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Environmental chemicals such as bisphenol A (BPA) are thought to contribute to carci-
nogenesis through their endocrine-disrupting properties. Due to accumulating evidence
about negative human health effects, BPA is being phased out, but in parallel, exposures
to replacement chemicals such as bisphenol S (BPS) and bisphenol F (BPF) are increas-
ing. Little is known about their biologic effects, but because of their high degree of
chemical relatedness, they may have overlapping as well as distinct actions as compared
with BPA. We investigated this theory using a nonmalignant, human breast tissue-
derived organoid system and two end points: morphologic and proteomic alterations.
At low-nanomolar doses, replacement chemicals—particularly BPS—disrupted normal
mammary organoid architecture and led to an increased branching phenotype. Treat-
ment with the various bisphenols (vs. 17-β-estradiol or a vehicle control) produced dis-
tinct proteomic changes. For example, BPS up-regulated Cdc42-interacting protein 4,
which supports the formation of invadopodia and a mesenchymal phenotype. In sum-
mary, this study used a highly physiologically relevant organoid system to provide evi-
dence that replacement bisphenols have protumorigenic effects on the mammary gland
at morphologic and proteomic levels, highlighting the importance of studies to evaluate
the potential harmful effects of structurally related environmental chemicals.

bisphenols j mammary gland j organoids j breast cancer j global proteomics

Bisphenols, of which the most prevalent is bisphenol A (BPA), are environmental
chemicals that are used as plasticizers in a variety of goods, including plastic bottles,
children's toys, eyeglass lenses, food containers, and some types of thermal paper (e.g.,
cash register receipts). They leach from these products, contaminating humans (and
animals) either directly or indirectly via other environmental media, such as household
dust. Thus, in most adults, BPA is detected in serum, tissues, and urine (1, 2). Chil-
dren (ages 6 to 11) have the highest concentrations of urinary BPA (3, 4). This chemi-
cal has structural similarities to estrogen (17-β-estradiol [E2]) and as a result, weakly
mimics its activity (5). Hormones and growth factors play an important role in control-
ling prenatal mammary gland development and later on, the morphologic and func-
tional alterations that occur during puberty, pregnancy, and eventually, menopause.
Due to this plasticity, the mammary gland is particularly susceptible to the actions of
endocrine-disrupting chemicals (EDCs), such as BPA (6–8). In vivo and in vitro stud-
ies have consistently shown that exposures to BPA at crucial developmental stages
impair mammary gland development and increase neoplastic transformation (9–12).
Treating rats with BPA results in mammary epithelial hyperplasia and enhances prolif-
eration (13), common features of precancerous lesions. Additionally, BPA induces cell
cycle progression and increases proliferation of human breast cancer cells in vitro via
the up-regulated expression of estrogen-dependent genes (14).
Based on these and other data, BPA has been removed from many commercial prod-

ucts. Most commonly, this chemical of concern is replaced by bisphenol S (BPS) and
bisphenol F (BPF) compounds that share close structural similarities with BPA. How-
ever, little is known about their endocrine effects and more broadly, their biological
activities. Marketing a product as “BPA free” suggests to the consumer that a product
is safer, but research shows that replacement bisphenols have adverse effects similar to,
or even greater than, BPA. For example, studies in zebrafish, rodents, and human cell
culture models show that BPS and BPF have endocrine-disrupting activities. In zebra-
fish, despite species-specific differences in estrogen receptor (ER) affinity and specific-
ity, BPF and BPS have estrogenic activities similar to BPA (15–17). In rats, exposure
to BPF induces uterine growth, which suggests estrogenic effects (18). BPA, BPF, and
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BPS promote estrogen-dependent cell cycle progression, prolif-
eration, and migration of human MCF-7 breast cancer cells
along with epigenetic changes (19, 20). BPS exposure of preg-
nant and lactating mice limits milk production, suggesting
alterations in mammary gland composition (21). In addition to
estrogen signaling, BPF affects other endocrine pathways; in
rats, oral administration of this compound alters thyroid hor-
mone levels (22).
Current research on bisphenol actions is mainly focused on

endocrine effects. It is less well understood whether these chem-
icals have additional protumorigenic effects independent of
their endocrine-disrupting activity. Moreover, tumor develop-
ment is a multistep process involving heterogeneous cell types
and numerous factors, including the potential roles of a variety
of environmental chemicals (23, 24). Recapitulating this com-
plexity in an experimental setup is challenging. In this context,
tissue organoids are valuable models for understanding the early
steps of carcinogenesis. They can be derived from nonmalig-
nant primary tissues ex vivo. When grown for short periods of
time in vitro, they maintain many of the genetic and epigenetic
features of their normal cognates. Also, organoids have the
added advantage of consisting of multiple cell types that are
representative of the complexity of the tissue from which they
are derived (25, 26).
In this study, we exploited the strengths of the human mam-

mary gland organoid culture system to understand the impact
of the BPA replacements, BPF and BPS. Organoids established
from nonmalignant human mammary gland tissues were
exposed to one of the bisphenols, E2, or the vehicle control.
The results showed that BPA replacements, in particular BPS,
disrupted organoid architecture, enhanced branching, and
caused compound-specific proteomic alterations—effects that
were mostly E2 independent. Together, these observations sug-
gested that the mammary gland effects of BPA substitutes
should be equally or more concerning than those of the com-
pound they are replacing.

Results

Bisphenols Alter Branching Morphology of Human Mammary
Organoids. To study the impact of bisphenols on nonmalignant
mammary tissue, we established human mammary organoid
cultures using tissue obtained from reduction mammoplasty sur-
geries. We used partially digested tissue fragments to obtain
organoids that capture the cellular heterogeneity, tissue structure,
and hormone signaling properties of their in vivo counterparts
(25). To mimic physiological exposure (see last paragraph of the
Discussion), we treated the organoids with a low dose (15 nM) of
BPA, BPF, BPS, E2, or vehicle control for 6 d (Fig. 1A). The
choice of tissue-derived organoids and physiologic-relevant
chemical dosages enabled us to test the effects of bisphenols on
human breast tissue in a setting that simulated the in vivo situa-
tion (4). First, we analyzed the effect of chemical exposure on
the morphology of human mammary organoids in two indepen-
dent patient cohorts (cohort A with six different individuals and
cohort B with four different individuals). Overall, we observed
inter- and intrapatient heterogeneity in response to individual
chemicals (Fig. 1B and SI Appendix, Fig. S1 A and D). Given
the heterogeneity of the patient characteristics (e.g., age, body
mass index [BMI]) (SI Appendix, Table S1), differences among
donors were not unexpected. Nevertheless, exposure to the
replacement chemicals resulted in an altered mammary organoid
morphology in both cohorts (Fig. 1B and SI Appendix, Fig. S1 A
and D), while overall organoid size, determined by maximal

cross-sectional organoid area, was not affected (Fig. 1C and SI
Appendix, Fig. S1B). BPS treatment resulted in the strongest
increase in the number of organoid branches (cohort A: P ¼
0.015 [Fig. 1D]; cohort B: P ¼ 0.0005 [SI Appendix, Fig.
S1C]). The exposure to BPA and BPF also elevated the degree of
branching, with BPF showing a significant increase in the num-
ber of branches in cohort B (P ¼ 0.009) (SI Appendix, Fig.
S1C). Taken together, as compared with estrogen treatment,
bisphenols altered human mammary organoid morphology,
with BPS causing the strongest effects in terms of
increased branching.

Bisphenol Exposure Resulted in Alterations at the Level of
the Proteome. The strong branching phenotype induced by
BPS exposure suggested effects beyond mimicking the endo-
crine functions of estrogen. To measure proteomic alterations
caused by these bisphenols, we performed quantitative mass
spectrometry (MS) on the treated mammary organoids and
compared the relative protein abundances with control organo-
ids. Consistent with the heterogeneity we observed in organoid
morphology, unsupervised hierarchical clustering (Fig. 2A and
SI Appendix, Fig. S2A) showed sample clustering based on tis-
sue donor rather than chemical treatment. Principal component
(PC) analysis of the overall protein abundances (Fig. 2B) con-
firmed this conclusion. Interestingly, one patient (patient 16)
stood out as having a strong up-regulation, across all treat-
ments, of proteins associated with extracellular matrix (ECM)
organization and remodeling (SI Appendix, Fig. S2). This donor
underwent a previous mammary reduction surgery some years
prior to the procedure that enabled sampling tissue for this
study (SI Appendix, Table S1). Wound healing involves pro-
found remodeling processes that may explain the observed
induction of ECM-related proteins. Considering the unique
nature of this sample as a confounding variable, we excluded
these data from further analysis.

Despite interpatient heterogeneity, 166 proteins were signifi-
cantly differentially expressed (DE) between at least one of the
treatments as compared with the controls across all donor sam-
ples (log2 fold change $ 2) (Fig. 2C and Dataset S1). Notably,
most DE proteins were up-regulated across all treatments. The
majority of the significant changes were unique to each treat-
ment (Fig. 3A). Only 41 DE proteins were shared between at
least two treatments (Fig. 3B, red–blue scale). The bisphenols,
BPA in particular, are described as having endocrine-disrupting
effects. However, only about a quarter of the chemically-
responsive proteins were also regulated by E2. On the other
hand, half of the E2-modulated proteins (28 of 58) were shared
with at least one of the three bisphenols (SI Appendix, Fig. S3A).
Although not significant, most of the DE proteins showed simi-
lar trends in the other treatments (SI Appendix, Fig. S3B). We
validated that our organoid culture models maintained respon-
siveness to E2 by showing transcriptional activation of known
E2 target genes using quantitative polymerase chain reaction
(qPCR) (27). Expression of progesterone receptors (PR), and
transcription termination factor 1 (TTF1) was significantly
induced upon E2 but not bisphenol treatments (Fig. 3C).

Next, we used PRECOG (28) to score the shared DE proteins
for their prognostic value over multiple breast cancer studies (n ¼
1,697 patients) (Fig. 3B, red–green scale). The results showed
that shared DE proteins were associated with both good and poor
prognoses, without a clear trend in either direction.

DE Proteins across All Treatments. We were interested in pro-
teins that were DE in response to treatment with E2 and the
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bisphenols. They included the up-regulation of disco-interacting
protein 2 homolog B (DIP2B) and serine/threonine protein
phosphatase 4 regulatory subunit 1 (PPP4R1) and the down-
regulation of nucleobindin-2 (NUCB2) (Fig. 3B). DIP2B,

which was among the most highly DE proteins across all treat-
ments, has been implicated in regulating DNA methylation at a
global level (29, 30) and shown to be mutated in early-stage
luminal breast and colorectal cancers (31, 32). Changes in DNA

0

5

10

15

20

ctrl E2 BPA BPF BPS

O
rg

an
oi

d 
m

ax
im

al
 a

re
a

Mammaryrr
reduction surgeryrr

Tissue
digestion

Organoid
culture

Organoid
morphology

Exposure to
environmental chemicals

Functional analysis

S

Organoid
size selection

ctrl E2 BPAPP

distribution
Basal/luminal

LC-MS whole
proteome analysis

B

C D

A

E2ctrl BPAPP BPF BPPSSS

Patient
EK007
EK024
EK027
EK034
EK035
MP001

0

2

4

6

ctrl E2 BPA BPF BPS

N
um

be
r 

of
 b

ra
nc

he
s

p=0.015

E
K

03
4

M
P

00
1

P
8

Fig. 1. Bisphenol exposures alter branching morphology of human mammary organoids. (A) Schematic of the experimental workflow. Nonmalignant pri-
mary human mammary tissue from reduction mammoplasty surgeries was digested and size separated, and the medium (M)-sized (vs. small [S] or large [L])
organoids were cultured in Matrigel. They were exposed to the vehicle control (ctrl), E2, or one of the bisphenols (15 nM) for 6 d. The end points analyzed
included organoid morphology, the proteome at a global level (liquid chromatography-mass spectrometry [LC-MS]), and the distribution of basal and luminal
cells. (B) Representative bright-field images of human breast organoids of different patients after exposure for 6 d to the vehicle control (ctrl), E2, BPA, BPF,
or BPS. (Scale bars, 100 μm.) (C) Quantification of the organoid maximal cross-sectional area colored by patient (cohort A). Each dot represents the mean
value from the analysis of 5 to 25 organoids per patient per treatment. The median and the interquartile range are shown. The values were not statistically
different among the groups. (D) Quantification of the total number of branches per organoid colored by patient (cohort A). Each dot represents the mean
number of branches from 5 to 25 organoids per patient per treatment. The median and interquartile range are shown. Results that reached statistical signif-
icance using the two-sample Wilcoxon test are noted.
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methylation have been associated with other environmental
exposures, such as cigarette smoke (33) and the flame retardant
BDE-47 (34). PPP4R complexed with the catalytic subunit of
protein phosphatase 4 (i.e., the PPP4C–PPP4R1 PP4 complex)
is thought to play a role in histone deacetylase 3 (HDAC3)
activation (35). HDAC3 canonically acts as a transcriptional
repressor of transcription factors (36–38) but can also coactivate
transcription, for example, of estrogen-related receptor-α in a
tissue-dependent fashion (39, 40). HDAC3 also modulates
immune responses (41) upon exposure to cigarette smoke (42).
Thus, these up-regulated proteins have been suggested to regu-
late global gene expression through epigenetic mechanisms that
could have profound effects on normal cellular functions.
NUCB2, another DE protein, was common to all the treat-
ments. Its expression is E2 dependent, up-regulated in ERþ
breast cancer, and associated with poor outcomes (43). However,
we found that NUCB2 was down-regulated, suggesting other
regulatory mechanisms.
Proteins that were DE in all the bisphenol samples but not

responsive to E2 treatment included Cytochrome b5 (CYB5A),
which was up-regulated. It is involved in the detoxification of
aromatic and heterocyclic amine mammary carcinogens found in
cigarette smoke (44). Polymorphism of CYB5A was reported to
increase breast cancer risk and occurs more frequently in African
American than Caucasian women (45). The nuclear transport
factor importin-A5 (KPNA1) is significantly up-regulated in
mammary organoids treated with either BPA or BPS. KPNA1 is

a member of the karyopherin superfamily. Other than their clas-
sical role in nucleocytoplasmic transport (46), karyopherins/
importins have direct functions in gene regulation (47) and
enhance growth factor signaling (48, 49). Altered nuclear trans-
port is found in many cancer types, including breast (50–52),
and is associated with aggressive tumor phenotypes (53). Studies
determining the substrate specificity of the different importin
isoforms are incomplete (54, 55), and the preferred substrates of
KPNA1 are yet to be identified. It was recently shown that
nuclear import pathways are involved in epigenetic gene silenc-
ing (47) and that KPNA1 can directly interact with HDAC1
(56). Thus, up-regulation of KPNA1 could have significant con-
sequences in terms of cellular functions.

Proteome Alterations That Were Distinct to Particular
Bisphenol Exposures. Although similar trends were observed
for most proteins across the various exposure groups, the
majority of the significantly DE proteins were distinct to a
specific treatment (Fig. 3 A and D–G and SI Appendix, Fig.
S3B). We observed a strong branching phenotype in the
BPS-treated organoids. Cdc42-interacting protein 4 (CIP4;
gene: TRIP10), which promotes invasion (57), was signifi-
cantly up-regulated only by this treatment (Fig. 3G). CIP4 is
a potential downstream ER target, responds to growth factor
stimuli, and is up-regulated in aggressive ERBB2 (Her2)-
positive breast cancer (57, 58). As its name implies, CIP4
interacts with Cdc42, which is up-regulated in BPA-treated
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mouse mammary organoid cultures (59). CIP4 is involved in
E-cadherin trafficking and endocytosis (60). It disrupts cell
junctions, promoting migration and invasion of nonmalig-
nant MCF10A mammary epithelial cells (57) and MDA-
MB-231 breast cancer cells (61). CIP4 interacts with the
protooncogene tyrosine-protein kinase SRC (57), prompting
the formation of invadopodia, cellular actin-rich structures
necessary for cell migration (61). SRC was up-regulated in
the presence of E2 and BPA but not in BPS-treated organo-
ids (Fig. 3B). SRC is a component of the ER pathway (62)
and plays an important role in the activation of steroid

receptor cross-talk and signaling (63), leading to subsequent
protumorigenic cellular downstream processes, such as pro-
liferation and invasion. SRC is overexpressed in various can-
cers and has been suggested as a therapeutic target (64–66).

Taken together, our data showed that exposure to bisphenols
produced distinct changes in the proteome of human nonma-
lignant mammary organoids and increased the abundance of
proteins that regulate gene expression. BPS exposure induced
CIP4, a protein involved in cancer cell invasion. Thus, it is pos-
sible that bisphenol exposures set in motion processes that
increase breast cancer risk.
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b], and transcription termination factor 1 [TTF1]) colored by patient (cohort A) using qPCR. Box plots show difference of quantification cycles (dCq); lower lev-
els indicate a higher number of transcripts. Results that reached statistical significance using the two-sample Wilcoxon test are noted. (D–G) The top 10 up-
and down-regulated proteins in E2 (D), BPA (E), BPF (F), or BPS (G) that are not shared with the other treatments. Color represents the log2 fold change
(down-regulation in blue and up-regulation in red); dot size indicates P value. Circles indicate significant P value (P ≤ 0.05).
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Bisphenol Treatments Disrupted Mammary Organoid
Organization. The ducts of normal breast tissue consist of two
major epithelial cell lineages; cuboid cells line the lumina (lumi-
nal cells) that are surrounded by a myoepithelial layer (basal
cells). Luminal cells are thought to be the origin of most breast
cancers (67), whereas basal cells are resistant to oncogenic trans-
formation and prevent malignant invasion of transformed lumi-
nal cells (68). Recently, it has become evident that an alteration
of this organization may contribute to breast cancer risk (69,
70). To further evaluate how bisphenols could contribute to
breast cancer risk, we analyzed how treatment with these chem-
icals affected the organoid’s luminal and basal cell composition
and structural organization by immunolocalizing luminal (kera-
tin-18 [Krt18]) and basal (keratin-14 [Krt14]) markers (Fig. 4).
All organoids were composed of Krt18þ and Krt14þ cells.

Control organoids showed the expected organization, with
Krt18þ cells in the center and a layer of Krt14þ cells arranged
on the surface. E2 and BPA treatment did not impact the struc-
tural organization but slightly increased branching of both
Krt18þ and Krt14þ cells. However, organoids treated with
BPF and in particular, BPS show a disorganized architecture.
Here, we noticed that branches were mostly composed of
Krt14þ cells (Fig. 4B). This observation is particularly surpris-
ing since basal cells are ER negative (71), suggesting either an
E2-independent effect of the bisphenols or an indirect effect of
induced paracrine signaling in hormone-responsive luminal
cells. Additionally, it was shown in murine mammary organoids
using time-lapse microscopy that branching morphogenesis and
duct elongation are driven by luminal cells in regions that lack
a myoepithelial layer, which later reforms (72). Whether basal
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Fig. 4. Bisphenol disrupted human mammary organoid architecture. (A and B) IF staining of human breast organoids. (A) Staining for luminal (green: kera-
tin 18 [Krt18]) and basal (red: keratin 14 [Krt14]) cell markers. (Scale bars, 50 μm.) (B) IF staining as described in A. Image details show the staining of orga-
noid branches for Krt14 and Krt18. (Scale bars, 10 μm.)
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cells are the predominant cell type that contributes to branch-
ing in the context of BPF and BPS exposures or if different
mechanisms of branching that are observed in other organs,
such as buckling (73), are involved, could be investigated in
future studies. However, the observed BPS-induced branching
phenotype may be distinct from physiologic morphogenesis.

Discussion

Our study showed that each bisphenol had distinct effects on
the morphology of human mammary gland organoids. Most
notably, BPS induced a greater degree of branching than the
other chemicals in this class or estrogen. These alterations in
fundamental aspects of mammary gland structure were accom-
panied by unique proteomic signatures. The majority were also
distinct from those induced by estrogen. Nevertheless, the
commonalities among the DE proteins in the hormone and
chemically treated datasets agree with the widely described
endocrine-disrupting activity of bisphenols. Together, these
findings suggest that, beyond their endocrine effects, the
broader biological actions of these and other environmental
chemicals should be considered.
In this regard, advanced human tissue culture models play

an important role. Toward this end, we used nonmalignant
breast tissue to establish human mammary organoids for testing
the effects of environmental chemical exposures. They have the
advantage of being composed of heterogeneous cell types,
including luminal and myoepithelial cells, within a three-
dimensional matrix. Thus, they better mimic the architecture
of normal mammary glands than breast cancer cell lines grown
in a two-dimensional format.
However, our results show that it is important to appreciate

the strong interdonor variability in the protein signatures of the
organoids and medical history of the patients. For example, a
sample from a woman with a previous breast reduction surgery
had a unique wound-healing proteome. Also, the organoids in
our study were established from reduction mammoplasty tissues
donated by patients with high BMI (SI Appendix, Table S1).
Obesity enhances ER expression and changes breast composi-
tion, increasing the proportion of luminal progenitors to myoe-
pithelial cells (74). Although our model used nonmalignant
cells, it may not entirely phenocopy normal, nonobese breast
tissue.
Despite these facts, we detected significant bisphenol-

associated morphologic alterations in two different patient
cohorts including a total of 10 patients. Specifically, BPS expo-
sure induced morphologic changes that are associated with
tumorigenic processes, which were less clear at the proteomic
level. However, we identified candidate regulators that could be
involved. For example, this bisphenol up-regulated expression
of CIP4, which plays pleiotropic roles in promoting adhesive
and invasive processes that promote tumor progression (57,
61). The fact that we detected protein-level changes in the
abundance of this protein strengthens the theory that it is a
BPS target with potential functional importance.
The consensus from analyzing human blood samples is that

in vivo exposures to unconjugated BPA are in the range of 0.5
to 10 ng/mL, with most studies suggesting an average of �1 to
3 ng/mL (75). The maximal BPA concentration of 48.5 ng/mL
was measured in urine in children. Some studies investigating
EDCs use up to micromolar concentrations and highly
E2-responsive cell lines (76, 77). Many factors need to be con-
sidered when extrapolating levels of environmental chemicals
measured in vivo to concentrations used for in vitro exposures,

including the length of time (e.g., chronic vs. acute) and
metabolism (e.g., conjugated vs. unconjugated). Thus, we
reasoned that the working concentration of bisphenols we
employed in the mammary model (15 nM is equivalent to
�30 to 40 ng/mL depending on the bisphenol) was relevant to
human exposures. Significantly, acute treatment for only 6 d
induced protumorigenic morphological changes along with
protein-level alterations. Thus, chronic bisphenol exposures
in vivo could have effects such as those we observed in the
organoid model, which might be exacerbated by the numerous
other environmental chemicals that circulate in blood. Finally,
the results of this study provide evidence that BPA replacement
chemicals are not inert, producing morphological changes that
could be indicative of increased breast cancer risk. Therefore,
BPF and BPS are likely not safer than BPA, and consumer
products that contain them should be treated with caution.

Materials and Methods

Chemicals. E2, BPA, BPF, and BPS were purchased from Sigma-Aldrich and dis-
solved in dimethyl sulfoxide (DMSO) from ATCC.

Patient Samples. Benign human mammary gland tissues were obtained from
elective mammoplasty reduction surgeries at the University of California, San
Francisco (UCSF; cohort A) or Vanderbilt University School of Medicine, which is
part of the Cooperative Human Tissue Network (cohort B), in accordance with the
institutional review boards’ approval. Tissues were received as deidentified sam-
ples, and all subjects provided written informed consent. Medical reports were
obtained without personally identifiable information. The samples were kept on
ice during handling and processed immediately.

Human Organoid Culture. Primary human nonmalignant breast organoids
were prepared as previously described (78). Briefly, fresh breast tissue was
washed with Dulbecco‘s phosphate-buffered saline (DPBS, Gibco) containing
0.1% gentamycin (Gibco) and 1% penicillin/streptomycin (Gibco). Epithelial ele-
ments were separated from fat tissue and cut into small pieces. The details of
organoid tissue preparation, which differed for each cohort, were driven by how
samples were handled at the individual sites. For cohort A, tissue was digested
overnight in a spinner flask containing Dulbecco‘s Modified Eagle Medium
Nutrient Mixture F-12 (DMEM/F12), 200 U/mL collagenase type III (Worthinton
CLS-3), 100 U/mL hyaluronidase (Sigma-Aldrich H3506), 10% charcoal:dextran-
stripped fetal bovine serum (FBS, Gemini Bio-Products 100 to 119), and 1×
antibiotic–antimycotic (Gibco 15240062). The digests were centrifuged at
16,000 rpm for 10 min; then, the pellets were resuspended in DMEM/F12 and
size selected by passing through 100-μm and then, 40-μm cell strainers (Ther-
moFisher). Tissue from each fraction was collected in cryopreservation media
(Roswell Park Memorial Institute [RPMI] 1640, 30% FBS, 10% DMSO). Cohort B
tissue was digested in DMEM/F12 (Gibco) containing 10% FBS (Omega), 1%
penicillin/streptomycin, 10 μg/mL insulin (Sigma), 2.8 mg/mL collagenase 1
(Gibco), and 0.4 mg/mL hyaluronidase (Sigma) for 12 h at 37 °C. The digests
were centrifuged at 600 rpm for 5 min; then, the cell pellets were resuspended
in organoid medium [M87A medium without E2 and FBS (79)] and size selected
(>40 and <100 μm) by using cell strainers (ThermoFisher). Organoids of cohort
A were thawed on the day of the experiment, whereas cohort B was processed
immediately without freezing. Organoids were plated in growth factor–reduced,
phenol red–free Matrigel (Corning) at a density of 1 organoid per 1 μL. After
polymerization, 200 μL organoid medium was added containing the chemicals
at a final concentration of 15 nM or 0.005% DMSO (ATCC) as the vehicle control.

Organoid Morphology. On day 6 of culture, representative organoids from
each culture condition were imaged at the cross-section with the largest area
with bright-field microscopy using a spinning disk confocal microscope (Zeiss
Cell Observer Z1 with a Yokagawa spinning disk, Zeiss LD 20×/NA 0.4 air objec-
tive [cohort A]) or a Keyence BZ-X710 All-in-One Fluorescence microscope (cohort
B). A branch was defined as a visible protrusion of the organoid body that was in
focus that included budding and wrapping structures (80), and the total number
of branches was counted at the maximal cross-sectional area. Organoid size was
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determined by measuring the maximal cross-sectional organoid area using
ImageJ/Fiji. The significance of the branching morphology data was determined
by using a two-sample Wilcoxon test.

Immunofluorescence Localization. Organoids from four individuals
(UCSF011, UCSF013, UCSF016, EK007) were used in the immunolocali-
zation experiments. After 6 d of culture as described above, they were
incubated for 30 min with 25% sucrose (VWR Life Science) prior to fixa-
tion for 45 min in 2% PFA (paraformaldehyde, Electron Microscopy Sci-
ence) at room temperature (RT). Organoids were washed three times for
20 min with phosphate-buffered saline (PBS) containing 7.5% glycine
(USB Chemicals) followed by two 10-min washes in PBS at RT and one
overnight wash at 4 °C. Permeabilization was accomplished by transfer
to 0.5% Triton X-100 (Sigma) for 15 min at RT. Nonspecific immunoreac-
tivity was blocked by incubation with 10% FBS (Omega) or 10% goat
serum (ThermoFisher) in immunofluorescence (IF) solution (0.1% bovine
serum albumin [BSA], 0.02% Triton X-100, 0.04% Tween-20 in PBS) for 2
h at RT and overnight at 4 °C. Then, the organoids were incubated at
4 °C for 24 h with primary antibodies diluted in IF solution/10% FBS
(Krt18 [Dako M7010] 1:100, Krt14 [Abcam ab119695] 1:200). After
washing three times for 1 h at RT in IF solution, the organoids were incu-
bated with the appropriate species-specific secondary antibodies diluted
in IF solution/10% FBS light protected overnight at 4 °C. Finally, they
were washed three times for 1 h at RT in IF solution. For nuclear stain-
ing, organoids were incubated with PBS containing diamidino-2-phenyl-
indole (DAPI, Sigma) for 20 min at RT. Representative images were cap-
tured with a Keyence BZ-X710 All-in-One Fluorescence microscope or a
Leica SP5 laser scanning or laser scanning confocal microscope (Zeiss
LSM800) using a Zeiss LD 40×/NA 1.1 water objective.

Mass Spectrometry (MS) Sample Preparation. Seven biological repli-
cates from each culture condition were subjected to proteomic analysis.
Mammary organoid cell pellets were resuspended in 100 μL lysis buffer,
which contained 1% sodium dodecyl sulfate (SDS), 75 mM NaCl, 50 mM
trishydroxymethylaminomethane (Tris, pH 8.0), and cOmplete mini prote-
ase inhibitor mixture (one tablet per 10 mL buffer; Roche). The cells were
lysed by sonication (2 s per pulse × 2 pulses, with 15 min on ice between
each pulse). Then, the lysates were centrifuged. The volume of the super-
natant was reduced using a SpeedVac (0 °C). The protein concentration of
each replicate was determined using the bicinchoninic acid (BCA) assay.
After volume reduction, an aliquot of each sample (18.75 μL) was loaded
onto NuPAGETM 10% Bis-Tris gels (Invitrogen; 1.0 mm, 10 well) and run
for 0.5 cm to remove salts in the lysis buffer. The protein bands were cut
out of the gels, reduced by incubation with 20 mM Tris 2-carboxyethyl
phosphine, alkylated with 40 mM iodoacetamide, and trypsin digested
overnight at 37 °C. The resulting peptides were extracted with water/ace-
tonitrile (ACN)/formic acid (FA) (50:50:0.1; vol/vol), dried under vacuum,
and resuspended in water/ACN/FA (98:2:0.1; vol/vol) to a final concentra-
tion of 0.33 μg/μL.

LC/MS Analysis. The first step was building the Sequential Window Acquisition
of All Theoretical Fragment Ion Mass Spectra (SWATH) library. Aliquots of each
digested sample containing 1 μg protein were pooled and separated by high
pH reversed-phase high-performance liquid chromatography into 18 fractions
using an Agilent 1260 Infinity system fitted with a Zorbax Extent C18 column
(4.6 mm inner diameter [i.d.] × 100 mm length). Peptides were eluted at a flow
rate of 1 mL/min with a gradient of 0 to 32% solvent B (H2O/ACN/NH4OH;
20:80:0.1; vol/vol) for 50 min. Each fraction was separated using a nanoLC Ultra
2D Plus system (SCIEX) interfaced to a 5600 Triple time of flight (TOF) mass spec-
trometer (SCIEX). Initially, the peptides were loaded onto a guard column (300
μm i.d. × 5 mm, 5-μm particle size, 300-Å pore size; Acclaim PepMap300 C18;
ThermoFisher) and washed with the aqueous loading solvent (0.1% FA) at a flow
rate of 2 μL/min for 10 min. Then, the peptides were separated on a heated
(35 °C) C18 Acclaim PepMap100 column (75 μm i.d. × 150 mm, 3-mm particle
size, 100-Å pore size; Thermo Fisher Scientific). They were eluted with a gradient
of 2 to 30% solvent B (solvent A: 98% H2O, 2% ACN, 0.1% FA; solvent B: 100%
ACN, 0.1% FA) for 90 min at a flow rate of 300 nL/min. Data-dependent acquisi-
tion (DDA) was performed. MS scans from mass-to-charge ratio (m/z) 400 to

1,250 were acquired in positive ion mode followed by MS/MS scans from m/z
100 to 1,500 of the 30 most abundant ions with an exclusion time of 15 s. Pro-
teins were identified using MaxQuant software and the UniProt human database
(version 20190501) with isoform sequences. The SWATH spectral library was
built based on MaxQuant search results using Skyline (version 19.1) (81).

Second, MS data were acquired from the individual samples. In each case,
the peptides were analyzed with the same LC/MS system using the same LC gra-
dient and data-independent (DDI) SWATH acquisition methods. Each SWATH
cycle (3.7 s) contained one MS survey from m/z 400 to 1,250 and 72 MS/MS
scan windows from m/z 100 to 1,500. The raw data were searched against the
spectral library with Skyline. Peptides were identified and quantified with 0.1-Da
m/z tolerance using MS/MS transition areas. Proteins were quantitated by sum-
ming all detected peptide intensities.

Bioinformatics and Statistics. A total of 3,256 protein groups were quanti-
fied based on Skyline searching. The protein abundance for each sample repli-
cate was normalized by dividing by the total protein level. This approach is based
on the assumption that each sample contained the same protein amount. Seven
of 29 samples were subjected to repeat analysis to confirm reproducibility. The
average Pearson correlation coefficient of the duplicate protein levels was 0.98.
In the final analysis, the results from duplicate datasets were averaged. Low-level
proteins were removed if they had less than three significant values in each sam-
ple group. The final result was 2,598 proteins. The protein level was then log2
transferred, and the missing values were replaced based on the normal distribu-
tion. Multiple-sample ANOVA tests were performed with and without patient 16,
which results in 1,323 or 657 significant proteins, respectively. Hierarchical
clustering and principal component analyses were based on these datasets.
Ultimately, patient 16 was removed due to a confounding up-regulation of
ECM-related proteins as a result of a previous mammoplasty reduction surgery
(SI Appendix, Fig. S2 and Table S1). For per patient comparisons among treat-
ments, a two-sample Student’s t test was performed between each chemical
exposure and control culture (DMSO). Determinations of individual up- or down-
regulated proteins were based on the results of two-sample Student’s t tests.
Data visualization was accomplished using R/Rstudio.

qPCR quantification. Stimulated cultures were established in triplicate for
each patient. After culturing the organoids as described above, replicates from
each treatment were combined and extracted from Matrigel by mechanical dis-
ruption and dissolution in Cell Recovery Solution (Corning 354253) on ice for
20 min. Then, the tissues were washed three times with ice-cold PBS and pel-
leted at 400 × g for 5 min. TRIreagent (Zymo Research R2050-1) was added to
each sample, and homogenization was achieved by pushing the samples
through 30-gauge needles 5 to 10 times. RNA was isolated using a Direct-zol
RNA Microprep kit (Zymo Research R2062) and was quantified on a Nanodrop
(Thermo Scientific). cDNA conversion was performed with the SuperScript IV
First-Strand Synthesis System (Invitrogen 18091050) with poly-dT primer, and
the same amount of RNA was used for all treatments of each patient sample.
qPCR reactions were performed in triplicates using the PowerUp SYBR Green
Master Mix (Applied Biosystems A25742). Primer efficiency for each qPCR target
was validated with a five log–range serial dilution of pooled samples from sev-
eral treatment conditions. The Cq value for each sample was normalized to
KRT18 transcript levels to correct for variations in the luminal fraction among
conditions and patients (82). Data analysis and statistical evaluation using the
two-sample Wilcoxon test were done with R/Rstudio. For primer sequences see
SI Appendix, Table S2.

Data Availability. The DDA and DDI MS raw data along with the database
search files and proteomics data are available in the Mass Spectrometry Interac-
tive Virtual Environment (MassIVE) repository (accession no. MSV000087617).
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