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Summary

The mammary gland is an epithelial structure composed of cells from luminal and basal
lineages, all which undergo drastic changes throughout multiple postnatal developmental stages. During
female puberty an interplay of Estrogen and Progesterone signaling promote the expansion of the
rudimentary mammary epithelial structure into a complex ductal network. The mammary epithelium
further matures during pregnancy, where an interplay of Estrogen, Progesterone and Prolactin (EPP)
prepares the structure to secrete milk. Parity-associated changes to the mammary gland have been
extensively described in mouse models. However, the mammary epithelial structure in mice and
humans are both surrounded by different microenvironments, limiting the translational potential of
studies done in intact murine mammary glands. Moreover, obtaining human mammary tissue involves
invasive surgical procedures, making mammary tissue from women undergoing gestation incredibly
difficult to obtain. Therefore, there is a pressing need for scalable systems that we can use to track
changes to mammary gland cells in response to controlled signals, in order to advance our understanding

of the molecular mechanisms underlying complex developmental stages.

Organoids are an emerging culturing system that allow for dynamic tracking of molecular and
morphological changes to tissue samples in exposure to controlled developmental signals. Our lab
previously demonstrated that EPP treatment can recapitulate the expression of milk associated proteins
by organoids derived from murine mammary epithelial cells (MECs), as well as inducing MECs to
obtain a parity-associated epigenomic signature. However, further assessment was needed to discern

the extent to which hormone treatments reliably recapitulated in vivo developmental stages in organoids.

For this work, we used emerging single cell technologies to explore the extent to which MEC-
derived organoids recapitulate in vivo MEC composition, providing an in-depth characterization of this
system as a scalable model to study different developmental stages. We first characterized murine
MECs without hormone treatment, with different doses of Estrogen to mimic hormone concentration

changes during the estrous cycle, and with EPP treatment using single cell RNA-sequencing (scRNA-



seq), and found compositional and transcriptomic changes to MECs associated with hormone response
and pregnancy. We further compared the resulting data to previously generated data sets from intact
murine mammary tissue collected at different pregnancy stages, and found the acquisition of unique
cellular states in vitro. Thus, the results for this portion of the thesis demonstrate the utility and

limitations of using organoid systems to dissect the effects of hormones on MEC development.

To expand our characterization of models to study mammary gland development, sScRNA-seq
data sets were generated from mammary tissue samples from healthy women that were never pregnant
and that had experienced past pregnancies. Using this approach, it would be possible to obtain a
snapshot of persistent changes to the mammary gland occurring after undergoing pregnancy.
Preliminary results for this portion of my thesis show MEC compositional differences between tissue
from women who had never been pregnant and women who had previous pregnancies, providing a
framework for subsequent studies using other human MEC-derived systems. Thus, we then cultured
and sequenced organoids from human mammary tissue and treated them with EPP to mimic pregnancy-
associated development. We showed human MEC-derived organoids are also able to recapitulate
compositional and transcriptional changes associated with pregnancy hormones, consequently making

organoids a viable system to understand hormone-induced development in human mammary tissue.

In order to truly translate our findings on murine MEC-derived organoids and determine
conserved mechanisms across evolutionary timescales that contribute to tissue homeostasis during
pregnancy, we next set out to compare MEC transcriptional profiles between both murine and human
organoids. Similar to previous findings by our lab, we found that, at baseline, progenitor cell types were
conserved across species, whereas mature cell types were species-specific. Treatment with EPP resulted
in MECs segregating almost exclusively based on species of origin, alluding to MECs becoming highly

specialized to species-specific functions in response to pregnancy hormones.

Altogether, we have generated a single cell map of murine and human MEC-derived organoids

undergoing hormone response and pseudo-pregnancy cycles in vitro. We demonstrate the efficacy of



hormone treatments on these specific 3D culture models in recapitulating hormone-driven
compositional changes to the mammary epithelial structure. These findings pave the way for future
studies to further characterize dynamic changes to specific mammary epithelial sub-populations using

these 3D models under different conditions to model primary tissue development.
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1. Introduction

The mammary gland is a unique tissue that undergoes most of its development postnatally,
especially in females. Particularly during adolescence, a surge in hormones Estrogen (E2) and
Progesterone (P4) transform the rudimentary mammary epithelium into a complex ductal network
(Slepicka et al., 2021). Nevertheless, the most drastic postnatal developmental stages of the mammary
gland occur during pregnancy. During this process, an interplay of E2, P4 and Prolactin (PRL) induce
the maturation of the mammary gland into alveoli that can secrete milk (Slepicka et al., 2021). Once a
pregnancy cycle ends, the mammary gland epithelial structure virtually regresses to its pre-pregnant
baseline state. However, the changes that occur to the mammary gland structure during pregnancy are
iterative with subsequent pregnancies, becoming increasingly efficient, thus indicating some of these
changes are persistent (C. O. dos Santos et al., 2015). Moreover, it has been shown that changes to the
mammary gland during pregnancy are associated with a lower risk of breast cancer (BC) (Hanasoge
Somasundara et al., 2021). Therefore, understanding the molecular processes that occur during
pregnancy can move us closer to utilizing these changes to help prevent neoplastic growth and increase

lactation efficacy.

While mouse models have been extensively used to assess mammary gland pregnancy-
associated development, they are an expensive model system with many inherent challenges including
variation and time. It has also been shown that the mammary gland epithelium is surrounded by different
microenvironments in mice and humans, which in part could result in species-specific cellular
interactions and limit the translational potential of mouse models (Dontu & Ince, 2015). Using human
mammary tissue to study development during pregnancy, however, presents an equally challenging
model because obtaining tissue samples requires invasive surgical procedures. For the aforementioned
reasons, finely tuned, scalable and accessible in vitro model systems for studying the effects of
pregnancy hormones on MEC:s are vital to better understand how the mammary gland is modified during

different stages of pregnancy.
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Three dimensional (3D) organoid cultures are a method by which MECs are isolated from
mammary tissue samples and grown in Matrigel, which serves as a basement-rich extracellular matrix
(ECM) in culture thus mimicking in vivo conditions for MECs to organize into ductal structures
(Nguyen-Ngoc et al., 2015). Previous work from our lab and others has shown that organoids are able
to recapitulate MEC lineages found in vivo, as well as mimicking some aspects of pregnancy, such as
the expression of milk-associated proteins (Ciccone et al., 2020; Gray et al., 2022; Rosenbluth et al.,
2020; Sumbal et al., 2020). Further characterization of how organoid systems compare to in vivo
mammary gland development will therefore allow us to gain insights into the effectors underlying

normal and pathological mammary gland development that we can translate into clinical interventions.

For the aforementioned reasons, in this section of my thesis I will be reviewing what is known
about the mammary gland epithelium and its development, the hormones that control each
developmental stage and models that have been utilized to gain such understanding. This portion of my
thesis will additionally involve an in-depth discussion of the known differences between mouse and
human mammary glands, and the limitations and advantages of using murine-based models. I will then
discuss recent studies that have begun to characterize both the murine and human mammary gland at a
single cellular level, allowing for us precisely understand the developmental processes affecting
different subcellular epithelial populations, and consequently allowing us to begin inferring which
changes are important for lactation efficacy and BC prevention. I will subsequently introduce our
current study, which involves a comprehensive analysis of the molecular mechanisms governing the
different lineages found in murine and human MEC-derived organoid cultures, thus addressing gaps
between mouse and human models and paving the way for a better understanding of mammary gland

development during pregnancy.

1.1 Cell types that constitute the mammary gland
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The mammary gland is a highly heterogeneous tissue consisting of a bi-layered epithelial
structure capable of becoming a functional unit responsible for milk secretion during lactation (Fig. 1).
The inner layer of the mammary epithelial structure consists of luminal cells that can form ducts and
milk-producing alveoli, and the outer layer consists of basal cells made up primarily of myoepithelial
cells that give contractile force to the structure (Cristea & Polyak, 2018). The epithelium is additionally
surrounded by a microenvironment composed of a diverse array of non-epithelial cells that interact with
the epithelium (Dziggelewska & Gajewska, 2019). All of these cell types contribute to the tissue
homeostasis of the mammary gland throughout its lifetime, which is why I will briefly list each of the

known MEC types, how they are defined at a transcriptomic level, and cells comprising the mammary

microenvironment.
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Figure 1. The mammary epithelium and cell types that constitute the structure.

(A) Schematic depiction of the bi-layered mammary epithelium. Luminal ductal (blue) and alveolar cells (turquoise) line
the inner part of the structure. Ductal cells contribute to the branching of the structure and respond to a milieu of
hormones throughout puberty (hormone receptor positive cells in white), while alveolar cells mature to secrete milk
during pregnancy. The outer part of the mammary epithelium is lined with basal cells (red), which include different
progenitors and myoepithelial cells (green), the cellular population responsible for conferring contractile force for
milk ejection.

(B) Diagram showing the different luminal and basal cellular states found in the mammary gland, and when they arise
throughout post-natal development. Progenitor populations for each mature luminal state (blue) and myoepithelial
state (green) are maintained in the gland for renewal (blue for luminal progenitors and red for basal progenitors).
The presence of a progenitor with the potential of becoming luminal or basal has likewise been described (purple).
Figures adapted from: Cristea S. & Polyak K., 2022, Nature Communications.
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1.1.1  Cell types comprising the mammary epithelium and their transcriptomic traits

MECs have been long documented to, at baseline, share certain defining characteristics by
which they can be dissected from their surrounding microenvironment, such as the expression of
Epithelial cell adhesion molecule gene (Epcam) and its protein product, as well as the expression of
specific cytokeratins and their protein products (Bach et al., 2017; Shehata et al., 2012; Stingl et al.,
2001). However, the adult mammary epithelial hierarchy is complex and marked by terminally
differentiated cells with distinct functions, as well as lineage restricted progenitors and stem cells with
different lineage potentials (Cristea & Polyak, 2018). A deep understanding of the aforementioned
cellular types and states can help us characterize the effects of different perturbations on the trajectory
of MECs, which is why defining markers to subset each of these populations has been a crucial task for

the mammary gland biology field.

Both MECs from luminal and basal lineages can arise from multipotent mammary stem cells
(MaSCs) that are maintained within the basal compartment of the mammary epithelium structure
throughout its entire lifetime (Shackleton et al., 2006; Stingl et al., 2006). Gene signatures that were
initially associated with MaSCs involve a series of transcription factor (TF) genes (Irx4, Mef2c, Slug,
Egr2, Twist2, Tbx2, 1d4, p63, and SoxI1), cytokeratins (Krt5, Krt14, and Krtl6), plasma membrane
proteins (Lgr6, Oxtr, Osm, and Lif), genes associated with Notch signaling such as ligand Jag?2, and
genes associated with the Wnt/B-catenin pathway (FzdS8, Tcf4, Wifl, and Dkk3) (Lim et al., 2010). Over
time, the techniques for isolating MaSCs have improved, enabling more in-depth transcriptomic
profiling of these cells. The improvement of these methods has led to the discovery that, for example,
the expression of certain genes, such as G protein-coupled receptor gene family member 4 (Grk4) and
TF genes Mafk and Sltm, are crucial for the maintenance of MaSCs (C. O. dos Santos et al., 2013).
Another larger-scale study revealed that MaSCs express genes shared with embryonic epithelial cells
(Nkain2, Mtap7 and Mbp) and, interestingly, embryonic mesenchymal cells (Dab2, Ebf3, Fit1, Kifi2,
Ldb2, Ogn, Samd4, Tek, Tfpi, Wscd2 and the Riken ORF 9030425E11Rik), demonstrating their

epithelial-to-mesenchymal transition (EMT) potential (Soady et al., 2015). In parallel, another study

28



identified protein C receptor (Procr), a Wnt target in the mammary gland, as a unique marker for MaSCs
(D. Wang et al., 2015). It is important to note that the pool of MaSCs in the adult gland appears to
comprise a small percentage of MECs, and other MEC progenitors are often isolated in concert with
these stem cells (Visvader, 2009). Nonetheless, efforts to identify and characterize MaSCs from the
adult mammary gland, especially in humans, are ongoing, and an in-depth comprehension of how they
modulate the MEC hierarchy will provide further insights into the normal and pathological development

of mammary tissue.

Amongst the progenitors that are isolated unintentionally along MaSCs, it has been suggested
that there are “in between” states bridging stem cells and lineage restricted progenitors, such as
progenitors that are bi-potential for luminal and basal lineages (Visvader, 2009). Whether these cells
are the same as MaSCs or cells with an entirely different profile is a continuing debate. Some studies
suggest the mammary hierarchy is not linear, but rather accommodating to cells changing in plasticity
during different normal and malignant developmental processes, resulting in luminal progenitors
acquiring a basal potential, or vice versa (Bu et al., 2011; Hein et al., 2016). Overall, further research is
still needed to fully understand the complexity and plasticity of the mammary hierarchy, specifically

involving the characterization of transient states between progenitors with different lineage potentials.

Besides MaSCs and intermediate progenitor states, the basal compartment contains terminally
differentiated myoepithelial cells, as well as a pool of lineage-restricted myoepithelial progenitors, that
function to confer contractile force to the mammary gland during lactation (Sapino et al., 1993).
Myoepithelial cells characteristically express Krt5 and Krtl14, Krt17, C-X-C Motif Chemokine Ligand
14 (Cxcli4), basal compartment-biased genes such as transmembrane protein podoplanin (Pdpn).
Additionally, myoepithelial cells have been noted to express genes involved in muscle differentiation
such as alpha 2 smooth muscle actin (4cta?2), secreted acidic cysteine rich glycoprotein (Sparc) and
Myosin light chain kinase (Mylk) (Abd El-Rehim et al., 2004; Allinen et al., 2004; Bresson et al., 2018;
Pal et al., 2017). Terminally differentiated myoepithelial cells and their progenitors, however, share

key differences in their traits that are helpful to differentiate between both cellular states. For example,
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given that Oxytocin (OXT) mediates the contraction of the myoepithelium, terminally differentiated
myoepithelial cells exhibit OXT receptor (Oxtr) (Bussolati et al., 1996; Sapino et al., 1993). In contrast,
myoepithelial progenitors express genes that are associated with stem functions, such as Tumor protein
p63 (7p63), Bromodomain PHD Finger Transcription Factor (Bptf), Leucine Rich Repeat Containing
G Protein-Coupled Receptor 5 (Lgr5), Neuregulin 1 (Nrgl) and Inhibitor of DNA Binding 4, HLH
Protein (/d4) (de Visser et al., 2012; Dong et al., 2011; Forster et al., 2014; Frey et al., 2017; Henry et
al., 2021; Kumar et al., 2020). As such, myoepithelial progenitors were initially shown to be highly
similar to MaSCs, albeit displaying enough transcriptomic differences to cluster separately (C. O. dos
Santos et al., 2013). Thus, the basal compartment is highly heterogeneous, containing progenitors for
all MEC types and its own functional unit that promotes milk ejection during lactation, supporting the
study of this compartment as key to understanding normal and pathological development during

pregnancy.

Luminal cells making up the inner layer of the epithelium can be compartmentalized mainly by
their two terminal states: ductal cells and secretory alveolar cells. Both terminal states share common
transcriptomic traits, such as expressing Krt8 and Krt18 (Kendrick et al., 2008). Nevertheless, they are
functionally distinct, and different pools of luminal progenitors (LPs) are maintained throughout
adulthood for renewal of both terminal states. Gene signatures for LP populations have been extensively
described, and include expression of genes such as proto-oncogene Kit, monocyte differentiation
antigen CD14 (Cd14) and TF gene EIf5 (Asselin-Labat et al., 2011; Oakes et al., 2008; Regan et al.,
2012). Nonetheless, the potential of these LP populations has been primarily identified based on
Estrogen Receptor (ER) expression, with ER+ LPs giving rise to ER+ ductal cells only, and ER- LPs
giving rise to both ER- ductal and alveolar cells (Cristea & Polyak, 2018; Giraddi et al., 2015; C. Wang
et al.,, 2017). Terminally differentiated ER+ ductal cells are characteristic for their hormone sensing
functions (Shehata et al., 2012). Given that Estrogen modulates Progesterone Receptor gene expression
(Pgr), which in turn upregulates PRL Receptor (Prlr) expression, the expression of all the
aforementioned genes can be used as viable markers for hormone sensing ductal cells (Arendt &

Kuperwasser, 2015; Goldhar et al., 2011). In contrast, secretory alveolar cells are known to generally
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be ER-/PR-, and exist in progenitor-like states until achieving full maturation during pregnancy (Oliver
et al.,, 2012; Rodilla et al., 2015; Watson, 2022). These cells are, after terminal differentiation,
consequently marked by the expression of genes regulated by PRL and Signal transducer and activator
of transcription 5 (Stat5), such as milk-associated protein genes like the caseins (e.g. Csn2, Csn3, and
Csnlsl), Whey Acidic Protein gene (Wap), and lactalbumin gene (Lalba) along with their protein
products (Long et al., 2003). In summary, cells within the main luminal terminal states involve different
functionalities throughout development highly associated with milk production, and gaining knowledge
on the processes that initiate these functions will give us further insights on how the mammary gland

transitions from a rudimentary ductal tree to a highly complex milk secreting machine.

1.1.2  Cell types present the microenvironment surrounding the mammary epithelium

The microenvironment surrounding the mammary epithelium is composed of a diverse array of
cells, which in turn communicate with MECs and regulate their development (Hovey & Aimo, 2010;
Shekhar et al., 2001). Non-epithelial cells residing in the mammary gland include fibroblasts,
adipocytes, endothelial and lymphatic cells, and immune cells. Having an in-depth comprehension of
how each of these cell populations modulate MEC growth, expansion and function is therefore a vital

part of improving our characterization of mammary gland development.

Fat-filled adipocytes are an essential component of the mammary fat pad, providing structural
support to MECs. These cells have several endocrine functions, including promoting angiogenesis via
the secretion of vascular endothelial growth factor (VEGF), thus proving to be integral for the regulation
of non-epithelial cell types found within the mammary microenvironment (Master et al., 2002).
Adipocytes have also been implicated in MEC growth and function via mechanisms such as direct cell-
cell communication throughout different developmental stages (Gregor et al., 2013; Hovey & Aimo,
2010). Especially during pregnancy, these cells increase their lipogenic capacities to channel nutrients

to MECs in preparation for lactation (Bartley et al., 1981). Indeed, impaired response of adipocytes to
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PRL during lactation results in decreased milk production by MECs, thus demonstrating an important

role for adipose tissue in the functionality of the mammary epithelium (Gregor et al., 2013).

Fibroblasts secrete the components that make up the extracellular matrix (ECM), which
regulates MEC growth, survival, migration and differentiation mainly through a repertoire of
transmembrane receptors, such as integrins (Fata et al., 2003). Therefore, fibroblasts modulate MEC
development by the secretion of different growth factors and proteases and, additionally, via direct cell-
cell contact (Howard & Lu, 2014; X. Liu et al., 2012; Makarem et al., 2013; X. Wang & Kaplan, 2012).
The proportion of fibroblasts in the mammary microenvironment, and consequently the composition of
ECM, varies across species. For instance, the human mammary stroma is fibroblast-rich, in contrast to
the adipose-rich murine mammary microenvironment (Dontu & Ince, 2015). Differences in proportion
and composition of the fibrous portion of the mammary microenvironment could, as a result, promote
species-specific MEC phenotypes, which is why the characterization of fibroblasts and their effects on
the epithelium has been particularly important for developing ex-vivo models that can mimic intact

mammary gland composition.

Within the mammary stroma there is also a highly complex vascular and lymphatic network,
which is formed during adolescence and expands during pregnancy (Matsumoto et al., 1992). The
development of these endothelial cells is partly coordinated by myoepithelial and macrophages
secreting pro-lymphangiogenic factors such as VEGF-C and VEGF-D, showcasing an interplay
between MECs and microenvironment cells in modulating mammary tissue homeostasis (Betterman et
al., 2012). During pregnancy, endothelial cells exhibit elevated numbers of mitochondria, pinocytotic
vesicles and decreased cell-cell contacts, all which contribute to an increased transport of nutrients and
fluids required during lactation within the vascular network (Andres & Djonov, 2010). Therefore, like
the aforementioned cells comprising the mammary microenvironment, these cells are essential for the

mammary gland transforming into a functional unit during lactation.

Finally, there is a wide range of immune cells present within the mammary microenvironment,

which have been shown to contribute to the ductal elongation of the epithelium, as well as branching
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and invasion into the mammary fat pad (Gouon-Evans et al., 2000; Lilla & Werb, 2010). These immune
cells include macrophages, mast cells, eosinophils, as well as T-cells that direct lineage commitment
and differentiation of MECs during pregnancy via the secretion of cytokines and other secreted factors
(Chan et al., 2014; Dawson et al., 2020, p. 202; Hitchcock et al., 2020; Khaled et al., 2007; O’Brien et
al., 2010; Plaks et al., 2015; Pollard & Hennighausen, 1994; Rahat et al., 2016; Stewart et al., 2019; Y.
Wang et al., 2020). Moreover, our lab has shown that yd natural killer T-like immune cells (NKTs) that
infiltrate the mammary gland after lactation to promote its regression to a “pre-pregnant” state, are
likely recruited by MEC expression of antigen-presenting molecule CD1d and persist in mammary
tissue from post-pregnant mice, potentially contributing to oncogenesis protection (Hanasoge
Somasundara et al., 2021). Therefore, there is a functional importance for immune cells present in the
mammary gland, even causing persistent changes to the functionality of the gland after what appears to

be transient developmental stages.

Altogether, an interplay between MECs and its surrounding microenvironment is essential for
mammary tissue homeostasis, development and function. It has been reported that non-epithelial
cellular proportions vary from species-to-species, which could in turn alter the conservation of
developmental mechanisms across evolutionary timescales (Dontu & Ince, 2015; Hovey et al., 1999).
Therefore, it has been significant to consider microenvironment variability when translating studies
done in rodents to human tissue, and moreover when developing ex-vivo systems to characterize

mammary development.

1.2 An outline of the processes involved in mammary gland development

In this section of my thesis, I will summarize what we know about mammary gland
development, including embryonic and postnatal stages of development, the hormonal signals carrying

out these stages, and a discussion of the significance of understanding mammary gland biology.
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1.2.1  The developmental stages of the mammary gland

The mammary gland is unique in that its development occurs mostly postnatally, especially in
females. However, the rudimentary mammary structure arises during embryonic development, and
remains stalled until receiving signals to expand later in life (Fig. 2). Thus, in this subsection of my
thesis I will give a brief description of the different developmental transitions the mammary undergoes

throughout a lifetime.
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Figure 2. The developmental stages of the mammary gland.

Illustration showing the changes that occur in the mammary gland during fetal development, female puberty, estrous cycles,
and a pregnancy cycle. The main molecular drivers of these developmental stages are also depicted. The background depicts
the mammary fat pad, which is present throughout all developmental stages. During the embryonic stages of development, a
rudimentary structure is formed. The mammary epithelium undergoes branching during female puberty, as well as the
formation of terminal end buds (TEBs) in mice (green). These newly formed structures can further mature into alveoli
transiently during the estrous cycle (orange flowers) and extensively during pregnancy/lactation. Milk produced during
lactation is represented by yellow sap flowing from the alveoli (flowers) to the ducts (branches). The mammary structure
regresses during involution (dead flowers). Figure from: Slepicka et al., 2021, Seminars in Cell and Developmental Biology

Embryonic development

The formation of the mammary gland during embryonic development begins during mid-

gestation. The exact gestational day during which the mammary gland first arises is widely species-
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dependent, and most of our knowledge from this process is based on mouse models, which have a far
shorter developmental period than humans. Thus, in mice, the mammary gland first arises exactly at 10
days of gestation (E10) as a formation of mammary lines at the ventral aspect of the Wolfian ridge
(Incassati et al., 2010; Macias & Hinck, 2012; Slepicka et al., 2021). At E11.25 thick bands of
ectodermal cells form bilateral and vertical mammary lines, and at E11.75 clumps of ectoderm form
placodes that emerge along these mammary lines (Slepicka et al., 2021; Veltmaat et al., 2004). These
placodes in turn determine the number of breasts in each mammalian species. By E12.5, the placodes
protrude into the mesoderm and form an early mammary bud surrounded by a basement membrane
(BM) and the first traces of a mammary fat pad (Slepicka et al., 2021). The bud then gives rise to
mammary bulbs with an ectodermal stalk between days E13 and E14, which will elongate into a sprout
surrounded by the mammary fat pad at E15.5. Lumen formation begins at E17-18, which involves the

programmed death of ectodermal cells located at the center of the mammary branches.

Signaling in mammary embryonic tissue is regulated by members of the fibroblast growth factor
(FGF) and wingless-related integration site (WNT) protein families, which in turn control TFs from the
Homeobox gene family (HOX), GATA binding protein 3 (GATA3), and the T-box family (TBX), all
which are intermittently expressed in the endoderm and mesoderm (Asselin-Labat et al., 2007;
Davenport et al., 2003; Lim et al., 2009). Another notable pathway that plays a role in mammary
embryogenesis is the Hedgehog (Hh) pathway, which activates gene-specific transcription that controls
bud formation via its TFs, such as Gli3 (M. Y. Lee et al., 2013; Robinson, 2007; Slepicka et al., 2021;
Tickle & Jung, 2016). Additionally, Gli2 regulates ductal branching through its localization in the
mammary stroma, and later becomes both stromal and epithelial during pregnancy and lactation (Hatsell
& Cowin, 2006). All of these signals provide initial queues for the formation of the mammary structure
and, after embryogenesis, cessation of maternal signaling reduces genesis of the mammary gland,

becoming poised until female puberty (Slepicka et al., 2021).
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Female adolescence

During the onset of female puberty, the development of the poised mammary structure resumes,
marked by a surge of E2 and P4 triggered by an increase in gonadotropin levels that lead to the secretion
of these ovarian hormones, which in turn complete mammary morphogenesis in preparation for
lactation in the event of a pregnancy. During this time, in mice, terminal end buds (TEBs) composed of
highly proliferative stem cells arise in response to E2, which are club-like structures that facilitate the
invasion of the mammary tree through the fat pad (G. V. Dall & Britt, 2017; Smalley & Ashworth,
2003). Ducts that will contain mature alveoli at their tips during pregnancy therefore emerge during
puberty as the bodies of elongating TEBs. In humans, TEBs are analogous to immature type 1 lobules
arising in puberty, which later increase in complexity all the way to type 4 lobules in lactating women
(G. V. Dall & Britt, 2017; Russo et al., 2009). Thus, this developmental stage is crucial to promote the

eventual full maturation of the mammary gland in both mice and humans.

The exact moment at which puberty-associated development occurs varies greatly between
mammalian species, with its general occurrence at ~5 weeks in mice and ~9-18 years in humans
(Slepicka et al., 2021). Peak levels of E2 occur between the follicular phase and ovulation, with its
synthesis being species-dependent and occurring every 2-4 days in mice and every month in humans
(Fataetal., 2001). Therefore, once the surge of E2 and P4 occurs, their synthesis is cyclically maintained
throughout reproductive years, transiently affecting mammary tissue homeostasis during each

menstrual cycle.

Estrous cycle

During female reproductive years, the mammary gland undergoes cyclic modifications tightly
correlated to the menstrual cycle, which occur every 4-5 days in mice and every 26-32 days in humans
(Byers et al., 2012; Slepicka et al., 2021). The menstrual cycle occurs in two major phases in humans,
which are the follicular and luteal phases. These phases are further segregated in mice, with the estrus

and proestrus stages being analogous to the follicular phase, and the metestrus and diestrus stages being
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analogous to the luteal phase (Byers et al., 2012; Slepicka et al., 2021). The follicular phase starts on
the first day of menstruation, with P4 levels dropping as the corpus luteum degenerates and a new
preovulatory folliculum is formed (Slepicka et al., 2021). During the ovulation stage of the estrous cycle
(estrus in mice), E2 rises to peak levels and stimulates production of luteinizing hormone from the
pituitary gland, which causes the release of the ovum from the ovary and thus marks the beginning of
the luteal phase (Slepicka et al., 2021). The corpus luteum keeps up P4 production for a few days, which
triggers mammary tissue expansion and lobuloalveologenesis. Consequently, the percentage of dense
tissue in the female human mammary gland is reportedly amplified during the luteal phase and,
analogously, increased lobuloalveologenesis and tertiary branching is observed in murine mammary
tissue (Fata et al., 2001; Robinson et al., 1995; Slepicka et al., 2021). The end of the estrous cycle
involves the degradation of the corpus luteum and decreasing levels of P4, which in the mammary gland
results in MEC clearance through cellular death and lobuloalveolar shedding. The cycle then begins

anew, preparing multiple tissues, including the mammary gland, for a possible pregnancy.

Mammary gland development during a pregnancy cycle

After puberty, the subsequent most drastic postnatal developmental stages occur during a
pregnancy cycle in preparation of the mammary gland to provide nourishment to offspring of the
individual. The developmental stages that occur during a pregnancy cycle include gestation, lactation

and involution.

During gestation, specialized alveolar structures that will secrete milk during lactation are
formed by an orchestration by P4 and PRL. Similar to pubertal development, P4 acts by promoting
ductal branching during pregnancy and increasing the number of alveolar structures to promote the
generation of a gland structure capable of lactating. Additionally, increasing levels of PRL play a role

in maintaining the corpus luteum during this developmental stage, which in turn produces P4 (Ormandy,
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Binart, et al., 1997; Ormandy, Camus, et al., 1997). The augmented levels of PRL also upregulate E2

expression, therefore coordinating mammary morphogenesis through the regulation of hormone signals.

Parturition is induced by rising levels of OXT, and marks the beginning of lactation. The
aforementioned neuropeptide acts upon the mammary myoepithelium by controlling calcium uptake
and contractility, and furthermore induces mechanical constriction of alveolar cells to eject milk into
the mammary lumen (Moore et al., 1987). Moreover, levels of PRL increase during lactation to even
more so promote alveologenesis, being expressed both by lactotrophic cells in the pituitary gland that
release PRL into the bloodstream and local MECs (Slepicka et al., 2021). The presence of PRL
additionally modulates the creation of tight junctions to control cell polarity, which is essential for the
directionality of milk droplet secretion into the lumen (F. Liu et al., 2015; Rodriguez-Boulan & Macara,
2014). Altogether, lactation transforms the mammary gland into a functional unit that is necessary for

the survival of offspring.

After lactation has ceased (and thus offspring stop providing a suckling stimulus), the mammary
gland undergoes regression of the mammary structure to its “pre-pregnant” homeostatic state through
involution, the last mammary developmental stage of a pregnancy cycle. As all other mammary
developmental stages, the length of this developmental stage varies across mammalian species. In
humans specifically, involution lasts ~24 months, while in rodents this process usually takes place for
~10-20 days. Moreover, involution takes place in two main phases, a reversible one (days ~0-2 of
involution), and an irreversible one (days ~8-10 of involution) (Jindal et al., 2014; Sharp et al., 2007).
During the reversible stage of involution, there is decreased milk production, milk absorption, MEC
shedding, alveolar cell death, phagocytosis of apoptotic cells, leukocyte infiltration, and breakdown of
tight junctions (Slepicka et al., 2021). If no suckling stimulus occurs during the reversible phase of
involution, the irreversible phase of involution commences. During this part of involution, wound
healing processes activate and induce the drastic remodeling of the ECM via a variety of signaling
pathways. This chapter summarizes the current knowledge about the complex nature of interactions

between the mammary epithelium and stroma during mammary gland development in different
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mammalian species (Green & Lund, 2005). The ECM also modulates a second wave of inflammation
and immune cell recruitment in the mammary gland, in order to clear cellular debris (Jena et al., 2019;
Monks et al., 2005; Stein et al., 2004). Mammary involution is further modulated by a range of signaling
pathways and high cell-turnover, which promote a permissive environment for immune infiltration. As
such, increased numbers of RORYT+ FoxP3+ CD4+ T regulatory cells, dendritic cells, and memory
Th17-Treg cells are observed in the involuting gland. At the end of involution, the immune environment
is observed to mainly regress to its pre-pregnant homeostatic state (Betts et al., 2018). However, recent
work from our lab has demonstrated persistent changes to the microenvironment after a pregnancy
cycle, mainly involving presence of NKT-like cells recruited during involution that are linked to parity-
associated onco-protection, thus demonstrating lasting effects of pregnancy developmental stages to the

mammary gland (Hanasoge Somasundara et al., 2021).

Menopause

In females, menopause marks the end of the reproductive cycle and is characterized by a final
menstruation period. This process is triggered by a decrease of ovarian hormones, causing the ovaries
to no longer release any eggs (G. V. Dall & Britt, 2017). The age at which menopause occurs is, once
more, highly variable depending on the mammalian species and the individual. In humans, the average
age of menopause ranges from ~45-55 years, and is largely determined by factors such as maternal age
of menopause, ethnicity, use of contraceptives, parity and certain lifestyle choices and pre-existing

diseases (Gold et al., 2001; Snieder et al., 1998; van Asselt et al., 2004).

Our knowledge about the effects of menopause on the mammary gland are, moreover, widely
understudied in part because mouse models do not undergo menopause. As a result, most studies about
the effects of menopause in the mammary gland involve ovariectomized mice, which do not necessarily
reflect how these developmental processes naturally occur (G. V. Dall & Britt, 2017). Nonetheless, a

study using mouse models found that glands that were 5 weeks post-ovariectomy, and by definition of
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the authors “postmenopausal”, were more responsive to E2-mediated proliferation compared to glands
immediately following surgery (i.e. early menopause, also known as perimenopause) (Raafat et al.,
1999). The aforementioned study also found that E2 did not increase mammary PR levels specifically
during post-menopause, which is a trait of immature pubertal glands thus suggesting the aged mammary
structure resembles the pre-pubertal gland the most. Furthermore, no differences in ER levels were
found between early and post-menopausal glands, suggesting the existence of a mechanism beyond
receptor-binding by which MECs act during this developmental stage. Therefore, menopause has
drastic implications for MEC development, mammary gland hormone response at a late age and,

consequently, BC risk.

In summary, the mammary gland undergoes many transformations from its formation until the
end of the individual’s reproductive age, serving as an ideal system to track tissue development. Finding
ways to study gland development in a controlled environment and via treatment with isolated signals

has therefore been a challenge the developmental biology field has undertaken.

1.2.2  Hormone control of female mammary gland postnatal development

As briefly mentioned, some of the major regulators of mammary gland development are
hormones E2, P4 and PRL. The levels of E2 and P4 first surge during female puberty to promote MEC
proliferation and consequently result in ductal expansion, and then cyclically fluctuate during the
estrous cycle (Arendt & Kuperwasser, 2015). Parity-associated development, which is characterized by
the terminal differentiation of MECs, is also dependent on an interplay of E2, and P4, in addition to
PRL to promote alveologenesis. Therefore, one of the biggest tasks of the mammary gland biology
field has been to describe the effects of these hormones at both the structural and molecular level of the

mammary gland throughout different female developmental processes.
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Estrogen signaling

Estrogen (E2) mainly acts by binding to its receptors (ER), from which the most common is
ERa. It has been shown that, during embryogenesis, MEC expression of FRa gene is not essential for
the formation of primitive gland ducts, but it is necessary for ductal network development during
pregnancy (Feng et al., 2007; Slepicka et al., 2021). Therefore, in humans, its highest expression levels
of ERa gene have been described in immature lobule 1 during puberty (Russo et al., 1999, p. 199). In
mice, ERa-expressing cells have been analogously found in the lumen within the body of TEBs that

arise during adolescence (Zeps et al., 1998).

The actions of ERa can largely be seen in a paracrine manner within the mammary gland, with
ERa-expressing cells stimulating surrounding ERa-deficient cells (Clarke et al., 1997, p. 1; Russo et
al., 1999; Slepicka et al., 2021; Zeps et al., 1998). This paracrine effect is evidently with the fact that
MECs within the tips of TEBs do not express ERa but exhibit high levels of proliferation induced by
E2/ERa, thus alluding to a paracrine mechanism of action (Clarke et al., 1997; Feng et al., 2007,
Mallepell et al., 2006; Mueller et al., 2002; Russo et al., 1999; Zeps et al., 1998). One major paracrine-
induced signal downstream of ERa is Amphiregulin (AREG), which binds to Epidermal growth factor
receptor (EGFR) in stromal cells, and is largely expressed by ERa-expressing luminal MECs. ERa
ablation is sufficient to stunt AREG expression and negatively impact ductal network development, and
overexpression of AREG in ERa deficient mice rescues ductal development, thus demonstrating that
AREG is a crucial target of ERa for mammary gland development (Ciarloni et al., 2007; Kenney et al.,
2003; Sternlicht et al., 2005). Furthermore, whilst MEC expression of AREG is sufficient to induce
ductal development, stromal cells have been shown to depend on EGFR to induce ERa/AREG-
associated processes, thus demonstrating the paracrine mechanism of action of ERa (Jackson-Fisher et

al., 2004; Sternlicht et al., 2005; Wiesen et al., 1999).

In addition to paracrine signaling, ER exhibits highly versatile mechanisms of action and can

function in a ligand-dependent and independent manner. For instance, ER can exert its effects through
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its membrane localization. It has been shown that anchorage of ERa to the cellular membrane is
necessary for pubertal mammary development, and for MaSCs to repopulate cleared fat pads in
transplantation assays (Gagniac et al., 2020). Another mechanism of action for ER involves its function
as a TF, with ER binding to open chromatin sites to activate the transcription of gene targets. This
particular mechanism of action was demonstrated to be widely dependent on TF Forkhead box A protein
1 (FOXAT1), which facilitates chromatin accessibility in ER-specific sites (Carroll et al., 2005; Hurtado
etal., 2011; Laganiére et al., 2005). ER also recruits co-regulators to aid in its function, such as glutamic
acid [E] and aspartic acid [D]-rich C-terminal domain 1 (CITED1), which assist in lumen formation
and ductal morphogenesis (Howlin et al., 2006). Altogether, all of the aforementioned mechanisms
highlight how E2/ER can trigger extensive cascades of downstream effectors that are crucial to

coordinate mammary gland development.

Besides proliferative functions during female puberty, Estrogen signaling has also been
implicated as having an essential role in MEC development during a pregnancy cycle. This effect has
been correlated, for instance, with an increase of ERa+ cells in early pregnancy (De Silva et al., 2015;
Mastroianni et al., 2010). Moreover, the characterization of pregnancy-specific ERo+ cells in mice
revealed that these cells have a limited multipotent profile and, when used in transplantation assays, can
develop into structures that differentiate and lactate (Kaanta et al., 2013). Furthermore, mutations to the
ERa gene have been shown to cause lactation defects, further providing evidence for the regulation of
parity-induced MECs function via Estrogen signaling (Feng et al., 2007). However, the existence of
pregnancy-induced MECs in humans is still being elucidated, making the role of E2/ERo+ in MECs
during a human pregnancy unclear (Arendt & Kuperwasser, 2015). Nonetheless, it is important to note
that Estrogen signaling additionally regulates Pgr and Prlr expression in MECs, making it a crucial
effector for parity-induced development across species (Haslam & Shyamala, 1979; Leondires et al.,

2002).

Interestingly, despite a systemic depletion of E2 during menopause, an increase of local E2

levels and an increase of ER expression in MECs has been reported, illustrating a potential mechanism
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for MEC normal and pathological development during this stage (Arendt, Evans, et al., 2009; Arendt,
Grafwallner-Huseth, et al., 2009; Christov et al., 1991; Cleland et al., 1985; Shoker et al., 1999). These
observations coupled with empirical evidence that overall levels of E2 are highest during pregnancy but
have a lower effect on proliferation compared to puberty serve to demonstrate the intricate effects of

Estrogen signaling at different MEC developmental stages (Rusidzé et al., 2021).

Progesterone signaling

Similar to E2, P4 exerts its function mainly through its nuclear receptor (PR). There are two
main isoforms of PR in mammals; PR-A and PR-B, both which exist at specific ratios from each other
and contribute to the modulation of side-branching development and proliferation (E. Anderson, 2002;
Shyamala et al., 1998). PR-A can act as a repressor for PR-B during murine puberty, but ultimately the
tightly coordinated expression of both isoforms is essential for normal MEC pubertal development
(Brisken et al., 1998; Conneely et al., 2001; Humphreys et al., 1997; Mulac-Jericevic et al., 2000). As
an example, transplantation assays involving injections of MECs depleted of both isoforms of PR
resulted in impaired lobuloalveolar development in response to E2 and P4 treatment, with WT MECs
being able to rescue normal morphogenesis (Humphreys et al., 1997). Altogether, the requirement of
both isoforms of PR for normal mammary development represents a unique trait for P4 signaling in

comparison to other hormones.

PR is expressed in luminal MECs, which function in tissue expansion during puberty in
response to a surge of P4, in both a paracrine and non-paracrine manner (Pal et al., 2013; Shehata et al.,
2012). For instance, P4-induced paracrine signaling has been shown to involve the release of the
Receptor activator of nuclear factor kappa-B-ligand (RANKL), which interacts with RANK in PR-
negative cells and controls mammary alveologenesis (Beleut et al., 2010; Fernandez-Valdivia et al.,
2009). In contrast, P4-induced non-paracrine signaling involves downstream targets to PR such as

Cyclin D1 (CCND1), a mitogenic regulator that has been implicated in the proliferation of PR+ MECs

43



(Fernandez-Valdivia et al., 2009). Additionally, P4 mediates other genes such as those involved in Wnt4
signaling, which promote ductal expansion during puberty by enabling communication between PR+
luminal cells and PR- stem and myoepithelial cells, showcasing another indirect mode of action for P4
signaling (Rajaram et al., 2015). In the aforementioned case, one of the ways that P4 has been suggested
to modulate Wnt4 signaling is through TF activity of PR, as PR has been observed to bind to Wnt4
promoter (Beleut et al., 2010; Ramamoorthy et al., 2010; Tanos et al., 2012). Overall, all of the
aforementioned mechanisms of action demonstrate the complexity of P4/PR signaling in coordinating

a wide array of molecular processes crucial for tissue development.

Particularly during female adolescence, surging levels of P4 serve to induce side-branching
morphogenesis through the activation of quiescent ductal MECs into a multilayered epithelium (Brisken
et al., 1998; Lain et al., 2013). Consequently, our lab and others have speculated that P4/PR signaling
is essential for MaSC involvement in the aforementioned developmental processes, although MaSCs
have not yet been demonstrated to express PR (Pal et al., 2013; Schams et al., 2003; Shehata et al.,
2012; Shyamala et al., 2002; Slepicka et al., 2021). Additionally, the expression of AREG, an E2-target
that heavily modulates TEB formation and expansion during puberty, is upregulated by P4 signaling,

thus conferring P4 a multifaceted role in pubertal development (Aupperlee et al., 2013).

Levels of P4 are at its peak during the luteal phase in humans and the diestrus stage in mice.
Rising levels of P4 consequently result in the highest rates of MEC proliferation during the estrous
cycle, even in comparison with the estrus stage, when E2 levels are at its peak (Arendt & Kuperwasser,
2015; Joshi et al., 2010). The aforementioned proliferation mainly occurs by the expansion of MEC
progenitors, therefore further suggesting a role for P4 signaling in stem cell maintenance and

development throughout adulthood.

Like E2, serum levels of P4 are highest during pregnancy (Abbassi-Ghanavati et al., 2009).
This hormone has been mainly shown to act through isoform PR-B to promote side-branching and,

during the last stages of pregnancy, through isoform PR-A to promote alveologenesis (Mulac-Jericevic
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et al., 2003). Nonetheless, the proportion of MECs expressing PR is overall reduced in pregnancy,
suggesting a mode of P4 signaling regulation to avoid aberrant proliferation during pregnancy (Brisken
& Scabia, 2020; Grimm et al., 2002). Notably, during mid-to-late pregnancy in both mice and humans,
P4 inhibits milk protein production and closure of tight junctions until lactation, and temporal
coordination of this process by P4 is essential to avoid reflux of accumulated milk into the mammary
lumen (Loizzi, 1985; Neville et al., 2002; D. A. Nguyen et al., 2001; Obr & Edwards, 2012; Virgo &
Bellward, 1974). Thus, P4 also regulates the transition from gestation to lactation, making it a necessary

hormone for normal pregnancy development.

During menopause, the last stage of mammary development, there are reduced systemic levels
of P4, which could be correlated to the observed decrease in proliferation of MECs at this stage (Brisken
& Scabia, 2020). Moreover, expression of PR in MECs independent of P4 binding has been linked to
its functions as a tumor suppressor during pregnancy, highlighting how hormone receptors such as PR

also work to prevent pathological development (Obr & Edwards, 2012).

Prolactin signaling

In contrast to primarily placental E2 and P4, PRL is primarily made in the pituitary gland
(Hennighausen & Robinson, 2001; Riddle et al., 1933). This pituitary hormone acts mainly by binding
to its receptor (PRLR), which activates several signaling cascades, including the Janus Kinase
JAK/STATS pathway (Rui et al., 1994; Slepicka et al., 2021; Wakao et al., 1994). Within this pathway,
once PRL binds to its receptor, JAK1 and JAK?2 are recruited, resulting in the phosphorylation and
nuclear localization of STATS (Ali & Ali, 1998). Induction of STATS TF activity via PRL/PRLR is
important in MECs for the regulation of genes associated with differentiation, proliferation and function
throughout different developmental stages, such as milk-associated genes whey acidic protein (Wap)
and B-casein (S. Li & Rosen, 1995; Schmitt-Ney et al., 1991). Additionally, PRL regulation of other

downstream effectors of the JAK2/STATS pathway have further been shown to be important for MEC
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development, such as activation of factor Cub and zona pellucida-like domain-containing protein 1
(CUZD1), which is involved in alveologenesis (Mapes et al., 2017). Other downstream targets of
PRL/PRLR include the ETS transcription factor 5 (ELFS5), which regulates alveolar cell fate and
lobuloalveolar expansion during pregnancy and lactation, and RANKL, which regulates parity-
associated development in MECs (Fernandez-Valdivia et al., 2009; Oakes et al., 2008; Srivastava et al.,
2003; J. Zhou et al., 2005). Altogether, PRL acts as an activator for a variety of pathways involved in

coordinating the development of the mammary gland, especially in the context of pregnancy.

PRL has been linked, via indirect mechanisms, to ductal side branching and TEB regression
during pubertal development (Brisken et al., 1999). Nonetheless, its most notable and direct effects
reportedly occur during pregnancy, where PRL coordinates lobuloalveolar development. Especially
during early (5-7 days in mice) and late (11-14 days in mice) gestation, PRL acts via the JAK2/STATS
pathway to upregulate Scribble (SCRIB) expression, which promotes alveologenesis (Baker et al.,
2016). Tight junction formation is also coordinated by PRL/JAK?2 signaling during late pregnancy,
which is crucial for directional secretion of milk droplets into the mammary lumen (F. Liu et al., 2015;
Rodriguez-Boulan & Macara, 2014). Therefore, PRL acts mainly through JAK?2 signaling to ensure
alveolar development and function during pregnancy cycles, making it an essential hormone for normal

lactation to occur.

As expected, PRL levels first surge during early pregnancy and serve to maintain the corpus
luteum and, in turn, modulate the expression of placental hormones (Ormandy, Camus, et al., 1997,
1997). Nonetheless, peak levels of PRL occur during lactation, originating from lactotrophic cells in
the pituitary gland that travel through the bloodstream, and local MECs (Slepicka et al., 2021). A drop
in systemic PRL levels occurs after lactation has ceased, and is partly responsible for adipogenesis to
restore the mammary gland to its pre-pregnant homeostatic state (Ben-Jonathan & Hugo, 2015).
Interestingly, previous studies have reported a decrease in systemic PRL levels after a first pregnancy
in humans, which has been suggested as a factor that could alter BC risk after pregnancy (Ingram et al.,

1990; Love et al., 1991; D. Y. Wang et al., 1988). Altogether, PRL plays a crucial role during
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pregnancy, lactation and in maintaining tissue homeostasis, with regulation of PRL levels having

potential implications for BC risk.

1.2.3  The mammary gland retains a memory of pregnancy

Previous epidemiological and clinical studies have extensively reported that a history of
previous pregnancies is associated with decreased BC risk, suggesting a long-lasting effect of parity-
associated developmental changes in the mammary gland (Rosner et al., 1994; Schedin, 2006). Both
cell autonomous and non-autonomous mechanisms have been implicated in the observed parity-
associated protective effect, such as hormone level changes, stromal compositional changes, and
alterations to cellular states and differentiation patterns (Barton et al., 2014; Meier-Abt & Bentires-Alj,
2014; Schedin et al., 2004; Thordarson et al., 1995). For instance, PRL and growth hormone (GH) levels
decrease after pregnancy, and both of these have been linked to an increase in mammary tumorigenesis
incidence (Harvey, 2012). Likewise, ECM and collagen organization is altered by pregnancy, and both
elements have been suggested to reduce tumor growth and invasion (Maller et al., 2013). Post-
pregnancy MECs have also been observed to have decreased rates of proliferation, and increased ability
to repair DNA damage, which could contribute to a decrease in aberrant development (Barton et al.,
2014). Notably, altered transcriptional patterns have been observed in MEC progenitors, with pro-
tumorigenic pathways being downregulated after pregnancy (Choudhury et al., 2013; Meier-Abt et al.,
2013). Furthermore, pregnancy-induced terminal differentiation has been theorized to remove cells
prone to malignant transformation, once more contributing to a reduced risk of BC (Meier-Abt &

Bentires-Alj, 2014).

Post-pregnancy MECs have been shown to acquire a parity-induced transcriptomic signature
that is retained even after pregnancy has long ended (Blakely et al., 2006). Additionally, terminally
differentiated MECs that arise with pregnancy have been shown to display higher contents of
heterochromatin compared to pre-pregnant MECs, demonstrating persistent parity-induced changes to

the gene regulatory landscape of the mammary gland (Russo et al., 2012). One of the mechanisms by
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which gene expression regulation is altered with pregnancy is by changes to the epigenetic landscape
of MECs (Blakely et al., 2006; Choudhury et al., 2013). Moreover, the aforementioned epigenetic
changes have been shown to be persistent in MECs, allowing for rapid re-activation of MEC function
during re-exposure to pregnancy hormones (C. O. dos Santos et al., 2015). Our lab has also
demonstrated that these epigenetic changes that persist after pregnancy alter cMyc driven oncogenesis
via reduced active histone marks (H3K27ac) in the cMyc enhancer (Feigman et al., 2020). More
recently, our lab demonstrated that another mechanism by which persistent parity-associated epigenetic
changes to MECs could modulate BC risk is by alterations to the Antigen-Presenting Glycoprotein
CD1d gene (Cdlid) locus, increasing Cd1d expression which, in turn, recruit NKTs to the mammary
gland microenvironment (Hanasoge Somasundara et al., 2021). The investigation of the temporal and
mechanistic aspects underlying persistent epigenetic modifications during pregnancy has therefore
become a current focus in the field of mammary gland biology, with the possibility of using this

knowledge in the development of preventive medical interventions.

1.3 Translational models for mammary gland development

Our knowledge of mammary gland development has stemmed from studies using a variety of
models that can have been implemented in different mammalian species. Some of the primarily studied
species in the context of mammary gland biology include rodent species, dairy animals and humans.
However, since it has been noted that the biology of dairy animals might largely diverge from human
biology, I will focus instead on models that have the most translational potential (Akers, 2017).
Moreover, for this subsection of my thesis, I will be discussing the significance and limitations of these

models in our attempts to reconstruct human mammary developmental processes.

1.3.1  Models for whole-mammary intact tissue development
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An approach that has been long utilized to understand mammary gland development has involved
observations and alterations to mammary cellular sub-populations in their original biological context.
In other words, MECs, stromal cells and endocrine signals are kept intact in these models, allowing us
to consider whole mammary tissue interactions when studying different developmental processes. The
use of these models, however, can dampen the true influence of specific developmental signals that we
might be attempting to characterize, as well as adding a layer of complexity that might not be
translatable to other species. Therefore, it is crucial to acknowledge and address the tradeoffs of using

these models to ensure accurate interpretation and application of their findings.

Mouse models

One of the most used systems for mammary gland development are mouse models, which are
highly accessible to manipulation, in part due to our breadth of knowledge on their biology. Indeed,
mice have been the pioneering system to characterize mammary development, which has long involved
the engineering of these systems, transplantation assays and use of hormone pellets and other exogenous

signals to re-construct developmental processes (Medina, 2010).

Transplantation assays in mice involve the surgical removal of the mammary epithelium portion
of the mammary fat pad when it is still in a rudimentary state (before ~3 weeks of age) (Medina, 2010).
Specific MEC sub-populations can then be re-injected into the “cleared” mammary fat pad to track their
ability to re-populate the mammary gland (Kordon & Smith, 1998). Studies using this system have thus
allowed for our assessment of the specific roles of MEC-subpopulations in mammary gland
development. Moreover, injection of MEC sub-populations in concert with hormonal stimulation have
allowed for examination of the different roles of hormonal signals in promoting sub-MEC
developmental processes (Song et al., 2019). Modifications to the original transplantation assay
protocol have continued to progress, with novel implementations such as intraductal transplantations

allowing for recipient mice to keep their existing fat pads and undergo transplantation at any age
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(Behbod et al., 2009). Moreover, coupling transplantation assays with engineered immunodeficient
mice as recipients have enabled the development of xenograft models, which allow for the incorporation
of MECs from other species into the mouse stromal environment without the risk of host-mediated
killing. These xenograft models have provided the means to evaluate the impact of mouse stromal
interactions on foreign MECs, thus enhancing the translatability of using murine models to study

mammary gland development (Kuperwasser et al., 2004; Popnikolov et al., 2001).

Another widely used approach to study mammary gland development using mice has involved
the creation of engineered mouse models. In the context of normal mammary gland development, this
approach has involved the deletion of genes to assess their effects in impairing pubertal or parity-
associated development (Miyoshi et al., 2001; Seagroves et al., 2000; Shillingford et al., 2002). In
contrast, to study mammary gland malignant development, inducible systems such as those triggered
by Cre-lox or FLP-FRP, are typically used to overexpress oncogenes or downregulate tumor suppressor
genes and study how different mammary developmental stages affect neoplastic growths (Lewandoski,
2001; Sakamoto et al., 2015). Using engineered mouse lines have thus been widely beneficial to validate
the function of different genes and developmental signals on normal and aberrant mammary gland

development.

Due to the highly tractable nature of murine models, it has also been possible to introduce
hormonal signals to these models in order to induce key developmental stages without the need of
genetic manipulation. This approach has been possible via the implementation of subcutaneous pellets
containing specific concentrations of hormones, such as 17B-estradiol (i.e. E2, the predominant form of
circulating Estrogen in women), P4 and/or PRL, which result in a slow long-term release of these
hormones into circulation (Atwood et al., 2000; Levin-Allerhand et al., 2003; Rudali et al., 1978;
Silberstein & Daniel, 1987). Surgical implementations of pellets containing 173-estradiol in mice have
allowed, for instance, to track the effects of high doses of Estrogen on malignant development (G. Dall
et al., 2015; Rudali et al., 1978). Implementation of 17B-estradiol and P4 pellets on 21-39 days old mice

have also allowed assessment of the effects of both hormones on pubertal development, with pellet-
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induced P4 being responsible for the formation of tertiary side branches in the mammary gland (Atwood
et al., 2000). In order to tightly control the influence of ovarian hormones, many of these studies have
been conducted in ovariectomized mice (Gérard, Blacher, et al., 2015; Gérard et al., 2017; Gérard,
Mestdagt, et al., 2015; Mallepell et al., 2006; Péqueux et al., 2012). The removal of ovarian signals,
however, might have other systemic effects that could result in artificial phenotypes. More recently,
hormone pellets have been induced into intact mice in order to independently assess the effects of
hormones in inducing normal mammary gland development. Using pellets containing 17p3-estradiol and
P4 has resulted, for instance, in the recapitulation of transcriptomic and epigenomic changes to the
mammary gland typically observed with pregnancy (C. O. dos Santos et al., 2015). Our lab has also
used the aforementioned pellets to assess the effects of pregnancy hormones on BC development, and
found persistent epigenomic changes to the mammary gland that block malignant growths (Feigman et
al., 2020). Even more recently, our lab has observed that using this approach results in epigenomic
changes to MECs that could be linked to the recruitment of NKTs to the mammary gland after
pregnancy (Hanasoge Somasundara et al., 2021). Overall, the use of hormone pellets in mouse models
has proven to be a powerful tool for studying the effects of hormonal signals on the development of the

mammary gland, providing insights into the underlying mechanisms by which these signals function.

Altogether, mouse models have propelled the mammary gland biology field forward. Nevertheless, it
is important to consider the translatability of these systems as, for instance, the mammary stroma of
mice and humans contains different cellular proportions of non-epithelial mammary gland resident cells
that can interact with MECs, and could therefore largely affect normal developmental mechanisms
(Dontu & Ince, 2015). Mouse strain-to-strain differences have also been shown to partially contribute
to postnatal mammary gland developmental mechanisms, further hindering the translatability of mouse
models to human mammary tissue development (Aupperlee et al., 2009). Therefore, caution should be

exercised when extrapolating results obtained from mouse models to human biology.
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Patient-derived mammary gland tissue samples

Patient-derived mammary tissue samples have long been used to study the development of
breast tumors (Twigger & Khaled, 2021). However, recent advances in the use of patient-derived
mammary gland tissues as a model to study normal mammary gland development have opened up new
venues for understanding human mammary gland biology, which in turn holds great promise for
translating this knowledge into preventative medical interventions. Using the aforementioned patient-
derived samples to further comprehend human-specific mammary developmental mechanisms has
mainly involved transcriptomic profiling of mammary tissue obtained at fixed time points during
postnatal development (Twigger & Khaled, 2021). Hence, these methodologies primarily have offered
a static representation of the mammary tissue during particular developmental phases rather than the
kinetics of mammary gland development. Nonetheless, the knowledge we have acquired from profiling
patient-derived tissue has been indispensable, and continued accessibility to these samples will continue

to advance the mammary gland biology field.

Initial studies have involved transcriptomic profiling of human mammary tissue at a steady-
state during adulthood, with the purpose of creating a reference atlas of the human mammary gland
(Gray et al., 2022; Henry et al., 2021; Q. H. Nguyen et al., 2018). Nonetheless, some of these studies
have in tandem generated transcriptomic profiles for human mammary tissue at a homeostatic state after
pregnancy and during aging, providing a glimpse of the mechanisms that different mammary gland sub-
populations undergo during these developmental processes (Gray et al., 2022; Murrow et al., 2020, p.
202; Pelissier Vatter et al., 2018). To circumvent the difficulty of obtaining mammary tissue from
pregnant women, recent studies have profiled human milk in order to capture the transcriptomic changes
that occur in different human mammary sub-populations during lactation (Martin Carli et al., 2020;
Twigger et al., 2022). However, these studies do not necessarily capture the complexity of mammary
gland tissue, and even more so their evolving transcriptomic profiles throughout gestation, lactation,

and involution. Therefore, the extension of non-invasive methods for obtaining human mammary tissue
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and its subsequent tracking and manipulation is essential to enhance our understanding of normal human

mammary gland development.

1.3.2  Invitro models for mammary gland development

Although in vivo models have been valuable in comprehending the development of the
mammary gland, examining the molecular processes in response to specific developmental cues can be
challenging in these systems. Moreover, stromal interactions with the mammary epithelium might
attenuate intrinsic MEC mechanisms in response to developmental signals, limiting the translatability
of in vivo murine studies. Hence, the development of scalable and tractable models to study mammary
tissue development have been a vital component of the mammary gland biology field. Consequently,
techniques for isolating specific mammary sub-populations and culturing them in vitro have been
extensively developed. While 2D cell line cultures were the first system used to isolate mammary sub-
populations and evaluate their response to specific signals, their inability to replicate in vivo
morphogenesis has limited their usefulness. In order to overcome these constraints, 3D cultures known
as "organoids" have been developed. Mammary organoids thus present a suitable system to specifically
isolate MECs from their microenvironment and dynamically track transcriptomic events controlling

morphogenesis in response to controlled signals.

As briefly mentioned, in contrast to 2D cell lines, organoids are cultured in 3D gels whose
composition is similar to the ECM, thus allowing cultured cells to mimic in vivo morphogenesis (Shamir
& Ewald, 2014; Simian et al., 2001). In effect, proteomic profiling of MEC-derived organoid cultures
revealed that these cultures reflect MEC lineages and cellular states found ixn vivo, as opposed to 2D
cell lines which fail to separate intermediate cellular states (Rosenbluth et al., 2020). Therefore,
organoids offer a more physiologically relevant approach to investigating mammary tissue

development, as they can better capture the complex cellular states observed in vivo.

53



The most commonly used gels for organoid culturing are Matrigel and collagen I, which contain
basement membrane (BM) matrix proteins required for MEC growth and differentiation (Kleinman &
Martin, 2005; Wolfet al., 2009). Using the aforementioned gels causes MECs to organize in a bi-layered
structure, which can then be treated with growth factors to induce ductal branching in vitro (Ewald et
al., 2008; Florian et al., 2019; Jamieson et al., 2017). Our lab and others have further shown that treating
organoids with pregnancy-associated hormones results in phenotypes observed during lactation and
with involution, such as secretion of milk-associated proteins and persistent epigenomic changes that
occur with parity (Ciccone et al., 2020; Feigman et al., 2020; Sumbeal et al., 2020). Therefore, MEC-
derived organoids can be a powerful tool for investigating the molecular mechanisms underlying
mammary gland development, and can provide a physiologically relevant approach to studying these

processes.

Notably, similar to 2D cell lines, organoids can be cultured from both murine and mammary
gland tissue. Concurrently with murine MEC-derived organoids, specific culturing conditions have
been developed for human MEC-derived organoids, incorporating distinct growth factors such as FGF-
2 for mice and FGF-10 for humans, in addition to a variety of kinase inhibitors (G. Y. Lee et al., 2007,
Sachs et al., 2018). Proteomics analysis using cytometry by time of flight (CyTOF) has resolved the
conservation of MEC lineages in vitro, thus establishing human MEC-derived organoids as viable
models to understand the molecular mechanisms driving mammary tissue morphogenesis (Gray et al.,
2022; Rosenbluth et al., 2020). Moreover, patient MEC-derived organoids have been treated with E2
and P4 to assess differential responses to hormones in carriers of suppressor gene BRCA1 mutations
and non-carriers (Davaadelger et al., 2019). The aforementioned study consequently establishes a
possibility for further research employing hormone treatments, like those detected in subcutaneous

pellets, to replicate the development of human MECs in vitro.

14 Single cell characterizations of mammary gland development

54



To address the heterogeneity of mammary tissue and the role that multiple cell types play in
morphogenesis at different stages, recently developed single cell technologies have been employed to
characterize mammary cellular sub-populations throughout specific developmental processes. These
characterizations range all the way from embryonic development to menopause models in mice, and
human mammary tissue obtained from milk extracts, as well as young and aged mammary tissue (Bach
et al., 2017; Giraddi et al., 2018; Gray et al., 2022, p. 202; Henry et al., 2021; Kanaya et al., 2019; Pal
et al., 2017; Pelissier Vatter et al., 2018; Twigger et al., 2022; Wuidart et al., 2018). Hence, the use of
these technologies offers a valuable resource for unraveling the complex lineages of mammary cells

and their contribution to mammary gland development.

As briefly mentioned, single cell technologies, in particular single cell RNA sequencing
(scRNA-seq) and single cell ATAC-seq (scATAC-seq), have been used to characterize the mouse
mammary gland across different life stages. For instance, one study utilized scRNA-seq to profile MECs
isolated from day 14 of embryonic development (E14) and characterized the transcriptomic profiles of
early multipotent progenitors, noting that they were characterized by their unique hybrid basal and
luminal signature, and that these cells were additionally enriched for genes that regulate proliferation
and BC-associated pathways (Wuidart et al., 2018). Another study using both scRNA-seq and scATAC-
seq profiled the MEC landscape on days 16 and 18 of embryonic development (E16 and E18), and
revealed that, at this point of development, fetal mammary stem cells (fMaSCs) could be categorized
based on co-expression of factors with both the progenitors and mature cell states in post-natal tissue
that these fMaSCs precede (Giraddi et al., 2018). Likewise, another study characterized pubertal
development of mouse mammary tissue by using scRNA-seq to profile MECs obtained at 2 weeks of
postnatal development (i.e., pre-puberty), 5 weeks of postnatal development (during puberty), and 10
weeks (post-puberty) (Pal et al., 2017). The aforementioned study revealed that pre-pubertal MECs
exist in a basal-like program, and become restricted during puberty. Moreover, the same study
investigated the proportions of different MEC sub-populations during the estrus and diestrus stages of
the estrous cycle, and found that intermediate luminal cellular states are reduced in the diestrus stage,

suggesting maturation of these cell types during this stage of the estrous cycle. There was also an
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increase of cycling basal cells during this stage, confirming that elevated levels of P4 indeed induce
proliferation. Thus, this research offered a valuable glimpse into the intricate interplay of hormones in

the post-developmental dynamics of the mammary gland.

Complete single cell maps of whole-murine mammary tissue undergoing different stages of a
pregnancy cycle have also been developed, allowing us to further infer the mechanisms by which the
mammary gland becomes a mature functional unit (Bach et al., 2017; Han et al., 2018; Henry et al.,
2021). One study obtained murine MECs for scRNA-seq from nulliparous glands and glands at 14.5
days of gestation, 6 days of lactation, and 11 days post-involution (Bach et al., 2017). This group ordered
cells according to their lineage progression (i.e., pseudotime), and identified pseudo-time dependent
genes that distinguish each of the terminal luminal lineages that arise with pregnancy. Our lab further
examined the aforementioned data and defined lineage markers that could be transferred to our own
data sets (Henry et al., 2021). The latter analysis also defined steady states for MECs at each pregnancy
stage, noting how, for example, MECs undergoing gestation and lactation acquire bi-lineage traits.
Another group has expanded upon the time points collected by Bach et al. to continue mapping of the
entire pregnancy-associated developmental timeline, and continued efforts like the aforementioned one
will provide deeper comprehension of the kinetics of parity-associated developmental stages (Pal et al.,

2021).

Conversely to murine mammary tissue, obtaining patient-derived mammary samples to map
human mammary gland development has proven to be a challenging task. Therefore, most patient-
derived samples used for single cell studies have been obtained via reduction mammoplasty, and thus
from post-pubertal tissue. The dynamics of MECs during a pregnancy cycle have relied, for example,
on inferences from post-pregnancy (i.e., parous) mammary samples, as well as milk extracts. For
instance, one study performed scRNA-seq on mammary tissue samples from pre-menopausal women
who had not undergone previous pregnancies and who had at least one previous pregnancy, and
identified transcriptional programs associated with response to pregnancy hormones and pregnancy-

like processes, and which cells were associated with these programs (Murrow et al., 2022). Additionally,
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Murrow et al. found reduced proportion of hormone sensing cells in parous mammary samples,
suggesting a mechanism by which parous cells resist hormone-induced proliferation and potentially
reduce their risk of malignant development. Another study likewise used both scRNA-seq and CyTOF
to profile parous and non-parous patient-derived mammary samples, describing an increase in quiescent
alveolar cells in the parous human mammary gland (Gray et al., 2022). These results support previous
findings in rodent models that suggest that the parous mammary gland responds more rapidly to
subsequent exposure to pregnancy hormones, thus implying a potentially evolutionary conserved

mechanism across species to promote lactation efficacy (C. O. dos Santos et al., 2015).

As previously stated, attempts to understand the rapid dynamics of pregnancy-associated
development in humans have led to the refinement of non-invasive procedures to obtain tissue from
pregnant women, as well as using highly malleable organoid models, all which can be profiled using
single cell technologies. Profiling of patient-derived milk extracts with scRNA-seq revealed these
samples can recapitulate luminal lineages, as well as immune cells from the mammary
microenvironment (Twigger et al., 2022). Nevertheless, CyTOF profiling of organoids has
demonstrated the ability to capture MEC lineages present in primary tissues (Gray et al., 2022). These
results suggest the potential of capturing molecular changes in specific MEC-subpopulations within

organoid cultures treated with pregnancy hormones.

1.5 Research hypotheses

As organoid models are increasingly used to study mammary gland development, it is vital to
determine how well they represent intact mammary tissue and to understand the effects of hormones on
the molecular characteristics of MECs in vitro. In the present study, we sought to generate sScCRNA-seq
profiles for murine MECs at steady-state and undergoing Estrogen and EPP treatment. The resulting
transcriptomic profiles would then be compared with publicly available datasets from intact mammary
tissue development in order to determine the advantages and limitations of these systems. We would

then extend the aforementioned approach to human MEC-derived organoids. We therefore
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hypothesized that, similar to the estrous cycle, varying concentrations of Estrogen would activate
different pathways in MECs, especially those associated with proliferation and inflammation. We also
hypothesized that we would observe changes in the plasticity of murine and human cells treated with
EPP, especially by the loss of stemness in MECs that participate in lactation. We further hypothesized
that MEC composition would be mostly preserved in vitro in accordance with previous literature (Gray
et al., 2022), and that this system would be ideal to recapitulate intact pregnancy transcriptomic changes
to MEC-subpopulations. Altogether, the present study will contribute to the creation of a single cell
map of 3D-cultured murine and human MECs treated with different hormones, characterizing organoid

systems treated as a model for post-natal development.

To translate studies characterizing murine MEC changes throughout pregnancy to human
MECs, we must be able to compare MEC transcriptional profiles across species. Our lab previously
utilized a pipeline to directly convert mouse to human orthologs in scRNA-seq data using a gene list
curated by Zilionis et al (Zilionis et al., 2019). Using this method, our lab was able to directly compare
nulliparous intact mouse MECs and intact MECs from women who had no previous pregnancies,
showing for the first time the conservation of MEC composition across species. With this comparison,
Henry et al. found that progenitor populations were widely similar across species, whereas differentiated
cell types were more species specific. However, these MECs were not isolated from their
microenvironment, and thus we do not know how MEC composition is conserved across species without
species-specific stromal influences. Furthermore, we do not know how MECs from mice and humans
compare in their response to similar developmental signals when isolated from their original
microenvironment. Therefore, we sought to directly compare mouse and human MEC-derived
organoids both at baseline and in response to pregnancy hormones. We hypothesized that, similar to
what we had previously observed in intact MECs, human and mouse MECs in 3D cultures would be
similar in their progenitor-like populations, and differ in mature cell states. Moreover, we hypothesized
that pregnancy hormones would drive the maturation of MECs in both species, enhancing MEC

compositional differences between both species. Our approaches for this portion of the present study
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therefore sought to delineate transcriptional events contributing to tissue homeostasis throughout

pregnancy cycles across evolutionary timescales.

Finally, our lab has obtained additional mammary gland tissue samples from healthy women
that have undergone previous pregnancies (parous) and that have never been pregnant (nulliparous),
which we used to generate intact scRNA-seq profiles. Transcriptomic profiling of these samples would
therefore provide us with a snapshot of the transcriptomic changes that occur in whole-human mammary
tissue as a result of parity associated processes. These results could be used as a baseline for comparing
human mammary epithelial cell (MEC)-derived organoids with and without EPP treatment, allowing
us to infer transcriptional events that may be caused by hormone exposure and that may persist in the
human mammary gland. Based on several findings by our lab and others, we hypothesized that genes
associated with branching, milk production, and immune recruitment would be upregulated in samples
from parous women, and that we could trace back these transcriptional events to EPP treatment

timepoints in organoid cultures.

With the aforementioned approaches we would thus contribute to the collaborative efforts of building
a single cell map of human MECs across different gestational-like stages, laying the groundwork for
future multi-omic studies to discern molecular changes to mammary sub-populations that contribute to

lactation efficacy and hormone response.
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2. Single cell characterization of mammary-derived organoids and
comparisons with intact tissue composition

2.1 Results
2.1.1  Single cell characterization of murine MEC-derived organoids

In order to assess the cellular landscape and molecular signatures of organoids derived from
murine mammary epithelial cells (MECs), we sequenced mammary organoids cells, derived from

nulliparous female mice using the 10X Chromium platform.

To classify distinct populations of MECs, expression of previously defined markers for lineage
commitment in intact mammary tissue were used to determine the identities of each cellular cluster
(Henry et al., 2021). These markers allowed for robust classification of the cell types present in the data
set. For example, Cytokeratin 8 and 18 (Krt8/Krt18) were used to classify luminal populations (Fig. 3,
clusters MO1, MO2, MO3, MOS5 and MOQO7), and Cytokeratin 5 and 14 (Krt5/Krt14) marking
myoepithelial populations (Fig. 3, cluster MO4). Expression of hormone receptors such as Progesterone
Receptor (Pgr), Prolactin Receptor (Prir) and Estrogen Receptor a (Esr/) were used to define luminal
populations of hormone sensing cells (Fig. 3, clusters MO2 and MO7). Alveolar cells were
characterized by the expression of genes linked to a progenitor identity, such as Casein 3 (Csn3), and
milk production, such as Lactalbumin Alpha (Lalba) (Cluster MO1) (Bach et al., 2017; Saeki et al.,
2021) (Fig. 3). Additionally, since luminal clusters MO3 and MOS5 did not immediately show high
expression of hormone sensing, alveolar or traditional progenitor signatures, we resorted to looking at
the top differentially expressed genes for these clusters to define their identities (Table S1). We found
that cells in MO3 were characterized by expression of luminal progenitor genes FXYD domain-
containing ion transport regulator 3 (Fxyd3), Cluster of differentiation 14 (Cd14) and Claudin-3 (Cldn3)
(Asselin-Labat et al., 2011; Coradini et al., 2014; Shehata et al., 2012; H. Wang et al., 2019). MO3 cells

also expressed genes associated with milk synthesis WAP four-disulfide core domain protein 18
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(Wfdci8) and Mucin-15 (Mucl5), suggesting MO3 is made up early alveolar progenitors (Pal et al.,

2021; C. Shao et al., 2021).

3A Mouse Organoids (MO)

MO1. Lalba+ alveolar progenitors

MO2. Hormone sensing / ductal Prir+ cells

MO3. Early alveolar progenitors

MO4. Myoepithelial

MOS5. Proliferative luminal progentiors

MOG. Bipotential progenitors

MO?. Proliferative hormone sensing / ductal Prir+ cells

MO3{@ - ® - oo - - . o - e - O@® - e i eee - @ e-ce- 0 - @ - - -« Percent Expressed
{MO1-. s . o . . I IR T ) ;25
vorle e e @@ e -@eeee o . . o
M6 10 °@00@®- - @0 - - QO OO - - - - - <@ Average Expression
MO4{ - 0@ @@ -0 -0@¢° - @ - © . . @ . N Y ) 2
mo7 1@ [ ] [ Y ] [ N JEECEE ) @0 - 009 I;
Mo5 @ - ° ) o - - Q909 . @ - o . ° " TREEY XY ) 1

< . N D AN DD N D N DN S VD D D D @GN L DN N QD QD D QNKE DN DD NA D0 DD
© S HNI D LD R D & LS MO DGV P> 3 SRR R RO R AN O IR L0
B N ST R AL N F L™ TR o 8 SFATINTERK 0%,3" NNV ANN

e

Figure 3. Single cell RNA-seq analysis of murine organoids and cluster classifications.

(A) Mouse Organoid (MO) clusters and their given identities according to gene expression
from previously described MEC markers.
(B) Dotplot showing MEC markers average gene expression in each MO cluster.

Luminal cluster MOS5 was characterized by the expression of genes associated with a MEC
progenitor identity, such as Baculoviral AP repeat-containing protein 5 (Birc5), Hyaluronan mediated
motility receptor (Hmmr), Maternal embryonic leucine zipper kinase (Melk) and Stathmin (Stmn)
(Segatto et al., 2019; Williams et al., 2009). Cellular clusters with highly proliferative gene signature
were classified according to the expression of proliferative markers Marker of Proliferation Ki-67
(Mki67), Ubiquitin Conjugating Enzyme E2 C (Ube2c), DNA Topoisomerase II Alpha (Top2a), and
according to overall cell cycle classification (Fig. 4A). With this analysis we defined 2 clusters of
proliferating organoid cells, spanning cells that express hormone sensing signatures (MO7), and those
of a less differentiated luminal progenitor state (MOS), indicating that several luminal subtypes assume

a proliferative state in organoid cultures. We additionally identified one cellular cluster (MO6) with
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expression of markers for both luminal and basal lineages, as well as Galectin-1 (LgalsI) expression, a
previously identified marker for mammary stem cells (Soady et al., 2015). We therefore considered
cells MOG6 to have a mix/lineage/bipotential/progenitor identity. We confirmed the lineage identities of
all organoid epithelial cell types with the utilization ternary plot (Fig. 4B). This analysis demonstrated
that the distribution of cells within mix lineage/ bipotent cluster MO6 was biased towards a basal
lineage, suggesting that these bipotent progenitors most likely reside in the basal compartment, as

previous studies have also suggested (Stingl et al., 2001).

We next decided to investigate which molecular signatures were enriched in each one of the
clusters identified on organoid cultures, using GSEA analysis (Fig. SA). While clusters MO5 and MO7
were enriched with pathways associated with cell division, cells from cluster MO2 were marked by
processes associated with hormone sensing, thus collectively supporting their above assigned cellular

states (Fig. 3, 4 and 5). Accordingly, the myoepithelial state of cells from cluster MO4 were further

4A  Cell cycle scoring of MO

G1 G2M S

MO1. Lalba+ alveolar progenitors

MO2. Hormone sensing / ductal Prir+ cells

MO3. Early alveolar progenitors
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MOS5. Proliferative luminal progentiors
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MO?7. Proliferative hormone sensing / ductal Prir+ cells
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Figure 4. Approaches for MO clusters characterization.

(A) Cell cycle scoring of MO clusters.
(B) Ternary plots showing how each MO cluster scores for general lineage markers (Table 3). MO clusters are
organized based on their dendrogram relationships.
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Hallmark terms

supported by the enrichment of genes associated with myogenesis and EMT-like processes (Ingthorsson
et al., 2015). Cells from alveolar progenitor-like cluster MO1 were significantly enriched for terms
involved in hypoxia. However, when looking at the list of hypoxic genes detected in our dataset, we
found that most of these were involved in milk-synthesis, such as Lalba and Aldoc, supporting an
alveolar classification (Table S2) (Bach et al., 2017; Rudolph et al., 2007; Sacki et al., 2021).
Bipotential cells in MO6 were enriched for terms similar to myoepithelial cluster MO4, as well as
expressing genes involved in p53 signaling and coagulation. Adequate p53 signaling has been
implicated in mammary tissue homeostasis during development (Dusek et al., 2012). Moreover, genes
involved in coagulation were also implicated in EMT processes, such as Fibronectin 1 (Fbnl) and
Kallikrein-related peptidase 8 (K/k8) (Table S3) (Bahcecioglu et al., 2021; Hua et al., 2021).
Interestingly, cells from cluster MO3, classified as early alveolar progenitors did not show enrichment
for specific terms in relation to all other cell types, thus suggesting an organoid cellular state that shares
transcriptional signatures with all other cellular clusters. Moreover, GSEA analysis of MO3 for non-
significant hallmark terms showed that these cells are downregulated for hypoxic and p53 signaling
effectors, which is the opposite to what we observed in MO1 and MO6, potentially indicating a pre-
pregnancy phenotype to a sub-population of alveolar cells that could depend on pregnancy hormones
to switch into a hypoxic and, subsequently, a senescent state after pregnancy, as it has been previously

suggested (Fig. 5B) (Feigman et al., 2020; Ginger & Rosen, 2003; Misra et al., 2012).
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Figure 5. Summary of enriched hallmark terms in each MO cluster.

(A) Hallmark terms for each MO cluster were ordered based on each -log(nom p-val) for each term. Only terms
with nom p-val < 0.05 were kept for this analysis. The color of each dot represents the NES value for each
term.

(B) Hallmark terms for MO3 cluster were ordered based on each -log(nom p-val) for each term. Given that the
gene signatures of MO3 were similar to the rest of the clusters, non-significant terms (p-val < 0.06) are shown.
The color of each dot represents the NES value for each term.

2.2.2 Determining similarities between murine mammary organoid cultures and in vivo mammary
tissue by single cell RNA sequencing

It is possible that a less defined cellular identity of organoid cells could represent changes
induced by in vitro culturing that alters molecular signatures that define MECs cell types. In fact,
transcriptional and cellular profiles of human breast organoid cultures suggest that overtime, culturing
conditions can induce gene expression and lineage marker changes (Bhatia et al., 2022; Gray et al.,
2022). Therefore, and in order to define the culture-induced changes to mammary organoid cultures,
we integrated previously published scRNA-seq datasets to map epithelial cells from nulliparous mice
mammary tissue to our analysis, to define the similarities and differences across in vivo and ex vivo

MECs (Bach et al., 2017; Henry et al., 2021) (Fig 6).

Intact nulliparous murine Intact nulliparous murine
MECs from Bach et al. MECs from Henry et. al

Murine organoids
(MO)

2

10

@ Nulliparous ® 14.5d Gestation
e-Postrataral involution @® 6d Lactation

Figure 6. Integration strategy for comparisons with intact MECs.

Our murine organoids data set was integrated with mammary samples from nulliparous mice from Bach et al. (n=2) and Henry
et al. (n=1). This approach was used in order to match the number of cells in the MO data set.

64



This analysis yielded several epithelial clusters, including those of luminal fate (OIM1, OIM2,
OIM3, OIMS and OIM6) or myoepithelial lineage (OIM4) (Fig. 7A-B). Overall, the majority of clusters
defined on organoid cultures were also represented in intact mammary tissue, with the exception of

cluster OIM6, which was markedly expanded in libraries prepared from organoid conditions (Fig. 7C).
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Figure 7. Integrated analysis of organoids and intact MECs (OIM) scRNA-seq data sets.

Resulting clusters for the integration of murine organoids and intact MECs (OIM), and their assigned identities according to gene
expression from previously described MEC markers.

Dotplot for MEC marker expression from OIM clusters. OIM clusters are organized based on dendrogram relationships.

OIM clusters split by condition (cells originating from organoids or from intact tissue). The purple arrow is highlighting OIM6, a
cluster of luminal progenitors that appears to be enriched in organoid cultures.

Ternary plot showing how OIM6 scores for general lineage markers (Table 3).

GSEA for hallmark terms enriched in cluster OIM6. Hallmark terms are ordered based on the —log of nominal p-values for each
term. Only terms with a nominal p-value (nom p-val) <0.05 were kept for this analysis, in order to only show significantly enriched
terms. The dots are colored based on their false discovery rate (FDR g-value), and the x-axis represents normalized enrichment
scores (NES).

Top 10 regulons with the highest regulon specificity scores (RSS) for cluster OIM6 vs all other clusters.
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Interestingly, global expression hierarchical relationship across all clusters (dendrogram),
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indicated a closer relationship between cluster OIM1 (ductal/hormone sensing cells) and OIM6, which
lacks the expression signature of hormone-responsive cells (Fig. 7B). Conversely, OIM6 expressed
elevate levels of alveolar-like cellular states such as Csn3, Trf, and Gm42418, in comparison to cells
from OIM1 cluster, suggesting an expression signature of a not fully defined luminal state (Fig. 7B). In
fact, our analysis indicated that OIM6 cells are positioned in an intermediary state, right in between
luminal ductal/hormone sensing cluster (OIM1), and luminal alveolar-like clusters (Lalba+ OIM2, and
Aldhla3+ OIM3), further suggesting a luminal progenitor state (Fig. 7D). GSEA for hallmark terms
revealed that organoid-exclusive cluster OIM6 was significantly enriched for terms involving apoptosis
and EMT, both terms associated with undifferentiated process in mammary epithelial cells, further
suggesting the presence of organoid cells with early progenitor phenotypes in culture (Fig. 7E) (C.-W.

Lietal., 2012).

These observations were supported by the analysis of regulatory networks (regulon core)
enriched in cluster OIM6, which indicated expression of signatures regulated by transcription factors
such as Nuclear Transcription Factor Y Subunit Alpha (Nfya), Nuclear Respiratory Factor 1 (Nrfl),
SET Domain Bifurcated Histone Lysine Methyltransferase 1 (Setdbl), SAM Pointed Domain
Containing ETS Transcription Factor (Spdef), Signal Transducer and Activator Of Transcription 1
(Statl) and ETS Transcription Factor (Elk3), which have all been associated with gene regulation in
luminal lineages of the breast (Fig. 7F) (Das et al., 2018; Huang & Esteller, 2010; Kim et al., 2018;

Raven et al., 2011; Ye et al., 2020; Yoh et al., 2016).

Overall, our initial mapping of molecular and cellular makeup of mammary-derived organoid

cultures illustrates aspects of ex vivo models that resemble intact mammary tissue, while highlighting

those that are induced by several of the stimuli of a culturing system.
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3. Characterizing the effects of Estrogen treatment on mammary-derived
organoid cultures

3.1 Results

Puberty represents the first key signal post-birth that drives mammary tissue expansion and
MEC lineage differentiation, with increased levels of estrogen regulating cell-to-cell signaling, immune
modulation, and transcription regulation (C. O. dos Santos et al., 2015; Hanasoge Somasundara et al.,
2021; Rusidzé et al., 2021; Tower et al., 2022; Vasquez, 2018). Once developed, physiological levels
of estrogen sustain mammary tissue homeostasis, with cyclical cellular dynamics throughout the estrous
cycle further influencing MEC differentiation and proliferation (Pal et al., 2017). Yet, the necessity and
effects of estrogen supplementation for the growth of mammary organoid cultures has not been fully

characterized (Lacouture et al., 2021; Rosenbluth et al., 2020; L. Zhang et al., 2017).

With the purpose of determining the effects of estrogen on gene expression, growth, and cellular
heterogeneity, we set out to characterize mammary organoids treated with two concentrations of 17-f-
Estradiol (referred hereafter as OE), define the effects of lower levels of estrogen (33.3 ng/mL, low
estrogen), and those with higher concentrations of estrogen (66.6 ng/mL high estrogen) (Fig. 8). Our
analysis identified several clusters in all conditions, spanning myoepithelial fates (OE4), luminal
ductal/hormone sensing states (OE6 and OES), luminal alveolar/secretory subtypes (OE1, OE2, OES),
general progenitor-like luminal cells (OE3), and cells expressing both luminal and basal cells lineage

markers, referred hereafter as bipotent/mixed lineages subtypes (OE7) (Fig. 8A-B). We also identified
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cellular clusters marked by the expression of proliferation markers, encompassing ductal/hormone

sensing (OE9), and alveolar/secretory (OES) luminal states (Fig. 8C).

Further analysis of cell population distribution across organoid conditions, indicated a few
cellular clusters biased to specific datasets (Fig. 9A-B).This analysis indicated a subtle decrease on the
abundance of general luminal progenitor subtypes (cluster OE3) in organoid conditions supplemented
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Figure 8. Single cell RNA-seq analysis of murine organoids treated with Estrogen (OE) and approaches for cluster
characterization
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(A) Resulting clusters for murine organoids with and without Estrogen (OE), with cluster identities based on intact
MEC marker expression.

(B) Dotplot for OE clusters expression of intact MEC gene markers. OE clusters are organized based on
dendrogram relationships.

(C) Cell cycle scoring or OE clusters.

with estrogen, perhaps suggesting that luminal progenitor differentiation in response to increased levels

of estrogen can also be observed in organoid cultures (Basak et al., 2015) (Fig. 9A-B). Depletion of
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bipotent/mixed lineage cells (cluster OE7) was also observed in organoid cultures treated with estrogen,

Figure 9. Transcriptomic differences between organoids with no treatment and organoids with Estrogen treatments (OE).

(A) OE clusters split by condition, highlighting Estrogen-specific cluster OE6 (purple arrow) and OE7 (red arrow), which is depleted
only at a high Estrogen dose.
(B) Bar plot showing percentage of cells per condition in each cellular cluster. The purple arrow highlights OE6, an Estrogen-exclusive

cellular cluster.
(C) GSEA for hallmark terms differentially enriched in low Estrogen compared to no treatment. Terms were ordered decreasingly based
on their-log(nom p-value). Only terms with nom p-val <0.05 were kept for these analyses. The color of each dot represents the NES

for each term.
(D) GSEA for hallmark terms differentially enriched in high Estrogen compared to no treatment.

supporting the suggestion that estrogen supplementation may be inducing the differentiation of more
immature cell types, as it is observed in vivo (Simdes & Vivanco, 2011). Interestingly, none of these
cell types express hormone genes, thus suggesting a possible indirect effect of estrogen on their
homeostasis/differentiation (Fig. 8B and 9A) (Sleeman et al., 2006). We also identified alterations to
cluster of ductal/hormone responsive cells (OE6), thus validating that expression of hormone responsive
genes in subtypes of organoid cells are linked with cellular expansion in response to increased estrogen

levels (Fig. 8B and 9A) (Feng et al., 2007).
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Given that our observations above indicated that estrogen supplementation of organoid cultures
can influence cellular populations independently of the expression of hormone-associated genes, we
next decided to investigate global gene expression alterations across all organoid clusters. For this, we
opted to focus on gene expression alterations across untreated organoids and those treated with low
levels of estrogen, given that all identified clusters are represented in both conditions (Fig. 9C). Our
analysis identified that clusters defined to have a duct/hormone sensing identity where the ones with
the most alterations to enriched pathways in response to estrogen treatment, with proliferative
duct/hormone sensing cells (OE9) demonstrating selective enrichment for processes associated with
Estrogen response (early and late) and K-ras signaling, a pathway previously associated with estrogen
receptor signaling (Dischinger et al., 2018) (Fig. 9C). Conversely, the population of hormone sensing
cells expanded in response to estrogen levels (OE6) was selectively enriched for pathways associated
with reactive oxygen response and genes that downregulate UV responses, both potential antioxidant
pathways also described to be regulated by estrogen (Caldon, 2014; Halliday, 2010), in marked contrast
to subtypes of secretory-like cells (OE1), which increased expression of UV responses was linked with
estrogen treatment. Both OE6 and OE9 clusters were also enriched for pathways related to hypoxia,
thus suggesting the diverse gene regulation modules regulated by estrogen on hormone sensing cells

(Fig. 9C).

In addition to pathways that were shared with cell types defined as hormone responsive,
estrogen treatment of organoids induced enrichment to specific pathways in a hormone expression
independent manner. For example, enrichment for TNF-a signaling via NF-kB pathways was observed
in both secretory luminal cells (OE1, OES5) and hormone sensing cells (OE6, OE9), a pathway linked
with increased mitogenic activity in response to Estrogen, which here we show to be associated with
highly proliferative clusters in general (OES5 and OE9) (Fig. 9C) (Rubio et al., 2006). In addition,
cluster of bipotent/mixed lineage cells (cluster OE7) and those of proliferating hormone sensing cells
(OE9) were exclusively enriched with genes associated with myogenesis, a process that can either be
suppressed or activated by estrogen levels on cellular contact dependent fashion, thus suggesting a

deeper level of estrogen related signals, that can be recapitulated in ex vivo organoid cultures (Fig. 9C)
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(Mallepell et al., 2006; Ogawa et al., 2011; Strum, 1978). Another controversial signal pathway
regulated by estrogen, EMT, was also observed on luminal fate clusters mostly affected by estrogen
supplementation, including general luminal progenitor subtypes (cluster OE3), ductal’/hormone
responsive cells (OE6), and proliferative duct/hormone sensing cells (OE9), an observation that may
link EMT with loss of cell plasticity, and estrogen-induced differentiation (Fig. 9C) (Guttilla et al.,
2012; Wahl & Spike, 2017). In fact, the only statistical significantly enriched pathway downregulated
by estrogen was associated with cMYC regulated processes in general luminal progenitor subtypes
(cluster OE3), a signal that is essential to keep immature properties of mammary epithelial cells (Fig.
9C) (Poli et al., 2018). Yet, and despite of the findings above described, low levels of estrogen did not
result on the significant enrichment of pathways in clusters of cells with myoepithelial fate (OE4), or
Lalba+ secretory cell types, suggesting that subtypes of MECs that lack the expression of hormone

genes are less affected by female hormones.

To assess how the regulatory networks modulating processes in each cellular sub-type might
be affected by Estrogen, we calculated the regulons with the highest specificity scores (RSS) for each
of the OE clusters and segregated them by condition (i.e. no treatment, low Estrogen treatment and High
Estrogen treatment) (Fig. 10). We found that hormone sensing clusters OE3, OE6 and OE9 were
modulated by similar regulons which were not significantly active in other cellular clusters. These
regulons included ER-modulated programs, such as those controlled by effector of Estrogen/ER
signaling TF MYB proto-oncogene (Myb) (Drabsch et al., 2007), GATA binding protein 3 (Gata3),
which is known to participate in a cross-regulatory loop with ERa (Eeckhoute et al., 2007), the protein
product of Kriippel-like factor 4 (K1f4), which is stabilized by ER to promote cellular growth (Hu et al.,
2012), and TF ETS proto-oncogene 2 (Ets2), which has been shown to recruit Nuclear Receptor

Coactivators to estrogen responsive genes (Kalet et al., 2013).
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Figure 10. Regulons governing each OE cellular state.

The scaled activities of regulons with the highest specificity score (RSS) for cells in each OE cluster and condition (Low for
20ng/mL of Estrogen, High for 40ng/mL of Estrogen, and Unt for no treatment) are shown. Red indicates that the regulons are
significantly active in the corresponding clusters and conditions, while blue indicates inactivity. Cells in OE clusters from each
condition are organized based on dendrogram relations, and therefore based on their regulatory network similarities.

Since Estrogen has been noted to participate in a negative feedback loop with its own receptor
(Hatsumi & Yamamuro, 2006), the activities of the aforementioned regulons appeared to decrease with
incremental doses of Estrogen specifically in clusters OE3 and OE9. Estrogen-exclusive Seurat cluster

OEG6 virtually maintained high activity levels for the aforementioned ER-associated regulons, regardless
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of Estrogen presence. Nonetheless, we found Estrogen-modulated regulons that had OE6-specific
tendencies in OE6. One such regulon involved v-rel avian reticuloendotheliosis viral oncogene homolog

B (Relb), which is known to downregulate ERa in the mammary gland (X. Wang et al., 2009).

We found that, in OE6 cells, RelB decreased in activity with Estrogen treatment. Another
regulon displaying a decrease in activity with Estrogen treatment in OE6 involved Splicing factor
proline/glutamine-rich (Sfpq). Interestingly, Sfpq has been noted to be downregulated in the mammary
gland of parous rats treated with Estrogen, suggesting a complex interplay between this regulon and
Estrogen signaling in modulating hormone sensing cells (de Assis et al., 2013). Other regulons that
displayed a decrease in activity in all hormone sensing cells (OE3, OE6 and OE9) involved Zfp579,
which has not previously been studied in the context of mammary development or hormone response,
underscoring the need for further investigation into its potential roles in hormone sensing mammary

cells.

In OE7 bipotential progenitors we also observed regulons with patterned responses to Estrogen,
although with an opposite tendency to hormone sensing clusters. Two of these regulons involved Gtf3c2
and Zfp729b, which are decreased with Estrogen in OE6 but exclusively active in OE7 cells treated
with high Estrogen. Gtf3c2 in particular has been characterized in ductal carcinomas but, similar to
Zfp7290, its role in Estrogen signaling and normal development is still largely unknown (J. Zhang et
al., 2022). A regulon that displayed a specific tendency for OE7 cells involved FOXO gene is Forkhead
box O (Foxol), which had decreased activity levels in high Estrogen. Foxol in particular has been
shown to be anti-proliferative and to cooperate with tamoxifen to repress ER+ breast cancers (Vaziri-
Gohar et al., 2017). These findings indicate, once more, that further investigation is needed to fully
understand the roles of these regulons in modulating bipotential progenitor processes in response to

Estrogen signaling.
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4. Pregnancy hormones exposure, cellular states, and gene expression

4.1 Results

4.1.1  Single cell characterization of cellular and molecular changes induced by pregnancy
hormones

Mammary organoid systems have been previously optimized to mimic aspects of pregnancy-
induced development of the gland, such as branching and production of milk-associated proteins,
involution-like processes, and mechano-regulated actions of lactation (Ciccone et al., 2020; Stewart et
al.,2021; Sumbal et al., 2020). Yet, it is unclear whether mimicking pregnancy-induced changes ex vivo
drives cellular and transcription alterations such as those that take place in vivo. Therefore, we set out
to characterize mammary organoid cultures, grown with a combination of Estrogen, Progesterone, and
Prolactin hormones (referred hereafter as OP) using scRNA-seq approaches. Our analysis identified
clusters present in both conditions, representing cellular states of luminal secretory fate (OP1, OP3, and
OP6), and myoepithelial lineage (OP5) (Fig. 11). We also observed that populations of duct/hormone
sensing and bipotential/mixed lineage identities had a condition biased distribution, with cluster OP4,
OP9 (hormone sensing), and OP7 (mixed lineage) been more abundant in untreated organoid samples,
while clusters OP2, OP8 (hormone sensing), and OP10 (mixed lineage) defining samples grown with
pregnancy hormones (Fig. 11C-D). Amongst these clusters, we identified highly proliferative cells in
both conditions (OP6), and as well those biased towards untreated conditions (OP9), and hormone

treated organoids (OP8) (Fig. 11B-C).
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Figure 11. Single cell RNA-seq analysis of murine organoids treated with pregnancy hormones (OP) and cluster
classifications.

(A) Resulting clusters for organoids with/without EPP treatment (OP), and their given identities according to gene
expression from previously described MEC markers.

(B) Dotplot showing MEC markers average gene expression in each OP cluster.

(C) OP clusters split by treatment condition (no treatment or EPP treatment). The purple arrow highlights EPP-enriched
cellular clusters OP2, OP8 and OP10. The red arrow highlights cellular clusters depleted with EPP treatment, clusters
OP4, OP7 and OP9.

(D) Bar plot showing percentage of cells per condition in each OP cluster. The purple arrows highlight clusters enriched in
EPP samples.

We next defined the pathways differentially expressed in each of the identified cellular clusters
in response to pregnancy hormone treatment. Across the cellular clusters that were present in both
untreated and pregnancy hormone treated conditions, which encompassed hormone negative cell types

(OP1, OP3, OPS5, and OP6), we found clusters with no statistically significant enrichment for specific
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terms (OP1, and OP3, luminal secretory identity), indicating cellular stages that were minimally
affected by the supplemented amounts of pregnancy hormone (Fig. 12A). Conversely, clusters
identified as myoepithelial lineage (OP5) and proliferating luminal cells (OP6) were enriched for term
that were related to their lineage specific developmental state (such as myogenesis and EMT for OPS)
(Mallepell et al., 2006; Ogawa et al., 2011; Strum, 1978), or cellular state (mitotic spindle and G2M
checkpoint for OP6), suggesting that similarly like estrogen alone, pregnancy hormones can induce

indirect transcription changes in hormone negative cells (Fig. 12A).
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(A) GSEA for hallmark terms enriched in each OP cluster. Terms are ordered from highest —log(nom p-value). Only hallmark terms
with a normalized p-val < 0.05 were kept for this analysis. The color of each dot represents the NES for each term. The red
boxes mark clusters depleted with EPP treatment, and the purple boxes mark clusters enriched with EPP.

(B) Ternary plots showing how each OP cluster scores for general lineage markers (Table 3). OP clusters are organized based on

their dendrogram relationships.

Interestingly, clusters biased towards untreated samples (OP4, OP7, OP9) and those more

abundant in pregnancy hormone treated samples (OP2, OP8, OP10), represented very similar cellular

identities, with hormone sensing cells (OP4, OP9, OP2, OP8) and bipotential/mixed lineage fate (OP7,

OP10), suggesting that pregnancy hormones act on cellular states fully present in untreated conditions
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(Fig. 12B). In fact, hormone sensing clusters OP4 (untreated condition), and OP2 (pregnancy hormone
condition) where enrichment for similar pathways such as estrogen response and hypoxia, with the
exception of untreated cluster OP4, that was also enriched for pathways regulated by p53 (Fig. 12A).
Interestingly p53 pathways have been associated with acquisition of a senescent-like state, which can
be modulated by pregnancy hormones (Feigman et al., 2020). Additional hormone sensing clusters OP9
(untreated condition) and OP8 (pregnancy hormone condition) were enriched with terms associated
with cell division function, thus validating our initial classification of these clusters as proliferative

(Fig. 12A).

Moreover, pathways associated with myogenesis and EMT were both enriched in
bipotential/mixed clusters OP7 (untreated condition) and OP10 (pregnancy hormone condition), with
the specific enrichment of p53 pathways in cells from untreated conditions, supporting the suggestion
that pregnancy hormones may suppress similar pathway in different cellular states. The hormone
expression on cells from OP10 cluster was linked with the enrichment of estrogen response and hypoxia,
a pathway also associated with pregnancy signals, thus suggesting that hormone regulated pathways are

also synchronized in more immature cell types (Fig. 12A) (Y. Shao & Zhao, 2014).

To more specifically understand the effects of pregnancy hormone treatment on organoids, we
further analyzed the enrichment for regulons on clusters biased to such conditions, focusing on hormone
sensing state (OP2), and bipotential/mixed lineage identities (OP10) (Fig. 13). Our analysis found that
both clusters, despite their different fate identity, were enriched for regulatory networks controlled by
Myb, Tfcp2l1, and Stat5, all transcription factors that have been reported to modulate gene expression
in MECs in response to pregnancy (Fig. 13) (Liu et al., 1997; Otto et al., 2013; Quintana et al., 2011).
We also found regulons with high specificity biased towards one cluster, with hormone sensing cells
(OP2) showing enrichment for transcriptional programs regulated by Pgr and KIf6, both previously
described to be downstream programs operated by estrogen (Fig. 13) (Arendt & Kuperwasser, 2015;

Cicatiello et al., 2010). Moreover, bipotential/mixed lineage cells (OP10) were marked by networks
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regulated Mef2¢ and Trp63, both implicated on stem-cell like activity of MECs and pregnancy-induced

development of the gland (Fig. 13) (Lim et al., 2010; Pellacani et al., 2019).
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Figure 13. Regulons governing each OP cellular state.

The scaled activities of regulons with the highest specificity score (RSS) for cells in each OP cluster and condition (EPP vs no
treatment, or “Unt” for “untreated”) are shown. Red indicates that the regulons are significantly active in the corresponding
clusters and conditions, while blue indicates inactivity. Cells in OP clusters from each condition are organized based on
dendrogram relations, and therefore based on their regulatory network similarities.
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4.1.2  Comparisons with an intact pregnancy cycle

As demonstrated, our differential gene expression analysis and regulon enrichment identified
many pathways that are activated both in pregnancy hormone treated organoid cultures and in mammary
tissue from pregnant female mice (Fig. 12A and 13). Our initial analysis indicated that untreated
organoids bear similar cell types and transcriptional output than MECs directly extracted from
mammary tissue (Fig. 7). Therefore, in order to assess whether clusters identified in our culturing
system were also represented during pregnancy in mice, we performed a scRNAseq data integration
between organoid datasets, and publicly available scRNA profiles generated from mammary tissue

during distinct stages of pregnancy (gestation, lactation, and involution) (Bach et al., 2017).

This analysis identified a total of 7 clusters, spanning 5 luminal cell fate clusters, and 2
myoepithelial cell clusters (referred hereafter as OIP), with variated distribution across all datasets (Fig.
14). We found several clusters with similar representation in all datasets, including those make up of
alveolar/secretory cell types (OIP1), and two populations of myoepithelial cells which demonstrated
slightly less abundance in samples from mammary tissue during involution (OIP3), and those with more
abundance during lactation (OIP4) (Fig. 14C). Cluster OIP6, identified as a population of
ductal/hormone sensing cells, was exclusively detected in organoids without treatment, while OIP7 of
proliferative ductal/hormone sensing cells was exclusively detected in EPP-treated organoids,
potentially indicating a cellular phenotype exclusive to organoids that is modulated by EPP (Fig. 14C).
Collectively, this analysis also suggests an array of cellular states, not necessarily hormone positive,
that are sustained in the mammary tissue across the pregnancy cycle, and present in organoid cultures.

For example, clusters OIP1 of alveolar progenitors and OIP3 of myoepithelial cells were sustained
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before and throughout pregnancy, and also present in both our organoid conditions, indicating hormone-

independent cellular states (Fig. 14C).
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Figure 14. Integration of OP with MECs from an intact pregnancy cycle (OIP).

(A) Resulting clusters for integration of OP data set with intact MECs obtained at different pregnancy stages from Bach et al.

(organoids and intact pregnancy - OIP). The identities of each OIP cluster was determined according to their gene
expression of previously described MEC markers.

(B) Bar plot showing percentage of cells per condition in each OIP cluster. The blue arrow highlights cluster OIP7, which is
enriched in EPP-treated organoids.

(C) OIP clusters split by condition, highlighting cellular states enriched in organoids with and without EPP (blue arrow).

We identified a population of proliferating alveolar luminal cells (cluster OIP5), which were
abundant in organoid cultures with and without EPP treatment, and in mammary tissue during gestation,
suggesting a general proliferative state that is independent of hormone responsiveness (Fig. 14C).
Interestingly, our analysis has identified proliferating secretory cell states in untreated organoids

(MO4), and as well in those treated with estrogen levels (OES), and pregnancy hormones (OP6),
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suggesting that organoid culturing conditions may in general provide the signals for active proliferation
of cell types (Fig. 3A, 8A, 11A and 14C). However, specific populations of proliferative hormone
sensing cells were detected in response to pregnancy hormone treatment (OIP7), thus suggesting an

additional level of cell proliferation activation in response to specific stimuli (Fig. 14C).
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5. Defining the molecular alterations induced by pregnancy hormones in
human MEC-derived organoids

51 Results

5.1.1  Single cell characterization of human MEC-derived organoids in response to pregnancy
hormones

The current understanding of tissue alterations in response to pregnancy signals is largely biased
towards the investigation of molecular and cellular dynamics in rodent models. Our above-mentioned
findings suggest that the utilization of organoid cultures represent a suitable system to model, in part,
the response of MECs to female and pregnancy hormones. Given that normal, human breast tissue has
been utilized for the development of organoid systems (Bhatia et al., 2022; Gray et al., 2022; Rosenbluth
et al., 2020; Sachs et al., 2018), we next decided to test their response to supplementation with
pregnancy hormones. In doing so, we utilized an already established and characterized normal breast
organoid culture, generated from breast specimens from women undergoing cosmetic reduction

mammoplasty (Bhatia et al., 2022).

At first, and to define the overall response to pregnancy hormone treatment, we treated organoid
cultures with same conditions utilized for the treatment of murine mammary organoids, given that
human MECs, injected into the fat pad of mice, following pregnancy, have been show to engage on
pregnancy-induced development (Kuperwasser et al., 2004). qPCR analysis indicated increased levels
of CSN2 mRNA, previously described to increase in response to pregnancy hormones (Maningat et al.,
2009; Rijnkels et al., 2013), starting on day 10 after pregnancy hormone treatment, a response that was
sustained up to 21 days of culturing, thus supporting that such approach promotes pregnancy-associated
changes to gene expression (Fig. 15). Therefore, we utilized the same conditions for the generation of

scRNAseq profiles of untreated and pregnancy-hormone treated human mammary organoids.
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CSN2/CSN3 expression atday 0, 3, 7, 14 and 21 of EPP
treatment
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Figure 15. qPCR results for CSN2/CSN3 expression in human MEC-derived organoids treated with EPP for 21 days.

Human MEC-derived organoids were treated with EPP until maximal CSN2 expression, and were collected for CSN3/CSN2
qPCRs at day 0 (D0), day 3 (D3), day 7 (D7), day 14 (D14) and day 21 (D21). Blue represents CSN2 expression and orange
represents CSN3 expression.

Characterization of lineage identity, utilizing previously described gene signatures of human
MECs (Henry et al., 2021), indicated that the majority of cells from untreated and treated organoid
cultures bear both luminal and basal traits, defined by the expression of KRTS, KRTS8, KRT5 and KRT14,
suggesting that independently of treatment, established human breast organoid system have a more

generalized mix-lineage signature (Fig. 16B). This observation is in agreement with previous studies
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describing that human breast organoid systems assume a more basal-like cellular phenotype after

several culture passages, with consecutive loss of hormone receptor expression, thus suggesting the
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Figure 16. Analysis of scRNA-seq data from human organoid MECs treated with EPP (HOP).
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(A) Resulting clusters for human organoid MECs with and without EPP treatment (HOP), along with cluster identities based on
expression of previously described markers from intact human MECs and top 10 differentially expressed genes (DEGs) per cluster.

(B) Violin Plots showing the expression of cytokeratins used to classify luminal and basal populations within each HOP cluster.

(C) Ternary plots for broad human MEC lineage marker scores from HOP clusters at each EPP timepoint.

(D) Dotplot for top 10 DEGs per HOP cluster. Clusters are organized based on dendrogram relationships.

(E) HOP clusters split by condition. The purple arrows highlight clusters enriched in organoids without treatment, and red arrows
highlight clusters enriched with EPP, independent of the amount of time with EPP treatment.
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need of specific signatures to define cellular states of established human breast organoid cultures

(Bhatia et al., 2022).

In doing so, we proceeded with cellular identity characterization based on the top differentially
expressed genes across all clusters, and their behavior in relation to the culturing with pregnancy
hormones (Fig. 16D). This approached identified cell types largely represented in all culturing
conditions, spanning luminal secretory-like fates defined by the combined expression of
pregnancy/lactation associated genes RARRESI, WFDC?2 (clusters HP5 and HP6) (Bhat-Nakshatri et
al., 2021; Watt et al., 2012) and proliferating luminal cells characterized by the expression of the
pregnancy hormone associated genes BIRC3, PTTG1 and CCNBI (cluster HP3, hormone-sensing like)
(LaMarca & Rosen, 2007; Neubauer et al., 2011; Wei et al., 2013) (Fig. 16D-E). In addition, we
identified clusters with cellular abundance that was suppressed by treatment with pregnancy hormones,
including hormone sensing-like cells marked by the expression of pregnancy-associated NDRG I, SCD,
VEGFA, IER3, INSIGI and DDIT4 (HP4) (Anderson et al., 2007; Bambhroliya et al., 2018; Deroo et
al., 2009; Fan et al., 2020; Meng et al., 2019; Qiu et al., 2008; Sato et al., 2013), myoepithelial cells
(HP2), and mixed lineage cell states marked by the expression of pregnancy/lactation genes /SG15 and
HMGN?2 (Schauwecker et al., 2017; Yang et al., 2010), and genes associated with myoepithelial cells

contractibility MYL6 and FXYD3 (cluster HP7) (Fig. 16D-E).

Additionally, one cluster of mixed lineage cells (HP9) was exclusively depleted at 21 days of
EPP treatment, which was characterized by expression of myoepithelial contractibility-associated
FXYD3 (Schauwecker et al., 2017), and pregnancy-associated genes RARREST and LCN2 (Pellacani et
al., 2016; Stein et al., 2004) (Fig. 16D-E). We also identified two pregnancy hormone-induced cellular
clusters of luminal-like lineage, one which bears the expression of progenitor-associated KR7T64 and
FDCSP (Holloway et al., 2015; McMullen & Soto, 2022), pregnancy hormone associated AREG,
BIRC3, ODAM and myoepithelial cells contractibility FKBP5 (Cai et al., 2020; Jaswal et al., 2021;
Kang et al., 2014; Yamamoto et al., 2019) (cluster HP1), and one which bears the expression of

lactation-associated genes 7SC22D3, NUPRI, NDRGI and VEGFA (Meng et al., 2019; Qiu et al., 2008;
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Sornapudi et al., 2018; Zhou et al., 2014), in addition to multipotent-associated KRT16 (Henry et al.,
2021) (cluster HPS) (Fig. 16D-E). Cluster HP8 in particular appears to gradually increase in abundance
with the time course of EPP treatment. Collectively, this analysis identifies distinct cellular states, based
on alterations to gene expression and organoid treatment response, thus illustrating the complex cellular

dynamics induced by pregnancy hormones.

To further complement the molecular characterization of untreated and pregnancy hormone
treated human breast organoid cultures, we employed a more general gene expression analysis, to
indicate potential pathways enriched in each state (Fig. 17). We found that pregnancy hormone
treatment for 10 days had selective effects across all organoid clusters. For example, while some clusters
that remained relatively unchanged across conditions did not show enrichment for particular pathways
(HP2, myoepithelial), clusters of hormone-sensing like cells were enriched with pathways associated
with hormone response, such as TNF-a signaling via NF-kB pathways, a pathway linked with increased
mitogenic activity in response to estrogen (see HP1), and mTOR signaling, which promotes
proliferation in response to Estrogen (see HP4) (Fig. 17B) (Ketterer et al., 2020; Morrison et al., 2015;
Rubio et al., 2006). A similar effect was found in the transcriptional networks of HP3, HP4, HP6, HP7
and HPS for organoid cultures grown for 21 days with pregnancy hormones (Fig. 17C-D). Cells from
clusters that virtually shrink with pregnancy (HP7) showed, however, an enrichment of genes associated
with Oxidative phosphorylation process at 21 days of EPP treatment, suggesting that in these hormone
negative cell types, pregnancy hormones may influence mitochondrial functions (Klinge, 2020) (Fig.
17D). These cells also showed an enrichment for genes involved in responses to Interferon gamma, thus
collectively suggesting a potential decrease in the proliferative state of such cells than the one observed
in untreated and short term treatment conditions (Fig. 17A-B/D) (Bracken et al., 2004; Khalkhali-Ellis
et al., 2008). Likewise, cluster HP9, which is depleted with EPP treatment at 21 days, showed similar
pathway enrichments (Fig. 17D). Cells from cluster HP9 were additionally overall enriched with genes
associated with p53 pathway, Androgen response, and Apoptosis, known processes regulated by
pregnancy hormones (Fig. 17A) (Carsol et al., 2002; Dunphy et al., 2008). Interestingly, cluster HPS of

mixed lineage cells that proliferate with pregnancy were also enriched for genes associated with
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17A

17C

Oxidative phosphorylation at day 21 of EPP treatment, suggesting a complex interplay between

metabolic processes and pregnancy development (Fig. 17D). Collectively, these findings suggest a

pregnancy hormone modulates molecular signature that accompanies fluctuating cellular dynamics of

specific cellular subtypes in response to hormone treatment.
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(B) GSEA for hallmark terms differentially enriched in each HOP cluster at 10 days of EPP treatment.

(C) GSEA for hallmark terms differentially enriched in each HOP cluster at 21 days of EPP treatment.

(D) GSEA for hallmark terms differentially enriched in each HOP cluster at 21 days of EPP treatment compared to 10 days.

Conversely, since pregnancy hormone regulated growth pathways were detected in these

cellular clusters after 21 days of treatment, such as TNF-a signaling via NF-xB pathways (cluster HP3,

HP4 and HP7), and IL2-STATS signaling (HP7), this could suggest possible cellular states transitions

that, after adaptation to pregnancy hormones, may be inducing differentiation/specialization of cells

with less specified lineages identities, into more defined cellular states (Liu et al., 1997) (Fig. 17C-D).
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Cohesively, we also found that, in mixed lineage cluster HPS, pregnancy hormone treatment was
accompanied by increased levels of luminal biased lineage genes (CLDN3, and WFDC2), with
concomitant decrease on the expression of basal lineage genes (KRT14, MYL6), potentially suggesting

that this cluster assumes a more luminal-like identity after exposure to pregnancy hormones (Fig. 16D).

Moreover, gene expression analysis of pregnancy-induced cluster HP1 indicated that these cells
were enriched for hypoxia during early (10 days) EPP treatment, and no significant enrichment of other
pathways at 21 days of EPP treatment (Fig. 17C-D). Given that hypoxia has a bi-directional effect on
the cell cycle, it is possible that cells from HP1 cluster could be rapidly responding to signals from
exposure to pregnancy hormones, and the developmental snapshots captured at 10 and 21 days represent

a more stable and less dynamic cellular state.

5.1.2  Evolutionary conservation of MEC responses to pregnancy hormones

Despite the fact that both murine and human mammary organoids treated with pregnancy
hormones recapitulated some of the previously described changes that take place in vivo, not all cellular
pathways and states were identified in these two model systems, suggesting that pregnancy signals may
activate pathways that are both evolutionary conserved and species specific. Therefore, we assessed the
evolutionary conservation of responses to pregnancy hormones between human and murine organoids,
by integrating pregnancy hormone treated, murine and human organoids datasets (referred hereafter as
MHP clusters). Such an approach identified a total of 9 clusters with varied distribution across species
(Fig. 18A). To avoid lineage classification issues, biased by the state of human organoid cultures, we
utilized once again the top differentially expressed genes to determine the identities of each MHP cluster

(Fig. 18B).

This approach identified six clusters of luminal-like cellular lineages (MHP1, MHP3, MHP4,

MHP6, MHP8, and MHP9), from which two clusters (MHP6 and MHPS) bore high expression of
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proliferative markers, confirmed by cell cycle scoring, and three clusters (MHP2, MHP5, and MHP7)
expressed mixed lineage markers (Fig. 18B-C). The distribution of these clusters also varied according
to species, with clusters exclusive to murine samples (luminal MHP1, MHP3, MHP8, MHP9 and mixed
lineage MHP7), those more abundant in human samples (luminal cluster MHP4 and mixed lineage
MHP?2 and MHPS5), and those with cells representative from both species datasets (MHP4 and MHP6)

(Fig. 19A-B).
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Molecular characterization of luminal MHP revealed gene signatures that indicated their sub-
specialization (Fig. 18B). We found mouse-biased MHP1 displayed a wide array of alveolar/secretory
features, including expression of LALBA, casein genes CSNIS1 and CSN3, milk-synthesis associated
ALDOC, and IGFBPS5, which has been linked to a lactogenic environment (Allan et al., 2004; Chen et

al., 2010; Rudolph et al., 2007). Cells in MHP3, MHP4, MHP6, MHP8 and MHP9 all expressed
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Figure 18. Evolutionary comparisons between EPP-treated murine and human organoid MECs (MHP), and approaches for MHP
clusters characterization.

(A) Resulting clusters of human and mouse organoids with EPP (MHP). MHP clusters were assigned their respective identities based
on previously described human MEC markers gene expression and their top DEGs.

(B) Dotplot showing expression of the top 10 DEGs per MHP cluster. Clusters are organized based on their dendrogram relationships.

(C) Cell cycle scoring of MHP clusters.
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hormone sensing features, with signature differences that suggest a role for these cells in pregnancy
(Fig. 18B). Hormone sensing mouse-biased cluster MHP3, for instance, characteristically expressed
progestin-associated GPX3, GLUL and WNT4 (Rajaram et al., 2015; S. J. Santos et al., 2009; Zhong et
al., 2018), as well as RGS2, which has been described as a progestin-modulated gene in organoid

cultures (S. J. Santos et al., 2010).

Cluster MHP4, present in both human and murine systems, expressed higher levels of KRT7 as
well as TFCP2L1 mRNAs, which are found in fully differentiated cells during the follicular phase, thus
suggesting a more differentiated cellular state (Pardo et al., 2014). Cells in MHP6 were mostly
characterized by their expression of proliferative markers, although they also expressed pregnancy-
associated CCNBI and PTTGI, thus suggesting an actively growing cell state present in mammary
organoids from mouse and humans (Hatcher et al., 2014; Pellacani et al., 2019). Mouse-biased MHPS8
also expressed proliferative markers and, additionally, hormone sensing-associated PLACS (S. J. Santos
etal., 2010), and lactation-associated GPX3 (Lu et al., 2008), indicating a more mature and proliferative
cell stage. Cluster MHP9 expressed PRLR, as well as PLACS (S. J. Santos et al., 2009) and CRIPI
(Deroo et al., 2009), indicating their hormone sensing identity. Likewise, these cells expressed GPX3
(Luetal.,2008; S. J. Santos et al., 2009) and hormone-induced RBPI (Lu et al., 2008), further indicating
their hormone responsiveness. Interestingly, these cells also expressed basal features ACTA42 (Haaksma
etal.,2011; C. M.-C. Li et al., 2020), SPARC (Twigger & Khaled, 2021), TAGLN (Nguyen et al., 2018)

and TPM2 (Twigger et al., 2022), suggesting these cells reside in the basal compartment.

Taking a closer look at mixed lineage and basal clusters MHP2, MHP5 and MHP7 likewise
allowed us to better profile these cells based on their transcriptomic characteristics (Fig. 18B). Human-
biased MHP2 cells expressed both luminal progenitor marker FDCSP (McMullen & Soto, 2022), as
well as myoepithelial KRTS5, KRT14 and KRT17. Nonetheless, these cells also expressed KRT64, a
marker for bipotential progenitors, which indicates that these cells are not just mixed lineage, but have
a multipotential progenitor identity. This description matches the identity of cluster HOP6, confirming

that with integration of other data sets, this cluster maintains its identity (Fig. 16A and 18B). Likewise,
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cells in human-biased cluster MHPS5 expressed KRT6, another marker of bipotential cells (Bu et al.,
2011), although these cells also expressed genes related to lactation and milk secretion, such as VEGFA
(Rossiter et al., 2007), SCD (Anderson et al., 2007; Rudolph et al., 2007) and HMGCSI1 (Laporta et al.,
2015), suggesting these cells may represent early progenitors of secretory cells. Therefore, MHP5 cells
could correspond to cells in clusters HP5 or HPS, and integration of the human with the mouse data set

could allow for a more discrete classification of human MECs (Fig 16A and Fig. 18B).

Cluster MHP7 displayed a strong basal signature, with these cells expressing ACTA2, TAGLN,
TPM?2, SPARC and IL17B (Haaksmaetal.,2011; C. M.-C. Liet al., 2020; Twigger et al., 2022; Twigger
& Khaled, 2021; Wei et al., 2013). These cells also expressed MYL9, a myoepithelial marker (Pal et al.,

2021), in addition to low levels of KRT'14, indicating these cells are myoepithelial.

We then performed analysis of the pathways enriched in each MHP cluster, in order to assess
the gene expression signatures of mouse-biased and human-biased clusters (Fig. 19C-D). We first
assessed which hallmark terms were enriched in human cells in relation to mouse cells within each
MHP cluster (Fig. 19C). Notably, we were unable to perform GSEA on human MECs in mouse-biased
clusters MHP3, MHP6, MHP8 and MHP9 because they could not be detected at sufficiently high levels.
Nonetheless, with this analysis, we found an enrichment of terms linked to pregnancy processes
(hypoxia and p53 signaling both in MHP1, MHP4, MHPS5, and MHP7, cholesterol homeostasis in
MHP1, MHP4 and MHPS, oxidative phosphorylation in MHP2, EMT in MHP4 and MHPS5, and mTOR
signaling in MHPS5) and hormone response (TNF-a signaling via NF-kxB in MHP5 and MHP7) in human
organoid MECs across the rest of the MHP clusters, suggesting that human MECs are highly dynamic
in response to EPP compared to mouse MECs (Ketterer et al., 2020; C.-W. Li et al., 2012; Morrison et
al., 2015; Rubio et al., 2006; Y. Shao & Zhao, 2014; Sivaraman et al., 2001; Smith et al., 1998; C.-C.
Wang, 2021). Interestingly, human cells in clusters MHP1, MHP4 and MHP5 displayed an enrichment
for androgen response terms compared to mouse cells, which has been linked to impairment of lactation
(Raths et al., 2023). However, when taking a closer look at the genes found to be associated with
androgen response in human organoid MECs, we found that many of these overlapped with genes

associated with response to pregnancy hormones, such as /INSIG1 (Fan et al., 2020) and SCD (Anderson
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et al., 2007) (Table S4). Nevertheless, these results could indicate that human MECs are overall more

responsive to hormones that simultaneously enhance pregnancy-associated processes (EPP), and that
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Figure 19. Transcriptomic differences between human and murine MEC organoids (MHP).

(A) MHP clusters split by species of origin. The purple arrows highlight clusters enriched in human samples and red arrows highlight
clusters enriched in mouse samples.

(B) Bar plot showing percentage of cells per condition in each MHP cluster. Clusters enriched in both species (blue arrow) are
highlighted.

(C) GSEA for enriched hallmark terms in human organoid MECs vs mouse organoid MECs. Terms are ordered based on—log(nom p-
value). Only values with a norm p-val <0.05 were kept for these analyses. The color of each dot represents the NES value for each
term.

(D) GSEA for hallmark terms enriched in each HOEPP cluster. Terms were ordered based on —log(nominal p-value). Only terms with
nom p-val <0.05 were kept for these analyses. The color of each dots represents the NES value for each term.
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impair pregnancy-associated development (such as Androgen), potentially making human MECs more

susceptible to hormonal imbalances.

We then looked at the hallmark terms enriched in each cellular cluster, despite species of origin
(i.e. mixed human and mouse cells) (Fig. 19D). With this analysis, we would determine the processes
overall governing each mouse-biased and human-biased MHP cluster. We found that mouse-biased
clusters MHP3 and MHP7 were enriched with proliferative terms and, likewise, clusters MHP1 and
MHP7 were enriched for Estrogen-associated terms (MHP1 for TNF-a signaling pathway via NF-kB,
and MHP?7 for Interferon Gamma response), suggesting these cells are highly responsive specifically to
Estrogen (Karpuzoglu-Sahin et al., 2001; Rubio et al., 2006). The results are in line with the notion that
murine MECs exhibit a more pronounced branching response to Estrogen compared to their human
counterparts (Ewan et al., 2005; Feng et al., 2007). Meanwhile, we could only detect differentially
enriched terms in three of the four human-biased clusters. Given that the cluster that did not contain
significantly enriched terms was cluster MHP2 of bipotential progenitors, we concluded that these
results support the classification of this cluster, as it contains traits from the rest of the cell types present
in the mammary gland. Moreover, two of the human-biased clusters MHP4 and MHP6 displayed an
enrichment for terms associated with pregnancy-associated processes (hypoxia in MHP4, mTOR
signaling in MHP4 and MHP6, and cholesterol homeostasis in MHP6), suggesting that the high
dynamism of human MECs in response to EPP results in the activation of processes preparing the
mammary gland for milk synthesis, in comparison to highly proliferative mouse-biased clusters
(Ketterer et al., 2020; Morrison et al., 2015; Y. Shao & Zhao, 2014; Smith et al., 1998). Nonetheless,
there was one human-biased cluster (MHPS5 of secretory progenitors) that were highly proliferative and
were particularly responsive to Estrogen, therefore sharing similarities with murine MECs in terms of
their hormonal response mechanisms. Moreover, although cluster 4 was biased towards human samples,
it still contained murine MECs, suggesting differences between MEC response to hormones across
evolutionary timescales are subtle. Likewise, human-biased cluster MHP6, which was also shared with
murine cells, appeared to be responsive to Estrogen, further supporting similarities between human and

murine MECs in their response to hormones.
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Figure 20. Integrated analysis of human and murine organoids with no treatment (UHMO).

(A) Integration of data sets from murine and human organoid MECs without treatment (Untreated and Human MEC organoids —
UHMO). Cluster identities were assigned based on previously described human MEC markers and top DEGs per cluster.

(B) Dotplot showing expression of the top 10 DEGs per UHMO cluster. Clusters are organized based on their dendrogram
relationships.

(C) Cell cycle scoring of UHMO clusters.

To further confirm our findings and verify whether the differences in cellular states between murine
and human MECs were maintained without EPP treatment, our untreated murine organoids data set
were merged with our human organoids without treatment (from now on called UHMO clusters) (Fig.

20). We found that the majority of UHMO clusters were species-specific, with the exception of cluster
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UHMOA4, which appeared to be shared across species. We classified each cellular cluster using a similar
strategy as the one employed for HP and MHP clusters, and found that UHMO4 expressed similar
markers as shared mouse and human cluster MHP6 (Fig. 18B and 20B-C). Nonetheless, UHMO4 cells
did not appear to be proliferative, in contrast to MHP6 (Fig. 18C and 20C). Therefore, UHMO4 and
MHP6 cells could represent a highly conserved cell type across evolutionary timescales that is, in

tandem, highly responsive to pregnancy hormones.
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6. Determining transcriptional and cellular composition changes in intact
human mammary tissue after pregnancy

6.1 Results

We obtained samples for single cell RNA-sequencing from women that had no previous
pregnancies, and women who had at least one previous pregnancy (parous), with the purpose of
investigating the changes that occur in the human mammary gland during terminal differentiation
caused by pregnancy. In doing so, we aimed to capture a snapshot of how the postnatal developmental
stages modify the gland, with intact microenvironmental queues. We could then compare our results
with our previously gained knowledge of the dynamics of pregnancy hormone response in murine and

human organoids.

Previous studies have shown that the age of a first full term pregnancy can alter lactation
efficacy and BC risk (Chie et al., 2000; Dewey et al., 1986) potentially making the parity-associated
transcriptomic and epigenomic signature that the mammary gland obtains age-dependent. Therefore,
for subsequent analyses, age at first pregnancy was factored into consideration, dividing samples into
an early age of first pregnancy (<25 years of age) and late age of first pregnancy (>35 years of age).
Given that assessing the effects of age of first pregnancy is out of the scope of my thesis project, this
aim became a collaboration with graduate student Sam Henry. She is therefore leading the analysis of

these data sets as part of her thesis work.

We preliminarily analyzed new data sets together without integration of our previously published data
sets. Quality control (QC) steps were performed on the data, which involved eliminating cells with less
than 200 features and over 5,000 features, and eliminating cells with over 25% mitochondrial content

(Table 1).
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Table 1. Quality Control (QC) metrics for scRNA-seq data from intact human mammary tissue.

Before QC QC Parameters After QC

Sample Name Location  Description features cells nFeatures_RNA percent.mt features Cells

NP2 JRO1_S4 Never pregnant 22765 12093 200-5000 25 22765 11030
NEP7 JRO1_S8 Early pregnancy 22318 8929 200-5000 25 22318 8807
NEP8 JRO1_S1 Early pregnancy 20574 3505 200-5000 25 20574 3321
NEP9 JRO1_S6 Early pregnancy 22853 15617 200-5000 25 23853 14352
NLP5 JRO1_S2 Late pregnancy 22132 11821 200-5000 25 22132 11581
NLP7 JRO1_S3 Late pregnancy 23283 8762 200-5000 25 23283 8231

The mitochondrial content threshold was higher for these cells than what we usually use (~10%
mitochondrial content or less), given that accumulation of mitochondrial content has been observed
with age (Yadava et al.,, 2013). Initial clustering by Sam Henry resolved 24 clusters, showing
compositional changes across conditions, with cluster 6 being significantly enriched in nulliparous
mammary tissue (Fig. 21A-B). MECs were then identified based on EPCAM expression and KRTS,
KRTI8, KRT5, or KRT14 expression, and isolated for re-clustering. Upon re-clustering, the resulting 14
clusters were classified based on the curated list of human gene markers by Henry et al. (Henry et al.,
2021). Overall, clusters could be divided into myoepithelial cells, bipotential hormone responsive
(HR+) progenitors, HR+ luminal cells, bipotential HR- progenitors, and HR- luminal cells (Fig. 21C).
Splitting MEC clusters by condition reveals visual differences in composition between nulliparous,
early parous and late parous clusters (Fig. 21D). In particular, myoepithelial, luminal HR+ and HR-
progenitor populations were depleted in parous samples overall, whereas a population of bipotential
progenitors was enriched in samples from women who were never pregnant, suggesting that pregnancy
permanently decreases the plasticity of human MECs. These findings may enhance our understanding
of the mechanisms through which pregnancy helps prevent malignant transformation, as well as how
post-partum human MECs, similar to their murine counterparts, can rapidly respond to hormone signals

upon re-exposure.
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Figure 21. Clustering of scRNA-seq data from intact human mammary tissue reveals
differences across conditions.
(A) Initial clustering resulted in 24 clusters of mammary epithelial cells (MECs) and
non-ECs.
(B) Statistical analyses by Sam Henry revealed cluster 6 is significantly enriched (pval
< 0.05) in mammary tissue from women who have never been pregnant.
(C) Re-clustering of MECs was performed in order to classify each cellular population
and determine specific changes to the MEC and/or nEC compartment.
(D) Using the split.by( ) parameter allows for appreciation of visual MEC composition
differences across conditions.
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7. Discussion

Our characterization of MEC-derived organoids at a single cell level has allowed us to carry
out a comprehensive assessment of organoid systems to model mammary gland development. Our
initial analysis of murine MEC-derived organoids scRNA-seq data confirmed conservation of in vivo
lineage signatures, as well as representation of a diverse array of MEC lineages in vitro. These results
complement a previous proteomics study that made use of Cytometry by time of flight (CyTOF) to
confirm that MEC lineages found in vivo are present in patient MEC-derived organoid cultures (Gray
et al.,, 2022). We further confirmed lineage fidelity between in vivo and 3D in vitro systems by
comparing scRNA-seq data from intact murine mammary tissue to data we generated from murine
MEC-derived organoids. This particular analysis resulted in the appearance of a luminal progenitor
population that is organoid exclusive, suggesting that certain cells in culture exist in a stem-like state,

perhaps responsible for maintaining the growth of organoids ex vivo.

The induction of MECs into an immature cellular state in organoid cultures could have resulted
from a lack of microenvironment queues that are crucial for mammary development. For example, it
has been shown that the mammary epithelium readily interacts with the surrounding stroma to give rise
to the mature mammary structure (Howard & Lu, 2014). Moreover, signals that are not necessarily
produced by surrounding non-epithelial cells in the mammary gland but that can result from paracrine
signaling from other tissues are also vital for the maturation of specific MECs, such as OT, which
promotes the differentiation of myoepithelial cells (Sapino et al., 1993). Furthermore, media
composition has been shown to affect organoid culture composition (Gray et al., 2022), which could
also have contributed to the observed phenotype. Nonetheless, SCENIC analysis revealed that regulons
with a high RSS for each system overall contributed to the needs of each system to survive and reach a
homeostatic state in their respective microenvironments. Thus, MEC-derived organoids are a suitable
system to assess the effect of controlled developmental signals, but should be used with the previously

discussed considerations. Future studies involving the addition of signals that contribute to endogenous
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mammary gland development and maintenance, along with co-culturing with essential cells from the

mammary microenvironment will further improve the fidelity of this system.

Single cell characterization of murine MEC-derived organoids treated with different
concentrations of Estrogen enabled us to begin to isolate the effects of individual hormones on MEC
development, especially during distinct biological processes involving an interplay of varying hormone
doses (e.g. the estrus cycle). This analysis revealed the emergence of an Estrogen-exclusive ductal
population independent of dosage, as well as a depletion of bipotential progenitors exclusively at a high
dose of Estrogen (66.6 ng/mL). Our results suggest that ductal cells in our estrogen-exclusive cluster
are potentially cells that were already present in organoids without treatment, in a cellular state triggered
by hormone treatment. This is evidenced by the simultaneous depletion of a cellular cluster of ductal
cells enriched in no treatment. Further comparison of both ductal clusters revealed that Estrogen-
exclusive ductal cells highly express Areg and Pgr, both which have been previously described to be
upregulated by Estrogen (Kanaya et al., 2019). Moreover, our findings that Estrogen-exclusive ductal
cells are highly differentiated compared to ductal cells with no treatment indicate that hormone
treatment could be promoting cellular maturation, in accordance with previous studies indicating that a

ductal cell mature state is correlated with expression of hormone receptors (Bach et al., 2017).

A lack of hormone signals at base state could further explain why we observe an enrichment of
bipotential progenitors in organoids without treatment and a stark depletion in organoids treated with a
high dose of Estrogen. This interpretation is complementary to a previous study that delineates a
quiescent state for bipotential progenitors in the adult mammary gland, which become active in the
presence of hormones (Fu et al., 2017). Therefore, these results can additionally be interpreted as
organoid culturing conditions at baseline resembling developmental stages occurring in a
microenvironment depleted of hormones, such as pre-pubescent development and menopause. Given
that an aged extracellular matrix alone can drive MECs into neoplastic and invasive cellular states
(Bahcecioglu et al., 2021), it will be important to identify what stages of development the composition

of Matrigel and organoid media resembles most. Thus, our analysis paves the way to future studies that
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will involve comparing organoid MECs with intact MECs from pre-pubescent and post-menopausal
mice, as well as more studies involving dissecting the individual effects of hormones on MEC

development and maintenance.

Previous work using a combination of Prolactin, hydrocortisone, OT, and growth factors
showed mouse MEC-derived organoids are able to mimic lactation and involution (Sumbal et al., 2020).
Additional studies further introduced the idea of using Estrogen, Progesterone, and Prolactin (EPP)
cocktail without growth factors to simulate a pseudo-lactation state, which resulted in the incremental
expression of Csn2 and changes to the epigenome previously associated with pregnancy (Ciccone et al.,
2020). Our current study extends upon these studies by demonstrating compositional and transcriptomic
changes to mammary organoids as a direct effect of EPP treatment. We show a depletion and emergence
of similar cell types with EPP treatment, suggesting that the observed compositional differences
between organoids without treatment and with EPP are likely due to subtle changes in cellular states.
Moreover, cellular clusters that emerge with EPP treatment are enriched for processes that have been
previously associated with lactation, such as adipogenesis and hypoxia (Colleluori et al., 2021; Y. Shao
& Zhao, 2014). Therefore, these results indicate specific cell types obtain a parity-associated gene
expression signature with exposure to hormones during pregnancy. We further compared scRNA-seq
data from MECs obtained at intact pregnancy stages (Bach et al., 2017) with our EPP-treated organoids,

and found our organoid cultures recapitulate lineages from all pregnancy stages.

We also found that our organoids with and without EPP treatment both have cellular
populations present in a cellular state only found in MECs undergoing gestation, thus suggesting that
the proliferative and stem-like state of organoid MECs is most similar to this stage of pregnancy.
Additionally, the emergence of a cellular state exclusive to EPP-treated organoid cultures once more
suggests that certain phenotypes are exclusive to our culturing conditions, even in the presence of
hormones. Therefore, we conclude that organoids can recapitulate drastic cellular changes that occur
with pregnancy, particularly by mimicking the gene signature of MECs during pregnancy. However,

since organoid MECs at baseline resemble MECs from gestation more than those from a nulliparous
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gland, this model must be used with caution to understand other aspects of pregnancy-associated

development.

In fact, analysis comparing untreated and treated organoid cultures identified a population of
hormone sensing MECs largely exclusive to conditions supplemented with pregnancy hormones, thus
supporting a possible cellular expansion in response to pregnancy signals. Interestingly, the existence
of pregnancy-induced MECs (PI-MECs) has already been suggested in intact mammary tissue, although
its true lineage identity and function remain very controversial (Chang et al., 2014). Such pregnancy-
induced, stably sustained cellular state, could also represent populations that bear pregnancy-induced
epigenetic changes, and therefore the cellular basis for a robust response to consecutive exposures to

pregnancy signals (Ciccone et al., 2020; C. O. dos Santos et al., 2015; Feigman et al., 2020).

We were able to uncover the translational potential of MEC-derived organoids by further
showing that patient MEC-derived organoids respond to EPP by inducing transcriptomic changes to
organoid MECs associated with pregnancy. We however found that most human organoid MECs exist
in a luminal-basal state. The phenomenon of organoids becoming more basal-like after long term
culturing had already previously been reported (Bhatia et al., 2022), thus potentially confirming that the
phenotype we observed could be a result of the number of passages prior and during the course of the
experiment. Altogether, we have developed an atlas of normal MEC-derived organoids from mouse
and human tissue, which can be incorporated with other single cell methods to understand the molecular
mechanisms governing MEC development in vitro. We characterize the effects of feminizing hormones
on these 3D cultures at a single cell level, supporting hormone treatment of organoids as a system to
understand developmental processes associated with adolescence, pregnancy and menopause. Our
findings support the implementation of this procedure as a non-invasive method to understand how the
human mammary gland is modified during a pregnancy cycle. This system can also be extended to other
species, in order to assess the evolutionary basis of MEC response to hormones across other mammalian

species.
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8. Conclusion and perspectives

Our analysis has shown that organoids are capable of replicating the heterogeneity of primary
tissue, which has been previously reported in the context of malignant and homeostatic states (Bhatia
et al., 2022; Gray et al., 2022; Rosenbluth et al., 2020). However, we have also discovered exclusive
organoid states in both non-stimulated and hormone-stimulated organoids, indicating that discrepancies

between the systems could be causing these phenotypes to emerge in culture.

It is important to note that there are missing microenvironmental cues that contribute to the
homeostasis of the mammary epithelium. Prior research has highlighted the significance of various
fibroblast types in MEC development and homeostasis, as well as the potential role of adipocytes in
regulating MEC growth and function stages (Gregor et al., 2013; Hovey & Aimo, 2010; Howard & Lu,
2014; Liu et al., 2012; Makarem et al., 2013; Wang & Kaplan, 2012). Therefore, in the absence of key
signals for cell maturation originating from the microenvironment, organoid MECs could potentially
obtain an immature phenotype that is uncontrollably proliferative given the absence of regulatory
signals. One approach that could lead to a better understanding of key components in the mammary
microenvironment for MEC maintenance would be culturing organoid MECs with different stromal
components. We could then assess secreted factors by these stromal cells and estimate direct cell-cell
communication dynamics. We could also add other signals that are known to promote MEC
maintenance and development. For example, Oxytocin addition to cultures could potentially promote

pseudo-lactation rather than a pseudo-gestation heterogeneity in culture (Sumbal et al., 2020).

Our results also show that hormone treatments affect the heterogeneity of MECs in culture,
demonstrating that these systems are hormone responsive. These findings confirm previous
observations in the global effects of EPP treatment in organoids (Ciccone et al., 2020). Moreover, we
have shown that individual doses of estrogen can induce compositional changes in MECs. By
establishing that our system is able to mimic the heterogeneous response of primary tissue to different

hormone signals, we have created a valuable tool for assessing the molecular and genomic mechanisms
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by which hormones interact with the mammary gland. This is particularly important because hormones
control mammary gland changes throughout puberty, cyclically during the estrous cycle, and during
pregnancy. Our system can therefore help us better understand how cellular dynamics change
throughout hormone-driven developmental processes, and how they modify the risk of certain MEC

types in, for example, initiating different types of breast cancer.

Examination of the global gene signature changes induced by hormones in cells that were both
changed in composition by hormone treatments and those which seemed invariable between conditions
demonstrated a plethora of activated pathways. Estrogen activated pathways associated with
proliferation and inflammation, as noted by previous literature (Maharjan et al., 2021). In bipotential
progenitors depleted at a high concentration of Estrogen, an activation of genes associated with
Androgen response was observed. Androgen receptors can block the pro-proliferative role of Estrogen,
suggesting a mechanism by which these cells are depleted in the presence of a certain Estrogen dose
(Bleach & Mcllroy, 2018). EPP had alternative effects on MECs, where bipotential progenitors were
not totally depleted, but moved to a different cellular cluster with global gene signatures associated with
pregnancy. The same effect was observed for ductal cells. Surprisingly, hypoxia was one of the
pathways continuously enriched in EPP-exclusive clusters compared to those depleted by EPP. This
enrichment was also observed in human MEC-derived organoids treated with EPP. Hypoxia has been
implicated in pregnancy, where the mammary gland increases its metabolic rate to support mammary
growth and lactogenesis, resulting in hypoxic genes being activated (Shao & Zhao, 2014). Hypoxia
stabilizes HIF-1a from the HIF complex, which upregulates glucose intake in the mammary gland.
Interestingly, we observed a coupled enrichment of glycolysis-associated genes in EPP-treated human
organoids, potentially indicating a striking role of hypoxia in preparing mammary organoids for pseudo-

lactation.

The study found that although the human organoids were responsive to EPP, they displayed
minimal lineage fidelity. This lack of fidelity may be due to the passing of the organoids prior to the

experiments, which could have been selected for stem-like cells. To address this issue, one approach
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that could be implemented is to grow the cells and sequence them right before the next passaging,
allowing cells to differentiate in culture prior to sequencing. However, there are other factors that could
affect the observed phenotypes in culture, such as the inability to remove growth factors from culture

due to the developmental timeline of human organoid MECs compared to murine organoids.

Keeping the potential limitations of experiments involving human organoids in consideration,
it is important to optimize these cultures given the opportunity they present. Human-derived organoids
provide a non-invasive method to investigate pregnancy-associated processes and offer potential for
developing personalized medicines for breast cancer prevention and treatment. Additionally, breast
cancers that occur during pregnancy are among the most aggressive types, and using organoids to study
them can help develop better treatments. These systems can be genetically manipulated and accelerate
the developmental timeline of studies that would otherwise take months to complete. Therefore, with
careful consideration of the limitations, human organoids have significant potential to advance our
understanding and treatment of pregnancy-related diseases. Molecular characterization of these
organoid systems, like the one we present in this study, will be key to pushing the development of
organoid systems forward, and will enable us to fully realize their potential for improving our

understanding of pregnancy-related processes in human mammary tissue.

108



9. Author contributions

I acknowledge the following people who assisted with this project. Camila dos Santos oversaw
the project, and participated in experimental design and data analyses. Steven Lewis and Michael
Ciccone cultured the organoids and prepared cells for single cell RNA-seq libraries. The Single Cell
Sequencing core at CSHL provided the sequencing files. I performed quality control steps on the
resulting files, as well as subsequent analysis steps including classification of clusters, differential gene
expression analysis, pseudo-time estimation and gene set enrichment analysis. Sam Henry provided
code for data integration, which I then applied to directly compare data sets sequenced in different
batches. Deeptiman Chatterjee set up the SCENIC runs and provided code for subsequent analyses,
which [ used as a basis for my code to perform analysis of specific regulons coordinating transcriptional

programs in each condition and cellular cluster.

For experiments mentioned in chapter 5, David Spector generously provided normal human
organoids for culturing and the protocols for doing so. Asma Kaleem cultured the aforementioned
human MEC-derived organoids and prepared cells for single cell RNA-seq libraries. Yixin Zhao from
the Siepel lab provided code for the conversion of mouse gene names to their human orthologs, which

I then further modified to achieve direct integration of murine and human organoid data sets.

In case of the experiments mentioned in chapter 6, the tissue banks utilized for the analyses
were obtained via the Northwell Health Tissue Donation Program (TDP). Samples were first prepared
for single cell RNA-seq libraries by Camila dos Santos. The Single Cell Sequencing core at CSHL
provided the sequencing files. I performed initial quality control steps and analyses to identify
differences in mammary gland composition and gene expression between women who had never been
pregnant and whom had previously been pregnant. However, given that one of the factors included in
the data collection was age at first pregnancy, this project became a collaboration with Sam Henry, who

is now analyzing the samples in the context of age of parity to include in her own dissertation.

109



10. Experimental Procedures

10.1 Experimental Model and Subject details

Animal studies

Nulliparous female C57BL/6 mice were purchased from Jackson Laboratory. All animals were housed
in a 12 hour light-dark cycle with controlled temperature and humidity at 72°F and 40-60%,
respectively, with access to dry food and water ad libitum. All animal experiments were performed in

accordance with the CSHL Institutional Animal Care and Use Committee.

Human samples

Patient-derived normal mammary tissues were collected during reduction mammoplasties via partners
from Northwell Health, in compliance with Institutional Review Board protocol IRB-03-012 and IRB
20-0150 and with written informed consent from the patients. Samples for organoid culturing were
obtained by Spector et al. and frozen vials of MEC-derived organoids were shared with our lab (Bhatia

et al., 2022).

10.2  Method details

Murine Organoid Derivation and Culture

Mammary-derived organoid cultures were cultured as previously described (Ciccone et al., 2020),
within matrigel (Corning) domes, submerged in Advanced DMEM/F12+++ media ¢ supplemented
with 1X ITS (Insulin/Transferrin/Sodium Selenite, Gibco #41400-045) and FGF-2 at 5 nm (PeproTech,
Cat#t 450-33): essential medium. Organoid culture media was changed every 2 days. FGF-2 was then
withdrawn from the organoid cultures for 24 hours after which the treatment regimen was initiated.
Organoid conditions with “low” levels of estrogen were grown with media supplemented with 33.3
ng/mL of 17-B-Estradiol (Sigma #E2758), and those with “high” levels of estrogen were grown in the
presence of 66.6 ng/mL of 17-B-Estradiol. Mouse organoid conditions to mimic pregnancy were

cultured with media supplemented with 66.6 ng/mL of 17-B-Estradiol, 200 ng/mL of progesterone
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(Sigma #P8783) and 200 ng/mL of prolactin (Sigma #L4021). In all conditions, hormone treatment was
carried out for 48 hours. For the preparation of scRNAseq, organoid cultures were dissociated with 500
pL of Cell Recovery Solution (Corning® # 354253) for 30 minutes, followed by incubation with 500
pL of cold Tryp-LE (Thermo Fisher Scientific #12604-013) at 37 °C for 10 minutes. Dissociated
organoids were resuspended with 1 mL , transferred to a 15 mL BSA pre-coated Falcon tube, and spun
at 300 G for 5 minutes. Dissociated organoid cells were then resuspended in 1 mL of media and

submitted for library preparation and sequencing.

Human Organoids

Established patient-derived normal breast organoid cultures (Bhatia et al., 2022) were cultured as
previously described, within matrigel (Corning) domes, submerged in media containing 10% R-
Spondin] conditioned medium, 5 nmol/L Neuregulin 1 (Peprotech, 100-03), 5 ng/mL FGF7 (Peprotech,
100-19), 20 ng/mL FGF10 (Peprotech, 100-26), 5 ng/mL. EGF (Peprotech, AF-100-15), 100 ng/mL
Noggin (Peprotech, 120-10C), 500 nmol/L A83-01 (Tocris, 2939), 5 umol/L Y-27632 (Abmole, Y-
27632), 500 nmol/L. SB202190 (Sigma, S7067), 1x B27 supplement (Gibco, 17504—44), 1.25 mmol/L
N-acetylcysteine (Sigma, A9165), 5 mmol/L nicotinamide (Sigma, N0636), and 50 pug/mL Primocin
(Invitrogen, ant-pm-1) in ADF+++. Organoid culture media was changed every 3 days, and organoids
were passed every 5-8 days to avoid confluency. Human MEC derived organoids were treated with
pregnancy hormone concentrations similar to those utilized for the growth of murine organoids. We
confirmed with qPCR analyses that these growth conditions induced the expression of casein genes,
and utilized such analysis to define the collection time points for scRNAseq (untreated cultures, and 10
and 21 after supplementation of media with pregnancy hormones). Cultured human organoids were
processed similarly to mouse organoids prior submission for library preparation and sequencing.

Human Casein primer sequence - See Table 2 for gPCR primer sequences. Human b-actin was used

for normalization, so this sequence is included as well.
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Table 2. Primer sequences for CSN2/CSN3

Name Primer sequence

FWD 5’AGA GCT ACG AGC TGC CTG AC 3°

REV 5°’AGC ACT GTG TTG GCG TAC AG

FWD 5’CCC ACC CAC CAG ATCTACC 3’

REV 5° CAT CAT ATT TCC AGT CTC AGT CAA 3°
FWD 5’GTT GCA GTT ACT CCA CCT ACG3’

REV 5°’AGG AGA GTG TGA AGT AGT AAT TTG G5’

Human b-actin

Human Csn2 (SET 11)

Human Csn3 (SET 10)

ScRNAseq library preparation and data analysis of murine and human organoids.

Libraries were prepared with the 10X Chromium platform for single cell libraries. The libraries were
run with 3’ chemistry single end sequencing and indexing using the [llumina NextSeq 550 high output
platform. Libraries from mouse samples were aligned to the mm10 genome using CellRanger v3, and
human libraries were aligned to the GRCh38-2020 genome using CellRanger v6. All further data
processing and analysis was completed in the Seurat package in R version 4.0.0. Initial quality control
involved removing any cells with mitochondrial RNA expression over 15%, removing clusters with
high ribosomal RNA expression and removing clusters with >5,000 and <200 features. For batch effect
correction and normalization, anchors were discovered between the datasets using the
FindIntegrationAnchors() function before integrating with the IntegrateData() function. Throughout the
analysis and re-clustering, repeated quality control through evaluation of clusters with a large proportion
of cells expressing low features or high mitochondrial RNA content were removed. This ensured the
removal of low quality clusters at each stage of the processing and analysis. Uniform manifold
approximation and projection (UMAP) clustering using a shared nearest neighbor graph (SNN) was
performed. The resolution of each clustering step with the help of Clustree (Zappia & Oshlack, 2018),
and all of the analysis presented here were run with a resolution of 0.3, with the exception to data
analysis shown on Figure 14, which due to the large number of samples, was performed with a
resolution of 0.2. Differences in cell numbers between datasets were analyzed with the Propeller

package, which uses a robust and flexible method that leverages biological replication to find

112



statistically significant differences in cell type proportions between groups (Phipson et al., 2022).
Regulon analysis for each culturing condition and species was performed using SCENIC (Single-Cell

rEgulatory Network Inference and Clustering) version 1.2.0 in R (Aibar et al., 2017).

Identity assignment of epithelial cell clusters were assigned using module scores based on known
lineage markers (Henry et al., 2021) (Tables 3 and 4), assigned to each cluster in each Sobj in order to
generate ternary plots, to further assess cluster identities. To evaluate differentially expressed genes
(DEGs) within our data, we utilized the FindMarkers() function, which completes a Wilcoxon rank-
sum test to identify DEGs between clusters. For visualizing DEGs and particular genes of interest within
the data, we utilized the following functions: DotPlot(), FeaturePlot(), VInPlot() and HeatMap(). For a
dendrogram analysis of the relative relatedness of the clusters, we utilized the BuildClusterTree()
function using default parameters. In order to ensure our analysis only involved epithelial cells, those
that expressed low epithelial features (low Epcam and low cytokeratin expression) were eliminated

from our analyses.

Table 3. Murine MEC lineage markers

Broad lineage | Cellular state | Genes
Epcam, Lgalsl1, Bptf, Krt17, Ppic, Mdk, Krt14, Krt5, Acta2, Mgp, Lmod,
Progenitor Lhfp, Cxcl14, Serpina3n, Cnnl, Vcaml, Nrgl, Col7al, Nexn, 1117b, Mylk,
o ogentto Sparc, Lgr5, Jagl, Scn7a, Trp63, Lbp, Tagln, Bmpr2, Fgfl, Lipg, Arc, 1d4,
Myoepithelial Mme, Mmp2, Igfbp3
. . Epcam, Lgalsl1, Krt17, Krt14, Krt5, Acta2, Mgp, Lmod, Oxtr, Cxcl14, Cnnl,
Differentiated Mylk, Sparc, Tagln, Bmpr2, Igfbp3
Ductal Epcam, Krt8, Krt18, Prlr, Armex2, Ak3, Cdk19, Cited1, Areg, Stc2, Rcanl,
Rcanl+ Proml, Esrl, Pgr, Pak6, Cdol, Wnt5, Cxcl15, Ly6a, Tspan9, Pir, Fgb, Cd14,
Luminal differentiated | Fam83g, Dusp4, Tphl, Notch3, I16ra, Itpripl2, Calca, Ptbp2
Ductal Ductal Epcam, Krt8, Krt18, Prlr, Prrg2, Ak3, Cdk19, Fxyd2, Areg, Stc2, Prom1,
Fxyd2+ Esrl, Pgr, Cdol, Gstm2, Wnt5, Cxcll5, Ly6a, Tspan9, Gltp, Cd14, Ppmel,
differentiated | AdckS, Dusp4, Tphl, Notch3, Itpripll, Calca
Luminal Epcam, Krt8, Krt18, Col9al, Aldhla3, I11rn, Itga2, Csnlsl, Car2, Csn2,
Alll 1 Progenitor Ceacaml1, Bptf, Kit, Armcx2, Csf3, Cxcll, Ndstl, Ezh2, Aplgl, Areg, Cd14,
veotar Snx27, Lbp, Bmpr2, Egin3, Erf, Ptbp2
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Epcam, Krt8, Krt18, Col9al, Il1r, Itga2, Csnlsl, Car2, Csn2, Bptf, Lalba,

Differentiated | Kit, Armex2, Trf, Cxcll, Ndstl, Ezh2, Aplgl, Areg, Spp, Sfxn3, Cd14,
Snx27, Mfsd5, S100a8, Lbp, Gjb2, Notch3, Il6ra, Kctd20, Erf, Ptbp2, Ireb2
Epcam, Krt8, Krt18, Col9al, Il1m, Itga2, Csnlsl, Car2, Lgalsl, Stmnl,
Csn2, Tgfb3, Mki67, Lalba, Lockd, Kit, Armcx2, Cxcll, Ndstl, H2afz,
. . Ezh2, Aplgl, Ube2c, Prrg2, Ak3, Cdk19, Areg, Sfxn3, Mdk, Ly6a, Krt14,
Proliferating

Cd14, Snx27, Mfsd5, Top2, Lbp, Gjb2, Tagln, Cenpa, Bmpr2, Fam§83g,
Rangrf, Ppmel, Notch3, Hmgb2, I16ra, Itpripl2, Kctd20, Erf, Setd7, Cwc22,
Ptbp2, Ireb2, Parpl, Sms, Sp110, Cxcrd

Table 4. Human MEC lineage markers

Broad lineage

Specific cell type Genes

Luminal ductal

Differentiated

KRTS, ANKRD30A, DNAJC12, TMCS,
TBX3, AFF3, TMEM45B, EFHDI,
SYTL2, SFMBT2, TSPANS, PRLR,
GALNT6, GSTM3, PTHLH, ITGAV,
EREG, ERBB2, AREG, AR, FBPI,
KRT18, MLPH, FOXA1, ELOVLS,
CD164, MUC1, RUNX1, KDM5B,
KRT19, GATA3, CLDN4, CLDN7,
ITGA2, ITGB6, SERPINA1, NPYIR,
GFRALI, ESR1, PIEZO2, NEK 10, PREX],
PGR, CITED1, TSPAN13, FOXP1,
ARMCX3, ITGA6, KRT7

Myoepithelial

Progenitor GLT8D2, KRT17, KRT5, KRT14,

CXCL14, TP63, EGR2, FBX032, HAS3,
ANOI, ETV1, CLDN11, BRD2, PER2,
MME, ACTG2, MYLK, ACTA2, DKK3,

TAGLN, MYH11, LAMB3, OXTR,
ZNF503, APOE, STMN1, ITGB4,
CITED2
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Differentiated

WIF1, GRP, CD200, NTF3, CLMP,
ACTG2, KRT17, TRNP1, PTPRZI,
NGFR, LGR4, KRT14, KRTS5, MYLK,
ACTA2, ERG, DKK3, GLT8D2, LMODI,
ITGB1, APOE, SEMASA, SPRY2,
MYOIE, CAV1, TAGLN, LAMBS3,
ZNF503, ITGB4, OXTR

Bipotential

Progenitors / stem cells

GABRP, PTN, NCALD, BBOX1, RGS2,
KIT, MUC15, ANPEP, PROMI, KRT16,
NFATC2, S100A6, LY6E, CD14, KRT19,
CLDN4, CLDN7, KRT15, IGF2BP2,
SLPI, CHI3LI, LIF, PIGR, ELFS5,
ALDHIA3, SOX9, FGFBP1, KLF5,
CRYAB, ANXAI, FOLR1, SAAI,
NACA, FTHI, GAS5, ITGB6, KRT7,
MMP7, LAMB3

Luminal

CYP24A1, CCL20, SLC6A 14, CXCL5,
CXCLI1, SAA2, TNIP3, CALMLS,
KRT15, IGF2BP2, SLPI, CHI3L1, LIF,
PIGR, ALDH1A3, FGFBP1, ANXAI,
ELF5, FOLRI1, SAA1, CAVI1, TPTI,
GNB2L1, NACA, FTHI, ITGB6, KRT7,
ITGA6, MMP7, MYO1E

For data presented on Figure 3, organoids derived from MECs of 3 never pregnant, nulliparous female

mice were utilized on the generation of scRNA-seq libraries, using the 10X Chromium platform,

yielding a total 10,508 Mouse Organoid (MO) cells. For data presented on Figure 7, only epithelial cells

(Epcam+, Krt5+, Krt14+, Krt8+, and Krt18+) were selected from publicly available, intact mammary

tissue scRNAseq datasets (Bach et al., 2017; Henry et al., 2021). After integration with mammary

organoids scRNAseq (Fig. 1A), a total of 6 Organoid-MECs Integrated with Mouse-MECs (OIM)

clusters, composed of 10,502 cells from organoid cultures and 6,011 cells from intact mammary tissue.

Batch effect correction was performed to account for the different number of cells in both organoids

and intact tissue samples and any technical variability due to sequencing samples on different days.
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For data presented on Figure 8, organoid cultures treated with estrogen concentrations for 48 were
prepared for scRNA-seq with the 10X Chromium platform. Quality control filtering steps and clustering
alongside the untreated murine MEC-derived organoids, yielded a total of 9 clusters containing 31,802
Organoid-MECs with Estrogen (OE). From these, 10,508 cells were from untreated samples, 9,695 cells
were from samples treated with a low dose of Estrogen (33.3 ng/mL), and 11,599 cells were from
samples treated with a high dose of Estrogen (66.6 ng/mL). Each of the cell cluster identities were
determined once more using previously described lineage commitment markers in intact mammary

tissue (Henry et al., 2021).

For data presented on Figure 11, quality control steps and clustering of datasets from organoids without
treatment, and those treated with EPP, resulted in 10 Organoids with/without EPP (OP) clusters, with a
total of 26,971 cells, 10,508 from our no treatment samples and 16,463 from our samples treated with
EPP. Untreated organoids and those treated with EPP were also merged with publicly available datasets
from murine mammary tissue collected at different pregnancy stages (Bach et al., 2017). This included,
pre-QC, 4,376 cells from NP mammary glands, 6,021 cells from gestation, 9,603 cells from lactation
and 5,806 cells from post-involution. After QC filtering, we obtained a total of 7 clusters, with a total
of 4,004 cells from NP MECs, 5,216 MECs from mice during gestation, 8,222 from mice during
lactation, 5,607 from mice during involution, 10,497 untreated organoid cells, and 16,449 pregnancy

hormone treated organoid cells.

For data presented on Figure 17, scRNAseq profiles of untreated human organoids, and pregnancy
hormone treated ones (10 days and 21 days of EPP treatment), were removed from low quality cells,
yielding a total of 14,621 cells from organoids without treatment, 5,888 cells from organoids at 10 days
of EPP treatment, and 8,167 cells from organoids at 21 days of EPP treatment, respectively, which were

utilized on further analysis.

For data investigating similarities across species, murine genes were converted into their human

orthologs before scRNAseq data integration (Zilionis et al., 2019). Clusters with low levels of EPCAM
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and cytokeratin expression were considered as low-quality cells and removed them from further
analysis. This approach yielded a total of 5 clusters of Murine and Human Organoids with EPP (MHP)

objects, with 14,055 cells from humans and 16,463 cells from murine MEC organoids

Pathway analysis

Pathway analysis was performed using Gene Set Enrichment Analysis (GSEA) v3.0 and with the
Molecular Signatures Database (MSigDB) Hallmark Terms (Liberzon et al., 2015; Mootha et al., 2003;
Subramanian et al., 2005). This database was selected with the purpose of obtaining an overview of the
processes each cellular cluster was undergoing. The resulting hallmark terms were further filtered based
on their nominal (nom) p-value (<0.05), with the purpose of only showing significant terms per cluster
and/or condition. The -log(nom p-value) for each hallmark term was calculated so that these could be

visualized based on significance.

On Figure 5, given that most MO clusters had similar signature gene modules, differentially expressed

pathways with an adjusted p-value of <0.06 were kept for further analysis.

Collection of intact human mammary samples for scRNA-seq

Processing of mammary tissue from never pregnant and post-partum women consisted of mincing the
tissue and digesting it with 1 x Collagenase /Hyaluronidase (10 % solution) at 37C (with constant
agitation) in RPMI 1640 GlutaMAX supplemented with 5% FBS. After 4-6 hours, the tissue was
washed with cold HBSS supplemented with 5% FBS, incubated with TrypLE Express, and washed
again with HBSS. This was followed by incubation with Dispase supplemented with 80U DNasel, and
filtering through a 100um Cell Strainer (see methods section in Henry et al. 2021). Digested tissue was
resuspended in freezing media and kept frozen in a liquid nitrogen tank for future sequencing and

organoid culturing.
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scRNAseq library preparation and data analysis of intact human mammary tissue

Libraries were prepared with the 10X Chromium platform for single cell libraries. The libraries
were run with 3’ chemistry single end sequencing and indexing using the Illumina NextSeq 550 high
output platform. Libraries were aligned to the GRCh38-2020 genome using CellRanger v6. All further
data processing and analysis was completed in the Seurat package in R version 4.0.0. Initial QC steps
involved eliminating cells with less than 200 features and over 5,000 features, and eliminating cells

with over 25% mitochondrial content.

10.3  Data availability

The resulting data sets from this project will be deposited on the Gene Expression Omnibus

(GEO) once it is published. Code will also be made available, accordingly.
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12. Appendix — Tables

Table S 1. Top DEGs in cluster MO3

Gene p_val avg log?FC | pct.1 pct.2 p_val adj cluster
Widc18 0 2.61635813 | 0.91 0.473 0 3
Snorc 3.11E-153 1.59507454 | 0.363 0.116 6.16E-149 |3
Itm2bl 4.80E-137 | 0.97430352 | 0.893 0.737 9.51E-133 |3
Cytip 1.56E-127 | 1.30782957 | 0.201 0.042 3.08E-123 |3
Kcne3 8.45E-91 1.09566948 | 0.206 0.058 1.67E-86 3
Fxyd3 1.75E-84 0.83701522 | 0.732 0.531 3.47E-80 3
Mucl51 2.84E-84 1.16853712 | 0.283 0.109 5.63E-80 3
Cdl4 1.92E-81 1.15201161 | 0.261 0.096 3.80E-77 3
Cldn3 1.90E-74 0.74940455 | 0.71 0.521 3.77E-70 3
Slc5a8 2.24E-69 0.74006536 | 0.115 0.024 4.43E-65 3
Cited41 4.43E-66 0.90246207 | 0.413 0.224 8.77E-62 3
Dbil 7.25E-65 0.58954336 | 0.84 0.689 1.44E-60 3
Atp6vibl 1 2.04E-64 1.00836901 | 0.254 0.106 4.04E-60 3
Aldhla3 2.99E-62 1.04327722 | 0.274 0.123 5.93E-58 3
Krt181 4.83E-57 0.43960189 | 0.924 0.843 9.57E-53 3
Ly6e 3.24E-56 0.47600691 | 0.906 0.85 6.42E-52 3
Ltbpl 2.10E-55 0.74169599 | 0.131 0.037 4.17E-51 3
Atp2bl 2.08E-54 0.91070777 | 0.354 0.194 4.11E-50 3
Mme 2.36E-52 0.88887815 | 0.21 0.087 4.67E-48 3
Ehf 1.35E-51 0.91401045 | 0.269 0.129 2.68E-47 3
EIf51 3.07E-50 0.8534225 | 0.223 0.097 6.08E-46 3
Plbl 1.14E-49 0.74534378 | 0.127 0.038 2.27E-45 3
Pla2gda 1.54E-47 0.82011909 | 0.222 0.099 3.04E-43 3
Wwp2 2.43E-47 0.9645787 | 0.302 0.159 4.82E-43 3
Hspbl 3.99E-46 0.82156697 | 0.548 0.391 7.90E-42 3
Ptx3 9.21E-45 0.84044616 | 0.177 0.072 1.82E-40 3
Pletl 1 5.28E-44 0.81912712 | 0.34 0.194 1.05E-39 3
Sntal 1.36E-42 0.68829505 | 0.127 0.043 2.69E-38 3
Osgin2 1.38E-40 0.68650379 | 0.1 0.029 2.74E-36 3
Ogfrll1 1.42E-39 0.7849143 | 0.286 0.155 2.81E-35 3
Cryab 1.02E-38 0.69814013 | 0.327 0.188 2.02E-34 3
Tspan81 1.60E-37 0.67802405 | 0.502 0.351 3.17E-33 3
Kitl 1.63E-36 0.74825441 | 0.189 0.087 3.22E-32 3
Epcam1 3.73E-36 0.42950663 | 0.814 0.732 7.39E-32 3
Mgstl 7.67E-36 0.54894153 | 0.676 0.557 1.52E-31 3
Phldall 3.45E-32 0.6065831 | 0.47 0.332 6.83E-28 3
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Igtbp51 3.44E-31 0.54534364 | 0.78 0.653 6.82E-27 3
Anxa?l 2.39E-30 0.5241698 | 0.597 0.477 4.74E-26 3
Anxall 8.01E-30 0.63222776 | 0.409 0.28 1.59E-25 3
Cdc42ep31 3.01E-29 0.68322711 | 0.261 0.152 5.96E-25 3
Cck 6.46E-29 0.6928011 | 0.103 0.039 1.28E-24 3
Cst3 3.42E-28 1.03745994 | 0.501 0.39 6.78E-24 3
Krt81 1.03E-26 0.2910835 | 0.868 0.791 2.04E-22 3
Trpsll 1.43E-26 0.55411903 | 0.503 0.385 2.83E-22 3
Tacstd21 2.40E-26 0.52610909 | 0.249 0.143 4.76E-22 3
Slc15a2 3.19E-26 0.60535034 | 0.145 0.069 6.32E-22 3
Gadd45b1 1.15E-24 0.63716978 | 0.21 0.119 2.28E-20 3
Cldn71 1.28E-24 0.47018606 | 0.534 0.41 2.54E-20 3
Jundl 1.31E-24 0.47726508 | 0.553 0.439 2.60E-20 3
Cp 1.49E-24 0.52964578 | 0.425 0.305 2.95E-20 3
Lmo4l 1.47E-23 0.48557985 | 0.491 0.377 2.92E-19 3
Clmn 3.50E-23 0.47981687 | 0.127 0.059 6.93E-19 3
Arl4a 6.37E-23 0.57952117 | 0.167 0.088 1.26E-18 3
Palmd1 2.85E-22 0.43463526 | 0.193 0.106 5.65E-18 3
Sdc4 6.71E-22 0.43689872 | 0.59 0.497 1.33E-17 3
Scdll 5.35E-21 0.55606776 | 0.424 0.32 1.06E-16 3
Serpinb5 6.08E-21 0.59393815 | 0.264 0.17 1.20E-16 3
Tm4sfl1 1.57E-20 0.25091074 | 0.865 0.826 3.11E-16 3
Ldha 6.85E-20 0.4964179 | 0.572 0.495 1.36E-15 3
Krt14 2.02E-19 0.83255579 | 0.332 0.234 4.00E-15 3
Nfib 5.82E-19 0.37685232 | 0.634 0.548 1.15E-14 3
BC0069651 7.35E-19 0.49401661 | 0.156 0.086 1.46E-14 3
Apodl 8.70E-19 0.56148609 | 0.277 0.184 1.72E-14 3
Rbl 9.07E-18 0.52273406 | 0.119 0.06 1.80E-13 3
Pgf 1.78E-17 0.55913607 | 0.181 0.109 3.53E-13 3
Baspll 2.11E-17 0.38159716 | 0.548 0.456 4.18E-13 3
Wnt5b 2.14E-17 0.47061122 | 0.114 0.057 4.24E-13 3
Ppplr21 1.29E-16 0.47802162 | 0.327 0.235 2.55E-12 3
Myob 1.42E-16 0.41149435 | 0.122 0.064 2.81E-12 3
Krt23 1.45E-16 0.40942516 | 0.102 0.05 2.87E-12 3
Cds811 7.01E-16 0.31808609 | 0.641 0.547 1.39E-11 3
Cited21 9.21E-16 0.47868323 | 0.384 0.292 1.82E-11 3
Rhou 1.05E-15 0.46349946 | 0.128 0.07 2.08E-11 3
Cebpd 1.48E-15 0.57615004 | 0.224 0.147 2.94E-11 3
Nipal2 2.27E-15 0.42250701 | 0.145 0.083 4.51E-11 3
Coro2a 4.79E-15 0.44155152 | 0.192 0.122 9.49E-11 3
Tef712 7.76E-15 0.44952226 | 0.153 0.091 1.54E-10 3
Egln31 7.86E-15 0.50531965 | 0.19 0.121 1.56E-10 3
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Eifl 8.91E-15 0.26304384 | 0.85 0.826 1.76E-10 3
Myl12a 2.85E-14 0.40879422 | 0.471 0.383 5.65E-10 3
Ctshl 6.23E-14 0.45528718 | 0.266 0.188 1.23E-09 3
Gas6 6.69E-14 0.50120134 | 0.154 0.094 1.32E-09 3
Irx1 2.38E-13 0.38539997 | 0.368 0.284 4.72E-09 3
Hebp2 2.50E-13 0.41842052 | 0.135 0.08 4.95E-09 3
Trim47 4.25E-13 0.43877628 | 0.141 0.085 8.41E-09 3
Sorbs21 4.52E-13 0.40965887 | 0.249 0.175 8.94E-09 3
Id2 4.98E-13 0.4445289 | 0.312 0.233 9.86E-09 3
Celf21 2.16E-12 0.41004179 | 0.122 0.072 4.29E-08 3
Map3kl 2.63E-12 0.35237658 | 0.108 0.061 5.21E-08 3
Lurap1l 3.22E-12 0.41367882 | 0.161 0.102 6.37E-08 3
Thbsl 6.50E-12 0.43198244 | 0.229 0.161 1.29E-07 3
TIn2 6.78E-12 0.3826658 | 0.142 0.088 1.34E-07 3
Bsg 2.85E-11 0.53147267 | 0.68 0.641 5.64E-07 3
Farl 4.04E-11 0.37043813 | 0.152 0.097 7.99E-07 3
Tubb2a 8.56E-11 0.37297614 | 0.101 0.058 1.69E-06 3
Reep5 9.18E-11 0.30764585 | 0.548 0.479 1.82E-06 3
ler21 9.86E-11 0.28999087 | 0.586 0.53 1.95E-06 3
Pde4d1 1.01E-10 0.37299272 | 0.129 0.08 2.01E-06 3
Tgtb31 1.14E-10 0.40126273 | 0.156 0.101 2.26E-06 3
Nifkbial 3.64E-10 0.3536623 | 0.184 0.126 7.20E-06 3
Pik3rl 3.65E-10 0.34543718 | 0.361 0.288 7.23E-06 3
Nuprll 3.68E-10 0.35508587 | 0.405 0.335 7.30E-06 3
Pgkl 3.71E-10 0.47142603 | 0.375 0.313 7.35E-06 3
Ier31 4.47E-10 0.31244982 | 0.6 0.535 8.85E-06 3
Pbx1 5.10E-10 0.34298487 | 0.219 0.158 1.01E-05 3
Zp36l11 5.65E-10 0.34856956 | 0.364 0.292 1.12E-05 3
2200002D01Rik | 8.18E-10 0.32972145 | 0.133 0.084 1.62E-05 3
Apobec31 1.11E-09 0.31779577 | 0.391 0.321 2.20E-05 3
Ugp2 2.14E-09 0.34259567 | 0.124 0.079 4.24E-05 3
Trp53bp2 3.54E-09 0.34810522 | 0.126 0.081 7.02E-05 3
Cracr2b 3.65E-09 0.32764706 | 0.185 0.13 7.23E-05 3
Notchl 6.42E-09 0.31214553 | 0.153 0.104 0.00012705 | 3
Tpill 1.45E-08 0.28904869 | 0.409 0.345 0.00028637 | 3
Psmd8 2.12E-08 0.28283056 | 0.392 0.326 0.00041923 | 3
Atpovlell 2.82E-08 0.33194129 | 0.388 0.324 0.00055796 | 3
Bzw2 3.55E-08 0.31355451 | 0.282 0.223 0.00070304 | 3
Josd2 4.03E-08 0.30773423 | 0.25 0.193 0.0007982 | 3
Txndc12 4.10E-08 0.32010804 | 0.1 0.063 0.00081228 | 3
Csrpl 4.26E-08 0.30960549 | 0.291 0.234 0.00084327 | 3
Gls 6.03E-08 0.36793144 | 0.126 0.085 0.00119496 | 3
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Efhd2 7.03E-08 0.36308112 | 0.126 0.086 0.00139285 | 3
Shisa5 8.00E-08 0.30126784 | 0.164 0.116 0.00158454 | 3
Mapllc3a 1.14E-07 0.30418291 | 0.393 0.329 0.00226459 | 3
Rhoj 1.43E-07 0.25073954 | 0.124 0.082 0.00283104 | 3
Atp6vlal 1.45E-07 0.2994866 | 0.194 0.144 0.00287776 | 3
Anxa3 2.88E-07 0.31033748 | 0.334 0.276 0.00569482 | 3
Aldoal 3.44E-07 0.34639861 | 0.678 0.651 0.00680547 | 3
Rhoq 3.76E-07 0.28502792 | 0.13 0.09 0.00744532 | 3
Tnfrsf12al 4.70E-07 0.34642298 | 0.234 0.183 0.00931167 | 3
Rab251 4.88E-07 0.28397296 | 0.429 0.373 0.00965982 | 3
Dbndd2 5.41E-07 0.3712375 | 0.151 0.109 0.01072317 | 3
St14 6.37E-07 0.33021412 | 0.171 0.127 0.0126247 | 3
Litaf 8.09E-07 0.32834106 | 0.183 0.138 0.016012 3
B4galntl 8.17E-07 0.30244082 | 0.143 0.102 0.0161889 |3
Spintl 1.01E-06 0.26468949 | 0.14 0.099 0.02007277 | 3
Camk2nl1 1.07E-06 0.30114186 | 0.205 0.158 0.02115774 | 3
Ltbp3 1.18E-06 0.27108113 | 0.299 0.242 0.02326994 | 3
Irx2 1.36E-06 0.33555727 | 0.262 0.211 0.02698306 | 3
Plekhbl 1.40E-06 0.32102457 | 0.133 0.095 0.02780103 | 3
Actn41 1.52E-06 0.25072112 | 0.463 0.411 0.03013043 | 3
Tjp2 1.54E-06 0.26547634 | 0.129 0.091 0.03058825 | 3
AYO036118 1.66E-06 0.30505033 | 0.509 0.463 0.03289409 | 3
Pkpl 1.83E-06 0.30972485 | 0.15 0.11 0.03630915 | 3
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Table S 2. Top DEGs in cluster MO5

Gene p val avg log2FC | pct.1 pct.2 p val adj cluster
Hmgb2 0 2.49405492 | 0.806 0.152 0 5
Histlhlb 0 227126034 | 0.417 0.05 0 5
Top2a 0 2.04238811 | 0.46 0.039 0 5
Mki67 0 1.97894889 | 0.462 0.034 0 5
Pclaf 0 1.96761958 | 0.498 0.03 0 5
H2afz 0 1.92961322 | 0.973 0.463 0 5
Stmnl 0 1.92953585 | 0.863 0.26 0 5
Hist1h2ap 0 1.85185011 | 0.359 0.032 0 5
Cenpf 0 1.6187645 | 0.352 0.029 0 5
Birc5 0 1.53165123 | 0.385 0.031 0 5
Prcl 0 1.49641628 | 0.332 0.029 0 5
Cenpa 0 1.36808293 | 0.325 0.027 0 5
Cdca8 0 1.3653409 | 0.351 0.029 0 5
Spc24 0 1.33491422 | 0.342 0.027 0 5
Tpx2 0 1.25026868 | 0.281 0.019 0 5
Ube2c 9.35E-306 | 1.53736687 | 0.33 0.032 1.85E-301 |5
Hmmr 9.69E-301 1.18344493 | 0.247 0.014 1.92E-296 |5
Cdk1 1.61E-295 1.18316105 | 0.306 0.027 3.19E-291 |5
Ccnb2 1.44E-281 1.23764694 | 0.271 0.021 2.86E-277 |5
Tubalb 1.27E-270 | 1.43250596 | 0.587 0.132 2.52E-266 |5
Cdca3 6.20E-269 | 1.15425156 | 0.264 0.021 1.23E-264 |5
Nusapl 5.89E-268 | 1.0150787 | 0.204 0.01 1.17E-263 |5
Cdc20 9.95E-267 | 1.16307576 | 0.244 0.018 1.97E-262 |5
Pbk 1.90E-262 | 0.97019744 | 0.216 0.012 3.76E-258 |5
Lmnbl 2.98E-259 | 1.1857001 | 0.337 0.041 5.90E-255 |5
Cenpe 1.32E-258 | 1.05725607 | 0.232 0.016 2.60E-254 |5
Ccna2 3.08E-254 | 0.8709304 | 0.194 0.009 6.10E-250 |5
Racgapl 3.12E-254 | 0.97784884 | 0.24 0.018 6.17E-250 |5
Cenbl 7.36E-245 1.0429025 | 0.215 0.014 1.46E-240 |5
Smc2 3.06E-241 1.12056609 | 0.33 0.043 6.05E-237 |5
Cks2 1.82E-231 1.12510808 | 0.35 0.051 3.61E-227 |5
Knll 9.23E-228 | 0.81263677 | 0.178 0.009 1.83E-223 |5
Rrm2 7.57E-227 | 0.8537311 | 0.185 0.01 1.50E-222 |5
Tyms 3.92E-226 | 1.11544481 | 0.324 0.044 7.76E-222 |5
Cenpm 1.39E-220 | 0.88631243 | 0.22 0.018 2.76E-216 |5
Ran 8.42E-219 | 1.34840912 | 0.829 0.341 1.67E-214 |5
Kifll 1.68E-218 | 0.83673924 | 0.188 0.012 3.33E-214 |5
Cdkn3 6.74E-211 | 0.91498163 | 0.183 0.012 1.34E-206 |5
Tubb4b 1.01E-209 | 1.44272716 | 0.8 0.341 2.00E-205 |5
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Histlh2ae 4.00E-207 | 0.90293225 | 0.176 0.011 791E-203 |5
Dut 2.36E-205 1.12920901 | 0.409 0.079 4.68E-201 |5
Mcm3 1.67E-202 1.01576525 | 0.246 0.028 331E-198 |5
Rrm1 2.21E-199 ] 0.96862161 | 0.282 0.038 437E-195 |5
Tk1 1.57E-198 | 0.95198155 | 0.244 0.027 3.10E-194 |5
Anp32b 7.77E-198 1.25031595 | 0.828 0.361 1.54E-193 |5
Incenp 8.99E-198 | 0.90044919 | 0.212 0.02 1.78E-193 |5
Ptmal 4.17E-189 | 0.91054721 | 0.991 0.837 826E-185 |5
Ndc80 4.19E-188 | 0.69228656 | 0.147 0.008 829E-184 |5
Smc4 2.92E-185 1.19674752 | 0.389 0.08 5.79E-181 |5
Gmnn 2.03E-184 | 0.88287528 | 0.243 0.03 4.03E-180 |5
Clspn 2.26E-182 | 0.73026356 | 0.152 0.009 448E-178 |5
Knstrn 1.30E-176 | 0.79889459 | 0.172 0.014 2.57E-172 |5
Uhrfl 2.04E-176 | 0.79683541 | 0.184 0.016 4.04E-172 |5
Spc25 1.49E-175 | 0.6833648 | 0.156 0.01 2.96E-171 |5
Hmgn2 1.12E-173 1.12813999 | 0.521 0.144 2.21E-169 |5
Tmpo 4.34E-172 1.07098825 | 0.352 0.07 8.60E-168 |5
H2afx 3.66E-171 1.08782519 | 0.365 0.075 7.26E-167 |5
Mcm5 2.28E-170 | 0.84164578 | 0.182 0.017 4.52E-166 |5
Esco2 1.74E-169 | 0.65042049 | 0.134 0.007 3.44E-165 |5
Ckap2 2.20E-167 | 0.78589633 | 0.164 0.013 436E-163 |5
Nucks1 4.45E-167 1.12619312 | 0.616 0.206 881E-163 |5
Hmgb1 5.26E-167 1.07951446 | 0.86 0.439 1.04E-162 |5
Tubb5 4.23E-166 | 1.23965162 | 0.762 0.349 839E-162 |5
Ube2s 7.78E-163 1.21467363 | 0.729 0.301 1.54E-158 |5
Kif20b 1.21E-161 | 0.67228812 | 0.153 0.012 2.39E-157 |5
Aurkb 6.19E-161 | 0.62269573 | 0.127 0.007 1.23E-156 |5
Pcna 2.16E-158 1.03292235 | 0.33 0.067 4.28E-154 |5
SgoZa 3.13E-157 | 0.66236106 | 0.155 0.012 6.20E-153 |5
Tacc3 5.86E-157 | 0.72215569 | 0.16 0.014 1.16E-152 |5
Melk 1.16E-155 | 0.59311744 | 0.129 0.007 2.29E-151 |5
Tubb6 3.84E-154 | 0.8411219 | 0.229 0.032 7.60E-150 |5
Bublb 5.24E-154 | 0.68082575 | 0.157 0.013 1.04E-149 |5
Ckap2l 1.73E-153 | 0.5891373 | 0.136 0.009 343E-149 |5
Dek 2.79E-153 1.04427223 | 0.497 0.145 5.52BE-149 |5
Mcm6 1.28E-150 | 0.87607073 | 0.257 0.042 2.53E-146 |5
Mis18bpl 6.87E-149 | 0.61221734 | 0.135 0.009 1.36E-144 |5
Ranbpl 4.79E-148 1.01961601 | 0.653 0.242 949E-144 |5
Nasp 9.23E-147 | 0.92996497 | 0.328 0.069 1.83E-142 |5
Kif4 1.27E-146 | 0.57999627 | 0.124 0.007 2.51E-142 |5
Fbxo5 1.88E-146 | 0.61710485 | 0.133 0.009 3.72BE-142 |5
Ligl 4.35E-142 | 0.83712231 | 0.223 0.033 8.62E-138 |5
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Rpa2 1.88E-141 0.75780165 | 0.187 0.023 3.72B-137 |5
Cenpk 3.62E-141 0.62142666 | 0.141 0.012 7.16E-137 |5
Prim1 5.78E-141 0.69994972 | 0.151 0.014 1.15E-136 |5
Rbp71 2.72E-140 1.49259018 | 0.449 0.135 5.39E-136 |5
Ncapg?2 1.81E-138 | 0.54552976 | 0.116 0.007 3.58E-134 |5
Dnajc9 4.54E-137 | 0.76127833 | 0.227 0.036 9.00E-133 |5
Snrpdl 3.94E-135 | 0.97712905 | 0.536 0.177 7.80E-131 |5
Kif23 2.10E-134 | 0.60950023 | 0.144 0.013 4.17E-130 |5
Ncapg 8.74E-134 | 0.48652116 | 0.108 0.006 1.73E-129 |5
Mcm?7 3.85E-129 | 0.88219684 | 0.276 0.056 7.62E-125 |5
Atad2 5.71E-128 | 0.87723364 | 0.254 0.048 1.13E-123 |5
Anln 6.19E-128 | 0.65595038 | 0.177 0.023 1.23E-123 |5
Shcbpl 1.33E-127 | 0.52816385 | 0.101 0.005 2.63E-123 |5
Naplll 6.18E-126 | 0.94418782 | 0.62 0.238 1.22E-121 |5
Kif20a 3.70E-125 | 0.45591612 | 0.105 0.006 7.33E-121 |5
Cenpw 1.13E-124 | 0.64482348 | 0.152 0.017 2.24E-120 |5
Rangapl 1.54E-123 | 0.7618561 | 0.292 0.064 3.06E-119 |5
Dhfr 1.33E-122 | 0.65257155 | 0.15 0.017 2.63E-118 |5
Ncl 7.68E-122 | 0.95947231 | 0.852 0.516 1.52E-117 |5
Kifl5 7.87E-122 | 0.55841543 | 0.121 0.01 1.56E-117 |5
Rfc4 1.25E-121 0.70556239 | 0.196 0.03 248E-117 |5
Plk1 1.99E-121 0.55088211 | 0.128 0.011 3.95E-117 |5
RfcS 2.18E-121 0.68377023 | 0.167 0.021 431E-117 |5
Hirip3 5.41E-121 0.71868045 | 0.185 0.027 1.07E-116 |5
Diaph3 9.24E-119 | 0.57647883 | 0.134 0.013 1.83E-114 |5
Dlgap5 891E-118 | 0.48114143 | 0.104 0.007 1.76E-113 |5
Hsp90aal 1.81E-117 | 0.88804855 | 0.851 0.488 3.59E-113 |5
Mns1 242E-117 | 0.51084783 | 0.111 0.008 4.79E-113 |5
Eif5a 3.19E-114 | 0.87650322 | 0.882 0.537 6.33E-110 |5
Rad51 2.21E-113 | 0.46960308 | 0.101 0.007 4.37E-109 |5
Dnmtl 3.89E-113 | 0.84269818 | 0.298 0.072 7.71E-109 |5
Srsf3 6.57E-113 | 0.88645434 | 0.72 0.334 1.30E-108 |5
Hspdl 2.05E-109 | 0.89452075 | 0.678 0.307 4.06E-105 |5
S1fn9 3.36E-108 | 0.61233794 | 0.117 0.011 6.65E-104 |5
Hells 1.60E-105 | 0.63777255 | 0.148 0.02 3.18E-101 |5
Cenph 1.44E-104 | 0.55471724 | 0.118 0.012 2.85E-100 |5
Lockd 3.29E-104 | 0.53197249 | 0.111 0.01 6.52E-100 |5
Ckslb 1.06E-103 | 0.82530561 | 0.402 0.127 2.11E-99 5
Fabp51 3.02E-102 | 0.84139157 | 0.687 0.311 5.98E-98 5
Ddx39 7.72B-102 | 0.71774199 | 0.256 0.059 1.53E-97 5
Dtymk 3.37E-101 0.77655461 | 0.384 0.119 6.67E-97 5
Uspl 5.24E-101 0.70276942 | 0.251 0.057 1.04E-96 5
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Aspm 6.12E-101 | 0.56664546 | 0.106 0.01 1.21E-96 5
Plk4 5.81E-99 0.48500309 | 0.119 0.013 1.15E-94 5
Hintl1 8.33E-99 0.76266389 | 0.774 0.39 1.65E-94 5
Alyref 1.52E-98 0.70279665 | 0.281 0.071 3.01E-94 5
Srsf2 2.21E-98 0.81141903 | 0.515 0.196 4.38E-94 5
Tipin 1.25E-97 0.65265646 | 0.215 0.044 2.48E-93 5
Ccdc34 1.58E-97 0.74517526 | 0.345 0.101 3.12E-93 5
Exosc8 1.10E-96 0.72228795 | 0.246 0.057 2.19E-92 5
Ssrpl 4.51E-96 0.73189638 | 0.395 0.128 8.93E-92 5
Nop56 5.51E-96 0.72782427 | 0.329 0.095 1.09E-91 5
Hnrnpa3 4.59E-95 0.83381421 | 0.643 0.293 9.09E-91 5
Cenps 2.09E-94 0.56272391 | 0.136 0.018 4.15E-90 5
Hmgn5 2.34E-93 0.64366555 | 0.21 0.044 4.63E-89 5
Selenoh 2.85E-93 0.79034096 | 0.371 0.119 5.64E-89 5
Topbpl 4.17E-93 0.63117886 | 0.192 0.037 8.26E-89 5
Pa2g4 1.13E-92 0.77793655 | 0.5 0.192 2.23E-88 5
Mad2l11 3.08E-92 0.48618 0.103 0.01 6.10E-88 5
Chaflb 3.83E-92 0.4950592 | 0.118 0.014 7.59E-88 5
Spdll 8.34E-92 0.52040567 | 0.135 0.019 1.65E-87 5
Nhp2 1.46E-91 0.77936255 | 0.5 0.193 2.90E-87 5
Lsm?2 6.57E-91 0.70227688 | 0.312 0.09 1.30E-86 5
Cdkn2d 1.91E-89 0.53434206 | 0.139 0.02 3.79E-85 5
Anp32e 1.43E-88 0.6863225 | 0.321 0.095 2.83E-84 5
Ybx1 2.09E-88 0.72988841 | 0.868 0.547 4.14E-84 5
Rad21 1.98E-87 0.65638741 | 0.285 0.079 3.92E-83 5
Aarsd1 2.46E-87 0.65765449 | 0.259 0.067 4.88E-83 5
Pmfl 8.84E-87 0.68858601 | 0.206 0.045 1.75E-82 5
Fenl 9.88E-87 0.49864964 | 0.122 0.016 1.96E-82 5
Ncapd2 1.15E-86 0.46541877 | 0.109 0.013 2.28E-82 5
Ppia 1.35E-85 0.4593376 | 0.996 0.926 2.68E-81 5
Chafla 5.93E-85 0.50430168 | 0.129 0.018 1.18E-80 5
Nmel 6.34E-85 0.78438718 | 0.706 0.36 1.26E-80 5
Ezh2 1.45E-84 0.65907716 | 0.278 0.078 2.87E-80 5
Lyar 2.78E-83 0.625501 0.273 0.076 5.50E-79 5
Hnrnpd 1.22E-82 0.75331669 | 0.399 0.143 2.41E-78 5
Sivall 2.99E-82 0.65932467 | 0.388 0.134 5.92E-78 5
Hlfx 1.89E-80 0.58906011 | 0.164 0.031 3.73E-76 5
Cenpp 2.99E-79 0.49321031 | 0.11 0.014 5.91E-75 5
U2afl 3.90E-78 0.68881733 | 0.476 0.192 7.72E-74 5
Ppal 1.28E-77 0.62934815 | 0.297 0.09 2.53E-73 5
Gins2 1.95E-77 0.57145129 | 0.158 0.031 3.86E-73 5
Dctppl 4.08E-77 0.65401083 | 0.291 0.089 8.08E-73 5
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Hpfl 4.47E-76 0.59416541 | 0.264 0.076 8.85E-72 5
Hspel 1.19E-75 0.65939412 | 0.645 0.305 2.35E-71 5
Mrpl18 9.99E-75 0.64043816 | 0.459 0.183 1.98E-70 5
Polal 1.03E-74 0.46409722 | 0.104 0.014 2.04E-70 5
Dbf4 1.50E-74 0.46177567 | 0.119 0.018 2.97E-70 5
Hatl 1.37E-73 0.55270401 | 0.206 0.051 2.72E-69 5
Hnrnpab 4.96E-73 0.72303305 | 0.634 0.315 9.82E-69 5
Srsf7 6.19E-73 0.69716087 | 0.542 0.243 1.23E-68 5
Cycs 7.38E-73 0.57516882 | 0.317 0.104 1.46E-68 5
Lsm4 3.23E-72 0.69832811 | 0.555 0.253 6.39E-68 5
AI506816 4.99E-72 0.57940764 | 0.215 0.056 9.89E-68 5
Slc25a5 8.34E-72 0.64552514 | 0.689 0.345 1.65E-67 5
Banfl 5.77E-71 0.59996207 | 0.352 0.125 1.14E-66 5
Ak2 6.96E-71 0.57287848 | 0.318 0.107 1.38E-66 5
Orcb 2.02E-70 0.58396091 | 0.183 0.043 4.01E-66 5
Timm50 3.60E-70 0.58689787 | 0.252 0.074 7.12E-66 5
Oxctl1 4.02E-69 0.61200703 | 0.403 0.157 7.95E-65 5
Rbm3 4.58E-69 0.64065502 | 0.779 0.454 9.07E-65 5
Lbr 6.17E-69 0.49588029 | 0.131 0.024 1.22E-64 5
Histlhle 1.60E-68 0.73269001 | 0.294 0.099 3.17E-64 5
Tomm40 2.20E-68 0.58480513 | 0.356 0.129 4.35E-64 5
Nsmce4a 7.80E-68 0.52296897 | 0.281 0.089 1.54E-63 5
Aldhla31 8.78E-68 0.73204258 | 0.34 0.125 1.74E-63 5
Srm 3.01E-67 0.5731042 | 0.249 0.075 5.97E-63 5
Snrpal 1.46E-66 0.5581174 | 0.318 0.11 2.90E-62 5
Rbbp7 2.22E-66 0.59061557 | 0.381 0.146 4.39E-62 5
Set 7.08E-66 0.64016891 | 0.649 0.337 1.40E-61 5
H2afv 7.56E-66 0.68292147 | 0.572 0.276 1.50E-61 5
Cmc2 8.67E-66 0.5659688 | 0.201 0.054 1.72E-61 5
Cacybp 2.48E-65 0.57790287 | 0.393 0.154 4.91E-61 5
Npml 2.97E-65 0.55629902 | 0.936 0.758 5.88E-61 5
Nop58 4.25E-65 0.60604754 | 0.305 0.105 8.42E-61 5
Mthfd1 5.41E-65 0.51654306 | 0.145 0.03 1.07E-60 5
Mcm4 5.60E-65 0.53417064 | 0.138 0.028 1.11E-60 5
Ptges3 9.59E-65 0.62524451 | 0.483 0.214 1.90E-60 5
Hist1h4d 2.09E-64 0.40528877 | 0.119 0.021 4.14E-60 5
Sael 2.28E-64 0.51099898 | 0.263 0.083 4.52E-60 5
Lsm3 3.89E-64 0.48642248 | 0.209 0.057 7.71E-60 5
G3bpl 5.32E-64 0.58243849 | 0.382 0.15 1.05E-59 5
Tmem97 5.38E-64 0.50963778 | 0.171 0.041 1.07E-59 5
Prdx4 1.82E-63 0.57253904 | 0.45 0.19 3.60E-59 5
Gemin6 2.98E-63 0.42513032 | 0.115 0.02 5.91E-59 5
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Hsp90bl11 6.81E-62 0.64893359 | 0.848 0.578 1.35E-57 5
Hdgf 8.94E-62 0.5708695 | 0.461 0.199 1.77E-57 5
Lsm5 3.99E-61 0.48129162 | 0.207 0.058 7.90E-57 5
Kpnbl 1.56E-60 0.49687792 | 0.237 0.074 3.10E-56 5
Widc181 1.65E-60 0.61602442 | 0.802 0.511 3.26E-56 5
Kcnn4l 3.30E-60 0.58880955 | 0.529 0.247 6.53E-56 5
Snrpb 5.43E-60 0.57091381 | 0.513 0.237 1.08E-55 5
Erh 7.08E-60 0.53222096 | 0.356 0.138 1.40E-55 5
Ybx3 7.39E-60 0.6019172 | 0.452 0.201 1.46E-55 5
Lsm6 8.33E-60 0.50352777 | 0.334 0.125 1.65E-55 5
Nme?2 1.40E-59 0.527369 0.903 0.681 2.78E-55 5
Slbp 5.67E-59 0.57283679 | 0.211 0.062 1.12E-54 5
Fbl 8.93E-59 0.52417883 | 0.379 0.152 1.77E-54 5
Ywhah 1.19E-58 0.5262077 | 0.362 0.142 2.35E-54 5
Fkbp3 2.08E-58 0.55058055 | 0.473 0.211 4.12E-54 5
Phf5a 2.57E-57 0.54963978 | 0.384 0.158 5.08E-53 5
Nsd2 5.42E-57 0.51054513 | 0.219 0.067 1.07E-52 5
Tmem54 5.78E-57 0.43600766 | 0.131 0.028 1.14E-52 5
Uchl5 5.92E-57 0.51766834 | 0.219 0.067 1.17E-52 5
Dkcl 9.90E-57 0.47495795 | 0.191 0.054 1.96E-52 5
Hjurp 1.04E-56 0.48296725 | 0.242 0.079 2.05E-52 5
Nolcl 4.51E-56 0.51681909 | 0.233 0.075 8.93E-52 5
Ddx39b 4.55E-56 0.53818929 | 0.504 0.235 9.01E-52 5
Naa50 6.29E-56 0.58814846 | 0.307 0.116 1.25E-51 5
1d21 7.23E-56 0.55834197 | 0.48 0.22 1.43E-51 5
Timm8al 7.70E-56 0.5126765 | 0.203 0.061 1.52E-51 5
Psatl 7.84E-56 0.49457582 | 0.135 0.03 1.55E-51 5
Idil 2.64E-55 0.58563684 | 0.278 0.101 5.22E-51 5
Fdps 7.03E-55 0.61589843 | 0.581 0.304 1.39E-50 5
Hnrnpu 1.75E-54 0.58295426 | 0.654 0.365 3.46E-50 5
Rnaseh2¢ 1.79E-54 0.52571478 | 0.367 0.15 3.55E-50 5
Rpsa 1.83E-54 0.29156294 | 0.999 0.986 3.61E-50 5
Psipl 2.71E-54 0.51434578 | 0.251 0.086 5.36E-50 5
Stpq 3.20E-54 0.56517914 | 0.471 0.219 6.33E-50 5
Nudcd2 3.39E-54 0.53162015 | 0.299 0.112 6.71E-50 5
Smcla 1.33E-53 0.53444084 | 0.403 0.176 2.64E-49 5
Hnrnpa2bl 2.17E-53 0.58029268 | 0.688 0.389 4.31E-49 5
Radl18 4.03E-53 0.36602681 | 0.101 0.018 7.98E-49 5
Rfc2 4.99E-53 0.45983961 | 0.209 0.065 9.88E-49 5
Srrt 5.78E-52 0.56151729 | 0.27 0.1 1.14E-47 5
Cbx1 6.74E-52 0.47543411 | 0.412 0.18 1.33E-47 5
Mrpl12 9.82E-52 0.51487097 | 0.501 0.238 1.94E-47 5

166




Gsptl 1.02E-51 0.4963798 | 0.451 0.206 2.01E-47 5
Impdh2 1.06E-51 0.45633929 | 0.369 0.154 2.10E-47 5
EIf52 1.09E-51 0.53160889 | 0.271 0.099 2.16E-47 5
Phgdh 1.69E-51 0.52694431 | 0.171 0.048 3.34E-47 5
Weel 8.74E-51 0.38105921 | 0.158 0.042 1.73E-46 5
Dpy30 1.25E-50 0.4133408 | 0.331 0.132 2.47E-46 5
Idh2 1.31E-50 0.47600694 | 0.232 0.079 2.59E-46 5
Mat2a 1.82E-50 0.51933139 | 0.346 0.144 3.61E-46 5
Nudc 2.09E-50 0.49770959 | 0.526 0.26 4.14E-46 5
Bcl7c 2.12E-50 0.45870518 | 0.468 0.218 4.19E-46 5
Jptll 2.34E-50 0.56538504 | 0.592 0.318 4.64E-46 5
Ndufaf2 4.45E-50 0.42504112 | 0.22 0.073 8.81E-46 5
Dynlt1f 5.07E-50 0.39992348 | 0.151 0.04 1.00E-45 5
Manfl 8.79E-50 0.53972182 | 0.675 0.38 1.74E-45 5
Hnrnpdl 9.77E-50 0.46672905 | 0.266 0.098 1.93E-45 5
Smc3 1.03E-49 0.44669837 | 0.378 0.162 2.05E-45 5
Ckap5 1.30E-49 0.43751915 | 0.172 0.049 2.58E-45 5
Syncrip 1.40E-49 0.48992411 | 0.352 0.149 2.77E-45 5
Pbdcl 2.25E-49 0.40834843 | 0.219 0.072 4.46E-45 5
Snrnp40 3.74E-49 0.46402408 | 0.202 0.065 7.40E-45 5
Mpp6 3.96E-49 0.4242147 | 0.252 0.09 7.84E-45 5
Atp2bl1 6.65E-49 0.46434843 | 0.429 0.197 1.32E-44 5
Ppih 7.03E-49 0.43376645 | 0.146 0.038 1.39E-44 5
Nubpl 1.02E-48 0.40729876 | 0.226 0.077 2.03E-44 5
Rfc3 1.33E-48 0.44909374 | 0.172 0.05 2.64E-44 5
Hspal4 1.34E-48 0.39977923 | 0.166 0.047 2.66E-44 5
Suptl6 1.94E-48 0.45742604 | 0.345 0.145 3.84E-44 5
Cctba 3.65E-48 0.51891314 | 0.56 0.292 7.22E-44 5
Anapc5 4.37E-48 0.45435775 | 0.374 0.162 8.66E-44 5
Tmeml4cl 4.42E-48 0.46222354 | 0.508 0.249 8.74E-44 5
Fkbp2 1.27E-47 0.45802562 | 0.354 0.151 2.51E-43 5
Snul3 1.41E-47 0.49129227 | 0.485 0.238 2.80E-43 5
Smc6 1.72E-47 0.4746834 | 0.298 0.119 3.41E-43 5
Hmgb3 4.26E-47 0.44974011 | 0.222 0.076 8.45E-43 5
Sumo2 4.42E-47 0.50497805 | 0.758 0.457 8.76E-43 5
Ppill 9.79E-47 0.41930582 | 0.161 0.046 1.94E-42 5
Nol7 1.68E-46 0.440268 0.443 0.206 3.34E-42 5
Tsen34 3.15E-45 0.426361 0.231 0.083 6.24E-41 5
Hspa51 5.08E-45 0.49029558 | 0.767 0.48 1.01E-40 5
Arl6ipl 2.09E-44 0.5663999 | 0.442 0.22 4.14E-40 5
Garl 3.25E-44 0.46191182 | 0.185 0.06 6.44E-40 5
Hnrnpf 3.78E-44 0.49020235 | 0.62 0.349 7.48E-40 5
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Aimp2 4.31E-44 0.39385314 | 0.178 0.056 8.53E-40 5
Hmgcsl 6.64E-44 0.49402073 | 0.243 0.092 1.32E-39 5
Tepl 1.13E-43 0.45465643 | 0.529 0.272 2.24E-39 5
Clgbp 1.89E-43 0.43306019 | 0.412 0.193 3.75E-39 5
Eif4al 2.14E-43 0.47291911 | 0.82 0.546 4.23E-39 5
Mrpl51 2.58E-43 0.45030197 | 0.487 0.241 5.10E-39 5
Smarcad 2.72E-43 0.40387942 | 0411 0.192 5.39E-39 5
Magoh 4.05E-43 0.44947564 | 0.285 0.116 8.02E-39 5
Snrpg 6.29E-43 0.42585789 | 0.562 0.293 1.25E-38 5
Cbx3 6.61E-43 0.42385086 | 0.319 0.136 1.31E-38 5
Ppmlg 8.29E-43 0.40458536 | 0.208 0.073 1.64E-38 5
Raly 8.45E-43 0.45075272 | 0.437 0.21 1.67E-38 5
Pradcl 1.49E-42 0.4660719 | 0.168 0.053 2.96E-38 5
Pfdn6 1.56E-42 0.43334167 | 0.325 0.141 3.09E-38 5
Tubalc 1.59E-42 0.40938126 | 0.255 0.099 3.15E-38 5
Lsmg8 1.94E-42 0.41813478 | 0.217 0.078 3.84E-38 5
Ehfl 1.95E-42 0.46083878 | 0.312 0.134 3.86E-38 5
Hausl1 2.03E-42 0.37454394 | 0.13 0.035 4.02E-38 5
Hspa9 3.24E-42 0.41596437 | 0.339 0.149 6.42E-38 5
Pdapl 4.02E-42 0.47350919 | 0.538 0.284 7.96E-38 5
Cinp 4.71E-42 0.42197951 | 0.141 0.04 9.33E-38 5
Cnbp 4.83E-42 0.46334734 | 0.453 0.228 9.57E-38 5
Pop5 6.06E-42 0.39039768 | 0.391 0.179 1.20E-37 5
Gins4 6.74E-42 0.35750653 | 0.16 0.049 1.34E-37 5
Arl4al 7.79E-42 0.3780497 | 0.231 0.086 1.54E-37 5
Ndufabl 1.10E-41 0.44221192 | 0.555 0.294 2.17E-37 5
Car2 1.14E-41 0.45109475 | 0.121 0.031 2.26E-37 5
Rps2 1.59E-41 0.28777666 | 0.995 0.962 3.14E-37 5
Cbx5 1.68E-41 0.36137644 | 0.215 0.077 3.33E-37 5
Ppplr22 2.60E-41 0.50010952 | 0.451 0.228 5.15E-37 5
Cenpx 3.03E-41 0.4075631 | 0.273 0.111 5.99E-37 5
Gmps 3.12E-41 0.3988391 | 0.235 0.089 6.19E-37 5
Snrpf 3.40E-41 0.41556018 | 0.3 0.127 6.74E-37 5
Rpl711 3.88E-41 0.40800535 | 0.281 0.116 7.69E-37 5
Ebnalbp2 5.99E-41 0.40748974 | 0.296 0.125 1.19E-36 5
Bazlb 6.15E-41 0.39903718 | 0.258 0.103 1.22E-36 5
Trim59 6.97E-41 0.32378156 | 0.106 0.025 1.38E-36 5
Prmtl 8.53E-41 0.41407804 | 0.513 0.264 1.69E-36 5
Mrto4 8.95E-41 0.40671275 | 0.317 0.138 1.77E-36 5
Ube2m 1.22E-40 0.44762802 | 0.496 0.255 2.41E-36 5
Nelfe 1.38E-40 0.40857178 | 0.212 0.077 2.73E-36 5
Parpl 1.41E-40 0.44681285 | 0.221 0.083 2.80E-36 5
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Immt 2.08E-40 0.44006931 | 0.374 0.175 4.11E-36 5
Tfdp1 2.21E-40 0.36876714 | 0.147 0.044 4.39E-36 5
Mthfd2 2.22E-40 0.3819205 | 0.119 0.031 4.40E-36 5
Cendl11 2.65E-40 0.45437287 | 0.628 0.366 5.24E-36 5
Eif2s1 3.50E-40 0.41038175 | 0.303 0.129 6.94E-36 5
Sdf2111 4.28E-40 0.47187799 | 0.239 0.094 8.48E-36 5
Atp5gl 4.93E-40 0.455969 0.608 0.341 9.76E-36 5
Anapcll 5.08E-40 0.39130926 | 0.337 0.151 1.01E-35 5
Anapcl5 6.01E-40 0.37776515 | 0.14 0.041 1.19E-35 5
Pold2 6.67E-40 0.33112691 | 0.107 0.026 1.32E-35 5
Pmvkl 8.30E-40 0.45642848 | 0.388 0.185 1.64E-35 5
Mrpl42 8.35E-40 0.45517226 | 0.328 0.148 1.65E-35 5
Snrnp25 8.73E-40 0.39503516 | 0.137 0.04 1.73E-35 5
Bub3 1.23E-39 0.35943414 | 0.234 0.09 2.44E-35 5
Xpol 1.42E-39 0.33651266 | 0.158 0.05 2.82E-35 5
Tmem238 1.45E-39 0.44361883 | 0.405 0.197 2.88E-35 5
Rnaseh2b 1.53E-39 0.38024244 | 0.134 0.038 3.03E-35 5
Acpl 1.58E-39 0.41074961 | 0.452 0.227 3.13E-35 5
Snorcl 1.88E-39 0.51929965 | 0.307 0.137 3.73E-35 5
Txnrdl 2.09E-39 0.3883843 | 0.355 0.162 4.14E-35 5
Ssnal 4.40E-39 0.38875634 | 0.324 0.144 8.71E-35 5
Tra2b 6.57E-39 0.37955274 | 0.302 0.131 1.30E-34 5
Mbd3 7.05E-39 0.42010621 | 0.397 0.191 1.40E-34 5
Ppplca 8.15E-39 0.41268069 | 0.655 0.375 1.62E-34 5
Gm47283 8.33E-39 0.38788865 | 0.338 0.154 1.65E-34 5
Idh3a 1.05E-38 0.35426136 | 0.23 0.089 2.08E-34 5
Ruvbl2 1.16E-38 0.35726251 | 0.199 0.072 2.30E-34 5
Eril 1.60E-38 0.27944402 | 0.117 0.031 3.17E-34 5
Rifl 1.88E-38 0.38201253 | 0.183 0.064 3.71E-34 5
Ruvbll 2.80E-38 0.35648291 | 0.226 0.087 5.55E-34 5
Pold3 2.86E-38 0.30649385 | 0.152 0.048 5.66E-34 5
Mrpl13 3.31E-38 0.36149611 | 0.339 0.154 6.56E-34 5
Rpp30 4.11E-38 0.31180684 | 0.119 0.032 8.15E-34 5
Stubl 4.16E-38 0.33529415 | 0.462 0.229 8.24E-34 5
Mybbpla 5.31E-38 0.40685864 | 0.244 0.099 1.05E-33 5
Lrrc59 7.08E-38 0.43614665 | 0.226 0.089 1.40E-33 5
Chmp6 8.84E-38 0.35924507 | 0.218 0.083 1.75E-33 5
Eif4a3 9.14E-38 0.39030665 | 0.313 0.139 1.81E-33 5
Srsfl 2.53E-37 0.3650973 | 0.241 0.097 5.00E-33 5
Calrl 2.75E-37 0.41463049 | 0.843 0.602 5.44E-33 5
Psmd13 3.19E-37 0.35156367 | 0.362 0.17 6.32E-33 5
Cycl 3.77E-37 0.37403391 | 0.392 0.189 7.47E-33 5
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Anp32a 4.93E-37 0.41958729 | 0.505 0.269 9.76E-33 5
DynllI2 5.83E-37 0.39707203 | 0.409 0.204 1.15E-32 5
Nxtl 5.99E-37 0.29275676 | 0.128 0.037 1.19E-32 5
Pgpl 6.52E-37 0.42433867 | 0.58 0.32 1.29E-32 5
Eiflax 6.73E-37 0.37725248 | 0.475 0.245 1.33E-32 5
Cdk4 8.30E-37 0.34591574 | 0.469 0.241 1.64E-32 5
Arhgdia 8.45E-37 0.32881172 | 0.419 0.206 1.67E-32 5
Cdv3 1.04E-36 0.39476972 | 0.347 0.163 2.06E-32 5
Z1p91 1.21E-36 0.37595522 | 0.374 0.18 2.39E-32 5
Mrps25 1.21E-36 0.3492811 | 0.253 0.104 2.40E-32 5
Cldn72 1.23E-36 0.43170183 | 0.672 0.403 2.43E-32 5
Npm3 1.40E-36 0.3445219 | 0.377 0.181 2.77E-32 5
Umps 1.58E-36 0.34187034 | 0.119 0.033 3.13E-32 5
Bzw21 1.82E-36 0.39443979 | 0421 0.212 3.61E-32 5
Casp8ap2 2.16E-36 0.31057354 | 0.141 0.044 4.28E-32 5
Snrpe 2.27E-36 0.37909019 | 0.551 0.3 4.50E-32 5
A430005L14Rik | 2.43E-36 0.35455881 | 0.185 0.067 4.81E-32 5
H2afy 2.76E-36 0.38364443 | 0.491 0.257 5.47E-32 5
Cct8 2.94E-36 0.35439367 | 0.474 0.244 5.83E-32 5
Hnrnpm 3.25E-36 0.39161007 | 0.367 0.176 6.43E-32 5
Uba2 4.06E-36 0.33794083 | 0.2 0.075 8.04E-32 5
Vdac3 4.08E-36 0.38530856 | 0.476 0.25 8.07E-32 5
Prpf40a 4.41E-36 0.33649569 | 0.425 0.211 8.74E-32 5
Stip1 5.73E-36 0.34644321 | 0.254 0.106 1.13E-31 5
Smchdl 1.21E-35 0.36712049 | 0.259 0.11 2.40E-31 5
Rpal 1.33E-35 0.37018781 | 0.111 0.03 2.64E-31 5
Ncaph2 1.65E-35 0.38782775 | 0.21 0.082 3.26E-31 5
Pole3 1.85E-35 0.36331237 | 0.17 0.059 3.67E-31 5
Dazapl 1.96E-35 0.3522406 | 0.229 0.092 3.88E-31 5
Ctcf 2.54E-35 0.32366214 | 0.316 0.144 5.04E-31 5
G2e3 2.56E-35 0.31071991 | 0.136 0.042 5.06E-31 5
Serbpl 2.94E-35 0.43842889 | 0.82 0.571 5.81E-31 5
Hnrnpal 3.59E-35 0.42136055 | 0.625 0.368 7.10E-31 5
Rnaseh2a 6.67E-35 0.3513829 | 0.143 0.046 1.32E-30 5
Mrpl20 7.58E-35 0.33251497 | 0.413 0.205 1.50E-30 5
Coq7 8.00E-35 0.36663635 | 0.249 0.105 1.58E-30 5
Ogftl12 9.98E-35 0.36830004 | 0.334 0.158 1.98E-30 5
Elofl 1.19E-34 0.3497311 | 0.405 0.204 2.35E-30 5
Rwdd1 1.65E-34 0.35364226 | 0.334 0.157 3.26E-30 5
Calm3 1.96E-34 0.35036424 | 0.302 0.137 3.88E-30 5
TIn21 2.15E-34 0.36819131 | 0.212 0.084 4.26E-30 5
Acatl 2.21E-34 0.35961695 | 0.287 0.129 4.37E-30 5
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Pcbpl 2.21E-34 0.34473053 | 0.467 0.242 4.38E-30 5
Coro2al 3.50E-34 0.37198798 | 0.269 0.118 6.94E-30 5
Ppplrl4bl 3.72E-34 0.4152475 | 0.666 0.412 7.37E-30 5
Eif6 3.87E-34 0.37702193 | 0.37 0.182 7.67E-30 5
Ak6 3.89E-34 0.28984683 | 0.182 0.067 7.70E-30 5
Fxn 5.90E-34 0.29747891 | 0.122 0.036 1.17E-29 5
Txnll 6.30E-34 0.34740636 | 0.512 0.277 1.25E-29 5
Fkbp41 7.17E-34 0.36797727 | 0.522 0.282 1.42E-29 5
Larp7 7.51E-34 0.33756059 | 0.169 0.06 1.49E-29 5
Psma6 7.68E-34 0.31972098 | 0.454 0.235 1.52E-29 5
Tnfaip2 8.34E-34 0.38265215 | 0.101 0.027 1.65E-29 5
Wdrl8 1.10E-33 0.33289477 | 0.223 0.091 2.18E-29 5
Actl6a 1.35E-33 0.34675396 | 0.225 0.093 2.67E-29 5
Psmd7 1.41E-33 0.36550756 | 0.513 0.279 2.79E-29 5
S13b5 1.71E-33 0.32020447 | 0.427 0.219 3.39E-29 5
Ptbp1 1.85E-33 0.34037748 | 0.234 0.098 3.66E-29 5
Dnajc2 1.85E-33 0.29406757 | 0.196 0.076 3.67E-29 5
Mrpl28 2.47E-33 0.34737896 | 0.413 0.209 4.90E-29 5
Tubgl 4.37E-33 0.30876204 | 0.129 0.04 8.66E-29 5
Thoc7 5.04E-33 0.32401403 | 0.418 0.214 9.98E-29 5
Rnf187 5.05E-33 0.32420875 | 0.287 0.13 1.00E-28 5
Ssb 5.12E-33 0.33470543 | 0.552 0.303 1.01E-28 5
Cox5al 5.25E-33 0.37565014 | 0.691 0.418 1.04E-28 5
Mrfapl 5.40E-33 0.37857283 | 0.581 0.331 1.07E-28 5
Hars 6.53E-33 0.26527309 | 0.157 0.055 1.29E-28 5
Mrps61 6.58E-33 0.31811276 | 0.396 0.199 1.30E-28 5
Mrpl21 7.51E-33 0.35707433 | 0.304 0.142 1.49E-28 5
Dclk1 9.05E-33 0.29984236 | 0.112 0.032 1.79E-28 5
Timm?23 9.94E-33 0.33714789 | 0.382 0.191 1.97E-28 5
Srsf10 1.04E-32 0.30812161 | 0.279 0.125 2.07E-28 5
Ifrd2 1.16E-32 0.2830442 | 0.116 0.034 2.30E-28 5
Pabpnll 1.24E-32 0.36161591 | 0.468 0.25 2.46E-28 5
Tagln21 1.38E-32 0.42841119 | 0.489 0.275 2.74E-28 5
Bcas2 1.38E-32 0.33326737 | 0.397 0.2 2.74E-28 5
Vars 1.72E-32 0.35638914 | 0.346 0.168 3.40E-28 5
Rslldl 1.86E-32 0.34825054 | 0.368 0.183 3.68E-28 5
Cst32 2.66E-32 0.69189911 | 0.626 0.384 5.27E-28 5
CdkSrap2 2.83E-32 0.31459509 | 0.149 0.052 5.60E-28 5
Snx5 3.00E-32 0.31321793 | 0.201 0.08 5.95E-28 5
Z1p593 3.22E-32 0.33440037 | 0.21 0.085 6.38E-28 5
Txnl 3.38E-32 0.37070471 | 0.688 0.424 6.70E-28 5
Hmgn3 3.78E-32 0.28281513 | 0.261 0.114 7.50E-28 5
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Atp5b 4.02E-32 0.39776687 | 0.844 0.599 7.95E-28 5
Hcfcl 4.49E-32 0.30177241 | 0.156 0.055 8.90E-28 5
Rnpsl 4.54E-32 0.32095253 | 0.22 0.091 9.00E-28 5
Hspa8 4.59E-32 0.32450647 | 0.963 0.829 9.09E-28 5
Commdl 4.84E-32 0.30565532 | 0.342 0.163 9.59E-28 5
Rrplb 4.91E-32 0.30901971 | 0.112 0.033 9.72E-28 5
Arppl9 5.28E-32 0.28824083 | 0.348 0.169 1.05E-27 5
Ldhal 6.06E-32 0.38719376 | 0.749 0.482 1.20E-27 5
Lmnal 6.55E-32 0.39384554 | 0.622 0.371 1.30E-27 5
Uqec2 6.81E-32 0.33487772 | 0.405 0.208 1.35E-27 5
Gtf2a2 1.02E-31 0.32789041 | 0.257 0.114 2.02E-27 5
Eiflad 1.05E-31 0.30003809 | 0.128 0.041 2.07E-27 5
Gabrp 1.08E-31 0.28204038 | 0.108 0.031 2.13E-27 5
Slc9a3rl 1.13E-31 0.32728171 | 0.27 0.122 2.23E-27 5
Psmal 1.24E-31 0.31440556 | 0.411 0.211 2.46E-27 5
Fzrl 1.42E-31 0.30085205 | 0.126 0.04 2.81E-27 5
Emc8 1.43E-31 0.35321402 | 0.225 0.095 2.82E-27 5
Dhx9 1.47E-31 0.36724312 | 0.297 0.141 2.92E-27 5
Cdc123 1.57E-31 0.3394743 | 0.274 0.125 3.11E-27 5
Thynl 1.62E-31 0.33868348 | 0.175 0.066 3.20E-27 5
Nudt5 1.98E-31 0.32525405 | 0.189 0.074 3.92E-27 5
Ebp 2.00E-31 0.34660239 | 0.356 0.177 3.97E-27 5
Tardbp 2.42E-31 0.31074772 | 0.254 0.112 4.80E-27 5
Rbmxl1 3.58E-31 0.33363467 | 0.149 0.052 7.10E-27 5
Pcnt 4.55E-31 0.28508351 | 0.118 0.036 9.02E-27 5
Pih1d1 4.61E-31 0.34962576 | 0.185 0.073 9.14E-27 5
Atp5k 5.57E-31 0.31712898 | 0.491 0.267 1.10E-26 5
Dbi2 6.48E-31 0.33674245 | 0.923 0.69 1.28E-26 5
Snrpd3 6.66E-31 0.33663482 | 0.38 0.194 1.32E-26 5
Sptssa 6.91E-31 0.34276811 | 0.246 0.109 1.37E-26 5
Gnl3 7.58E-31 0.30110423 | 0.21 0.086 1.50E-26 5
Cops3 7.64E-31 0.32707684 | 0.223 0.095 1.51E-26 5
Gars 9.22E-31 0.34014199 | 0.209 0.087 1.83E-26 5
Pdia61 9.62E-31 0.37989438 | 0.557 0.329 1.90E-26 5
Mrpll7 9.69E-31 0.33364888 | 0.4 0.208 1.92E-26 5
Cytipl 9.87E-31 0.33270397 | 0.155 0.056 1.96E-26 5
Gpsl 1.18E-30 0.29575945 | 0.239 0.104 2.33E-26 5
Bzwl 1.29E-30 0.32688909 | 0.419 0.222 2.55E-26 5
Gtf3a 1.31E-30 0.25129617 | 0.245 0.107 2.59E-26 5
Uchl3 1.80E-30 0.31009075 | 0.268 0.122 3.57E-26 5
Bola3 2.21E-30 0.32407106 | 0.177 0.068 4.38E-26 5
Tmem109 2.84E-30 0.32749832 | 0.13 0.043 5.63E-26 5
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Tsn 4.03E-30 0.32218757 | 0.478 0.262 7.98E-26 5
Eif3b 4.16E-30 0.34991068 | 0.304 0.147 8.23E-26 5
Tex261 5.44E-30 0.30598094 | 0.307 0.148 1.08E-25 5
Nsmcel 5.96E-30 0.26183617 | 0.263 0.119 1.18E-25 5
Erg28 6.49E-30 0.30534782 | 0.27 0.124 1.29E-25 5
Ube2i 6.74E-30 0.31679455 | 0.489 0.27 1.33E-25 5
Fubpl 6.87E-30 0.30759351 | 0.37 0.19 1.36E-25 5
Hmgnl1 7.03E-30 0.36743133 | 0.836 0.595 1.39E-25 5
Phb2 7.39E-30 0.29711826 | 0.492 0.27 1.46E-25 5
Sfxnl 7.84E-30 0.3108302 | 0.29 0.137 1.55E-25 5
Psph 1.07E-29 0.29659521 | 0.125 0.041 2.12E-25 5
Cect7 1.20E-29 0.3670041 | 0.56 0.324 2.38E-25 5
Mrps7 1.39E-29 0.27203534 | 0.285 0.133 2.74E-25 5
Tafld 1.51E-29 0.32961272 | 0.27 0.126 2.99E-25 5
Prpf19 1.58E-29 0.26697336 | 0.267 0.123 3.14E-25 5
Phb 1.62E-29 0.31245466 | 0.229 0.1 3.20E-25 5
Itpa 1.82E-29 0.33618127 | 0.167 0.064 3.61E-25 5
Nsmce?2 2.05E-29 0.2997082 | 0.185 0.074 4.06E-25 5
Viml 2.14E-29 0.28765873 | 0.279 0.131 4.24E-25 5
Utp3 2.28E-29 0.27069268 | 0.294 0.14 4.52E-25 5
Cyp51 2.61E-29 0.31891386 | 0.194 0.08 5.17E-25 5
Atad3a 2.72E-29 0.27090211 | 0.137 0.047 5.39E-25 5
Eif4h 3.00E-29 0.28734359 | 0.373 0.191 5.95E-25 5
Tomm5 3.87E-29 0.31038273 | 0.349 0.176 7.67E-25 5
Thoc3 4.39E-29 0.25625952 | 0.173 0.067 8.69E-25 5
Mrps24 5.34E-29 0.33342455 | 0.472 0.262 1.06E-24 5
Ube213 5.98E-29 0.26472729 | 0.45 0.242 1.18E-24 5
Arl6ip4 6.23E-29 0.27416278 | 0.319 0.156 1.23E-24 5
Asfla 6.49E-29 0.32915559 | 0.15 0.055 1.29E-24 5
Ubl4a 9.74E-29 0.30087323 | 0.237 0.106 1.93E-24 5
Ddx21 9.90E-29 0.30758728 | 0.172 0.067 1.96E-24 5
Mphosph10 1.18E-28 0.27302673 | 0.163 0.062 2.33E-24 5
Nfic 1.46E-28 0.29341777 | 0.348 0.176 2.88E-24 5
Fus 2.18E-28 0.30884931 | 0.407 0.216 4.32E-24 5
Sppl 2.44E-28 0.25925918 | 0.106 0.033 4.84E-24 5
Ahsal 2.49E-28 0.27953793 | 0.218 0.094 4.93E-24 5
Mrps26 3.09E-28 0.27846644 | 0.306 0.149 6.11E-24 5
Lzic 3.60E-28 0.27923514 | 0.146 0.053 7.13E-24 5
Acat2 3.75E-28 0.32013415 | 0.134 0.047 7.42E-24 5
Psmb7 3.81E-28 0.28839067 | 0.372 0.193 7.55E-24 5
Smarccl 4.23E-28 0.3033988 | 0.37 0.193 8.38E-24 5
Eif3a 4.70E-28 0.3529136 | 0.596 0.36 9.31E-24 5
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Nudt21 5.09E-28 0.30734194 | 0.293 0.142 1.01E-23 5
Ndufb8 5.37E-28 0.35111981 | 0.527 0.308 1.06E-23 5
Eif4ebpl 6.29E-28 0.32188039 | 0.303 0.15 1.25E-23 5
Mrpl35 6.82E-28 0.25711727 | 0.239 0.108 1.35E-23 5
Sdhd 7.11E-28 0.29568411 | 0.204 0.087 1.41E-23 5
Pnnl 7.24E-28 0.27827629 | 0.378 0.197 1.43E-23 5
Rpnl 8.25E-28 0.27435494 | 0.258 0.12 1.63E-23 5
Emd 1.09E-27 0.30276076 | 0.179 0.073 2.15E-23 5
Impa2 1.12E-27 0.29005027 | 0.128 0.044 2.21E-23 5
Shisa8 1.98E-27 0.37179909 | 0.133 0.047 3.91E-23 5
Ndufal2 2.18E-27 0.28034434 | 0.45 0.247 4.31E-23 5
Stl 247E-27 0.25357104 | 0.201 0.086 4.88E-23 5
Shmt2 2.61E-27 0.27915672 | 0.122 0.041 5.17E-23 5
Ube2n 3.04E-27 0.25883849 | 0.257 0.12 6.03E-23 5
Snx3 3.09E-27 0.30125947 | 0.387 0.206 6.11E-23 5
Mrpl49 3.63E-27 0.27935966 | 0.162 0.063 7.18E-23 5
NdufalO 3.74E-27 0.26531257 | 0.364 0.19 7.40E-23 5
Pgaml 3.86E-27 0.27813899 | 0.466 0.258 7.65E-23 5
Cisd2 5.32E-27 0.29417667 | 0.214 0.095 1.05E-22 5
Abcel 5.42E-27 0.26953339 | 0.174 0.07 1.07E-22 5
Nudtl 5.57E-27 0.27496791 | 0.191 0.081 1.10E-22 5
Carnmt1 5.99E-27 0.27846029 | 0.164 0.065 1.19E-22 5
Psmd1 7.33E-27 0.28411054 | 0.256 0.12 1.45E-22 5
Hsd17b12 7.38E-27 0.28593044 | 0.255 0.12 1.46E-22 5
Fam92a 8.37E-27 0.258598 0.203 0.088 1.66E-22 5
Psmb51 9.57E-27 0.31286959 | 0.685 0.432 1.90E-22 5
Mrpsl15 9.61E-27 0.2756572 | 0.288 0.141 1.90E-22 5
Uqerl0 1.06E-26 0.31113104 | 0.491 0.281 2.10E-22 5
Gesh 1.15E-26 0.35610735 | 0.164 0.066 2.27E-22 5
Wwdr77 1.39E-26 0.27395829 | 0.101 0.031 2.75E-22 5
Timm9 1.48E-26 0.33381149 | 0.19 0.081 2.94E-22 5
Hprt 1.60E-26 0.26687366 | 0.162 0.064 3.16E-22 5
Ddx]1 2.19E-26 0.29311522 | 0.256 0.122 4.33E-22 5
Calml1 2.49E-26 0.2741466 | 0.819 0.55 4.93E-22 5
Exosc5 2.69E-26 0.26517567 | 0.248 0.116 5.32E-22 5
Ipo5 4.01E-26 0.29142911 | 0.158 0.063 7.94E-22 5
Maprel 4.55E-26 0.26689033 | 0.269 0.13 9.00E-22 5
Mrpl55 4.85E-26 0.26812719 | 0.189 0.081 9.61E-22 5
Pam161 4.96E-26 0.35157839 | 0.261 0.127 9.83E-22 5
Ndufa5 5.06E-26 0.30764201 | 0.298 0.15 1.00E-21 5
Thopl 5.30E-26 0.25758806 | 0.125 0.044 1.05E-21 5
Ppplcc 6.13E-26 0.25411448 | 0.346 0.18 1.21E-21 5
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Ewsrl 6.16E-26 0.32707587 | 0.265 0.129 1.22E-21 5
Agpat5 6.94E-26 0.29748535 | 0.129 0.047 1.37E-21 5
Psmc5 7.14E-26 0.26432233 | 0.447 0.249 1.41E-21 5
7-Sep 8.22E-26 0.28044259 | 0.441 0.244 1.63E-21 5
Hnrnpk 9.21E-26 0.28616379 | 0.615 0.369 1.82E-21 5
Tpr 1.16E-25 0.29837505 | 0.537 0.317 2.30E-21 5
Psmb31 1.21E-25 0.26321094 | 0.519 0.301 2.40E-21 5
Pelpl 1.30E-25 0.26500624 | 0.12 0.042 2.58E-21 5
Cct3 1.31E-25 0.30355984 | 0.51 0.301 2.59E-21 5
Pitpnb 1.41E-25 0.25825366 | 0.194 0.084 2.80E-21 5
Atp5fl 1.47E-25 0.32412488 | 0.724 0.472 2.92E-21 5
Tcergl 1.79E-25 0.25174145 | 0.179 0.075 3.54E-21 5
Psmd14 1.83E-25 0.25123765 | 0.249 0.118 3.63E-21 5
Eprs 2.03E-25 0.29580696 | 0.433 0.242 4.02E-21 5
Tomm?22 2.06E-25 0.28054929 | 0.395 0.215 4.08E-21 5
Noll2 2.34E-25 0.2505256 | 0.211 0.095 4.63E-21 5
Cryab2 2.37E-25 0.28400574 | 0.358 0.193 4.69E-21 5
Noc2l 2.48E-25 0.26105408 | 0.173 0.072 4.90E-21 5
Snrpa 2.98E-25 0.27337337 | 0.26 0.126 5.89E-21 5
Fads2 3.10E-25 0.27366918 | 0.246 0.118 6.14E-21 5
Odcl 3.20E-25 0.28109283 | 0.187 0.081 6.33E-21 5
GO0s21 3.38E-25 0.39964498 | 0.218 0.101 6.69E-21 5
Atp5g3 5.13E-25 0.28031896 | 0.515 0.301 1.02E-20 5
Pcmtl 5.18E-25 0.26014921 | 0.229 0.107 1.03E-20 5
Ctnnbip1 6.46E-25 0.28525954 | 0.323 0.168 1.28E-20 5
Tafl0 6.63E-25 0.27431715 | 0.512 0.298 1.31E-20 5
Ctps 7.22E-25 0.25166352 | 0.103 0.034 1.43E-20 5
Farsb 7.42E-25 0.26675159 | 0.16 0.065 1.47E-20 5
Ndufvl 1.04E-24 0.25719832 | 0.335 0.176 2.06E-20 5
Eif2s2 1.06E-24 0.28169624 | 0.604 0.367 2.09E-20 5
Vdacl 1.30E-24 0.30682112 | 0.408 0.229 2.58E-20 5
Eifla 1.82E-24 0.28618355 | 0.26 0.128 3.60E-20 5
Eif3d 1.98E-24 0.2716053 | 0.359 0.194 3.91E-20 5
Ndufb6 2.19E-24 0.26983672 | 0.277 0.139 4.33E-20 5
Psmb2 2.26E-24 0.26904925 | 0.458 0.262 4.48E-20 5
11f2 2.86E-24 0.26731154 | 0.209 0.095 5.67E-20 5
Calm2 3.52E-24 0.3231821 | 0.834 0.628 6.96E-20 5
Ddt 5.71E-24 0.25441845 | 0.272 0.136 1.13E-19 5
Cect2 6.91E-24 0.26086891 | 0.597 0.365 1.37E-19 5
NaalO 7.45E-24 0.27305632 | 0.249 0.122 1.48E-19 5
Suzl2 8.19E-24 0.25652645 | 0.178 0.077 1.62E-19 5
Farll 8.59E-24 0.28793614 | 0.207 0.095 1.70E-19 5
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Tars 1.12E-23 0.27395723 | 0.193 0.087 2.22E-19 5
Atp6v1bl2 1.33E-23 0.29142399 | 0.239 0.116 2.63E-19 5
Gmds 1.41E-23 0.28478319 | 0.189 0.084 2.79E-19 5
Pusl1 1.63E-23 0.27256324 | 0.1 0.033 3.22E-19 5
Ppan 1.70E-23 0.25604666 | 0.14 0.055 3.36E-19 5
Ywhae 1.72E-23 0.28391612 | 0.718 0.467 3.41E-19 5
Psmc4 1.74E-23 0.26078771 | 0.343 0.184 3.45E-19 5
Ube2a 2.53E-23 0.29637941 | 0.269 0.136 5.02E-19 5
Seml 2.56E-23 0.29621842 | 0.588 0.365 5.06E-19 5
Txn2 2.96E-23 0.26540915 | 0.269 0.136 5.86E-19 5
Ndufb7 3.13E-23 0.26548886 | 0.44 0.252 6.20E-19 5
Rrpl15 3.44E-23 0.26535361 | 0.139 0.055 6.81E-19 5
Serpinb51 3.49E-23 0.28582124 | 0.318 0.171 6.91E-19 5
Tssc4 5.99E-23 0.26926573 | 0.139 0.055 1.19E-18 5
Mucl52 7.76E-23 0.2770908 | 0.247 0.124 1.54E-18 5
Znrd2 9.11E-23 0.28448618 | 0.227 0.11 1.80E-18 5
Asns 1.08E-22 0.27839961 | 0.156 0.066 2.13E-18 5
Got2 1.35E-22 0.25146776 | 0.243 0.12 2.67E-18 5
Rfcl 1.48E-22 0.26593165 | 0.194 0.089 2.92E-18 5
Ssr2 1.52E-22 0.26186214 | 0.508 0.305 3.01E-18 5
Ostcl 1.97E-22 0.3039362 | 0.385 0.218 3.91E-18 5
Mettl1 2.11E-22 0.25313825 | 0.177 0.078 4.18E-18 5
Txnl4a 2.14E-22 0.25391963 | 0.362 0.2 4.25E-18 5
Snrpd2 2.30E-22 0.29592163 | 0.486 0.29 4.55E-18 5
Bagll 2.48E-22 0.25458957 | 0.561 0.344 4.91E-18 5
Rdx 2.53E-22 0.26775489 | 0.356 0.197 5.02E-18 5
Ap2ml 3.04E-22 0.25760825 | 0.269 0.138 6.02E-18 5
Psma3l 3.29E-22 0.26082234 | 0.633 0.398 6.51E-18 5
Alpll 3.41E-22 0.31234963 | 0.186 0.085 6.76E-18 5
Cdk2ap2 4.02E-22 0.2502422 | 0.258 0.131 7.96E-18 5
Subl 4.89E-22 0.27741707 | 0.594 0.367 9.69E-18 5
Atp5o0 5.58E-22 0.2908773 | 0.655 0.424 1.11E-17 5
Rnfl168 5.87E-22 0.28262915 | 0.109 0.04 1.16E-17 5
Nars 6.89E-22 0.25757905 | 0.322 0.174 1.36E-17 5
Timm13 1.05E-21 0.25144553 | 0.598 0.372 2.07E-17 5
Apip 1.35E-21 0.25320544 | 0.164 0.072 2.67E-17 5
D8Ertd738e 1.44E-21 0.27646917 | 0.586 0.364 2.86E-17 5
Atic 1.51E-21 0.28541322 | 0.16 0.07 3.00E-17 5
Phldal2 1.81E-21 0.25082807 | 0.539 0.333 3.58E-17 5
Psma7 4.49E-21 0.29639396 | 0.709 0.475 8.90E-17 5
Secllcl 5.86E-21 0.28703789 | 0.355 0.2 1.16E-16 5
Ppid 7.53E-21 0.25589159 | 0.184 0.086 1.49E-16 5
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Atp5al 7.74E-21 0.27415931 | 0.733 0.495 1.53E-16 5
Psmb6 9.83E-21 0.27941709 | 0.637 0411 1.95E-16 5
Plet12 2.91E-20 0.25104284 | 0.356 0.201 5.77E-16 5
Elovl6 4.76E-20 0.25225092 | 0.136 0.057 9.42E-16 5
Eeflg 6.53E-20 0.28254322 | 0.835 0.629 1.29E-15 5
Fasnl 6.70E-20 0.28524953 | 0.297 0.163 1.33E-15 5
Slc25a3 9.03E-20 0.26614557 | 0.765 0.533 1.79E-15 5
Aprt 1.15E-18 0.25071544 | 0.446 0.273 2.28E-14 5
Mettl16 1.48E-18 0.26431166 | 0.136 0.06 2.93E-14 5
Tomm?20 2.96E-17 0.2505236 | 0.617 0.409 5.87E-13 5
Anxal2 1.64E-10 0.31571881 | 0.416 0.287 3.25E-06 5
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Table S 3. Genes associated with hallmark terms in MO clusters

RANK IN | RANK
IgEAIi\I;[MARK CLUSTER | GENE EENNING GENE METRIC
LIST SCORE
LALBA | 0.1767235 0 2.702094793
ALDOC | 0.314538 1 2.107177734
AKAPI12 | 0.3647591 13 1.38170886
CITED2 | 0.38943002 26 1.046850681
HSPAS5 | 0.39816093 40 0.858931601
ERRFI1 | 0.3969774 55 0.763142109
IER3 0.39405325 69 0.680725873
ALDOA | 0.4308381 72 0.674044549
TGFB3 | 0.43979836 82 0.639226735
HYPOXIA MO1
PLIN2 0.4464105 92 0.603324473
HK1 0.47339243 96 0.579960883
HS3ST1 | 0.5072853 98 0.574023366
PFKL 0.5060215 109 0.538704038
ZFP36 0.51427794 117 0.516859949
ENO1 0.47632548 137 0.479961067
BCL2 0.45748258 151 0.437328964
CCN1 0.40651336 173 0.392540962
FOS 0.27737224 215 0.313350797
FNI1 0.19547978 0 3.089641333
SPARC | 0.30534342 11 2.065721273
KLKS8 0.34564635 33 1.328492403
PRSS23 | 0.4036415 42 1.180061698
BMP1 0.41370735 66 0.916438878
HTRA1 | 0.44462416 78 0.850861132
PDGFB | 0.49842855 79 0.850401461
CSRP1 0.5167443 95 0.783407629
COAGULATION | MO6 THBS1 | 0.5432527 106 0.748256207
ANXAI1 | 0.5701388 116 0.721297979
TIMP3 0.58145714 132 0.672811389
LRP1 0.4589744 208 0.533705413
TIMP1 0.46154517 223 0.501624227
MMP14 | 0.32360157 302 0.388124615
ITGB3 0.337482 308 0.384025753
WDRI1 0.07166303 445 0.27682212
CAPN2 | 0.01946802 479 0.261658788
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KLF7 0.004166544 | 495 0.252073228
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Table S 4. Genes associated with Androgen response in MHP clusters

Genes

Cuser | with - |RANKIN | N | RUNNING
Androgen SCORE
response
SATI 17 3.50563908 | 0.14306386
SCD 27 2.9367485 0.26740655
HMGCSI1 59 2.01307821 | 0.3313452
B2M 63 1.97779787 | 0.41771108
INSIG1 85 1.64285374 | 0.4735776
NDRGI 102 1.45260787 | 0.5251772
KRTI19 119 1.35001183 | 0.57216316
XRCC6 259 0.86825162 | 0.49199623
XRCCS 305 0.78954124 | 0.48890728
ACSL3 358 0.71199983 | 0.476328
TMEMS0A | 433 0.63848436 | 0.4415749

MHP DHCR24 490 0.57138246 | 0.4192417
AZGP1 569 0.51841843 | 0.37565887
IDI1 572 0.51561081 | 0.3971299
SMS 743 0.41978291 | 0.27020934
HMGCR 781 0.40266013 | 0.25658396
FKBP5 861 0.37380776 | 0.20564057
SLC38A2 929 0.34585294 | 0.16373168
TSC22D1 943 0.34081241 | 0.1679083
ELOVLS 1080 0.29303432 | 0.06444755
CDK6 1094 0.28719792 | 0.06621321
ADRMI 1115 0.28217432 | 0.06174953
SCD 34 2.24072194 | 0.09932218
SATI 51 2.02361608 | 0.19820052
B2M 93 1.525895 0.2546971
HMGCSI1 106 1.42939889 | 0.32410482
INSIG1 126 1.37214637 | 0.38606295
XRCC6 159 1.23731577 | 0.43265265

MHP4 XRCC5 172 1.19526458 | 0.48946446
AZGP1 271 0.92840481 | 0.47823697
LMANI1 276 0.91960758 | 0.5252128
TMEMS0A | 285 0.88993752 | 0.5680957
FADSI1 339 0.80690944 | 0.5784219
CDK6 534 0.63193762 | 0.49132004
KRT19 609 0.565036 0.4755254

180



PGM3 647 0.54529804 | 0.48176503
NDRG1 786 0.46913263 | 0.42086098
HMGCR 876 0.43382019 | 0.38864392
SMS 1051 0.38280889 | 0.30062392
DHCR24 1079 0.36911538 | 0.30362755
PA2G4 1141 0.34942731 | 0.28434852
ELOVLS 1492 0.27236876 | 0.08052445
SCD 20 3.30092478 | 0.1380107
SATI 25 2.89816141 | 0.26794147
HMGCS1 38 2.37652373 | 0.36885306
INSIG1 59 1.99523211 | 0.44716263
B2M 64 1.92094588 | 0.53241146
NDRG1 200 1.05865693 | 0.49360788
XRCC5 251 0.936584 0.5041323
XRCC6 293 0.85793865 | 0.5168746
HMGCR 362 0.75876933 | 0.5076407
MEP5 LMANI1 375 0.74037856 | 0.53374165
ACSL3 389 0.72374147 | 0.5584359
PGM3 423 0.69353169 | 0.56882894
ELOVLS 484 0.63052261 | 0.55889904
AZGP1 524 0.60588384 | 0.5614085
CDK6 653 0.51551414 | 0.50229245
FADSI1 669 0.50075555 | 0.51549894
FKBP5 1010 0.36883125 | 0.312725
DHCR24 1033 0.36280033 | 0.3151017
IDI1 1135 0.33584395 | 0.26521227
SLC38A2 1345 0.28894156 | 0.14341083

181



