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Abstract

Background: Women, who carry a germline BRCAT gene mutation, have a markedly increased risk of developing
breast cancer during their lifetime. While BRCA1 carriers frequently develop triple-negative, basal-like, aggressive
breast tumors, hormone signaling is important in the genesis of BRCAT mutant breast cancers. We investigated the
hormone response in BRCAT-mutated benign breast tissue using an in vitro organoid system.

Methods: Scaffold-free, multicellular human breast organoids generated from benign breast tissues from non-
carrier or BRCA1 mutation carriers were treated in vitro with a stepwise menstrual cycle hormone regimen of
estradiol (E2) and progesterone (P4) over the course of 28 days.

Results: Breast organoids exhibited characteristics of the native breast tissue, including expression of hormone
receptors, collagen production, and markers of luminal and basal epithelium, and stromal fibroblasts. RNA
sequencing analysis revealed distinct gene expression in response to hormone treatment in the non-carrier and
BRCAT-mutated organoids. The selective progesterone receptor modulator, telapristone acetate (TPA), was used to
identify specifically PR regulated genes. Specifically, extracellular matrix organization genes were regulated by
E2+P4+TPA in the BRCAT-mutated organoids but not in the non-carrier organoids. In contrast, in the non-carrier
organoids, known PR target genes such as the cell cycle genes were inhibited by TPA.

Conclusions: These data show that BRCAT mutation influences hormone response and in particular PR activity
which differs from that of non-carrier organoids. Our organoid model system revealed important insights into the
role of PR in BRCAT-mutated benign breast cells and the critical paracrine actions that modify hormone receptor
(HR)-negative cells. Further analysis of the molecular mechanism of BRCA1 and PR crosstalk is warranted using this

model system.
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Background

Breast cancer is the most common cancer, and the
second leading cause of cancer death among women in
the USA. The National Cancer Institute (NCI) estimates
there will be 268,600 new cases and an estimated 41,760
deaths from this disease in 2019 in the USA [1]. Ap-
proximately 12% of women will be diagnosed with breast
cancer at some point during their lifetime [1]. Women
who carry a germline mutation in the breast cancer-
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associated gene 1 (BRCA1) have an increased risk (60—
85%) of developing early-onset breast cancer, often diag-
nosed in the 4th and 5th decades of life, with 50% of
cancers occurring before age 40 [1, 2]. The mechanisms
associated with breast carcinogenesis in the high-risk
BRCAI-mutated (BRCA1™") population are not com-
pletely understood.

The human mammary gland consists of lobules that
are confined by a basement membrane and surrounded
by loose intralobular connective tissue, consisting of
fibroblasts, lymphocytes and plasma cells, macrophages,
and blood vessels. Surrounding the large ducts and ter-
minal duct lobular units is the interlobular stroma that
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is more dense and collagenous compared to intralobular
stroma [3, 4]. In the functional lobular unit, the mam-
mary duct epithelium is comprised of two main cell
types which include an inner layer of secretory luminal
cells and outer layer of basal/myoepithelial cells. Only
10-15% of luminal epithelial cells express the hormone
receptors (HRs), estrogen receptor (ER), and progester-
one receptor (PR) [5]. ER and PR in the luminal epithe-
lial cells drive the biological changes of the breast in
response to estrogen (E2) and progesterone (P4) during
each menstrual cycle. The rise and fall of E2 and P4 dur-
ing the cycle affect tissue growth and turnover of various
cell types and extracellular matrix in the breast [6, 7].
The highest rate of proliferation occurs during the mid-
luteal phase when P4 levels peak [7]. Thus, it is evident
that hormone action in the mammary gland involves in-
tricate paracrine actions between cells for such changes
to occur throughout the breast.

A number of different cell types in the mammary
gland are in active communication with each other and
with the extracellular matrix (ECM). Hormone recep-
tor activation and signaling in the mammary gland are
mediated by both autocrine and paracrine actions. To
date, there is a lack of human benign breast model sys-
tems that represent these features. Primary human
breast epithelial cells grown as monolayers in vitro lose
steroid receptor expression which limits the ability to
study E2 and P4 action long term [8].

Although studies in breast cancer show an interaction
between BRCA1 and PR leading to an inhibition of PR
activity on gene expression and cell proliferation [9, 10],
there is limited information on how BRCA1 influences
PR signaling in benign breast tissue. Tumors that de-
velop in BRCA1 mutation carriers are usually basal-like
and triple negative, with no expression of ER, PR, or
HER2 [11, 12]. Despite their negative receptor status,
these tumors arise from a niche that is hormonally rich
[13, 14]. Evidence that supports the role of hormone sig-
naling in the genesis of BRCAl-mutated breast cancers
includes studies demonstrating that bilateral prophylac-
tic oophorectomy reduces the risk of mammary tumors
in mice, with a mammary targeted deletion of BRCA1
[15]. Furthermore, the efficacy of a progesterone recep-
tor antagonist mifepristone (RU486) has been shown to
be effective in preventing mammary tumors in BRCA1
null mice [16]. The mechanisms by which hormones
promote cancer development in BRCA1 mutation car-
riers remain to be investigated.

Our goal was to investigate hormone response in the
human benign breast of BRCA1™" and non-carriers in
an in vitro system. Benign breast organoids generated
from breast tissues of women undergoing surgery were
treated with fluctuating levels of E2 and P4 that mimic a
28-day menstrual cycle. Organoids were also treated
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with the selective progesterone receptor modulator, tela-
pristone acetate (TPA), in order to determine PR activ-
ity. RNA sequencing revealed distinct progesterone gene
signatures in BRCAl-mutated breast organoids com-
pared to breast organoids obtained from non-carriers.

Materials and methods

Generation of mammary organoids

Human benign breast tissue specimens were obtained
from women undergoing reduction mammoplasty (non-
carriers) or from prophylactic mastectomy specimens
from BRCA1l mutation carriers at Prentice Women’s
Hospital of Northwestern Medicine, following patient
consent. This study was reviewed and approved by
Northwestern’s Institutional Review Board. Information
regarding the type of surgery, age, menopause status,
and BRCA1 mutation type is provided in Additional file 8:
Table S1.

Human breast organoids were prepared from breast tis-
sues obtained at surgery using modifications to methods
of Stampfer et al [17] and Gomm et al [18]. Briefly, breast
tissue was cut in millimeter-sized pieces and digested en-
zymatically using Ham’s F-12K (Kaighn’s) medium using
1 mg/mL collagenase type I (Life Technology) with shak-
ing for 16-20 h at 37 °C. The resulting micro-sized struc-
tures were separated into various sizes using cell strainers
with 40-, 70-, and 100-pm mesh pores. Organoids
between 40 and 100 pm were maintained in complete
MammoCult medium with the provided proliferation sup-
plement, in addition to heparin at a final concentration of
4 mg/mL and hydrocortisone at a final concentration of
0.48 mg/mL (StemCell Technologies) and 1% pen/strep
(Sigma), and placed in ultra-low attachment plates (Corn-
ing Costar). The organoids were then frozen in stem cell
media (ATCC). All mammary organoids used in this study
were thawed from frozen stocks and plated in ultra-low
attachment plates and maintained in the medium for 24—
48 h prior to treatment with the hormones (E2+P4) and
TPA. Media was changed every 2—3 days.

Hormone treatments

A stepwise E2 and P4 (Sigma) hormone treatment of 28
days was used to treat the mammary organoids to mimic
the menstrual cycle [19, 20]. The hormone treatment was
0.1 nM E2 (days 0-7), 1 nM E2 (days 7-14), 1 nM E2+10
nM P4 (days 14-21), and 0.1 nM E2+50 nM P4. For another
group of organoids, 1 M of TPA (Repros Therapeutics)
was added during the last 14 days of the hormone treatment.
Media was changed every 2—3 days. All hormones were dis-
solved in cell culture-grade ethanol and stored at — 20 °C.

Histology and immunostaining
After the 28-day hormone treatments, the mammary orga-
noids were collected and fixed in 4% paraformaldehyde for
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2 h, washed in 50% and 70% ethanol, and transferred into
the cap of an Eppendorf tube that was used as an embed-
ding mold. A warm 1% agarose solution was then poured
over the organoids and allowed to solidify. The organoid/
agarose blocks were then processed, paraffin embedded,
and sectioned to 5-pm-thick slices. Paraffin sections were
then processed for hematoxylin and eosin (H&E), tri-
chrome stain and immunofluorescence (IF), and immuno-
histochemistry (IHC). The primary antibodies used were
ER (1:200, Santa Cruz SC71064), PR (1:200, DAKO,
M3568), pan cytokeratin (panCK; 1:200, Abcam, ab7753),
Cytokeratin 18 (CK18; 1:200, Abcam, 93741), vimentin
(Vim; 1:200, Abcam, 92547), a smooth muscle actin
(aSMA; 1:200, Novus Biologicals, 600531), Cytokeratin 5/6
(CK5/6; 1:200, Agilent Technologies, M723729-2),
COL3A1 (Atlas antibodies, 1:200, HPA007583), COL1A1
(LS Bio, 1:400, LS-C343921), MMP10 (LS Bio, 1:400, LS-
C118518), MMP1(LS Bio, 1:400, LS-B8645), Ki67 (Dako, 1:
200, GA62661-2), E-cadherin (BD Biosciences, 1:200,
610181), ITGB4 (LS Bio, 1:200, LS-B3778), and ALDH1A1
isoform (LSBio, 1:400, LS-B10149). For IHC, EnVision™+
System-HRP (DAB) (DAKO, K4010 and K4006) and HRP/
DAB (ABC) Detection IHC (Abcam, ab64261) kits were
used according to the manufacturer’s instructions, and
slides were mounted in Cytoseal™ XYL (Thermo Scientific,
8312-4). For immunofluorescence, Alexa Fluor® 488-
conjugated goat anti rabbit (1:1000, Life Technologies,
A11008) and Alexa Fluor® 594- conjugated donkey anti
mouse (1:1000, Jackson ImmonoResearch, 115-586-072)
were used, and slides were mounted in ProLong™ Gold
Antifade Mountant (Invitrogen, P36930). Nuclei were
counter stained with either hematoxylin for 30s or 1 uM
DAPI (Invitrogen, D1306) for 15 min. For collagen staining,
a trichrome stain kit (Abcam, ab150686) was used accord-
ing to the manufacturer’s instructions. Routine hematoxylin
and eosin (H&E) staining was performed using Harris
hematoxylin (Thermo Scientific) stain and eosin stain
(VWR). IHC images were acquired using a Leica DM5000
B microscope (40 x 0.75N.A. objective) equipped with a
CCD Leica. Immunofluorescent images were acquired
using the Nikon A1 confocal microscope at the Northwest-
ern Microscopy and Imaging Core.

RNA extraction and real-time PCR

RNA was isolated using Tri Reagent (Sigma Aldrich,
93289) and Direct-zol™ RNA MicroPrep (Zymo Research,
R2060) according to the manufacturer’s protocol with an
additional step of DNase I treatment to remove any con-
taminating DNA. First-strand ¢cDNA synthesis was then
performed using 500ng of RNA and M-MLV reverse
transcriptase (Life Technologies). Primer sequences are
shown in Additional file 9: Table S2. Fold change values
were calculated using the comparative Ct method using
GAPDH as the housekeeping gene.
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RNA sequencing (RNA-seq)

RNA-seq was performed at the NUSeq Core Facility,
Northwestern University, Chicago, IL. To generate RNA
sequencing libraries, RNA quality was assessed with the
Agilent Bioanalyzer 2100. Directional mRNA libraries
were prepared using Illumina TruSeq mRNA Sample
Preparation Kits per manufacturer’s instructions. Equi-
molar concentrations of each cDNA library were pooled
and sequenced on the Illumina HiSeq500. The quality of
DNA reads, in fastq format, was evaluated using FastQC.
The analysis of RNA-seq data was performed by Artifi-
cial Intelligene (www.artificialintelligene.com), Intelli-
gene Technologies. Briefly, short reads were aligned to
the hgl9 human genome using STAR [21]. Subse-
quently, cufflink packages were used to perform
transcript assemblies [22]. Downstream differential gene
expression calling on the reference and experimental
groups of interest was performed using DESeq [23]. To
perform clustering analyses on a group of samples, a
union of all the genes and their expression RPKM values
within that group was generated to build a read count
matrix for the group of interest. Various unsupervised
and other machine learning techniques were applied to
this composite read count matrix of interest. Log2 (Fold
change) = 0.5 was used for cutoff for the analyses. The
sample-sample correlation heatmaps represent the
correlation observed between any two samples. The
sample-feature heatmaps represent the signal intensity
of a feature for any given sample. ggplot2, heatmap.2,
and Pheatmap packages in R were used to build various
heatmaps. Functional analysis was performed using gene
set enrichment analyses [24].

Statistical analysis

All statistical analysis was performed using GraphPad
Prism version 8.0 (GraphPad Software). Unpaired ¢-tests
were performed when comparing groups. Paired t-test
was used when comparing treatments (Fig. 4). All data
represent the mean + SEM of a minimum of three inde-
pendent experiments and data were considered statisti-
cally significant if the p value was <0.05. Statistical
analysis was performed as described in the figure leg-
ends. All sample sizes and p values are reported in the
figures and figure legends.

Results

Generation of benign mammary organoids in vitro

We generated an in vitro 3D organoid system using human
benign breast tissues from patients undergoing reduction
mammoplasty (RM) and prophylactic mastectomy from
women with germline BRCA1 mutations (Fig. 1a). Detailed
patient information is provided in Additional file 8: Table
S1. Organoids derived from breast tissues from RM which
are BRCA1 wildtype (WT) will be referred to as “non-
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Fig. 1 Generation of human mammary organoids. a Top, Schematic of overall study design is shown. Bottom panel is the 28-day stepwise
menstrual cycle hormone profile. Day 0-day 14 Follicular phase, day 14-day 28 luteal phase. b PR and ER were co-stained with luminal marker
(CK18) in BRCA1™" and non-carrier organoids. Immunofluorescent staining was done for ER (red) and PR (red) along with CK18 (green) and DAPI
(blue) to visualize the nuclei. Scale bar, 100 um. Co-localization is shown by red arrows. ¢ Normalized expression of ER and PR mRNA in BRCAT™"
and non-carrier breast organoids is shown. Unpaired t-test was performed

carrier” and organoids derived from BRCAl-mutated tis-
sues will be referred to as “BRCA1™". Individual patient-
derived organoids are referred to as PT#. To mimic the hu-
man menstrual cycle, breast organoids were treated with a
28-day stepwise menstrual cycle hormone regimen re-
placing the medium every 2-3 days (Fig. 1a, bottom). Dur-
ing the last 14 days (luteal phase), when adding P4,

telapristone acetate (TPA) was also added to identify PR
target genes (Fig. 1a, bottom).

Immunofluorescent staining for ER and PR showed a
focal subset of cells expressing ER or PR in both non-
carrier and BRCA1™" organoids (Fig. 1b). Co-staining
with the luminal epithelial cell marker, CK18, showed
co-localized with ER or PR (red arrows) but not with
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basal/myoepithelial cells (a smooth muscle actin, aSMA;
Additional file 1: Figure S1). Negative controls for im-
munofluorescent staining are shown in Additional file 2:
Figure S2.

As shown in Fig. 1c, all the patient-derived organoids
expressed ER and PR mRNA at varying levels after the 28-
day hormone regimen. These results demonstrate that
mammary organoids grown in vitro in a scaffold-free 3D
system for 28 days retain the expression of HRs which are
expressed in a subset of luminal epithelial cells.

Characterization of mammary organoids

Immunofluorescent staining was done to visualize the
architecture and composition of the breast organoids
using specific cellular markers including pan cytokeratin
(panCK; epithelial cell), CK18 (luminal epithelial cell),
vimentin (Vim; fibroblast cell), and «aSMA (basal/myoe-
pithelial cell). As a comparative control, native breast
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tissues from non-carrier or BRCA1™" patients were im-

munostained for the same markers. No distinct differences
in cellular composition in the BRCA1™" and non-carrier
benign breast tissues were observed using these markers
(Fig. 2a). Non-carrier and BRCA1™" organoids both pre-
served extensive intercellular contacts and contained mul-
tiple cell types, shown by hematoxylin and eosin (H&E)
staining (Fig. 2b). Trichrome staining which stains the col-
lagen blue showed the presence of collagen within the
BRCA1™" and non-carrier organoids (Fig. 2b) suggesting
that the fibroblasts are actively producing and depositing
collagen to maintain the organoid structure. Proliferation
of the organoids was assessed with Ki67 staining, and it
was observed that at the end of the 28-day hormone treat-
ment, some cells were proliferating (Additional file 3:
Figure S3). In addition, immunofluorescent staining of
E-cadherin, an epithelial cell-cell adhesion molecule,
and Integrin (ITGB4), a protein that facilitates cell-
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Fig. 2 Characterization of mammary organoids. a IHC staining was done for PR (brown), epithelial marker pan CK (brown), luminal marker CK18
(brown), fibroblast marker vimentin (red), and basal marker aSMA (red) in non-carrier and BRCAT™" breast tissue. Scale bar, 100 um. b Left, H&E
staining, Right, trichrome staining for collagen fibers (blue) is shown for BRCAT™" and non-carrier organoids. ¢ Immunofluorescent staining was
done for E-cadherin (E-cad), red, a cell-cell adhesion marker and Integrin beta 4 (ITGB4), green, a cell-ECM adhesion marker in BRCA1
carrier organoids. d Left, Immunofluorescent co-staining of BRCA1™" organoid with luminal marker CK18 (red) and basal marker CK5/6 (green).
Myoepithelial/basal marker aSMA (red) and fibroblast marker vimentin (green) is shown. Right panel is immunofluorescent co-staining of non-

carrier organoids with luminal marker CK18 (red) and myoepithelial/basal marker aSMA (green), and myoepithelial/basal marker aSMA (red) and
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ECM adhesion (Fig. 2c), were expressed in the BRCA1™"
and non-carrier organoids after the 28-day hormone cycle
demonstrating intercellular contacts and communication.
Furthermore, immunofluorescent staining for luminal,
basal, and fibroblast markers (Fig. 2¢c, d) showed that the
organoids contained multiple cell types. Together, these
data show that BRCA1™"" and non-carrier organoids,
derived from benign breast tissues preserve intercellu-
lar contacts, maintain an organoid structure and con-
tain multiple cell types.

Hormone response in non-carrier and BRCA1™"
organoids

It is unclear how PR functions in the background of
BRCA1 mutations in non-cancerous benign mammary
cells before breast cancer develops. In order to assess
the hormonal response in the non-carriers and
BRCA1™" organoids at the transcriptomic level, RNA-
seq was performed. Breast organoids from BRCA1™"
(N=6) and non-carrier (N =6) patients were treated
with the 28-day stepwise menstrual cycle hormones,
with or without TPA (Fig. 1a). RNA-seq data was ana-
lyzed using Artificial Intelligene (AI), an online inte-
grated analysis system tool. Principal component
analysis (PCA) plot showed BRCA™"" and non-carrier
organoids clustering separately with expected hetero-
geneity among patient samples (Fig. 3a).

Four differential gene expression comparisons were
done to assess the role of E2 and P4 in the non-carrier
vs BRCA1I™", as well as the role of PR, specifically with
the TPA for non-carrier and BRCA1™" (non-carrier vs
BRCA1™™, non-carrier vs non-carrier+TPA, BRCA1™"
vs BRCA1™+TPA, and non-carrier+TPA vs BRCA1-
ML TPA). Correlation of top 3% of most variant genes
between the various treatment groups is shown in Fig. 3b
and Additional file 4: Figure S4. The PR-regulated genes
in the non-carrier+ TPA versus BRCA1™"+TPA showed
that 393 genes were equally expressed in both sample
sets (Fig. 3b center, gray dots), 115 genes were highly
expressed in both non-carrier TPA and BRCA1™"* TPA
groups (top right, green), 9 genes had high expression in
BRCA1mut+TPA group only (top left, red), 44 genes
had low expression in both groups (bottom left, green),
and 30 genes had low expression in BRCA1™+TPA
only (bottom right, red) (Fig. 3b). This data demon-
strates that while some PR-responsive genes are similar
between the two groups, there are genes that are differ-
entially regulated in BRCA1™"" compare to non-carrier
organoids.

When these genes were subjected to gene ontology
analysis, distinct pathways were enriched between the
non-carrier and BRCA1™" groups (Fig. 3c and
Additional file 10: Table S3). Genes involved in extra-
cellular matrix (ECM) organization were enriched in
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response to menstrual cycle hormones (E2+P4) in
BRCA1™"* compared to non-carrier organoids. In
addition, these ECM-specific genes were differentially
regulated by TPA in the BRCA1™"" group but not in
the non-carrier group further suggesting different PR
activity in BRCA1™"" organoids compared to non-
carrier. Interestingly, known PR target genes that
regulate the cell cycle were responsive to TPA in the
non-carrier group only (Fig. 3c).

Gene set enrichment analysis (GSEA) showed that
BRCA1™" organoids treated with E2+P4+TPA exhibited
a significant downregulation of ECM organization genes
compared to the BRCA1™" organoids treated with E2+P4
only (Fig. 3d). Shown in Fig. 3e, are the expression of spe-
cific ECM genes in E2+P4-treated BRCA1™" organoids in
response to TPA. Taken together, these data demonstrate
that BRCA1 mutation influences hormone response and,
in particular, ECM organization genes.

Confirmation and validation of the effect on ECM genes
To confirm the RNA-seq data, quantitative real-time PCR
was done for ECM genes in each patient-derived orga-
noids from the RNA-seq samples referred to as PT#. The
E2+P4+TPA data are represented as fold changes of
E2+P4 treatment (Fig. 4a, dotted red line is at 1). As
shown in Fig. 4a left, the ECM genes MMPI1, MMPIO,
COLIA1, COL3Al1, A2M, and FNI were significantly
downregulated in individual BRCA1™" organoids in re-
sponse to TPA treatment. These genes were not downreg-
ulated with TPA in the non-carrier organoids with an
exception of MMPI, COLIAI, and FNI genes in orga-
noids P278 and P282 (Fig. 4a, right).

To validate our RNA-seq data, additional patient-derived
organoids from BRCA1™" and non-carriers were exposed
to the same hormonal treatments (E2+P4) in the absence
or presence of TPA. Similar to the RNA-seq confirmation
data in Fig. 4a, ECM genes, MMP1, MMPI0, COL1Al,
COL3A1, and DCN from the new BRCA1™" organoids
(N =3), were significantly downregulated by TPA, but not
in the non-carrier organoids (N = 3) (Fig. 4b).

[HC staining of ECM proteins MMP10, COL1Al,
COL3Al, and FN1 were performed in BRCA1™" and
non-carrier organoids treated with hormones (E2+P4)
(Fig. 4c). Higher levels of the ECM proteins were ob-
served in the hormone-treated BRCA1™" compared to
the non-carriers.

Taken together, these data validate our RNA-seq data
and demonstrate that in the background of BRCA1 mu-
tation PR regulates ECM gene and protein expression.

Identification of cell type marker genes in mammary
organoids

RNA-seq data also demonstrated a differential regulation
of the aldehyde dehydrogenase-1 (ALDH1) gene which
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Fig. 3 Differentially expressed genes in organoids from non-carrier and BRCAT-mutated tissues in response to hormones. a Principal component
analysis (PCA) was done for the top 1% of variant genes in BRCAT™" (N=8, hormone and hormone+TPA) shown in blue, and in non-carriers
(N=8, hormone and hormone+TPA) shown in orange. b Correlation dot plot of expression of top 3% of variant genes between BRCAT™ ' +TPA
(N=4) and non-carriers+TPA (N=4) is shown. ¢ Gene ontology (GO) analysis was done for variant genes comparing different groups. p value

*p < 0.05. d GSEA plot of extracellular matrix organization (p = 0.00012; NES = —2.2987) shows the ECM organization signature is negatively
enriched in BRCAT™" tissues treated with E2+P4+TPA (N =4) versus E2+P4 (N=4). e Log2 fold change of extracellular organization genes in
BRCAT™" tissues treated with E2+P4+TPA (N =4) versus E2+P4 (N =4) is listed

has been shown to be a breast stem cell marker [25, 26].
Using immunofluorescent staining, we observed that
ALDHI protein levels were increased in the BRCA1™"
organoids treated with E2+P4 (Fig. 5a). Furthermore, the
ALDH1 mRNA expression was increased in BRCA1™"
organoids compared to the non-carrier organoids
(Fig. 5b). Interestingly, ALDH1 was present in the
stroma of the organoids, which is consistent with a study
showing the presence of ALDH1 in intralobular stroma
and could be involved in breast stem cell renewal and
differentiation [27].

The RNA-seq data was further mined to assess the ex-
pression of specific cell type markers in the BRCA1™"
and non-carrier mammary organoids. In a recent bioR-
xiv study, Murrow et al. performed single-cell (sc)-RNA
sequencing in human breast tissues that were in the lu-
teal and follicular phases of the menstrual cycle and
identified seven different cell clusters [28]. The three
major epithelial groups were hormone responsive
luminal-hormone receptor positive (HR+), hormone-
insensitive luminal-hormone receptor negative (HR-),
and vascular accessory cells [28]. Each group had
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specific and distinct transcriptional profiles and dif-
fered depending on the menstrual cycle phase. There-
fore, we looked at the expression of various genes
specific to these cell types that were shown to be up-
regulated in the luteal phase. First, the expression of
the luminal HR+ marker genes in hormone-treated
non-carrier organoids were increased compared to
hormone-treated BRCA1™"" organoids with TFFI and
KRTS8 reaching statistical significance (Fig. 5c, left).
When these marker genes were compared in BRCA1-
™ and non-carrier organoids that were treated with
TPA, the luminal HR+ marker genes were not signifi-
cantly downregulated by TPA (Fig. 5¢, right) which
indicates that these genes are not regulated by PR. Sec-
ond, the luminal HR-marker genes in hormone-treated
BRCA1™"* and non-carrier organoids were analyzed
(Fig. 5d, left). Luminal HR- marker genes were de-
creased in non-carrier hormone-treated organoids and
MMP3 was significantly downregulated compared to
hormone-treated BRCA1™"" organoids. When we

compared the luminal HR- marker genes in the TPA-
treated BRCA1I™"* and non-carrier groups, no signifi-
cant downregulation by TPA was observed (Fig. 5d,
right), again, suggesting that these genes are not PR
target genes. Third, the myoepithelial (basal) marker
genes in hormone-treated BRCA1™" and non-carrier
organoids were analyzed (Fig. 5e, left). Most of these
marker genes were downregulated in hormone-treated
non-carrier, and ACTA2 was significantly downregulated
compared to hormone-treated BRCAI™" organoids.
Interestingly, when we compared the myoepithelial
marker genes in the TPA-treated BRCA1™" and non-
carrier groups, IGFBP3 and VEGFA were significantly
downregulated by TPA in BRCA1™" organoids but not in
the non-carrier organoids (Fig. 5e, right). This data sug-
gests that IGFBP3 and VEGFA are regulated by PR in the
BRCA1™" organoids through paracrine action but not in
the non-carrier organoids. Finally, the fibroblast marker
genes, mostly ECM genes in hormone-treated BRCA1™"
and non-carrier organoids were evaluated (Fig. 5f, left). As
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expected, most of the fibroblast marker genes were signifi-
cantly increased in the hormone-treated BRCA1™" orga-
noids compared to the hormone-treated non-carrier
organoids. Similarly, most of the fibroblast marker genes
were significantly downregulated in response to TPA in
hormone-treated BRCAI™" organoids but not in the
hormone-treated non-carrier organoids (Fig. 5f, right).
Collectively, these data support that hormone responses
and PR-regulated genes for certain breast cell type-specific
genes are altered in BRCA1™" organoids.

Discussion

One of the impediments of understanding direct effects
of risk factors on the breast is the lack of appropriate
models that represent the in vivo human condition.
Conventional cell cultures are usually monolayers of
cancer cell lines and primary cells that are usually a
single-cell type. While these systems are valuable in un-
derstanding cellular and molecular processes, they stop
short of providing the necessary complexity that is re-
quired to represent human physiology. Multiple groups
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have studied human breast tissues ex vivo, to study hor-
mone response, cell populations, and clonogenic poten-
tial. Graham and colleagues first demonstrated that
human breast tissues embedded in Matrigel and grown
in culture retained ER and PR expression and was re-
sponsive to progesterone [29]. Lim et al. demonstrated
that FACS-sorted cells from human mammary tissues
can be cultured as mammospheres [13]. They showed
that breast tissues from BRCAI-mutated patients have
an expanded luminal progenitor (LP) population and
these cells showed higher clonogenic activity. A study by
Proia et al. used a humanized mammary fat pad system
to study breast tissues in vivo and reported that breast
epithelial cells derived from women with a deleterious
BRCA1 mutation gave rise to tumors resembling basal-
like breast tumors [30]. Nolan et al. used an ex vivo 3D
model using breast tissues from reduction mammoplasty
(RM) that preserved extensive intercellular contacts and
contained multiple cell types [31]. Each of these model
systems has their own unique advantages and limita-
tions, and data from the models should be interpreted
accordingly, depending on the cell system and in vitro
conditions. The unique features of our study include the
multicellular and scaffold-free nature of the organoids
from the human breast and the long-term survival with
menstrual cycle hormones which provided a new
understanding of hormone response in organoids from
non-carriers and BRCA1 carriers. Specifically, organoid
viability, expression of ER and PR, presence of multiple
cell types, and cell proliferation occurred after 28 days of
hormone treatment, and a significant difference in hor-
mone response between BRCA1™" and non-carrier
organoids was observed. To determine how closely these
organoids mimic the hormonal response of the native
breast tissue, a parallel comparison with breast tissues
biopsied from women at various stages of the menstrual
cycle would be needed.

Within each organoid, a subset of cells expressed ER
and PR which occurred mostly in luminal epithelial cells,
yet the effects of hormones and TPA were observed in
cells beyond the hormone receptor-positive cells
highlighting the prominent paracrine actions of the
breast. The relatively low expression of PR may have
been due to the 14 days of progesterone treatment as it
is known that progesterone downregulates PR [32]. The
well-known PR mediators, RANKL, Wnt, and calcitonin
[33], did not show a significant inhibition with TPA in
our system in either the non-carrier or BRCA1™"
organoids (Additional file 5: Figure S5). Explanations
for this could include the time-specific induction and
activation of paracrine factors or the mixed population
of cells each with different genomic signatures that
would mask differential gene expression that occurs in
a limited pool or cells. It is important to note that the
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changes in the organoids in response to the hormones
are occurring throughout the 28 days and the cumula-
tive effects at the end of the treatment time are mea-
sured. A finer analysis of the cell types and its
paracrine factors by single-cell sequencing at specific
time points of hormone treatment would reveal cell-
and time-specific gene expression profiles.

The presence of multiple cell types in the organoids
led to the discovery of the hormone effects in the
BRCA1™"" organoids that extended into the stroma, as
ECM genes were differentially regulated. The stroma
produces various ECM proteins that not only provide
mechanical support, but can also signal and influence
other cell types in the mammary gland [34]. Our data
strongly suggest that paracrine action between the cells
may be dysregulated in BRCA1™" breast tissues. Some
of the ECM genes that were downregulated in BRCA1-
™ organoids in response to TPA were MMPs, colla-
gens, and fibronectins. MMPs are proteolytic enzymes
that degrade structural components of the ECM, allow-
ing remodeling to occur. A study by Radisky et al.
showed that MMP-3 can cause epithelial to mesenchy-
mal transition (EMT) and promote oxidative damage to
DNA thereby inducing genomic instability and trans-
formation in mouse mammary epithelial cells [35]. This
new area of hormonal influence due to BRCAI mutation
may be associated with increasing risk for breast cancer.
In the clinic, mammographic density has been shown to
be a risk factor for breast cancer [36]. A study by Mitch-
ell et al. reported that high breast density in BRCA mu-
tation carriers was associated with an increased risk of
developing breast cancer [37]. A study by Huo et al. re-
ported that BRCA mutation carriers tended to have
more dense breast tissue than women from the general
population [38]. The association between breast density
and risk for breast cancer in BRCA carriers implicates
the importance of ECM. Mechanistically, ECM stiffness
can alter chromatin accessibility, which can promote the
tumorigenic phenotype in mammary epithelium as sup-
ported by Stowers et al. [39]. They demonstrated that in-
creased matrix stiffness displayed more accessible
chromatin, which increased the binding of Spl, a tran-
scription factor that regulates the induction of stiffness-
mediated tumorigenesis [39]. This could be a potential
mechanism by which BRCAI mutation, which can affect
matrix stiffness, could influence PR activity on chroma-
tin. Further research is needed to address these
mechanisms.

Other tumor-associated genes identified in our
RNA-seq data which were differentially regulated in
the BRCA1 organoids include NOTCH and ALDHI.
Notch signaling has been implicated in the regulation
of stem and progenitor cell fate determination as well
as cell survival and proliferation [40]. The Notch
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signaling pathway interacts with BRCA1 in the breast
via transcriptional upregulation of jagged 1 (JAG1) and
regulates breast differentiation [41]. Our RNA-seq data
revealed that Notch signaling was differentially regu-
lated between non-carrier and BRCA1™"* organoids in
response to hormones (Additional file 6: Figure S6).
Although the differential regulation did not reach stat-
istical significance due to patient variability, the
hormone regulation of Notch signaling may be import-
ant in BRCA1l-mutated breast tumorigenesis. We also
observed an increased expression of ALDHI in the
BRCA1™" organoids although TPA treatment did not
change the ALDHI1 levels. We have ruled out the
possibility that the BRCA1-mutated tissues were naturally
enriched with ALDHI1-positive cells as immunohisto-
chemical analysis of breast tissues from BRCAI™ and
non-carriers had similar levels of ALDH1 (Additional file 7:
Figure S7). Ginestier and colleagues described ALDH1 as
a marker for breast cancer stem cells [25]. Nolan and
colleagues showed that ALDH1 was increased in the
luminal progenitor (LP) cell population in BRCA1-
mutated breast tissues [31]. Interestingly, Lim and col-
leagues isolated different cell types from breast tissue
and found that the stromal fibroblasts expressed the
highest levels of ALDH-1 compared to the epithelial
cell population [13]. The increased levels of ALDHI1 in
both epithelial cells and stroma of the BRCA1 orga-
noids in our study suggest an increased reservoir of
potential stemness.

In order to understand why BRCA1 mutation car-
riers have an increased risk of developing breast can-
cer, it is important to study the benign breast with all
of its complexities in a physiological manner. We have
begun to study this using our multicellular breast
organoid system and long-term menstrual cycle hor-
mone treatments which have demonstrated differences
in the breast tissues from BRCA1 carriers with non-
carriers. New PR-regulated genes and pathways were
discovered that provide a broader perspective of how
hormones, with BRCA1 mutations, could increase risk
of breast cancer.

Conclusion

Our study is the first to investigate the effect of men-
strual cycle hormones and a SPRM on BRCAI1-mutated
and non-carrier mammary organoids. Our physiologic-
ally relevant model system showed that PR regulation of
genes differs in BRCA1 and non-carrier organoids. Fur-
thermore, the changes observed in the ECM genes and
others in BRCA1™" organoids in response to hormones
highlight the importance of paracrine actions to mediate
the hormonal effects. Whether inhibiting these genes
using SPRMs is an effective preventive measure in
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BRCA1 mutant tissues is an attractive possibility that
requires further research.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513058-019-1214-0.

Additional file 1: Figure S1. Immunofluorescent co-staining in BRCA1-

Mt and Non-carrier organoids. Immunofluorescent staining was done for
ER (red) and PR (red) along with myoepithelial/basal marker aSMA (green)
and DAPI (blue) to visualize the nuclei. Scale bar, 100 um.

Additional file 2: Figure S2. Immunofluorescent negative controls.
BRCA1™" and Non-Carrier organoids were fluorescently stained with no
primary antibody and Alexa-Fluor 555 (red) and 488 (green) secondary
antibody and DAPI (blue) to visualize the nuclei. Scale bar, 100 pm.
Additional file 3: Figure S3. Ki67 staining. BRCA1™" and Non-Carrier
organoids were stained with Ki67 to measure proliferation.

Additional file 4: Figure S4. Correlation between top 3% most variant
genes in comparison groups. Normalized expression mean of Non-carrier
E2+P4 (N=4) vs BRCAT™" E2+P4 (N=4), Non-carrier E+ P (N=4) vs Non-
carrier+TPA (N=4), BRCAT™" E2+P4 (N=4) vs BRCAT™ " + TPA (N=4).
Additional file 5: Figure S5. RANKL (TNFSF11) and Wnt4 mRNA
expression. Normalized mRNA expression of TNFSF11 and Wnt4 in
BRCAT™ " E2+P4 (N=4), BRCA1™" E2+P4+TPA (N=4), Non-carriers E2+P4
(N=4) and Non-carriers E2+P4+TPA (N=4). Unpaired t-test was performed.
Additional file 6: Figure S6. Notch signaling GSEA plot. Notch
signaling signature genes are positively enriched in the BRCA1™"
organoids treated with E24+P4 (N=4) versus Non-carrier organoids treated
with E2+P4 (N=4). p=0.22, NES=1.23.

Additional file 7: Figure S7. ALDH1 staining. BRCA1™" and Non-Carrier
tissues were IHC stained with ALDH1. Scale bar, 100 pm.

Additional file 8: Table S1. Patient information.

Additional file 9: Table S2. qRT-PCR primer sequences.

Additional file 10: Table S3. Gene ontology analysis for genes
differentially expressed in each of the four comparisons groups.
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