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1. Abstract

Cellular plasticity, the inter-conversion of cells between differentiated cells and stem cells
(SCs), can lead to tissue regeneration and restoration of homeostasis after injury.
Conversely, inappropriate induction of cellular plasticity could be involved in tumor
initiation and progression, through de-novo generation of cancer stem cells (CSCs) by
de-differentiation of normal or non-tumorigenic bulk tumor cells. This intrinsically
dangerous potential must be tightly controlled by genetic and epigenetic mechanisms, to
prevent unscheduled de-differentiation. However, their systematic identification by largescale screenings is just beginning to be exploited.
In order to identify physiological inhibitors of cell plasticity, that could play a function
as tumor suppressors, we performed short-hairpin RNA (shRNA) screens. In the screens,
we used pooled lentiviral shRNA libraries targeting 234 epigenetic regulators to identify
shRNAs endowing mouse mammary progenitors with the SC-specific ability to
regenerate mammary gland tissue upon in vivo orthotopic transplantation. Sequencing of
genomic DNA extracted from the regenerated mammary glands led to the identification
of 38 hits/genes. We individually validated 7 hits by in vivo regeneration assays, showing
that their down-regulation leads to conversion of mammary progenitors into stem cells
able to regenerate mammary glands. We performed also in vitro mammosphere and
phenotypic cell conversion assays to examine the hits’ function in self-renewal and cell
plasticity, respectively. Next, among the validated hits, we showed that the inhibition of
Cbx5 and Kmt2d induced efficient reprogramming of mammary progenitors. Therefore,
we focused to investigate their mechanistic function in reprogramming at the
transcriptome level, by RNA sequencing. We identified a specific enrichment for proinflammatory signalling pathways as an early transcriptional reprogramming response
(ETRR), followed by up-regulation of Myc target genes.
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Finally, in order to set the basis for further characterization of reprogramming
mechanisms induced by the validated shRNAs, we established an organoid assay using
MycER, our positive control for mammary progenitors reprogramming, showing that
MycER over-expression bestows mouse luminal cells with enhanced self-renewal ability
and differentiation capacity. Moreover, we performed a single cell transcriptome analysis
in mouse primary mammospheres that revealed considerable heterogeneity as 20 clusters
identified and led to the identification of Cd36 (glycoprotein, collagen type I receptor) as
a putative mammary SC-specific surface marker. We expect that further analyses of these
data, together with single cell transcriptomic analysis of mammospheres interfered for
the validated hits, will shed light on the mechanisms involved in physiological cell
plasticity.
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2. Introduction

2.1 Cellular Plasticity in Physiology and Cancer
During organism development and homeostasis, acquiring and maintaining a cellular
identity over time is critical for the proper functioning of organs and tissues. In particular,
during cell differentiation within a tissue, stem cells (SCs) residing at the apex of the
hierarchy lose their plasticity and narrow down their identity into differentiated
(specialized) cell types to function. For many years this differentiated state was believed
to be irreversible in mammals. In recent years, seminal studies showed that cellular
identity is not set in stone, but it can be reprogrammed either in experimental settings or
physiological circumstances (Do and Scholer 2004, Takahashi and Yamanaka 2006, Tata,
Mou et al. 2013).
Cellular plasticity refers to the ability of cells to adopt an alternative cellular identity in
response to intrinsic or extrinsic stimuli. During its life span, an organism is exposed to
constant environmental damages, thus requiring mechanisms to respond to injury and
tissue repair in order to restore homeostasis. In adult tissues, homeostasis is maintained
by undifferentiated and self-renewing resident SCs, that are able to generate all cell types
of the tissue (Fig. 2-1). After tissue injury, damaged or lost cells can be replenished by
mobilization of quiescent SCs and increased proliferation of surviving SCs. Alternatively,
accumulating studies showed that tissue cells exhibit remarkable cellular plasticity after
severe tissue injury, and that already specialized cells can revert/dedifferentiate into SCs
that generate all cell types. Lost cells can also be replenished via transdifferentiation into
another differentiated cell lineage. All these processes are often referred to as cellular
plasticity or reprogramming (Tetteh, Farin et al. 2015, Merrell and Stanger 2016).
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Figure 2-1. Stem cell hierarchy in epithelial tissue homeostasis and regeneration
(Adapted from Paul et al. 2014) © 2014 Elsevier Inc. All rights reserved

In tumors, the “classical” cancer stem cell (CSC) model suggests that, at least during the
early phase of carcinogenesis, tumor tissue preserves a hierarchical organization similar
to the normal tissue. The CSCs residing at the apex in the tumor cell hierarchy and as the
only one which able to give rise both CSC and non-CSCs. However, a growing body of
evidence in the last years suggests that considerable plasticity exists between the nonCSC and CSC compartments, and, specifically, that tumorigenic CSCs can be de novo
generated from the bulk tumor cells, most of which are non- tumorigenic (Marjanovic,
Weinberg et al. 2013).
2.1.1 Cellular plasticity in physiology
Cellular plasticity has become increasingly evident as a principal mode of injury response
in many organs in mammals, in particularly in epithelial tissues where the prominent
examples are well documented and a focused effort has been made to identify plasticity
phenomenon (Lin, Srikanth et al. 2018). Epithelia are cellular sheets often residing at the
interface between the external environment and internal body organs, including skin, gut,
airway tracts, kidney, liver, mammary glands, and prostate.

17

Figure 2-2. Cell plasticity in tissue homeostasis and repair
(Adapted from Julia et al. 2017) Copyright © 2017 Macmillan Publisher, part of Springer Nature. All rights reserved.

Recent studies focusing on mammalian plasticity have well characterized the process
thanks to use of the elegant lineage tracing studies in mouse epithelial tissues. These
studies revealed that genetic ablation of SCs (diphtheria toxin receptor (DTR) gene
knock-in) or physiological damage to tissues can lead lineage committed cells to revert
into SCs or functional facultative SCs to restore homeostasis (Blanpain and Fuchs 2014).
Cellular plasticity, in particular epithelial tissues, is present in different forms including
interconversion between different stem cell pools, activation of reserve SCs, and
dedifferentiation, transdifferentiation or phenotypic transition of differentiated cells
within a tissue (Fig. 2-2). Conceivably, all these forms of plasticity are strictly controlled
to maintain physiological organ homeostasis and ensure proper healing (Varga and
Greten 2017).
Reserve stem cell activation plasticity: The intestinal epithelium is the fastest self-renewing

tissue in mammals, and thus it requires continuous regeneration mediated by adult SCs
that reside in two specific, functionally different intestinal stem cell compartments. The
First is composed of actively cycling Lgr5+ SCs present at the crypt bottom, which are
responsible for the daily generation of all differentiated cells (Barker, Ridgway et al.
2009). The second intestinal stem cell pool is instead constituted of quiescent SCs, located
at the +4 position of the crypt, and was originally identified by Bmi1, mTert and HopX
expression. This pool is required after severe tissue damage, and compensates for cell
loss by generating new Lgr5+ SCs (Tian, Biehs et al. 2011)(Fig. 2-2a).
18

Lineage plasticity of functionally distinct stem cell populations: In the epidermis, bulge SCs

are restricted to hair follicles, but extensive damage induces them to acquire lineage
plasticity and transiently contribute to the epidermal compartment irrespectively of their
origin during the acute phase of wound healing (Ito, Liu et al. 2005). This is a robust failsafe mechanism to maintain the regenerative ability in case of stem cell loss when tissue
is injured (Fig. 2-2b).
Transdifferentiation: Liver and pancreas regenerative ability is very well-established, still

a debate is ongoing, regarding the existence of stem/progenitor cells in these organs, and
their function in homeostasis and regeneration. During liver regeneration, hepatocytes
seem to restore homeostasis by self-duplication as facultative SCs. Despite their
proliferative potential, hepatocytes initiate an in vivo differentiation program following
injury that results in their transdifferentiation into biliary epithelial cells (Fan, Malato et
al. 2012, Yanger, Zong et al. 2013). In the pancreas, still no definitive evidence supports
the existence of facultative SCs, however, recent work identified bi-phenotypical cells
expressing both acinar and ductal markers upon severe inflammation and damage.
Moreover, pancreatic acinar cells can be reprogrammed into proliferative duct-like cells
expressing markers for acinar, ductal, and progenitor cells (Fig. 2-2d) (Kopp, Grompe et
al. 2016). In pancreas, in another study using lineage-tracing to label the glucagonproducing α-cells before β-cell ablation showed that tracked large fractions of regenerated
β-cells were derived from α-cells, revealing a previously disregarded degree of pancreatic
cell plasticity through transdifferentiation (Thorel, Damond et al. 2011).
De-differentiation: It is a well-documented form of plasticity in various organs including

lung, gastrointestinal tract, and stomach, in response to tissue injury (Fig. 2-2c). In the
airway epithelium, depletion of basal SCs in the mouse trachea induces the
dedifferentiation of secretory Clara cells into multipotent SCs that are morphologically
and functionally indistinguishable from basal SCs (Tata, Mou et al. 2013).
In the intestine, a lineage tracing study showed that Delta-like 1 (Dll1) expressing
19

progenitor cells (Dll1-GFP-IRES-CreERT2 alleles), during homeostasis, generate short
lived clones including Paneth cells, Tuft cells, and enteroendocrine cells. Following
ablation of SCs by irradiation, Dll1+ cells yield fully labeled crypt units, indicating that
committed secretory progenitor cells can de-differentiate into SCs (van Es, Sato et al.
2012). In the stomach, using a lineage tracing approach with the Troy-Egfp-ires-CreERT2
allele, single marked differentiated Troy+ chief cells are shown to generate complete
labeled gastric units at very low frequency (over a period of months), with their
contribution to the corpus gland increasing after damage. Moreover, Troy+ cells can
generate long-lived gastric organoids, indicating that these cells function as reserve SCs
actively responsive to injury (Stange, Koo et al. 2013).
More recently, it was shown that by lineage tracing that surgical depletion of K15-GFP+
labeled corneal epithelial basal SCs (limbal SCs) located at the corneal regeneration site,
induces corneal-committed cells to dedifferentiated into bona fide limbal SCs, thus
restoring normal tissue dynamics and marker expression (Nasser, Amitai-Lange et al.
2018). Clearly, these examples of different forms of plasticity in epithelial tissue injury
responses suggest that dedifferentiation is widely utilized among many epithelial tissues.
However, it is not the only mechanism for tissue regeneration and repair.
Epithelial-Mesenchymal-Transition (EMT): is a process through which epithelial cells
become mesenchymal cells via the loss of cell polarity and intercellular adhesion to
acquire migratory properties and is also associated with the acquisition of a stem-like
phenotype (Shibue and Weinberg 2017). EMT plays fundamental functions in many
physiological processes such as embryonic development, tissue regeneration and is
reactivated in pathological conditions such as wound healing, organ fibrosis and cancer
(Thiery 2003, Hay 2005, Savagner 2015). EMT is a distinct form of cellular plasticity
from the aforementioned forms as explained in more detail in the section below.
2.1.2 Cellular plasticity in cancer
Cancer is no longer considered a bulk of un-differentiated cells but is instead a complex
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heterogeneous “tissue” manifested in numerous distinct subtypes, each with its own
distinct histopathological and biological features. Cancers often overcome treatments and
become resistant to therapy, and patients are left with few or no effective treatments. A
new and further level of complexity was added by the recognition of cell state plasticity,
in particular, non-CSCs can give rise to CSC-like populations with various degrees of
efficiency.
The previous paragraphs highlight that the cell plasticity is an essential phenomenon
encompassing diverse processes that mediate tissue regeneration and repair. However,
its’ aberrantly activation can contribute to malignant transformation and endow tumors
with the properties required to compensate for reconstruct the heterogeneity and to adapt
to stress (Ye and Weinberg 2015, Merrell and Stanger 2016). Evidently, cell plasticity
can contribute to cancer at different levels from tumor initiation, maintenance and
heterogeneity to metastasis.

Figure 2-3. Models of tumor heterogeneity
(Adapted from Marjanovic et al. 2013)

Cell plasticity in Tumor Initiation: Two models of tumor initiation and progression to

advanced disease have been proposed: Clonal Evolution and Cancer Stem Cell (CSC)
models (Fig. 2-3). The clonal evolution theory suggests that successive mutations
accumulating in a given cell enable it to generate clonal outgrowth that thrive in response
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to microenvironmental selection pressures, dictating the phenotype of the tumor. The
cancer stem cell model, instead suggests that cancer cells with similar genetic
backgrounds can be hierarchically organized based on their tumorigenic potential as a
complex “tissue”. This model implies that tumors contains differentiated cells that are
fueled by CSCs which resembling to their normal tissue counterpart, are placed at the
apex of the tumor hierarchy and are thought to be possess the ability to self-renewal and
initiate tumors. Furthermore, CSCs have been implicated in the eventual metastasis into
distant organs and subsequent therapy resistance. Considerable evidence has been
accumulated in recent years to suggest an evolving third model, the plastic cancer stem
cell theory (non-canonical CSC model), in which bidirectional conversions exists
between non-CSCs and CSCs. This model implies that tumorigenic CSCs can be de novo
generated from non-CSCs populations throughout tumorigenesis (Marjanovic, Weinberg
et al. 2013).
CSCs may represent transformed counterparts of normal adult SCs that are relatively
long-lived and self-renewing. Both these properties would allow them to accumulate and
propagate mutations over time to originate a tumor. For instance, in intestinal cancer,
depletion of adenomatous polyposis (Apc) in Lgr5+ long-lived SCs induces their
transformation within a day. Interestingly, these transformed SCs remain localized at the
crypt bottoms, fueling a growing microadenoma, which can further develop into
macroscopic adenomas within 3-5 weeks (Barker, Ridgway et al. 2009). Also in gastric
cancer, it has been shown that Mist1+ SCs bearing the combination of Kras and Apc
mutations, were shown to serve as a cell-of-origin for intestinal-type cancer (Hayakawa,
Ariyama et al. 2015).
Another important mechanism of CSC generation could involve the ability of epithelial
lineage committed or differentiated progeny, to dedifferentiate into SCs. In particular, the
loss of specific tumor suppressors or activation of certain oncogenes can lead to the
dedifferentiation of terminally differentiated cells and thus favor tumorigenesis by
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increasing the number of tumor-initiating cells. For instance, in the mammary gland the
deletion of the tumor suppressor Brca1 in mammary epithelial luminal progenitors leads
to the formation of tumors that resemble the majority of sporadic basal-like breast tumors,
replete with a heterogeneous expression of both basal and luminal markers (Molyneux,
Geyer et al. 2010).
In the intestine, elevated NF-κB signaling in intestinal epithelial cells (IEC) enhances
Wnt activation and induces dedifferentiation of non-SCs (enterocytes) that can then
acquire tumor-initiating capacity (Schwitalla, Fingerle et al. 2013).
Cell Plasticity in Cancer Maintenance and Heterogeneity: As cited earlier, the CSC model

explains how tumor heterogeneity arises and contributes to tumor progression and
maintenance. Alternative to this is the plastic CSC model, in which stem properties can
be acquired by non-CSCs, rather than a cell-intrinsic property to distinct cell type. Among
the plasticity forms, cancer cell dedifferentiation, and transdifferentiation significantly
contribute to tumor maintenance and heterogeneity by generating de-novo CSCs.
De-differentiation: In invasive colon cancer, depletion Lgr5+ cells (CSCs) via diphtheria

toxin led to reduced tumor growth, when drug administration was halted tumors regrow
rapidly with Lgr5+ cells immediately reappearing, indicating that non-CSCs generate
CSCs responsible for tumor growth (De Sousa, Wang et al. 2013). Moreover, fibroblasts
and tumor-associated macrophages (TAMs) produce factors that induce stemnessassociated pathways, such as Wnt, Notch, NF-kB or YAP/TAZ-dependent signaling.
These factors can induce a stem-like state in differentiated tumor cells (Grivennikov,
Greten et al. 2010, Zanconato, Battilana et al. 2016).
Transdifferentiation:

apart

from

the

dedifferentiation

form

of

plasticity,

transdifferentiation has also been documented to enhance tumor growth and metastasis.
For example, in glioblastomas (GBMs), lethal brain tumors characterized by extensive
abnormal vasculature, lineage tracing demonstrated that glioma SCs (GSCs) give rise to
vascular pericytes and that the elimination of GSC-derived pericytes inhibits tumor
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growth (Cheng, Bao et al. 2010). A further study in GBM showed that GSCs cells give
rise to endothelial lineages, by in vivo lineage tracing analysis (Wang, Chadalavada et al.
2010).
EMT: in cancer, EMT is mainly associated with circulating tumor cells, metastasis, and

cancer SCs. The first suggestion of both EMT and stemness at the invasive front of tumors
was made in 2005 to explains how CSCs disseminate from the primary tumors and
regenerate fully heterogeneous tumors at the secondary sites (Brabletz, Jung et al. 2005).
Later studies showed, in head and neck cancer, hypoxia or over-expression of hypoxiainducible factor-1 alpha (HIF-1α) promotes EMT resulting in the formation of a large
number of lung metastases in mice (Yang, Wu et al. 2008). In mammary gland, EMT
induction in vitro/in vivo in immortalized human mammary epithelial cells (HMLEs),
nontumorigenic and tumorigenic via the ectopic expression of defined TFs (i.e. Twist and
Snail), endows the cells with mammosphere or tumorsphere forming ability, respectively.
Moreover, Twist/Snail-expression in transformed HMLE cells by introduction of an
activated form of HER2/neu (HMLEN) leads to an increased number of tumor initiating
cells which is reminiscent of both human breast CSCs and normal mammary epithelial
SCs (Mani, Guo et al. 2008, Chaffer, Brueckmann et al. 2011).
The correlation between EMT and CSCs indicates that EMT induction is necessary not
only for the dissemination of tumor cells to distant tissues but also for cell conversion
into the CSC state. Therefore, it is not surprising that EMT activation induces autocrine
signaling loops, TGF–SMAD and Wnt/ß-catenin pathways, that are known to contribute
to the stemness of non-neoplastic and neoplastic cells (Scheel, Eaton et al. 2011). In
addition, EMT activation confers to tumor cells a resistance to numerous of therapeutic
drugs, which is another important hallmark of CSCs.
Overall, Cell plasticity contributes to cancer in a myriad of different ways. Thus,
uncovering the mechanisms underlying plasticity has important implication for targeted
cancer therapy and will provide us with new insights into clinically relevant questions.
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2.1.3 Cellular plasticity and epigenetics
Epigenetic is characterized by inheritable, non-genetic histone and DNA alterations,
which (explicitly) explain why, despite sharing the same genome, different cell types
within the same organism respond differently to environmental, developmental, or
metabolic signals. In a simplistic explanation, epigenetics informs a gene where and when
to be expressed by epigenetic modifiers to read, write or erase DNA and histone
modifications. When promoters or transcription start sites (TSS) are methylated,
activating transcription factors are unable to bind these regulatory regions, or repressive
complexes are recruited to these regions to repress of the gene expression. The
fundamental unit of chromatin is the nucleosome which is composed of histone proteins
and wrapped by 146bp of DNA. The N-terminal tails of histones are relatively accessible
to enzymatic modifications that causes alterations in the distance between nucleosomes.
The alterations impact on chromatin compaction and resulting in the recruitment of
histone-modifying complexes that activate or repress gene expression. Three major
categorizes of epigenetic modifications that control gene expression: (1) DNA
methylation, (2) histone marks, and (3) non-coding RNAs (Paksa and Rajagopal 2017).
As described in previous paragraphs, cell plasticity both in normal and cancer tissue is a
responsive mechanism of cells to injury, environmental and genetic perturbation.
Moreover, the maintenance of a stable cellular fate is crucial for normal tissue function,
and it is subjected to tight control by genetic and epigenetic regulators (Tetteh, Farin et
al. 2015). Clearly, there must be a rewiring of the epigenetic landscape in which cell fate
can be redirected into another distinct fate in response to intrinsic and extrinsic stimuli
(Paksa and Rajagopal 2017).
The epigenetic basis of cell plasticity was well established and investigated in a nonphysiological model: the direct reprogramming of differentiated cells into induced
pluripotent SCs (iPSCs), induced by ectopic co-expression of defined factors Oct4, Sox2,
Klf4 and Myc, generates a chromatin landscape that is highly similar to that of embryonic
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SCs (ESCs) (Takahashi and Yamanaka 2006, Okita, Ichisaka et al. 2007, Rais, Zviran et
al. 2013). However, iPSC reprogramming is a relatively inefficient process. Importantly,
the reprogramming efficiencies are dependent on the somatic cell type, and might be
inversely correlated with their degree of differentiation (Maherali and Hochedlinger
2008). This suggests that there are important epigenetic barriers that are imposed during
differentiation to define the cell fate, and that they must be compromised in order to
successfully reprogram a cell to reacquire a pluripotent state.
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2.2 Mammary Gland Biogenesis and Mammary Epithelial Cell
Hierarchy
The mammary gland is a unique organ in mammals that distinguishes them from all other
animal and is among the few ones in which most of the developments occur during the
postnatal life. The mammary gland is a system of hollow interconnecting ducts, to provide
nourishment and passive immunity to offspring until they become able to feed
themselves. The mammary gland originates from an invasive branching cord of
epithelium. There are different developmental stages in both prenatal (embryonic) and
postnatal glands during the lifespan of mammals. In particular, after birth it undergoes
numerous cyclic morphogenetic changes from massive expansion to involution in
response to local and systemic signals, especially in females. Therefore, mammary gland
ducts must contain cells with significant proliferative, invasive and multi-lineage
generative properties allowing these numerous morphogenetic cycles. Indeed, a fully
functioning mammary gland can be generated from a single mammary stem cell (MaSC)
upon transplantation (Kordon and Smith 1998, Stingl, Eirew et al. 2006). Thus, the
mammary gland is a highly useful model system to study stemness, differentiation and
cell plasticity.
In our study, we chose the mouse mammary gland as a model system, due to its structural
and functional similarity to the human mammary gland, and widely used as a model for
human breast cancer development and progression (Cardiff and Wellings 1999).
Therefore, I will mainly focus on mouse mammary gland biogenesis in this chapter of the
introduction.
2.2.1 Mouse mammary gland development
The mouse mammary gland originates simply from the epithelial rudiment. During the
embryonic development, the overlying ectoderm is induced and differentiated from
mammary mesenchyme to form mammary buds which form a placode in the ventral skin
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around E12.5 (Inman, Robertson et al. 2015, McNally and Stein 2017). After birth, the
mouse mammary gland undergoes multistage development during puberty, pregnancy,
lactation and involution.
After birth, the mammary ductal epithelium remains quiescent until puberty (Fig. 2-4 A).
At the onset of puberty, approximately 4 weeks of age in the mouse, under the control of
hormones and other stimuli, the mammary epithelium gives rise to accelerated ductal
extension and branching morphogenesis and large club-shaped terminal end buds (TEB)
appear at the tip of growing ducts (Fig. 2-4B). TEBs are specialized structures containing
histologically distinct and highly proliferative cell types: body cells and cap cells. Body
cells give rise to mammary epithelial cells, Cap cells instead are the precursors of
myoepithelial cells. TEBs drive ductal tree extension at the invading front of the branch
and lumen formation by highly regulated processes of cell proliferation and death in the
TEBs (Humphreys, Krajewska et al. 1996).

Figure 2-4. The multistage of mouse mammary gland development after birth
(Adapted from Inman J.L et al. 2015) © 2015 The Company of Biologist Ltd.

The final ductal tree at the adult virgin stage, which ultimately serves as a channel for
milk, is a bilayer structure that is composed of an apically oriented single layer of luminal
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epithelial cells that are surrounded on the basal side by contractile myoepithelial cells
(Fig. 2-4C). During pregnancy, circulating hormones induce additional branching and
extensive alveolar epithelium proliferation, gradually resulting in differentiated secretory
alveoli that are able to produce milk (Fig. 2-4D).
During the lactation stage, milk proteins synthesized by the luminal epithelial cells are
secreted into the lumen of the secretory alveoli, then the milk moves through ductal trees
into the nipple by contraction of the surrounding myoepithelial cells induced by a
suckling infant (Fig. 2-4D). During the process of weaning an involution occurs, due to
the loss of stimuli for milk production, which leads to a complete remodeling of the
alveolar epithelial compartment: apoptosis takes place, leading to regression of the
mammary glands closely resembles the virgin state (Fig. 2-4E). At each pregnancy, the
epithelial component and the tissue structure go through this process of cyclic remodeling
(Inman, Robertson et al. 2015).
2.2.2 Mouse mammary gland epithelial hierarchy
The mammary gland epithelium is composed of two main cellular lineages: the basally
oriented contractile myoepithelial/basal cells which are in contact with the basement
membrane, and the apically oriented luminal cells that line the ducts (Fig. 2-4C)
(Visvader 2009). As described in the preceding paragraph, mammary epithelium
undergoes highly dynamic changes during the morphogenetic cycle, showing dramatic
regenerative potential and the ability to undergo many cycles of growth and involution.
These properties strongly suggest the existence of MaSCs. Similar to the hierarchical
model in the hematopoietic system, in the mammary gland tissue, the MaSCs are thought
to be at the apex of the hierarchy, responsible to maintain tissue homeostasis by giving
rise to progenitor cells and differentiated cells of both lineages (Visvader 2009, Visvader
and Stingl 2014, Koren and Bentires-Alj 2015).
However, recent studies led to two different models about the nature of MaSCs in the
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postnatal mammary gland. The first one proposes, according to the classical
transplantation assays, the existence of bipotent MaSCs (generate both basal and luminal
lineages) that have an important function in coordination of considerable morphogenetic
changes in the adult glands. The second model postulates, based on lineage tracing
studies, that only unipotent MaSCs (generate either basal or luminal lineages) contribute
to postnatal mammary gland morphogenesis. These opposing views were reconciled in
recent studies and the current knowledge of mammary gland biology suggests the
coexistence of bipotent and unipotent adult MaSCs in the adult mammary gland
(Visvader and Clevers 2016, Celia-Terrassa 2018).
In brief, in 1998 the first evidence that the mammary gland could originate from a single
stem cell was obtained by Kordon and Smith using serial transplantation of retrovirally
labeled tissue fragments into cleared mammary fat pads (Kordon and Smith 1998). Later,
in 2006, two pioneering works showed the prospective isolation of mouse MaSCenriched subpopulations within basal cells. They characterized the basal cells as enriched
for CD29hi CD49fhiCD24med/+ or EpCAM+ Sca-1neg , a combination of cell surface
markers, and demonstrated their ability to reconstitute an entire functional mammary
gland upon transplantation (Shackleton, Vaillant et al. 2006, Sleeman, Kendrick et al.
2006, Stingl, Eirew et al. 2006). These studies suggested that bipotent MaSCs reside at
the top of the epithelial hierarchy in the adult mammary gland.
In 2011, Van Keymeulen et al. using an elegant inducible Cre in vivo lineage tracing
approach to track mammary stem/progenitor cells during embryogenesis, adulthood and
pregnancy, demonstrated that the presence of both basal (Keratin14 positive cells, K14+)
and luminal (Keratin18 positive cells, K18+) unipotent MaSC, revealing an unexpected
degree of complexity within the hierarchy (Van Keymeulen, Rocha et al. 2011). This
study originated and supported the second model mentioned earlier.
In 2012, another layer of complexity was observed in a lineage tracing study, which
showed that cell fate switches could be observed throughout the mammary gland
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developmental stages. In this study, the authors used an Axin2CreERT2 allele was used to
label and track the Wnt/ß-catenin responsive cells. Axin2 was characterized as a
functional mammary stem cell marker as a direct target gene of Wnt/ß-catenin pathways
by showing the Axin2+ cells were able to regenerate mammary gland in transplantation
assays. Depending upon the developmental stages, Axin2+ cells contribute to basal and
luminal epithelial lineages. In the pre-pubertal mammary gland, Axin2+ cells are
restricted to the basal lineage as unipotent SCs, while during pregnancy these cells
contributed to both basal/myoepithelial and luminal cells constituting the alveolar
structure. This latter evidence is somehow coherent with the classical transplantation
assay (van Amerongen, Bowman et al. 2012). These findings suggest the existence of
both bipotent and unipotent MaSCs. In particular, basal/myoepithelail-restricted MaSCs
in the virgin gland are long-lived SCs that can be switched to a bipotent SC state during
multiple pregnancy cycles. However, the results from the lineage tracing studies raise a
question on the existence of bipotent MaSCs along with unipotent MaSCs.
Subsequently, in 2014, Rios et al. provide further evidence for the alternative model of
coexistence of bipotent MaSCs and long-lived unipotent MaSCs (Rios, Fu et al. 2014),
using a novel 3D confocal imaging strategy combined with a stochastic multicolor Cre
reporter for clonal cell mapping studies. One year later, in 2015, Wang et al. identified
the protein C receptor (Procr) as a novel Wnt target in the mammary gland. Procr+ cells
showed high regenerative ability upon transplantation and differentiated into both basal
and luminal lineages as visualized by lineage tracing. Thus, the Procr+ cells are
characterized as a unique population of a multipotent/bipotent mouse MaSCs (Wang, Cai
et al. 2015).
Therefore, these combined approaches helped to resolve the controversy between the
classical transplantation assay and lineage tracing assay, supporting the model (Fig. 2-5)
whereby both bipotent MaSCs and unipotent MaSCs coexist in adult glands, and are
responsible for driving morphogenesis during puberty, whereas bipotent MaSCs
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orchestrate the remodeling of the mammary gland during the involution and contribute to
ductal homeostasis of the mouse adult glands (Fig. 2-4).
Noteworthy, it is crucial to acknowledge the in vivo reconstitution (transplantation) and
in vitro colony formation assays as functional assay to measure the potential of cells
particular activity, particularly under non-native conditions. Whereas, lineage-tracing
experiments measure the lineage fate of cells only in unperturbed native structures thus
the multi-lineage potential of cells may not be evident (Wahl and Spike 2017, Dravis,
Chung et al. 2018).

Figure 2-5. Schematic model of mammary gland epithelial hierarchy
Adapted from Visvader J.E and H. Clevers © 2016 Macmillan Publisher Limited. All rights reserved.

A recent study, in 2017, conducted by N. Fu et al. uncovered three distinct, largely
quiescent MaSC subsets in the adult mammary gland, Lgr5 + Tspan8hi, Lgr5- Tspan8hi,
Lgr5+ Tspan8-, revealing an unexpectedly high degree of complexity within the adult
MaSC compartment, using transplantation assays and measuring cell cycle status by
FACS analysis for pyroninY (RNA content) and 7-AAD (DNA content). These cells are
poised for activation in response to physiological stimuli such as steroid hormones during
pregnancy. This suggests that these dormant MaSCs hold an essential function as reserve
cells, and can be activated by hormones to be functioning as active MaSCs during the
lifespan (Fu, Rios et al. 2017).
Historically, the presence of quiescent/slow-cycling MaSCs in vivo was documented as
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long-lived label retaining MaSCs (Shackleton, Vaillant et al. 2006). Later, a pioneer work
from our lab, Cicalese and Bonizzi et al. in 2009, developed a strategy to isolate and
characterize MaSCs by exploiting their slow-cycling properties in in vitro mammosphere
cultures. Using the PKH26 lipophilic fluorescent dye to label freshly isolated mammary
epithelial cell’s cell membrane, fluorescence intensity gets diluted at each successive cell
division. As a result, highly proliferating cells lose the fluorescent intensity to become
negative for the dye, while slowly-cycling cells retain it. Concordant with previous
observations, the slow-cycling cells which retain high PKH26 fluorescent intensity was
shown to be a MaSC-enriched population (SC frequency=1:3,4) by limiting dilution
transplantation, whereas PKHNeg/low cells fail to

regenerate mammary gland upon

transplantation (Cicalese, Bonizzi et al. 2009). In 2013, Dos Santos et al. employed an
inducible expression system in which the H2b histone, linked to GFP, which was
regulated by a TRE and a tTA under control of the endogenous keratin K5 promoter
(K5tTA-H2b-GFP) to mark slowly dividing cells in mouse mammary gland. This study
led to the identification of a small subset (about 0.2%) of slow-cycling cells as H2b-GFPhi
cells within MaSC population with high repopulating ability (dos Santos, Rebbeck et al.
2013).
These intensive studies on the identity, heterogeneity, location and differentiation
capacity of MaSC had a tremendous impact on the understanding of the mammary
epithelial cell hierarchy. However, as we already reviewed the cellular hierarchy within
epithelial tissues (in the first chapter) that cellular differentiation from stem cells to
differentiated cells is not unidirectional, instead committed progenitors or “terminally
differentiated” cells can change their fate under certain conditions (i.e. tissue damage or
stem cell ablations). This is also true in the mammary epithelial cell hierarchy wherein
the cell fate plasticity becomes more evident in its contribution towards tumor
malignancy.
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2.2.3 Mammary epithelial cell plasticity
To date, mammary epithelial cell plasticity under physiological conditions has not yet
been directly addressed. However, EMT has been extensively addressed in recent studies
as a distinct form of epithelial cell plasticity, correlated with stemness both in normal and
cancer cells (Shibue and Weinberg 2017). In 2008, Mani et al. showed the first evidence
of a direct link between EMT and the gain of stem cell properties, both in normal and
transformed cell lines. They found that the Basal/MaSC enriched subpopulation of nontumorigenic immortalized human mammary epithelial cells (HMLEs) expresses several
EMT markers and high levels of the EMT transcription factors (EMT-TFs): Snai2/Slug
and Twist. Ectopic expression of slug or twist in HMLEs or in their transformed derivative
HMLEN (expressing a activated form of the oncogene HER2/neu) endowed them with
normal or cancer stem cell

properties, respectively, as increased ability to form

mammospheres in suspension culture, and increased frequency of CSCs (Mani, Guo et
al. 2008).
In 2012, the same group, Guo et al. showed that transient co-expression of two key MaSC
transcription factors, Sox9 and Slug (Snail2), within mouse primary luminal
differentiated cells, could convert them into MaSCs with long-term reconstituting
capacity (Guo, Keckesova et al. 2012). In the same year, Chakrabarti et al. showed that
the loss of Elf5 (tumor suppressor gene) induces EMT through transcriptional upregulation of EMT-TFs, Twist1/2, Zeb1/2 and Snail2. The authors dissected a regulatory
axis linking the Elf5 and Snail2 to EMT and metastasis, and showed that the loss of Elf5
increases Snail2-dependent MaSCs’ number and promotes breast cancer metastasis.
These findings suggested that Elf5 plays a function in preventing dedifferentiation of
progenitor cells to SCs (Chakrabarti, Hwang et al. 2012).
A year later, in 2013, Chaffer et al. described a key EMT-TF, ZEB1, in mammary
epithelial cell plasticity. They showed the generation of new cancer SCs (CSCs) from
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non-cancer SCs (nCSCs) in breast cancer cell lines, both in vitro and in vivo (Chaffer,
Marjanovic et al. 2013).
In 2011, Chaffer et al. previously observed that in adhesion culture of human mammary
epithelial (HME) cells, a small proportion of cells grew in suspension termed as HMEfloating population of cells (HME-flopcs). Within this floating cell fraction there are two
populations: CD44high cells (putative stem-like cells) and CD44low cells (a more
differentiated population). They showed that the HME-flopcs-CD44low cells can
spontaneously de-differentiate into stem-like cells (CD44hi) with both reconstitution
ability in humanized mouse mammary fat pad and differentiation ability (Chaffer,
Brueckmann et al. 2011). In the same year, an involvement for the deregulation of the
Hippo signaling pathway in cell fate plasticity was uncovered by Cordenonsi et al. They
demonstrated that elevated expression level of hippo signaling pathway transcription
factor TAZ, in non-CSCs, endowed them with CSCs properties, such as self-renewal and
tumor initiation ability (Cordenonsi, Zanconato et al. 2011).
In 2015, two groups independently showed that the oncogenic mutant PIK3ca
(PIK3caH1047R) expression in normal mammary epithelial leads to distinct cell state
changes: basal and luminal lineage restricted cells can de-differentiate into multipotent
stem-like states at the early stage of tumor initiation, priming the stage for upcoming
intratumor heterogeneity. This was revealed using lineage tracing in adults (Lgr5CreERT2/Tomato-reporter for basal lineage restricted cells and K8-CreERT2/Tomatoreporter mice for luminal lineage restricted cells) with or without PIK3caH1047R and
limiting dilution transplantation approaches (Koren, Reavie et al. 2015, Van Keymeulen,
Lee et al. 2015). In 2016, Panciera et al. showed that transient over-expression of
YAP/TAZ in luminal differentiated cells (EpCAMhighCD49flowCD61-) directly
reprograms them into de novo MaSC-like cells with reconstitution ability in vivo and selfrenewal and full differentiation ability, as assessed in vitro by organoid assay (Panciera,
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Azzolin et al. 2016).
A year later, in 2017, Britschgi et al. used high content confocal imaging coupled with
shRNA screens to discover that large tumor suppressor kinases 1 and 2 (LATS1 and
LATS2), part of the Hippo pathways, play essential functions in human mammary
epithelial cell fate determination, via direct interaction with ER. In particular, shRNAmediated knockdown of LATSs in human and mouse primary mammary epithelial cells,
resulted in an increased number of bipotent and luminal progenitors, that are thought to
be the cells-of-origin of most human breast cancer (Britschgi, Duss et al. 2017).
More recently, in 2018, Dravis et al. studied the epigenetic and transcriptomic profiles of
mouse mammary epithelial cells enriched for E18 fetal MaSCs (fMaSCsEpCAMhighCD49fhigh) and adult Basal cells (Ba-EpCAMmed-lowCD49fhigh), luminal
progenitors (LPs-EpCAMhighCD49fmed-lowCD61high), mature luminal cells (MLsEpCAMhighCD49fmed-lowCD61low) to better understand the mechanisms underlying the
ability of differentiated cells to gain of stem-like properties. They identified SOX10 as a
regulator of mammary stem and progenitor identity in normal mammary glands. In cancer,
SOX10high expressing cells showed dedifferentiation and an EMT-like phenotype,
suggesting that SOX10 regulates cell state plasticity (reprogramming) in normal and
transformed mammary epithelial cells (Dravis, Chung et al. 2018).
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2.3 Epigenetics of Mammary Epithelial Cell Hierarchy
During the lineage commitment processes, epigenetic programs are known to play a
fundamental work in lineage specification through remodeling of the chromatin
architecture (Margueron and Reinberg 2011). Multiple epigenetic mechanisms are known
to contribute to specific gene expression or silencing during differentiation, including
DNA methylation, post-translational modification of histone tails, chromatin remodeling
and nucleosome positioning.
The epigenetic mechanisms underlying the self-renewal and differentiation of SCs and
progenitor cells are still largely unknown, except for the embryonic SCs (ESCs), induced
pluripotent SCs (iPSCs) and the hematopoietic system (Liang and Zhang 2013, Sharma
and Gurudutta 2016). The mammary gland is a particularly useful model to study these
complex epigenetic processes, due to the fact that most of its development occurs
postnatal, making it easily accessible for study. Therefore, a number of epigenetic
modifiers controlling the balance between the MaSC self -renewal and their
differentiation have been identified. Polycomb proteins, histone methylation readers and
DNA methyltransferases were shown to play important functions in maintaining MaSC
and committed progenitor cells, and Lysine demethylases were shown to be involved in
luminal lineage commitment (Holliday, Baker et al. 2018).
2.3.1 DNA methylation
DNA methyltransferases: DNA methylation was the first example of an epigenetic mark
found to govern the mammary epithelial cell fate. In 2011, Lee et al using bisulphite
sequencing of Elf5 promoters in different lineages and showed a lineage specific
hypermethylation in the basal/stem (88%), as compared to luminal progenitor cells (29%)
and mature luminal cells (22%). This was the first example of an epigenetic mark that
governs mammary cell fate, indicating that DNA methylation is important for the
expression of lineage specific transcription factors in the mammary gland (Lee,
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Hinshelwood et al. 2011).
In 2015, Pathania et al. investigated the function of Dnmt1 in the mouse mammary gland.
Dnmt1is a de-novo methyltransferase, principally responsible for the restoration of the
original methylation pattern present prior to DNA replication. FACS analysis of
mammary epithelial cells from Dnmt1 knock-out mice showed a reduced number of
MaSC-enriched basal (Lin-Cd49fhighCD24+) and luminal (Lin-Cd49flowCD24+) cells.
Dnmt1-/- MaSCs showed reduced frequency of re-populating units and mammosphere
forming efficiencies, suggesting that Dnmt1 is required for the maintaining of MaSCs
(Pathania, Ramachandran et al. 2015).
2.3.2 Histone marks and their readers
Polycomb group of proteins: In 2008, Pietersen et al. studied a member of the Polycomb
Repressive Complex 1 (PRC1), Bmi1, in the regulation of mouse mammary SCs selfrenewal and the differentiation of committed progenitor cells. Bmi1 knock-out led to a
14-fold reduction in re-populating ability of MaSCs upon serial transplantation, implying
it has function in MaSC self-renewal. Loss of Bmi1 causes precocious alveolar cell
differentiation, whereas its over-expression prevents it (Pietersen, Evers et al. 2008). In
2013, Pal et al. using conditional targeting of Ezh2 in the mouse mammary gland, showed
a profound impairment in ductal morphogenesis that lead to reduced alveolar unit density
(Pal, Bouras et al. 2013). In the same year, another study conducted by Mickalak et al.
concomitantly showed that expression of a doxycycline-inducible shRNA targeting Ezh2
in vivo, delays ductal elongation to penetrate into the surrounding adipose stroma in the
fat pad as a consequence of a reduced luminal progenitor pool. Mammary epithelial cells
from these mice showed both lower re-populating ability upon transplantation and colony
forming efficiency in vitro, suggesting a critical function of Ezh2 in progenitor
proliferation and differentiation (Michalak, Nacerddine et al. 2013).
Histone methylation reader: In 2013, Gu et al. showed that specific deletion of Pygo2
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in basal cells, a histone methylation reader that is also a co-activator of the Wnt/ß catenin
pathway, results in a two-fold reduction of the basal/MaSC population and a decreased
re-populating ability. Mechanistically, Pygo2 deletion allowed Notch-mediated luminal
differentiation. This suggested that Pygo2 has an important function in preventing the
differentiation of MaSCs towards the luminal lineage, in order to maintain MaSCs’ basal
fate via the coordination of the Wnt and Notch pathways (Gu, Watanabe et al. 2013).
Lysine demethylases: In 2014, Zuo et al. generated knockout mice for the Jarid1b gene,
encoding for a lysine demethylase that removes tri- and di-methylation of H3K4. Jarid1b/-

mouse showed a delayed in mammary ductal growth, during pubertal development. The

authors mechanistically showed that the Jarid1b is critical for the expression of key
regulators, of pubertal mammary gland development, namely Foxa1, Wnt7b, Fgr2 and
Prlr (Zou, Cao et al. 2014). In 2016, Yoo et al. investigated the function of the H3K27me3
demethylase Kdm6A in the mammary gland. Deletion of Kdm6a in mammary epithelial
cells lead to defects in mammary gland development during pregnancy, in particular, to
excessive expansion of the basal compartment and lack of luminal lineages. These
findings highlight the importance of Kdm6a in establishing a balanced expansion of the
basal and luminal lineages (Yoo, Oh et al. 2016).
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Figure 2-6. Schematic model for the epigenetic regulation of mammary gland epithelial hierarchy

Adapted from Holly Holliday et al. 2018 © The Author(s).

In summary, epigenetic modifiers have been shown to exert important functions in
governing mammary gland development and hierarchy (Fig. 2-6). Focusing on the
mechanism of the epigenetic process underlying normal mammary gland development,
leads to more profound understanding of breast cancer wherein perturbation of this
epigenetic processes could lead to cell state plasticity. Therefore, more global strategies
such as functional screens in mammary epithelial cells using epigenetic shRNA or
CRISPR-cas9 libraries to identify and elucidate the genes and pathways that control cell
plasticity could be critical to design truly effective cancer therapies.
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2.4 Background, Rationale and Aim of the Study
Maintenance of a stable cellular differentiation state is crucial for normal tissue function
and conceivably it is subjected to tight control by genetic and epigenetic regulators
(Tetteh, Farin et al. 2015).This hypothesis was mainly investigated in a non-physiological
model, namely the reprogramming of differentiated cells into Induced Pluripotent SCs
(iPSCs) by co-expression of Oct4, Sox2, Klf4 and Myc (Rais, Zviran et al. 2013). Both
candidate approach and shRNA screens led to the identification of genes involved in
iPSCs reprogramming (Qin, Diaz et al. 2014, Cheloufi, Elling et al. 2015). In more
physiological model systems, some genes regulating liver regeneration and pancreatic
cell trans-differentiation were recently published (Wuestefeld, Pesic et al. 2013, Sancho,
Gruber et al. 2014). However, systematic identification of physiological inhibitors of the
de-differentiation process through genetic screenings is just beginning to be exploited
(Sun, Chuang et al. 2016).
In order to identify the physiological inhibitors of cellular plasticity in the mouse
mammary gland model system, in vivo screens of pooled shRNA libraries were performed
in our group. The screenings aimed at the induction of a functional SC phenotype in
mammary progenitor cells, as assessed by the ability of a single stem cell to regenerate
the mammary gland in vivo. Several hits were identified in the screenings as putative
inhibitors of reprogramming progenitors into SCs.
The general aim of our study was to validate individual shRNAs identified in the screens,
both by in vivo and in vitro assays, and select some of the most relevant validated hits to
further investigate their function in reprogramming and the mechanisms involved.
Importantly, accumulating evidence strongly suggests a function of cellular plasticity in
the generation of highly malignant CSCs from non-stem, more differentiated, tumor cells.
Therefore, a deeper knowledge of the mechanisms controlling cellular plasticity in
physiological conditions and their de-regulation in cancer, could lead to the design of
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therapies specifically aimed at its inhibition, to achieve more effective target therapy.
2.4.1 Cbx5 and Kmt2d are the selected hits in this study
Cbx5: the gene encodes the HP1⍺ protein and is a member of the heterochromatin protein
family, that includes HP1⍺, HP1β, and HP1γ. They share a highly conserved “chromoshadow” domain that binds specifically to di-and tri-methylated histone H3 lysine 9
(H3K9me2/3), leading to heterochromatin compaction and transcriptional repression, and
a “chromo” shadow domain that is involved in protein-protein interaction (Eissenberg
and Elgin 2014). HP1⍺ has various functions such as heterochromatin formation, mitotic
progression, gene-regulation, and forms complex networks of gene, RNA, and protein
interactions (Vad-Nielsen and Nielsen 2015). HP1⍺ is implicated in cancer, including
lung, colon and breast carcinoma (De Lange, Burtscher et al. 2001, De Koning, Savignoni
et al. 2009, Yu, Chiou et al. 2012).
Kmt2d is a histone lysine(K) N-methyltransferase 2d, formerly named Mll2. Kmt2d is
the catalytic component of the mammalian COMPASS (COMplex of Proteins ASsociated
with Set1) complex, which enhances transcription through lysine K-specific mono-and
di-methylation (H3K4me1/2) at enhancer regions in DNA (Herz, Mohan et al. 2012).
Kmt2d plays important functions in regulating gene transcription and is frequently
mutated in a variety of cancers, including lymphoma (Morin, Mendez-Lago et al. 2011),
medulloblastoma (Jones, Jager et al. 2012), and gastric cancer (Zang, Cutcutache et al.
2012). Kmt2d is also mutated in other human diseases, such as Kabuki syndrome
(Paulussen, Stegmann et al. 2011). The identified Kmt2d mutations belong to the loss-offunction type, suggesting that it is a tumor suppressor in various tissues (Zaidi, Choi et al.
2013, Rao and Dou 2015).
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3. Materials and Methods

3.1 Animal Experiment
3.1.1 Mice
7 or 8 week-old FVB wild-type female mice for mammary epithelial cell preparation and
3 week-old mice for transplantation were purchased from either Envigo or Charles River.
3.1.2 Mammary cleared fat pad transplantation assay
For mammary gland regeneration assay, the sample material to be injected (dissociated
mammospheres or infected PKHneg cell subset) was collected; cells were counted and
re-suspended in PBS at the proper cell density in 20μl of final volume per injection. 3
week-old female FVB mice were anesthetized with 2.5% Avertin in PBS (100% avertin:
10g of 2,2,2- tribromoethanol, Sigma, in 10 ml of 2-methyl-2-butanol, Sigma) and the
fat-pad of their inguinal mammary gland was depleted of the endogenous mammary
epithelium. At 3 weeks of age the mammary epithelial tree has not undergone the pubertydriven development that results in the penetration of the fat pad, and can be easily
removed by surgical cut of the area spanning from the nipple to the lymph node, leaving
the fat-pad clear for the injection of exogenous cells (Fig. 3-1).

Figure 3-1. Cleared mammary fat pad transplantation assay
Modified from Maria del Mar Vivanco (ed.), Mammary Stem Cells: Methods and Protocols, Methods in Molecular
Biology, vol. 1293, © Springer Science+Business Media New York 2015.

After 12 weeks, the mice were sacrificed with CO2, and the transplanted mammary glands
were taken and outgrowths were quantified as a percent of fat pad filling after carmine
alum whole mount staining (range, 25% to 80%).
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3.1.3 Carmine alum whole mount staining
The transplanted mammary glands were stretched out onto slides and fixed for at least
2hrs or overnight in 4% formaldehyde. Slides were washed twice in distilled water for 10
minutes and then stained overnight or more at room temperature with Carmine Alum
solution (0.2% carmine, 0.5% aluminium potassium sulphate in water, Sigma). Destaining was performed in 70% ethanol for 30 minutes, followed by two 30 minutes’
washes in 95% and 100% ethanol. Finally, samples were soaked in a 1:2 solutions of
benzylalcohol/benzylbenzoate (Sigma) until the fat pad color clarified.
3.1.4 Evaluation of positive transplants and statistical analysis
Using stereo microscope, fat pads were scored as positive if the ductal branching had
originated from a central region of the cleared fad pad, with radial directionality of the
ductal branching. Estimation of stem cell frequency was performed using the Extreme
Limiting Dilution Analysis (ELDA) web tool (http://bioinf.wehi.edu.au/software/elda/)
(Hu and Smyth 2009). ELDA computes a 95% confidence interval for the active cell
frequency in each population group and it implements a likelihood ratio test for the
acceptance of the single-hit hypothesis (p-value).

3.2 Primary Mammary Epithelial Cells and Cell lines
3.2.1 Isolation of mouse primary mammary epithelial cells
The inguinal and axillar normal mammary glands were collected from 7 to 8 week-old
virgin WT FVB mice. Mammary tissues were mechanically dissected into small pieces
approximately 1-3mm size with scissors, and enzymatically digested with the following
digestion mixture: Dulbecco’s modified Eagle’s medium (DMEM, Bio Whittaker), 2mM
glutamine, 100U/ml penicillin and 100μg/ml streptomycin, supplemented with 200 U/ml
collagenase (Sigma) and 100 U/ml hyaluronidase (Sigma) on the rotating wheel for 2-3
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hours at 37°C in a humid atmosphere containing 5% CO2. When the digestion was
complete, the cell suspensions were centrifuged at 600 rpm for 5 minutes and then resuspended in PBS and filtered through 100, 70 and 40, 20μm cell strainers to eliminate
cell aggregates. Red blood cells were lysed with ACK lysis buffer (Lonza) for 2 minutes
in ice. Cell suspension depleted of red blood cells was washed with cold PBS and cultured
in suspension in SC medium, as described below, to obtain mammospheres, stained with
the PKH26 fluorescent dye or used for growth assays.
3.2.2 Primary mammosphere culture
Primary mammary cells were stained with PKH26 and plated onto ultralow attachment
6-well plates (Falcon) at a density of 400,000 viable cell/ml (to obtain primary
mammospheres) in a serum-free mammary epithelial basal medium (MEBM, Bio
Whittaker), supplemented with 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml
streptomycin, 5 μg/ml insulin, 0.5 μg/ml hydrocortisone, 2% B27 (Invitrogen), 20 ng/ml
EGF and βFGF (Peprotech), and 4 μg/ml heparin (Sigma) and cultured at 37°C in 5%
CO2. In these conditions mammary epithelial cells grow as clonal colonies called
mammospheres that reach their maximum size in 5-6 days. After 7 days of culture,
primary mammospheres (obtained from freshly isolated mammary cells) were dissociated
mechanically using a Gilson® pipette and re-plated at a density of 20,000 cells/ml in 6well low-adhesion plates, to obtain secondary mammospheres. The same procedure was
repeated at each serial re-plating passage for in vitro stemness assay.
3.2.3 PKH26 label retaining assay
WT FVB primary mammary cells were re-suspended at the concentration of 1x10 7
cells/ml and stained for 5 min at room temperature by adding an equal volume of a PKH26
mix (1:2500 PKH-26 dye in PBS) (Sigma, PKH26-GL), moderate shaking in light
protected for 5min. Then, the labelling blocked with 5% BSA, washed twice with PBS,
and plated in SC medium to obtain primary mammospheres.
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3.2.4 FACS sorting of PKH26 labelled cells
PKH26-labeled mammospheres were collected after 7 days and mechanically dissociated
to obtain single cell suspension. After a filtering step with a 70μm cell strainer cells were
subjected to FACS sorting. The gate for PKH26 negative population was selected
according to the basal fluorescence of unstained cells. The obtained PKHneg cells were
subjected to be infected by shRNA virus followed by transplantation after a short time
(3-4 days) culture as mammospheres or in adhesion.
Cell sorting was performed either on BD MoFlo cell sorter equipped with a 488 nm laser
and with a band pass 575/26 nm optical filter for PKH26 fluorescence detection, or on
BD FACSAriaTM Fusion (Biosciences).
3.2.5 FACS sorting of mammary epithelial cell sub-populations
Single cells freshly isolated from the mammary tissue were mixed with digested
organoids. Organoids were derived from the collection of aggregates that did not pass
through each of the cell strainers used. This material was further digested with
trypsin/EDTA (Lonza), dispase (5 U/ml, Stem Cell Technologies) and DNase (1 mg/ml,
Stem Cell Technologies). Inactivation of the enzymes was performed with cold PBS
supplemented with 2% FBS. The cell suspension of single cells and digested “organoids”
was blocked in BSA 10% and count then re-suspend in PBS+1%BSA. Staining the cells
1h on ice in dark with mammary epithelial cell surface markers as listed below:
- Lineage cocktail (Lin-): anti-CD45 (eBioscience, clone RA3-6B2); ant-Ter119
(eBioscience, clone Ter119); anti-CD31 (eBioscience, clone 390); all PE-Cy7
conjugated (1:300)
- Anti-CD24 (eBioscience, clone M1/69) PE conjugated (1:200)
- Anti-CD49f (eBioscience, clone GoH3) APC conjugated (1:100)
After 1h staining, cells were washed once with 1xPBS, and re-suspended to be sorted
by BD FACSAriaTM Fusion (Biosciences).
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3.2.6 Cell lines and culture
3.2.6.1 NMuMG cell line culture

The NMuMG mouse mammary gland epithelial cell line was obtained from IEO Tissue
Culture unit at passage number 21. Cells were cultured with DMEM supplemented with
10% FBS (South America origin), 2mM L-Glutamine and 10ug/ml Insulin. Splitting
ratio 1:3 to 1:5 twice a week.
3.2.6.1.1

Test shRNA Down-Regulation Efficiencies

NMuMG cells were cultured by plating at 200,000 cells/well concentration into 6-well
tissue culture plates, and infected with concentrated and titrated shRNA lentivirus at
M.O.I. 2 with supplied polyberene. Next day stop infection after 16-17h by changing
fresh medium. At 72h post-infection, start puromycin selection with 3ug/ml concentration
to purify infected cells for the following RT-qPCR analysis. Infected and selected cells
were collected with Zymo-lysis buffer and proceed the following steps to purify total
RNA or stored at -80°C if not immediately proceed to RNA purification.
3.2.6.2 CommaDß mouse mammary epithelial cell line

CommaDß cells were kindly provided by Dr. Paola Bonetti from IIT, cultured in
DMEM/F12 medium supplemented with 2% FCS, 2mM L-glutamine, 10 μg/ml bovine
insulin, and 5ng/ml murine EGF. Splitting ratio 1:12 twice a week.
3.2.6.2.1

FACS Analysis of Sca-1high Stem/Progenitor cell Sub-population

CommaDß cells were plated at 200,000 cells/well into 6-well plates and infected with
concentrated and titrated shRNA lentivirus at M.O.I. 2 with supplied polyberene. Stop
infection after 16-17h by changing fresh medium. At 72h post-infection, start puromycin
selection with 2,5ug/ml concentration to purify infected cells for the following FACS
analysis. Infected and selected cells at 6-7 days after post-infection, plated 200,000
cells/well into 6-well plates as Day0. Day2 cells were detached with trypsin incubating
5min at 37°C when cells reached 70-80% confluences (don’t allow the cells to reach over-
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confluences). Count the cells and re-suspend 200,000 cells in 200ul PBS as single cell
suspension, stained for Sca-1 and Cd24 cell surface markers as listed below:
-

Anti Ly-6a/e(Sca-1) Ab (eBioscience, clone D7) PE-Cy7 conjugated (1:200)
-

Anti-CD24 Ab (eBioscience, clone M1/69) APC conjugated (1:400)

FACS analysis were performed on MACSQuant analyser 10 (Miltenyi Biotec)
3.2.6.3 MCF10A

MCF-10A cell line was obtained from IEO tissue culture unit, DMEM/F12 supplemented
with 5% Horse Serum, 100 mg/ml EGF, 1mg/ml Hydrocortisone, 1mg/ml Cholera toxin
AND 10mg/ml Insulin. Split ratio 1:4.
3.2.6.3.1

MCF10A mammosphere assay

MCF10A cells were detached from culture plates by incubation with Trypsin for 20min
incubation at 37°C, collected and counted. Re-suspend the cells at 1500cells/ml
concentration with stem medium and plate into 24-well plate 1ml/well for suspension
culture. Every 5-7 days, collect and count the mammospheres, wash once with 1xPBS,
incubate with Trypsin at 37°C for 5min followed by mechanical disassociation with P200
pipette to obtain single cell suspension. Count the cell number and re-suspend again at
1500cells/ml concentration with stem medium, plating into 24-well plate with 1ml/well.
Same procedure repeated for subsequent passaging.
All mammalian cell cultures were maintained at 37°C, 5% CO 2 and 20% O2 and
handled according to the principles of aseptic technique.

3.3 shRNA Libraries and Screening
3.3.1 shRNA Libraries
Custom-made mouse epigenetic libraries were purchased from Cellecta Inc. The shRNAs
were cloned into the pRSI17-U6-(sh)-UbiC-GFP-2A-Puro lentiviral vector containing the
puromycin-resistance and the GFP fluorescent marker. shRNAs were under the control
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of a constitutive U6 promoter and univocally associated to a bar-code cassette (BC) of 18
degenerated, non-overlapping nucleotides. The libraries contained 1180 (mEpi1) and
1160 shRNAs (mEpi2) targeting 234 epigenetic genes, each with 10 different shRNAs,
and 30 scrambles for each sub-libraries.
3.3.1.1 PRSI17 Lentiviral Vector

The pRSI17-U6-sh-UbiC-TagGFP2-2A-Puro shRNA Cloning and Expression Vector is
a human immunodeficiency virus (HIV) lentiviral vector with a constitutive U6 promoter
to express shRNA constructs. The linearized vector purchased from Cellecta Inc, and is
used for cloning shRNA oligos.
3.3.2 ShRNA cloning into PRSI17 lentiviral vector
Individual shRNAs identified from the screens were cloned into same vector used in the
screen, the pRSI17-U6-(sh)-UbiC-TagGFP-2A-Puro vector (Cellecta Inc.), following the
manufacturer’s protocol. The pRSI17 empty vector or Luciferase sh cloned into same
vector were used as neutral controls.
Table 3- 1. The list of shRNAs and sequences used for both Mouse and Human cells

3.3.2.1 Plasmid isolation and sequencing

Plasmid DNA was purified from large-scale bacterial cultures with the use of the
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NucleoBond® Xtra Maxi kit (MACHEREY-NAGEL), according to the manufacturer’s
instructions. Cells were resuspended, lysed in alkaline conditions and subsequently
neutralised with the addition of appropriate buffers (Birnboim and Doly, 1979 (Birnboim
and Doly 1979)). Lysates were centrifuged at ≥ 5,000 x g for 10 minutes in order to
precipitate cell debris, protein- SDS complexes, chromosomal DNA and high molecular
weight RNA. Supernatants, containing the plasmid DNA, were then transferred to a
NucleoBond® Xtra Column, included in the kit, and cleared by the specially designed
column filter. Next, plasmid DNA was bound to the NucleoBond® Xtra Silica Resin and,
after a washing step, eluted in a high-salt concentration buffer. Finally, the eluted DNA
was precipitated with the addition of isopropanol and the resulting pellet re-dissolved in
a low volume of dH2O. The purified plasmids were quantified on the NanoDrop 1000
spectrophotometer (Thermo Scientific) and sequencing of inserts were performed, before
any use in further applications.
3.3.3 Lentivirus preparation
For lentiviral production HEK293-T cells were kept in DMEM supplemented with 10%
FBS (Life Technologies), Glutamine and Antibiotics (HEK medium). Lentiviral particles
were prepared by transiently transfecting HEK293T with the calcium-phosphate
procedure with a mixture of lentiviral vectors: 7μg of dR8.2, 7μg of pENV (VSV- G),
and 13μg of the lentiviral vector per plate. 62.5μl of 2M CaCl2 were added to the DNA
mix and brought to a total volume of 500 μl with water. The mix was added drop-wise to
500μl of 2X HBS (HEPES buffered saline: 250mM HEPES pH 7.0, 250mM NaCl and
150mM Na2HPO4) by bubbling. After 15 minutes of incubation, the precipitate was
distributed on 70% confluent exponentially growing cells. The medium was replaced 16
hours later with DMEM medium. Viral supernatant was collected 24 and 48 hours after
and filtered through a 0.45μm syringe-filter. The viral supernatant was concentrated by
ultra-centrifugation for 2h at 22,000 rpm at 4°C and the viral pellet obtained was resuspended in PBS at 1000X concentration and frozen at -80°C.
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3.3.3.1 Lentivirus titration

The functional titre was determined for each batch of viral stock independently, by
infection of 293T cells with serial dilutions of the frozen stock corresponding to 0.00011 μl of virus (Barde, Salmon et al. 2010). More precisely, 250,000 cells per well were
plated in a 12-well plate in 0.5 ml of medium and transduced in duplicate with 1, 0.1,
0.01, 0.001 or 0.0001 μl of concentrated virus. The cells were collected at 72h postinfection, washed and fixed in a 2% formaldehyde solution (diluted in PBS from 37%
stock, VWR). The percentage of the GFP+ infected cells was estimated by flow cytometry
analysis and the titre was, then, calculated with the aid of the equation below, considering
only the dilutions of viral stock which yielded 1-20% GFP+ cells:
Number of target cells (count at day 1)𝑥[
𝑇𝑈
𝑇𝑖𝑡𝑟𝑒 ( ) =
ml
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑚𝑙)

% 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠
]
100

The titre was finally reported as transducing units per ml (TU/ml) and typically ranged
between 108-1010 TU/ml.
3.3.4 Lentiviral infection
The FACS sorted PKH26Neg/low cells or luminal cells (Lin- Cd24med Cd49fhi) were infected
with the concentrated virus in suspension or adhesion, in their own medium added with
polybrene, prior to transplantation, mammosphere or organoid assay. Infection efficiency
was assessed by GFP expression followed by manual counting of GFP positive cells.

3.4 In vivo shRNA Screening
The purified PKH26Neg/low mammary progenitors were infected with pooled shRNA
lentiviral libraries that targets 234 epigenetic regulators and for technical reasons were
split in two sub-libraries mEpi1 and mEpi2 targeting 118 genes and 116 genes,
respectively, each with 10 different sh constructs, transplanted into 3-week old mouse
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mammary fat pads, pre-cleared of endogenous tissue. After 12-weeks, the mice were
sacrificed, the genomic DNA was prepared from the regenerated mammary glands, and
subjected to PCR amplification and Next Generation Sequencing (NGS) for barcode (BC)
identification and quantification. In order to control for the representation of the 1200
shRNA constructs of each library in the target cells, a fraction of the transduced cells was
collected at the same time of the injection, frozen, and subjected to High Throughput
Sequencing (HTS) in parallel with the regenerated mammary glands.

3.5 Validation of shRNAs identified in the screen
3.5.1 In vivo validation
For the individual in vivo validation, PKH26Neg/low cells were infected with individual sh
constructs, and transplanted into 3-week old mouse mammary fat pads, pre-cleared of
endogenous tissue. Each gene was silenced by two different shRNAs, to exclude offtarget effects. After 12-weeks the regenerated mammary epithelial tissue was harvested
and stained by carmine alum staining for evaluation.
3.5.2 In vitro validation
For the in vitro validation, PKH26neg cells were infected with individual sh constructs,
and subjected to mammosphere self-renewal assay and Matrigel organoid assay.
3.5.2.1 Mammosphere self-renewal assay and growth curve

In order to test the self-renewal and growth ability of mammary cells, primary
mammospheres were dissociated mechanically and re-plated (at 20,000 cells/ml) to
obtain secondary mammospheres in 6-well low-adhesion plates coated with poly-HEMA
(Sigma). After 7 days, the newly formed mammospheres were counted, collected and
manually dissociated by pipetting. At each passage, the number of retrieved
mammospheres reflects the number of mammosphere initiating cells present in the
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original culture and the number of cells counted after dissociation allows for the
evaluation of the number of cells per sphere that was formed. At each passage spheres
were enumerated using digital image analysis (Image J; object threshold 100 microns).
Cumulative sphere and cell numbers curves were calculated based on the ratio between
plated spheres and obtained spheres and cells, respectively. The number of plated spheres
was derived from the total number of cells divided by the size of the mammospheres (nr.
of cells/number of spheres) over the passages, under the assumption that the average
mammosphere size in a culture does not change(Cicalese, Bonizzi et al. 2009).
The cumulative curves were plotted in a semi-logarithmic scale and they approximated
an exponential curve, as expected for a cell population that grows or dies with a constant
rate during the time. Growth rates (GRs) were evaluated as the slope of the trend-line of
the exponential curves. The exponential regression of the data resulted in the value of the
coefficients of determination (R2), which approximate 1 in each of the measured curve,
thus indicating the goodness of the fitting model.
3.5.2.2 Matrigel culture of mammary organoids

After infection in 2D cultures, mammary luminal cells (Lin - Cd24med Cd49fhi) were
detached with trypsin and seeded at a density of 10,000 cells/well in 6-well ultralow
attachment plates (Corning) in mammary colony medium (DMEM/F12 containing
glutamine, antibiotics, 5% Matrigel, 5% FBS, 10 ng/ml murine EGF, 20 ng/ml murine
bFGF, and 4 μg/ml heparin). Primary colonies were counted 14 days after seeding. To
test the self-renewal ability of MycER induced MaSCs, primary colonies were recovered
from the MG-colony medium by1 hour incubation with an excess volume of ice cold
HBSS on ice in order to solubilize Matrigel. Colonies were then rinsed 3 times in cold
HBSS by centrifugation at 1000 rpm for 5 min and incubated with accutase for 5 min,
followed by mechanical disassociation to obtain a single cell suspension. Cells were
counted and re-seeded at 10,000 cells/well in 6-well ultralow attachment plates in MG
colony medium for further passaging (Panciera, Azzolin et al. 2016).
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3.6 Expression Analysis
3.6.1 Quantitative PCR (RT-qPCR)
3.6.1.1 RNA extraction and measurment

For quantitative PCR experiment, total cellular RNA was extracted using Quick- RNA
MiniPrep kit ZymoResearch and RNA concentration measured by Nano-drop.
3.6.1.2 Reverse transcription PCR and qPCR

Reverse transcription was done using EasyScript Plus Reverse Transcriptase and cDNA
Synthesis kit. Quantitative RT-PCR analyses were done in triplicate on the Applied
Biosystems 7500 Fast Real-Time PCR System with the fast-SYBR Green PCR kit as
instructed by the manufacturer (Applied Biosystems) or Bio-Rad. The transcription level
of RPLP0 was used as housekeeper. The genes whose expression was under analysis in
this study and the relative primers used for their amplification are listed in Table:
3.6.2 Bulk RNA-seq library preparation
3.6.2.1 Total RNA Picopure extraction and RNA quality check

A total amount of 50,000-70,000 cells were collected mammospheres for each
experimental time points in biological replicates and total RNA from mammosphere cells
was extracted using Arcturus Picopure RNA Isolation Kit from life sciences, following
manufacturer’s instruction. The quality of isolated RNA was evaluated by running
Bioanalyzer RNA Pico chip.
3.6.2.2 cDNA library preparation

cDNA libraries of template RNA molecules suitable for subsequent sequencing were
prepared from 0.2 μg high quality input RNA using the Illumina® TruSeq® RNA Sample
Preparation Kit v2 and following the manufacturer instructions. Sequencing was
performed on NovaSeq 6000 illumina sequencer, read length was 100 base pairs, paired
end, sequencing depth was 35 million reads per sample.
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3.6.3 10x Chromium Single cell RNA sequencing
Cells were collected from mouse primary mammosphere, PKH26 labeled or not stained
(Bulk) mammosphere after cultured 7 days in suspension, disassociated into single cell
suspension, then subjected to FACS sorting. Freshly sorted cells as PKH26 positive,
PKH26medium and PKH26negative cells, and, Bulk cells were diluted to the final
concentration in 1XPBS+0.02% BSA. Sorted cells were loaded on 10X Chromium
System, single cell capture and complementary DNA (cDNA) library preparation
according to the Single Cell 3′V2 Protocol recommended by the manufacturer. Briefly,
the cells are first washed and prepared in an ideal concentration. The machine partitions
thousands of cells into nanoliter-scale Gel Bead-In-EMulsions (GEMs), where all
generated cDNA share a common 10x Genomics Barcode but uses a pool of ~750,000
bar-codes to separately index each cell’s transcriptome. The silane magnetic beads and
Solid Phase Reversible Immobilization beads were used to clean up the GEM reaction
mixture and the barcoded cDNA was then amplified in a PCR step. Optimal cDNA
amplicon size was achieved using Covaris machine prior to library construction. The P7
and R2 primers were added during the GEM incubation and the P5, and R1 during library
construction via end repair, A-tailing, adapter ligation and PCR. The final libraries
contain the P5 and P7 primers used in Illumina bridge amplification. Sequencing was
carried out on a NovaSeq 6000 Illumina sequencer using asymmetric sequencing to
achieve R1 26bp and R2 91bp with reading depth 50,000 reads/cell.
3.6.4 Western blot analysis
500,000 to 1,000,000 adherent cells were collected after washed in cold PBS and lysed
in 300 to 500 μl of RIPA buffer (Tris-HCl 50mM; NaCl 150mM; 1% NP-40; EDTA 1mM;
0.5% Sodium Deoxylcholate; 0.1% SDS) supplemented with protease inhibitors (Roche).
Incubate the lysis 30min on ICE, then centrifuge for 30min at 13,000 rpm at 4°C, collect
supernatant. Proteins were quantified with the use of the DCTM Protein Assay (Bio-Rad)
in a 96-well format and the absorbance was measured at 590 nm with the GloMax® 96
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Microplate Luminometer (Promega). SDS-PAGE was performed using the NuPage®
Novex® Gel System apparatus (Invitrogen) at a constant current of 120 V for
approximately 2 hours. Samples were loaded on precast gels Nupage Novex 4-12% BisTris (Invitrogen) and the 1X NuPAGE® MOPS SDS was used as running buffer
(Invitrogen). Following SDS-PAGE electrophoresis, proteins were transferred to
nitrocellulose membranes (Protan; Schleicher & Schuell) by electroblotting for 1.5 hours
at 100 V and then were stained with Ponceau S to verify the efficiency of the transfer.
Membranes were blocked for 1 hour in blocking solution: 10% low fat milk in TBS-T
(Tris Buffered Saline, 0.1% Tween 20) for all the antibodies used were in 2-5% BSA
(Bovine serum albumin). The membranes were washed three times in TBS-T (10 minutes
each) and incubated with a secondary antibody linked to horseradish peroxidase for 1
hour at room temperature. After three washes in TBS-T, the proteins were visualized
using enhanced ClarityTM Western ECL Blotting Substrate (Bio-Rad) and the
ChemiDocTM MP System (Bio-Rad).
3.6.5 Immunofluorescence
Cells grown on cover slips were fixed with 4% formaldehyde for 5 minutes at room
temperature, washed three times in PBS. Cells were then permeabilized for 10 minutes
with 0.1% Triton-X100 in PBS at room temperature, washed three times in PBS and
blocked with donkey serum (blocking solution) for 45 minutes. Staining with primary
antibodies was performed in a humid chamber for 1 hour at room temperature and
followed by three washes in PBS. Coverslips were then stained with secondary antibodies
for 30 minutes at room temperature, washed three times in PBS, counter stained with
DAPI and mounted with mowiol. Samples were analysed under an UpRight BX61
(Olympus) fluorescence microscope with a 60X/1.35 oil objective (Olympus). Acquired
images were analysed through MetaMorph® Microscopy Automation & Image Analysis
Software.

56

3.7 Bioinformatics and Statistical Analysis
3.7.1 Bulk RNA-seq data analysis
Quality

control

checks

on

raw

sequences

was

done

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

then

using
each

FastQC
sequenced

samples were aligned on the mouse reference genome (Mus Musculus UCSC, mm10)
using TopHat software (Trapnell, Pachter et al. 2009)), which uses the bowtie2 aligner
(Langmead and Salzberg 2012). Further quality controls derived from alignment
information, such GeneBodyCoverage, were derived using the RSeQC package (Wang,
Wang et al. 2012). Mapped sequences were processed with HTSeq software (Anders, Pyl
et al. 2015) with parameters: (-m) intersection strict, (-a) skip quality reads less than 1, to
count the reads per gene, as a first measure of the expression level. Differential gene
expression analyzes including size-factor normalization, shrinkage estimation for the
distribution's variance and negative binomial distribution were performed using the R
package edgeR (Robinson and Oshlack 2010). The read count was normalized via Loess
normalization by the DESeq2 algorithm. DESeq is an R package to analyse count data
from high-throughput sequencing assays such as RNA-seq to test for differential
expression. In details, DESeq2 calculates the total counts in each condition, and then it
performs test statistics under the assumption of a negative binomial distribution from
which it calculates the p value. The statistics is then adjusted for Benjamini-hochberg
correction to calculate the False Discovery Rate (FDR or p value). The final step of the
DESeq algorithm calculates the log2 fold change between the two samples under
comparison. Additionally, a filter on the average low represented genes in terms of read
count (cut-off =10) is applied. The differentially expressed genes (DEGs) were obtained,
as such, from pairwise confrontation of the selected sample and its relative control.
For

the

Gene

Set

Enrichment

Analysis

(GSEA,

http://www.broadinstitute.org/gsea/index.jsp) we applied a filter on the q value setting
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the threshold as lower or equal to 0.01. The analysis was performed on GSEA v2.2.0
platform running the all the DEGs of the Kmt2d, Cbx5, Luc list. As gene sets to overlap
and calculate the normalized enrichment score (NES) we used the DEGs of selected
experimental groups (Luc, Kmt2d sh1 and Kmt2d sh2 or Cbx5 sh11 and Cbx5 sh15,
respectively). P-values of GSEA were calculated by performing 1.000 random
permutations of gene labels to create ES null distribution.
Pathway and Gene Ontology analyses were performed by overlap of our gene set with
the Molecular signature database (MSigDB v5.0)

on the GSEA website

(www.broadinstitute.org/gsea). In the Gene Set Enrichment analyses, a “query” dataset,
is challenged with “gene-sets”. The “query” dataset is composed by the entire list of the
expressed genes obtained from RNA-seq experiments from the two conditions to be
compared. The list is pre-ranked from the most up-regulated to the most down-regulated
ones. A gene-set is a curated list of genes, known to be involved in specific biological
processes. A very large ensemble of these gene-sets (more than 17,000) derived from the
most used functional annotation source (i.e. GO, KEGG, BIOCARTA, REACTOME),
but also extracted from specific reference papers, is available at the MSigDB database. If
a specific gene-set under analysis is not enriched for up-regulated or down-regulated
genes within the query dataset, genes are distributed randomly ranked in the query dataset.
Conversely, the enrichment of a gene-set in one of the two tails of the ranked gene list
(left tail represents up-regulated genes, whereas, right tail contains the down-regulated
genes) suggests the presence of a group of regulated genes within the query dataset, which
is expressed/regulated coherently with the transcriptional signature associated with a
certain biological process, hence possibly involved in it. The GSEA algorithm computes
the overlap between the query dataset and gene-set, calculates a score at each iteration,
builds a cumulative score curves, a normalized enrichment score (NES), which expresses
the overlap within the two signatures, and a corresponding FDR (or q-value) as a measure
of the statistical significance.
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3.7.2 ScRNA-seq data analysis
Alignment of the R2 reads was performed with STAR 2.5.3a to annotate the reads to the
Mm10 reference genome (NCBI reference sequence database annotation) and assigning
genes (annotation: GENCODE ver M16) to reads using feature Counts 1.6.1(remove
reads that are assigned to more than 1 gene). The generation of transcript counts table by
using umi-tools 0.5.3. Down-stream analysis performed with R package Seurat 2.3 (R
version 3.4.1).
Differential gene expression analysis of single cell data was performed using the scde
(v2.0.1) and DESeq2 (v1.12.4) packages, with data quality and default filtering
performed using the Scatter package (v1.1.8). Normalized counts from DESeq2 were
used for single cell clustering, PCA and tSNE analysis.
For unsupervised clustering of scRNA-seq data, counts of uniquely mapped reads in
every

protein-coding

gene

were

calculated

using

SeqMonk

(www.bioinformatics.bbsrc.ac.uk/projects/seqmonk) and exported for downstream
analysis. Cells were filtered based on a minimum number of 2000 expressed genes per
cell. Clusters and marker genes were obtained using the SC3 package (Kiselev, Kirschner
et al. 2017).
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4.

RESULTS

4.1

Identification of Putative Inhibitors of Mammary Progenitor
Reprogramming through in vivo shRNA Screening Targeting
Epigenetic Modifiers

To identify genes that physiologically control cell plasticity, an in vivo assay has been set
up in our group, using normal mammary progenitors and pooled shRNA libraries. Mouse
mammary progenitors were isolated from normal mammary epithelial cells by a well
established PKH26 label retaining assay. Briefly, the PKH26 lipophilic fluorescent dye
is used to label freshly isolated mammary epithelial cell, that are then grown as
mammospheres in suspension culture. The PKH26 fluorescence intensity gets diluted at
each successive cell division. As a result, highly proliferating cells lose fluoresce, and
become negative for the dye as PKHNeg/low, while slowly-cycling cells retain it as
PKH26High. PKHNeg/low cells were characterized as mammary progenitors which are not
able to regenerate the mammary gland tissue upon transplantation into cleared mammary
fat pads (de-epithelized fat pad) of recipient pre-pubertal syngeneic mice (Cicalese,
Bonizzi et al. 2009).

PKH26 Labeling

Mammosphere culture

FACS sorting
Hi

Neg/low

PKH26 /PKH26
Dissociated mammary
epithelial cells

PKH26-labeled bulk
epithelial cells

ShRNA
Libraries infection

Mammary fat
pad injection
Regenerated Mammary Gland

Neg/low

PKH26
cells

Mammosphere
culture

12-weeks

HTS and shRNA
Identifications

gDNA extraction
and Barcodes
amplification

Figure 4-1. Experimental scheme of the pooled in vivo screenings of mouse lentiviral shRNA libraries
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Pooled in vivo shRNA screens were performed in our Group by MC. Moroni and E.
D’Elia. Using PKH26Neg/low mammary progenitor cells transduced with each customdesigned shRNA libraries (library design: L. Lanfrancone and S. Minucci) and cleared
mammary fat pad transplantation. After 12 weeks, mice were sacrificed, the genomic
DNA prepared from the regenerated mammary glands, and subjected to PCR
amplification and Next Generation Sequencing (NGS) for barcode (BC) identification
and quantification. A scheme of screening approach is shown in Figure 4-1 (see also
section 3.4).
The libraries targeted 234 epigenetic regulators, each gene targeted by 10 different
shRNAs, that were cloned in the pRSI17-U6-(sh)-UbiC-GFP-2A-PuroR lentiviral vector
(Cellecta, Inc). In order to enhance the feasibility of the in vivo screens, the complexity
of the library was reduced by dividing it into two smaller libraries, mEpi1 and mEpi2,
targeting 118 and 116 genes, respectively (Fig. 4-2). As a positive control, each library
included shRNAs against p53, since p53 down-regulation has been previously shown to
confer in vivo regenerative ability to mammary progenitors, though at low frequency
(MC. Moroni unpublished). Moreover, deletion of p53 or components of its pathway was
shown to strongly enhance the generation of iPSCs from human or mouse fibroblasts
(Hong, Takahashi et al. 2009, Utikal, Polo et al. 2009).
A

mEpi1

mEpi2

(1180 shRNAs targeting 118 genes
+ 30 ctrl shs)

(1160 shRNAs targeting 116 genes
+ 30 ctrl shs)

B

Figure 4-2. Mouse lentiviral shRNA library composition and map of lentiviral vector pRSI17
A. Categories of epigenetic regulators included in the two shRNA epigenetic libraries mEpi1 and mEpi2; B. Map of
the pRSI17 lentiviral vector in which the barcoded shRNA libraries were cloned, and zoom of the U6 promoter and the
double barcodes: i. Sh barcode, ii. Vector barcode to track individual clones;

4.1.1 Hit identification from the screens
The shRNA constructs present in regenerated mammary glands were identified by
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bioinformatics analyses of NGS data.
Each shRNA is univocally associated to a single 18nt barcode (BC), to allow its
identification and quantification by PCR amplification, independently from the hairpin
structure (Fig. 4-1B). As mentioned earlier, in the mEpi1 and mEpi2 libraries (Fig. 4-2),
each gene was targeted by 10 different shRNAs. In the screens, as expected, multiple
shRNAs targeting the same gene were found in different reconstituted mammary glands,
and in some cases even in the same gland. Figure 4-3 shows two examples of the hit/gene
identification, the data from the regenerated glands as pooled (A) or individually (B)
sequenced.

Figure 4-3. Identification of positive hits in the regenerated mammary glands
A. Log counts of the shRNAs in a screen. Blue dots: shRNA present in the progenitor cells before injection for regeneration assay;
Red dots: upper red dots are the shRNAs identified from sequencing of the pooled-regenerated glands, red dots in bottom are the
depleted shRNAs; B. Relative frequency of the identified shRNAs in two individual regenerated mammary glands.

38 hits/genes were identified in 6 independent experiments, in which 914,000 total
infected cells were screened by regeneration assays. The hits were selected based on the
relative frequency of the identified shRNA (>10%). The highest frequency of the shRNAs
in the infected cells before injection was 0.6%.
4.1.2 DNA and histone modifiers are enriched and some known inhibitors of
iPSC reprogramming are among the positive hits
Most of the hits belong to the DNA and histone modifier categories: 6 hits from DNA
methylation,

9

from

Histone

methylation/demathylation

acetylation/deacetylation (Fig.4-4).
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and

6

from

Figure 4-4. Hits distribution in functional categories

Notably, some of the hits identified in the shRNA screens, such as Chaf1a (Cheloufi,
Elling et al. 2015), Dot1L (Onder, Kara et al. 2012) and p53 (Hong, Takahashi et al. 2009,
Utikal, Polo et al. 2009), were recently published as inhibitors of iPSCs reprogramming,
hence providing a first level of validation of the screens.
We selected 21 hits for validation, based on the combination of: (i) frequency of the
shRNA identified in the screens; (ii) identification of multiple shRNAs inhibiting the
same gene; (iii) identification of a hit in more than 1 screening experiment.

4.2

Testing Functional Assays to Validate the Hits

Validation of candidates from the screens was based on in vivo and in vitro experimental
approaches aimed at assessing whether specific shRNAs are able to convert mammary
progenitor cells into SCs: i) in vivo transplantation assays, to test tissue-reconstitution
ability and ii) in vitro mammosphere assay, to assess self-renewal capacity (Fig. 4-5).
Cleared mammary
fat-pad injection

12 weeks

Evaluation of mammary
gland regeneration by Whole
mount carmine staining

shRNAs
In vivo: regeneration assay
PKH26
cells

Neg/low

Suspension/adhesion
(3 - 4 days)

In vitro: self–renewal assay

Figure 4-5. In vivo and in vitro validation scheme
Primary mouse mammary progenitors purified as PKH26 Neg/low cells, were infected with individual or 2 pooled shRNAs targeting the
same gene. The cells were then either injected into cleared mammary fad pads of 3-weeks old FVB mice (in vivo) for regeneration
assay or plated as a mammospherses to test the self-renewal ability of the reprogrammed SCs by serial passaging (in vitro);
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4.2.1 Cloning of the individual shRNAs in the pRSI17 lentiviral vector for
validation
The shRNAs identified in the screens were cloned in the same lentiviral vector (pRSI17U6- (sh)-UbiC-GFP-2A-Puro) in which the libraries were generated (4-2B). Since most
of the hits were identified in the screens by two or more shRNAs, we cloned at least two
different shRNAs per hit. In total, we have cloned 45 shRNAs into pRSI17, and verified
the correct DNA sequence of each shRNA prior to in vivo or in vitro validations. Before
testing the cloned shRNAs biologically, we measured by RT-qPCR the ability of each
shRNA to silence its target mRNA, upon infection and puromycin selection in the
NMuMG normal mouse mammary epithelial cell line. Most of the shRNAs downregulate their target mRNA relative expression level from 50% to 90%, as two examples
are shown in Figure 4-6.
B
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3
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1
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C

EV

EV
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0.0

Cbx5/rPPo

1.5
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11
+1
5

1.5

Relative expresion to rPPo

Relative expresion to rPPo

A

Figure 4- 6. Kmt2d and Cbx5 knockdown by shRNAs in NMuMG cell line
A. RT-qPCR analysis testing the efficiencies of Kmt2d down-regulation by three different shRNAs. B. RT-qPCR
analysis testing the efficiencies of Cbx5 down-regulation by two shRNAs co-infection. Standard deviation is calculated
from technical triplicates;

4.2.2 In vivo validations of the hits
In vivo validation experiments were performed following the experimental scheme shown
in Figure 4-5. In each validation experiment, mouse primary mammary progenitors
(PKH26Neg/low) were purified by FACS sorting and infected with a 1:1 mixture of 2
different shRNAs to silence each target gene. As a positive control, in each experiment
we included the pWPI-MycER construct, that had been already shown to induce
reprogramming of mammary progenitors into mammary SCs (MaSCs) (Pasi, Dereli-Oz
et al. 2011, Santoro, Vlachou et al. in press). As a negative control, we used the empty
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pRSI17 lentivirus (EV) or the same vector expressing the Luciferase sh (Luc sh). 12
weeks after injection of transduced cells into cleared fat pad, mice were sacrificed and
the mammary fat pads were subjected to carmine-alum staining to visualize the
regenerated mammary epithelial tissue.
We tested 21 hits/genes in a total of 12 transplantation experiments. Genes were
considered validated if scoring positive in at least two independent transplantation
experiments, in total 7 hits/genes were scored as validated (see Table 4-1 for two
validated genes). Among the validated hits, we selected Kmt2d and Cbx5 for further
investigation, based on the relatively high frequency of MaSC generation from mammary
progenitors, as estimated by Extreme Limiting Dilution Analysis software (ELDA). In
fact, the inhibition of Kmt2d or Cbx5 induced SCs with a frequency of 1/38,450 and
1/71,120 cells, respectively, which was significantly higher than the other validated genes
or the MycER positive control (PC, frequency of SCs is 1/97,400 cells) (Table 4-1).
Representative images of regenerated mammary glands from all 7 hits are shown Figure
4-7.
Table 4-1. Summary of the in vivo validations
N of Positive

SC frequency (ELDA)

Tot infected
Controls and Hits

N of exp

transplantation/
cell N

Lower

Estimate

Upper

total
pRSI 17 EV

12

1,101,400

1/74

9,602,365

1,346,770

188,890

pWPI MycER

12

833,000

8/62

196,720

97,400

48,200

Dnmt1

2

232,800

1/16

1,624,718

226,950

31,702

Hdac1

2

147,100

1/12

1,078,152

145,160

19,543

Kdm5b

2

182,980

4/10

97,542

35,750

13,102

Cbx5

2

244,000

3/15

220,230

71,120

23,000

Kmt2d

2

130,800

3/10

119,200

38,450

12,400

Sin3b

3

120,420

8/19

43,021

20,670

9,950

Mbd4

4

214,850

2/20

573,672

137,830

33,115

PKH26Neg/low cells infected with shRNAs targeting the hits identified in the screens, negative and positive controls.
Stem cell frequency was estimated using the Extreme Limiting Dilution Analysis (ELDA) web tool
(http://bioinf.wehi.edu.au/software/elda/) (Hu and Smyth 2009).
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EV

Cbx5

Kdm5b
MycER
Kmt2d
Dnmt1
Mbd4
Hdac1
Sin3b

Figure 4-7. Representative Pictures of regenerated mammary glands upon transplantation of shRNAs infected cells
Mammary gland regeneration from PKH26Neg/low cells infected with shRNAs targeting 7 different genes assessed by
whole-mount Carmine-Alum staining. Empty vector (EV) as negative control; MycER expression used as positive
control; 1-7 are the hits we have validated from the screens; The morphology of the glands should be radial, the
direction of branches from the injected site are the evaluation criteria for the regenerated mammary gland.

4.2.3 In vitro validation of the hits
4.2.3.1

In vitro mammosphere assay

To assess whether the in vivo validated shRNAs could confer self-renewal ability to
mammary progenitors, we employed the in vitro mammosphere assay (experimental
scheme is shown in Fig. 4-5, lower part). In this assay, cells are cultured in suspension
where the progenitor cells die of anoikis while SCs survive and generate spheroids.
Mammary progenitors were purified as PKH26Neg/low and infected with the shRNA
constructs, as for the in vivo validations, and serially passaged in suspension culture every
7 days (Dontu, Abdallah et al. 2003, Cicalese, Bonizzi et al. 2009).
Representative results of two independent in vitro mammosphere experiments are shown
in Figure 4-8A and B. As expected, the data shows that the PKH26Neg/low cells infected
with EV (our negative control) did not grow in suspension and the culture became
exhausted after 4-5 passages, while our positive control, i.e. PKH26Neg/low cells
transduced with MycER, showed extended growth and self-renewal ability in both 2
independent experiments. However, with the exception of shRNAs targeting Kdm5b
which conferred transient self-renewal ability at early passages (Fig. 4-8A), all other
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shRNAs did not generate growing mammospheres (Fig. 4-8A and B). Thus, none of the
in vivo validated shRNAs conferred extended self-renewal ability to mammary progenitor
cells through serial passages in suspension culture.

Figure 4- 8. Growth Curve of Mammospheres from PKH26Neg/low cells infected with shRNAs identified in the
Screens
Two independent in vitro experiments, A and B. Briefly, PKH26 Neg/low sorted cells infected with shRNAs, targeting 4
different genes separately, were tested in mammosphere growth assay by serial re-plating.

Possible explanation of these results include: a) mammary progenitors were not truly
reprogrammed into MaSCs able to self-renew in suspension culture, b) longer time might
be required for progenitors to be reprogrammed, and most of them may die by anoikis
before being reprogrammed; c) Complete reprogramming may require growth factors or
microenvironmental signals present in the mammary fat pad niche, but absent in the
suspension culture; d) in vitro reprogramming ability by the shRNAs might requires cell
proliferation, as given by Myc or YAP/TAZ expression.
4.2.3.2

In vitro organoid generation and self-renewal assay

Assessing self-renewal ability is crucial for further characterization of the mechanism by
which progenitors are reprogrammed in to SCs. Thus, we tested alternative self-renewal
assay, such as the recently reported organoid formation assay (Panciera, Azzolin et al.
2016), used to show reprogramming of mammary Luminal differentiated cells (LD) to
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MaSCs by YAP/TAZ transient expression, which leads to generate compact organoids.
The organoid self-renewal assay was performed as previously described by Panciera et
al. (2016). Briefly, we purified mouse mammary Luminal cells (LUM, LinCD24hiCD49f+) and double-negative stromal cells (Lin-CD24-CD49f-) (Fig. 4-9), two
mammary gland sub-populations that are deprived of any repopulating ability
(Shackleton, Vaillant et al. 2006, Stingl, Eirew et al. 2006). Purified Mammary
/Mammary Repopulating Unit (MaSCs/MRU, Lin-CD24+CD49fhi) (Fig. 4-9) were used
as an internal positive control. These three purified populations were cultured for 7 days
in adhesion on collagen-coated plates, then seeded at a density of 10,000 cells/ well in 6well ultralow attachment plates in 5% Matrigel mammary colony medium (see section
3.5.2.2). Colonies were counted at the end of each passage (14 days) by Digital image
analysis plugin (DIA, Image J; object threshold 100μm), dissociated to obtain single-cells
for serial re-plating.

Figure 4-9. Purification of freshly isolated mammary epithelial cells from mouse mammary glands and schematic
representation of the organoid formation assay

We first tested the effects of MycER over-expression in LPs, as a positive control of the
mammary progenitors reprogramming, using the empty vector (EV) as a negative control.
We successfully demonstrated that MycER over-expression in the lineage restricted
luminal cells (Lin-CD24hiCD49f+) can reprogram them into MaSCs, which generated
compact organoids in 5% Matrigel. Moreover, these organoids could be serially passaged,
demonstrating self-renewal ability of the MYC-reprogrammed SCs.
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As expected, the organoid formation assay showed that MRUs form both compact and
acinar organoids, that can be serially passaged, albeit decreasing in number at each
passage (Fig. 4-10). Up to passage 2, the colonies were predominantly compact in
morphology (Fig.4-10, Pictures in Upper and lower, respectively). Strikingly, we could
confirm the presence of functional myoepithelial cells in these colonies by observing
contractile movements of compact organoids (link of Videos, (Santoro, Vlachou et al. in
press).

Figure 4-10. Basal mammary (MRU, Lin-Cd24+Cd49fhi) generate compact organoids and showed limited selfrenewal ability
Representative images of organoids formed by purified MRU (Lin-Cd24+Cd49fhi) in the left; The number of compact
organoids decreased by passages, the bar graph on the right, Scale bar: 400 μm. Number of big (diameter ≥100 μm)
compact, acinar organoids counted by DIA for 3 consecutive passages (P1, P2 and P3) in 5% matrigel cultures.

MycER over-expression in Luminal progenitors (Lin-Cd24hiCd49f+) induces the
generation of compact and contractile organoid that increase in number through serial
passaging. In line with previous reports obtained with immortalized human mammary
cells (Poli, Fagnocchi et al. 2018), MycER over-expression bestowed LUM cells with
enhanced self-renewal ability (Fig. 4-11B) and differentiation capacity, as shown by the
formation of predominantly compact (Fig. 4-11A) and contractile organoids (link of
Videos, Santoro, Vlachou et al. in press). Nevertheless, MycER expression had no effect
on the morphology of double negative (DN) stromal cells, as compared to control cells
infection EV (Fig. 4-12).
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Figure 4-11. MycER over-expression reprograms luminal cells (Lin-Cd24hiCd49f+) into MaSCs that generate
compact and contractile organoids whose number increases over 3 passages
A. LUM cells (Lin-CD24 hiCD49f+) infected with LUM Ctrl and LUM MycER cells, respectively. Scale bar: 400 μm.
B. Number of big (diameter ≥100 μm) compact, acinar and budding organoids counted by DIA for 3 consecutive
passages (P1, P2 and P3) in 5% matrigel cultures.

Figure 4-12. MycER over-expression has no effect on stromal cells (DN)
Representative images of branched structure formed by purified DN (Lin-CD24-CD49f-); Scale bar: 400 μm.

All together, these data demonstrate that constitutive MycER expression reprograms
primary murine lineage- restricted luminal progenitors into MaSCs.
Notably, this approach allowed us to demonstrate in vitro reprogramming of freshly
isolated, uncultured mouse mammary progenitors into MaSCs, purified by cell surface
markers, independently from the PKH26 label retaining assay. This alternative approach
is now established in the lab and can be used in the future for in vitro validation with the
hits obtained from the screens.

70

4.3 Validation of Cbx5/HP1⍺ as an Inhibitor of Reprogramming of
Mammary Progenitors into Mammary Stem Cells
In the shRNA screens, we identified three different shRNAs targeting the Cbx5/HP1⍺
gene in the regenerated mammary glands from two independent screening experiments.
Therefore, we validated Cbx5/HP1⍺ as an inhibitor of reprogramming of mammary
progenitors into MaSCs.
4.3.1 Cbx5/ HP1⍺ down-regulation induce the generation of mammary
repopulating units in PKH26Neg/low progenitor cells
For in vivo and in vitro validation experiments (Table 4-1 and Fig. 4-8B), primary
mammary progenitor cells purified as PKH26Neg/low were co-infected with lentivirus
expressing two Cbx5-specific shRNAs in two independent in vivo experiments and
transplanted into cleared mammary fat pads of pre-pubertal female mice. After 12 weeks,
we sacrificed the mice, the mammary glands were proceeded to visualization by carminealum on whole mount (section 3.1.3).
In the first two in vivo experiments (#1 and #2), the infected PKH26Neg/low cells were
cultured in adhesion 3-5 days before injection for in vivo regeneration assay, in order to
avoid massive cell death occurring in suspension culture, and to allow time for cell
reprogramming. The results of experiment #1 showed no mammary gland formation with
the EV vector (negative control), while PKH26Neg/low cells co-infected with the two Cbx5
shRNAs-vectors or with the MycER-vector were able to form mammary glands
(frequency of engraftment and glands pictures are shown in Table 4-2 and regenerated
gland pictures are in Fig. 4-13, respectively).
Table 4-2. In vivo validation experiment #1 of Cbx5 shRNAs in PKH26Neg/low cells
Cells were cultured in adhesion prior to injection;
PKH26Neg/low
Empty pRSI17
pWPI MycER
pRSI17 Cbx5
sh11+15

Tot N of infectedcells transplanted
144.000
108.000
112.000
70.000
70.800
70.800

N of Infected
cells injected/side

N of takes/
Tot
injection

36.000
18.000
28.000
14.000
23.600
11,800

0/4
0 /6
1/ 4
1/5
1/ 3
1/6
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SC frequency (ELDA)
Lower

Estimate

Inf

Inf

84.120

298.886

76.144

19.398

246.737

61.479

15.319

EV

MycER

Cbx5 sh11+15

11,800

14,000

18,000

23,600

28,000

36,000

Figure 4-13. Regenerated mammary glands from the Cbx5 in vivo validation experiment #1
Two mammary glands regenerated from progenitors co-infected with Cbx5 sh11+15, 2 with MycER and 0 with EV
infected cells

Experiment #2 confirmed that co-infection of Cbx5 shRNAs is able to reprogram
PKH26Neg/low cells into SCs, as shown by regeneration of mammary gland upon
transplantation. Notably, the gland size was comparable to the one obtained by injection
of PKH26Neg/low cells infected with the positive control MycER-vector. As for the
negative control, while 3 out of 4 mammary fat pads were injected with EV-infected cell
did not lead to any outgrowths, as expected, in one case we observed a very small
rudimentary outgrowth (see The 4-3 and Fig. 4-14).
Table 4-3. In vivo validation experiment #2 of Cbx5 shRNAs in PKH26Neg/low cells
Cells were cultured in adhesion prior to injection.

tot N of infected-cells N of Infected cells/
transplanted
injected/side

PKH26Neg/low
Empty pRSI17
pWPI MycER
pRSI17 Cbx5 sh11+15

95,800
27.120
13.560
68.256

23,949
13,560
6,780
22,752

1/4
0/2
1/2
1/3

34.128

11,376

0/3

Cbx5 sh11+15

SC frequency (ELDA)

N of takes/
Tot injection

MycER

Lower
595.021

Estimate
83.252

Upper
11.648

281.734

37.187

4.908

632.236

90.532

12.964

EV

Figure 4-14. Regenerated mammary glands from the Cbx5 in vivo validation experiment #2
One mammary gland regenerated from progenitors co-infected with Cbx5 sh11+15, 1 with MycER and 1 small
outgrowth with EV infected cells
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Over all, two independent in vivo validation-experiments showed that Cbx5 downregulation by shRNAs increases mammary repopulating frequency of mammary
progenitors defined by PKH26Neg/low cells (Table 4-4).
Table 4-4. Summary of experiments #1 and #2 for in vivo validation of Cbx5 with PKH26Neg/low cells
SC frequency (ELDA)

Total N of
PKH26

Neg/low

Total N of

N of regenerated

Injection

mammary glands

15

infected cells
Lower

Estimate

Upper

3/15

220,232

71,116

22,995

tested

pRSI17 - Cbx5 sh11+15

243,986

pWPI - MycER

222,680

13

3/12

207,900

65,664

20,739

pRSI17 - EV

347,800

14

1/14

2,395,005

335,679

47,048

4.3.2 Cbx5/ HP1⍺ down-regulation in primary mouse mammary luminal
cells reprograms them into stem-like cells with regeneration ability
In addition to the PKH26-label retaining approach, we also tested the ability of Cbx5
shRNAs to reprogram freshly-isolated and uncultured primary mouse mammary luminal
cells (LUM), purified by FACS-sorting from mammary epithelial cells as LinCd24hiCd49f+ cells (Fig. 4-8). Purified Luminal cells (LUM, Lin-CD24hiCD49f+) (Fig. 49) were infected with two Cbx5 shRNAs pooled or sh Luc as a negative control, and
cultured for 3 days in adhesion on collagen-coated plates, prior to injection into cleared
mammary fat pad of pre-pubertal female mice.
As expected, LUM cells infected with the control sh Luc did not show reconstitution
ability, while the LUM cells infected with two Cbx5 shRNAs pooled regenerated a
mammary gland tissue out of 8 injections, suggesting that Cbx5 down- regulation is
indeed able to reprogram purified mammary luminal cells into SCs, though at a lower
frequency (1 out of 106,342 cells, ELDA estimation), as compared to that observed with
PKH26Neg/low progenitors (1 out of 71,116 cells, ELDA estimation, see Table 4-4).
Further experiments will allow us to estimate more accurately the reprogramming
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efficiency of LUM cells by Cbx5 down-regulation. The results are summarized in Table
4-5 and Figure 4-15.
Table 4-5. In vivo validation experiment #3 of Cbx5 shRNAs in Luminal cells (Lin-CD24hiCD49f+)
Cells were cultured in adhesion in collagen-coated plate prior to injection;
Luminal(LinCD24hiCD49f +)

tot
Infected cells/
transplanted
injection side Takes
infected-cells

SC frequency (ELDA)
Estimate
106.342
-

Lower

Cbx5 sh11+sh15
Luc sh

113.600
136.800

14.200
17.100

1/8
0/8

756.030
-

Cbx5 sh11+15

Upper
14.958
45.665

Luc sh

14,200

17,100

Figure 4-15. Regenerated mammary gland from luminal progenitor cells infected with Cbx5 shRNAs,
experiment #3
One mammary gland regenerated from luminal cells co-infected with Cbx5 sh11+15, and one representative of EV
infected negative control.

4.3.3 Cbx5 shRNAs independent effect on reprogramming of PKH26Neg/low
progenitor cells
So far, the in vivo validation experiments of Cbx5 were performed as PKH26Neg/low cells
or Luminal cells (LUM, Lin-CD24hiCD49f+) were infected with pooled sh11+sh15
targeting Cbx5 (Table 4-4 and 5). Therefore, next, in order to rule out off-target effect of
shRNAs, we performed two more in vivo validation experiments with PKH26Neg/low cells,
infected individually with two shRNAs (Cbx5 sh11 or sh15). In this setting, we checked
the down-regulation efficiency of shRNAs in both mRNA and protein level in the
experiment #4. As shown in Figure 4-16, both Cbx5 sh constructs (sh11 and sh15)
achieved similar Cbx5 mRNA (10% residual relative expression) and protein downregulation.
As a result of in vivo, the Cbx5 sh15-infected PKH26Neg/low cells were able to regenerate
mammary gland in 1 out of 8 injections, while Cbx5 sh11 did not (0/8). In this experiment
we observed a small outgrowth from Luc sh-infected cells in 1/8 injections, as shown in
Figure 4-17 and the experiment summary in Table 4-6.
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A. RT-qPCR shows that both Cbx5 shRNAs achieve 90% Cbx5 mRNA reduction; B. Western blot analysis of the same
cells;
Table 4-6. In vivo validation experiment #4 of Cbx5 shRNAs individually infected to PKH26Neg/low cells
Cells were cultured in suspension 3 days after infection;
PKH26Neg/low

tot N of infected-cells
transplanted

Empty pRSI17
pRSI17 Cbx5 sh11
pRSI17 Cbx5 sh15

140,428
142,760
185.845

N of Infected
N of takes/ Tot
cells/
injection
injected/side

17,531
17,845
23,231

Cbx5 sh11

1/8
0/8
1/8

SC frequency (ELDA)
Lower

Estimate

Upper

933.378
Inf
1.236.855

131.288
Inf
173.975

18.467
47.655
24.471

Luc sh

Cbx5 sh15

17,845

17,531

23,230

Figure 4-17. Regenerated mammary glands from the Cbx5 in vivo validation experiment #4
One mammary gland regenerated from Cbx5 sh15 infected progenitors, 0 with Cbx5 sh11 and 1 small outgrowth
from EV infected cells

In the second experiment (experiment #5), we obtained an efficient reprogramming
activity of Cbx5 sh15 in PKH26Neg/low cells: 3 out 8 regenerated mammary glands with
Cbx5 sh15 and 0 out of 8 either with Cbx5 sh11 or Luc sh. Results are shown in Table 47 and Figure 4-18.
Table 4-7. In vivo validation experiment #5 of Cbx5 shRNAs individually infected to PKH26Neg/low cells
Cells were cultured in suspension 3 days after infection;
PKH26Neg/low

tot N of infectedcells transplanted

N of Infected
cells/
injected/side

N of takes/
Tot injection

Lower

Estimate

Upper

Empty pRSI17

78,360

9,795

0/8

Inf

Inf

26.157

pRSI17 Cbx5 sh11

64,500

8,062

0/ 8

Inf

Inf

21.529

pRSI17 Cbx5 sh15

74,640

9,330

3/ 8

62.195

19.851

6.336

SC frequency (ELDA)

Cbx5 sh15
9,330

9,330

9,330

Figure 4-18. Regenerated mammary gland regenerated from the Cbx5 in vivo validation experiment #5
3 mammary glands regenerated from progenitor cells infected with Cbx5 sh15
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In summary, Cbx5 sh15 was clearly able to increase the repopulating frequency of
PKH26Neg/low cells, whereas Cbx5 sh11 did not (Table 4-8). Further experiments are
ongoing to expand the number of injections with cells infected with Cbx5-shRNA.
In conclusion, down-regulation of Cbx5 by shRNAs in primary mouse mammary
progenitors, purified by two different approaches, activates a reprogramming program,
that is able to regenerate mammary gland upon transplantation.
Table 4-8. Summary of experiments #4 and #5 for in vivo validation of individual Cbx5 shRNAs in PKH26Neg/low
cells
Total N of
PKH26Neg/low

SC frequency (ELDA)
Total N of

N of regenerated

Injection

mammary glands

Lower

Estimate

Upper

infected cells
tested

pRSI17-Cbx5 sh11

207,300

16

0/16

Inf

Inf

69,184

pRSI17-Cbx5 sh15

260,500

16

4/16

160,387

58,434

21,290

pRSI17- Luc

218,800

1

1/16

1479901

209,720

29720

4.3.4 Cbx5/ HP1⍺ down-regulation increases the conversion of Sca-1low to
Sca-1high phenotype in CommaDβ cell line
CommaDβ cells, a normal murine mammary epithelial cell line, includes two different
sub-populations in dynamic equilibrium: one expressing high levels the stem cell antigen1 (Sca-1) and properties of mammary stem/progenitor cells (Sca-1high cells), and the other
expressing lower level of Sca-1 and considered as differentiated/luminal cells (Sca-1low
cells) (Deugnier, Faraldo et al. 2006). It was also reported that Sca-1low cells can
spontaneously convert into Sca-1high cells in culture, thus providing a model to study
plasticity of mammary progenitors. We investigated whether the Cbx5 and other genes
identified in the shRNA screens could accelerate the spontaneous conversion of the Sca1low cells into Sca-1high cells.
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Figure 4-19. Purification of CommaDβ Sca-1high and Sca-1low cells and experimental scheme of conversion assay
from Sca-1low to Sca-1high phenotype

To do so, we purified the Sca-1low cells fraction by FACS sorting, as shown in Figure 419, and were infected with two Cbx5 shRNAs pooled or EV as a negative control.
Infected cells were cultured in adhesion and selected with Puromycin, and their Sca-1
phenotype was checked post-infection at day 8 and 21 by FACS analysis, to monitor
conversion into the Sca-1+ phenotype. The results showed an accelerated conversion of
the Sca-1low cells into Sca-1high at two tome points we checked, as compared to controls
(non-infected, NI, or infected with empty vector, EV; Fig. 4-20A). FACS analysis of
Comma-Dβ Sca-1 positivity/negativity of the samples shown in Figure 4-20A, B, and
down-regulation of Cbx5 mRNA is shown in Figure 4-20C.

Figure 4-20. Cbx5 down-regulation accelerates the conversion of Comma-Dβ cells from the Sca-1low to the Sca1high phenotype
A. FACS analysis of the Sca-1low cells cultured as Not infected (NI), infected with Empty vector (EV) or infected with
Cbx5 sh1+sh2; B. Bar-graph representation of the FACS data; C. RT-qPCR analysis of Cbx5 mRNA relative
expression in Sca-1low cells infected with Cbx5 sh1+sh2, or EV. RNA was prepared 8 days after infection and
puromycin selection. Standard deviation is calculated from technical triplicates;
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4.3.5 Transcriptomic regulation upon Cbx5 down-regulation in PKH26Neg/low
cells, by RNA-seq analysis
In order to investigate the effect of Cbx5 down-regulation in PKH26Neg/low at
transcriptomic level, while the in vivo validation experiment #4 and #5 were ongoing
(before knowing the result), we performed gene expression profiling of PKH26Neg/low
mammary progenitors infected with Cbx5 sh11 and sh15, respectively, both at 24h and
72h post-infection. Parallel samples infected with Luc sh were used as controls. Two
biological replicates were prepared for each sample. RNA preparation and sequencing
was performed as described in Material and Method (3.6.2). The pair-end sequenced data,
after standard quality control checks, were analyzed with the bioinformatics procedures
described in the Material and Method (3.8.1).
First, to validate the down-regulation efficiency of the two Cbx5 shRNAs (sh11 and sh15)
in the RNA-seq experiments, we looked at the expression level of Cbx5 mRNA in tall
samples at both at the 24h and 72h two-points. The two Cbx5 shRNAs showed
comparable down-regulation efficiencies, as shown in Figure 4-21.
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Figure 4-21. Cbx5 expression in RNA-seq samples
Error bars indicate the standard deviation of two biological replicates. Statistical significance is obtained by pairwise
t-test of each Cbx5 interfered samples versus Luc sh within each time point is indicated, *P<0.05, **P<0.005,
***P<0.0005.

Differential expression analyses showed a small group of Differentially Expressed Genes
(DEGs) in the Cbx5-shRNA11 datasets: 9 genes up-regulated (UP) and 7 genes downregulated (DW) at 24h; 7 genes UP and 4 genes DW at 72h, with a P-value threshold set
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below or equal to 0.05. Instead, a higher number of genes was regulated by Cbx5shRNA15 at 72h (36 genes UP and 133 genes DW), while their number at 24h was
comparable to those regulated by sh11 (10 UP and 5 DW; p<0.05). The number of DEGs
concordantly regulated by both Cbx5 shRNAs was also relatively small: 5 DEGs UP and
3 DW at 24h, 1UP and 2DW at 72h (Fig. 4-22), suggesting different effects of these two
shRNAs.
72h

24h
9

10

7

5

7

36

UP

4

133

DW

Figure 4-22. Venn diagrams of genes regulated by Cbx5 sh11 and sh15 both at 24h and 72h

Since the two shRNAs showed different biological effect in the in vivo validation
experiments #4 and #5, we decided to focus our analysis on Cbx5 sh15, which achieves
the most potent in vivo reprogramming efficiency (Table 4-8, and Fig. 4-18).
In the attempt to describe, at a global level, cellular states after Cbx5 down-regulation by
“trends” of transcriptomic changes, we performed a Gene Set Enrichment Analysis
(GSEA) comparing the transcriptional signature obtained in PKH26Neg/low cells infected
with Cbx5 shRNA15 versus Luc sh control (see section 3.8.1).
Among

the

group

of

gene-sets

available

at

the

GSEA

website

(www.broadinstitute.org/gsea) in the Molecular signature database (MSigDB v5.0), the
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“Hallmark” collection (50 gene-sets) summarizes and represents specific well-defined
biological states or processes that display coherent expression. Challenging the gene
regulated by Cbx5 sh15 (versus the Luc sh) with this collection, the GSEA analysis
uncovered statistically significant enriched gene-sets both at 24h and 72h (Fig. 4-23).
Notably, among them we found the “interferon alpha and gamma responses”, “Oxidative
phosphorylation” and “Myc targets” gene-sets, that are consistently enriched from 24h to
72h (Fig. 4-23A and D). All of them represent critical pathways which deserve further
elaboration since they may provide insights about the molecular mechanisms involved in
the reprogramming induced by Cbx5 down-regulation.
A

D

B

E

NES=1.82
FDR=0.004

NES=2.35
FDR=0.0

C

F

Luc_sh_72h_R2
Luc_sh_72h_R1
Cbx5_sh15_72h_R2
Cbx5_sh15_72h_R1

Luc_sh_24h_R2
Luc_sh_24h_R1
Cbx5_sh15_24h_R2
Cbx5_sh15_24h_R1

Top 30 genes enriched with OXIDATIVE_PHOSPHORYLATION

Top 30 genes enriched with INTERFERON_ALPHA_RESPONSE

Figure 4-23. Gene set enrichment analyses of RNA-seq data of PKH26Neg/low cells infected with Cbx5 sh15 or Luc
sh, at both 24h or 72h after infection
A and D. Gene-sets from the MSigDB’s Hallmark collection, found significantly enriched in the GSEA analysis
comparing Cbx5 sh15 sh versus Luc sh control samples and their corresponding NES, at 24h and 72h respectively; B
and E. Enrichment plots showing the gene-sets most significantly enriched within the Cbx5 sh15_vs_Luc regulated
genes, both at 24h and 72h; C and F. Heat maps of the corresponding top 30 leading edge genes. The average normalized
expression values are indicated.
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For each gene-set considered, the GSEA analysis also provides a heatmap of the “leading
edge” subset of genes (Fig. 4-23 C and F), i.e. those contributing most to the enrichment
to the gene-set. The expression of the leading edge genes in the two Cbx5 sh15 biological
replicates showed good correlation at both 24h and 72h. We then performed GSEA
analyses

using

selected

published

mammary

stem

cell

gene-sets

(e.g.

LIM_MAMMARY_STEM_UP or SOADY_MAMMARY_STEM_UP gene-sets), and
also with all stem cell gene-sets available in the MSigDB database. Notably, none of them
was significantly enriched in our sample, suggesting that mammary progenitors have not
yet acquired a SC signature at the two time points tested (24h and 72h) upon Cbx5 downregulation.
Nonetheless, the coherent pattern of gene-set enrichment observed with Cbx5 sh15 from
24h to 72h, might provide mechanistic insights on the results we obtained from the in
vivo validation experiments. We then asked whether Cbx5 sh11 could also similarly
induce transcriptional regulation from 24h to 72h, and performed GSEA analysis of the
Cbx5 sh11 transcriptome with the same gene-sets used for the Cbx5 sh15, and did not
identify consistently enriched gene-sets (Fig. 4-24A and D). Moreover, the regulated
genes from the two biological replicates of Cbx5 sh11 did not show a good correlation at
either of the two time points analyzed (see corresponding heat maps in Fig. 4-24C and F).
Finally, by checking other enriched gene-sets within the “Hallmark” collection (not
significantly enriched ones) we concluded that the global effect of Cbx5 sh11is not
coherent from 24h to 72h.
Collectively, transcriptomic analyses of Cbx5-silenced cells at 24h and 72h post-infection
revealed regulation of a few pathways (“interferon alpha and gamma responses”,
“Oxidative phosphorylation” and “Myc targets” gene-sets) that deserve further
investigations, and might be critical for the mechanism through which Cbx5 downregulation endows mammary progenitors with SC properties.
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Figure 4-24. Gene set enrichment analyses of RNA-seq data from PKH26Neg/low cells upon infection with Cbx5
sh15 and Luc sh, at both 24h or 72h
A and D. Gene-sets from the MSigDB’s Hallmark collection, found significantly enriched in the GSEA analysis
comparing Cbx5 sh11 sh versus Luc sh control samples, and their corresponding NES, at 24h and 72h respectively; B
and E. Enrichment plots showing the gene-sets most significantly enriched within the Cbx5 sh11_vs_Luc regulated
genes, both at 24h and 72h; C and F. Heat maps of the corresponding top 30 leading edge genes, the average normalized
expression values are indicated.
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4.4 Validation of Kmt2d as an Inhibitor of Reprogramming of
Mammary Progenitors into Mammary Stem Cells
In the mEpi2 shRNA library screens, one specific shRNA targeting Kmt2d was identified
at high frequency (23% of total counts), in one transplanted gland. The identification of
Kmt2d in the screen is in line with our working hypothesis that genes inhibiting
reprogramming of differentiated cells might function as tumor suppressors. The downregulation of Kmt2d expression induced reprogramming at high efficiency, according to
the results of the in vivo validation experiments (Table 4-1).
For the first in vivo validation and in vitro self-renewal experiments (Table 4-9 and Fig.
4-26), we cloned and tested same shRNA identified in the screening, and 3 additional
shRNAs selected from the 10 shRNAs included in the library for further validation
experiments. Thus, to rule out off-target effects, we performed three independent in vivo
validation experiments using purified primary mammary progenitor cells (PKH26Neg/low)
and three different shRNAs. As for all other validation experiments, infected mammary
progenitors were transplanted into cleared mammary fat pads to evaluate their
regeneration potential.
4.4.1 Kmt2d down-regulation induces the generation of mammary
repopulating units from PKH26Neg/low progenitor cells
In the validations, we observed that the frequency of reprogramming was strongly
affected by the culture conditions used to maintain progenitor cells before the in vivo
regeneration assay. Thus, infected PKH26Neg/low progenitors were cultured either in
adhesion or suspension conditions for 3 days prior to injection into cleared mammary fat
pads.
After 12 weeks, we obtained positive transplants from Kmt2d sh1 infected progenitors,
both cultured in both adhesion and suspension conditions, in the absence of any
background outgrowth from the negative control (pRSI17 EV). Notably, the glands
regenerated from the cells cultured in adhesion conditions were smaller than those
obtained with the suspension cultures. Results are shown in Table 4-9 and Figure 4-25.
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Table 4-9. Summary of in vivo validation experiment #1 of Kmt2d shRNA in PKH26Neg/low cells
Cells were cultured either in adhesion or suspension prior to injection;
PKH26Neg/low

tot N of infectedcells
transplanted

N of Infected cells/
injected/side

N of takes/ Tot
injection

SC frequency (ELDA)
Lower

Estimate

Upper

-

46.642

49.748

7.222

-

18.879

-

2.270

3 days adhesion culture prior to injection
19,900

pRSI17 E.V.
139,200
pRSI17 Kmt2d
sh1
pWPI MycER
pRSI17 E.V.
pRSI17 Kmt2d
sh1
pWPI MycER

9,900
4,200

57,320
183,280
6,800

0/6
9,900
0/2
14,327
1/2
342.675
7,163
0/4
14,139
0/3
7,069
0/2
3 days suspension culture prior to injection
3,400
0/2
-

8,360

4,180

1/2

44.747

6.059

821

14,500

7,225

2/2

28.546

1

1

Kmt2d sh1

Adhesion

EV

MycER
7,200

3,400

Suspension

Suspension

14,400

7,200

Suspension

Suspension

Adhesion

Figure 4-25. Regenerated mammary gland from the Kmt2d in vivo validation experiment #1
Cells were cultured in either adhesion or suspension prior to injection. 2 regenerated mammary glands from
progenitor cells infected with Kmt2d sh1, 2 with MycER and 0 with EV.

4.4.2 Kmt2d down-regulation endows PKH26Neg/low cells with the ability to
form self-renewing mammospheres
In order to test whether Kmt2d down-regulation induces self-renewal in PKH26Neg/low
cells, we cultured cells in suspension as mammospheres, and re-plated them every 7 days
after sphere disaggregation. To avoid immediate exposure to the harsh environment of
suspension culture, and allow time for reprogramming we optimized the protocol as
follows: after lentivirus infection in suspension conditions (16-17h), cells were plated in
5% Matrigel in the standard stem-cell medium for 7 days, cells were then recovered from
Matrigel to start a standard self-renewal assay in suspension conditions (mammosphere
assay) by serial re-plating of disaggregated mammospheres every 7 days.
This assay showed that Kmt2d sh1 enables PKH26Neg/low cells to grow as mammospheres
in suspension, that can be serially passaged, as shown in Figure 4-26A, C, suggesting that
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the PKH26Neg/low cells reprogrammed by Kmt2d sh1 are able to grow in suspension
cultures and self-renew.
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Figure 4-26. Kmt2d sh1 induces mouse primary mammosphere self-renewal
over serial passages
A. Relative expression of Kmt2d in EV or sh-infected mammosphere at Passage1 and Passage 6 by RT-QPCR, standard
deviation is calculated from technical triplicates; B. Cumulative population doublings of PKH26Neg/low progenitors
infected with Kmt2d sh1 or EV by mammosphere assay; C. Representative pictures of Mammospheres in suspension
culture at P6;

These first round of in vivo and in vitro experiments suggest that Kmt2d is a putative
inhibitor of reprogramming of mammary progenitors into SCs.
4.4.3 Kmt2d shRNA’s independent effect on reprogramming of PKH26Neg/low
progenitor cells
In order to confirm the function of Kmt2d in SC reprogramming of mammary progenitors
and rule out possible off-target effects of individual shRNAs, we tested additional Kmt2d
shRNAs (sh2 and sh3) from the library. First, we tested the down-regulation efficiency
of Kmt2d sh2 and sh3 in NMuMG cells, to select the most effective ones (Fig. 4-6A).
Then, we performed a new in vivo validation experiment (experiment #2) using 2 shRNAs
(sh1, the same one used in validation #1, and the new sh2 hairpin) each infected
individually. The infected cells were cultured 3 days in suspension prior to injection. The
result obtained from the in vivo validation experiment #2 confirmed that both shRNAs
increase the frequency of mammary repopulating units as shown in the Table 4-10 and
Figure 4-27. In this experiment, also the negative control (PKH26 Neg/low cells infected
with EV) generated one small outgrowth out of 9 injections.
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Table 4-10. Summary of in vivo validation experiment #2 of Kmt2d shRNAs in PKH26Neg/low cells
Cells were kept in suspension prior to injection;
SC frequency (ELDA)
PKH26Neg/low

tot N of infected-cells
transplanted

N of Infected cells/
injected/side

N of takes/ Tot
injection

Lower

Estimate

Upper

pRSI17 E.V.

97.000

9.500

1/9

568,953

80,054

11,264

pRSI17 Kmt2d sh1

68.400

6.500

3/10

57,518

18,440

5,912

pRSI17 Kmt2d sh2

66.750

6.500

2/10

115,154

28,717

7,161

Kmt2d sh1

Kmt2d sh2

EV

6,500

6,500

9,500

6,500

6,500

9,500

6,500

Figure 4-27. Regenerated mammary gland from the Kmt2d in vivo validation experiment #2
3 Regenerated mammary glands from progenitors infected with Kmt2d sh1 in PKH26Neg/low cells, 2 (1 is small) with
Kmt2d sh2 and 1 small outgrowth with EV infected cells

This in vivo validations experiment with two different shRNAs targeting Kmt2d, further
confirmed

that

Kmt2d

down-regulation

reprograms

mammary

progenitors

(PKH26Neg/low) into MRUs able to regenerate normal mammary glands.
During the validation of other hits, we observed that when injecting the day after infection,
shRNA-infected PKH26Neg/low cells scored higher regeneration rates, as compared to the
cells kept in short-term cultures (3 days), in either adhesion culture or suspension.
Therefore, we performed one more in vivo validation experiment (#3) with Kmt2d
shRNAs, to assess whether the length of pre-culture prior to injection affects
reconstitution efficiency.
In the in vivo validation experiment #3, purified PKH26Neg/low cells were infected with
Kmt2d sh2 or another new shRNA (sh3) targeting Kmt2d, or the negative control Luc sh.
The in vivo regeneration assay was performed at 1 or 3 days after infection. In this
experiment, both Kmt2d sh2 and sh3 conferred in vivo regeneration ability to mammary
progenitors, and confirmed our previous observation that regeneration rate is higher if
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cells are injected the day after infection, as shown in in Figure 4-28 and Table 4-11. As
in the previous experiment (experiment #2), we obtained also a very small outgrowth
from Luc sh infection (Fig. 4-28).
Table 4-11. Summary of in vivo validation experiment #3 of Kmt2d shRNAs in PKH26Neg/low cells
Cells were cultured in suspension prior to injection;

Injection at Day1

Injection at Day3

SC frequency (ELDA)

Infection

tot N of infectedcells transplanted

N of Infected
cells/
injected/side

N of takes/
Tot injection

Lower

Estimate

pRSI17 Luc
pRSI17 Kmt2d sh2
pRSI17 Kmt2d sh3
pRSI17 Luc
pRSI17 Kmt2d sh2
pRSI17 Kmt2d sh3

108.000
99.600
102.000
70.200
55.100
68.000

13.500
12.450
12.750
17.550
13.800
17.000

1/8
2/8
1/8
0/4
1/4
0/4

718.761
173.870
678.830
342.305
-

101.100
43.277
95.483
47.893
-

PKH26Neg/low

Kmt2d sh2

Kmt2d sh2

12.450

13.800

Day 1

Day 3

Kmt2d sh2

Day 1

14.221
10.772
13.431
23.433
6.701
22.699

Luc sh
13.500

Day 1

Luc sh

Kmt2d sh3
12.750

17.550

Day 1

Day 3

12.450

Upper

Figure 4-28. Regenerated mammary glands from the Kmt2d in vivo validation experiment #3
3 mammary glands regenerated from progenitors infected with Kmt2d sh2 in PKH26Neg/low cells as indicated day, 1
with Kmt2d sh2, and 1 very small outgrowth with Luc infected cells

In conclusion, we confirmed that Kmt2d down-regulation-achieved by three different
individual shRNAs-induced the generation of mammary repopulating units from
mammary progenitors (PKH26Neg/low). A summary of all the in vivo validations of Kmt2d
is shown in Table 4-12.
Table 4-12. Summary of in vivo validations experiments #1, #2 and #3 of Kmt2d shRNAs with PKH26Neg/low
cells

Total N of infected

Total N of

N of regenerated

cells tested

Injection

mammary glands

pRSI17-EV or Luc

439,100

31

pRSI17-Kmt2d sh1

198,750

pRSI17-Kmt2d sh2

pRSI17-Kmt2d sh3

SC frequency (ELDA)

PKH26Neg/low
Lower

Estimate

Upper

2/31

655,420

202,303

62,443

18

5/18

53,813

22,200

9,158

221,600

22

5/22

92,749

38,357

15,862

170,000

12

1/12

1,167,582

163,542

22,907
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4.4.4 Kmt2d down-regulation increases the conversion of Sca-1low to Sca-1high
phenotype in CommaDβ cell line
Then, we tested whether Kmt2d inhibition could increase cell plasticity in the mouse
mammary epithelial CommaDβ cell line, measured as the conversion of the Sca-1neg to
Sca-1high phenotype, as described in chapter 4.4.3. FACS sorted Sca-1neg CommaDβ cells
were infected with Kmt2d sh1, selected with Puromycin and their Sca-1 phenotype was
assessed by FACS analysis at different time points. Indeed, Kmt2d down-regulation
accelerates the conversion of Sca-1neg to Sca-1high phenotype. The FACS analysis is
shown in Figure 4-29A and B and the RT-qPCR analysis showing Kmt2d mRNA downregulation in the same experiment is shown in Figure 4-29C
Altogether, these results on the effect of Kmt2d inhibition on the plasticity of normal
mouse mammary cells suggest that Kmt2d plays a function in the control of cellular
identity in physiological conditions. Therefore, we decided to further investigate the
mechanisms through which Kmt2d exerts as an inhibitor of cell plasticity in physiological
conditions.

Figure 4-29. Kmt2d down-regulation accelerates the conversion of Comma-Dβ cells from the Sca-1low to the Sca1high phenotype.
A. FACS analysis of Sca-1low cells cultured as Not infected (NI), infected with Empty vector (EV) or infected with
Kmt2d sh, one representative experiment is shown; B. Bar-graph showing the fraction of Sca-1high cells, at day 8 and
21after infection and selection with the indicated constructs, standard deviation derived from two independent
experiments. C. RT-qPCR analysis of Kmt2d mRNA relative expression in Sca-1low cells infected with Kmt2d sh1, EV,
or Kmt2d shRNA. RNA was prepared 8 days after infection and puromycin selection. Standard deviation is calculated
from technical triplicates;
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4.4.5 Transcriptomic regulation upon Kmt2d knockdown in PKH26Neg/low
cells, by RNA-seq analysis
In order to uncover the molecular mechanisms involved in the control of cellular plasticity
by Kmt2d, we further investigated the transcriptomic changes induced PKH26Neg/low
mammary progenitor cells, upon Kmt2d down-regulation. We infected PKH26Neg/low cells
with Kmt2d sh1 or sh2, and Luc sh as control, and performed RNA-seq at 24h and 72h
after infection. The DEG analysis showed a strong correlation between the genes
regulated by the two Kmt2d shRNAs. In fact, 40%-60% of the significantly regulated
genes are concordantly regulated by the two shRNAs at each time point (Fig. 4-30).
Surprisingly, the Kmt2d sh1 showed a lower down-regulation efficiency as compared to
sh2, as shown in Figure 4-31. This maybe due to the fact that Kmt2d mRNA is one of the
longest transcripts in the genome, thus led to artifacts during the RNA-seq procedure or
bioinformatics analyses, since we have showed extended knockdown efficiencies of these
two shRNAs by RT-qPCR analyses (Fig. 4-6 and 4-26A).
72h

24h

195

181

157

191

UP

358

405

592

856

DW

Figure 4-30. Venn diagrams of genes regulated by Kmt2d sh1 or sh2, both at 24h or 72h
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Figure 4-31. Kmt2d expression in RNA-seq samples
Error bars indicate standard deviation between the two biological replicates. Statistical significance is obtained by
pairwise t-test of each Kmt2d interfered samples versus Luc sh. *P<0.05, **P<0.005.

Since the two Kmt2d shRNAs seem to share highly overlapping gene regulation, we
decided to go ahead with the DEG analysis for both time points (24h and 72h),
considering the RNA-seq data generated by both Kmt2d shRNAs as one treatment (as 4
replicas of the same sample) and comparing them to Luc sh. Following this approach and
using as cutoff p<=0.05 we found: 300 genes UP and 650 genes DW at 24h; 301 genes
UP and 905 genes DW at 72h, upon Kmt2d interference, as shown in Table 4-13.
Table 4-13. Number of genes differentially expressed upon Kmt2d down-regulation in PKH26Neg/low cells
DEGs at 24h (P-value <= 0.05 )

DEGs at 72h (P-value <= 0.05 )

N of UP-regulated

N of Down-regulated

N of UP-regulated

N of Down-regulated

genes

genes

genes

genes

300

650

301

905

To describe, at a global level, the cellular states induced Kmt2d down-regulation in
PKH26Neg/low cells by “trends” of transcriptomic changes, we performed a GSEA by
challenging the transcriptional signature obtained in PKH26Neg/low infected with Kmt2d
shRNAs versus Luc sh control with the “Hallmark collection”, as we previously described
for Cbx5 (4.3.5). The results are shown in Figure 4-32.
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Figure 4-32. Gene set enrichment analyses of RNA-seq data from PKH26Neg/low cells upon infection with Kmt2d
two shRNAs and Luc sh, at both 24h or 72h
A and D. Gene-sets from the MsigDB’s Hallmark collection, found significantly enriched in the GSEA analysis
comparing Kmt2d both shRNAs together versus Luc sh control samples and their corresponding NES, at 24h and 72h,
respectively; B and E. Enrichment plots of the most significantly enriched gene-sets with the regulated genes in
Kmt2d_bothshs_vs_Luc, both at 24h and 72h, respectively; C and F. Heat maps of the corresponding top 30 leading
edge genes, the average normalized expression values are indicated.

Surprisingly, the most significantly enriched gene-sets in Kmt2d shRNAs vs luc were
largely overlapping with those identified in Cbx5 sh15 vs sh luc GSEA (Fig. 4-23). In
particular, the interferon alpha and gamma responses (24h) and myc targets v1, v2 (72h)
and oxidative phosphorylation (72h). These results might suggest the induction of a
common transcriptomic responses in the early phases of reprogramming, by the Kmt2d
and Cbx5 shRNAs. This hypothesis will be addressed by further experiments.
We then checked whether Kmt2d shRNA expression in PKH26Neg/low cells might affect
also Cbx5 mRNA level. Indeed, in the RNA-seq data, Cbx5 expression was significantly
down-regulated at 72h, and also, though non-significantly, at 24h after Kmt2d sh
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infections, as shown in Figure 4-33. This preliminary observation suggests us that Cbx5
might be a downstream target of Kmt2d.
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Figure 4-33. Cbx5 mRNA level in the RNA-seq samples from Kmt2d shRNAs expressing cells
Error bars indicate standard deviation of two biological replicates. Statistical significance is obtained by pairwise ttest of each Kmt2d interfered samples versus Luc sh. *P<0.05;

These observations led us to search for common genes regulated by Kmt2d and Cbx5, by
leading-edge analysis. This analysis allows to define, within the enriched gene-sets, the
non-redundant common genes which most contributed to the enrichment (p<0.05). We
set stringent criteria (the gene should be present at least in three gene-sets or more), to
obtain reliable gene lists that could suggest possible mechanisms underlying cell
reprogramming by Kmt2d and Cbx5 down-regulation. Interestingly, this analysis
revealed a concordant regulation of several chemokines and cytokines (Cxcl11, Cxcl10,
Cxcl9, Ccl5, Ccl7, Il6, Il7, Il15ra, Il2rb), the IL-6 signaling pathway and Myc target genes,
by Kmt2d or Cbx5 down-regulation. These genes and their secreted protein products will
be further investigated to understand their possible involvement in a common control
mechanism of cellular plasticity, shared by Kmt2d and Cbx5.
To validate the RNA-seq data, we checked IL-6 mRNA expression upon Kmt2d downregulation, in the normal mammary epithelial cell lines CommaDß (mouse) and MCF10A
(Human). Indeed, in both cell lines, Kmt2d down-regulation leads to increased IL-6
mRNA, as shown in Figure 4-34. Notably, IL-6 was reported to be involved in
reprogramming of fibroblasts into iPSCs (Brady, Li et al. 2013)).
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Figure 4-34. IL-6 mRNA induction upon Km2d down-regulation, in mammary epithelial cell lines CommaDß
(mouse) and in MCF10A (Human)

Furthermore, since the down-regulation of either Cbx5 or Kmt2d led to significant
enrichment of Myc_Targets_v1 and v2, we investigated whether some DEGs are shared
with those regulated during Myc-induced reprogramming of PKH26Neg/low cells (Santoro,
Vlachou et al. in press). To do so, we took advantage of the DEG dataset of Myc-regulated
genes generated in our lab (Santoro, Vlachou et al. in press), in mammary PKH26Neg/low
cells isolated form the mice expressing an inducible MycER transgene from the Rosa26
locus. Briefly, in this experiment, RNA-seq was performed 10 days after induction of
MycER expression, and led to the identification of 2722 Up regulated and 2666 Downregulated

genes

(p<0.05),

called

PKH26neg_MycER_DEGs_10days

dataset.

Interestingly, we found significant overlapping between the genes concordantly regulated
by Kmt2d and MYC, as shown in Figure 4-35, suggesting that shared gene subsets may
be involved in reprogramming of PKH26Neg/low cells into SCs.
PKH26neg_MycER_UP_10d
2722

PKH26neg_MycER_UP_10d

300

PKH26neg_MycER_DW_10d
2666

PKH26neg_Kmt2d_Bothshs_UP_24h

PKH26neg_Kmt2d_Bothshs_UP_72h

2722

PKH26neg_Kmt2d_Bothshs_DW_24h

PKH26neg_MycER_DW_10d

301

PKH26neg_Kmt2d_Bothshs_DW_72h

2666

650

Figure 4-35. Venn diagrams of differentially expressed gene number in the indicated samples
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We then performed GSEA analysis using the transcriptional signatures obtained from
PKH26Neg/low cells infected with Kmt2d shRNAs (versus Luc sh control) and the
PKH26neg_MycER_DEGs_10day dataset as a target gene-set. This analysis showed a
coherent significantly enrichment of Myc-regulated genes, both at 24h and 72h, as shown
in Figure 4-36. We then performed the same analysis to identify enrichment of Myc
reprogramming targets within the Cbx5 sh15-regulated transcriptome. Also Cbx5regulated genes showed a significant enrichment for MYC-regulated genes identified
during reprogramming of mammary progenitors.
PKH26neg_Kmt2d_Bothshs_DEGs_24h

PKH26neg_Cbx5_sh15_DEGs_24h

NES=1.33
FDR=0.00
0

NES=1.90
FDR=0.000

PKH26neg_Kmt2d_Bothshs_DEGs_72h

PKH26neg_Cbx5_sh15_DEGs_72h

NES=1.23
FDR=0.000

NES=2.60
FDR=0.000

Figure 4-36. Enrichment analysis of Kmt2d shs or Cbx5 sh15 infected progenitors showing enrichment of Mycreprogramming signature
Enrichment plots of Myc-reprogramming signature with PKH26Neg/low cells expressing Kmt2d shs (left panel), or Cbx5
sh15 (right panel) at the indicated time points. Normalized enrichment score (NES) and False discovery rate (FDR) are
shown in each panel.

Collectively, analyses of transcriptomes during mammary progenitor reprogramming into
stem-like cells suggest a common early transcriptomic responses of PKH26Neg/low cells to
the down-regulation of Kmt2d or Cbx5, also largely shared with the transcriptomic
changes induced during reprogramming by de-regulated MYC expression. To better
understand and characterize the reprogramming events in PKH26Neg/low cells induced by
either Kmt2d or Cbx5 down-regulation, we will investigate transcriptome regulation at
later time points.
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4.4.6 KMT2D down-regulation increases sphere forming efficiency in
MCF10A cells
The promising result obtained from both primary mouse mammary epithelial cells and
cell lines prompted us to investigate the function of KMT2D in human mammary
epithelial cells. We took advantage of a well characterized human normal mammary
epithelial immortalized cell line, MCF10A, to test whether KMT2D down-regulation by
shRNAs could increase sphere forming efficiencies, suggesting induction of a stem cell
phenotype. We performed two independent experiments of mammosphere assay. In the
first experiment, we tested 2 shRNAs targeting KMT2D or CBX5, and pWPI_MycER
over-expression and TET2 shRNAs (Song, Poliseno et al. 2013) as positive controls, Luc
and pWPI_EV as negative controls. Infected-MCF10A cells were plated at a density of
1500cells/well in 1ml of stem medium in 24-well low attachment-plates, and every 5-7
days spheres were counted and re-plated as single cells for following passages. Spheres
at P2 are shown in Figure 4-37.
NI

LUC sh

pWPI_MycER

TET2 sh1

CBX5 sh1

KMT2D sh1

pWPI_EV

TET2 sh2

CBX5 sh2

KMT2D sh2

Figure 4-37. Mammospheres formed by MCF10A cells
Representative pictures of MCF10A mammospheres infected by different shRNAs targeting the indicated genes, at P2,
2x magnification.

The results are shown in Figure 4-38A. As expected, both MycER over-expression and
TET2 shRNAs led to increased sphere numbers throughout serial passages, whereas both
negative controls (Luc sh and pWPI_EV) did not. Both KMT2D shRNAs (sh1 and sh2)
led to increased sphere numbers through passages, but the sh2 was more efficiently
increasing sphere numbers as compared to sh1. Notably, this well correlates with the
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corresponding efficiencies of KMT2D down-regulation assessed by RT-qPCR (Fig. 438B). Either CBX5 shRNAs were unable to significantly increase the sphere numbers
that were comparable to pWPI_EV- infected control.
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Figure 4-38. 1st MCF10A mammosphere assay upon down-regulation of shRNA-targeted genes and MycER
over-expression
A. Number of MCF10A mammospheres through three serial passages; B. RT-QPCR analyses of relative expression of
indicated genes targeted by shRNAs and MycER over expression in MCF10A;

We repeated the mammosphere assay for confirmation in a 2nd experiment, plating the
cells in 12-well plates this time. In 24-well plates, cells tend to grow in the periphery of
the wells, where suspension condition is somehow altered due to the proximity to the
walls of wells. The results obtained from the 2nd experiment are shown in figure 4-39.
The sphere formation efficiencies were slightly lower than in the 1st experiment. This
could be due to the lower cell density at plating in a larger well, and / or the lower
formation of spheres in periphery in 12-well plate. Still, both KMT2D shRNAs showed
higher sphere forming efficiencies than the NI and Luc controls, and a slight increase
through passages. KMT2D Sh2 might be more efficient than sh1 in this assay, but more
experiments would be required to confirm this observation. Again, neither of the two
CBX5 shRNAs tested increased sphere formation in MCF10A.
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Figure 4-39. 2nd MCF10A mammosphere assay
A. MCF10A mammospheres by serial re-plating until 3rd passages; The data are represented as mean +_SD from n=3
experimental replicates. P value by multiple t-test to LUC sh, *P<0.05, **P<0.005, ***P<0.0005.

These two experiments confirmed that KMT2D down-regulation increases MCF10A
sphere initiating cells, similar to its effect in primary mouse mammary progenitors.
Therefore, we are planning to use this cell line to perform ChIP-seq on KMT2D and
histone modifications (H3K4me3, H3K4me1, H3k27ac), upon the expression of KMT2D
sh2 or Luc sh control, to integrate the binding and transcriptomic data, to uncover the
mechanism underlying the function of KMT2D inhibiting the cellular plasticity.
4.4.7 KMT2D down-regulation induces an EMT-like phenotype in the
MCF10A cell line
In addition to the induction of a self-renewal phenotype, KMT2D down-regulation in
MCF10A induced phenotypic changes when cells were cultured in adhesion. MCF10A
cells slowed down their proliferation upon infection with KMT2D shRNA, and the
morphology of cells in adherence as shown in Figure 4-40A suggests that cell-cell
contacts were lost, as compared to Luc infected cells, consistent with the acquisition of
an EMT-like phenotype. We then tested the expression of some EMT markers, by RTqPCR. KMT2D shRNA infected cells showed increased ZEB1 expression, while ECadherin mRNA was slightly down-regulated, as shown in Figure 4-40B.
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Figure 4-40. KMT2D sh2 induces an EMT-like phenotype in MCF10A cells
A. MCF10A cells infected with LUC sh or KMT2D sh2 cultured in adhesion, black arrow shows the areas of
mesenchymal-like phenotype; B. RT-QPCR analyses of relative expression of corresponding genes expression in LUC
or KMT2D sh2 infected cells;

All together, these preliminary results in MCF10A suggest that this cell line could be a
proper model system to further investigate the function of Kmt2d in mammary epithelial
cell plasticity.
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4.5 Single Cell Transcriptome Analysis of Mammospheres
To better characterize the epithelial subpopulations present in cultured mammospheres,
that were employed in the shRNA screens and validations, we decided to investigate their
transcriptional heterogeneity. Thus we performed single cell RNA-sequencing (ScRNAseq) in cells from the entire mammosphere culture (Bulk), and from mammosphere subpopulations differing for the intensity of PKH26 staining (e.g. with different proliferative
histories): i. SC-enriched quiescent or slowly proliferating (PKH26High); ii. highly
proliferating mammary progenitors (PKH26Neg/low); and iii. Cells with intermediate
proliferative histories (PKH26Med) (Cicalese, Bonizzi et al. 2009).
Briefly, either PKH26-labeled or not-labelled (Bulk) primary mouse mammary cells were
cultured as mammospheres in suspension for 7 days. Then, PKH26-labeled
mammospheres were disaggregated into single cells, and purified by FACS sorting, based
on the retained PKH26 label intensity (PKH26High, PKH26Med and PKH26Neg/low subpopulations). Also, the Bulk unlabelled cells were subjected to FACS, to separate alive
single-cells from dead cells and debris that impair the scRNA sequencing quality. We
prepared 5,000 Bulk, 3,000 PKH26Neg/low, 2,000 PKH26Med and 2000 PKH26High cells
which were then processed for scRNA-seq, using the 10X Chromium platform for single
cell capture and library preparation, and sequenced with NovaSeq equipment at a depth
of 50,000reads/cell. The experimental scheme is shown in Figure 4-41.
Bulk (No PKH26)
High

High

PKH26

PKH26

10x chromium cell capture
and library preparation

Single cell GEM

Med

Med

PKH26

PKH26

Neg/low

Neg/low

PKH26

PKH26

Novaseq
Freshly sorted

Figure 4-41. Sorting strategy of primary mouse mammospheres and schematic representation of 10X Chromium
single-cell RNA sequencing

99

4.5.1 Single-cell RNA sequencing identifies 20 clusters within primary mouse
mammospheres
Bioinformatics analyses of scRNA-seq data (in collaboration with Roman Hillje) allowed
identification of a total 17,510 individual cells: 7,011_Bulk, 4,367_PKH26 Neg/low,
2,767_PKH26Med, 3,365_PKH26High cells. Cluster analyses allowed identification of 20
distinct cell populations within the primary mammospheres.

PKH26Med
PKH26Neg/low

UMAP2

PKH26High
Bulk

UMAP1

Figure 4-42. UMAP plots by samples and clusters
Transcriptome of total mammosphere cells from mouse mammary glands (n=12 mice) generated using the 10X
Genomics Chromium platform.

Data were visually represented as UMAPs, by either samples (A and B, upper panel) and
clusters (C and D, lower panel), using Uniform Manifold Approximation and Projection
(UMAP) algorithm (Fig. 4-42). We obtained a total of 20 Clusters out of 7,011 Bulk cells
and 10,499 cells from the three PKH26High, PKH26Med and PKH26Neg/low subpopulations.
As expected, the transcriptional patterns derived from PKH26 subpopulations overlapped
with the ones derived from Bulk mammosphere cells (Fig. 4-42). The number of genes
expressed per cell varied among the samples, showing a correlation with the population’s
cell-cycle status. In detail, PKH26High was associated with the lowest number of
expressed genes per cell and PKH26Neg/low with the highest (Table. 4-14).
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Table 4-14. Summary of samples in single-cell RNA-seq experiment

Samples

N of cells sequenced

Median of expressed gene number per cell

Bulk

7,011

3,317

PKH26High

3,365

2,199

PKH26Med

2,767

2,641

PKH26Neg/low

4,367

4,014

In the representation of cluster composition within samples, Bulk mammosphere cells are
distributed in all clusters, consistent with the fact they contain all three subpopulations.
Among the clusters, PKH26High clusters composition contain PKH26Med cells as they are
intermediate population and closer to PKH26High, as shown in in Figure 4-43.
PKH26High
PKH26Med
PKH26Neg/low
Bulk

Figure 4-43. The distribution of samples within the 20 Clusters
Left panel shows the bar graph representation of clusters composition by percentage while the right panel shows the
number of cells in each cluster.

4.5.2 Identification of MaSCs clusters and putative cell surface markers
In order to identify the MaSC enriched clusters among the 20 identified (regardless of
samples), we checked the expression of gene lists that have shown to be up-regulated in
MaSCs:

i)

LIM_MAMMARY_STEM_UP

(Lim,

Wu

et

al.

2010);

ii)

SOADY_MAMMARY_STEM_UP (Soady, Kendrick et al. 2015), and iii) MaSC_UP
(Santoro, Vlachou et al. in press). Results showed that Clusters 2, 3 and 6 have a higher
101

expression of these MaSC-related genes, with higher statistical power for the MaSC_UP
signature (Fig. 4-44). Notably, Clusters 2, 3 and 6 within the PKH26High Clusters (C2, 3,
4, 5, 6, 11).

Figure 4-44. Violin plot of mammary stem cell signature expression within 20 identified clusters
Cluster 2, 3, 6 have a higher expression of MaSC-related genes, with higher statistical power for the MaSC_UP
signature. Conversely, the clusters mainly composed by PKH26Neg/low cells are negatively correlated, such as C7, 8,
9. 17, 19, 20. Y-axis is the average expression of all the genes of the gene list, the value shows z-score.

Then, taking advantage of this powerful technology, we tried to identify putative MaSCs
markers genes within the C2, 3 6. In these analyses, each sample/cluster was compared
to all other samples/clusters together. Genes were selected based on a positive average
log-fold change of at least 0.25 (e.g. the over-expressed genes) and expression in at least
70% of the cells of each single sample/cluster. Statistical analyses were performed using
a classical t-test (previously shown to be very accurate in scRNA-seq data-set analyses).
In the end, we identified 90 marker genes in the PKH26 High samples, as compared with
the other samples, 172 marker genes in the C3 and 80 marker genes in the C6, as
compared to all other clusters.
In order to find putative cell surface markers that could be possibly used for purification
of the MaSCs in the mammospheres, as an alternative to PKH26 label retaining assay, we
searched for glycoproteins among the identified marker genes. Notably, we found Cd36
(glycoprotein, collagen type I receptor) gene is exclusively expressed only in the
PKH26High population (LogFC=1.75 compared to other samples) and in the
corresponding clusters, as shown in Figure 4-45.
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Cd36_expression

Figure 4-45. Violin plot of Cd36 expression in samples (left) and clusters (right)
Cd36 is exclusively expressed in the PKH26High sample, and in the clusters most enriched with PKH26High cells;

Though our bioinformatics search for cell-surface SC-marker is still ongoing, we are
currently validating Cd36 in the purification of MaSCs from the mouse primary
mammary epithelial mamommsphere culture.
4.5.3 Cbx5 and Kmt2d expressions are lower in PKH26High population and
putative Stem cell clusters
Consistently, scRNA-seq results showed that Cbx5 and Kmt2d are expressed at a lower
level in PKH26High population, and in the putative stem cell clusters C2, 3, 6 (Fig. 4-46
and 4-47, respectively).

Figure 4-46. Cbx5 expression is low in PKH26High sample (left) and the putative stem cell clusters (right) by
scRNA-seq
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Figure 4-47. Kmt2d expression is low in PKH26High samples (left) and the putative stem cell clusters (right) by
scRNA-seq

Overall, scRNA-seq data set we generated is helping us to resolve the heterogeneity of
MaSCs and progenitors at single cell resolution. It also confirmed the coherence of our
validated genes (Cbx5 and Kmt2d) expression at a single cell resolution.
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5 Discussion

5.1 Validation of the Genes Identified through shRNA Screening for
Epigenetic Inhibitors of Cellular Plasticity
Recent studies suggest that cell plasticity is an important physiological trait, involved in
tissue homeostasis maintenance and in tissue regeneration after severe damage, which,
also contributes significantly to tumor initiation, tumor cell heterogeneity,
metastasization and drug resistance (Varga and Greten 2017). Not surprisingly, these
multiple and opposing functions are controlled by both genetic and epigenetic
mechanisms. Epigenetic modifiers are known to play an important function in cell
identity and cell differentiation during development though much less is known on their
function in the control of cell plasticity in adult tissues (Paksa and Rajagopal 2017). In
this study, we addressed the function of epigenetic regulation in the inhibition of
physiological cellular plasticity, as a mechanism to prevent unscheduled cell fate changes,
in particular de-differentiation. To this end, we performed pooled shRNA screens to
identify epigenetic inhibitors of the conversion of mammary epithelial progenitors into
mammary stem cells. The mouse mammary gland represents a suitable model to study
cell plasticity, since it undergoes extensive remodelling, expansion and involution during
development, pregnancy and lactation. Moreover, a robust in vivo assay for stemness is
available in the mouse mammary gland: a single mammary SC injected into a deepithelized (cleared) mammary fat-pad, can regenerate a fully differentiated mammary
gland (Shackleton, Vaillant et al. 2006, Stingl, Eirew et al. 2006), while more
differentiated progenitors cannot. In our genetic screenings, we employed lentiviral
shRNA libraries to inhibit 234 epigenetic modifiers in mouse primary mammary
progenitor cells, each targeted by 10 different shRNAs. In 6 independent screening
experiments, we identified shRNAs targeting 38 potentially inhibitors of cell plasticity,
out of the 234 genes targeted by our library. Notably, some of the identified genes were
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recently identified as inhibitors of iPSCs reprogramming, such as p53 (Utikal, Polo et al.
2009), Dot1L (Onder, Kara et al. 2012), Chaf1 (Cheloufi, Elling et al. 2015), thus
providing a first level of validation for our screening strategy. Moreover, also the other
identified hits are known to play important functions in development, cell identity, and
cancer.
The candidates were then individually subjected to in vivo validation experiments, by the
same transplantation assay employed in the screenings. We considered as validated hits
those scoring positive in at least two independent experiments, testing altogether at least
100,000 shRNA-infected cells. We achieved a good rate of validation, since 7 genes were
validated out of 21 tested, in a total of 12 independent experiments. This high validation
rate confirmed the value of our pooled in vivo screening strategy to identify regulators of
cell plasticity. Additional hits’ validation is still ongoing, with the final aim of obtaining
a more complete picture of the epigenetic regulation of physiological cell plasticity.
Nevertheless, most of the in vivo validated shRNAs failed to confer in vitro self-renewal
ability to mammary progenitors as assessed by serial re-plating of mammosphere cultures,
except for Kmt2dsh that conferred self-renewal ability. The main reason for the
discrepancy between the results of in vivo and in vitro validation experiments, could be
the high stringency of the in vitro self-renewal assay, that is based on the resistance of
SCs to anoikis–induced apoptosis. Mammary progenitors may indeed die in suspension
before completing the process of reprogramming into SCs, and become resistant to
anoikis. The in vivo environment of the mammary niche is likely to be more permissive,
thus

allowing

progenitor

survival

and

reprogramming.

Moreover,

niche

microenvironmental signals and growth factors might be required for reprogramming.
Importantly, Myc or YAP/TAZ expression increases proliferation and induces efficient
self-renewal in vitro (Panciera, Azzolin et al. 2016, Santoro, Vlachou et al. in press),
suggesting a requirement for cell proliferation to induce in vitro self-renewal, a property
that may not be shared by our hits.
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Finally, we should not ignore the fact that full reprogramming is a very rare event. In fact,
even the reprogramming of fibroblasts into iPSCs by the four “Yamanaka factors” - Oct4,
Sox2, Klf4, Myc-is a relatively inefficient process, strongly affected by cell culture
conditions and epigenetic alterations (Maherail and Hochdllinger,). Importantly, this
process is strongly stimulated by expression of the oncogene Myc, which might in part
affect it through induction of self-renewal and cell proliferation.
In conclusion, our data suggest that the in vivo mammary gland regeneration assay is
more efficient than the in vitro mammosphere assay, to score the induction of stemness
phenotypes in reprogrammed mammary progenitors. Still, the in vitro self-renewal assay
is critical because it provides a first hint on the cellular mechanisms of reprogramming.
Hence, taking those aforementioned possible reasons into account, we successfully
demonstrated that lineage restricted luminal cells can be reprogrammed into MaSCs by
Myc expression, using an organoid formation and self-renewal assay (Panciera, Azzolin
et al. 2016).
In this assay, freshly isolated mouse mammary luminal cells infected with a MycER
expressing construct were able to form compact, contractile organoids, showing extended
self-renewal ability through serial passages, as compared to the SC-enriched MRU
subpopulation (Santoro, Vlachou et al. in press). The advantages of using the organoid
assay are: i) progenitor cells are infected and initially maintained in adhesion on collagencoated plates, which is a less stressful condition to anchorage-independent cultures; ii) in
addition, morphology of colonies formed in Matrigel provides information not only
regarding the self-renewal ability of the reprogrammed cells plated, but also on their
differentiation potential; iii) the size of the colonies also provides information on the
proliferative statues of the cells. Overall, by optimizing this approach one could
potentially efficiently characterize and dissect the mechanism of reprogramming at all
levels. Thus, this assay may allow us to assess induction of self-renewal in vitro, by the
in vivo validated shRNAs.
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Taken together, we provided convincing evidence of the stringency and robustness of the
in vivo strategy we used to validate the identified genes, and tested possible approaches
to assess the induction of self-renewal ability by in vitro.

5.2

Cbx5 and Its Function as an Inhibitor of Cellular Plasticity

Here we have reported that Cbx5 down-regulation reprograms mammary progenitors into
MaSCs, as assessed by in vivo transplantation assay. Target progenitors were purified as
PKH26Neg/low cells or Lin-Cd24hiCd49f+ uncultured mammary luminal cells (LUM). We
also showed that Cbx5 down-regulation accelerates the conversion of CommaDβ mouse
mammary cells from the Sca-1neg to Sca-1high phenotype. These results strongly suggest
that HP1⍺ is an inhibitor of cellular plasticity, at least in mammary cells. Consistently,
the HP1 protein family, in particular HP1γ, was recently reported to inhibit
reprogramming of fibroblasts into iPSCs. In fact, HP1γ deletion increases the
reprogramming efficiencies, while HP1⍺, or HP1β depletion had a milder and less
reproducible effect (Sridharan, Tchieu et al. 2009, Zaidan, Walker et al. 2018). Our results
are in line with these findings, further suggesting that HP1⍺ could play a physiological
function in cell identity maintenance, acting as a barrier against cell fate transitions, in
particular in the generation of SCs from their more differentiated progeny.
The implication of HP1⍺ in the regulation of cell plasticity suggests it might be involved
in the generation of CSCs. Indeed, HP1⍺ is down-regulated in metastatic colon, thyroid
and breast cancers (De Lange, Burtscher et al. 2001, Wasenius, Hemmer et al. 2003,
Norwood, Moss et al. 2006), hinting to its possible function of metastasis - suppressor.
In breast cancer, HP1⍺ is the only HP1 family member that is down-regulated both at the
mRNA and protein level, in the highly invasive breast cancer cell lines MDA-MB-231
and HS578T, as compared to the non-invasive T47D and MCF7 cell lines (Kirschmann,
Lininger et al. 2000, Thomsen, Christensen et al. 2011). Moreover, HP1⍺ is involved in
the invasive phenotype of the MCF7 and MDA-MB-231 breast cancer cell lines, in vitro.
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Cbx5 down-regulation in MCF7 cells leads to a 40% increase of their invasiveness in
vitro, while the opposite effect is elicited by Cbx5 over-expression in MDA-MB-231 cells
(Kirschmann, Lininger et al. 2000, Norwood, Moss et al. 2006). Finally, a recent study
suggested a possible function of HP1⍺ in EMT. During the initial steps of TGFβ-induced
EMT, HP1⍺ is transiently released from the major satellite repeat sequences located in
pericentric heterochromatin, to allow heterochromatin reorganization (Millanes-Romero,
Herranz et al. 2013). Collectively, these studies suggest a tumor suppressive function for
Cbx5, possibly elicited through the inhibition of EMT and invasive and metastatic
potential. Taken together, our result further suggest that HP1⍺ might exert a tumor
suppressive function by inhibiting cell plasticity, in particular de novo cancer stem cell
formation.
In the initial in vivo validation experiments, we co-infecetd two shRNAs targeting Cbx5.
We then tested them individually for their ability to induce reprogramming, and found
that, although both shRNAs down-regulate Cbx5 mRNA and HP1⍺ protein levels with
equal efficiency, only Cbx5 sh15 was able to induce the generation of mammary
repopulating units. These results might suggest off-target effects. Therefore, we will
further investigate this issue, testing the effects of other Cbx5 shRNAs first in vitro, in
the CommaDB cell line, and then their reprogramming efficiency in vivo. In parallel, we
will test whether Cbx5 sh11 and sh15 could target different Cbx5 transcript variants,
which may account for their different phenotypic outputs. Indeed, a recent study revealed
the existence of several novel Cbx5 transcripts in breast cancer cell lines, and described
a novel Cbx5 transcriptional isoform, STET, whose expression inversely correlates with
HP1⍺ coding mRNA (Vad-Nielsen, Jakobsen et al. 2016).
Consistent with their different reprogramming ability, the two Cbx5 shRNAs induce
different effects on the transcriptome, as shown by our RNA-seq studies. We investigated
the trancriptomic changes induced in PKH26Neg/low cells upon Cbx5 down-regulation, at
24h and 72h after shRNA infection. The GSEA analysis of the RNA-seq data revealed
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both commonly and differently regulated pathways. Cbx5 sh15 induces a consistent
enrichment of the oxidative phosphorylation and Myc targets gene sets from 24h to 72h.,
while the interferon alpha and gamma responses are significantly enriched only at 24h.
Instead, the gene sets enriched at 24h and 72h after Cbx5 sh11 infection are different,
and more importantly, they share little overlap with those enriched after Cbx5 sh15
infection, especially at 72h. As we mentioned earlier, we will address the possible reasons
of the different biological and trancriptional effects of the two Cbx5 shRNAs, testing
additional Cbx5 shRNAs.
Still, these RNA-seq data provide us with important indications about the early responses
during reprogramming by Cbx5 down-regulation. In addition, they suggested different
transcriptomic effects of the two shRNAs employed, that may explain the different
biological effects we obtained in the in vivo regeneration experiments.
In conclusion, we obtained promising results that Cbx5 validated as a putative inhibitor
of mammary epithelial cell plasticity in vivo. We still need to address possible off-target
effects of the employed shRNAs. After resolving this issue, we will validate the obtained
RNA-seq data, further explore the transcriptional changes by performing additional
RNAsq experiments, both at the same and longer time points, to uncover the
transcriptomic changes during the reprogramming event by Cbx5 down-regulation.

5.3

Kmt2d and Its Function as an Inhibitor of Cellular Plasticity

Kmt2d plays important functions in regulating gene transcription and is frequently
mutated in a variety of cancers, including lymphoma (Morin, Mendez-Lago et al. 2011),
medulloblastoma (Jones, Jager et al. 2012), and gastric cancer (Zang, Cutcutache et al.
2012). Kmt2d is also mutated in other human diseases, such as Kabuki syndrome
(Paulussen, Stegmann et al. 2011). The identified Kmt2d mutations belong to the loss-offunction type, suggesting that its function as a tumor suppressor in various tissues (Zaidi,
Choi et al. 2013, Rao and Dou 2015). Therefore, the identification of Kmt2d, a known
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tumor suppressor, as an inhibitor of reprogramming in our screens is in line with our
initial hypothesis, i.e. that physiological inhibitors of cellular plasticity could play as a
tumor suppressor. The function of Kmt2d in maintenance of cell identity or suppression
of fate transition has not been specifically addressed, except for a recent report showing
that Kmt2d is required for mouse ESCs differentiation, and activates cell-identity genes
by priming their enhancers (Wang, Lee et al. 2016).
Here we reported that Kmt2d down-regulation by three different shRNAs reprograms the
PKHNeg/low progenitors into SCs able to regenerate mammary glands upon transplantation.
This strongly suggests that Kmt2d inhibits unscheduled de-differentiation of mammary
progenitors to MaSCs, and argues against off-target effects, since multiple shRNAs
targeting Kmt2d are able to induce this phenotype in vivo. Moreover, we obtained
preliminary evidence that Kmt2d down-regulation endows mammary progenitors with
the ability to grow in suspension as mammospheres and self-renewal through serial
passages. In this experiment, we tried to improve survival and viability of sorted and
infected mammary progenitors, by culturing them in 5% matrigel containing stem
medium for 7 days, prior to the mammosphere assay in suspension, to prevent anoikisinduced cell death in suspension culture before cell reprogramming could occur. We will
further confirm the inhibitory function of Kmt2d on self-renewal, both in suspension
culture and in organoid formation and self-renewal assays. The latter approach will also
allow to investigate the effects of Kmt2d inhibition on organoid differentiation in vitro.
We further validated Kmt2d as an inhibitor of cell plasticity using the CommaDβ mouse
mammary epithelial cell line, in which Kmt2d shRNAs expression accelerates the
spontaneous conversion from the Sca-1neg to Sca-1high phenotype. In the MCF10A human
mammary epithelial cell line, we obtained preliminary results showing that KMT2D
down-regulation increased sphere formation efficiency over at least three passages in
suspension culture. Moreover, we noticed the induction of an EMT-like phenotype by
KMT2D down-regulation in adhesion culture, and accordingly we found increased
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expression of ZEB1 mRNA. Altogether, we validated Kmt2d as an inhibitor of cell
plasticity in normal mammary epithelial tissue. These results suggest that Kmt2d loss of
function in cancer may also induce cell plasticity, possibly leading to the generation of
CSCs from more differentiated non-cancer SCs. This question will be specifically
addressed in mouse models of mammary tumor and breast cancer patient derived
xenografts.
Finally, we performed transcriptomic analyses in PKH26Neg/low mammary progenitors,
infected with two different validated shRNAs individually targeting Kmt2d in
PKH26Neg/low cells, at 24h and 72h after infection. GSEA analysis of the RNA-seq data
showed a significant enrichment of IFN-⍺, IFN- γ responses, Il-6-Jak-Stat3 inflammatory
signaling pathways, at both time points, suggesting an early response, that is maintained
at least for 72 hours. Other significantly enriched gene-sets are Myc targets v1 and v2,
oxidative phosphorylation, and DNA-repair. Interestingly, these early transcriptomic
responses to Kmt2d down-regulation are shared with those obtained upon Cbx5 downregulation by sh15. Coherently, Cbx5 mRNA level is significantly decreased, 72h after
Kmt2d down-regulation, suggesting that Cbx5 might be a downstream target of Kmt2d
during reprogramming.

5.4 Kmt2d and Cbx5 Downregulation may Induce Cellular
Plasticity through Pro-inflammatory Cytokines
Based on our RNA-seq analyses of the progenitors infected with validated shRNAs, at
early two time points, we propose to define the shared trancriptomic inflammatory
signature as early transcriptional reprogramming response (ETRR) of mammary
progenitor cells to SCs. Leading edge analysis of the most significantly enriched
pathways in the ETRR revealed several chemokines and cytokines commonly induced by
down-regulation of either Cbx5 or Kmt2d, in PKH26Neg/low cells. These include the
inflammatory cytokines: Cxcl11,Cxcl10, Cxcl9, Ccl5, Ccl7, Il6, and Il7 (Yamamura
1992, Cassatella, Meda et al. 1993, Jung, Eckmann et al. 1995), suggesting their possible
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function in the reprogramming processes of mammary progenitors. In line with this, we
experimentally found induction of Il6 mRNA upon Kmt2d down-regulation, both in
mouse and human mammary epithelial cell lines, namely in CommaDβ and MFC10A.
Consistently, it was previously shown that transient over-expression of IL-6 at the early
stage of MEF reprogramming by the “Yamanaka factors” OSKM, promotes the
generation of iPSCs and can even substitute for Myc (Brady, Li et al. 2013). In breast
cancer, IL-6 mediated inflammatory signaling was shown to lead to cancer stem cell
expansion (Iliopoulos, Hirsch et al. 2011, Korkaya, Kim et al. 2012). These studies
suggest that inflammation can stimulate cell reprogramming although it is not yet known
which aspects of cell plasticity and what are the precise mechanisms involved.
Moreover, we found a significant overlap between the signature induced by Kmt2d or
Cbx5 knock-down, and the MycER over-expression signature in PKH26Neg/low cells (Fig.
4-40). Down regulation of Cbx5 or Kmt2d in PKH26Neg/low cells induce Myc targets at
72h. This evidence reinforces the function of Myc targets in reprogramming of mammary
progenitors into SCs, that was recently shown in our group (Santoro, Vlachou et al. in
press).
Based on this evidence, we speculate that the proinflammatory cytokines in our ETRR
signature may contribute to priming the environment in favor of reprogramming, and
Myc targets, together with other pathways, might be subsequently induced to achieve full
reprogramming. This hypothesis can be directly tested by supplying a different
combination of above mentioned cytokines in the cell culture medium during
reprogramming of PKH26Neg/low cells. These experiments should help us to understand
the function of those cytokines in the cell plasticity under physiological condition.
Eventually, as future work, we can directly check whether these cytokines might induce
metastasis through cellular plasticity. Indeed, several recent studies have shown a
function of inflammation in metastasis through EMT in breast cancer and other cancers
(Cohen, Gao et al. 2015, Qian 2017, Singh, Mishra et al. 2018).
113

5.5

Single Cell Transcriptomic profile of Mouse Primary
Mammopsheres

We reported here some preliminary analyses on scRNA-seq datasets generated from
mouse primary mammosphere subpopulations. As expected, we provided the first
evidence, at single - cell level, that the transcriptome of quiescent or slowly proliferating
PKHhigh cells are clearly distinguishable from those of their highly proliferating
PKH26Neg/low progeny, since they are almost completely separated in the UMAP plot (Fig.
4-42). Moreover, we found a considerable heterogeneity within the mouse primary
mammospheres, making still challenging, thus, the definition of the cell types solely on
the basis of their transcriptomes. However, thanks to the large amount of studies
published on mammary stem cell characterization, we were able to define putative
mammary stem cell clusters, taking in consideration all clusters in an unbiased way,
regardless of their sample origin. Consistently, we found that those putative mammary
stem cell clusters are mainly composed by PKH26High cells.
Then, taking advantage of this powerful technology, we searched for putative markers in
the identified SC – enriched clusters identified. In particular, we focused on surface
markers, to purify a SC – enriched subpopulation as a possible alternative to the PKH26
label retaining assay. We found the Cd36 glycoprotein, exclusively expressed in the
clusters that are mainly composed of PKH26High cells. Consistent with its expression in
putative SCs, CD36 was shown as a marker of glioblastoma CSCs and recently shown as
a novel marker for fibroblast quiescence in lung fibrosis (Hale, Otvos et al. 2014,
Heinzelmann, Lehmann et al. 2018). This suggests that Cd36 could be associated with
SCs properties, in particular quiescence (label – retaining cells) also in mammospheres,
and in mammary SCs. Therefore, we may investigate the expression of CD36 in freshly
purified mammary SC-enriched subpopulation, in situ by immunofluorescence, and in
mammary organoids.
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Taken together, these coherent and promising results we obtained in the scRNA-seq of
mammosphere subpopulations, prompt us to further mine the data with the help of a novel
and comprehensive tool, Single Cell Browser (developed by Roman Hillje, manuscript in
preparation), to display and analyse single cell RNA-seq data. The availability of this
platform will hopefully help us in identifying the relevant genes involved in cell plasticity.
In fact, we are planning to perform scRNA-seq on PKH26Neg/low cells infected with
selected validated shRNAs, at different time points, to investigate possible intermediate
reprogramming states by pseudotime analysis of the obtained data (Campbell and Yau
2016, Reid and Wernisch 2016, Street, Risso et al. 2018).
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Appendix

During the course of my PhD studies I contributed to the successful completion of the
revision process of an original research article titled as “P53-loss in breast cancer leads
to Myc activation, increased cell plasticity and expression of a mitotic signature with
prognostic value”, which has been recently accepted for publication in Cell Reports
(Santoro, Vlachou et al. in press). The results I provided and have been incorporated in
the final version of the manuscript to address specific Reviewer comments are shown in
the thesis section 4.2.3.2, Figures 4-10, 11, and 12. The title list of authors and abstract
are provided in the following pages.
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Abstract
Loss of p53 function is invariably associated with cancer. Its role in tumor growth was
recently linked to its effects on cancer SCs (CSCs), though underlying molecular
mechanisms remain unknown. Here we show that c-myc is a transcriptional target of p53
in mammary stem cells (MaSCs) and is activated in breast tumors as a consequence of
p53-loss. Constitutive Myc expression in normal mammary cells leads to increased
frequency of SC symmetric divisions, extended SC replicative-potential and SCreprogramming of progenitors, while Myc activation in breast cancer is necessary and
sufficient to maintain the expanding pool of CSCs and tumor growth. Concomitant p53loss and Myc activation trigger the expression of 189 mitotic genes, which identify
patients at high risk of mortality and relapse, independently of other risk factors. Our data
indicate that de-regulation of the p53:Myc axis in mammary tumors increases CSC
content and plasticity, and is a critical determinant of tumor growth and clinical
aggressiveness.
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