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Abstract

Prolactin (PRL) cooperates with other factors to orchestrate mammary development and lactation,
and is epidemiologically linked to higher risk for breast cancer. However, how PRL collaborates
with oncogenes to foster tumorigenesis and influence breast cancer phenotype is not well
understood. To understand its interactions with canonical Wnt signals, which elevate mammary
stem cell activity, we crossed heterozygous NRL-PRL mice with Apc™"* mice and treated
pubertal females with a single dose of mutagen. PRL in the context of ApcVi* fueled a dramatic
increase in tumor incidence in nulliparous mice, compared to Apc™* alone. Although
carcinomas in both NRL-PRL/ApcMi"* and ApcMi"* females acquired a mutation in the
remaining wildtype Apcallele and expressed abundant B-catenin, PRL-promoted tumors displayed
higher levels of Notch-driven target genes and Notch-dependent cancer stem cell activity,
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compared to B-catenin-driven activity in Apc"”* tumors. This PRL-induced shift to dominant
Notch signals was evident in preneoplastic epithelial hyperplasias at 120 days of age. In NRL-
PRL/ApcMin’* females, rapidly proliferating hyperplasias, characterized by p-catenin at cell
junctions and high NOTCH1 expression, contrasted with slower growing lesions with nuclear -
catenin in ApcMi"* females. These studies demonstrate that PRL can powerfully modulate the
incidence and phenotype of mammary tumors, shedding light on mechanisms whereby PRL
elevates risk of breast cancer.
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1. Introduction

Prolactin (PRL) cooperates with other hormones and growth factors to orchestrate normal
mammary development and lactation [1]. Like many critical regulators of mammary
function, PRL has been epidemiologically implicated in the risk for breast cancer. Large
prospective nested case control studies of women in the U.S. and Europe have demonstrated
that women with higher circulating levels of PRL have a heightened risk for breast cancer,
although significant findings regarding menopausal status and breast cancer subtype differ
somewhat between these reports [2, 3]. Breast cancer develops in the context of
dysregulation of multiple pathways and mutations. How PRL collaborates with other players
that control mammary growth and differentiation to foster tumorigenesis and influence the
phenotype of breast cancers is not well understood.

Genetically modified mouse models of both PRL/ PRL receptor ablation and PRL
overexpression have linked PRL to development of mammary tumors (for review, [4]). In the
NRL-PRL mouse, transgenic mammary expression of PRL mimics the local PRL synthesis
observed in women [5, 6]. Nulliparous NRL-PRL females in the F\VB/N genetic background
spontaneously develop aggressive ER+ adenocarcinomas after a long latency [7, 8],
paralleling the human epidemiologic data. Analysis of PRL actions and crosstalk with
ovarian steroids prior to visible lesions in this model revealed that PRL increases mammary
progenitor/ stem cells, associated with modulation of transcriptional networks that drive
epithelial differentiation [9]. Transcriptome analysis over the course of PRL-induced
oncogenesis revealed heightened Notch activity in hyperplastic lesions and established
tumors [8].

Whnts are a diverse family of secreted ligands, which initiate multiple signals essential for
mammary development (reviewed in [10-12]). The best characterized downstream signaling
cascade is the “canonical pathway”, which is mediated by nuclear p-catenin. Wnt signals
increase p-catenin levels by reducing activity of a destruction complex, which includes the
tumor suppressor Adenomatous polyposis coli (APC) and targets p-catenin for proteasomal
degradation. The resulting elevated levels of p-catenin permit translocation to the nucleus
where it associates with TCF transcription factors to regulate target genes. B-catenin is also
an important component of adherens junctions, where it associates with cadherins and a.-
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catenin to form polarized epithelium [13]. Although their actions in clinical breast cancer
remain poorly understood, Wnts and the plethora of secreted, membrane and intracellular
proteins that modulate their actions are widely dysregulated across breast cancer subtypes
[14-18]. In mouse models, elevated canonical Wnt signals expand mammary stem cells, and
result in complex squamous tumors, frequently containing ductal, acinar, and myoepithelial
components (reviewed in [11, 12]).

Breast tissue in women may be exposed to both endocrine pituitary PRL and locally
produced PRL throughout their lives [6, 19, 20]. In order to understand how PRL may
influence responses to canonical Wnt signals in mammary tumorigenesis, we crossed
heterozygous NRL-PRL mice with ApcMi"* mice. The ApcViM point mutation creates a
protein truncated at aa850 [21], which reduces degradation of B-catenin, thereby raising
canonical Wnt signals. Although originally identified as a murine model for human familial
adenomatous polyposis, the germline ApcM" allele also leads to mammary cancer in
heterozygous females, particularly in response to exposure to chemical mutagens and
ionizing radiation during puberty [22, 23]. Importantly, the germline Apc™* mutation,
unlike mammary promoter-driven p-catenin transgenes, does not select for mammary cell
subtype. In combination with the locally secreted ligand of the NRL-PRL model, it permits
unbiased evaluation of the net effects of the interactions of these factors on mammary
pathology.

Our results show that PRL in the context of ApcMi™* dramatically increased the incidence of
mammary tumors, compared to ApcVi"* alone. Carcinomas in both Apci"* and NRL-
PRL/ApcVin* females exhibited diverse histotypes, similar patterns of B-catenin and ERa
expression, and acquisition of a mutation in the remaining wildtype (WT) Apcallele.
However, tumors in NRL-PRL/ApcMi* females displayed higher cancer stem cell (CSC)
activity, and self-renewal was dependent on Notch signals rather than canonical Wnt signals
as observed in tumors in ApcVi"’* females. Examination of mammary glands from age-
matched females prior to palpable tumors revealed that despite similar numbers of epithelial
hyperplasias in NRL-PRL/ApcVi* females, these lesions were larger and proliferated more
rapidly than hyperplasias in Apc""* females, and expressed high levels of Notch receptors,
in contrast to the canonical Wnt signals in Apc""* females. These studies demonstrate that
PRL cooperates with elevated B-catenin to powerfully modulate the incidence and signaling
pathways of mammary tumors, shedding light on mechanisms whereby PRL contributes to
the risk of breast cancer.

2. Materials and methods

2.1. Reagents

The following antibodies were used for immunohistochemical analyses: 5-bromo-2-
deoxyuridine (BrdU, MAS-250) from Accurate Scientific (Westbury, NY); estrogen receptor
a (ERa; SC-542) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); p-catenin
(610153) from BD Biosciences (San Jose, CA); Notchl (Ab52627) from Abcam
(Cambridge, MA). iCRT14 (SML-0203), -y-Secretase Inhibitor (52188; CAS Number
200810-93-1) and BrdU (B5002) were obtained from Sigma-Aldrich (St. Louis, MO).
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2.2. Experimental mice and treatment administration

NRL-PRL mice in the FVB/N strain background [24] and ApcVi"* mice in the C57BL/6J
strain were generated as described [22]. Primers used for genotyping are shown in Suppl.
Table S1. Mice were bred, housed and handled in accordance with the Guide for Care and
Use of Laboratory Animals in AAALAC-accredited facilities, and all procedures were
approved by the University of Wisconsin-Madison Animal Care and Use Committee
(G005201). Heterozygous NRL-PRL females were crossed with Apc"/”* males to produce
F1 females. Experimental mice were injected with single dose of the mutagen, ENU
(50mg/kg body weight) at puberty (38-42d of age), which increases the incidence of
mammary tumors in the ApcVi"* model [22, 25, 26]. For some experiments, mice were
injected with 200 mg/kg body weight BrdU 1h prior to euthanasia to label cells undergoing
DNA synthesis. Mice were observed daily for overall health and biweekly for palpable
mammary tumors. Mammary glands from 16-20 mice of each genotype were collected from
an age-matched cohort at 120 days of age, and the remainder at end stage (defined as tumors
of 1.5cm in diameter, or when animals exhibited loss of body condition or reached 500 days
of age, whichever occurred first).

2.3. Sequencing of a mutational hotspot in the Apc gene

In order to identify somatic mutations in a region of the Apc gene previously shown to be a
common site of nonsense mutations in mutant Apc-driven mammary tumors [26, 27], we
sequenced both strands of this region by the Sanger method, as described previously [8]. The
region encoding amino acids 1512-1579 was amplified by primers tagged with M1340For
(forward strand) and M13R (reverse strand) (Suppl. Table S1) using Phusion Hot Start (New
England Biolabs M0535S) and 5ng of DNA. The PCR product was purified using the
QIAquick PCR Purification Kit (Qiagen 28104) and commercially sequenced (Genewiz,
South Plainfield, NJ). The traces for the forward and reverse sequences were manually
inspected using Sequence Scanner Software 2 v2.0 (ThermoFisher).

2.4. Tumorsphere assays

Single cell suspensions were prepared from end stage tumors, and the ability of these cells to
form colonies under nonadherent conditions (primary tumorspheres) and renew this capacity
(secondary tumorspheres) [28, 29] was assessed as described [30]. To examine the
importance of canonical Wnt and Notch signals for self-renewal of this activity /n vitro,
freshly seeded cells were cultured with vehicle (0.1% DMSO), 100uM iCRT14, or 50uM y-
Secretase Inhibitor (GSI) during development of primary tumorspheres, and ability to form
secondary tumorspheres in the absence of further treatment was quantified.

2.5. Quantitative real-time PCR

Total RNA was isolated from end stage tumors or isolated mammary epithelial cells [30],
and specific transcripts were quantified by gRT-PCR as described [31] using the primers
shown in Suppl. Table S1. Results were calculated using the comparative Ct method and
normalized to 18S RNA.
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2.6. Histological and whole mount analyses

Mammary tissues were histologically examined, and apoptotic and BrdU-labeled cells in

epithelial hyperplasias were quantified as described [24, 30]. Ductal branching was

quantified as described [32]. For analyses of large hyperplasias, the left mammary chains

from age-matched 120 day old females were whole-mounted and stained with carmine alum

[33]. Volumes of individual lesions which were grossly visible under a dissecting
microscope were calculated by: (the largest diameter x (the smallest diameter)? x 0.4).

2.7. Statistical analyses

Statistical analyses were performed using Prism v.8.30 (GraphPad Software, Inc., San
Diego, CA), or MSTAT, v.6.6.1 (N. Drinkwater, McArdle Laboratory for Cancer Research).
Statistical tests are indicated in the figure legends. Differences were considered significant at
p<0.05.

3. Results

3.1. PRL dramatically increases the incidence of mammary tumors in the context of

ApCMin/+

The role of the Wnt pathway in breast cancer has been extensively studied, including
examination of the susceptibility of ApcVi"* females to mutagen-induced mammary
carcinogenesis [22, 25, 26]. To determine how PRL may influence this process, we crossed
heterozygous NRL-PRL FVB/N with ApcVi* C57BL/6J mice, generating the four
genotypes in the F1 genetic background (Fig. 1A). At puberty, when the developing gland is
more susceptible to carcinogenesis [34, 35], females were injected with single dose of the
mutagen, ENU, and nulliparous females were monitored for development of mammary
tumors. As expected, very few wildtype females developed mammary lesions (Fig. 1B). In
contrast to the high penetrance in the FVB/N strain [24], locally elevated transgenic PRL in
the absence of the Apc mutation promoted few tumors in this F1 background (11%
incidence). The C57BL/J6 alleles reduce carcinogenesis driven by many mammary
oncogenes (e.g., [36-38]). Similar to an earlier report in the same F1 strain background [25],
33% of ENU-treated ApcV"* females developed mammary tumors. However, the
combination of NRL-PRL and Apc""* increased the incidence of mammary tumors to
76%, indicating that PRL strongly potentiates ApcM™*-induced tumorigenesis (P=0.008,
logrank test).

Despite the pronounced effect of PRL on tumor incidence, mammary tumors that developed
in both ApcVi* and NRL-PRL/ApcMi* females displayed a similar range of tumor
histotypes [39], which differed only by restriction of the papillary histotype to NRL-PRL/
ApcVin’* tumors (Fig. 1C, Fig. S1A, Fig. S2). All tumors in both genotypes robustly
expressed nuclear ERa.. In light of the critical role for f-catenin in the ApcMin’* model, we
examined its expression and location by immunohistochemistry. All tumors in both ApcMi*
and NRL-PRL/ApcMi"* females exhibited strong B-catenin expression, which was
heterogeneously located at cell junctions, and in the cytoplasm and nucleus (Fig. 1D, Fig.
S1B). In contrast, the few tumors that formed in NRL-PRL females accumulated little -
catenin (Fig. S1C, D).
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Mutagen-induced mammary tumors in ApcMi"* females are characterized by acquisition of
somatic mutations in the remaining WT Apcallele, which are especially common in a
“hotspot” spanning codons 1512-1579 [26, 27] (Fig. S3A). We therefore sequenced this
region of the Apc gene in a subset of tumors with representation across histotypes. As
expected, all mammary tumors from ApcM™* females (9/9) showed a “second hit” in this
region. Thirteen of 17 tumors in NRL-PRL/ApcMi"* females also exhibited a mutation in
this region, which was independent of histotype (Fig. S3B). The frequency of this additional
Apc mutation was not significantly different between genotypes (P=0.263), demonstrating
that transgenic PRL does not significantly alter this feature of ApcVi"*-facilitated mammary
tumorigenesis. Together, these data show that the established tumors that develop in both
genotypes are morphologically similar, and exhibit robust p-catenin expression.

3.2. Notch signals dominate in tumors in NRL-PRL/ApcMin* females, in contrast to
canonical Wnt signals in ApcMin*females

In order to examine other characteristics of these tumors which may be influenced by PRL,
we assessed CSC activity using the established tumorsphere assay [28, 29]. Tumors from
NRL-PRL/ApcMin’* females exhibited about 40% higher activity as primary tumorspheres
(Fig. 2A). We previously demonstrated that both Wnt and Notch signals contributed to self-
renewal of CSC activity in PRL-induced tumors in the FVB/N genetic background [30]. In
order to determine the importance of these pathways in Apc"”* and NRL-PRL/ApcMin'+*
tumors in the F1 genetic background, we exposed tumor cells to inhibitors during formation
of primary tumorspheres, and then examined the ability to form secondary tumorspheres in
the absence of any inhibitors. Cells were treated with vehicle, iCRT14, which potently
inhibits p-catenin responsive transcription, or a GSI, which blocks Notch signaling by
preventing its cleavage at the cell surface. As shown in Fig. 2B, iCRT14 exposure decreased
secondary sphere formation in cells from Apc"”* tumors (~55%), whereas GSI had no
effect. In contrast, GSI reduced secondary spheres from NRL-PRL/ApcVi"* tumors by
almost 70%, while iCRT14 elicited little response. These results demonstrate that CSC self-
renewal in tumors in the ApcVi"* and NRL-PRL/Apc™* models is controlled by
strikingly different signaling pathways.

To examine the relative activity of canonical Wnt and Notch pathways in the total
heterogeneous tumor cell population, we examined levels of transcripts for well-established
target genes of both signaling cascades. These results mirrored the dependence of CSC self-
renewal: NRL-PRL/ApcM™* tumors displayed higher levels of Notch regulated mRNAs
(Hes1, Heyl), in contrast to higher levels for targets of canonical Wnt signals (Axin2, Tcf4)
in tumors from ApcV* females (Fig. 2C).

3.3. Mammary glands in NRL-PRL/ApcMi"* females exhibit larger epithelial hyperplasias

In order to understand the mechanisms underlying the PRL-increased tumor incidence and
altered pathway activation in the context of the ApcVi"* mutation, we examined mammary
glands of ENU-treated nulliparous females at 120 d of age, prior to palpable tumors.
Examination of whole mount preparations from all four genotypes revealed substantial
differences. Only a few small lesions were visible in the glands from wildtype or NRL-PRL
mice (Fig. 3Ai, ii), as expected from the low tumor incidence in these genotypes. In contrast,
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multiple large epithelial hyperplasias were readily detectable in both Apc™”* and NRL-
PRL/ApcMi"* glands (Fig. 3A.i, ii). Although the number of these lesions was similar
between these two genotypes (Fig. 3Aii), they were significantly larger in NRL-PRL/
ApcMin’+ glands (Fig. 3Aiii). A closer examination of the ductal trees showed that NRL-
PRL/ApcMi"* glands exhibited significantly more branching compared to WT and ApcMin*
glands (Fig. S4A, B). Microscopic examination confirmed the greater incidence of
abnormalities in ApcM™* and NRL-PRL/ApcM™"* animals (Fig. SAC, D, Fig. 4A).
Interestingly, NRL-PRL females, which developed few tumors and few large hyperplasias in
the F1 genetic background, also displayed detectable, although infrequent, abnormalities
(irregular ductal epithelium, small hyperplasias) (Fig. S4C, D), which are prominent features
of the NRL-PRL model in the FVB/N strain background in the absence of mutagen [24].

Large epithelial hyperplasias were only observed in the mammary glands of NRL-PRL/
ApcMin’* and ApcMin’* mice, so we further analyzed cell turnover in these genotypes.
Consistent with the larger size in NRL-PRL/Apci"* compared to ApcVi* mammary
glands (Fig. 3Al, ii), the rate of proliferation was higher in these lesions in NRL-PRL/
ApcVin’+ glands (Fig. 3Bi, ii). However, no difference in apoptosis was observed (Fig.
3Biii). Together, these data suggest that PRL promotes lesion progression in part by
increasing proliferation.

3.4. Preneoplastic lesions in NRL-PRL/ApcMin/* females exhibit elevated Notch signals

In order to understand the role of B-catenin in the large epithelial hyperplasias present in the
120 day old females, we examined its expression/ location by immunohistochemistry. As
shown in Fig. 4A, B-catenin was located primarily in the nucleus of cells in these structures
in ApcMin’* mice, whereas in NRL-PRL/ApcMi"* females, it was strikingly enriched at cell
junctions. In contrast, p-catenin did not accumulate in morphologically normal ductal
epithelium in either genotype (Fig. S5). Mammary epithelial cell preparations from ApcMin*
females contained significantly higher levels of Axin2 mRNA, consistent with nuclear -
catenin (Fig. 4Bi). Interestingly, ApcMi"* cells also contained higher levels of transcripts for
Nrarp, a negative regulator of Notch signals [40]. NRL-PRL/Apc™"* mammary epithelial
cells contained lower levels of mRNA for the cell cycle inhibitor CaknZc, which predicts
expansion of luminal progenitors [41] and is repressed by Notch signals [42], and higher
levels of Ccnel transcripts, which are increased by Notch [43], consistent with the observed
increased proliferation (Fig. 4Bii). Levels of CcndZ mRNA did not differ between these
genotypes (data not shown). SOX transcription factors influence cell fate in multiple tissues,
and interact with both B-catenin and Notch signals [18, 44]. As shown in Fig. 4Biii,
mammary epithelial cells from ApcMi"* females expressed much higher levels of Sox2
mRNA relative to cells from NRL-PRL/ApcMi"* females, whereas Sox9 mRNA was more
modestly affected.

To further examine Notch signaling in 120 day old females, we determined relative
transcript levels for the receptors, NOTCH 1-4. Notch1 and Notch?2 mRNAS, but not Notch3
or Notch4, were significantly higher in mammary epithelial preparations from NRL-PRL/
ApcVi* compared to ApcVi* females (Fig. 4C), and NOTCH1 protein was readily
detected in hyperplasias in NRL-PRL/ApcVi™*, but not ApcMi* mice (Fig. 4D). In
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contrast, epithelial cells in morphologically normal ducts exhibited little detectable
NOTCH1 expression in either genotype (Fig. S6). Together, these data demonstrate that
elevated PRL exerts dramatic effects on hyperplastic mammary epithelia in the context of
ApcMin'* increasing proliferation, and shifting the dominant signaling pathway from
canonical Wnt signals toward Notch signals.

Discussion

Despite the epidemiologic association of PRL with increased risk for development of breast
cancer [2, 3, 45, 46], its contributions to oncogenic processes and the resulting phenotype of
breast cancers are not well understood. Here we utilized defined mouse models to examine
the influence of this hormone on tumorigenesis driven by canonical Wnt signals, which
expand mammary stem cell populations and drive oncogenesis in multiple experimental
models. The murine genetic background employed here permitted relatively few mammary
tumors in response to either the NRL-PRL transgene or ApcMi™* alone, revealing a
powerful synergistic increase in tumor incidence when both genetic modifications were
present. Although tumors in both NRL-PRL/ApcM™* and Apc* females expressed
abundant B-catenin at heterogeneous locations, tumors that developed in the presence of
elevated PRL displayed higher levels of Notch downstream targets and Notch-dependent
CSC activity, in contrast to the p-catenin-driven activity observed in ApcM* tumors.
Tumors in NRL-PRL/ApcMin’* females were preceded by rapidly proliferating epithelial
hyperplasias, characterized by p-catenin located at cell junctions and high levels of Notch
receptors, compared to more slowly growing hyperplasias with nuclear p-catenin that
developed in the absence of elevated PRL.

Whnt and Notch are important developmental pathways which are frequently altered in many
cancers [13, 16-18, 47, 48]. Canonical Wnt signals and SOX2 contribute to maintenance of
pluripotency/ stem cell activity of many tissues, including the mammary gland [11, 17, 18,
49-52]. In contrast, Notch signals dominate in more differentiated progenitor subpopulations
in many cell lineages [50, 51, 53]. Although expressed in several mammary epithelial cell
subpopulations, Notch receptors, especially NOTCH1, have been linked most closely to an
ER- luminal progenitor population [50, 54, 55]. SOX9 plays a role in determining luminal/
basal cell fate and marks ER- luminal progenitor cells [56, 57]. Accumulating evidence
suggests that these cells are important cells of origin for luminal as well as BRCAL basal
breast cancers (reviewed in [50, 58]). Further, elevated NOTCH1 has been implicated in the
progression of ductal carcinoma in situ [59]. Although Wnt and Notch signals are inversely
related in the hierarchies of multiple tissues in development as well as tumorigenesis
[60-63], these pathways can cooperate in cancer, and growing evidence implicates
dysregulation of both pathways in treatment resistance of established breast cancers
(reviewed in [18, 53, 58, 64, 65]).

Our studies show that the PRL-induced shift from dominant Wnt to Notch signals in the
presence of elevated B-catenin is evident in preneoplastic mammary lesions. As expected,
epithelial hyperplasias in ApcVi™* females exhibited strong nuclear B-catenin localization
and transcriptional activity, associated with high Sox2transcripts. Consistent with the
inverse relationship observed in multiple other tissues (reviewed in [18, 53, 58, 64, 66]),
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Notch signals were inhibited in the presence of these strong canonical Wnt signals, indicated
by elevated Nraro mRNA, a negative regulator of Notch transcriptional activity [40]. PRL
did not significantly alter the acquisition of somatic mutations in the region of the Apc gene
previously associated with mammary tumors [26, 27], and consistently, large epithelial
hyperplasias in NRL-PRL/ApcM* mice also accumulated B-catenin. However, in NRL-
PRL/ApcVin’* females, B-catenin was enriched at cell junctions, rather than the nucleus, and
was associated with lower canonical Wnt signals and Sox2 mRNA and high NOTCH1
expression. The membrane Notch receptors in these hyperplasias may mediate both
canonical and noncanonical Notch activity. The latter may alter p-catenin trafficking and
contribute to its enriched membrane localization in these lesions [67, 68].

Our data indicate that PRL can robustly alter signaling pathways in mammary lesions early
in pathogenesis in the presence of the oncogenic driver, elevated p-catenin, with dramatic
consequences for the incidence and CSC activity of the resulting tumors. The augmented
Notch signals and rapid proliferation in epithelial hyperplasias of NRL-PRL/ApcMi*
females are consistent with observed PRL actions in the absence of other oncogenes in the
FVB/N genetic background. There, the NRL-PRL transgene increases a luminal progenitor
population by modulating transcriptional programs driving maturation [9], and
tumorigenesis is associated with elevated Notch signals [8]. Moreover, PRL impacts cell
cycle regulators and drives proliferation of mammary epithelial cells in multiple
experimental mouse models, including NRL-PRL, and in breast cancer cell lines /n vitro [4,
69, 70]. Together, these observations suggest that in the current study, PRL facilitates the
transition of B-catenin/SOX2 expanded stem cell populations fueled by mutations in Apc
into rapidly proliferating Notch-driven lesions, which efficiently progress to
adenocarcinomas.

This study extends our understanding of the mechanisms whereby PRL can cooperate with
other oncogenes to promote mammary tumorigenesis, illuminating the epidemiologic link
between PRL exposure and increased cancer risk. PRL has been reported to promote
mammary tumorigenesis in conjunction with multiple oncogenes, with implications for
several breast cancer subtypes [7, 71], suggesting context dependent actions. The importance
of the cell populations in early lesions has been shown to be an important determinant of
tumor phenotype [72]. Moreover, single cell sequencing has revealed a spectrum of cell
differentiation states within experimental tumors, underscoring the complexity of CSC
activity [73]. Understanding how endogenous factors which regulate the mammary epithelial
hierarchy, including hormones such as prolactin, collaborate with oncogenic processes to
promote dysregulated breast cancers is essential for formulation of preventative and
therapeutic strategies, and identification of patients who will benefit.
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Highlights:

Prolactin dramatically increased mammary tumor incidence in the context of
Apcﬁ/liﬂ/+

Prolactin/ApcVin’* tumors exhibited Notch-rather than Wnt-dependent CSC
activity

Prolactin induced Notch dominance and rapid proliferation in early lesions
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Fig. 1. Prolactin potentiates tumorigenesis in the Apc background.
(A) Experimental Design. Heterozygous NRL-PRL FVB/N females were crossed with

ApcMin* C57BL/6Jmales, generating the four genotypes in the F1 background. Pubertal
mice were injected with ENU as described in the Methods. A cohort of age-matched animals
was examined at 120 days of age, and the remainder allowed to age until end stage. (B) The
PRL transgene increased mammary tumor incidence in the ApcVi™* background (Apci*
vs. NRL-PRL/ApcM™* p=0.008, logrank test), but not tumor latency (Kaplan-Meier
analysis, followed by Mantel-Cox test, ns). N= WT, 28; NRL-PRL, 28; ApcMi* 30; NRL-
PRL/ApcMin’*, 40. (C) Tumors that developed in ApcV™* and NRL-PRL/ApcMi* females
displayed a similar range of histotypes, and abundant ERa expression. Tumors in NRL-
PRL/ApcMin* shown; ApcMi* tumors shown in Suppl. Fig. S1A, and NRL-PRL alone in
Suppl. Fig. S1C. Left, hematoxylin and eosin (H&E) stained representative histotypes (i, ii,
glandular; iii, iv, microacinar; v, vi, papillary; vii, viii, adenosquamous). Right, ERa
expression by immunohistochemistry; insets as shown. (D) Tumors that developed in
ApcMin* and NRL-PRL/ApcMi"* females exhibited similarly heterogeneous cellular
localization of B-catenin; insets as shown. Tumors in NRL-PRL/ApcM™* shown; ApcVin'+*
tumors in Suppl. Fig. S1B, and NRL-PRL alone in Suppl. Fig. S1D. (i, ii, glandular; iii, iv,
microacinar; v, vi, papillary; vii, viii, adenosquamous). White arrows indicate B-catenin at
cell junctions, black arrowheads point to nuclear B-catenin. Black asterisks denote cells with
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little detectable p-catenin, at background. Scale bars, 100 pm. Original magnifications,
H&E, x 100; ERa., B-catenin x 200.
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Fig. 2. Tumors that develop in NRL-PRL/ Apc'v“”/+ females exhibit GSI-dependent cancer stem
cell activity and elevated transcripts for Notch target genes.

(A) The frequency of CSC activity was assessed by the ability of tumor cells to form
primary tumorspheres as described in the Methods (tumorspheres/ 10,000 cells). Mean +
S.E.M., N=3. (*, p<0.05; unpaired Student’s t test). (B) Ability to renew CSC activity was
assessed by the ability of cells treated with DMSO, GSI, or iCRT14 (iCRT) during
formation of primary tumorspheres to form secondary tumorspheres (tumorspheres/ 10,000
cells). Mean = S.E.M., N=3. (*, p<0.05; **, p<0.01; one way ANOVA followed by Tukey
Multiple Comparison post tests). (C) Relative levels of transcripts for Notch (i) and
canonical Wnt (ii) target genes were determined by qRT-PCR. Mean £+ S.E.M., N=3. (*,
p<0.05; **, p<0.01, unpaired Student’s t test).
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Fig. 3. PRL increases the size, but not the number of epithelial hyperplasias in the Apc"’””/+

genetic background.
Pubertal females of the four genotypes were treated with ENU, and at 120 days of age,

mammary glands were examined (Fig. 1A). (A) Mammary glands from Apc""* and NRL-
PRL/ApcMin* females exhibited large hyperplastic lesions, compared to WT or NRL-PRL
females. (i) Representative micrographs of whole mounted mammary glands stained with
carmine alum (genotypes as shown). (ii) Apc""* and NRL-PRL/ApcVi"* glands contained
similar numbers of large lesions. [Number of large epithelial hyperplasias (EH) in the left
chain of mammary glands 2-5 of individual females]. (iii) Hyperplasias in NRL-PRL/
ApcMin’+ glands were larger than those in ApcMi"* glands. (Total volume of large EH per
the different genotypes was determined by the Kruskal-Wallis test followed by the Dunn’s
Multiple Comparison post test. (*, p<0.05; **, p<0.01; ***, p<0.005). (B) Hyperplastic
lesions in NRL-PRL/ApcMi* glands proliferated more rapidly than those in ApcVin'*
females. (i) Hematoxylin/ eosin stained glands. Scale bars, 500 um. Rates of proliferation
(i) and apoptosis (iii) in epithelial cells in large hyperplasias in NRL-PRL/ApcV"* and
ApcMin’* glands were determined as described in the Methods. Mean + S.E.M.; N=6 mice.
(**, p<0.01, unpaired Student’s t test.). Rates of apoptosis were not significantly different.
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Fig. 4. LaMge hyperplastic lesions in mammary glands from ENU-treated ApcM'”/+ and NRL-
PRL/Apc In/*+*females exhibit different localization of B-catenin and expression of Notch
receptors, which are associated with different levels of target genes regulating proliferation and
cell fate.

(A) Left, representative large hyperplasias from genotypes shown, stained with H&E.
Arrows indicate squamous changes. Right, representative immunohistochemistry for -
catenin, showing markedly different localization between these genotypes. Insets as shown.
Scale bars, 100um. Original magnifications, x200. (B) Relative levels of transcripts in
mammary epithelial cell preparations were determined by gRT-PCR. (i) indicators of Wnt
and Notch signals. (ii) cell cycle regulators. (iii) Sox genes. Mean + S.E.M., N=3-4. (*,
p<0.05; **, p<0.01, unpaired Student’s t test). (C) Relative levels of transcripts for Notch
receptors in mammary epithelial cell preparations were determined by gRT-PCR. Mean *
S.E.M., N=3-4. (*, p<0.05; unpaired Student’s t test). (D) Representative
immunohistochemistry for NOTCHL1, showing strikingly different levels of expression
between these genotypes. Insets as shown. Scale bars, 100um. Original magnifications,
x200.
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