorfljakahashi and Yamanaka, 2D08though

not essential for induced pluripotent stem cells (iPSCs) formation,
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ectopic MYC expression strongly enhances and accelerates the
process(Nakagawa et al., 2008Vernig et al., 2008 MY Cexpression
functions during the first transcriptional wawd the reprogramming
process, characterized by cells-déferentiation and upregulation of
proliferating genes. In this phase, OSKM factors occupy accessible
chromatin and MYC dowregulatesfibroblastspecific geneswhile
activating many ES cells specific genes, mostly involved in
metabolism(Brambrink et al., 2008Sridharan et al., 200%5tadtfeld

et al., 2008. Moreover, MYQecruits chromatin remodeling factors,
thus globally regulating chromosomatcessibility anénhancing the

initial OSK egagement with chromatigSoufi et al., 2012

MYC and breast cancer

Considering breast canceMYC amplification is the most
described alteration. It is founahia high proportion of tumors with
BRCAH® lterations and appears to be a badiik characteristic, being
amplified in 40% of the casefCancer Genome ks, 2012
Chandriani et al., 2009Chen and Olopade, 2008likolsky et al.,
2008).
MYC oncogene has been assayed for mammary tumorigenic potential
using different systems to drive its overexpression. Although tumor
incidence is high, tumors form with variable latency, suggesting that
additional mutgenic events are necessary for tumor formation
(Sandgren et al., 199%choenenberger et al., 1988tewart et al.,
1984). In support to this hypothesis, a more recent study show that

mammary carcinomas triggered by transgenic MYC expression
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acquire KRAS mutations that induce tumor aggressive(i#&suz et
al., 200).

Among the pathways that impact on MYC expression ¢ivigc in
breast cancer, the W pathway effectors directly bind thé1YC
promoter, thereby simulating its transcription. DeregulatinlylYC
might enforce autocrine W pathway activity in human tumors by
repressing negative regulators such as SHRBWIing etal., 2007.
Nevertheless, whiléMYCdeletion in intestine tumors was shown to
reverse the tumor phenotype induced ®PC loss, the dependency
of Wnt-driven mouse mammary tumors oMYCup-regulation has
not been determined yefSansom et al., 200Walz et al., 2014
Considering these observations, MYC role in mammary gland

tumorigenesis and tumor maintenance tdlsinclear.
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Scope of the thesis

In the present studywe investigated the role of MYC in mammary
epithelial cells tumor initiation. We hypothesized thetyC may act as an
oncogenic reprogramming factor that drives tumor initiatioy inducingan
epigeneticplasticity thatpredisposes differentiated cells to-sequisition of
stem cellcharacteristics and, after further oncogenic insults, to neoplastic

transformation.
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Abstract

Breast cancer is the most frequent cancer among women and it
consists of highlheterogeneougumors whose cell of origin resulted
difficult to be ddined. Recent finding highliglt the possibility that
tumor-initiating cells (TICs) may arise from the dedifferentiation of
lineagecommitted cells by reactivation of multipotency in response
to oncogenic insults. MYC is the most frequent amplified oncede
breast cancer and the activation of MYC pathway has been
associated with the basdike subtype, which is characterized by poor
survival, lacking of a specific therapeutic strategy. Although MYC has
been considered a driver oncogene in breast canitermechanism

of action in tumor initiation has been poorly addressed. Here we
show that MYC acts as tumor reprogramming factor by inducing an
alternative epigenetic program, which triggers loss of cell identity
and activation of oncogenic enhancers. (esgression of MYC
induces transcriptional repression of lineaggecific transcription
factors, provoking decommissioning of lumiusglecific regulatory
elements MYGCdriven dedifferentiation supports the onset of 3C

like state byinducing theactivation ofde novooncogenic enhancers,

triggering the formation off ICs
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Highlights
1 MYCinduces dedifferentiation of mammary luminal epithelial
cells by determining transcriptional repression of luminal
specific TFs
1 SustainedVYCexpression confers stem cdike traits by re
activating oncogenic enhancers
1 MYGinduced epigenetic reprogramming favors tumor

initiation
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Introduction

Tumorigenesis can be described as a succession of genetic and
epigenetic alterations which turn irheritable changes in gene
expression programsultimately leading to the formation of a cell
population characterized by functionahd phenotpic heterogeneity
(Feinberg and Tycko, 200Hanahan and Weinberg, 2011Cell
transformation frequently involves activation of developmental
signaling programs which endow cells with unlimited -setfewal
potential and aberrant differentiation capabilityVisvader and
Lindeman, 2012Zhou et al., 2009 Cancer cells that display stdike
properties are considered the driver of tumor initiation and
propagation(AlHajj et al., 2003Bonnet and Dick, 1997

Somatic stem cells (SCs) have been considered putative candidates
for targets of transformation because of themhierent capacity for
seltrenewal and their longevity, which would allow the acquisition of
the combination of genetic and epigenetic aberrations sufficient for
cell transformation (Barker et al.,, 2009 Schepers et al.,, 20}2
Nevertheless, several recent studies demonstrated that, upon
oncogenic alterations, progenitors or committed cells can serve as a
tumor initiating cell (TIC) by dedifferentiating and-aequiring stem
celtlike traits (Chaffer et al., 2033 riedmannMorvinski et al., 2012
Schwitalla et al., 201 ¥/isvader, 20111

In the context of mammary gland tumorigenesis, severaldis,
designed to elucidate the cell of origin of different molecular
subtypes of breast cancer, have shown that the human bésal

breast cancer subtype may arise from luminal progenitor ¢eiia et
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al., 2009 Molyneux et al., 2010Shehata et al., 20)2More recently

it has been shown that oncogenickBICA4R

into normal lineage
restricted mouse mammary celtsauses cell dedifferentiation and
development of multdlineage mammary tumorg&oren et al., 2015
Van Keymeulen et al., 20L5Although these findings highlighted a
functional role for oncogenidriven celldedifferentiation in tumor
initiation, the molecular mechanisms underlying cell repragnaing

are incompletely understood.

Cell reprogramming requires overcomitigose epigenetic barriers
which are involved in maintaining calbecific transcriptional
program, thereby preserving cell identity(Apostolou and
Hochedlinger, 20L1,3Buganim et al., 20)3(Fagnocchi et al., 2016
The activation of a specific repertoire ofsregulatory elements
enhancers is critical for cell specification. Cooperative binding of
lineagedetermining and signadependent transcription factors
dictate the spatietemporal pattern of gene expression, by recruiting
on the enhancers chromatin modifiers, nucleosome remodelers and
chaperones(Calo and Wysocka, 201Enhancers are characterized
by accessible chromatin, marked by the deposition of H3K4mel, and
their activation is associated with an increased of H3K27 acetylation.
Given their pivotal role in the determination of Iteidentity,
decommissioning of active enhancers represent a critical step
towards cell reprogrammingWhyte et al., 2012 Of importance,
several evidences indited that ceregulation of chromatin players

responsible for enhancer regulation, could favor tumorigenesis by
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driving the aberrant activation of oncogenic transcriptional programs
(Shen et al., 2016

Among the transcription factors with a documented function in
somatic cell reprogrammin{Singh and Dalton, 2009 akahashi and
Yamanaka, 2006 the proto-oncogeneMYChas a pivotal role in
growth control, differentiation and apoptosis and its expression level
is tightly regulated iphysiological conditiongDang, 201 In cancer,
MY Coverexpressiorhas beerassociated with up to 70% of all human
tumors and near 45% of breast cancers, in whidhYC
hyperactivation has been identifiegls key regulatory feature of the
aggressive triple negative subtypg&ancer Genome Atlas, 2Q12
Chandriani et al., 200Dang, 2012Palaskas et al., 201YVita and
Henriksson, 2006

Despte MYC proven oncogenic potential and its known function in
the maintenance of selfrenewing capacity and pluripotency
(Fagnocchi L. et al., 2016a causal link betweeMYC role as
reprogramming factor and its tumorigenic effects has not been
investigated yet.

In the present study, we aimed to understand whethdiyC act as

an oncognic reprogramming factor that drives tumor initiation by
inducing a phenotypic plasticity tharedisposes differentiated cells
to re-acquisition of SCs characteristics and, after further oncogenic
insults, to neoplastic transformationVe demonstrated tht stable
MY Coverexpression makes human mammary luminal epithelial cells
competent for tumor initiation, by inducing theeactivation of a

progenitorlike transcriptional program. The isolation of singfieyC
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overexpressing cells allows the propagat@hmammospheres that

go further in the reprogramming process, gaining mammna@tike
traits. This process is mediated by the specific activation of a number
of oncogenic enhancers, includinggulaory elements related to the
Whnt/i -Catenin signaling. Irthis scenario, he combination ofMYC
overexpression with the reinforcement of the PIK3CA pathway causes

the onset of TICs.

Results

MYC alters cell polarity and mitotic spindle orientation in mammary
luminal epithelial cells

In order to evaluate the e of MYC in perturbing the pattern of cell
division of mammary epithelial cells, we transduced hTFERT
immortalized human mammary epithelial cells (thereafter named
HMEC) with a retroviral vector expressing low levels of the
exogenous dvlyc (Figure LAMY Coverexpression induced alteration
of the epithelial (cobblestonelike) morphology with cells loosing
polarity and adhesion to the basement membrane, growing in semi
adherent condition and forming fluctuating spheroids (Figure 1B).
These phenotypic obsertians were  corroborated by
immunofluorescence staining, which showed disorganization of
adherent junctions resulting in cytoskeleton alterations (Figure 1C).
In addition, we measured a relative decrease afdtlherinat both

the transcription and potein level, which was mirrored by a

concomitant reduction ofi -Catenin (Figure 1EE), suggesting
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destabilization of adherent junctions. Of note, we did not observed
cadherinswitching(Andrews et al., 200)2nor induction ofepithelial-
mesenchymal transition (EMT)-related transcription factors,
indicating that the observed phenotype could not solely rely on
induction of EMT (Figure 1E and Supplementary Fi§lAg. Given
that junctional complexes participate in the establishment picat
basal cellpolarity (Martin-Belmonte and Perekloreno, 2012, we
determined whether theMY Cinduced morphological changes could
depend on mislocalization of polarity complexes. We assessed by
immunofluorescence the localization of the atgal protein kinase C
(aPKC), which is enriched at the apical cortex and is functionally
associated with cell fate determinatiolVe observed thatalthough

MY Coverexpression in HMEC did not affect the total protein level of
PARrelated proteins (not show), it caused changes of aPKC
subcellular localization, which was not restricted to the apical
membrane (Figure 1F). Considering that the PAR complex and
adherent junctions orient cell divisiofZimdahl et al., 2014Hao et

al., 2010 (Taddei et al., 2003 we determined whetherMYC
overexpression may affect the mitotic spindle positioning in HMEC.
By visualizing the centrosomal nucleation vidubulin staining of
mitotic cells, we observed that in HMB®@Ge spindle positioned
parallel (@;10°) to the substrate in both metaphase and telophaase
expected(Figure 1G). In contrast, we determined that in at least 50%
of the analyzed cells, HMEMLYC (MYC) showed a tendency to divide
with non-planar spindle orientations (2B5°), indcating thatMYC

overexpression induces mitotic spindle disorientation at high
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frequency (Figure 1G). To further confirm these findings, we analyzed
the pattern of cell division in living cells by performing continuous
time-lapse imaging on HMEC expressindH2BmCherry
(SupplementaryMovies SL and &). By imaging cell entering in
mitosis at different focal plane, we observed that while HMEC always
divided with a planar mitotic spindle, the MYC overexpressing cells
positioned the separating chromosomes on eiiféfint planes (Figure
1H and Supplementarilovie SL and &). By performing single cell
tracking of the misoriented segregated cells, we measured a higher
tendency to grow in noradherent conditions, giving rise to the
formation of mammospheresTaken togethe these data suggest
that MYC overexpression in HMEC favors asymmetric division by
inducing adherent junction disorganization, perturbation of cell

polarity and mitotic spindle disorientation (Figuth.

MYC inhibits the transcriptional program of mata luminal
epithelial cells

Considering that the establishment and maintenance of agieshl
polarity is critical for normal function and symmetric cell division of
mammary epithelial cellswe soughtto investigate whetherMYC
overexpression could subktecell identity. Genome wide expression
profile analyss showed that HMEC and HMEQ'C diffeed for the
expression of a specifgubset of geneg¢Figure 2A). In order to gain
insights on which cell processes are differentially regulated in cells
overexpresgig MYC we performed gene ontology (GO) analys

which indicated a relative enrichment fgenes involved in metabolic
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processes and cell transporter activity (Figure 2B and Supplementary
Figure S2A). Moreovegene enrichment analyses showed that these
up-regulated genes were commonly target of both MYC and MAX
and were generally marked with histone modifications associated
with active transcription (Supplementary Figure S2A). At the same
time, genes dowsnregulated in HME®YC were enriched for genes
involved in developmental processes, mechanisms of cell adhesion
and extracellular matrix integrity (Figure 2B and Supplementary
Figure S2A). These observations agree with the well known function
of MYC in the induction of celtgvth, metabolismand inhibiton of
celladhesion(Gebhardt et al., 2006Dang et al., 2006 Of note, the
gene expression profilingesults corroborated the observed MY-C
induced disorganization of adherence junctions (Figure-ELC
Moreover, gene set enrichment analysis (GSEA) confirmed that genes
involved in cell apical junction and mitotic spindigentation were
significantly dowrregulated in HMEMYC respect to WT
(Supplementary Figure S2B). In order to determine whether MYC
induced alterations at both the morphological and transcriptional
levelmay triggermperturbation of cell identity, we compared the gene
expression profile of HMEC WT anMYC with available gene
expression signatures of mature (ML) and progenitominal (LP)
cells. GSEA anaéssrevealeda marked dowrregulation of the ML
program in cells overexpressindYC combined with a significant
enrichment of the LPspecific signature (Figw 2C). Accordingly,
HMEGMYC dowrregulated ML lineage markersGATA3 ESR]1
MUC1 and VEGFC while upregulating mammary LP markers
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(EIF2S3 STAT5A/Band LETMD} (Figure 2D and Supplementary
Figure C). Notably, GATA3 and ESR1 transcription factors are
master regulators of mammary gland morphogenesis and luminal cell
differentiation (AsselinLabat et al., 2007Mueller et al., 200 We
therefore asked whethelGATA3 and ESRIbwn-regulation inMYC
overexpressing cells could be mediated by MY@ling to theircis
regulatory elements Upon MYC overexpressionve measured a
concomitantincreased of MYC assation and reduction of histone
marks related to transcriptionally active genes (Figure. 2R)
agreement withGATA3and ESRH-own-regulation, also genes under
the control of enhancer regulatory lements, bound by luminal
lineage transcription factorgesulted specificallgown-regulated in
HMEGMYC (Figure 2F)logether, these data indicate thaYC
overexpressionnduced dedifferentiation ofnature luminal cellsby
down-regulating the expressio of lineagespecific transcription
factors, therebysupporing the acquisition of a progeniteike cell

identity.

SustainedMY Coverexpression confers stem cdlke traits

On the basis of the observed Myf@uced transcriptional cell
reprogramming vengs a progenitodike condition, we asked whether
MY Coverexpression could enrich for cells with functional stem cell
properties. We therefore measured the ability of HMEC WT-MYIC

to grow for subsequent passages in low adherence conditions as
mammosphees, an in vitro system that allows thenrichmentfor

progenitor/stem cells(Dontu et al., 2008 While WT cells formed
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mammospheres with low efficiency and dietnproliferate beyond

the second passage, cells overexpressigC showed enhanced
sphere formation efficiency (SFBjigure 3AB). Of importance, we
observed that MYC overexpression supporteell growth as
mammospheredor several passages, indicatinggasition of long
term selfrenewal capacity(Figure 3AC and Supplementary Figure
SBAB). In addition, weobservedthat with the increment of cell
passages, thedimension of MY&erived mammosphereswvere
reduced, suggesting progressive enrichment for sho proliferating
stemtlike cells (Figure 3Gyurthermore, HME®YC mammospheres
contained a higher percentage of ALD®cells (Figure 3D), where
expression of high ALDH1 levels is considered a distinctive marker of
mammary SGs (Ginestier et al., 2007 Considering that different
genetic alterations are commonly related to breast can@@ancer
Genome Atlas, 2032 in order to verify whether the observed
phenotype was a specifiMYGdependent effect, we set out to
analyze cellbehaviors carrying also other oncogenic hits. We
therefore transduced MEC with vectors expressiegther oncogenic
PIK3CA**R RAS or dominant negative P53 (P53DD) and measured
their longterm capacity to propagate as mammospheres. Although
HMEGPIK3CA®"R and -RAS showed an intermediate level of
proliferation capacity n low adhesion, all conditions were
characterized by lower proliferation and reduced SFE respect to
HMEGMYGC similaly to WT cells (Supplementary FiguB&A-C).

In order to verify a MY@ependent enrichment in cells witl8C

properties, we analyzethe selfrenewing capacity, by measuring the
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potential of a single cell to form a mammosphere. While HMEC WT
could give rise to a single celérived clone only with the addition of

an extracellular support, such as MatrighlY Coverexpression was
always associated with higher setenewing capability than
PIK3CA**R RAS or P53DD (Figure 3E and Supplementary Figure
SBE).Moreover, single celllerived primary spheres (M19riginating
from HMEGVYC, turned out to be further enriched in cells with self
renewal capacity, showing higher SFErespect to parental
heterogeneous population (Figure 3F). This phenotype could be
maintained at least in two subsequent clonings, in which the time
window required for development of secondary (M2) and tertiary
(M3) sphees became progressively shortenefFigure 3F).Of
importance, similar resuls were obtained with freshly isolated
primary HMEC: although a preliminary transduction with P53DD was
necessary, in order to overcome MYC 4apmoptotic effects in
primary cells, M&P53DD combination showed higher SFE respect to
P53DDBonly condition (Supplementary FigugF).

To determine whether the MY@Qriven mammospheres were
enriched forSClike cells with differentiation potential, we analyzed
the expression of lineageestricted markersFor what concerns the
expression of mammary gland lumin&y{okeratin 8 and ESRL) and
myoepithelial Cytokeratin 14 and "-SMA markers, single cell
derived mammagpheres showed an undefined, not fully committed
phenotype (Figure 3G). Furthermore, under differentiation
conditions, they were able to modulate the expression of marlrs

both lineages, showing enhanced expression of luminal and
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myoepithelial cytokeratins, reduction ofi-SMA expression and
nuclear localization ofESR1 (Figure 3GGiven the observed
phenotype, we asked whether MYC supported the activation of stem
celHike transcriptional program.To this end, we profiled gene
expression ofsingle celderived mammospheregM?2), determining
differentially expressed genes respect to HMHAEZC GO analyes
showed that mammospheres were characterized by further up
regulaton of genes involved in metabolic processes and down
regulation of genes involved in developmental processes (Figure 3H
and 2B). This suggested a reinforcement of MMW@n
transcriptional program. Furthermore, as observed by both GO and
GSEA analyses, Mip-regulated genes involved in W and Hippo
signaling pathways, which are critical regulators of stem cell self
renewing(Reya and Clevers, 200Bhao et al., 201)1(Figure 3H and
Supplementary Figure 3G). Notably, GSEA analysis also revealed that
the core embryonic stem cdike gene module (Core ESCS) was
highly active in M2 clones respect to HMEQC, and thaigenes
codifying for MY@elated factors (MYC Module) significantly
contributed to this transcriptional signature (Figure 3l and
SupplementaryS3H) (Kim et al., 201p Collectively, the above data
suggest that constitutivé1Y Coverexpression in mature luminal cells
induces a reprogramming process characterized by gaining of
mammarySClike traits,such as sustained seknewing capacity, and

re-activation of gpluripotency transcriptional progrargFigure 3J).
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MYC induces an alternative epigenetic program in mammary
epithelial cells

To gain insights the mechanisms through which MYC induced cellular
reprogramming, we performed ChHeq analyses to profile
chromatin modifications and the binding of MYC in HMET,-MYC

and mammospheres (Figure 4). We identified 1113 peaks for
endogenous MYC, which were enriched at promoters of both coding
and noncoding genes. Upon overexpressionwYC we observed an
increment ofMYGbound loci in both HME®IYC and M2 cells (3966
and 4629, respectively), in agreement with previduslings(Cancer
Genome Atlas, 203ZSabo et al., 200)4However, the distribution of
MYGbound loci did not change in response MY Coverexpression,
with nearly 50% of binding sites localized at promotgfgyure 4A).
Considering that MYC binding has been associated with transcription
activation, we analyzed the pattern of H3K4me3 on those promoters
that resulted being MYC targets. Cisi€ analyses showed that MYC
occupancy at promoters increased in resperto its overexpression
and it correlated with an increment of H3K4me3 deposition. Gene
expression profiling of M¥&bund genes showed that overall the
augmented MYC association at their promoters correlated with an
increased gene expression (Figure 48 Sapplementary FigurstA).
Importantly, GO analyses showed that M¥t@rget genes are involved

in cell metabolism and cell cycle progression (Figure 4C). These
analyses indicated that MYC activated a gene expression program
related to cell growh by binding the proximal promoter of active

genes, in accordance to what have been previously described.
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Considering that MYC also associated to introns and intergenic
regions (Figure 4A), we investigated whether MYC occupied and
modulated the activation of enhancers in the three cellular
conditions. By profiling the distribution of H3K4mel in HMET, -
MYC and M2, we first mapped all the putative distatrepulatory
elements, resulting in identifying more than 240.000 putative
enhancers (Figure 4D). Trovestigate the dynamic changes occurring
at the enhancers during the cellular transition from luminal epithelial
cells towardsSClike state, we determined the relative enrichment
for H3K27ac at these loci. Overall, the cellular reprogramming was
mirrored by a highly dynamic modulation of the defined -cis
regulatory elements giving rise to different enhancer states (Figure
4D). The comparative analyses showed that a subset of enhancers
resulted repressed in the MY&verexpressing cellas they showd a
consistent reduction of the H3K27ac level (Figure 4E). Importantly,
the repressed enhancer resulted being target of M¥Yhich
dissociated from these loci in response to its overexpression in both
HMEGMYC and M2 cellén order to define whether thesepigenetic
changes caused perturbation of the transcriptional state, we sought
to identify the set of genes that are most likely associated with the
enhancers. Considering that most of the enharpgeymoter looping
occurs within a distance of 5000 kb, (Chepelev et al., 20)2ve
assigned each enhancer to the most proximal gene. Using this
criterium of proximity and measuring the relative gene expression
level, we observed that enhancer repression determined the down

regulation of their relatedgenes (Figure 4E and Supplementary
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FigureAB). Of importance, this subset of enhancers modulated the
expression level of many genes involved in the establishment of the
transcriptionally regulatory network of luminal cells, suchESR1,

AP2' and ZNF217Figure 4F and Supplementary FiguE@A). In
addition, the same group of repressed enhancers controlled the
expression of a large set of genes involved in cell polarity, mitotic
spindle orientation and cell adhesion (FigureEEBnd Suplementary
Figure B). GO analyses highlighted that the \A8pecific activated
enhancers were enriched for genes involved in the integrin, EGF and
PIX signaling pathways, indicating that some of the repressed genes
in HMEGMYCwere controled at the enhancer level (Figure 4F and
Supplementary Figuré&4C). In the same comparison, we detected
enhancers in which the level of H3K27ac was transiently increased in
the HMEG@JYC but not maintained in the mammospheres,
suggesting that the specifiedpgenetic program was restricted to
the progenitorlike state (Figure 4F and Supplementary Figs#€).

By focusing on the chromatin modulations occurring in the
mammospheres, we identified a subset of enhancers, which were
specifically activated in M2. @tire 4D). Theséle novoenhancers
were defined as distal genomic regions, which resulted unmarked for
both H3K4mel and H3K27ac in HMEC and gained these chromatin
modifications upon the transition to &Clike state (Figure 4E). In
addition, the glolal analyses highlighted that the activation of ttie
novo enhancers was characterized by an increment of MYC
association at these loci. Gene expression profiling showed that the

activation of this class of enhancers was mirrored by an increased
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expressiorof the associated genes, which were particularly enriched
for transcription factors enriched in bas8ltlike state such as SOX9,
ZEB1, FOXC1, TCF7L1 and TAZ (Figure 4F and Supplementary Figure
$HGCD). In addition, we found that genes involved irtiating the
Wnt signaling were strongly enriched in this subset of enhancer,
including receptor for both the canonical and the mroanonical
pathway (Figure 4E). These findings were corroborated by performing
GO analyses, which showed that thde novo enhancers were
enriched for genes specifically involved in the Wnt signaling pathways
(Figure 4F and Supplementary Figu€C). Taken together, these
results indicated that the MY¥{Dduced transcriptional program is
triggered by the repression of ¢ise enhancers that modulate the
expression of lineagspecific transcription factors. In addition, the
acquisition of aSClike fate is driven by the activation afe novo
enhancers that controlled the expression of transcription factors and
signalhg pathway which are specifically induced in both somatic and

cancer stem cells.

Activation of de novoenhancers drives oncogenic pathways

To gain insight into the molecular mechanisms that may support the
transcriptional activation of thele novoenhance-related genes, we
focused on those transcription factors that could be involved in this
regulation. By ranking thde novoenhancefrelated genes for their
expression level, we observed a relative increment of MYC
association to those enhancers assoctht@ith the overexpressed

genes in mammospheres (Figure 5A). ImportantBD analyses
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showed that the enhancedependent regulated genes are associated
with the modulation of Wnt pathways (Figure 5B). To better define
the contribution of MYC biridg to the transcriptional modulation of
these targets we defined the set of genes whasenovoenhancers
were bound by MYC and induced in mammospheres. This analysis
showed that MYC associated with one third of the 289 regulated
genes, suggesting a fummbal role of MYC in inducing gene
expression by directly binding the enhancers of the associgtates
(Figure 5C and D). Specifically among the regulated targets which are
enriched for MYC binding and increased of H3K27ac, we identified
genes coding fio oncogenic transcription factors as well as genes
involved in regulating both the canonical and rcamonical Wnt
pathway which are often deregulated in breast cancer. We then
determined the direct contribution of MYC binding to the chromatin
state of thede novoenhancersby measuring the relative enrichment

for H3K27a@and MYC at these loci (Figure 5E and F). These analyses
showed that the M2induced enhancers are characterized by a large
distribution of both H3K27 and K4mel marks, spanning as average
regions over 3.1 kb. In addition, we found that MYC binding peaked
at the center of the H3K27aenriched region, suggesting a direct
contribution to the deposition of this active histone mark (Figure 5F).
Considering that cooperative binding of differentamscription
factors modulate enhancer activation, we sought to define DNA
binding elements enriched at the epicenter of the novoenhancers.

By performing motif discovery analyses we found enrichment for

FOX and SOXfamily member as well as ETS1 mot#sgure 5G).
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Importantly, among the MY4rget de novo enhancers we found a
specific enrichment for a neoanonical Ebox, indicating that MYC
association is mediated by its direct binding to the chromatin. In
summary, these data strongly support the rsti that de novo
enhancers modulate the transcriptional activation of oncogenic
pathways, and that MYC binding is enriched at the epicenter of these

enhancers, suggesting a critical role in their activation.

Reactivation of Wit pathway supports MY@nduced stem cell
features

In order to verify whether the observed positive regulation of
enhances associated with the transcriptional activation of Wnt
pathwayrelated geneswe performed gRIPPCR on selected genes.
We confirmed thatFZDland FZD8receptors wee strongly induced

in M2 respect to HMEGMYC supporting the enhancedriven
transcriptional activation of these gen@sigure6A). Interestingly the
coreceptorsLRP&and LRP6@vere induced with a different kinetics as
they were upregulated in response toMYC overexpression,
suggesting a different mechanism of transcriptional regulation
(Figure 6A). On the other hand, the two major inhibitors of the
pathway, DKK1and SFRP1were strongly dowsregulated in cells
overexpressingMYGC with further reduction in mammospheres
(Figure6A). These data supported the notion that MXi@ven SC
state correlated with the transcriptional modulation of Wnt pathway
related genes. To determine whether these regulatory mechanisms

determined the overall hyperactivationfathe Wnt pathwaywe
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transduced HME®YC with a lentiviral vector containing a 7xTCF
eGFP reporter cassette (7TGP), that would allowitudize cells
positive for Wht signaling activity FACS analyses showed thhe
Wnt pathway was activated in mammoses but not in HMEC
MYC. Furthermore, we observed that the level of Wnt activation
augmented with increased cell passaging, as determined by
measuringthe median fluorescence intensity (MFI) (Fig@®). This
observation suggested that enrichment for setiverexpressinylYG
able to grow in low adhesion conditionsas related to induction of
Wnt signaling activationln order to determine whether such up
regulation could have a functional role in Miduced SC features

we proceeded by discerningetween HME@AYC with the highest
(GFP") and the lowest (GE¥) signal of Wit pathway activationBy
performing dye retention assay, we observed that Wnt responsive
cells(GFP") were enriched for slovdividing cells as retained higher
level of he cell tracer(Figure6C).Given the cellular heterogeneity
within the mammospheres populationhése results suggested that
GFP%" cells couldbe endowed withSGlike properties We therefore
performed single ell sorting of GFI" and GFE" cells, in order to
compare the relative SFE(Figure 6[) On average, GFE" sub
population showed enrichment in cells with sedinewing capacity
(Figure 6E)We further characterized thesFP%"derived primary
spheres (GFP"derived M1)respect to the relative enrichment for
Wnt pathway activation. The obtained results showed a concomitant
increment of Wnt signaling in th&FP9“derived mammospheres

respect to theGFP" cells (Figure6E). Furthermore,by peaforming
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serial clonogenic assay of baBFB" and GFP" cells (Figure 6D), we
observed that the Wnt responsive populatieves further endowed
with selfrenewing capacitygiving rise to clones characterized by
enhanced activation of the pathwafFigire 6E) To support these
findings, ve compared the gene expression profile of freshly isolated
GFP9" and GFP" cells with available gene expression signature of
mammary stem cells (MaSCS}SEA analgs revealed a marked
enrichment of the MaSCs tracrptional signature irGFP9" respect

to GFP" cells (Figure6F). In addition ve observed that GFP"
subpopulation had also high correlation with different metastatic
transcriptional signatures (Figur®G) Altogether these results
suggested a coetation between the reactivation of Wnt pathway
and acquisition of &CGlike transcriptional program, which has been
shown to associate with increasegdk of developing recurrent cancer
(CharafeJauffret et al., 2009FriedmannMorvinski and Verma, 2014
Merlos-Suarez et al.201]). Furthermore our results suggest that
within the heterogeneous cell populatiothe hypeactivation of Wnt
pathway could represent a functional markier cellsendowed with

the highest selfenewing capacity.

MYGinduced reprogramming favorst he onset of TICs

In order to determine whether MY-@duced transcriptional cell
reprogramming could favor the onset of Tl@svivg we challenged
HMEGMYCwith an additional oncogenic insult by overexpressing
PIK3CA*'R pIK3CA*"Rexpression inducednhanced MY&elated

phenotype, with the majority of the cells growing in suspensiand

68



increased selfenewing capacity respect telMEGMYC and HMEC
PIK3CA? (Figure 7A-B). We then subjected HMBW®YC, -
PIK3CA**"Rand-MYGPIK3CA**"Rto soft agarcolony forming assay
and transwell migration assay, in order to assess theirvitro
tumorigenic potential and invasion capacity, respectively. We
observed that HME®YGPIK3CA®'R cells formed about 3old
more colonies and showed higher migration aapy than control
cells (FiguréC and Supplementary Figure 6A), suggesting that they
could be enriched for transformed cells, withvivotumorigenic and
invasion capacity. In order to address this aspect, we injecfedEC
MYGPIK3CA®'R cells in the mammary fat pad of
immunocompromisedNude mouse hosts. Within 30 days, all mice
injected with HMEGMYGPIK3CA"*"Reells formed tumors, while no
tumors arose when an equal number 6fMEGMYC or HMEG
PIK3CA'R were injected (Figure7D). Immunohistochemical
analyses showed that llaformed tumors presented a highly
undifferentiated and proliferative phenotype (KI§7 with high
degree of vascularization and rare necrotic areas (Figilae The
xenografts resulted in highly heterogenous cell populatimaring
both luminal and epithelial phenotypes as illustrated by the double
positive signal foboth myoepithelial Cytokeratins 5/6and P63) and
luminal markers @ytokeratins 8/18 and progesterone receptor)
(SupplementaryFigure 6B) In addition we scoredetls that were
positive for vimentin mesenchymal marker and showed negativity for
HER2 and estrogen recept@upplementaryFigure 6B)We further
characterized theMYGPIK3CA'**"Rtumors by isolatingxenograft
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derived (XD) celland performing fundbnal assaysAll XD cells
showed a completely reprogrammed morphology, since they showed
an even reduced capacity to adhere and form epithdiie
structures, respect to the parental population (Figuie).In addition

soft agar assay showed that XD lgehaintained capacity to form
colonies similarly to the parental HMEGMYGPIK3CAR
(Supplementary Figure 6C)Many tumor types harbor a
subpopulation of cancer stem cells (CSCs), endowed with tumorigenic
potential, which are uniquely able to indefiely propagate
malignant clonegValent et al., 2012 In order to assess whether
HMEGMYGPIK3CA*"R neoplastic population could contain cells
that had acquied properties of CSCs, vigected the XD cellgnto
secondary recipient micdBoth the injected XD cell lines gave rise to
secondary tumorsvith a similar kinetics respect to the parental cells,

indicating maintenance of loAagrm tumorigenic capacity

Discussion

MYC is as key oncogenic driver, able to interfere with normal as well
as tumor cell differentiationDang, 201p Despite its proven role in
tumorigenesis, its mehanisms of action as tumor reprogramming
factor are still not fully defined. It has been demonstrated that, in
contrast to other transcription factors, that activate gene expression
by recruiting the transcription apparatus to promoters, MYC does not
reguate a specific cohort of target genes. Studies comedcon
embryonic stem cells (ESCs) and tumor cells indicated that MYC acts

as a general amplifier of gene expression, preferentially binding to E
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box sequences in the core promoter elements of most atyiv
transcribed geneflLin et al., 2012Nie et al., 2012Rahl ¢ al., 2010.

In this work, we report the central role of MYC in initiating and
sustaining a stepvise cell reprogramming process in differentiated
mammary epithelial cells, toward a stem ek condition, which
favors cell transformation and tumonitiation. We show thatMYC
overexpression in luminal celisducesdedifferentiation toward a
progenitorlike state, achieved through dowmegulation of the
lineagespecific transcription factors Our data shoed enrichment

of MYC binding at the level &ky luminal transcription factors, such
asGATAZnd ESRInaster regulators, to which correspond reduced
histone marks related to active transcription. Although these
observations suggested that MYC could directly mediate this process,
we did notdefine the molecular mechanism through which it could
act. MYC role as transcriptional repressor in cell reprogramming has
been already observed in the formation ioiduced pluripotent stem
cells (iPSCs), where ectopitY Cpredominantly acts during the first
transcriptional wave of the process, in which fibroblagtecific genes

are downregulated (Brambrink et al., 2008Sridharan et al., 2009
Stadtfeld et al., 2008 Nevertheless, the mechanism through which
MYC drives repression of the adult somatic transcriptional program is
still not clear. We recently denonstrated that MYC can directly
induce gene repression in ESCs, through recruitment of the Polycomb
repressive complex 2 (PRC®agnocchi et al.,, 20)6Even if we
cannot exclude a possible MYC/PRC2 interaction to drive gene

silencing in HMEC, preliminary analysis did not show enrichment in
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H3K27me3 signal at the regulatory elementstted down-regulated
genes (data not shown), suggesting that MX¥@uced gene
repression could act through an alternative mechanism in this
context. A recent work provided evidence for MYC binding to an
additional repressor complex, the NuRD complex, through direct
interaction with the Mbd3 subunit(Rais et al., 2013 Repression
mediated by the NuURD complex has been demonstrated toabe
critical stepin the early phase of somatic ceiprogramming and to
facilitate the induction of pluripotency in a context dependent
manner (dos Santos et al., 2014&Rais et al., 20)3 NuURD complex
could be therefore a plausible candidate for mediating Miyi€en
repression of the adult cell transcriptional program. Nevertheless, we
cannot exclude that this could happen through an indirect
mechanism, in with MYC binding to MIZ could displace M{Z
cofactors and indirectly repress target ger(8shneider et al., 1997
Morphology analysis indicated that M¥t@luced reprogramming in
HMEC corresponded to destabilization of adherence junctions, mis
localization of polarity complexes and mitotic spindleodisntation
(Figure 1). These observations suggested us that stalb¥C
overexpression could confers on cells a large degree of phenotypic
plasticity, that predisposes them to acquisition of stem cell
characteristics. We demonstrated that, when cultured low
adhesion conditions, HMEC overexpressiklyC were uniquely
endowed with sustained sefenewing capacity (Figure 3)he herein
deciphered multistep reprogramming process consistedthe re-

activation of a pluripotency transcriptional program, miredrby the
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establishment of a specifiepigenetic landscape.Previous worls
showed that inhighly overexpressig conditions, MYC binding to
promoter elements of already active genes significantly incréase
and expandd to the related enhancers, through bimg to
additional lowaffinity Eboxlike sequence¢Sabo et al., 2004Lin et

al., 2012. In thisview, MYCoverexpression causeamplification of
the already existing transcriptional program. Our data indiddteat

MY Coverexpression not necessarily correlates with the spreading of
MYC binding to additional regulatory elements, since in the
compari®n between HMEC WT anedMYC we only obserde
modulation of already existing enhancers. Instead, analysis of-MYC
derived mammospheresshowed activation of de novoenhancers
characterized, for one third, by direct MYC binding throaghon
canonical Bbox se&uence (Figure %). We did not identify the
mechanism through which chromatin at these regulatory elements
switches from a close condition in HMRAYC to an open,
transcriptionally active state, in M20n the basis of our data we
hypothesizedthat pioneer transcription factors, such as FOX family
members, could engagelosed chromatin and establish a positive
feedback loop, in which they austimulate their own transcription.
This would induce a wave of chromatin remodeling that would allow
MYC binding toopen regions and the consequent recruitment of
further chromatin remodelers. Interestingly, we obsemmerichment

for FOXC1 bindingpotifs at enhancers associated ttnose genesthat

are transcriptionally induced in M2. Given these observations, it

could be interesting to verify whether FOXC1, which has been
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demonstrated to be a pivotal biomarker specific for bdsad breast
cancers(Ray et al., 2011Ray et al., 201,0/ang et al., 2012 could
also play a role as pioneer factor in MifiGuced oncogenic cell
reprogramming.

We propose that such a wide remodeling dahe cell epigenetic
landscape represents a bottleneck in M¥iGuced cell
reprogramming process, whose orchestratioould be essential for
the establishment and maintenance of a stem -tikk state and
allows the amplification of MYC oncogenic potentieddeed, we
provide evidences that activation die nhovoenhancerscorresponds
to increased expression of the associated genes, which are
particularly enriched for preelfrenewing transcription factorsyith
established roles in tumorigenesis aedrichel in basal/stem cell
like state, such aSOX9 Moreover,components of both canonical
and noricanonicalWnt signalingresulted beingre-activatedat this
cellular state, our data indicate that \'m activation represent a bona
fide functional marker of MYADbduced reprogramming in mammary
epithelial cells. Ilrdepth analysis will befurther required to
determine whether these observations will translate to chromatin
remodeling processes that characterize MylWded cell
transformationin vivq and whether cotinuous active transcription
of these regulated genes is mandatory for tumor maintenance.

Cell plasticity in which any cell in a tissue, regardless of its
differentiation state, has the potential to acquire stem di&e
properties, following an appropria oncogenic insult, has been

suggested to be at the basis of intr@and intertumor heterogeneity
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(Chaffer et al., 20L3FriedmannMorvinski et al., 2012Koren et al.,
2015 Nishi et al., 2014Schroeder et al., 201&chwitalla et al., 2013
Southall et al., 20L4Van Keymelen et al., 201p Analogous to
reprogramming of differentiated cells into induced pluripotent cells
(iPS), oncogenic transformation frequently involves de novo
acquisition of developmental programs and vyields cells with
unlimited selfrenewal potential A resetting of the epigenetic
landscape can be therefore considered a hallmark of tumor initiation,
which allows the establishment of a new stem 4k transcriptional
program and predisposes cells to neoplastic transformation
(Apostolou and Hochedlinger, 201Buganim et al., 2023 This
epigenetic remodeling can indeed cause a susceptible state, in which
cells are more prone to acquire genetic alterations, going through
transformation and tumor progression. Clearly, the possibility that
this chain of events occur is strictly related to the intrinsic features of
a tissue: tissues characterized by recurrenaf proliferative and
remodeling cycles, such as the mammary gland, would more likely

adhere to this model.
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Experimental pocedures

Cell culture and primary cells extractiomTERAmmortalized
human mammary epithelial cells (HMECs) were culture87aC and
5% CQ@ in 1:1 DMEM/F12 medium (gibco #1132074)
supplemented with insulin (Clonetics, MEGM SingleQuots4436),
EGF (Clonetics, MEGM SingleQuots -4L3B), bovine pituitary
extract (BPE) (Clonetics, MEGM SingleQuots -4436) and
hydrocortisore (Clonetics, MEGM SingleQuots #1G36) (DiRenzo
et al., 2002. HMEGMYC, HME®IK3CA"*"R HME@53DD and
HMEGRAS were generated by transducing HMECs phtXsc-Myc,
PGKPIK3CA™R  pBABERASV12 and  MS@B3DDiGFP
respectively.
Primary cultures of normal human mammary epithelial cells (primary
HMEC) were isolated from the normal breast tissue of breast cancer
patients, according to Stemcell Technologieshnical bulletin.In
brief, human mammary tissue was digested for ~16 hoursat 37°C
DMEM/F12 with 2% bovine serum albumin (BSA) (Sigma #A7030),
300 U/ml collagenase Il (Worthington #M3D14157) and 100 U/ml
hyaluronidase (Worthington #P2E1347Zhe folloving day, a single
cell suspension was obtained by sequential dissociation of the
fragments by incubatioat 37°C for 5 minuteg 0.25% TrypsHEDTA
(gibco #2520@56), and therll minute in 5 mg/ml dispase (Stemcell
Technologies #07913) and 1 mg/ml DNase(Sigma #D45I3).
Thereafter, lysis of the red blood cells was performed with ACK Lysing

Buffer (BioWhittaker #1348E), followed by filtration through a 40
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um cell strainer (Falcon #352340). Viable cells were counted using
Trypan Blue Solution (gibco #1%2661). Thereafter the single cells
suspension was stained with CB8450 (BDBioscience#561653)
and CD45/450 (B[Bioscience?560367), for the LINexclusion, and
with CD4ANHFITC (BDBioscienc#555735) and EpCAKPC (BD
Bioscience#347200), to highlighthe different cell subpopulations.
All the antibodies were incubated for 30 minutes on ice. Primary
HMEGMYC,HMEGP53DD and HMER53DBMYCwere generated

by transducing primary cells wittMSCWycT58AICD2, MSGV
p53DDIGFP and MSEB3DDIGFPMSCWYyYCT58AICD2
combination, respectively.

Mammospheres culture. Mammospheres culture was
performed as previously describ€Bontu et al., 2008 Briefly, single
cels were plated in ultralow attachment plates (Corning) at a density
of 2x1d viable cells/ml and mammospheres were collected after 6
days. For culture in MatrigeBD Biosciences #35423@glls were
plated in mammospheres mediursupplementedwith 2% Matigel.

For longterm clonogenic assays, cells were transduced with-PGK
H2BmCherry and single cells were plated in 96 well plates, in 6
technical replicates, at a density of 4XIDA | 6f S OSfta Ay
days, fluorescence iages of the entire wellwere acquired, then the

cells were collected and passed in the same conditions. This was
repeated for 4 subsequent passages. Images were acquired with an
Eclipse 1 fully automated system (Nikon); number of formed
mammospheres and mammospheres aream{) were measured

using the NIS Element software (Nikon). Objects with an area <2000
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>m? (diameter <50>m) were excluded from the analysiSingle cell
clonogenic assay was performed in 96 well plates, in at least 3
biological replicates. Single cells were sdriwith a BD FACS Aria lll
sorter (BD Biosciecgsone cell/well and formed mammospheres
were counted after 3 weeks (time window used for 1° Spheres
formation).

Tumor injection. Xenografts were obtained using 2X1€ells
injected in the mammary fat padf athymic nude mice. Secondary
tumors were generated by the inoculation of 2X1®rimary
xenograftderived cells.

Soft agar assay0.4% Seaplaque soft agar (Lonza) was diluted
with HMEC medium and was covered by a second 0.3% soft agar
layer in which 1X0° cells were embedded. After 21 days, colonies
were stained with 0.005% crystal violet (Sigma) for 1 hour at 37°C.

Invasion assay2x1C cells were plated into Matrigatoated
transwell of 8 um pore size (Corning #3422) in HMEC medium
without cytokines Complete HMEC medium, supplemented with 10%
Fetal Bovine Serum (FBS) (Euroclone #ECS0180L), was used as
chemoattractant in the lower part of the transwell.

Immunohistochemical analysisTo assess tissue morphology,
haematoxylin and eosin (H&E) stainingvas performed.

- SY23aNIFG al YLI Sa Qcytokevaihds/18 NdbheO G A O A i &
B22.1&B23.1)cytokeratins 5/6 (clone D5/16B4), VIMENTIN (clone

V9), P63 (clone 4A4R(clone SP1RPR(clone 1E2), KI67 (clone MIB

1, code M7240), -erbB2 (tone A0485) was analyzed using an

automated immunostainer (Benchmark ULTRA) afteloakingagent

78

T2



to reduce emlogenousnouselgG was applied to each slide (Spade sr
#RBM961G rodent block). Reactions were revealed using the
UltraView Universal DAB detection system. All instruments and
reagents except Kl67 andech2 antibodies (DAKO) were from
Ventana Medical Sysins (part of Roche Group). Negative controls
were prepared in the absence of primary antibody and included in
each reactionFor quantification of proliferative activity, a Ki67 score
was determined as the percentage of positive tumor cells out of 200
counted tumor nuclei. Immunoreactivity for CK8/18, CK5/6,
VIMENTIN, P63, ESTROGEN, PROGESTERONE, was quantified as the
percentage of positive tumor cells-etbB2 levels were determined
using a standard guidelines in according to ASCO/CAP(Q0&&ast

et al., 2016.

Vectors. pMXsc-Myc was a gift from Shinya Yamanaka
(Addgene plasmid #13375); pBAREBSV12/V12A; MS@83DD
IGFP; MSCGMycT58AIGFP; MSCMycT58AICD2. PGKI2ZBmCherry
was a gift from Mark Mercola (Addgene plasmid # 21217);
PK3CA"Rwas subcloned from pBakguro-HAPIK3CA*'R 4 gift
from Jean Zhao (Addgene plasmid # 12524), into-REBMCherry.

Retrovirus and Lentivirus TransductionRetrovirus and
lentivirus were produced by transient calcium phosphate transfection
of HEK293T cells with viral plasmids (pM&&lyc, pBABRAS V12,
MSCW53DDIGFP, MSGMyc *AiGFP, MSGMycT58AICD2, PGK
H2BmCherry, PGRIK3CA** "R 7xTcfeGFP//SV4®PuroR (7TGPand
the corresponding packaging plasmids (pVSVG and pGAG/Pol for

retroviral vectors, Pmd2g and DeltaR8.74 for lentiviral vectorgus
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was harvested from the culture medium 30 hours latBecipient
cells were counted and seeded in 6 well culture dishes in complete
medium 8 hours before infection. Subsequently, the medium was
changed with fresh medium containing polybrene (Sigma #107689).
Concentrated virus suspension was added to individual wells
containing target cells at MOI of 1 and the cells were incubated at
37°C for 12 hours. The following day the medium was removed and
replenished with fresh medium containing appropriate antibiotic for
selection (Puromycin, 0.5 pg/ml).

Protein extraction and vestern blot analysis.Total protein
extracts were obtaineds follows. Cells were washed twice with cold
PBS, harvested by scrapg in 1 ml cold PBS and centrifuged for 5
minutes at 1500 rpm. Harvested cell pellets were lysed by the
addition of 5X v/v iceold Fbuffer 30 minutes at 4°C. The
chromosomal binding proteins were then separated using BioRuptor
waterbath sonicator (Diagede) at low setting for 5 minutes.
Samples were sonicated in pulse of 30 seconds with 30 seconds
intervals. Lysates were cleared by centrifugation for 10 minutes at
14.000 rpm at 4°C and supernatant was collected on ice. Protein
concentration of lysates &as determined using PierceTM BCA Protein
Assay Kit 24 (Thermo Scientific, 574 #23227), according to
YIydzZFI OGdzZNEND&a Ay aidNHzOUGA2y<&E85 ¢ KS
using SAFAS spectrophotometer (SAFAS, Monaco). Values were
compared to a standard curve obtained from the BSA dilution series.
For western blots analysis, 2@ of protein samples were boiled and

loaded onto a precast Bolt 412% Bislris Plus gels Novex
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#NW04122BOX) and run in Bolt MES running buffer (Novex #B0002).
After electrophoresis, proteins were transferred to a nitrocellulose
membrane. Membranes were blocked in PBScontaining 5%
Blotting-Grade Blocker (BHRAD #17404) (blocking bufferfor 1 h
at RT with constant agitation and incubated with indicated primary
antibody O/N at 4°C with agitation. The membrane was then washed
three times with PBS, each time for 5 min, followed by incubation
with secondary antibody HR#®dnjugated for 1 hat RT. ECL reagents
(GE Healthcare #RPN2232) was wused to initiate the
chemiluminescence of HRP. The chemiluminescent signal was
captured using LAS3000 system (GE HealthcBrehary antibodies
dzi SR | NB [|-Actin TSigindAlrighd #5441), -byc (Cd
{ A3yl tf Ay 3Caténm (BDpBRioZciences #610153)C dgherin
(BD Biosciences #610182), Raadherin(abcam #ab6528). Relative
optical density was quantified with ImgeJ Software.
Immunofluorescence.Cells were plated on gelatin (Sigm
Aldrich #G1393oated glass coverslips and fixed 20 minutes at room
temperature with 4% paraformaldehyde (SigiAklirich #158127).
For mammospheres analysisells were grown in mammospheres
culture conditions for 6 days, than mammospheres were collected
and left lay downon gelatincoated glass coverslips and fixed 20
minutes at room temperature with 4% paraformaldehydoverslips
were processed for immunofluorescence according to the following
conditions: permeabilization and blocking with PBS/1% BS#%J0
Triton %100 (blocking solution) for 1 hour at room temperature,

followed by incubation with primary antibody (diluted in the blocking
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solution) for 2 hours at RT, 3 washes in the blocking solution and
incubation with secondary antibodies (diluted irhet blocking
solution) for 30 minutes at room temperature. For mammospheres
differentiation assay,mammospheres were collected and left lay
down on collagene -toated glass coverslips, in mammospheres
medium supplemented with 10% FBS for 7 days.

Images wee acquired using a Leica TCS SP5 confocal microscope with
HCX PL APO 63x/1.40 objective. Confocal z stacks were acquired with
sections of 0.35m. In cases where image analysis was performed,
image acquisition settings were kept constant. Spindle angle
measurements were performed by measuring the théenensional
distance (across the X, y and z planes) between the two spindle poles
and the twoedimensional distance (across the x and y planes) of the
spindle. The spindle angle was then calculated using ftné s
(arcosine) (Figure 1). Image analysis was done using Volocity
(PerkinElmer) software.

t NAYIFNE | yidAo2RAC&tanin (Shdta Crua #3@f t 25a Y
PhalloidirnTRITC (Sigmadrich #P1951),-Tubulin (Sigma # T6557),
Keratin 8 (Covance #1HB8VS162P), Keratin 14 (Covance #AF64
155P), ESR1 (Merk Millipore #KR304m p c n +SBIA (Bbcam
#2b5694).
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a’=sin(X/Y)

Figure 1.Schematic representation of mitotic spindle angle measurement.

RNA extraction and analysig.otal RNAs were extracted from
log-phase cells with TRIzol (Ambion #15596018), according to the
YIydzZFlF OGdzNENR& Ay & (lhide®CR anglysidwas dzk Yy G A G G A
performed with SuperScript Il Ofstep SYBR Green kit (Invitrogen
#11746). The amplification reaction was done using the StepOne Plus
system (Applied Biosystem) and the cycling conditions are reported
in Table 1. To ensure spedific of amplification, melting curve
analysis was performed. Relative gene expression levels were
determined using calculated concentration values, normalized to
ERCC Spika Control RNA (Ambion #4456740). Primers used to
detect each gene product were dgsed using Universal
ProbeLibrary Assay Design CentefRoche) or Primer3

(http://biotools.umassmed.edu/bioapps/primer3_www.qggi

For microarray experiments, 500 ng of each sample of RNk we
processed to generate labeled cRNAs following the Illumina
TotalPrep RNA amplification Kit (Ambion #AMIL1791) protocol. cRNA
concentration was quantified and subjected to quality control on
Agilent Bioanalyzer (Agilent Technologies #554 G2943CA) and
hybridized to MouseRe8 v2 BeadChip Arrays (lllumina #1128893).
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Temperature Time Cycling

50°C 15 min
1x
95°C 5 min
95°C 15 sec
40 cycles
60°C 30 sec

From 60°C to 95°C  Melting curve

Table 1.Cycling conditions for the qFPICR amplification

Timelapse vdeo microscopy.Timelapse video microscopy
and single cell tracking of HMEC WT and HIME/C expressing H2B
mCherry were carried out continuously for 48h at 37° C and 5% CO2
using an Eclipsei Tully automated 634 system (Nikon). Images of
fluorescent cdk were acquired every 20 minutes with 20x Plan Apo
objective (Nikon) using a LED illumination system combined with a
CMOS 636 camera (Andor) for the detection. Single cell tracking was
performed using the TTT 637 software and movies were assembled
using Image J software.

Microarray analysisBeadChip Aays were scanned witHiScan
Array Scanne(lllumina) using the iScan Control Software (Illumina).
Genes and probes transcript levels were obtained from Illumina
Intensity Data (.idat) files, apphg quantile normalization and
background subtraction implemented by the GenomeStudio Gene
Expression Module v1.0 Software (lllumina). All experiments in each
condition reported were performed on triplicate biological samples.
Cutoffs for up and downregulation of gene expression were set to

2 fold change threshold in all the analyses performed.
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Computational analysis of gene expression dathkleatmap
visualization of differentially expressed genes in the comparison
between IMEC WT and MYC was generate gagrforming a
hierarchical clustering analysis of singhkcroarray replicates
(complete linkage, Pearson correlation), using the TM4 MeV v4.9
softwareDifferentially expressed genes in IMEC WT versus MYC were
checked for biological and functional enrichmieusing the Gene
Ontology (GO) based online tool PANTHER Classification System.
Geneset Enrichement Analysis (GSEA,

http://www.broad.mit.edu/gsea) was performed on genesets

retrieved from both public available databases and indicated papers.
Chromatin immunoprecipitation (ChlP) assayEach ChIP
experiment was performed in at least three independent biological
samples. Briefly, cells were crosslinked with 1% formaldehydé&dor
min at RT and the reaction was quenched by glycine at a final
concentration of 0.125 M, for 5 min at RT. Cells were lysed in lysis
buffer (50 mM TrigHCI pH 8, 0.1% SDS, 10 mM EDTA pH 8, 1 mM
phenylmethyl sulphonyl fluoride (PMSF), protease inhibitorktail)
and chromatin was sonicated to an average size af@5Lkb, using a
Branson D250 sonifier (4 cycles of 30 s, 20% amplitude). 50 pug of
each sonicated chromatin was incubated O/N at 4°C with 4 ug of
indicated antibodies (arMYC s&64 Santa Cruiotechnology; anti
trimethyl histone H3 Lys4 6473 Millipore; animonomethyl histone
H3 Lys4 8895 Abcam; awttethyl histone H3 Lys27 4729 Abcam).
Protein Gcoupled Dynabeads were blocked O/N at 4°C with 1 mg ml
! sonicated salmon sperm DNA and 1 mbyhBSA. Subsequently,
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blocked protein &oupled Dynabeads were added to the ChIP
reactions and incubated for 4 h at 4°C. Dynabeads linked to ChIP
reactions were then recovered and resuspended in RIPA buffer (10
mM TrisHCI, pH 8, 0.1% SDS, 1 mM EDTAS,gH 40 mM NaCl, 1%
DOC Q7 , 1% Triton, 1 mM PMSF, protease inhibitor cocktail).
Magnetic beads were sequentially washed five times withciule
RIPA buffer, twice with ieeold RIPAOO buffer (10 mM TrisiCl, pH

8, 0.1% SDS, 1 mM EDTA, pH 8, 500 mM M&DOC, 1% Triton, 1
mM PMSF, protease inhibitor cocktail), twice with-amdd LiCl buffer

(10 mM TrisHCI, pH 8, 0.1% SDS, 1 mM EDTA, pH 8, 250 mM LiCl,
0.5% DOC, 0.5% MB, 1 mM PMSF, protease inhibitor cocktail) and
once with TE buffer (10 mM T+#$Q, pH 8, 1 mM EDTA, pH 8, 1 mM
PMSF, protease inhibitor cocktail). Crosslinking was then reversed in
direct elution buffer (10 mM TribICI, pH 8, 0.5% SDS, 5 mM EDTA,
pH 8, 300 mM NacCl) at 65 C O/N. Finally, DNA was purified using SPRI
beads, washed twicen EtOH 70% and dissolved in 60 ml of-FA@,

pH 8.0. DNA was analysed by quantitative 4teak PCR using SYBR
GreenER kit (Invitrogen). All experimental values were shown as
percentage of input. To take into account background signals, we
subtracted tte values obtained with a nemmune serum to the
relative ChlIP signals (amtiouse 1gG CS200621 Millipore).

ChiRseq library generation and data analysisFive
nanograms of immunoprecipitaded and purified DNA were used to
generate Chlf3eq libraries. Beifly, end repair of DNA fragments was
achieved by sequential 15 min incubations at 12°C and 25°C with T4
PNK (10 U ml 1), T4 POL (3 U ml 1) and 0.1 mM dN¥RseA
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addition was performed by incubating emdpaired DNA fragments

with Klenow (3050 exo, 5U ml 1) and 167 mM dATP for 30 min at
30°C. Adaptor ligation was achieved by using the NEB Quick ligation
kit (M2200L) and perfoming an incubation of 15 min at 25°C.
Processed DNA fragments were finally amplified with a thermal
cycler for 14 cycles, by ing the Agilent PfuUltra 1l Fusion HS DNA Pol
kit (600674). All DNA purification steps between the different
enzymatic reactions were performed by using Agencourt AMPure XP
SPRI beads (Beckman, A63882). The obtained libraries were
subjected to quality combl on Agilent Bioanalyzer (Agilent
Technologies, G2943CA) before sequencing them with Illumina
HiSeq2000. Sequenced reads were aligned to the human genome
(GRCh37/hg19) by using Bowtie2 version 2.2.3 and only uniquely
mapped reads in the subsequent anags In order to find the
regions of ChH8eq enrichment over background, we used different
peak caller. For MYC Chi®q we used MACS2-yalue 1x10), while

for histone modifications we used SICER V1.1 (window size = 200; gap
size = 200; FDR 0.01). TheOMER software command
WISHS5AFTFSNBYGALFft S| a$eq dfferantiallgza SR G2  FA
enriched regions between different HMEC samples-(dtg = 2fold
change and palue 1x1d). The HOMER software command
WEyy2a0F 0SSt SI1adLX Q ¢ hdéenhdnkesiRgios2 O2 NNBf |
to the nearest genes, according to GRCh37/hgl9 annotation, and to
count the number of tags from different sequencing experiments on
those regions. Tag counts were then used to produce heatmaps with

TM4 MeV v4.9 software. Annotated genesere checked for
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biological and functional enrichment using both the GO based online
tool PANTHER and GSEA, with genesets retrieved from both public
available databases and indicated papers. Venn diagrams were
generated using the online tool BioVenn
(http://www.cmbi.ru.nl/cdd/biovenn/). Tag density plots around the
center of enhancers regions were generated with the ngsplot 2.47
command ngs.plot.r and raw data were plotted on GraphPad Prism

(nttp://www.graphpad.com/scientifiesoftware/prism/). Normalized

BigWig tracks of Chiseq experiments were generated with bedtools
2.24.0 and the bedGraphToBigWiggram and visualized in
IGVTools version.2.26. Motifs enrichment analysis was performed
with the online tool Analysis of Motif Enrichment (AME) of the MEME
suite v4.11.2. In all analysis reported data are normalized by per
million mapped reads (RPM).

Flow cytometry analysis (FACS)or single ell sorting of GFP
high and GFP cells, HMEC transduced witlxTcfeGFP//SV4®uroR
(7TGP) were acquired at BD FACS Aria lll sorter (BD Biosc)eces
Cells with a GFP signal 21gere sorted asGFP"" while cells with
GFP signal <i@vere sorted asGFP™ cells.
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Figures legend

Figure 1.MYC alters cell polarity and mitotic spindle orientation in
mammary luminal epithelial cells

(A) Western Blot analysis ofMYCin HMEC WT and HMEC, / T |
ACTINwas used as loading contrdB) Phasecontrast photographs
showing the morphology of confluent HMEC WT and HNMEC.
Scale bar, @ um (© Immunofluorescencanalysiof | -Cateninand
Phalloidinon HMEGNT arl HMEEGMVYC Scale barl0 um.(D) qRF
PCRanalysisof E-Cadherinandi -Catenin on HMECNT amd HMEE
MYC. Relative transcript levels are normalized on SpikPata are
means HSEM (n=6 ® O6frt f ndnp T (B WesRS lat Qa §
Iy I f & &atenin, £#Gdhéerinand ParCadherinon HMEC WT and
HMEGa , / T-ACTIN was used as loading controlProtein

w»
QX

quantification from Western Blot analysiBata are means +SEM

(n=3. (F) G) Immunofluorescenceanalysis of -TUBULINon

metaphasic and telophasic HMBET andHMEGMYC Scale bar10

um. White line represents mitotic spindle axes. Average spindle angle

and spindle angle frequency of HMBET and HMEGMYC cell

divisions are represented*** P<0001T { (0 dzZRS Y (HR&Emell G S &
lapse sequence of HMERIYC cell division in different focal planes. Z

stack, 1 um. {JSchematic representation of HMEC WT to HMWETC

transition showing altered cell polarity and mitotic spindle

disorientation
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Figure 2. MYC inhibits the transcriptional pragm of mature
luminal epithelial cells

(A) Upper panel, gene expression plot of all genes, showingngp
down-regulated genes in the comparison HMEC WT versus HMEC
MYC (log2 fold change cutoff = £+ 1, indicated by solid horizontal grey
lines). Lower parml, heat map of all differentially expressed genes
between triplicate microarray experimesiof HMEC WT and HMEC
MYC.(B) Gene Ontology analysis of differentially regulated genes
between HMECWT andHMEGMYC (n=3)(C)Gene set enrichment
analysis of mature luminal and Iluminal progenitor cells gene
signature inHMECWT versusHMEGMYC (n=3)D)gRTFPCR analysis

of GATAaand ESRbn HMECWT andHMEGMY C Relative transcript
levels are normalized on Spike Data are means +5EM (n§). (E)
ChIRgPCRdor MYC, H3K4me3, H3K27ac and H3K4meGATA3
promoter andESRintronic enhancer iiHMECWT and HMEGMYC.
Data are means +/SEM (n3). A £hematic showing the localization

of GATA3and ESR1PCR amlicons is represented (F Gene set
enrichment analysisof genes regulated byenhancer regulatory
elements bound by luminal lineage transcription factor$iMECWT
versusHMEGMYC (n=3).

Figure 3. SustaineMY Coverexpression confers stem celike traits

(A) Phase contrast photographs showirtMECWT andHMEGMYC
cultured in low adhesion conditions at day 6. Scale bar, 100 um. (B)
Spheres formation efficiency (SFE) WMECWT and HMEGMYC

cultured in low adhesion conditions at day 6 of 4 subsequent

LI a&l 3S&a O6ylrcod OfptfrndnpT FFFtfndanmT
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6 >%Y of mammospheres formed by{MECWT and HMEGMYC
cultured in low adhesion conditions at day 6 of 4 subsequent
passages (n=6)Boxes encompass the 25th to 75tbercentiles;
whiskers extend to 10th and 90th percentijeébe central horizontal

bar indicaes median fold change, the black cross indicates the mean.
FFtfrndamMT FFFtFfne@nPertentfgd ozBesyvitnQd G G S&ad o
high Adehyde dehydrogenase isoform 1 (ALDHIHMECWT and
HMEGMY Ccultured in low adhesion conditions at day Bata are
means HSEM (n3). f Frt FndnnmT { EdSGedelna G GSaido
spheres formation efficiency (SFE) of HMEC WYC -PIK3CA4'R
-P53DD an¢RASData are means +SEM (n3). (F) Serial single cell
spheres formation efficiency (SFE) of HM&EXCC, MECMY Cderived

1° Spheres (M1) and 2° Spheres (M2). Singleleglled clones were
obtained at the indicated timeData are means +/SEM (n3).
(*P<0.05;f Ft f n®dnmT { { @RAByundaresdencdi 6ra i 0
basalo Y w ¢ M n-SMAyaRd luminal (KRT8na ESR1) markers on
undifferentiated and differentiated M2Scale bar50 um. (H) Gene
ontology analysis of differentially regulated genes betweHlMEG
MYCand M2 (n=3). (I)Gene set enrichment analysaf the core
embryonic stem cells (ESCs) gene moduléIMEGVIYC versudi2

(n=3). (J) Schematic representation oHMEGMYC cultured in
adherence conditions andHMEGMYCderived mammospheres,

enriched for cells with selflenewing capacity.
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Figure 4. MYC induces an alternative epigenetic program in
mammary epitelial cells

(A) Barplotshowing the genomic distributionof MYC peaks on
indicated featuresn WT, MYC and M2 HME@®B)Heatmap showing

the dynamic behavior of MY(Qleft) and H3K4me3 (center)
normalizedChlRseq signas over 4458 MYC bound TSSWiT, MYC

and M2 HMECThe gene expression of relative genes is reported on
the right. RPM = reads per million. (Gene ontology analysis of
genes bound by MYC on their TSS, showing relative enriched
biological processes, molecular function and pathway®)
Identification of modulated enhancers among/T, MYC and M2
HMEC In the upper panel, the venn diagram shows the overlap of
the total H3K4mel Chi&eq peaks betweeVT, MYC and M2 HMEC

In the lower panel, selected identified putative enhancers regions
marked byH3K4mel, were analyzed for their enrichment in H3K27ac
histone mark in the comparisons WT vs MYC (left) and MYC vs M2
(right), leading to identification of modulated and unchanged
enhancers. (Efleatmap showinghe dynamic behavior odH3K4mel

and H3K27ac istone marks and MY@ormalized ChlRseq signas

over identified modulated enhancers (2170, 2067 and 5848
enhancers enriched for H3K27ac in WT, MYC and M2 HMEC,
respectively). The gene expression of relative associated genes is
reported on the right.Relevant genes belonging to different groups
are indicated RPM = reads per million. (Eene ontology analysis of
genesassociated to modulated enhancershowing relative enriched

pathways.
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Figure 5. Activation of de novo enhancers drives oncogenic
pathways

(A) On the left, heatmap showing the differential gene expression
profile of genes associated to M@ novoenhancers, ranked by
decreasing fold change in the M2 vs HMHAEZC comparison. On the
right, the heatmap shows the fold change of MYC GeliPsigal on
only the M2de novoenhancers associated to genes induced at least
two fold in M2 with respect to HMERIYC. (B)Gene ontology
analysis of genes associated to MZle novo enhancers and
transcriptionally induced in M2 vs HMBYC showing relative
enriched biological processes and pathway€) Venn diagram
showing the overlap between M2le novo enhancersassociated
genes, which are either transcriptionally induced or bound by MYC,
with at least a twofold change in M2 with respect to HM#EC. (D)
Heaimap showingthe dynamic behavior ofMYC and H3K27ac
normalizedChlIPseqsignas over identified enhancers regions whose
associated genes are transcriptionally induced in M2 with respects to
HMEGMYC (159 and 724 enhancers with either increased MYC
bindingin M2 or not, respectively). The gene expression of relative
associated genes is reporteRelevant genes belonging to different
groups are indicatedRPM = reads per million.-f§ Tag density plots
showingthe average profile of H3Ka¢ and MYCnormalized ChlP

seq signalsin WT, MYC and M2 HMECentered onenhancers
regions associated to genes which are either only transcriptionally
induced (E) or both transcriptionally induced and gained MY C binding
(F) in M2 with respect to HMB@YC.The yellow box indates a 2 kb
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region around the center of the enhancers, in which the MYC binding
enrichment in M2 is seen and which were used for following motif
discovery analysis. Window size is =10 kB) Tables depicting
transcription factors binding motifs enrichme at enhancers
associated to genes which are either only transcriptionally induced
(upper table) or both transcriptionally induced and gained MYC
binding (lower table) in M2 with respect to HMBLY C, with relative
p-values.

Figure6. Reactivation of Wit pathway supports MY@nduced stem

cell features

(A) qRTPCR analysis of MV pathway receptors and creceptors
(FZD1FZD8 LRP5and LRP® and antagonistsOKKland SFRP) on
HMECWT, HMEEGMYC, 1° 2% and 3° Spheres. Relative transcript
levels are normated on Spikén. Data are means +SEM (n=B
(*P<0.05;**P<0.01; **P<0.001; { (i dzR S tdi). QB FACSnalysis
showing GFP signalnd median fluorescence intensity (MFI) of
HMEGMYGC7TGPcultured in low adhesion conditions g@lassage 1
(P1) and pasge (P2).(C) Left panel shows FACS analysis of GFP
signal of HMEGMYGC7TGPcultured in low adhesion conditions at
passage 2 (P2). Gates on total populatiGifP"" (>10°) and GFP"
(<10) cellsare represented. Right panel shows FACS analysis of dye
retention profiles from total, GFP"9" and GFF®" populations. The
number of recorded events for each gate and percentages
representing GFP""and GFP" cell populations respect to the total
are reported (D) Schematicepresentation of GFP" and GFP'"

cells sorting from HME®IYG7TGP, which gave rise to G and
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GFP*-derived 1° Spheres. GEP.-derived 1° Spheres underwent to

a second single cell sorting of GEPand GFP?" cells, which gave

rise to GFPY"- and GFP"-derived 2°Spheres. Representative FACS

analysis showing GFP signal and median fluorescence intensity (MFI)

of sorted HME@IYG7TGP and GFP%-derived 1° Spheres are

reported. (E) Left paneshows sgle cell spheres formation efficiency

(SFE) ofGFP"9" and GFP®" cells, sorted from HME®IYG7TGP,

which gave rise to 1° Spheres (M1). Median fluorescence intensity

(MF1) of GFP- and GFP"-derived M1 is represented. Right panel

shows ngle cell SFE GFP""and GFP" cells, sorted from GFP"-

derived ML, which gave rise to 2° Spheres (M2). MFI of &krnd

GFP™-derived M2 is representedata are means +SEM (n3). (F)

Gene setenrichment analysis of mammary stem cél4aSCsyene

signature in freshly sorteGFP"" and GFF?" cells (n=3).(G) Gene

set enrichment analysis (GSE&howing lung, bone and brain

metastatic signatures freshly sortedGFP""and GFF" cells(n=3).

Figure 7MY Ginduced reprogramming favors the onset of TICs

(A) Phase contrast photographs showing the morphgplo§ HMEC

WT, -MYC,-PIK3CA®*"Rand -MYGPIK3CA*'R Scale bar, 100 pm.

(B) Single cell spheres formation efficiency (SFE) of HMEG/NT ;-

PIK3CA*"Rand -MYGPIK3CA%*'R Data are means +SEM (n=3).
OFFtfndamT FFFtfn®nnpmPhase coaRaSty 0 Qa 0 S
photographs showing colonies formed by HMBEC,-PIK3CA4'R
and -MYGPIK3CA**"Rin softagar. Scale bar, 100 pm. HMEGC -
PIK3CA*R and -MYGPIK3CA*'R spheres formation efficiency
(SFE) are shown in the graph. Data are meahsSEM (n=9).
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OFtrndnp T { ( dzBRifeywiudeérs followitigIrjedtiondof 6 5 0

2x1F HMEGMYGPIK3CA"*"Reellsin mouse mammarfat pad.Data

are meantumorsize/-{ 9a O6YyInod® 6t fndnpT FFFtFNO
t test). (E)H&E staining of tumors gwn after injection of HMEC

MY GPIK3CA**"Reellsin mouse mammarfat pad.Scale bar, 500 pm

the image on the left and 200 um the magnification on the rigR).

Phase contrast photographs showing the morphology of HIMEC

PIK3CA*"Rand XD cellsScée bar, 100 pm.
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Supplementary figures legend

Supplementary Figuré&il.

(A)gRFPCRanalysisof SLUGSNAILZEB1ZEBZand TWISTon HMEC

WT amnl HMEGVYC. Relative transcript levels are normalized on

GAPDHData are means +8EM (n=B (*P<0.05f f t f n®nmT { 1dzRSY (i Qa
t test).

Supplementary Figur&2.

(A) Gene Ontology (GO) analysis of differentially regulated genes

between HMECWT andHMEGMYC (n=3)(B) Gene set enrichment

analysis (GSEA) apical junctionand mitotic spindlegenesin HMEC

WT vesusHMEGMYC (n=3)(C)gRFPCRanalysisof mature luminal

markers MUC1and VEGFCand luminal progenitor marker&(F2S3

STAT5A/Band LETMDYL on HMECWT aml HMEG@VYC. Relative

transcript levels are normalized dBAPDHData are means +5EM

(n=3.(*P<0.05f Ft FrndnmT {A4dzRSydQa G GSado
Supplementary Figur&3.

(A) Phase contrast photographs showiRg/EGPIK3CA4'R -Pp53DD

and-RA&ultured in low adhesion conditions at day 6. Scale bar, 100

um. (B) Growth curve of HMBE@T, -MYC,-PIK3CA*R -p53DD ad

¢RAS cultured in low adhesion conditions for 4 subsequent passages.

Data are means +/SEM (n=p 6 ft F n®npT FFFterndnamT {id
test). (C)Spheres formation efficiency (SFE)HMEGPIK3CA4'R -

P53DD andRAScultured in low adhesion conditions a@ay 6 of 4

subsequent passages (N=@).F t F ndnmMT FFrrterndnnamT { (dzRS
(D)! NB | ) of sn¥immospheres formed bMEGPIK3CA'R -
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P53DD andRAScultured in low adhesion conditions at day 6 of 4
subsequent passages (h=@oxes encompass theb5th to 75th
percentiles; viniskers extend to 10th and 90th percentilése central
horizontal bar indicates median fold change, the black cross indicates
the mean.fF Ft F n®nmT FFFtfnonEBnRgle{cdldzZRSY i Qa
spheres formation efficiency (SF&)HMEC WTMYC -PIK3CA**'R
-P53DD andRAS cultured in mammospheres medium/2% Matrigel.
FFtrnedamT { (.d4R)SHNpl@ Zell 8pherésS ringtion
efficiency (SFE) of primary HMEC WNIYC,-P53DD, andMYG
P53DD. Data are means-+$EM (n=3 (**P<0.01; **P<0.001;

{ G dzR Sy (. CAGerie sdl &hdchindent analysis (GS&ANNt and
HIPPO pathway gends HMEGMYCversus2°® Spheres(n=3). (H)

Gene set enrichment analysis (GS&#wing the gene activity of the
three embryonic stem cells (ESCmodules (MYC module, PcG
module and core moduleh HMEGMY Cversus2° Spheregn=3).
Supplementary Figur&4.

(A) Notched boxplot showing the distribution of expression values of
genes bound by MYC at their TSS in WT, MYC and M2 HMEC, as
indicated. Thehorizontal black lines and black crosses indicate the
median and the average of each distribution, respectively. The boxes
extend from the I'to 39 quartile and the Tukey method was used to
plot whiskers. (B) Notched boxplots showing the distribution of
expression values of genes associated to enhancers enriched for
H3K27ac in WT, MYC or M2 HMEC, as indicated. The horizontal black
lines and black crosses indicate the median and the average of each

distribution, respectively. The boxes extend from th& tb 3
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quartile and the Tukey method was used to plot whiskers. (C)
Barplots showing ene ontology analysis ofienes associated to
enhancers enriched for H3K27ac in WT (red bars), MYC (blue bars) or
M2 (cyano bars) HMECeglRtive enriched biological prossesand
molecular functios are reported (D) Venn diagrams showing the
amount of enhancers associated genes, which are either induced at
least two fold (left) or not (right) in the comparison MYC versus M2
HMEC, which gain MYC binding (at least two fiolclement) in
mammospheres. The total number of genes belonging to each group
and the percentage of genes which gained MYC binding are reported.
The enrichment of genes marked by increased MYC binding at their
enhancers among M2 induced genes, with resgeain-induced, is
associated to a pval = &D6, as calculated by hypergeometric test.
Supplementary Figuré&b.

(A-D) Genomic snapshots showing the epigenetic landscape and MYC
binding at relevant genes associated to modulated enhancers.
TFAP2C and ITGRie shown as representative examples of genes
associated to enhancer dowmgulation between WT and MYC
HMEC (M), while SOX9 and WWTRL1 represent examples of genes
related to activatedde novoenhancers in M2 HMEC-[@. Light grey
vertical bars indicat enhancer regions. Red bars indicate multiple
binding sites for GATA3/ESR1/FOXA1l/ZNF1, while cyano bars
indicates DNase hypersensitive sites which posses multiple unspecific
transcription factor binding sites (data from ENCODE). The physical
interaction d each TSS with enhancer regions is indicated by the

curved lines as indicated by previously published €A data. The
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X axis corresponds to genomic location, while the y axis corresponds
to ChiPseq signal density normalized to sequencing depth.
Suppkmentary Figures%.

(A) Matrigel invasion assayn HMEGMYC,-PIK3CA'**"Rand -MYG
PIK3CA'R cells Data are means +/ SEM (n=¢ (*P<0.05;
**P<0,001; { U dzR Sgsl).QB) Imimunohistochemical staining for
cytokeratins 5/6, P63, cytokeratins 8/18, p&sterone receptor (PR),
estrogen receptor (ER), HER2, VIMENTIN and Kiéfnhwrs grown
after injection of HMEGMYGPIK3CA!*"Rcells in mouse mammary

fat pad. Scale bar, 200 um. (C) Spheres formation efficiEIEl pf
HMEGMYC,-PIK3CA*Rand -MYGPIK3CA**'Rin softagar Data
aremeans+{ 9a Oyl 0D O6frtfndnpT {GdzRSYy il Q&
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Poli_Figure 1.MYC alters cell polarity and mitotic spindle orientation in mammary

luminal epithelial cells
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Poli_Figure 2MYC inhibits the transiptional program of mature luminal epithelial
cells
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Poli_Figure 3.Sustained MYC overexpression confers sterrligelltraits
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