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Abstract

Understanding how differentiation, microenvironment, and hormonal milieu influence 
human breast cell susceptibility to malignant transformation will require the use of 
physiologically relevant in vitro systems. We sought to develop a 3D culture model that 
enables the propagation of normal estrogen receptor alpha (ER)+ cells. We tested 
soluble factors and protocols for the ability to maintain progenitor and ER+ cells in 
cultures established from primary cells. Long-term representation of ER+ cells was 
optimal in medium that included three different TGFβ/activin receptor-like kinase β/activin receptor-like kinase activin receptor-like kinase 
inhibitors. We found that omitting the BMP signaling antagonist, Noggin, enhanced the 
responsiveness of the PGR gene to estradiol exposure without altering the proportions of
ER+ cells in the cultures. Profiling of estradiol-exposed cultures showed that while all the
cultures showed immediate and robust induction of PGR, LRP2, and IGFβ/activin receptor-like kinase B4, other 
responses varied qualitatively and quantitatively across specimens. We propose that 
these 3D cultures will overcome limitations of conventional 2D cultures of partially or 
fully transformed cell lines by sustaining normal endocrine function and growth 
regulation of the cell populations that comprise intact breasts.
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Introduction

While good progress has been made in understanding a number of fundamental 
mechanisms of cancer progression, a comprehensive pathologically relevant model for 
the oncogenic transformation of normal human breast cells is still lacking. Rodent 
models have been used productively to study effects of pregnancy, carcinogens, and 
radiation on breast cancer development; however establishing causality at the molecular
level is often complicated by difficulties involved in manipulation and observation of 
individual cells in such models. Moreover, evidence indicates that there are fundamental 
differences in both normal hormonal regulation and tumorigenesis in rodents and 
humans1, 2. Fβ/activin receptor-like kinase or these reasons, various tractable human cell culture systems have been 
employed.  Cultured human cells have been used historically to: a) study cellular 
responses to specific changes under conditions where other potential variables are 
controlled, b) distinguish local from systemic effects on cellular physiology, and c) 
identify phenotypes that may be uniquely human and thus not amenable to study using 
animal models. Although such culture systems lack the spatial and systemic influences 
of intact tissue, they have proven useful in modeling certain aspects of tumor initiation 
and progression.  

Optimally, understanding the roles that differentiation, microenvironment, and hormonal 
milieu play in determining the relative susceptibility of human breast cells to malignant 
transformation, and determining the favored routes of in situ transformation, require the 
use of more sophisticated, physiologically relevant in vitro systems.  Bissell, Brugge, and 
others pioneered and popularized the use of reconstituted laminin-rich extracellular 
matrix (lrECM) preparations as one means of better recapitulating the normal 
microenvironment of human breast cells3, 4. The ability of non-malignant human 
mammary epithelial cells (HMECs) suspended in lrECM to form growth-arrested polarized
structures readily distinguished them from malignant cells that lost this ability. 
Nevertheless, incubation of established HMEC lines in lrECM did not result in the 
expression of estrogen receptor alpha (ER) by these cells. Since estrogen and ER have 
been implicated in the majority of human breast cancers, the inability to maintain or 
propagate normal ER+ cells has been a major deficiency of past models.

In 2009, Clarke and co-workers5 reported that, when embedded in lrECM prior to 
adherent culture, primary normal human breast tissue fragments (organoids) maintained
the morphological characteristics, cell lineages, and hormone responsiveness observed 
in vivo. In fact, gene expression profiling revealed no significant differences in transcript 
abundance between uncultured breast epithelial tissue fragments and cultured 
organoids maintained in lrECM for 12-14 days, other than increases in transcripts 
involved in cell proliferation and normal morphogenesis. As in breast tissue, ER and 
progesterone receptors (PGR) were frequently co-localized in luminal epithelial cells. 
Notably, PGR levels were increased by estrogen pretreatment, confirming the 
functionality of ER in the lrECM cultures. While this and other recent work6 provided 
small-scale organotypic cultures for studies of human mammary gland development and 
hormone biology, maintenance of ER and PGR required passaging of intact organoids - 
heterogenous in size and composition, complicating efforts to generate replicate cultures
for quantitative analyses.
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In 2015, Ronnov-Jessen and co-workers7 showed for the first time that small percentages
of normal ER/activin receptor-like kinase PGR+ human breast cells could be successfully propagated in monolayer 
cultures in the presence of two small molecule inhibitors of TGFβ/activin receptor-like kinase β signaling. The ER+ 
human breast cells showed small but significant growth stimulation as well as elevated 
PGR and GREB1 expression in the presence of estrogen. Curiously however, 
immortalized cells derived from these cultures lost ER expression after formation of 
acinus-like structures in lrECM8.

To design a robust 3D culture system for use in uncovering events involved in the pre-
malignant transformation of ER+ human breast cells, as well as for screening chemicals 
for roles in promoting or inhibiting these events, we have used information gleaned from 
the aforementioned studies. Our culture system offers the following advantages over 
pre-existing systems: 1) it allows colonies containing epithelial cells with both basal and 
luminal markers to be generated from single cells or small cell clusters in repeated 
passages, 2) the medium does not contain serum, and with the exception of lrECM, is 
completely defined, 3) functional ER expression is maintained in physiologically relevant 
proportions among the cultured cells.

Results

Optimization of conditions favoring growth of colonies containing cells with 
progenitor features and ER expression. 
Historically, in normal breast tissues of non-pregnant, non-lactating adult human 
females, only 7-15% of epithelial cells were observed to express immunologically 
detectable ER at a given time9, 10. Moreover, ER and proliferation-associated markers, 
such as the nuclear protein Ki67, were rarely expressed together in individual cells in 
normal premenopausal human breasts11.  These observations led to speculation that ER+
cells are normally post-mitotic, converting estrogen-induced signals to localized 
paracrine or juxtacrine signals that promote growth in surrounding ER- cells10, 12, or that 
ER+ cells comprise a stem/activin receptor-like kinase progenitor cell population that responds to estrogen by down-
regulating ER prior to proliferation and differentiation13. We reasoned that in either case, 
propagation of ER+ cells would necessitate finding conditions for the maintenance of 
stem/activin receptor-like kinase progenitor cells. In our initial approach, we attempted to leverage information 
generated in studies of organotypic cultures initiated from a variety of adult human 
tissue sources in which investigators had identified factors crucial for maintenance of 
stem/activin receptor-like kinase progenitor cell features14, 15, 16, 17. In the absence of a definitive marker of stemness 
in the adult human mammary gland, we selected dual positivity for keratins 14 and 19 as
a marker for multipotent progenitor cells in our cultures18. We tested soluble factors and 
protocols for the ability to maintain and/activin receptor-like kinase or enhance the growth of dual keratin positive, 
as well as ER+ cells in 3D lrECM cultures established from single cells and small (< 40µM
in diameter) cell clusters isolated from primary organoids. During the course of this work,
Jarde et al.19 showed that manipulation of Wnt signaling using the protein R-spondin (R-
spo1) and addition of the protein Neuregulin1 (Nrg1) could extend the lifespan of mouse 
mammary organoids in 3D cultures. We performed optimization experiments in which we
varied these parameters as well as EGFβ/activin receptor-like kinase  (Table 1), and found that we could achieve good
growth rate and greater than 10 population doublings (Fig.1A) while increasing 
representation of dual keratin positive cells in cultures (Fig.1B). In the medium 
designated LM-2, representation of keratin 14+ cells initially decreased, keratin 19+ 
cells remained roughly constant, and dual keratin 14/activin receptor-like kinase 19+ cells increased, before 
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stabilizing with increasing passage. Colonies were mostly round, often contained 
mixtures of cells expressing all 3 keratin phenotypes (Fig.1C), and were devoid of 
polarized structural organization. In later passages, many colonies contained hollow 
areas (Fig.1D); however the cells did not organize into distinct layers in colonies with or 
without hollow areas, indicating lack of mature lumen formation. 

While our initial medium formulation included one small molecule inhibitor of TGFβ/activin receptor-like kinase β 
signaling, A83-01, use of this inhibitor alone was insufficient to maintain robust 
expression of ER in cells derived from primary organoids. In further optimization 
experiments prompted by work7 showing that non-malignant ER+ human breast cells 
could be successfully propagated in monolayer cultures in the presence of two different 
inhibitors of TGFβ/activin receptor-like kinase β signaling (SB431542 and RepSox), we examined the effects of 
individual and combined inhibitors of TGFβ/activin receptor-like kinase β signaling. Surprisingly, while A83-01, 
SB431542, and RepSox have been reported to have overlapping effects on TGFβ/activin receptor-like kinase β/activin receptor-like kinase activin 
receptor-like kinase (ALK 5) and related kinases in cell-free assays, we observed 
significant long-term improvement in the representation of ER+ cells in our cultures 
when we included all 3 inhibitors in the LM-2 medium (Fig.2A). RepSox, in particular, 
proved especially important in maintaining ER expression. In complete LM-2 medium, as 
in situ, the intensity of ER staining within individual nuclei varied. Without a distinct 
bimodal distribution, as seen for keratin immunofluorescence, it was not possible to set a
threshold, and therefore quantitative evaluation of ER positivity in individual cells was 
not possible. However, the cultures containing strongly ER+ nuclei corresponded 
qualitatively to those expressing the highest percentages of dual keratin+ cells (Fig.2B).

Factors influencing ER transcriptional activation. 
We performed expression analysis using qRT-PCR to determine whether the ER 
expressed in the 3D cultures were functional.  We exposed the cultures to 
supraphysiological (10nM) levels of estradiol for brief periods of time to ensure 
saturation of available ER and to measure direct rather than indirect effects of exposure 
to the ligand. In complete LM-2 medium, relative progesterone receptor (PGR) mRNA 
expression was only marginally increased 6 hours after stimulation (Fig.3A). While some
researchers have reported that phenol red or a contaminant in 
commercial phenol red preparations can bind to estrogen receptors and affect ER 
dependent signal transduction, other researchers have not observed such effects20. We 
found no improvements in estrogen induction of PGR mRNA when phenol red was 
omitted from the medium or the growth factor-reduced lrECM preparation (data not 
shown). We therefore reasoned that although colonies in complete LM-2 medium 
expressed ER, the medium lacked necessary component(s) and/activin receptor-like kinase or contained inhibitor(s) 
of ER function. We examined the effects of addition or subtraction of individual factors on
baseline and estrogen-induced levels of PGR mRNA. In doing so, we noted that Noggin - 
a factor included in our original medium formulation due to its requirement for passaging
intestinal crypts in culture15, is an antagonist of BMP action, and BMPs have been 
reported to be necessary for normal ductal elongation and lumen formation in murine 
mammary glands21. We found that omitting Noggin from LM-2 medium significantly 
increased estrogen induction of PGR expression in cultures established from three 
different specimens (Fig.3B), although it did not significantly affect ER expression or 
dual keratin+ cells (Fig.3C&D). 
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Estrogen regulation of gene expression in 3D cultures of normal breast cells 
versus tissues and breast cancer cells.  We performed RNA-seq on RNA prepared 
from replicate 3D cultures from 3 specimens exposed to 10nM estradiol or vehicle alone 
for 6 or 24 hours. The sets of genes identified as differentially expressed in response to 
estradiol showed specimen-dependent differences. Fβ/activin receptor-like kinase or example, 94 genes were 
identified with a logFβ/activin receptor-like kinase C of  >0.5 and Fβ/activin receptor-like kinase DR <0.1 in N129 cultures exposed to estradiol for 6 
hours.  Of these, 80 were also identified in the 24 hours time point. Using the same 
criteria, 21 genes were identified in N182 as responsive to estrogen after 6 hours and 13 
of these were also identified at 24 hours. N88 cultures showed the least consistency with
only 8 genes identified as differentially expressed at 6 hours and of these, 4 also showed
differential expression at 24 hours. 24 genes were identified as differentially expressed 
in at least one time point in 2 or more specimens (Table 2). Of these, 21 showed 
increased transcript levels relative to corresponding untreated cultures while 3 showed 
decreased transcript levels. 3 genes - PGR, LRP2, and IGFβ/activin receptor-like kinase B4, were identified as estrogen 
responsive in all specimens at both 6 and 24 hours. 

The set of genes identified as differentially expressed in this study showed limited 
overlap with the set of genes identified in a study of MCFβ/activin receptor-like kinase 7 breast cancer cell 
monocultures exposed to 10 nM estradiol for 24 hours22.  Our reanalysis of the RNA-seq 
data from Liu et al. identified 1595 genes with logFβ/activin receptor-like kinase C of >0.5 and Fβ/activin receptor-like kinase DR <0.1 and 1397 
genes with LogFβ/activin receptor-like kinase C <-0.5 and Fβ/activin receptor-like kinase DR <0.1. Of the 24 genes differentially expressed in 2 or 
more normal specimens exposed to estradiol, 9 (PGR, CISH, NPY1R, IGFβ/activin receptor-like kinase BP4, MREG, 
LOXL4, MYBL1, PTGS2, and DRAM1) showed a similar pattern of expression in MCFβ/activin receptor-like kinase 7 cells 
exposed for 24 hours.  Several genes – LRP2, SEMA3G, SLC40A1, and ZFβ/activin receptor-like kinase ANDS, showed 
significant differential expression in the normal specimens and in MCFβ/activin receptor-like kinase 7, but in the 
opposite direction (e.g., increased in normal specimens versus decreased in MCFβ/activin receptor-like kinase 7).

Discussion 

Even though estrogen regulates normal breast development, cumulative exposure to 
cycling levels of ovarian hormones throughout women's reproductive lives increases the 
risk of breast tumorigenesis23. While progress has been made in understanding 
fundamental mechanisms of breast cancer progression, a relevant in vitro model that 
supports and maintains the cell types and signaling pathways observed in normal breast 
tissues, and which can be used to study carcinogenic disruption of communication 
among normal human breast cells, is still lacking. The development of an in vitro system 
in which normal levels of hormone receptors and responses are maintained provides a 
truly representative model of the human breast with which to perform “proof-of-
principle” studies of genetic determinants as well as to perform toxicological studies on 
environmental factors. We have developed a novel three-dimensional human breast cell 
culture model that enables the propagation of cells that express functional ER. Our 
culture system offers a number of advantages over pre-existing systems, while still being
amenable to standardization and scale-up required for medium to high throughput 
applications. We propose that these 3D cultures will overcome limitations of 
conventional 2D cultures of partially or fully transformed cell lines by sustaining normal 
endocrine function and growth regulation of the various breast cell populations that 
comprise the intact organ.
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A significant finding is that while the presence of Noggin did not interfere with ER 
expression by the normal cell cultures, it did interfere with at least some ER-dependent 
transcriptional responses. Noggin’s canonical role is that of an inhibitor of signaling by 
members of the BMP family of morphogens. Past studies have suggested that BMP 2 and
4 play roles in mammary gland development, including cell proliferation and lumen 
formation24, 25. However to our knowledge, a specific interaction between BMP signaling 
and normal ER function has not been demonstrated. It is possible that BMP activity is 
necessary for the synthesis or function of transcriptional co-factor(s) that interact with 
ER at specific sites within chromatin. The influence of secreted BMPs on such co-factors 
is likely to be context dependent. Other molecular interactions and networks influence 
elements of involved signal transduction pathways, such as Smads. Notably, we 
assessed ER functionality in 3D colonies that were still growing and which had not been 
induced to exhibit polarization or form lumens. Additional studies will be needed to 
determine how different stages of growth and differentiation of ER expressing normal 
cells modulate ER-dependent transcriptional responses.

Importantly, we demonstrated that the optimized culture system would support the 
propagation of functional ER expressing colonies from several specimens. While the 
specimens were all from non-pregnant, non-lactating women, they were derived from 
patients of diverse racial backgrounds, ranging from 26 to 43 years of age. No attempt 
was made to ascertain menstrual cycle status or gross anatomical location at the time of
tissue collection. Given this initial heterogeneity, it is perhaps not surprising that the 
actual percentages of ER+ cells and transcriptional responses to estradiol exposure 
varied considerably across specimens. While all the cultures tested showed immediate 
and robust induction of PGR, as well as LRP2 and IGFβ/activin receptor-like kinase B4, other responses varied 
qualitatively and quantitatively across specimens. Due to the dilution effect of ER- cells 
in the cultures, the values for genes that did show significant changes in expression were
necessarily underestimates of differential gene expression in the ER+ cell populations. 
Similarly, this dilution effect may have obscured more subtle expression changes in ER+ 
cells responding to estradiol. While the quantitative variation might be attributable to 
differences in the proportions of ER+ cells in the individual cultures, this cannot entirely 
explain the qualitative heterogeneity, the lack of direct proportionality in gene 
expression signal strength, among the specimens. One possibility is that epigenetic 
differences present in the tissues may be maintained in the cultures during the extended
period of passaging prior to hormone exposure. 

There was relatively limited overlap in the estradiol-induced gene expression patterns of 
the normal cultures and that of MCFβ/activin receptor-like kinase 7, a commonly used ER+ breast cancer cell line. 
Potential contributors to the differences include genetic and epigenetic alterations 
accompanying immortal and malignant transformation, as well as in vitro growth 
conditions (e.g., 2D vs. 3D, serum vs. no serum, etc.).  In addition, the homogeneity of 
ER expression in the MCFβ/activin receptor-like kinase 7 cultures would presumably allow identification of more subtle 
changes in gene expression than in the heterogeneously ER-expressing normal cultures. 
Most perplexing are the differentially expressed genes that showed opposite responses 
to estradiol. These results indicate significant differences in signaling in the two systems,
and suggest caution in the interpretation of MCFβ/activin receptor-like kinase 7 responses as being representative of 
ER+ cells in the normal breast. 
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Methods

Dissociation of breast tissues. De-identified histologically normal breast tissues 
obtained with informed consent from women undergoing reduction mammoplasties were
purchased from the Cooperative Human Tissue Network (CHTN). CHTN operating policies
and procedures protect subjects from whom specimens are obtained. These policies and 
procedures are consistent with current regulations and guidance for repositories from 
the United States Office of Human Research Protections (OHRP, DHHS). All divisions of 
the CHTN operate with the review and approval of their local Institutional Review Board 
(IRB). In addition, the Lawrence Berkeley National Laboratory maintains its own IRB that 
confirmed that all methods and experimental protocols were performed in accordance 
with relevant guidelines and regulations. Tissue samples were minced and enzymatically
dissociated using 0.1% w/activin receptor-like kinase v collagenase I in Dulbecco’s Modified Eagle Medium at 37°C 
for 12 to 18 hrs. Small tissue fragments (organoids) remaining after digestion were 
collected by centrifugation at 100 × g for two minutes. These primary organoids were 
suspended in cryogenic medium and immediately frozen in 1 ml aliquots. 

Cell culture. The wells of a 24-well cell culture plate were uniformly coated with 50µl 
lrECM (BME, Matrigel Basement Membrane Matrix Growth Fβ/activin receptor-like kinase actor Reduced, Corning) /activin receptor-like kinase well
and allowed to polymerize at 37C for 20 min. Organoid aliquots were thawed, diluted in 
baseline medium: Advanced DMEM/activin receptor-like kinase Fβ/activin receptor-like kinase 12 (ThermoFβ/activin receptor-like kinase isher) containing 30mM HEPES (Sigma),
1x GlutaMAX (ThermoFβ/activin receptor-like kinase isher), 140 nM hydrocortisone (Sigma), 10 ng/activin receptor-like kinase ml EGFβ/activin receptor-like kinase  (Sigma), 1%
PenStrep (ThermoFβ/activin receptor-like kinase isher), and centrifuged twice before resuspension in 600 µl lrECM. 
50µl portions were plated at the centers of the pre-coated wells. Fβ/activin receptor-like kinase ollowing 1h 
polymerization, 500µl of pre-warmed culture medium was added to each well and 
organoids were incubated for 2 days at 37C, 5% CO2 in a humidified incubator. 
Organoids were retrieved from lrECM by removing medium and adding 500µl of Cell 
Harvesting Buffer/activin receptor-like kinase Dispase (Corning) to each well and incubating for 1h at 37C. 
Organoids were then collected and mixed with an equal volume of 0.5 mM EDTA in 
phosphate buffered saline (PBS), and incubated for an additional 15 minutes at room 
temperature before centrifugation. Organoids were then dissociated to single cells using 
1ml of TryPLE (ThermoFβ/activin receptor-like kinase isher) for 10 min at 37C, while shaking. Fβ/activin receptor-like kinase ollowing dissociation, 
the suspension was filtered through 35µm nylon mesh to obtain single cells. The cells 
were then washed in baseline medium, resuspended in lrECM and replated in pre-coated 
24-well plates at a density of 25,000 cells/activin receptor-like kinase well. Fβ/activin receptor-like kinase ollowing lrECM polymerization for 1 h, 
500 µl medium was added per well, with indicated additional factors including EGFβ/activin receptor-like kinase  (50 
ng/activin receptor-like kinase ml, Sigma), Noggin (100 ng/activin receptor-like kinase ml, PeproTech), R-Spondin-1 (500 ng/activin receptor-like kinase ml, PeproTech), 
Neuregulin1 (100 ng/activin receptor-like kinase ml, PeproTech), Jagged-1 (1 µM, AnaSpec), A 83-01 (500 nM, 
Tocris), SB 431542 (10 µM, Sigma), RepSox (25 µM, Sigma). ROCK inhibitor Y-27632 (10 
µM, Tocris) was added to all the cultures during dissociation and for the first 2-3 days of 
culture. Cells were incubated for 8 to 14 days (until the mean diameter of colonies was >
100 µm) and medium was changed every other day. The procedure was repeated for 
subsequent passages. Growth and morphology were documented using bright field 
microscopy. Fβ/activin receptor-like kinase or estrogen exposures, a 1 mM stock of 17β-Estradiol (Sigma) was 
dissolved in ethanol and used at a final concentration of 10nM.

Immunofluorescent imaging.  Colonies or individual cells were retrieved from lrECM 
as described above. Intact colonies were fixed in 4% paraformaldehyde in PBS for 5 min, 
centrifuged and resuspended in 4% paraformaldehyde and 0.5% Triton X-100 in PBS for 
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another 10 minutes, washed in blocking buffer (PBS containing 0.1% bovine serum 
albumin, 0.3% Triton X-100, 0.3% Tween, 10% goat serum), then incubated with primary
antibodies in blocking buffer at 4˚ overnight. The colonies were then washed 5x before 
incubation with secondary antibodies at 4°C overnight. The colonies were then washed 
2x and cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; 
20ng/activin receptor-like kinase ml) for 20 min at room temperature before mounting on glass slides using 
Fβ/activin receptor-like kinase luoromount-G mounting medium (Southern Biotechnology). Dissociated cells were fixed
in ice-cold ethanol at -80C, washed in staining buffer (PBS containing 1% glucose, 10 
mM EDTA, 1% goat serum, and 0.3 M glycine), and incubated with primary antibodies 
overnight. Cells were then washed 3x with staining buffer and incubated with secondary 
antibodies for 1 h at room temperature, washed again, and counterstained with DAPI 
before mounting. Confocal microscopy images were acquired using a Zeiss LSM 710 
microscope and analyzed using Zen software. Antibodies used included K14 (RB-9020, 
Thermo Fβ/activin receptor-like kinase isher), K19 (MA5-12663, Thermo Fβ/activin receptor-like kinase isher), ER (ab16660, AbCam), goat anti-
rabbit Alexa Fβ/activin receptor-like kinase luor 488 conjugate (A-11034, Thermo Fβ/activin receptor-like kinase isher), and goat anti-mouse Alexa 
Fβ/activin receptor-like kinase luor 594 conjugate (A-11032, Thermo Fβ/activin receptor-like kinase isher). MCFβ/activin receptor-like kinase 10A and MCFβ/activin receptor-like kinase 7 cells cultured under 
standard 2D culture conditions were used as positive and negative controls, as 
appropriate.

RNA isolation and qRT-PCR. RNA was isolated directly from intact cultures using RNA 
STAT-60 (Amsbio) following the manufacturer’s instructions, and quantitated using a 
Nanodrop ND-1000 spectrophotometer (Thermo Fβ/activin receptor-like kinase isher). cDNA was synthesized using the
high capacity cDNA Reverse Transcription Kit (Thermo Fβ/activin receptor-like kinase isher). qRT-PCR was carried out 
in a LightCycler 480 Real-Time qPCR instrument (Roche) using SYBR™ Select Master Mix 
(Applied Biosystems) and primers (Thermo Fβ/activin receptor-like kinase isher) listed in Table S1. Relative PGR 
mRNA expression levels were calculated using for normalization the geometric mean of 
the average values of 3 gene transcripts - Ubiquitin C (UBC), Tyrosine 3-monooxygenase/activin receptor-like kinase 
tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ), and 
Hypoxanthine Phosphoribosyltransferase 1 (HPRT1), with relatively invariant expression 
in cells under a variety of conditions26.

RNA-Seq. Fβ/activin receptor-like kinase or transcriptome analysis, triplicate cultures of each specimen incubated 
with or without 10nM estradiol for 6 or 24 hours were run in triplicate using RNA-seq 
technology. RNA-seq libraries were prepared using the NEBNext Ultra II RNA Library Prep 
Kit for Illumina (New England Biolabs) from 1 µg of total RNA input per sample, following 
the manufacturer’s instructions. Sequencing and initial bioinformatics analyses were 
conducted at the University of Fβ/activin receptor-like kinase lorida, ICBR facility. Libraries were multiplexed with 
Illumina barcodes, and 39 samples were sequenced (13 per lane) using an 
Illumina HiSeq3000 instrument. Paired end reads were generated with an average read-
length of 101-bp. A minimum of 7.8M reads was produced for each library with 26M on 
average (only 2 of 39 samples had less than 10M reads). QC checks for reads were 
performed using Fβ/activin receptor-like kinase ASTQC/activin receptor-like kinase MULTIQC software27, 28. We applied the HISAT2/activin receptor-like kinase htseq-count 
pipeline29, 30 with default alignment options and chose union mode for mapping reads 
against the human genome (hg38 gtf file downloaded from UCSC31). R environment32 and
tools from Bioconductor33 packages DESeq2/activin receptor-like kinase edgeR34, 35, 36 were applied to generate 
summaries for raw counts and check for artifacts and outliers.  Specifically, we used the 
tools to generate: 1) sums of raw counts per sample (per replicate), 2) sums of raw 
counts per gene through all the samples, 3) multi-dimensional scaling (MDS) plots to 
check for clusters in samples (conditions), 4) Cook's distances to detect/activin receptor-like kinase discard outliers 
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in counts. DESeq2 uses a built-in model-based normalization procedure by calculating 
and applying sample-specific scaling factors. To quantify candidate genes, an R wrapper 
was used for the DESeq2 package 36 creating annotated consolidated summary tables for
results. We applied default options for the DESeq2 data analysis with cutoffs for non-
specific filtering and p-values = 0.1. 

Data availability. RNA-seq data that support the findings of this study have been 
deposited in NCBI Gene Expression Omnibus (GEO) with the accession code GSE115112. 
All other remaining data are available within the Article and Supplementary Fβ/activin receptor-like kinase ile, or 
available from the authors upon request.
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Figure Legends

Figure 1. Cultures maintained in Luminal Medium - 2 (LM-2) exhibited good 
growth and high percentages of dual keratin positive cells. (A) Growth curves of 
cells from specimens N88 and N129. Colonies were dissociated to single cells and 
passaged when the mean diameters of colonies were > 100 µm (see Materials & 
Methods). (B) Keratins 14 and 19 were identified in dissociated single cells from 
specimens N88 and N191 at indicated passages through immunofluorescent staining, 
and quantified using CellProfiler cell image analysis software 37. (C) A representative 
immunofluorescent image of a colony exhibiting a mixture of K14+, K19+, and dual 
keratin positive cells. (D) Bright field images of colonies from specimens N88 and N191 
showing increasing incidence of colonies with vesicular spaces with passage.

Figure 2. Long-term representation of ER+ and dual keratin + cells was 
optimal in LM-2 medium that included 3 different TGFβ/activin receptor-like activin receptor-like 
kinase inhibitors. (A) Bright green nuclear immunofluorescent staining of ER was 
apparent in colonies from specimen N88 at indicated passages grown in medium in 
which all 3 inhibitors (A83-01, RepSox, SB431542) were included, but not in media in 
which RepSox or SB431542 were left out. (B) Quantification of keratin staining in 
dissociated single cells indicated that the highest levels of dual positive cells were found 
in N88 colonies grown in medium that included all 3 inhibitors.

Figure 3. Leaving Noggin out of LM-2 medium enhanced the responsiveness of 
the PGR gene to E2 exposure without altering the proportions of ER+ or dual 
keratin + cells. (A) Quantitative RT-PCR was performed using RNA preparations from 
replicate cultures established from specimen N182 incubated for five passages in the 
presence of Wnt3a (100 ng/activin receptor-like kinase ml), Wnt4 (100 ng/activin receptor-like kinase ml), Wnt9a (100 ng/activin receptor-like kinase ml), or Fβ/activin receptor-like kinase GFβ/activin receptor-like kinase -7 (5 
ng/activin receptor-like kinase ml)/activin receptor-like kinase Fβ/activin receptor-like kinase GFβ/activin receptor-like kinase -7 (20 ng/activin receptor-like kinase ml), or absence of A83-01, Noggin, or Jagged-1, followed by 
treatment with 10 nM 17β-estradiol (E2, red bars) or ethanol (control, blue bars) for 6h 
on day 11. After normalization, relative PGR transcript levels were divided by those in 
control cultures in complete LM-2 medium treated with vehicle alone. (B) Quantitative 
RT-PCR was performed using RNA preparations from replicate cultures established from 
specimens N88, N129, and N182 incubated in LM-2 medium without Noggin treated with 
ethanol or E2 for 6 or 24 h. Normalized PGR transcript levels for individual wells for each 
of the 3 specimens are indicated. (C) Immunofluorescent imaging of ER expression in 
N129 cultures incubated in media with or without Noggin showed no qualitative 
differences. (D) Quantification of keratin expression in N129 cultures incubated in media 
with or without Noggin showed no quantitative differences in the percentages of dual 
positive cells.

16



Table 1. Growth factors and small molecules used in Luminal Medium (LM) variations. 

LM LM-2 LM-3 LM-4 LM-5 LM-6

Nrg1 100ng/activin receptor-like kinase ml 100ng/activin receptor-like kinase ml 100ng/activin receptor-like kinase ml 100ng/activin receptor-like kinase ml

R-spo1 500ng/activin receptor-like kinase ml 500ng/activin receptor-like kinase ml 2.656ng/activin receptor-like kinase ml 500ng/activin receptor-like kinase ml 2.656ng/activin receptor-like kinase ml 2.656ng/activin receptor-like kinase ml

EGFβ/activin receptor-like kinase 50ng/activin receptor-like kinase ml 50ng/activin receptor-like kinase ml 50ng/activin receptor-like kinase ml 50ng/activin receptor-like kinase ml

Factor FinalConcentration Function

R-spo1 2.656/activin receptor-like kinase 500ng/activin receptor-like kinase ml Wnt agonist

Noggin 100ng/activin receptor-like kinase ml BMPantagonist

Y-27632 10μM ROCKinhibitor; enhancesviabilityof singlecells

Jag1 1μM Notchligand

EGFβ/activin receptor-like kinase 50ng/activin receptor-like kinase ml ERBBreceptor familyligand

Nrg1 100ng/activin receptor-like kinase ml ERBBreceptor familyligand

A83-01 500nM
Inhibitor of TGFβ/activin receptor-like kinase -βtypeI receptor ALK5, activin/activin receptor-like kinase nodal receptor

ALK4,andnodal receptor ALK7

SB431542 10μM Inhibitor of ALK5, ALK4, andALK7

RepSox 25μM Inhibitor of ALK5autophosphorylation
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Table 2. Genes differentially expressed in at least one time point in 2 or more specimens. 
 
Gene 
Symbol Description 

logFβ/activin receptor-like kinase C 
Norm 6h 

logFβ/activin receptor-like kinase C 
Norm 24h 

logFβ/activin receptor-like kinase C 
MCFβ/activin receptor-like kinase 7 24h 

MYH15 myosin, heavy chain 15  2.09 2.19 NS 

CISH cytokine inducible SH2-containing protein 1.61 NS 1.82 

SLITRK4 SLIT and NTRK like family member 4 NS 1.68 NS 

LRP2 LDL receptor related protein 2 1.38 1.79 -1.89 

PGR progesterone receptor  1.54 1.50 4.53 

SEMA3G semaphorin 3G 1.23 1.66 -0.44 

SLC2A12 solute carrier family 2 member 12 1.57 1.66 NS 

KCNF1 potassium voltage-gated channel modifier subfamily Fβ/activin receptor-like kinase  member 1 1.19 1.04 NS 

PTGS2 prostaglandin-endoperoxide synthase 2 1.06 NS 3.78 

SLC6A11 solute carrier family 6 member 11 NS 0.94 NS 

SLC40A1 solute carrier family 40 member 1 0.81 0.93 -0.37 

NPY1R neuropeptide Y receptor Y1 0.86 0.65 3.35 

ZNF703 zinc finger protein 703 0.90 0.72 NS 

MREG melanoregulin 0.76 0.64 1.10 

MYBL1 MYB proto-oncogene like 1 0.77 0.66 2.91 

LOXL4 lysyl oxidase like 4 0.62 0.71 2.72 

IGFBP4 insulin like growth factor binding protein 4 0.55 0.72 2.45 

GALNT10 polypeptide N-acetylgalactosaminyltransferase 10 NS 0.55 NS 

SAA2 serum amyloid A2 0.49 0.58 NS 

ZFAND5 zinc finger AN1-type containing 5 0.47 0.52 -0.34 

ARHGAP26 Rho GTPase activating protein 26 0.52 0.36 NS 

DRAM1 DNA damage regulated autophagy modulator 1 -0.28 -0.28 -0.67 

ADGRF1 adhesion G protein-coupled receptor Fβ/activin receptor-like kinase 1 NS -0.47 NS 

RBBP8NL RBBP8 N-terminal like -0.56 -0.79 NS 
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