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RANKL/RANK control Brca1 mutation-driven mammary 
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Breast cancer is the most common female cancer, affecting approximately one in eight women during their life-
time. Besides environmental triggers and hormones, inherited mutations in the breast cancer 1 (BRCA1) or BRCA2 
genes markedly increase the risk for the development of breast cancer. Here, using two different mouse models, 
we show that genetic inactivation of the key osteoclast differentiation factor RANK in the mammary epithelium 
markedly delayed onset, reduced incidence, and attenuated progression of Brca1;p53 mutation-driven mammary 
cancer. Long-term pharmacological inhibition of the RANK ligand RANKL in mice abolished the occurrence of 
Brca1 mutation-driven pre-neoplastic lesions. Mechanistically, genetic inactivation of Rank or RANKL/RANK 
blockade impaired proliferation and expansion of both murine Brca1;p53 mutant mammary stem cells and 
mammary progenitors from human BRCA1 mutation carriers. In addition, genome variations within the RANK locus 
were significantly associated with risk of developing breast cancer in women with BRCA1 mutations. Thus, RANKL/
RANK control progenitor cell expansion and tumorigenesis in inherited breast cancer. These results present a viable 
strategy for the possible prevention of breast cancer in BRCA1 mutant patients.
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Introduction

Risk factors for breast cancer development include 
exposure to environmental factors such as synthetic sex 
steroid hormones, endogenous hormones, or genetic pre-
disposition. In particular, germline mutations in breast 
cancer 1 (BRCA1) and BRCA2 account for 2%-10% of 
breast cancer cases depending on the ethnic population 
[1]. Although BRCA1/2 are involved in the repair of 
double-strand breaks in DNA, human evidence suggests 
a relationship between BRCA1/2 mutations, sex hormone 
levels, and cancer risk [2]. In addition, progesterone has 
been shown to play a role in mammary tumorigenesis 
of Brca1/p53 mutant mice [3]. However, the molecular 
mediators of BRCA1/2-associated risk and sex steroid 
exposure have not been identified. 

RANKL (receptor activator of NF-κB ligand), its re-
ceptor RANK, and the natural inhibitor osteoprotegerin 
(OPG) are essential for the development and activation 
of osteoclasts [4, 5]. Based on these findings, RANKL 
inhibition with a monoclonal antibody has been success-
fully developed as a rational therapy against osteoporosis 
and skeletal-related events in cancer patients [6-9]. In 
addition, RANKL/RANK are essential for the formation 
of a lactating mammary gland during pregnancy [10]. 
RANKL is secreted by estrogen receptor (ER)- and 
progesterone receptor (PR)-positive mammary epithe-
lial cells in response to progesterone, and subsequently 
acts in a paracrine fashion on ER/PR-negative epithelial 
progenitor cells, promoting proliferation and expansion 
of mammary epithelial cells [9, 11, 12]. Using genetic 
mouse models, we and others have previously shown 
that RANKL/RANK control progestin-driven mamma-
ry cancer [13, 14]. Interestingly, RANK signaling acts 
on progenitor cells, which are also believed to be “seed 
cells” for triple-negative breast cancer in carriers with 
BRCA1/2 mutations [15]. We therefore speculated that 
RANKL/RANK might have a role in the etiology of 
BRCA1/2 mutation-driven breast cancer. 

Results

Genetic inactivation of Rank protects from Brca1 dele-
tion-driven tumorigenesis

In mice the incidence of mammary tumors in the pres-
ence of only Brca1 mutation is low. Therefore, to directly 
assess the role of RANKL/RANK in Brca1 mutation-me-
diated tumorigenesis in vivo, we first deleted Brca1 and 
p53 in basal mammary epithelial cells and mammary 
progenitor cells using K5Cre mice [16] to induce mam-
mary cancer as previously reported [17, 18]. This line 
was then crossed into Rankflox/flox mice to examine Brca1 

deletion-induced tumorigenesis in the presence or ab-
sence of RANK expression (Supplementary information, 
Figures S1A, S1B and S2). All mouse lines examined 
appeared to develop normal mammary glands at puberty. 
In 4-month-old control K5Cre;Brca1;p53 double-mutant 
mice, we observed widespread epithelial hyperplasia 
(Figure 1A and Supplementary information, Figure S3) 
as well as low and high-grade mammary intraepithelial 
neoplasias (MINs) and invasive carcinomas (Figure 1B 
and 1C). The mammary glands of age-matched females 
with concomitant ablation of Rank appeared largely nor-
mal, displaying a significantly lower number of MINs 
and no detectable carcinomas (Figure 1A-1C and Sup-
plementary information, Figure S3). Quantification of 
branching points in whole mount stainings from female 
littermates further showed that loss of RANK significant-
ly decreased proliferation and pre-neoplasia observed in 
the absence of Brca1 and p53 (Supplementary informa-
tion, Figure S1C). Enhanced proliferation of mammary 
epithelial cells in K5Cre;Brca1;p53 double-mutant mice 
was confirmed using Ki67 immunostaining (Figure 1D 
and Supplementary information, Figure S1D). Impor-
tantly, we observed marked DNA damage in both dou-
ble- and triple-mutant mice as determined by γH2AX 
immunostaining (Figure 1D and Supplementary infor-
mation, Figure S1E). DNA damage was confirmed using 
a second marker, p53BP1 (Supplementary information, 
Figure S4A). Moreover, low- and high-grade MINs that 
developed in 4-month-old double- and triple-mutant mice 
expressed Cytokeratin5 (KRT5/CK5) and β-catenin, con-
firming the basal epithelial origin of these tumors (Sup-
plementary information, Figure S4B and S4C). These 
data show that genetic deletion of Rank in basal mamma-
ry epithelial cells markedly abrogates the development of 
intraepithelial neoplasms and invasive carcinomas as a 
consequence of Brca1;p53 mutations. 

The occurrence of skin cancer commonly observed 
in the K5Cre;Brca1;p53 double- [17, 18] as well as 
K5Cre;Rank;Brca1;p53 triple-mutant mice precluded 
further analysis of mammary tumorigenesis beyond the 4 
month time point. We therefore switched the Cre deleter 
line and introduced all three conditional alleles onto a 
WapCreC mouse background [19] (Supplementary in-
formation, Figure S5A). Of note, in this mouse line, the 
whey-acid protein (Wap) activity is independent of dox-
ycycline and pregnancy, and the Cre activity is present in 
both luminal and basal epithelial cells in the mammary 
gland [19] (Supplementary information, Figure S2). 
As expected from our previous work using whole-body 
Rank mutants or MMTVCre- and K5Cre-driven Rank 
deletion, WapCreC-mediated Rank deletion had no ap-
parent effect on formation of the mammary gland during 
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puberty (Supplementary information, Figure S5B). 
While all WapCreC;Brca1;p53 mutant females developed 
palpable tumors starting around day 100 after birth, con-
comitant Rank deletion in the mammary epithelium sig-
nificantly delayed tumor onset (Figure 2A). The median 
tumor onset for WapCreC;Brca1;p53 mice was 158 days, 
whereas the median onset for WapCreC;Rank;Brca1;p53 
triple-mutant mice was 184 days. Importantly, while all 
WapCreC;Brca1;p53 double-mutant females developed 
mammary carcinomas, 25% of WapCreC;Rank;Brca1;p53 

triple-mutant littermates never developed any tumors 
(Figure 2A). This was also reflected by the overall sur-
vival rates (Supplementary information, Figure S5C), 
even when we followed these females up to 2 years of 
age. Once mammary tumors developed in both double- 
and triple-mutant mice, their growth curves appeared to 
be similar (Supplementary information, Figure S5D). 
Thus, WapCreC-driven deletion of Rank delays the onset 
and in 25% of cases even completely prevents the devel-
opment of Brca1;p53 mutation-driven mammary cancer.

Figure 1 Ablation of Rank in mammary epithelial cells markedly decreases tumor formation in Brca1/p53 mutant female mice. (A) 
Representative whole mount images (haematoxylin staining, magnification 52×) and paraffin sections (H&E staining, scale bar, 
200 µm) of mammary glands from 4-month-old K5Cre;Brca1;p53 double- and K5Cre;Rank;Brca1;p53 triple-knockout littermate 
mice. (B) Representative images (H&E staining, scale bar, 100 µm) and (C) quantification of low-grade MINs, high-grade MINs and 
adenocarcinomas in mammary glands from 4-month-old K5Cre;Brca1;p53 and K5Cre;Rank;Brca1;p53 mutant littermates. Data 
are shown as average number of foci/section of 1 inguinal and 2 thoracic mammary glands per mouse +/– SEM. n ≥ 4 mice/group. 
*P < 0.05, ***P < 0.001 (2-way ANOVA). (D) Representative images of Ki67 and γH2AX immunostaining of mammary glands from 
4-month-old K5Cre;Brca1;p53 double- and K5Cre;Rank;Brca1;p53 triple-knockout littermates. Scale bar, 100 µm. 
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Loss of RANK impairs tumor progression to high-grade 
malignancies

Histopathologic analysis revealed that double-knock-
out WapCreC;Brca1;p53 mice feature high-grade tumors 
(60%) as well as intermediate-grade tumors (40%). 
These high-grade tumors typically exhibit more foci 
with higher degrees of anisocytosis and anisokaryosis, 
higher mitotic rates and fewer regions of glandular dif-
ferentiation (Figure 2B and Supplementary information, 
Figure S6A). By contrast, triple-knockout mice never 
developed high-grade tumors but displayed intermedi-
ate-grade tumors characterized by low to intermediate 
anisocytosis and anisokaryosis, low to moderate mitotic 
rate and some foci of glandular differentiation (Figure 2B 
and Supplementary information, Figure S6A). In these 
tumors we observed effective deletion of Rank, Brca1 
and p53 (Supplementary information, Figure S6B and 
S6C). All intermediate-grade tumors that developed in 
double- and triple-mutant mice expressed the basal epi-
thelial marker CK5; however, in high-grade tumors from 
WapCreC;Brca1;p53 double-mutant females we observed 
marked downregulation of CK5 expression (Figure 2B, 
Supplementary information, Figure S7A and S7B), sup-
porting the notion of manifest epithelial dedifferentiation 
of these high-grade mammary cancers. Similar to CK5, 
we detected high expression of the basal myoepithelial 
marker p63 in Rank mutant tumors, whereas p63 expres-
sion was largely lost in the high-grade tumors from Wap-
CreC;Brca1;p53 double-mutant females (Supplementary 
information, Figure S7C). Tumor cells of both cohorts 
still expressed β-catenin, confirming the epithelial lineage, 
whereas ERα and PRs were not detectable (Supplemen-
tary information, Figure S7D-S7F), confirming that these 
tumors are hormone receptor negative. RNAseq profiling 
of mammary carcinomas from WapCreC;Brca1;p53 and 
littermate WapCreC;Rank;Brca1;p53 females showed 
differences in their molecular signatures (Supplementary 
information, Figure S8A and S8B; all primary data have 
been deposited to Gene Expression Omnibus reference 
GSE71362); hierarchical clustering of the Spearman’s 
correlation showed similarity of our mouse tumors to 
previously defined basal-like mammary cancer [20] 
(Supplementary information, Figure S8C). Thus, loss of 
RANK not only delays tumor onset, but also offsets pro-
gression to higher grades of malignancy. 

Ki67 immunostaining of mammary tumors from 
WapCre C;Brca1;p53 doub le -mutan t and Wap-
CreC;Rank;Brca1;p53 triple-mutant females showed 
comparable proliferation of tumor cells in both gen-
otypes (Supplementary information, Figure S9A and 
S9B), a finding that might explain that established tu-
mors grow at a comparable “speed” (Supplementary 

information, Figure S5D). Immunostaining for γH2AX 
as well as p53BP1 showed that loss of Brca1 and p53 
resulted in massive DNA damage in intermediate as 
well as high-grade tumors, irrespective of the presence 
or absence of RANK (Supplementary information, Fig-
ure S9C-S9F). Importantly, we also observed marked 
DNA damage in the mammary epithelium of a 2-year-
old WapCreC;Rank;Brca1;p53 triple-mutant female that 
had never developed any tumor (Supplementary infor-
mation, Figure S10A). Although there was substantial 
DNA damage, the mammary glands displayed normal 
histology with sparse proliferative foci as determined by 
low Ki67 positivity (Supplementary information, Figure 
S10A and S10B). Analysis of mammary epithelial cells 
(MECs) isolated from the tumor-free 2-year-old Wap-
Cre;Rank;Brca1;p53 female confirmed efficient deletion 
of Brca1, p53 and Rank (Supplementary information, 
Figure S10C). These data show that loss of Rank protects 
mice from mammary tumorigenesis and tumor progres-
sion despite the presence of DNA damage due to the in-
activation of Brca1.

Pharmacological inhibition of RANKL prevents the de-
velopment of Brca1 mutation-driven pre-neoplastic mam-
mary lesions

We next assessed whether, in addition to our genetic 
experiments, preventive pharmacological RANKL inhi-
bition could also be used to mitigate tumor development 
in a Brca1 mutant mouse background. To test this, we 
treated MMTV-Cre;Brca1flox11/flox11 mice with RANK-Fc to 
block RANKL/RANK in vivo and as a control with Mu-
Fc and followed the cohorts for up to 15 months (Figure 
2C). We switched to this mouse model because these an-
imals still express p53 and develop pre-neoplastic mam-
mary lesions, which are thus driven solely by the loss of 
Brca1. Therefore, they better mimic the genetics of the 
human situation prior to the development of overt breast 
tumors, which is when a prophylactic would be used. 
3/10 (33%) MMTV-Cre;Brca1flox11/flox11 females developed 
pre-neoplastic lesions in the control group (Mu-Fc-treat-
ed). Intriguingly, not a single (0/10) MMTV-Cre;Brca-
1flox11/flox11 female treated for 6 months with RANK-Fc 
developed pre-neoplastic lesions in the mammary gland. 
All tissues analyzed retained morphological characteris-
tics resembling age-matched wild-type (WT) control fe-
males (Figure 2D and Supplementary information, Figure 
S11A). In mice treated for 12 month with control Mu-Fc, 
9/11 (82%) females developed mammary lesions, while 
such lesions were only detectable in 1/13 (7%) females 
treated with RANK-Fc (Figure 2D and 2E). Further 
characterization of the mammary lesions by immunohis-
tochemistry verified that these lesions were of epithelial 
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origin (Supplementary information, Figure S11B). More-
over, we found that the pre-neoplastic lesions in Mu-Fc-
treated mice did not express ERα or PRs, indicative of 
pre-neoplastic expansion of ERα- and PR-negative epi-
thelial progenitors (Supplementary information, Figure 
S11C). These data show that pharmacological inhibition 
of RANKL can prevent the development of Brca1 muta-
tion-driven pre-neoplastic mammary lesions.

RANK controls the expansion of Brca1-mutated mouse 
and human mammary progenitor cells

Since genetic deletion or pharmacological inhibition 

of RANK delays the onset and even prevents Brca1 and 
Brca1;p53 mutation-driven mammary tumors, we spec-
ulated that RANKL/RANK might affect proliferation 
and expansion of mammary progenitor cells. To assess 
this hypothesis, we performed ovariectomy (ovx) on 
female mice followed by sham treatment (no hormones) 
or reconstitution with estrogen and progesterone (E+P). 
As previously reported [11, 12], sex hormone treatment 
resulted in a marked expansion of Lin−CD24+CD49fhi 
basal mammary progenitor cells in both control as well 
as WapCreC;Brca1;p53 double-mutant mice; however, 
this expansion was markedly reduced in the absence of 

Figure 2 Genetic deletion or pharmacological inhibition of RANK reduces the incidence of Brca1 deletion-driven mammary 
tumorigenesis. (A) Onset of palpable mammary tumors in WapCreC;Brca1;p53 and WapCreC;Rank;Brca1;p53 mice. Data are shown 
as percentage of tumor-free mice. (B) Representative histological sections of mammary tumors isolated from WapCreC;Brca1;p53 
and WapCreC;Rank;Brca1;p53 mice showing different histological grades (H&E) and altered, grade-dependent KRT5/CK5 
immunostainings. Scale bar, 100 µm. (C) Schematic of the regimen used to treat MMTV-CreBrca1 flox11/flox11 mice with control Mu-Fc or 
RANK-Fc to block RANKL/RANK in vivo. (D) Numbers and percentages of MMTV-Cre Brca1flox11/flox11 mice with pre-neoplastic lesions 
that received subcutaneous (sc) injection of Mu-Fc or RANK-Fc for 6 or 12 months (3 times/week) and were sacrificed for analysis at 
9 and 15 month of age. (E) Representative H&E-stained sections of mammary tissue of MMTV-CreBrca1flox11 mice that received Mu-
Fc or RANK-Fc and were sacrificed at 15 month of age. Magnification, 400×. 
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Figure 3 RANK mediates growth and expansion of Brca1 mutant murine and BRCA1 mutant human mammary progenitor 
cells. (A) Quantification of Lin−CD24+CD49fhi basal mammary epithelial cells in ovariectomized WapCre-negative control, 
WapCreC;Brca1;p53 double- and WapCreC;Rank;Brca1;p53 triple-knockout mice treated with E+P or without hormone 
treatment (sham). Data are from 10-12-week-old mice, at which age we never observed any evident tumors, and represent 
mean +/– SEM (n ≥ 3 mice/group). *P < 0.05, **P < 0.005 (Student’s t-test). (B) Representative histologic images and 
quantification of BrdU immunostaining of mammary glands of ovariectomized WapCreC;Brca1;p53 double-knockout and 
WapCreC;Rank;Brca1;p53 triple-knockout female mice treated with E+P showing reduced mammary epithelial proliferation 
(reduced BrdU positivity). Quantification data are shown as average numbers of BrdU+ cells per duct +/– SEM (n = 4 mice/
cohort). ***P < 0.0001 (Student’s t-test). Scale bar, 100 µm. (C) Colony forming capacity of basal progenitors and ER-
negative alveolar mammary epithelial progenitor cells from WapCreC;Rank;Brca1;p53 and WapCreC;Brca1;p53 knockout 
mice. Data are shown as number of colonies per 400 sorted cells +/– SEM (n = 3 mice/group). *P < 0.05, ns, not significant 
(Student’s t-test). (D, E) Colony forming capacity (CFC) of human mammary progenitor cells. Human mammary progenitor 
epithelial cells were isolated from three women carrying heterozygous BRCA1 mutations. Single mammary cell preparations 
were generated from organoids for CFC assays, plated, and were either untreated or treated with the anti-RANKL blocking 
Ab Denosumab (1 µg/ml).  The quantification is shown in D. Data are shown as number of colonies per 5 000 plated cells 
+/– SEM (n = 3 different BRCA1 carriers per group). *P < 0.01 (Paired Student’s t-test). Representative images of paired 
untreated control and anti-RANKL (Denosumab)-treated (1 µg/ml) mammary progenitor colonies are shown in E. Scale bars: 
upper panels, 5 mm; lower panels, 1mm. 

RANK expression (Figure 3A and Supplementary infor-
mation, Figure S12A). We also observed expansion of 
the basal Lin-CD24+CD49fhi progenitor compartment in 
sham operated WapCre;Brca1;p53 double-mutant mice, 
a phenotype that was again dependent on the expression 

of RANK (Figure 3A and Supplementary information, 
Figure S12A). Sex hormone-driven proliferation in ovx 
females was further determined by in vivo BrdU label-
ling. WapCreC-driven deletion of Brca1 and p53 resulted 
in markedly increased numbers of cycling mammary 
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epithelial cells; this sex hormone-induced proliferation 
of mammary epithelial cells was significantly reduced in 
Rank mutant females (Figure 3B). Importantly, deletion 
of Rank significantly abrogated the in vitro colony for-
mation capacity of basal Lin−CD24+CD49fhi mammary 
progenitors from WapCreC;Brca1;p53 mutant mice; 
the colony formation capacity within the ER−PR−Sca1− 
alveolar progenitor compartment was also lower in the 
absence of RANK, albeit less pronounced (Figure 3C). 
Similar to our data using WapCreC deleter mice, sex hor-
mone treatment resulted in expansion of the basal Lin−

CD24+CD49fhi progenitor compartment in ovarectomized 
K5Cre;Brca1;p53 double-knockout mice as compared 
with sham operated mice, while this expansion was not 
observed in the absence of RANK (Supplementary infor-
mation, Figure S12B). Thus, RANKL/RANK control sex 
hormone-induced expansion and activity of Brca1;p53 
mutant basal mammary progenitor cells. To determine 
the relevance of these results for the human disease, we 
isolated mammary progenitor cells from three women 
carriers of heterozygous BRCA1 mutations who under-
went prophylactic mastectomy, which is the standard of 
care. Importantly, in vitro colony-forming cell (CFC) 
assays performed on these human breast epithelial cells 
showed that RANKL inhibition using the clinically 
approved RANKL blocking antibody Denosumab sig-
nificantly decreased the frequency of colony-forming 
cells (Figure 3D, 3E and Supplementary information, 
Figure S12C), indicating suppression of human mam-
mary progenitor activity. These data reveal the capacity 
of RANKL inhibition to reduce the activity of mammary 
progenitor cells from women that carry germline BRCA1 
mutations.

RANKL and RANK are highly expressed in pre-malignant 
lesions and breast cancer from human BRCA mutation 
carriers

Following our observation that RANKL/RANK 
control Brca1 mutation-driven tumorigenesis in mice 
and affect expansion of human BRCA1+/mut mammary 
progenitor cells, we analyzed RANK protein expression 
in human breast tumors that developed in BRCA1 or 
BRCA2 mutation carriers, and in non-BRCA1/2 mutated 
individuals. RANK protein expression was absent or low 
(0 and 1+) in 74.5% of malignant breast tumors from 
BRCA1/2 WT patients, with intermediate (2+) expression 
detectable in 25.5% of cases (Table 1). Notably, high 
RANK protein expression (3+) was not detected in any 
BRCA1/2 WT patients. Conversely, intermediate or high 
levels of RANK were observed in 70.4% of BRCA1- 
and 80.7% of BRCA2-mutated tumors (Figure 4A and 
Table 1). A similar pattern was observed for RANKL 
protein expression which was detectable in 40.8% of 

tumors from BRCA WT patients, with intermediate or 
high expression in only 5.1% of breast cancer samples, 
but which was found in 59.1% of malignant tumors from 
BRCA1 germline mutation carriers with intermediate 
or high expression in 14.8% samples. Similarly, 69.6% 
of tumors from BRCA2 mutation carriers expressed 
RANKL with intermediate or high expression in 12.5% 
samples (Table 1). There was also a highly significant 
correlation between tumor grade and RANK protein 
expression in the overall series. While low-grade (G1) 
tumors expressed intermediate or high RANK levels 
in 28% of cases, 50.8% of grade 2 (G2) and 73.3% of 
all grade 3 (G3) tumors exhibited intermediate or high 
RANK protein expression (P < 0.001) (Supplementary 
information, Figure S12D and Table S1). RANKL protein 
staining was detected in 41.7% of G1 tumors, 56.3% of 
G2 tumors, and 51.2% of G3 tumors and there was no 
significant difference in respect to grading (P = 0.47) 
(Supplementary information, Figure S12D and Table 
S1). We next analyzed whether RANK expression was 
already present in the earliest tumor lesions detectable 
in the breast tissue of BRCA1 mutation carriers. In all 
cases of such early lesions analyzed (n = 11 patients) 
including flat epithelial atypia and intraductal papillomas 
we detected high RANK expression (Figure 4B). Thus, 
RANK is highly expressed in pre-malignant lesions as 
well as in breast cancer that has developed in BRCA1 and 
BRCA2 mutation carriers.

Common variants in RANK are associated with increased 
breast cancer risk in human BRCA mutation carriers

Since RANK/RANKL critically influence Brca1 

Intensity

0
1+
2+
3+

                   RANK1                              RANKL1

    WT       BRCA12   BRCA23     WT       BRCA12 BRCA23

(n = 98) (n = 88) (n = 62) (n = 98) (n = 88) (n = 56)

N
0
73
25
0

%
0

74.5
25.5

0

N
2
24
34
28

%
2.3
27.3
38.6
31.8

N
0
12
30
20

%
0

19.4
48.4
32.3

N
58
35
5
0

%
59.2
35.7
5.1
0

N
36
39
13
0

%
40.9
44.3
14.8

0

N
17
32
7
0

%
30.4
57.1
12.5

0

Table 1 RANKL and RANK protein expression in BRCA1 mutant, 
BRCA2 mutant, and BRCA1/2 WT human breast tumors.

1Column percentages presented. 2Includes obligate carriers: BRCA1, n 
= 15. 3Includes obligate carriers: BRCA2, n = 2. RANK and RANKL 
expression levels were determined by immunohistochemistry by board 
certified pathologists. In all cases, the BRCA1 and BRCA2 mutation status 
was determined by sequencing. P values (χ2 or Fisher’s Exact test): RANK 
(0/1+ vs 2+/3+): WT vs BRCA1/2 mutations, P < 0.001; WT vs BRCA1, P 
< 0.001; WT vs BRCA2, P < 0.001; BRCA1 vs BRCA2, P = 0.158. RANKL 
(0 vs 1+/2+/3+): WT vs BRCA1/2 mutations, P < 0.004; WT vs BRCA1, P 
= 0.013; WT vs BRCA2, P = 0.001; BRCA1 vs BRCA2, P = 0.201.
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mutation-driven breast carcinogenesis in mice, we as-
sessed the role of genetic modifiers of breast cancer 
risk in women with inherited BRCA1 mutations at the 
corresponding locus encoding for human RANK, TN-

FRSF11A. This analysis was performed using data from 
the Collaborative Oncological Gene-environment Study 
(iCOGS) that included 51 TNFRSF11A single-nucleotide 
polymorphisms (SNPs) genotyped in ~15 200 BRCA1 

Figure 4 RANK expression in tumor tissues and TNFRSF11A variations linked to BRCA1-mutated status, risk of breast 
cancer, and cancer progression. (A) Representative images showing high and low RANK expression in invasive breast 
cancer tissues from BRCA1 mutation carriers. (B) Representative examples of RANK expression in early epithelial pre-
neoplastic lesions in women with BRCA1 mutations. Representative images of a flat epithelial atypia and a typical intraductal 
papilloma are shown. Scale bars are shown. (C) Graph depicting the TNFRSF11A locus including the variants associated 
with breast cancer risk in BRCA1 mutation carriers, and regulatory evidence from the ENCODE project and human mammary 
epithelial cells (HMECs). The rs884205 variant and the two in linkage disequilibrium and analyzed in TCGA dataset are 
marked in red. The exons are marked by blue-filled rectangles and the direction of transcription is marked by arrows in the 
gene structure. The chromosome 18 positions (base pairs (bp)) and linkage disequilibrium (r2) from a HapMap CEU panel are 
also shown. (D) Kaplan-Meier survival plots for the indicated TNFRSF11A genotypes (A and B represent the major and minor 
allele, respectively) in ER-negative and ER-positive breast tumors using TCGA data. (E) Gene Set Expression Analysis (GSEA) 
graphical output showing the positive correlation between the gene expression in tumors with the minor genotype (associated 
with poorer prognosis in ER-negative human breast cancer) and gene sets that characterize RANK overexpression in 
mammary epithelial cells of mice at 8, 24 or 72 h (GSE66174). All three sets were found to be significantly associated (P < 0.01); 
the score distribution curves overlap. The gene rank corresponds to the 8 h time point and the GSEA enrichment scores are 
shown [26].
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and ~8 200 BRCA2 mutation carriers [21, 22] (Supple-
mentary information, Table S2). Using a retrospective 
likelihood approach, we identified six SNPs that were 
significantly associated with breast cancer risk in the 
overall series of BRCA1 mutation carriers and/or in 
ER-negative or triple-negative subtypes (Figure 4C, Ta-
ble 2 and Supplementary information, Table S2). In ad-
dition, we found two SNPs in TNFRSF11A significantly 
associated (P < 0.05) with breast cancer risk in BRCA2 
mutation carriers (Supplementary information, Table S3). 
Interestingly, the rs884205 change (C→A) introduces an 
ATTAAA motif in the 3′-untranslated (3′-UTR) region of 
TNFRSF11A, providing a poly(A) signal for the nearby 
alternative polyA site (PolyA_DB Hs.204044.1.8; Po-
lyA-seq GSE30198). Of note, the minor A allele, which 
we find predicts increased risk of breast cancer, correlates 
with enhanced RANK expression in various tissues using 
GTEX analysis, and the same allele has been previously 
associated with decreased bone density [23, 24], con-
sistent with an over-activation of RANK-mediated sig-
naling. Moreover, the G allele of rs4485469 was found 
to be associated with a reduced risk of breast cancer in 
the BRCA1 mutation carriers (Figure 4C, Supplementary 
information, Tables S2 and S3), and we again find in-
creased RANK expression linked to the complementary 
allele (A) in GTEX data. To assess these observations 
further, we analyzed data from The Cancer Genome 
Atlas (TCGA) [25]. While rs884205 was not present in 
TCGA, it was partially correlated (r2 ≈ 0.45) with two 
included variants, rs2957137 and rs3018354; a surviv-
al analysis using the recessive model for these variants 
revealed a significant association in ER-negative, but 
not in ER-positive breast cancer (Figure 4D). These two 
SNPs were not genotyped in iCOGS, but their imputed 
results (r2 > 0.94) again revealed significant associations 
(P = 0.021) with breast cancer risk in BRCA1 mutation 
carriers, with effect estimations similar to rs884205: 
rs2957137 HR = 1.079, rs3018354 HR = 1.052. More-
over, expression analyses revealed that the ER-negative 

tumors with poorer prognosis have activated RANK sig-
naling, as shown by their positive expression correlation 
with time series signatures of RANK overexpression [26] 
(Figure 4E). These data indicate that common variations 
in TNFRSF11A modify the risk of developing breast can-
cer in BRCA mutation carriers. 

Discussion

R A N K L a c t s i n a p a r a c r i n e f a s h i o n o n t h e 
membranous RANK of ER/PR-negative epithelial cells 
of the breast to expand the stem and progenitor cell 
populations [27, 28]. Our data show that RANKL/RANK 
also regulate the expansion and functional capacity of 
progenitor cells on a Brca1/p53 mutant background and, 
most importantly, on mammary stem cells from women 
with heterozygous germline BRCA1 mutations. Since 
RANKL is induced by progesterone, these data could 
explain why sex hormones, in particular progesterone, 
play an important role in BRCA1 mutation-driven tum-
origenesis in mouse models and humans. Studies have 
also demonstrated that Brca1 deficiency increases the 
activity of E+P signaling pathways during mammary 
gland development and promotes mammary epithelial 
cell growth [29-31]. In particular, loss of full-length 
Brca1 exaggerates the mammary growth in response to 
exogenous progesterone in virgin mice [30]. The impor-
tance of PR signaling in mutant Brca1 tumorigenesis was 
further demonstrated by Poole et al. [3] who showed that 
tumor development in Brca1/p53 deficient mice could 
be prevented by the PR antagonist RU-486. Together, 
these findings highlight the potential value for RANKL 
inhibition in BRCA1-associated cancers at the early stag-
es of tumorigenesis. Whether RANKL inhibition has an 
advantage over Tamoxifen and/or oophorectomy needs 
to be demonstrated in future experiments, especially in 
careful, clinical trials. 

We also report, analyzing iCOGS data for more than 
23 000 women with germline BRCA1/2 mutations, that 

SNP ID

rs9646629
rs4485469
rs34739845
rs4941129
rs17069904
rs884205

rs884205 (r2)

0.54
0.06
0.003
0.12
0.002

1

        All BRCA1-mutated                          ER-negative                                    Triple-negative
HR (95% CI)
1.052 (1.006-1.096)
0.956 (0.918-0.996)
0.933 (0.876-0.999)
1.048 (1.002-1.098)
0.935 (0.878-1.001)
1.048 (0.995-1.098)

P value
2.15E-02
3.55E-02
4.07E-02
4.50E-02
5.22E-02
6.23E-02

HR (95% CI)
1.061 (1.008-1.116)
0.944 (0.899-0.992)
0.9154 (0.847-0.990)
1.059 (1.003-1.117)
0.918 (0.849-0.993)
1.063 (1.004-1.125)

P value
2.20E-02
2.10E-02
2.70E-02
3.70E-02
3.30E-02
3.60E-02

HR (95% CI)
1.072 (1.008-1.140)
0.943 (0.889-1.001)
0.907 (0.826-0.997)
1.057 (0.990-1.129)
0.887 (0.805-0.979)
1.066 (0.996-1.141)

P value
2.60E-02
5.40E-02
4.30E-02
9.40E-02
1.70E-02
6.70E-02

Table 2 TNFRSF11A genotyped iCOGS variants associated (P < 0.05) with breast cancer risk in BRCA1 mutation carriers and/or ER-
negative or overall triple-negative subtypes.
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common variation in TNFRSF11A, linked to altered 
RANK expression, may be associated with breast cancer 
risk in BRCA1 mutation carriers and, furthermore, the 
survival of patients with ER-negative tumors. Some of 
these identified polymorphisms are directly associated 
with altered gene expression and function of RANK. Fur-
ther fine-scale mapping genetic analyses and studies on 
the regulation of RANK expression, and also expression 
of RANKL and the natural RANK inhibitor OPG, are 
warranted, since the 3′-UTR of RANK can be additional-
ly regulated by various microRNAs, some of which have 
been directly associated with human breast cancer [32]. 
Since BRCA1 mutation carriers are at high risk of ovar-
ian cancer, it will be important to also explore the role 
of RANKL/RANK blockade in ovarian carcinogenesis. 
Most importantly, our work here shows that pharmaco-
logical inhibition of RANKL almost completely prevents 
the development of pre-neoplastic lesions due to a Brca1 
mutation. Our findings therefore raise the possibility 
that inhibition of RANKL, for which there is an already 
approved drug with a good safety record, could offer a 
novel, targeted approach for breast cancer prevention in 
BRCA1 mutation carriers.

Materials and Methods

Mice
Rankfloxed (Tnfrsf11tm1.1Pngr) and WapCreC;Brca1floxed;p53floxed 

(Tg-WapCreC, Brca1tm2Cxd, and Trp53tm1Elee) knockout mice have 
been previously generated in our laboratories [3, 16]. K5Cre (Tg-
KRT5-Cre) mice were purchased from the Jackson Laboratory. 
Of note, in our cohorts, the control mice examined were either 
Cre-negative but carried the Brca1flox;p53flox, and/or Rankflox alleles 
or were K5Cre positive in the absence of dual floxed alleles; none 
of these controls examined showed any epithelial hyperplasia 
in the mammary glands. Brca1 conditional knockout mice with 
two exon 11 floxed Brca1 alleles (Brca1flox11/flox11) carrying the 
mouse mammary tumor virus (MMTV)-Cre recombinase gene 
(MMTVCre;Brca1flox11/flox11) were maintained on C57Bl/6 genetic 
background. The Rosa26eYPF reporter mouse line has been previ-
ously reported [33]. Animals were genotyped by PCR analysis of 
genomic DNA. Mice were maintained in temperature-controlled 
conditions. All animal experiments were carried out in agreement 
with the ethical animal license protocol in accordance with the 
current laws of Austria and in accordance with institutional guide-
lines approved by the University of Maryland, Baltimore Animal 
Care and Use Committee.

Histology and immunohistochemistry
Mouse tissue samples were fixed in 4% paraformaldehyde 

(PFA) overnight at 4oC and embedded in paraffin after dehydration 
in ascending concentrations of ethanol. For histological analysis, 
2-4 µm-thick paraffin sections were prepared and stained with 
haematoxylin and eosin. For immunohistochemistry, after routine 
processing and antigen retrieval procedures, the following anti-

bodies were used. Paraffin sections were stained using previously 
described protocols [34] with antibodies against: KRT/CK5 (1:1 
000, Rabbit anti-human KRT5, Sigma Aldrich, SAB4501651), 
γH2AX (1:500, Rabbit anti-human H2AFX, ph-Ser139, Novus 
Biologicals, NB100-79967), TP53BP1 (1:200, Rabbit anti-human 
TP53BP1 (E247), Bethyl Laboratories, IHC-00001), Ki67 (1:1 
000, Rabbit anti-human Ki67, Novocastra, NCL-Ki67p), Ki67 
(1:500, Rat anti-mouse Ki67, Affymetrix E-bioscience, 14-5698), 
BrdU (1:200, Rat anti-BrdU (BU1/75(ICR1)), Abcam, ab6326), 
CTNNB1 (1:250, Rabbit anti-CTNNB1 (E247), Abcam, ab32572). 
CASP3, Cleaved (1:200, Rabbit anti-human Cleaved Caspase 
3, Cell Signalling, 9661), ERα (1:100, Rabbit anti-mouse ERα, 
Santa Cruz, sc542), PR (1:100, Rabbit anti-human PR, Santa 
Cruz, sc538), TP63 (1:150, Mouse anti-human TP63, Santa Cruz, 
sc8341), CD265/RANK-patient samples (1:1 000, Mouse anti-hu-
man CD265 (9A725), Acris Antibodies, TA336373), and CD254/
RANKL ― patient samples (1:1 000, anti-human CD254, Acris 
Antibodies, ID8600). 

Histomorphometric indices were calculated as the number of 
positive epithelial cells divided by the total number of epitheli-
al cells, with no fewer than 1 000 counted nuclei for Ki67 and 
γH2AX staining. Mammary epithelial neoplasias (MINs) and ade-
nocarcinomas in histologic sections were designated and evaluated 
in accordance with predefined criteria proposed by the Mouse 
Models of Human Cancers Consortium and INHAND [35, 36]. 
Briefly, low-grade MINs were defined by the presence of ducts 
with intact basement membrane, at least one layer of atypical cells, 
hyperchromatic nuclei, luminal and/or myoepithelial cells with 
little cytoplasm, at least one layer and an increased mitotic rate. 
High-grade MIN lesions were defined by less organized glandular 
patterns, increased layers of epithelium, pleomorphism of nuclei 
and/or epithelial cells and/or an increase in mitotic figures with an 
intact basement membrane. Carcinomas were defined by an inva-
sive growth pattern, increased cellular and nuclear pleomorphism 
and transgression of the basement membrane. The extent of KRT5 
and TP53BP1 immunopositivity was quantified in mouse mamma-
ry lesions with Definiens Tissue StudioTM software. The software 
algorithm was trained by manual delineation and classification of 
representative areas in representative slides to identify positive 
targets and exclude non-targets and to create a quantification solu-
tion. Target regions were identified on the basis of morphology and 
positive immunohistochemical (IHC) staining. Subsequently the 
solution was applied to the digital slide sets to obtain automated 
quantification results. The validity of the analysis was confirmed 
by histopathologic verification of representative slides from both 
groups. For imaging and digital quantification, stained slides were 
scanned using a Pannoramic slide scanner (3D Histech). 

For murine Rank immunostainings on frozen samples, tissue 
samples were snap frozen in OCT and 5-10-μm-thick frozen sec-
tions were prepared. After drying at room temperature, sections 
were fixed in Aceton at −20 °C for 5-10 min. Samples were first 
blocked for 45 min in freshly prepared H2O2 (0.3%), followed 
by blocking in TNB buffer for 30 min (Perkin Elmer, TSA fluo-
rescein amplification kit) and Avidin and Biotin block for 15 min 
respectively (Avidin/Biotin Blocking kit, Vector Lab). Samples 
were incubated with a primary biotinylated anti-mRANK antibody 
(BAF692, R&D, 1:50) overnight at 4 °C followed by incubation 
with Streptavidin-HRP (1:100) for 30 min at room temperature 
and incubation with the working solution for 5-10 min. Samples 
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were mounted with DAPI. For analysis of mammary glands after 
RANK-Fc treatment, the right inguinal mammary gland from each 
mouse was fixed in 10% buffered formalin (Fisher Scientific, Pitts-
burgh, PA) overnight at 4 °C and embedded in paraffin using stan-
dard techniques for H&E staining and IHC analysis. ERα IHC was 
performed on formalin-fixed, paraffin-embedded tissue sections 
using mouse on mouse (M.O.M) peroxidase kit (PK-2200, Vector 
Laboratories Inc., Burlingame, CA, USA) as previously described 
[37] using a 1:25 dilution of the ERα antibody (M7047, Dako, 
Carpinteria, CA, USA) for 30 min. Polyclonal Rabbit Anti-Human 
Progesterone Receptor, Dako, A0098). Digital photographs were 
taken using a Nikon 50i Upright Microscope System with a high 
Resolution 5 Megapixel Color Digital Camera system (Nikon 
Instruments Inc., Melville, NY, USA). All histomorphology and 
immunohistochemistry of the subsets of tissues were qualitatively 
or semiquantitatively evaluated by board certified pathologists (AK, 
HP, LK, ZBH). 

Whole mount stainings
Mammary glands were dissected, placed on a microscope slide 

and fixed in 4% PFA overnight. To remove the adipose tissue, 
mammary glands were incubated in acetone for 3 h followed by 
rehydration in 100% ethanol and 95% ethanol for 1 h, respective-
ly. Mammary glands were stained with hematoxylin for 3 h and 
afterwards incubated in slightly basic tap water for 2 h. Excessive 
hematoxylin was removed by destaining the glands in 50% eth-
anol acidified with 25 ml 1.0 M HCl/liter. After dehydration in 
70%, 95%, and 100% ethanol, respectively, mammary glands were 
stored in xylene. 

Ovariectomy and hormone treatments
Six to eight-week-old female mice were anesthetized by intra-

peritoneal injections of Ketasol (5 mg/ml) and Xylasol (0.8 mg/
ml). Bilateral small incisions were made under sterile conditions 
to open the peritoneal cavity. Ovaries, including the surrounding 
adipose tissue, were excised. Mice were allowed to recover for 
at least 2 weeks before further experiments were performed. For 
hormone supplementation mice were implanted subcutaneously on 
the right flank with slow release pellets containing a combination 
of progesterone and 17β-estradiol (Innovative Research of Ameri-
ca, 21 day release, 0.14 mg 17β-estradiol + 14 mg progesterone).

qRT-PCR
Total RNA of tumors and isolated mammary epithelial cells 

was prepared using the RNeasy Mini Kit (Qiagen), according to 
the manufacturer’s instructions. cDNA synthesis was performed 
using the iScript cDNA synthesis kit (Bio-Rad). For qRT-PCR the 
following primers were used: 

β-actin forward primer: 5′-GCTCATAGCTCTTCTCCAG-
GG-3′; 

β-actin reverse primer: 5′-CCTGAACCCTAAGGCCAAC-
CG-3′. 

Rank forward primer: 5′-CCCAGGAGAGGCATTATGAG-3′
Rank reverse primer: 5′-CAGCACTCGCAGTCTGAGTT-3′
Brca1 forward primer: 5′-TAAGCCAGGTGATTGCAGTG-3′
Brca1 reverse primer: 5′-TGCCCTCAGAAAACTCACAA-3′ 
P53 forward primer: 5′-TGGAAGACAGGCAGACTTTTC-3′ 
P53 reverse primer 5′-CCCCATGCAGGAGCTATTAC-3′

Mammary epithelial cell isolation
Mammary epithelial cells were isolated as previously described 

[13]. Briefly, mice were sacrificed and mammary fat pads were re-
moved using sterile dissection instruments. Mammary glands were 
transferred in 50 ml Falcon tubes and incubated in complete Epi-
Cult medium (EpiCult-B basal medium, EpiCult-B proliferation 
supplements, 10 ng/ml rh bFGF, 10 ng/ml rh EGF, 4 µg/ml Hepa-
rin and 5% FCS) and 2.5× collagenase/hyaluronidase at 37 °C in 
a shaking incubator for 2.5 h. Red blood cell lysis was performed 
using ammonium chloride. Pellets were consecutively treated with 
0.25% trypsin-EDTA and prewarmed dispase containing 200 µl 
of 1 mg/ml DNase. After filtering single mammary epithelial cells 
were prepared for FACS analysis or lysed for RNA purification.

Flow cytometry
Multiparameter flow cytometry analyses were performed on 

mammary epithelial single-cell suspensions by immunostaining 
for 20 min at 4 °C in FACS buffer (PBS, 2% FCS, 2 mM EDTA). 
Before adding the fluorescently labeled antibodies, Fc-receptors 
were blocked with anti-CD16/CD32 (Pharmingen) antibodies was 
performed. Mammary epithelial cells were labeled with antibodies 
directed against CD24 (Pharmingen #553261), CD49f (Pharmingen 
#551129) and CD61 (eBioscience #11-0622-82). Non-epithelial 
cells were excluded using antibodies directed against CD45 (BD 
#553078), CD31 (BioLegend #102404) and Ter119 (BioLegend 
#116204). Flow cytometry data were acquired using a Fortessa 
LSRII flow cytometer (FACSFortessaTM, BD), equipped with 
FacsDivaTM software (BD). Data analysis was performed using 
FlowJoTM software (Tree Star).

Bromodesoxyuridin (BrdU) labeling
 For BrdU pulse labeling, ovariectomized mice were stimulated 

with 17β-estradiol and progesterone for 2 weeks. BrdU (0.4 mg/g 
body weight) was injected intraperitoneally. Mice were sacrificed 
2 h later and tissues were harvested.

Human breast epithelial preparations
Human breast tissue samples were obtained from disease-free 

pre-menopausal women undergoing reduction mammoplasty or 
prophylactic mastectomy (BRCA1 mutation carriers) with in-
formed patient consent and Institutional Research Ethics Board ap-
proval from St. Michael’s Hospital and from the University Health 
Network. Single-cell suspensions were prepared from previously 
isolated and cryopreserved organoids as previously described [38].

 
Murine and human mammary colony-formation assay

Mouse mammary epithelial subsets were FACS-sorted from in-
dividual mice and plated with irradiated fibroblasts in DMEM:F12 
(3:1) medium containing 10% FBS, insulin (Life Technologies), 
cholera toxin (Sigma), adenine (Sigma), hydrocortisone (STEM-
CELL Technologies), and Rock inhibitor (Reagents Direct) and 
cultured in 5% oxygen conditions. Colonies were scored after 7-10 
days. For human CFC assay, mammary epithelial progenitors were 
isolated from Brca1 heterozygous mutation carriers undergoing 
pre-emptive surgery, and assays were performed in dishes pre-
coated with a thin layer of collagen (STEMCELL technologies) 
in complete Epicult-B medium (STEMCELL Technologies) with 
irradiated feeders as previously documented [39] and cultured in 
5% oxygen conditions. 
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Bioinformatics
P o l y A - m R N A o f Wa p C re C; B rc a 1 ; p 5 3 ,  a n d Wa p -

CreC;Rank;Brca1;p53 mammary tumors was isolated and the 
generated libraries were sequenced by 50-bp single-end Illumina 
mRNA sequencing. Reads were aligned using Tophat v2.0.10 and 
bowtie v0.12.9, FPKM estimation was performed with Cufflinks 
v2.1.1, aligned reads were counted with HTSeq v0.6.1p1, and dif-
ferential expression analysis was performed with DESeq2 v1.6.2. 
Significantly differentially expressed (DE) genes were selected 
with a false discovery rate (FDR) of 5%. Pathway enrichment was 
evaluated using GSEA against the Molecular Signature Database 
MSigDB v5 gene-set collection. For GSEA, human to mouse 
conversion of official gene symbols was performed using Homol-
oGene ortholog assignment. Gene sets with significant enrichment 
were selected based on a FDR q-value cut-off of 1%. RNAseq 
data and GSEA analysis data have been deposited to the NCBI 
Expression Omnibus and all data are accessible through the GEO 
accession number GSE71362 (NCBI tracking system #17490198). 
Briefly, gene set enrichment analysis (GSEA) using KEGG 
comparing mammary tumors growing in WapCreC;Brca1;p53 
double- vs WapCreC;Rank;Brca1;p53 triple-mutant mice showed 
significantly enhanced expression of genes annotated to Basal Cell 
Carcinoma, Notch signaling, Hedgehog signaling, and metabolism 
of xenobiotics by cytochrome P450 in the triple-mutant tumors, 
whereas in double-mutant tumors genes annotated to aminoacyl 
tRNA biosynthesis, RNA degradation, and Citrate/TCA cycle 
were higher expressed. Using Hallmark GSEA analysis, we found 
enhanced expression of genes annotated to Wnt-catenin signaling, 
Notch signaling, the p53 pathway, late estrogen response, and 
Ras signaling in Rank-deficient tumors, whereas genes annotated 
to Myc and E2F targets, mTORC1 signaling, G2M checkpoint 
and mitotic spindle, inflammation and allograft rejection, as well 
as the unfolded protein response (UPR) were significantly up-
regulated in the double-knockout tumors. Of note, the UPR has 
recently been associated with triple-negative breast cancer [40], 
aminoacyl-tRNA synthetases have been linked to tumorigenesis 
[41], and multiple cross-talks have been established between the 
Wnt and RANKL/RANK pathways, including molecular cross-
talks that control mammary progenitor cells [11, 42]. Thus, Rank 
inactivation in a WapCreC;Brca1;p53 mutant background results 
in mammary tumors that exhibit expression differences in genes 
annotated to oncogenesis, basic metabolism, RNA metabolism, or 
the regulation of mammary stem cells. The GSEA tool was run us-
ing default values for all parameters and using the t-statistic of the 
difference of gene expression between ER-negative tumors with 
the AA+AB and BB genotypes. We used transcriptome data to 
compare our mouse model with murine data previously assigned 
to mouse breast-cancer subtypes and linked to human subtypes 
[20, 43]. Log expression estimates of our and published mouse 
models (NCBI GEO GSE3165) were combined by adjusting for 
the batch effect using Combat [44]. Hierarchical clustering of the 
Spearman correlation of samples shows similarity of our mouse 
model to basal-like samples. No consistent classification could be 
obtained using TNBCtype, a tool designed to identify potential 
Triple-negative breast cancer (TNBC) subtype membership [45, 
46] (applied to log2FPKM expression data from our mouse model 
after mapping the data to human orthologous identifiers using Ho-
moloGene).

RANK-Fc treatment
Three-month-old MMTV-Cre;Brca1flox11/flox11 mutant were treated 

with RANK-Fc (10 mg/kg three times/week; n = 26, RANK-
Fc was provided by Amgen Pharmaceuticals, Inc.) subcutaneous 
injection (s.c.) or mouse Fc-fragment (Mu-Fc; 10 mg/kg three 
times/week, s.c. as a control; n = 22). The animal weights were 
monitored weekly. The treatment regime was well tolerated by 
all the mice and the weights were stably maintained throughout 
the length of treatment. Only one mouse in the Mu-Fc 15 months 
cohort (control) group was found dead in the cage due to unknown 
causes. Mammary tumor formation was determined by palpation 
and confirmed by histologic examination. Cohorts of mice from 
each experimental group were euthanized at 9 and 15 months of 
age. At necropsy, all ten mammary glands were exposed following 
a midline incision and glands were inspected visually, palpated, 
and digital photographs taken. Mammary glands were collected 
and processed for whole mount, hematoxylin and eosin (H&E) and 
IHC analyses, or snap frozen in liquid nitrogen and stored at −80 
°C for gene and/or protein expression.

Human breast cancer samples
Tumor samples were provided as formalin fixed, paraffin 

embedded tissues by the Center for Familial Breast and Ovari-
an Cancer at Medical University of Vienna and by the Kathleen 
Cunningham Foundation Consortium for research into Familial 
Breast cancer. The analysis was approved by the local Institutional 
Review Board-IRB: the Ethikkommissionsbescheid (IRB) number 
which covers the analyses is EK 056/2005, Amendment Vers. 1.0 
of 4.12.2014 “Modifiers des Krebsrisikos in BRCA1/2 Mutation-
strägerinnen”. Data were analyzed using SPSS Ver21.0 (Chicago, 
IL, USA). Women diagnosed with breast cancer who had under-
gone surgeries and gave consent to germline mutation testing were 
included in this analysis. All samples, including the BRCA1/2 
WT samples, were confirmed by sequencing. χ2-test and Fisher’s 
Exact tests were used to compare the difference within RANK 
and RANKL categories. Samples classified as unknown for any 
variables were excluded from analyses. Two-sided P values ≤ 0.05 
were considered to be statistically significant. 

Human cohort studies
This analysis was performed using data from the Collaborative 

Oncological Gene-environment Study (iCOGS) that included 51 
TNFRSF11A (encoding for RANK) SNPs genotyped in ~15 200 
BRCA1 and ~8 200 BRCA2 mutation carriers. The iCOGS design, 
quality controls, and statistical analyses have been previously 
described [21, 22]. The TCGA genotype data from primary breast 
tumors were obtained following an approved request and through 
the data portal (https://tcga-data.nci.nih.gov/tcga). The survival 
analysis as a function of the genotypes was performed using the 
Cox proportional hazards regression and the significance of the 
association assessed using the log-rank test.

Statistics
All values in the paper are given as means ± sem. Comparisons 

between groups were made by Student’s t-test or 2-way ANOVA 
using GraphPad Prism (GraphPad Software, San Diego, CA, USA) 
or R statistical software. For the Kaplan–Meier analysis of tumor 
onset and survival a log-rank test was performed. P < 0.05 was 
accepted as statistically significant.
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