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SUMMARY

The mammary epithelium undergoes several rounds of extensive proliferation during the female reproductive cycle. Its expansion is a
tightly regulated process, fueled by the mammary stem cells and these cells’ unique property of self-renewal. Sufficient new cells have to
be produced to maintain the integrity of a tissue, but excessive proliferation resulting in tumorigenesis needs to be prevented. Three
well-known tumor suppressors, p53, p16™<4?, and p19**, have been connected to the limiting of stem cell self-renewal and proliferation.
Here we investigate the roles of these three proteins in the regulation of self-renewal and proliferation of mammary epithelial cells. Using
mammary epithelial-specific mouse models targeting Trp53 and CdknZ2a, the gene coding for p16™%** and p19**", we demonstrate that p53,

p 16INK4a

, and p19*% do not play a significant role in the limitation of normal mammary epithelium self-renewal and proliferation, whereas

in the presence of the inflammatory cytokine TNF-o, Trp53~/~ Cdkn2a~'~ mammary basal cells exhibit amplified proliferation.

INTRODUCTION

The epigenetic regulator Bmil represses differentiation in
various tissue-specific stem cells, such as hematopoietic
stem cells (Lessard and Sauvageau, 2003; Park et al., 2003;
Rizo et al., 2009) and mammary stem cells (Pietersen et al.,
2008). Bmil targets Cdkn2a, a gene containing the reading
frames for p16™*** and p14**" in humans and p16™
and p19** in mice that play an essential role in the induc-
tion of senescence and cell-cycle arrest. p16™<*4/p16™K42
inhibits cell-cycle progression from G1 to S phase. p14**f/
p19°%¥ inhibits MDM2/Mdmz2, leading to activation of
p53. p53, p16™%4 and p19*** respond to stress signals
and induce cell-cycle arrest and apoptosis. Their ability to
halt cell division prevents uncontrolled proliferation in tis-
sues that can lead to tumor growth (Charni et al., 2017;
Lowe and Sherr, 2003).

Within the hematopoietic system, simultaneously delet-
ing Cdkn2a and Trp53 leads to a 10-fold increase in the num-
ber of cells able to self-renew and provides multipotent pro-
genitors with self-renewing capacity, a property normally
attributed only to stem cells (Akala et al., 2008). In the mam-
mary gland, various groups have deleted Trp53 or Cdkn2a,
but not both, and examined the effect on self-renewal
(Chiche et al., 2013; Cicalese et al., 2009; Pietersen et al.,
2008; Tao et al., 2011). To our knowledge, no studies have
investigated the effect, especially on self-renewal, of deleting
these genes concurrently in the mammary gland.

Here, using our epithelial-specific mouse model, we
demonstrate that p53, p16™*4* and p19** do not play a sig-
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nificant role in the regulation of mammary epithelium self-
renewal and proliferation in C57BL/6] mice. In a primary
transplantation assay used to study short-term self-renewal,
depletion of the three tumor suppressors does not affect
the number of regenerating cells nor their proliferative capac-
ity under normal physiologic conditions. Long-term self-
renewal, evaluated using a secondary transplantation assay,
also shows no effect on proliferation. In addition, tumor sup-
pressor deletion does not affect long-term self-renewal in
mammary epithelial cells (MECs) compared with the control;
however, Trp53~/~ cells show a decrease in regenerating cells
compared with Trp53~/~ Cdkn2a~'~ cells. RNA expression
analysis suggests that TNF-a-dependent signaling is upregu-
lated in Trp53~/~ Cdkn2a~'~ mammary epithelial basal cells.
In vitro, we find that TNF-a increases organoid formation and
proliferation in wild-type (WT) and Trp53~/~ Cdkn2a~'~
basal MECs; however, compared with WT MECs, Trp53’/ -
Cdkn2a'~ basal MECs are sensitized to TNF-a-induced
proliferation.

RESULTS

Generation of Cdkn2a Knockout and/or Trp53
Knockout Mouse Models

To investigate the effect of p53, p1 ,and pl on self-
renewal and proliferation, we generated multiple loss-of-
function mouse models. Female mice with homozygous
germline combined deletions of Cdkn2a and Trp53 are
inviable. Therefore, we crossed the Cdkn2a null mouse
(Serrano et al., 1996) with a conditional Trp53™* (Trp53/)
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Figure 1. MECs Develop Similarly in WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO Mice

(A) Tabular overview of the abbreviations used for the four different transgenic mice described in this study. In Figure S1, the gating strategy
used for FACS throughout this study (Figure S1A) and an analysis of the efficiency of the Cre-lox system (Figures S1B and S1C) are displayed.
(B) Representative fluorescence images of WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO mammary glands. Mammary epithelial cells are
marked by GFP. Fat pads were freshly dissected from mice and photographed.

(Cand D) Flow cytometry analysis shows the percentage of WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO basal (C) and luminal (D) cells.
Data are presented as mean + SEM; each symbol represents data derived from one mouse (p > 0.05 for all comparisons; one-way ANOVA).

mouse (Jonkers etal., 2001). Loss of Trp53 was induced by the
Krt14-Cre transgene (Dassule et al., 2000). Krt14 is expressed
in all MECs during embryonic development (Sun et al., 2010;
Van Keymeulen et al., 2011). To visually mark cells that lost
Trp53, we introduced the mT/mG transgene (Muzumdar
et al., 2007). Cre excises mT/mG’s tdTomato allele and acti-
vates the expression of GFP simultaneously, indicating the
excision of Trp53. We used flow cytometry to confirm the
efficiency of specificity of Krt14-Cre. In accordance with a
previous publication (Mitchell and Serra, 2014), flow cytom-
etry showed that 99.8% of all GFP* cells are in the luminal
and basal populations (Figures S1A and S1B). Subsequently,
real-time qPCR confirmed the absence of Trp53 in basal
and luminal GFP* populations (Figure S1C). The various
crosses lead to the four following mouse models, which are
used in these studies: (1) WT, Krt14-Cre mT/mG; (2) Trp53
KO (knockout), Krt14-Cre mT/mG Trp53’7f; (3) Cdkn2a KO,
Krt14-Cre mT/mG Cdkn2aCd~'~; and (4) Trp53 & Cdkn2a
KO, Krt14-Cre mT/mG Trp53"" Cdkn2a~'~ (Figure 1A).

Endogenous MECs Develop Similarly in All Mutant
Mouse Models

The mammary glands of female adult WT, Trp53 KO,
Cdkn2a KO, and Trp53 & Cdkn2a KO mice showed no differ-
ences in branch development (Figure 1B). Moreover, the
percentages of cells contributing to the basal and luminal
populations were equal as determined by flow cytometry
(Figures 1C and 1D). These data show that depleting
MEC:s of Cdkn2a and/or Trp53 neither results in differences
in the phenotypic duct formation nor affects the ratio of
basal to luminal cells.

MEC:s in All Mutant Mouse Models Display Equal
Short-Term Regenerative and Proliferative Efficiency
in Primary Transplantation Assay

To determine the frequency of cells able to reconstitute the
mammary gland, we performed a mammary gland limiting
dilution transplantation assay in syngeneic mice (Figure S2).
The repopulation frequency is comparable between MECs
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Figure 2. WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO MECs Display Equal Short-Term Repopulation Potential

An overview of this experiment is shown in Figure S2.

(A) Extreme limiting dilution analysis results of the limiting dilution transplantation assay. A minimum of 11 donor mice were
used for each genotype and data derive from a minimum of four separate experiments for each genotype (p > 0.05 for all
comparisons).

(B and C) Overview of the data displayed in (A). The number of cells injected, the total number of transplantations performed, and the
percentage donor outgrowths occupied in recipient fat pads are shown. In (B) the data are grouped in pie charts. In (C) the size of the
individual outgrowths after 5,000 cells were injected is shown. Data are presented as mean + SEM; each symbol represents one transplant
(p > 0.05 for all comparisons; one-way ANOVA). Plots similar to those displayed in (C) for other injected cell numbers are shown in
Figure S3.

derived from WT (1/5,385), Trp53 KO (1/4,603), Cdkn2a KO  different mouse models (Figures 2C and S3A-S3D). This
(1/4,442), and Trp53 & Cdkn2a KO (1/4,757) glands (Figures ~demonstrates that p53, p16™5* and p19*** do not affect
2A and 2B). Moreover, analysis of the size of the regenerated the ability of MECs to regenerate or proliferate in a primary
donor glands also showed no differences between the transplantation assay.
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Figure 3. Long-Term Renewal Is Reduced in the Absence of Trp53 and Rescued by the Depletion of Cdkn2a

An overview of this experiment is shown in Figure S2.

(A) The take rate of the secondary transplantation assay. Total number of secondary transplants is shown in orange, positive outgrowths
are shown in green, no outgrowths are shown in gray (*p < 0.05; Fisher’s exact test).

(B and C) Overview of the data displayed in (A). The total number of transplantations and the percentage donor outgrowths occupied in
recipient fat pads are shown. In (B) the data are grouped in pie charts. In (C) the size of individual outgrowths is shown. Data are presented
as mean + SEM; each symbol represents one transplant (p > 0.05 for all comparisons; one-way ANOVA).

The Absence of Trp53 Reduces Secondary Transplant
Repopulation Frequency Compared with Trp53 &
Cdkn2a KO MECs

To investigate if the deletion of Trp53 and/or CdknZ2a leads
to changes in the ability to self-renew and/or proliferate
long term, secondary transplantations were performed
(Figure S2). WT, Cdkn2a KO, and Trp53 & Cdkn2a KO
MECs showed similar frequencies of long-term self-renew-
ing cells, as did WT, Trp53 KO, and Cdkn2a KO MECs.
Meanwhile, Trp53 & Cdkn2a KO MECs showed a signifi-
cantly higher regeneration frequency compared with
Trp53 KO MECs (Figure 3A); therefore, the ablation of
Cdkn2a appears to rescue long-term self-renewal capacity
in the Trp53 & Cdkn2a KO MECs. The deletion of any of
the tumor suppressor genes did not affect the rate of prolif-
eration (Figures 3B and 3C).

Trp53 & Cdkn2a KO Luminal Progenitor MECs Do Not
Regenerate when Transplanted

In the hematopoietic system, Trp53 & Cdkn2a KO multipo-
tent progenitors acquire the capacity to self-renew and
regenerate the blood system in transplantation experi-

ments (Akala et al., 2008). To investigate if in the mammary
gland Trp53 & Cdkn2a KO progenitors also possess such ca-
pabilities, we used fluorescence-activated cell sorting
(FACS) to select for progenitors and transplant them in syn-
geneic mice. Prior to this experiment, we corroborated pub-
lished data showing that the luminal cells encompass a
progenitor cell population that expresses the cell surface
marker CD14 (Asselin-Labat et al., 2011). In vitro, luminal
CD14" cells form more organoids than CD14~ luminal
cells, confirming that CD14 enriches strongly for luminal
progenitors (Figure S4A). Subsequently, we performed a
limiting dilution assay with WT and Trp53 & Cdkn2a KO
luminal CD14" progenitors; none of these transplantations
resulted in the regeneration of the mammary epithelium
(Figure S4B). Thus, p53, p16™%* and p19*** do not or
are not sufficient to inhibit luminal CD14* progenitors
from self-renewing in transplantation assays.

Trp53 & Cdkn2a KO Basal MECs Are Sensitized to TNF-
a-Induced Proliferation

Last, we compared gene expression between WT and Trp53
& Cdkn2a KO mice. Considering that luminal progenitors
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Figure 4. Trp53 & Cdkn2a KO Basal MECs Are Sensitized to TNF-a-Induced Proliferation

(A) An overview of WT and Trp53 & Cdkn2a KO basal MECs that were sorted using FACS to isolate RNA for RNA microarray expression analysis.
(B) GSEA results of the hallmark gene set TNF-o via NF-kB of WT and Trp53 & Cdkn2a KO basal MECs. Three biological replicates of each
genotype were analyzed. All significant GSEA results are shown in Table S1.

(C) Fluorescence image of an in vitro organoid formation assay showing 150 WT or Trp53 & Cdkn2a KO basal cells treated with TNF-o.. Photos
shown are examples of wells treated with 100 ng/mL TNF-a for 2 weeks.

(D and E) Plots show the number (D) and size (E) of organoids that had formed after 150 WT and Trp53 & Cdkn2a KO basal MECs were cultured
for 2 weeks in the presence of 0, 10, or 100 ng/mL TNF-c.. Data from four biological replicates and three technical replicates are displayed.
In (D), the number of organoids counted in each wellis displayed (n = 12 wells). In (E), the symbol shows the mean organoid size. Data are
presented as mean + SEM. Two-way ANOVA compares WT basal MECs in the presence of different concentrations of TNF-a in light gray,
Trp53 & Cdkn2a KO basal MECs at different concentrations of TNF-o in dark gray, and WT to Trp53 & Cdkn2a KO basal MECs at each
concentration of TNF-a in black (**p < 0.01; ****p < 0.0001; two-way ANOVA).

do not regenerate in vitro (Figure S4B), we focused on basal  signaling via NF-«xB was enhanced in Trp53 & Cdkn2a KO
MECs. WT and Trp53 & Cdkn2a KO basal MECs were sorted  basal MECs (Figure 4B and Table S1). TNF-« is a cytokine
using FACS, and their respective RNAs were extracted and released by immune cells, predominantly by macrophages.
submitted for RNA microarray analysis (Figure 4A). Gene Upon binding to a receiving cell, it can stimulate cell sur-
set enrichment analysis (GSEA) revealed that TNF-a vival or cell death depending on other actors in the cell.
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When the TNF-a signaling cascade activates the transcrip-
tion factor complex NF-kB, NF-«B stimulates cellular sur-
vival by increasing proliferation and inflammation (Ting
and Bertrand, 2016). To investigate if TNF-a affects the
growth of basal MECs, we exposed WTand Trp53 & Cdkn2a
KO basal MECs to different concentrations of TNF-a in an
organoid formation assay. Exposure to TNF-« led to an in-
crease in organoid number and size, regardless of genotype
(Figures 4C-4E). The number of organoids formed upon
TNF-o. exposure was similar between WT and Trp53 &
Cdkn2a KO basal MECs and did not change as the concen-
tration of TNF-a increased (Figure 4D). Notably, Trp53 &
Cdkn2a KO basal MEC organoids grew significantly larger
than their WT counterpart when exposed to 100 ng/mL
TNF-a (Figure 4E). Thus, while TNF-a stimulates the forma-
tion and proliferation of both WT and Trp53 & Cdkn2a KO
basal MEC organoids equally, organoids derived from
Trp53 & Cdkn2a KO basal MECs were larger in size.

DISCUSSION

In this report, we set out to understand the molecular
mechanisms that regulate self-renewal and proliferation
in the epithelium of the mammary gland. We focused on
the roles of p53, p16™%4? and p194*¥, as they have been re-
ported to play an important role in the suppression of he-
matopoietic self-renewal and proliferation (Akala et al.,
2008). Unlike the hematopoietic system, we find that
p53, p16™&42 and p19”*F do not regulate short-term self-
renewal or proliferation in C57BL/6] mice. Interestingly,
we found that Trp53 KO MECs in these mice show a lower
long-term regeneration ability than Trp53 & Cdkn2a KO
MECs. This is in line with the report that loss of p16™<#
rather than Trp53, contributes to the self-renewal of quies-
cent mammary stem cells (Cai et al., 2017). On the other
hand, long-term self-renewal is similar between Trp53 KO,
WT, and Cdkn2a KO MECs. Furthermore, ablation of any
of these tumor-suppressor genes does not affect prolifera-
tion in secondary transplantations. Therefore, we conclude
that overall, p53, p16™%*?, and p19*** do not play a signif-
icant role in mammary gland self-renewal or are not suffi-
cient to regulate mammary gland self-renewal.

Previously, other groups have examined the effects of
these three tumor suppressors on mammary epithelium
self-renewal using transplantation assays. In accordance
with what we report, Pietersen et al. found that WT and
Cdkn2a~'~ MECs have the same number of self-renewing
cells (Pietersen et al., 2008). The three groups that studied
p53 and mammary gland self-renewal found an increase
in self-renewing cells in the absence of Trp53. Two groups
used different mouse strains in their studies (Chiche
et al., 2013; Tao et al., 2011). It has been widely reported

that the use of different mouse strains can affect results
(Rivera and Tessarollo, 2008). A third group also reported
on the increase in self-renewal in Trp53’/ ~ MEC:s, using a
C57BL/6] Trp53 null mouse (Cicalese et al., 2009), in
contrast to our conditional CS57BL/6] Trp53 KO model,
where Trp53 is absent in only a subset of cells. Moreover, af-
ter digestion, Cicalese et al. transplanted all remaining cells
of the mammary fat pad, including Trp53~/~ stromal cells,
whereas we used FACS to select for MECs. In the case of can-
cer, stromal cells can stimulate tumor growth by silencing
p53 (Bar et al., 2010). This raises the possibility that the
loss of p53 in stromal cells influences mammary stem cell
frequency. It would be interesting to investigate the repo-
pulation frequency of Trp53 null and conditional Trp53
KO glands in a WT and Trp53 null environment to answer
this question. To corroborate the reliability of our data, we
used FACS to select for GFP* MECs, whereby once trans-
planted, the color marker facilitated the identification of
transplanted donor cells among the colorless cells in recip-
ient mice.

In our mouse model we make use of the Krt14-Cre trans-
genic mouse. It is important to note that normal mammary
development has been reported in this transgenic strain
(Mitchell and Serra, 2014). However, Cre expression can
result in unintentional effects. For example, in a different
Krt14-Cre inducible mouse, tetraploid keratinocytes form
in the skin (Janbandhu et al., 2014). To limit potential
misinterpretation of our data, all four mouse models in
this study expressed Krt14-Cre and at least one target loxP
site. Moreover, our WT (1/5,385) limiting dilution data
show a frequency similar to that of C57BL/6] WT cells
(1/9,045) (Scheeren et al., 2014), noting that due to the
absence of a mammary epithelial marker, Scheeren et al.
included stromal cells, resulting in a decreased frequency
compared with our WT mice.

Unlike the hematopoietic multipotent progenitor, we
find that mammary luminal progenitors do not acquire
the ability to self-renew. It remains possible that we did
not transplant enough cells to find a regenerating Trp53
& Cdkn2a KO CD14" luminal progenitor, but if one does
arise in the mutant progenitor it is very rare. Another pos-
sibility is the existence of a different mammary progenitor
cell type, not marked by luminal CD14", which is sensitive
to the ablation of Trp53, p16™5# and p19**. If this is true,
unlike in the hematopoietic system, such a mutated cell
does not affect self-renewal significantly, since the repopu-
lation frequency is not affected in primary transplants.

Comparing WT and Trp53 & Cdkn2a KO basal MEC tran-
scriptional data, we found an enhancement of TNF-a
signaling via the NF-kB pathway in the Trp53 & Cdkn2a
KO basal MECs. We validated these results by exposing
WT and Trp53 & Cdkn2a KO basal MECs to TNF-a in vitro.
TNF-a exposure strongly increased the number of basal
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MECs growing out into organoids and their ability to pro-
liferate. While TNF-a equally affected organoid number, it
resulted in enhanced proliferation in Trp53 & Cdkn2a KO
basal MECs. In the rat mammary gland, TNF-a induces
cellular proliferation as well (Ip et al., 1992). In mice,
TNF-o exposure activates NF-kB, enabling the epithelial
cells of the liver, the hepatocytes, to be extensively
passaged in vitro and even subsequently engrafted in vivo
(Peng et al., 2018). Molecularly, p16™*4?, p19RF and p53
can interact with NF-kB. p16™¥*® and p19*** can suppress
the transcriptional activity of the NF-«B complex (Rocha
etal., 2003). The literature on p53 and NF-kB is more exten-
sive, describing how p53 can modulate NF-«xB (Perkins,
2012). In contrast, mutant p53 can disrupt modulation,
increasing and strengthening NF-«kB activity to promote
proliferation and tumorigenesis (Weisz et al., 2007). NF-
kB activation is involved with various cancer hallmarks,
but most notably with inflammation, often induced by
TNF-o (Taniguchi and Karin, 2018). TNF-a is highly ex-
pressed in macrophages, and macrophages are part of the
stromal niche of the mammary gland. Eliminating macro-
phages impairs mammary gland development and mam-
mary stem cell self-renewal (Chakrabarti et al., 2018). Our
data indicate that losing tumor suppressors p53, p16™ 42,
and p19**" makes mammary cells more prone to excessive
proliferation in the presence of inflammation. Therefore,
our data highlight the importance of controlling inflam-
mation to slow down the mutation-prone overprolifera-
tion and the subsequent oncogenic transformation when
mammary stem cells lose their genome guard p53 and
senescence triggers p16™ 42 and p19”RF,

EXPERIMENTAL PROCEDURES

Animal Care and Use

Mice were purchased from The Jackson Laboratory: Trp537"
(Stock 008462), Krt-14-Cre (Stock 004782), mT/mG (Stock
007676), and weaning-aged transplantation recipients C57BL/
6] (Stock 000664). From the NCI Mouse Repository we pur-
chased Cdkn2a null (Stock 01XB1) mice. All mice were females
and backcrossed into the C57BL/6] background for at least six
generations. All mice used for this study were maintained at
the Stanford Veterinary Service Center in accordance with the
guidelines of the Administrative Panel on Laboratory Animal
Care (APLAC 10868).

Tissue Processing and FACS

Mammary fat pads from adult virgin mice were surgically resected,
digested, and filtered to obtain a single-cell suspension. In between
digestion steps and prior to FACS, cells were kept in HBSS (catalog
No. 21022CV, Corning) + 2% FBS (catalog No. FB-01, Omega Scien-
tific) + PSA (catalog No. 15240112, Gibco). Cells were stained with
fluorophore-attached antibody and DAPI for FACS.
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Transplantations

Cells, counted with a hemocytometer, in HBSS + 2% FBS + PSA
were mixed with 50% Matrigel (catalog No. 356234, Corning)
were injected at 10 ul into a cleared fat pad of a weaning-age
mouse, as previously described (Cai et al., 2017). Secondary trans-
plants were performed as shown in Figure S2. After at least 7 weeks,
transplants were dissected and photographed using a fluorescence
microscope.

Mammary Organoid Growth Assay

Cells were plated in a 96-well plate on growth-factor-reduced
Matrigel (catalog No. 354230, Corning) in culture medium, which
is described in the Supplemental Experimental Procedures.

RNA Extraction

Using FACS, cells were directly sorted into RNAprotect (catalog No.
76526, Qiagen). RNA was extracted using the RNeasy micro kit
(catalog No. 74004, Qiagen), according to the manufacturer’s
instructions.

RNA Microarray and RNA Microarray Data Analysis
Library preparation, hybridization, and scanning were all
performed by the Stanford protein and nucleic acid facility (PAN
facility) using the Mouse Gene 2.0 ST Array (catalog No. 902118,
Affymetrix). Data were analyzed using Transcriptome Analysis
Console Software (Thermo Fisher Scientific). Patterns in gene
expression were analyzed using GSEA v.4.0.1 (Mootha et al.,
2003; Subramanian et al., 2005) and the hallmark gene sets
(Liberzon et al., 2015).

Quantification and Statistical Analysis

Statistical tests used are indicated in the figure legends; data are
presented as the mean + SEM. Determination of transplant size is
explained in Figure S2. The frequency of repopulating cells in the
primary transplantation assay was calculated using ELDA (Hu
and Smyth, 2009). To count organoid number and size, images
taken from each experiment were processed simultaneously. Pho-
toshop CS6’s threshold function removed background noise to
show only organoids; this allowed for automated counting and
size analysis. Subsequently, using ImageJ v.1.51, we used Analyze
Particles to count and measure the size of the organoids. All graphs
were made in Prism 8. FACS data were analyzed in FlowJo v.10.

Data and Code Availability
Microarray expression data (GEO: GSE137573) are available in the
Gene Expression Omnibus.
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