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A hybrid epithelial-mesenchymal transition =

program enables basal epithelial cells
to bypass stress-induced stasis and contributes
to a metaplastic breast cancer progenitor state

Joseph A. Caruso'", Chira Chen-Tanyolac' and Thea D. Tlsty'"

Abstract

Background Human mammary epithelial cell (HMEC) cultures encounter a stress-associated barrier termed stasis, dur-

ing which most cells adopt a senescence-like phenotype. From these cultures, rare variants emerge from the basal epithe-
lial population, re-initiating growth. Variants exhibit pre-malignant properties, including an aberrant epigenetic program
that enables continued proliferation and acquisition of genetic changes. Following oncogenic transformation, variants
produce tumors that recapitulate the histopathological characteristics of metaplastic breast cancer (MBC), a rare and aggres-
sive subtype marked by the differentiation of neoplastic epithelium into squamous and mesenchymal elements.

Methods Using a serum-free HMEC culture system, we probed the capacity for phenotypic plasticity inherent to basal
epithelial cell populations from human breast tissue as they navigated stasis and emerged as variant populations.

Results We observed robust activation of a TGF--dependent epithelial-mesenchymal transition (EMT) program in basal
epithelial cells during stasis, followed by subsequent attenuation of this program in emerging variants. Inhibition of the TGF-3
pathway or depleting the EMT regulators Snail or Slug allowed basal epithelial cells to collectively bypass stasis, demonstrating
that cellular dysfunction and arrest resulting from TGF-3 and EMT activation are central to this in vitro barrier. The spontaneous
emergence of variants from stasis cultures was associated with a restricted EMT trajectory, characterized by the stabilization

of hybrid EMT states associated with greater proliferative capacity, rather than progressing to a complete mesenchymal state
characterized by irreversible growth arrest. Epigenetic mechanisms, which contributed to the dysregulated growth control
characteristic of the variant phenotype, also contributed to the stability of the hybrid EMT program in variants. By overcom-
ing the cellular dysfunction and growth arrest resulting from TGF-3 and complete EMT, variants exhibited a higher oncogenic
transformation efficiency compared to pre-stasis basal epithelial cells. Inhibiting the TGF-{3 pathway prior to stasis significantly
reduced EMT in the basal epithelial population, alleviated selective pressure driving variant emergence, and also enhanced
oncogenic transformation efficiency, resulting in tumors with markedly diminished metaplastic differentiation.

Conclusions This study reveals how an epigenetic program governs basal epithelial cell fate decisions and contributes
to the development of MBC progenitors by restricting access to terminal mesenchymal states that induce growth arrest
and, instead, favoring hybrid EMT states with enhanced tumorigenic potential.
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Epigenetic regulation, Metaplastic breast cancer
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Background

The milk-producing lobules and ductal networks within
a healthy human breast consist of an inner luminal layer
of polarized columnar epithelial cells and an outer basal
layer of contractile myoepithelial cells. Both the luminal
and basal epithelia contain hierarchies of progenitors
[1-6], whose transformation significantly contributes to
the histological and molecular heterogeneity observed
among breast cancers [7-12]. These cancers are com-
monly classified into subtypes that can express markers
of luminal or basal differentiation states [13—15]. How-
ever, most, including those with characteristically basal
expression patterns, are believed to originate from lumi-
nal progenitor populations [7, 11, 16]. Only rare meta-
plastic breast cancers (MBCs), representing 0.2—-5% of
all breast cancers [17], are proposed to originate from a
basal stem or progenitor population [9].

MBC is a histologically distinct classification typified
by the metaplastic differentiation of malignant breast
epithelial cells into one or more atypical cellular mor-
phologies, including squamous and mesenchymal (e.g.,
spindle cell, chondroid, and osseous metaplasia) pheno-
types. These cancers predominantly fall within claudin-
low or basal-like intrinsic molecular subtypes and are
generally clinically classified as triple-negative breast
cancers (TNBCs) [17, 18]. Epithelial-mesenchymal tran-
sition (EMT) is closely associated with the pathogenesis
of MBC and is believed to contribute to its comparatively
poor prognosis, chemoresistance, and high metastatic
potential. EMT is a developmental process in which epi-
thelial cells acquire mesenchymal characteristics, includ-
ing increased motility and invasiveness, which can be
reactivated in response to injurious or pathological con-
ditions, including carcinogenesis [19, 20]. Notably, EMT
is not a binary switch from the epithelial to mesenchymal
state. Instead, it can produce a spectrum of hybrid cel-
lular states that exhibit both epithelial and mesenchymal
characteristics. These hybrid states are associated with
an increase in stem cell properties, phenotypic plasticity,
tumorigenicity, drug resistance, and metastasis [21-28].
Hybrid EMT states can exist either as transient interme-
diates or as stable cell states maintained through complex
signaling networks and epigenetic modifications [29, 30].

The human mammary epithelial cell (HMEC) cul-
ture system, developed more than 40 years ago [31] by
the Stampfer group, remains a widely used platform
for studying epithelial cell biology and carcinogenesis.
Establishing HMEC cultures requires mincing healthy
human breast tissue, enzymatically digesting matrix
components, and removing stromal cell types [31, 32].
In healthy tissues, cellular cooperation relies on com-
plex communication networks involving a vast array
of biochemical and biophysical interactions, including
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interactions between parenchymal and stromal cells, the
extracellular matrix, and the systemic milieu [33]. Con-
stantly integrating information from these networks
defines a cell’s operational state and sets limits on cellular
behavior [34]. Bereft of these communication networks,
cultured HMECs de-differentiate and, after 5-20 popula-
tion doublings, enter stasis—a ’stress-associated’ barrier
that is dependent on the engagement of the retinoblas-
toma (Rb) tumor suppressor and is characterized by cells
adopting a senescence-like phenotype [8, 35, 36]. Rare
variants, exclusively derived from the basal compartment
[9], evade this fate and initiate a second phase of loga-
rithmic growth as clonal outgrowths from stasis cultures.
These variants, termed vHMECsS, continue to experience
telomere erosion, allowing for an additional 20-70 popu-
lation doublings before reaching a telomeric crisis state
known as agonescence [31, 36]. Because of their extended
lifespans, variants are more broadly available from
commercial sources and are often marketed simply as
HMECs. These cells have been immortalized and onco-
genically transformed into cell lines that are widely used
in laboratories worldwide to model breast epithelial biol-
ogy and carcinogenesis. Thus, vVHMECs have profoundly
influenced many fields, including the study of stromal-
epithelial interactions, aging, EMT, and stem cell biology.

Remarkably, variant outgrowths that emerge from sta-
sis and dominate post-selection cultures exhibit compro-
mised growth control and acquire other characteristics
associated with malignant phenotypes. Many of these
alterations result from the activation of an epigenetic
program, which is surprisingly consistent between tis-
sue donors [37-43]. Characteristic epigenetic alterations
include hypermethylation of specific genes and loci tar-
geted by polycomb repressor complex 2 (PRC2), includ-
ing the promoters of genes regulating growth control and
differentiation, such as cyclin-dependent kinase inhibi-
tor 2A (CDKN2A/p16) and homeobox A9 [37, 39, 43].
In addition to alterations in the chromatin landscape,
cytogenetic analysis reveals an accumulation of chro-
mosomal abnormalities in variant cultures, including
translocations, deletions, telomeric associations, poly-
ploidy, and aneuploidy [36]. Collectively, modifications
in the variant HMEC state are sufficient to allow these
cells to tolerate oncogenic events, such as the introduc-
tion of oncogenic forms of RAS, without undergoing
oncogene-induced senescence [41]. However, additional
factors, such as the viral oncoprotein SV40 large T anti-
gen and telomerase reverse transcriptase (TERT), are
required to achieve full cellular immortalization before
oncogenic RAS can induce transformation and tumo-
rigenicity in immunocompromised mice [44]. Mutations
in RAS genes are observed in a small subset of MBCs,
while genomic alterations are more commonly observed
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in several upstream receptor tyrosine kinases (e.g., EGFR
and ERBB) and other regulators of the RAS-MAPK sign-
aling pathway [45]. Sequential transduction of TERT,
SV40, and oncogenic RAS is a commonly used proto-
col for oncogenic transformation in studies of cultured
HMECs [9]. Notably, the malignant transformation of
variant cultures characteristically results in the devel-
opment of tumors that recapitulate the histopathologi-
cal characteristics of the rare MBC subtype. Thus, many
widely used breast cancer models derived from HMEC
cultures, such as MCF-10AT, HMT-3522 T4-2, and
HMLER, form tumors exhibiting metaplastic squamous
and spindle cell differentiation [8, 44, 46].

In this study, we observed robust activation of the
TGF-pB pathway and EMT as HMEC cultures entered sta-
sis, which was followed by the attenuation of these pro-
grams in emerging variant basal epithelial populations. In
the HMEC culture system, activation of the TGF-f} path-
way and EMT were associated with cellular dysfunction,
driving cells toward a senescent-like phenotype. Rare
variants that spontaneously emerged from stasis cultures
exhibited a restricted EMT trajectory, which prevented
their complete transition to a mesenchymal state charac-
terized by P-cadherin loss and irreversible growth arrest,
instead confining them to dynamic transitions between
epithelial and hybrid EMT states that maintained P-cad-
herin expression. The aberrant epigenetic program acti-
vated in variants not only compromised growth control
and differentiation [37—43] but also contributed to the
restricted EMT program observed in variants. The vari-
ant phenotype was associated with increased susceptibil-
ity to oncogenic transformation compared to unselected,
pre-stasis basal epithelial cells and produced tumors with
metaplastic elements. Pharmacological inhibition of the
TGF-B pathway in cultured basal epithelial cells limited
EMT program activation, reduced the selective pressures
underlying variant emergence, and enhanced tumori-
genic potential in pre-stasis basal epithelial populations,
which produced tumors with dramatically reduced
metaplastic differentiation. Our findings suggest that in
a perturbed microenvironment, an epigenetic program
favoring the stability of hybrid EMT states over complete
mesenchymal differentiation is crucial for directing a
subpopulation of basal epithelial cells toward a progeni-
tor state that can progress to MBC.

Methods
Reagents were obtained from Thermo Fisher Scientific
unless otherwise stated.

Tissue dissociation
Disease-free breast tissue from women undergo-
ing reduction mammoplasty was provided by the
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Cooperative Human Tissue Network (CHTN) Western
Division, Nashville, TN, and Kaiser Foundation Research
Institute, Oakland, CA. Human breast tissue was minced
and enzymatically dissociated in RPMI with 2.1 mM
L-glutamine and 25 mM HEPES supplemented with
10% (v/v) FBS (Atlanta Biologicals), 10 U/mL penicil-
lin, 10 pg/mL streptomycin, 2.5 pg/mL Amphotericin B,
50 pg/mL gentamycin, Collagenase Type-2 (Worthing-
ton), and 100 U/mL hyaluronidase (Sigma-Aldrich) at
37 °C for 12-16 h. The digest was centrifuged at 300 g for
10 min and then washed with RPMI-1640 supplemented
with 10% FBS. Epithelial-enriched structures (referred to
as tissue organoids) were recovered by filtration through
a 150 um nylon mesh filter and frozen for long-term stor-
age in Dulbecco’s Modified Eagle Medium (DMEM) con-
taining 50% (v/v) FBS and 10% (v/v) DMSO. The age and
race of the donors are listed in Table S2.

Fluorescence-activated cell sorting (FACS) and flow
cytometry

Tissue organoids were dissociated into single cells using
5 U/mL Dispase (Stem Cell Technologies) containing
1 pg/mL DNAse I (Stem Cell Technologies) for 5-10 min
and then 0.05% trypsin with 0.14 g/L Ethylenediami-
netetraacetic Acid (EDTA) for 5-10 min. Cultured cells
were collected from the tissue culture plates by incu-
bating them for 10-15 min with TrypLE. The cells were
washed with Phosphate-Buffered Saline (PBS)+1%
Bovine Serum Albumin (BSA), filtered through a 40 pm
cell strainer (Falcon), resuspended at a concentration
of 1x10° cells in 100 puL of PBS+1% BSA, and stained
for 15 min at room temperature with the appropriate
antibody combination. When necessary, the cells were
washed with PBS+1% BSA and stained for 15 min at
room temperature with 1 pL streptavidin conjugated with
BV785 (BioLegend) and 0.5 pug/mL DAPI (Sigma). The
cells were washed, resuspended at 1x10° cells in 100 pL
PBS+ 1% BSA, filtered through a 40 um cell strainer, and
loaded onto a FACS Aria II Cell Sorter (BD) fitted with a
100 um nozzle. To isolate basal epithelial cells from tis-
sue organoids, we immunostained cells with 5 pL of anti-
CD10 mouse monoclonal antibody (mAb) (clone: HI10a)
conjugated with PE (Biolegend), 1.5 pL of anti-EpCAM
mouse mADb (clone VU1D9) conjugated with FITC (Stem
Cell Technologies), 4 pL of anti-CD49f rat mAb (clone
GoH3) conjugated with APC (Biolegend), 8 uL of anti-
CD2 mouse mAD (clone RPA-2.10) conjugated with Bio-
tin (Becton Dickinson [BD]), 8 pL of anti-CD3 mouse
mAb (clone HIT3a) conjugated with Biotin (BD), 8 uL of
anti-CD16 mouse mAb (clone 3G8) conjugated with Bio-
tin (BD), 8 pL of anti-CD64 mouse mAb (clone 10.1) con-
jugated with Biotin (BD), 4 pL of anti-CD31 mouse mAb
(clone MBC78.2) conjugated with Biotin (ThermoFisher
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Scientific), and 1 pL of anti-CD45 mouse mAb (clone
HI30) conjugated with Biotin (Biolegend). To isolate
EMT phenotypes from cultured basal epithelial cells,
we used 15 pL of anti-P-cadherin mouse mAb (clone
CSTEM29) conjugated with APC (Thermo Fisher Sci-
entific) and 4 pL of anti-N-cadherin mouse mAb (clone
8C11) conjugated with PE (BioLegend). After gating out
debris, doublets, dead cells (DAPI+), and, if applicable,
unwanted cell types (BV785+), the remaining target pop-
ulations expressing the desired immunoprofiles were col-
lected into a 1.5 mL tube containing 0.5 mL cell culture
medium. ALDH was measured using the ALDEFLOUR
assay (Stem Cell Technologies) according to the manu-
factures instructions. N,N-diethylaminobenzaldehyde
(DEAB), a potent inhibitor of ALDH1 activity, was used
to determine the threshold for ALDEFLUOR positivity.
The cells were co-stained as above, except with 20 pL of
anti-EpCAM mouse mAb (clone EAB-1) conjugated with
PerCP-Cy5.5 (BD) to avoid overlap between the FITC
conjugated EpCAM antibody and the ALDEFLUOR sig-
nal. The HMECs were pulsed with 10 uM EdU for 1 h
before the proliferation index was determined. The Click-
iT Plus EAU Alexa Fluor 488 Flow Cytometry Assay Kit
and FxCycle PI/RNase Staining Solution (Thermo Fisher
Scientific) were used according to the manufacturer’s
instructions. The cells were analyzed using an LSR-
Fortessa flow cytometer (BD Biosciences).

Cell culture

Dissociated human breast tissue organoids were plated
in T-75 flasks (Corning) in Mammary Epithelial Cell
Growth Medium (MEGM, Lonza), which includes
hydrocortisone, human epidermal growth factor, insu-
lin, bovine pituitary extract (BPE), gentamicin, and
amphotericin B. After the initial plating, differential
trypsinization was performed to selectively detach and
aspirate unwanted fibroblasts, followed by the collec-
tion of epithelial cells for further passaging. Sorted
populations were cultured in one well of a six-well plate,
transferred to a p100 plate, and then to a T-75 flask. Sub-
culturing was performed at 70-80% confluence using
TrypLE Express for cell dissociation. Cells were incu-
bated at 37 °C in a humidified atmosphere containing 5%
CO,. The medium was changed every 2-3 days. Cell via-
bility and counts were assessed using trypan blue exclu-
sion and a Countess automated cell counter (Thermo
Fisher Scientific) before reseeding or experimental use.
The number of population doubling (PD) per passage
was determined using the equation PD=log [A/B]/log2,
where A is the number of collected cells and B is the
number of plated cells. Attachment efficiency was con-
sistently greater than 95% during the exponential growth
phase. Cell populations were frozen in cryopreservation
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medium composed of 90% FBS and 10% DMSO (Sigma-
Aldrich), aliquoted into cryovials, and gradually cooled
to -80 °C before being transferred to liquid nitrogen for
long-term storage. The TGF- inhibitor A83-01 (Tocris)
was dissolved in DMSO at 1 mM and used at a concen-
tration of 0.5 pM; an equivalent amount of DMSO was
added to control cultures. The EZH2 inhibitor GSK-126
(MedChemExpress) was dissolved in DMSO at 10 mM
and used at a concentration of 10 pM. TGF-$ was ini-
tially reconstituted in 10 mM citric acid, pH 3.0, and then
diluted to a concentration of 10 ng/uL in PBS containing
0.1% BSA.

Mammosphere culture

Single cells were directly sorted into 24-well ultra-low
attachment plates (Corning) at a density of 10,000 cells
per well in serum-free mammary epithelial basal medium
(MEBM) (Lonza) supplemented with B27 (Thermo Fisher
Scientific), 20 ng/mL Epidermal Growth Factor (EGE,
Peprotech), 20 ng/mL Fibroblast Growth Factor 2 (FGF2,
Peprotech), and 4 pg/mL heparin (Stem Cell Technolo-
gies). Mammospheres were counted and collected by
centrifugation at 100 x g after 10 days of culture, dissoci-
ated enzymatically for 5-10 min in TrypLE Express, fil-
tered through a 40 um cell strainer, and cultured again in
suspension [47].

Lentiviral transduction

Basal epithelial cell populations, 1x10° in a single well
of a six-well plate, were incubated with concentrated
lentiviral particles at a multiplicity of infection of three
with 8 pg/mL polybrene overnight for 12-16 h. For
transformation, the cells were infected sequentially with
(1) TERT with a hygromycin selection marker (Geneco-
poeia), (2) SV40 small T and large T antigens with a puro-
mycin selection marker (Genecopoeia), and (3) KRAS
G12V with a blasticidin selection marker (Amsbio). Cells
were selected using 200 pg/mL hygromycin (Sigma-
Aldrich), 1 pg/mL puromycin (InvivoGen), and 10 pg/mL
blasticidin (InvivoGen). Transformed cells were grown in
DMEM/F12 (1:1) supplemented with 5% Newborn Calf
Serum (Hyclone), 10 pg/mL insulin, 10 ng/mL EGEF, and
1 pg/mL hydrocortisone. CRISPR-mediated knockout of
core EMT transcription factors, Snail (SNAI1) and Slug
(SNAI2), Zeb (ZEB1), and Twist (TWIST1) was carried
out using transEDIT CRISPR gRNA target gene sets from
Transomics. Three constructs were tested for each gene.
To suppress the EMT program, we chose to continue
with: SNAI1 TEVH-1091413-pCLIP-All-EFS-ZsGreen,
SNAI2 TEVH-1091323-pCLIP-All-EFS-ZsGreen, and
non-targeting control TELA1013-CRISPR-NT#1-pCLIP-
All-EFS-ZsGreen. CRISPR-mediated knockout of EZH2
was carried out using the Edit-R Human hEFla-EGFP
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All-in-one Lentiviral sgRNA construct (Horizon Dis-
covery Biosciences): EZH2 VSGH12180-256507490 and
non-targeting VSGC12063.

Soft-agar assay

A solution of 1% agar (Sigma-Aldrich) in PBS was pre-
pared, and 1.5 mL was added to each well of a six-well
plate and allowed to gel at room temperature for 30 min
as the bottom layer. Cells were prepared by suspending
1x10° cells in 3 mL pre-warmed DMEM/F12 containing
20% (v/v) EBS, 10 U/mL penicillin, and 10 pg/mL strep-
tomycin. The cell suspension was gently mixed with 2 mL
of 1% agar in PBS to achieve a cell density of 20,000 cells/
mL in 0.4% agar; 1 mL of this mixture was added to each
well of the six-well plate and kept at 4 °C for 10 min to
allow quick gelling, followed by adding 0.5 mL culture
medium on top of the agar gel. The cells were incubated
at 37 °C with 5% CO,, and the medium was changed
every 4 days for 4 weeks. Colonies were stained with
0.5 mL of 0.005% Crystal Violet (Sigma-Aldrich) in PBS
containing 4% formaldehyde for 1 h and then rinsed with
distilled water before counting the visible colonies.

Xenograft study

Exponentially growing cultures of oncogenically trans-
formed cells (4x10° were injected subcutaneously
into 8—12-week-old NSG female mice in 50% Matrigel.
Tumors were allowed to grow for 3-6 months. After
the study, xenograft tumors were weighed, formalin-
fixed, and paraffin-embedded at the UCSF Histology &
Biomarker Core. The maximum tumor burden was not
reached in any of the mice in this study.

Sandwich ELISA

Analysis of conditioned media from cultured HMECs
from three donors at P2 (pre-stasis), P4 (stasis), and P8
(post-stasis) was initially performed using the Raybiotech
Quantibody Human Kiloplex array, which detects 1000
human biomarkers, as a service by the manufacturer. We
followed up on interesting candidates using sandwich
ELISA kits from Raybiotech to detect TGEF-f, Activin
A, Serpin E1, Wnt4, R-Spondin2, DKKI1, and Follista-
tin according to the manufacturer’s protocols. For these
assays, conditioned media were generated by culturing
300,000 cells per well in a six-well plate in 1 mL of serum-
free basal media for 24 h. Each analyte was measured in
eight biological and three technical replicates. The con-
centration of each factor in the conditioned media was
extrapolated from the corresponding standard curves.

Immunofluorescence
Cells were cultured on four-well glass cham-
ber slides (Millipore). The cells were fixed with 4%
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paraformaldehyde in PBS for 15 min at room tempera-
ture and permeabilized for 10 min in PBS containing
0.25% Triton X-100. Non-specific binding was blocked
with 10% donkey serum (Jackson Immunoresearch),
0.3 M glycine, and 0.1% Tween-20 in PBS for 1 h. Pri-
mary antibodies were applied overnight in 1% donkey
serum and 0.1% Tween-20 in PBS. The following primary
antibodies were used: pl6 (E6H4, Roche) mouse mAb
(pre-diluted), p21 Waf1/Cipl (12D1, Cell Signaling Tech-
nologies) rabbit mAb (1:400), p63-a (D2K8X, Cell Sign-
aling Technologies) XP rabbit mAb (1:200), a-tubulin
(DM1A, Sigma-Aldrich) mouse mAb (1:4000), MUC1
(HMFG2, Abcam) mouse mAb (1:200), Lamin A + Lamin
C (EPR4100, Abcam) rabbit mAb (1:500), cytokeratin 19
(EPR1579Y, Abcam), rabbit mAb (1:400), and cytokera-
tin 14 (LL0O02, Abcam) rabbit mAb (1:200). Alexa Fluor
555-conjugated phalloidin (1:400) was used to stain
F-actin (Thermo Fisher Scientific). Secondary donkey
anti-mouse 488 and anti-rabbit 555 antibodies (diluted
1:500) were added to 1% donkey serum and 0.1% Tween-
20 in PBS for one hour. DAPI (0.2 pg/mL in PBS) was
added for 5 min at room temperature. The slides were
washed three times for 3 min between each step in PBS
containing 0.1% Tween-20. The coverslips were mounted
with Vectashield HardSet Mounting Medium (Vector
Laboratories). Images were acquired using a Leica SP8
laser scanning confocal microscope (only Tubulin/F-actin
and Lamin A/C) at a resolution of 1024 x 1024, processed
using LASX software (Leica Microsystems) or a BZ-X800
fluorescence microscope (Keyence), and processed using
Image] (version 2.14.0/1.54f).

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from cells and treated with
DNase I using the RNeasy Mini Kit (Qiagen). cDNA
synthesis was performed using the High-Capacity
c¢DNA Reverse Transcription Kit (Thermo Fisher Sci-
entific). Quantitative PCR was performed on a CFX-96
(Bio-Rad Laboratories) thermocycler using 2 X SsoFast
Master Mix (Bio-Rad Laboratories) and analyzed using
the standard curve method. A standard curve was pre-
pared using the ¢cDNA produced from Human Refer-
ence RNA (Agilent Technologies). Pre-made TagMan
Gene Expression Assays (Thermo Fisher Scientific) were
used: ZEB1: Hs00232783_m1, SNAIl: Hs00195591_m]1,
SNAI2: Hs00161904 _ml1, TWIST1: Hs01675818_sl,
CDH3: Hs00999915_m1, VIM: Hs00958111_m1, CDH1:
Hs01023895_m1, CDH2: Hs00983056_m1l, CDKN1A:
Hs00355782_m1, MMP-2: Hs01548727_ml, FNI1:
Hs01549976_m1, CHRDL2: Hs01060234_m1l, GREMI:
Hs01879841_s1, and WNT5a: Hs00998537_m1. Custom
primer—probe sets were used for GUSB: Forward Primer:
CTCATTTGGAATTTTGCCGATT, Reverse Primer:
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CCGAGGAAGATCCCCTTTTTA, and Probe: FAM-
TGAACAGTCACCGACGAGAGTGCTGGTA-TAM
and CDKN2A (specific for p16™N*A and not p15*FF):
Forward Primer: CCAACGCACCGAATAGTTACG,
Reverse Primer: GAGTGGCGGAGCTGCT, and Probe:
FAM-CCGATCCAGGTCATGATG-TAM produced by
Integrated DNA Technologies. GUSB expression was
used to normalize variance in the input cDNA.

Western blotting

Cells were washed with PBS and lysed using radioim-
munoprecipitation assay (RIPA) buffer containing the
HALT protease and phosphatase inhibitor cocktail. For
each sample, a cell extract (corresponding to 50 pg of
protein as determined by a Micro BCA Protein Assay
Kit) was prepared in NuPAGE LDS Sample Buffer (4X)
with Reducing Agent (10X), heated at 95 °C for 15 min,
and electrophoresed in each lane of a NuPAGE 4-12%
Bis-Tris gel along with a BenchMark Pre-stained Pro-
tein Ladder (Thermo Fisher Scientific). Proteins were
transferred onto a nitrocellulose membrane (Biorad)
overnight at 4 °C at 36 mV. The membrane was washed
in TBS-T (0.05 M Tris-HCI pH 7.5, 0.15 M NaCl, 0.05%
Tween-20), blocked for 1 h at room temperature in blotto
(5% nonfat dry milk in TBS-T), incubated with primary
antibodies overnight at 4 °C, washed in TBS-T, incubated
with goat anti-rabbit horseradish peroxidase conjugate
secondary antibody (Jackson Immunoresearch) 1:5000
in Blotto for one hour, washed in TBS-T, and developed
with ECL Western Blotting Substrate. Chemilumines-
cent signals were detected by exposing the CL-XPosure
Film to the membranes or using the KwikQuant Digital
Western Blot Detection System. Primary antibodies used
at a 1:1000 dilution from Cell Signaling Technologies
were Slug (C19G7) rabbit mAb, ZEB1 (D80D3) rabbit
mADb, Slug (C19G7) rabbit mAb, E-cadherin (24E10) rab-
bit mAb, N-cadherin (D4R1H) XP rabbit mAb, Vimentin
(D21H3) XP rabbit mAb, RAS rabbit pAb, EZH2 (D2C9)
XP rabbit mAb, Histone H3 (D1H2) XP rabbit mAb, and
B-Actin (13E5) rabbit mAb; and from Active Motif His-
tone H3K27me3 (MABI 0323) mouse mAb. Full images
of the western blots are shown in Supplemental Figs. S6
and S7.

Multiplex immunohistochemistry

Sections (5 um thick) were cut from FFPE tissue blocks
and placed on positively charged Superfrost Plus micros-
copy slides. Slides were baked at 60 °C overnight, depar-
affinized in xylene, and rehydrated in graded ethanol
(100%, 100%, 95%, 85%, and 70%) in distilled H,O.
Endogenous peroxidases were quenched with 3% H,O,
(Sigma-Aldrich) diluted in phosphate-buffered saline
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(PBS). Heat-induced antigen retrieval was performed in
citrate buffer pH 6.0 (Sigma-Aldrich) at 95 °C for 15 min.
Non-specific antibody binding was blocked using a Back-
ground Sniper (Biocare Medical). The tissue sections
were incubated for 1 h at room temperature (RT) with
each primary antibody in 1% BSA and 30 min in pre-
diluted MACH 2 conjugated anti-mouse or anti-rabbit
secondary antibodies (Biocare Medical). The slides were
washed in TNT buffer (0.1 M TRIS-HCL pH 7.5, 0.15 M
NaCl, and 0.05% Tween-20) following blocking and three
times for 5 min each after applying both primary and
secondary antibodies. The signal was developed using a
Tyramide Signal Amplification (TSA) solution (Akoya):
FITC (2 min), Cy3 (3 min), or Cy5 (7 min). The anti-
body complex was removed by heating at 95 °C in citrate
buffer pH 6.0 for 5 min to allow for multiplex staining.
Nuclei were counterstained with 3 uM DAPI in PBS
for 5 min, washed in distilled H,O, and mounted using
Vectashield HardSet Mounting Medium (Vector Labora-
tories). The primary antibodies used from Cell Signaling
Technologies were Slug (C19G7) rabbit mAb (1:1000),
Snail (C15D3) rabbit mAb (1:1000), p63-a (D2K8X)
XP rabbit mAb (1:2000), and vimentin (D21H3) rabbit
mAb (1:5000); from AbCam Cytokeratin 5 (SP27) rab-
bit mAb (1:4000), Lamin A+ Lamin C (EPR4100) rabbit
mAb (1:10,000), Cytokeratin 13 (EPR3671) rabbit mAb
(1:2000), Ki67 (SP6) rabbit mAb (1:6000), and Cytokera-
tin 14 (SP53) rabbit mAb (1:3000).The slides were imaged
using a BZ-X800 analyzer. Images were prepared for
analysis using the Image] software (version 2.14.0/1.54f).
Analysis was performed using the Qupath software
(v0.5.0) [48]. Using the pre-trained models, nuclear seg-
mentation was performed using StarDist [49], normal-
izePercentiles=1, 99, threshold =0.5, pixel size=0.5, and
cell expansion=5.0. Individual classifiers were trained for
each marker and combined to create a composite classi-
fier for scoring the cells within the annotated regions.

Statistical analysis

For each graph, the mean and standard deviation are
shown in red. Unless otherwise noted in the figure
legend, each black circle indicates a single donor. Pair-
wise comparisons were performed using an unpaired
Welch’s ¢ test (GraphPad Prism Software). Levels of
significance used were *0.05 to 0.01, **0.01 to 0.001,
*#*0.001 to 0.0001, and *** < 0.0001.

Results

Robust activation of the TGF-p pathway and induction

of EMT in stasis HMECs precede variant emergence

When cultured in serum-free Mammary Epithelial Cell
Growth Medium (MEGM), HMECs isolated from three
tissue donors experienced growth cessation after 5-10
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population doublings. Stasis lasted between 20 and
40 days before the emergence of clonal variant popula-
tions (VHMEC), which pass through the stasis barrier and
re-initiated logarithmic growth (Fig. 1A). Nearly com-
plete proliferative arrest was observed at stasis (Fig. 1B),
marked by the upregulation of p16 and development of a
senescence-like morphology (Fig. 1C). These results are
consistent with previously published studies that have
shown the clonal emergence of rare variants with pre-
malignant properties within a field of growth-arrested,
senescent-like epithelial cells [31, 35, 36, 43, 50, 51].
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Previous studies of this culture system have primarily
focused on comparing the initial pre-selection HMEC
population to post-selection variants. In contrast, we
chose to characterize stasis cultures, specifically focusing
on the factors that enforce growth arrest. Conditioned
media (CM) from stasis cultures, diluted 1:1 with fresh
MEGM, induced significant growth arrest in early pas-
sage HMECs compared to fresh MEGM or CM from
pre-stasis HMECs at passage 2 (P2), mixed 1:1 with fresh
MEGM (Fig. 1D). Senescent and DNA double-strand
breaks are associated with complex secretory programs,
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Fig. 1 Transient activation of EMT in stasis HMECs precedes variant emergence. A Human breast tissue samples from three donors were used

to generate HMEC cultures in MEGM. The first passage after partial trypsinization was considered passage 1 (P1). At each passage, the cells were
counted, and the cumulative population doubling was calculated. The resulting growth curves illustrate three distinct phases: the initial logarithmic
growth phase (a), the stasis growth plateau (b), and the second logarithmic growth phase initiated by the expansion of variants (c). Protein, RNA,
and conditioned media (CM) were collected from passage 2 (P2) HMECs, stasis HMECs (S), and variant HMECs at two passages beyond stasis (S+2).
Crystal violet-stained flasks depict the pattern of variant emergence from the stasis cultures. The graphic to the right illustrates a mixed population
of cultured HMECs encountering the stasis barrier; while most cells are eliminated from the cultures, a small population of variants bypass this
‘stress-induced'barrier and reinitiates growth. B Cell proliferation was measured in HMEC cultures using the Click-iT EdU cell proliferation assay

and quantified by flow cytometry using cells collected from P2, S, and S+ 2 cultures, which were re-plated overnight and pulsed with 10 uM EdU
for one hour. C Gene expression analysis of p21 and p16 was performed on cDNA produced from cells collected from P2, S, and S+ 2 cultures

by gPCR. Representative images of P2 and S HMECs immunostained with antibodies against p16 and p21, and counterstained with DAPI are shown.
D CM collected directly from P2 and S HMEC cultures (incubated with cells for 24 h) was mixed with an equal amount of fresh MEGM and used

to culture freshly isolated HMECs (P1). E Sandwich ELISA kits were used to determine concentrations of TGF-@3, Activin A, and PAI-1. An equal number
of cells was harvested from P2, S, and S+ 2 cultures and cultured in basal media (supplements excluded) for 24 h. Concentrations were normalized
to the final cell number. F MMP-2 and FN were analyzed by qPCR. G E-cadherin, N-cadherin, P-cadherin, Slug, Snail, Twist, and Zeb were analyzed

by gPCR. H Western blot analysis of lysates from P2, S, and S+ 2 cells using antibodies against Snail, Zeb, Slug, E-cadherin (E-Cad.), N-cadherin

(N-Cad.), Vimentin, and Actin (loading control)
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(SASP) and stress-elicited extrinsic phenotype (SEEP),
respectively, which can initiate or reinforce growth arrest
in both autocrine and paracrine manners [52-54]. To
characterize alterations in the cellular secretory program
during HMEC culture, we collected CM and extracted
cellular RNA and protein from cultures of pre-stasis
HMECs at P2, growth-arrested stasis HMECs (S), and
variant HMECs two passages beyond stasis (S+2). In
stasis cultures, quantitative proteomic analysis using an
antibody array (Table S1) indicated increased levels of
transforming growth factor-beta (TGF-f) and Activin A,
a member of the TGF-p superfamily. ELISA assays con-
firmed higher levels of TGF-P, Activin A, and Plasmino-
gen Activator Inhibitor-1 (PAI-1), a biomarker of TGF-p
pathway activation, in stasis cultures than in proliferating
pre-stasis or variant HMEC cultures (Fig. 1E). Addition-
ally, we detected an increase in matrix metalloproteinase
2 (MMP-2) and fibronectin (FN) transcript levels dur-
ing stasis (Fig. 1F), which can be upregulated in response
to the activation of the TGF-f pathway [55, 56]. Several
cytokines and chemokines typical of SASP [54] remained
unchanged in the stasis cultures (Fig. S2A).

In stasis HMECs, we observed significant changes in
gene expression indicative of EMT activation, which
is consistent with the fundamental role of the TGEF-f
pathway in this process [29]. At the transcript level,
we observed decreased levels of the epithelial mark-
ers E-cadherin (CDHI, concentrated in luminal epithe-
lial cells) and P-cadherin (CDH3, typically expressed
by basal epithelial cells), and no change in N-cadherin
(CDH2, typically expressed by mesenchymal cells) in sta-
sis HMECs compared to pre-stasis HMECs (Fig. 1G). We
also observed increased levels of core EMT transcription
factors Slug (SNAI2), Snail (SNAI1), Twist (TWIST1),
and Zeb (ZEB1). Transcript levels of E-cadherin, Snail,
Twist, and Zeb decreased in variant cultures compared to
those in stasis cultures and were not significantly differ-
ent from those observed in pre-stasis HMECs (Fig. 1G).
In contrast, Slug transcript levels were increased in sta-
sis HMECs and maintained in the variants. The deriva-
tion of variants from the basal compartment [9] likely
accounts for the increased levels of P-cadherin observed
in variant cultures compared with both pre-stasis and
stasis cultures, which contained a mixture of luminal and
basal cells (Fig. 1G). Western blot analyses were consist-
ent with the increased EMT activation, particularly dur-
ing stasis. We observed decreased E-cadherin expression
and increased Snail, Zeb, N-cadherin, and Vimentin
expressions. Notably, protein expression was inconsistent
with the changes in certain transcript levels (N-cadherin,
Snail, and Slug), suggesting regulation by post-transcrip-
tional processes commonly observed in EMT (Fig. 1H).
In addition to TGF-B (Fig. 1D), several paracrine and
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autocrine factors involved in EMT [29] were robustly
increased in stasis HMECs compared with those in either
of the two active growth phases (Fig. S2B and S2C).

In summary, our initial observations demonstrated
transient activation of the TGF-p pathway and engage-
ment of EMT programs in cultured HMECs as they
entered stasis. Remarkably, the emergence of variants
from these cultures was associated with the attenuation
of the TGF-B and EMT pathways.

Basal epithelial cells exhibit enhanced EMT activation
compared to luminal epithelial cells

The human breast epithelium is composed of two dis-
tinct layers: an inner luminal layer of polarized colum-
nar epithelial cells and an outer basal layer of contractile
myoepithelial cells. Both layers comprise a heterogene-
ous mixture of mature cells and cells at various stages of
differentiation, including progenitor and potentially stem
cells. Studies have produced conflicting reports regarding
the phenotype and location of bipotent stem cells within
these compartments. While some suggest that bipotent
potential resides within luminal (EpCAM") populations,
others indicate that basal (EpCAM " CD49f") populations
are enriched with stem cells exhibiting bipotent compe-
tency [3-6]. Further complicating this picture, murine
studies suggest that the luminal and basal epithelia are
maintained by lineage-restricted progenitors rather than
bipotent stem cells, with some progenitors exhibiting
the capacity to acquire bipotency upon transplantation
[1, 2]—a phenomenon of cellular plasticity observed in
other tissue types, where even differentiated cells can
dedifferentiate to acquire stem-like properties [57]. Since
surface markers like EpCAM and CD49f are shared
between progenitor and differentiated populations, no
unique set of markers can reliably discriminate stem and
progenitor cells from more mature cells. Given these
uncertainties surrounding progenitor cell identity and
plasticity, we chose to evaluate mammary epithelial cells
enriched within the two major epithelial lineages. For
clarity, we will refer to these populations as luminal’ and
‘basal’” cells, acknowledging that these terms encompass
a range of cellular states and phenotypes. We used fluo-
rescence-activated cell sorting (FACS) to separate basal
epithelial cells (EPCAM~CD49f*CD10") from luminal
epithelial cells (EPCAM™) (Fig. 2A). When cultured in
serum-free MEGM, the basal-enriched population from
the three tissue donors entered stasis between 9 and 15
population doublings. These cultures consistently pro-
duced variant outgrowths 30 days after the cessation of
growth at P5 (passage 5). In contrast, luminal cultures
proliferated between 8 and 11 population doublings
before growth arrest at P3, and did not produce variant
colonies (Fig. 2B), consistent with a previous report [9].
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Isolation of cells with bi-potent potential was previously
reported using the marker ALDH [58]. From three donor
tissues, 0%, 0.35%, and 0.68% of epithelial ALDH* cells
were EPCAM~CD49f*CD10%; thus the majority were
of luminal origin [59]. We separated equal numbers of
ALDH1"* and ALDH1~ (Fig. S1A); however, variants pre-
dominantly emerged from the ALDH1™ populations (Fig.
S1B), suggesting that ALDH1" basal stem cells were not
the origin of variants.

Basal epithelial cells contributed significantly greater
levels of TGE-B but not Activin A compared to lumi-
nal epithelial cells when analyzed at stasis, P3 for iso-
lated luminal cells, and P5 for isolated basal epithelial
cells (Fig. 2C). As early as P2, even before entering sta-
sis, basal-enriched populations demonstrated a more
dispersed and migratory phenotype and incorporated
vimentin, a canonical marker of the mesenchymal pheno-
type, into their cytoskeleton, whereas luminal cells main-
tained tight colony morphologies and did not express
significant levels of vimentin (Fig. 2D). At the transcrip-
tional level, the basal epithelial population demonstrated
a robust EMT response, as evidenced by significant
increases in Twist, Zeb, and N-cadherin, and decreases in
E-cadherin and P-cadherin between P2 and P5. Luminal
epithelial cells demonstrated a significant increase in Slug
and N-cadherin expression, and a decrease in E-cadherin
expression (Fig. 2E). Thus, both luminal and basal epithe-
lial cells demonstrated evidence of EMT; however, the
magnitude of EMT-related changes in gene expression
was markedly higher in the basal epithelial cells.

Similar to our observations in bulk HMECs, western
blot analysis revealed high levels of N-cadherin, Snail,
and Zeb in the early passage (P3) and stasis (P5) basal
epithelial cells, indicating activation of EMT. However,
these components of the EMT program were down-
regulated in the variant cultures (P8). Notably, among
the EMT transcription factors analyzed, Slug levels were
consistently high across all passages, including the vari-
ants (Fig. 2F). A role of Slug in maintaining basal epithe-
lial gene expression has been observed previously [60].
Additionally, as observed in bulk HMECs, basal epithelial
cell cultures were characterized by high levels of TGE-f
and Activin A at early passages (P3 and P5), followed by
a significant reduction in expression of these cytokines at
later passages (P8) following the emergence of variants
(Fig. 2G). Notably, variants were not inherently resist-
ant to growth arrest induced by adding recombinant
TGF-p to the growth medium (Fig. S3A and S3B). Treat-
ment with recombinant TGF-f robustly induced EMT
gene expression in P3 basal epithelial cells (Fig. S3C).
Variant colonies emerged from TGF-p-treated basal epi-
thelial cell cultures at slightly higher frequencies com-
pared to controls. Thus, while variants maintained their
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proliferative capacity in the presence of high levels of
TGE-B, their emergence in stasis cultures likely requires
the elimination of a substantial portion of cells producing
high levels of cytostatic factors—via apoptosis or other
mechanisms—to fully release their proliferative potential
and enable clonal outgrowth.

In summary, only the basal epithelial population con-
tains variants [9]. This population recapitulated the tran-
sient activation of TGF-$ and EMT phenotypes observed
in bulk HMEC cultures, leading us to focus further on
the basal epithelial cell population.

Inhibition of TGF-B signaling and EMT transcription factors
prevents stasis in basal epithelial cells

The application of A83-01, a potent inhibitor of TGF-p
type I receptor ALKS5 kinase, type I activin/nodal recep-
tor ALK4, and type I nodal receptor ALK7, was sufficient
to prevent stasis in basal epithelial cells (Fig. 3A). A83-01
inhibited EMT at the transcriptional level, as evidenced
by the significantly increased expression of P-cadherin
and the decreased expression of N-cadherin, Snail, Twist,
and Zeb (Fig. 3B). TGEF-f inhibition was associated with a
highly significant decrease in cell size (Fig. 3C), reduction
in nuclear area, and elimination of micronuclei (Fig. 3D).
A83-01 treatment also significantly reduced p21 and p16
levels (Fig. 3E). We observed that treatment with A83-
01 maintained the protein expression of p63, an impor-
tant transcriptional regulator of basal cell differentiation
(Fig. 3F). Together, these results implicate the engage-
ment of the TGF-p pathway in cellular dysfunction and
the activation of tumor suppressor pathways during
stasis.

Similar to the treatment of basal epithelial cells with
A83-01, we found that CRISPR-mediated knockout (KO)
of Snail or Slug eliminated the stasis barrier compared
with non-targeting controls (Fig. 4A). Following selec-
tion, Snail and Slug KO basal epithelial cells generated
tight colony morphologies similar to those produced by
the variant basal epithelial cultures emerging from sta-
sis, whereas non-targeting controls were more dispersed
across the culture surface. In contrast, Zeb and Twist KO
basal epithelial cells demonstrated a growth pattern simi-
lar to that of the non-targeting control and were therefore
not followed up in culture (Fig. 4A). Targeting Snail and
Slug using CRISPR vectors reduced their transcript lev-
els. Consistent with their role in the EMT network, Snail
and Slug knockout significantly increased the transcript
levels of P-cadherin and decreased those of N-cadherin,
Twist, and Zeb compared to non-targeting controls
(Fig. 4B). Basal epithelial cells with Snail or Slug KO dem-
onstrated substantially lower transcription of p21 and
pl6 tumor suppressors than the controls (Fig. 4C). We
observed vimentin in the cytoskeleton of basal epithelial
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Fig. 2 Basal epithelial cells exhibit enhanced TGF-f signaling and EMT activation compared to luminal epithelial cells. A Human breast tissues

from the same three donors utilized in Fig. 1A were further processed into single cells. The cell suspension was stained with conjugated antibodies
against CD10, EpCAM, CD49f, CD2, CD3, CD4, CD16, CD64, CD31, and CD45 then DAPI and conjugated streptavidin. Dead cells (DAPI*), doublets,
and immune/stromal cell types (CD2*, CD3*, CD4*, CD16", CD64*, CD317, and/or CD45*) were removed. The breast epithelium was separated

into luminal (EpCAM?*) and basal (EpCAM~CD49f*CD10") enriched populations by FACS and expanded separately in MEGM in 6-well plates. Notably,
these luminal and basal populations contain both mature cell type and stem and/or progenitors. Representative wells were immunostained
prior to passaging (PO) with the luminal markers cytokeratin 19 (CK19) and mucin 1 (MUC1) or the basal markers p63 and cytokeratin 14 (CK14). B
Basal and luminal epithelial cells were further expanded in MEGM, cells were counted at each passage, and the growth curve of the cumulative
population doubling over time was plotted. Cells and CM were collected from basal epithelial cells at passages B(P2), B(P5), and B(P7)

and from luminal cells at passages L(P2) and L(P3). Crystal violet-stained flasks depict the pattern of variant cell emergence from basal epithelial cell
cultures after stasis. C Sandwich ELISA kits were used to determine the TGF-f3 and Activin A concentrations. An equal number of cells was harvested
from the B(P2), B(P5), L(P2), and L(P3) cultures and then cultured in basal media (supplements excluded) for 24 h. Concentrations were normalized
to the final cell number. D Representative images of P2 basal and luminal epithelial cells from two donor tissues immunostained with antibodies
against pan-cytokeratin and vimentin and then counterstained with DAPI. E E-cadherin, P-cadherin, N-cadherin, Slug, Snail, Twist, and Zeb were
analyzed by gPCR using cDNA produced from B(P2), B(P5), L(P2), and L(P3) cells. F Western blot analysis of lysates from B(P2), B(P5), and B(P7)
cultures, using antibodies against N-cadherin (N-Cad.), Snail, Zeb, Slug, and Actin (as loading controls). G Same as C, using basal epithelial cells

from the B(P3), B(P5), and B(P8) cultures
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Fig. 3 Inhibition of the TGF-B pathway prevents stasis in basal epithelial cells. A Basal epithelial cells, generated as introduced in Fig. 2A, were
expanded in MEGM with 500 nM A83-01 or DMSO, the cells were counted, and the growth curve of the cumulative population doubling over time
was plotted. Cells and CM were collected at P3, as indicated by arrows. B P-cadherin, N-cadherin, Slug, Snail, Twist, and Zeb were analyzed by gPCR
using cDNA produced from basal epithelial cells at P3 treated with A83-01 or DMSO. C Representative images of P3 basal epithelial cells treated
with A83-01 or DMSO immunostained with an antibody against B-tubulin and phalloidin, which stain F-actin, and counterstained with DAPI.

The cells were segmented using ImageJ software, and the cell size was calculated. Data from the four donors are combined in the graph; each
black circle represents a single cell (DMSO, n=94; A83-01, n=78). D Same as in C for cells immunostained with an antibody against Lamin A/C

and counterstained with DAPI. Nuclei were segmented using ImageJ software and the nucleus size was calculated (DMSO, n=82; A83-01,n=91).
The percentage of cells with micronuclei was determined by staining fixed cells dropped on glass slides with Giemsa and determining the number
of nuclei with associated micronuclei as a percentage of the total number of nuclei imaged (DMSO, n=549; A83-01,n=528). E p21 and p16 were
analyzed by gPCR using cDNA produced from basal epithelial cells at P3 treated with A83-01 or DMSO. Representative images of basal epithelial
cells treated with A83-01 or DMSO immunostained with antibodies against p16 and p21, and counterstained with DAPI. F Representative images
of basal epithelial cells cultured in MEGM or MEGM containing 500 nM A83-01 were immunostained with antibodies against p63 and cytokeratin
14 (CK14), followed by counterstaining with DAPI. G Western blot analysis of cell lysates from these populations was performed using antibodies
against CK14, p63, SMA, and Actin (loading control)



Caruso et al. Breast Cancer Research (2024) 26:184 Page 12 of 23
A B
sgRNA %) . .
12 3 g, CrowthCurve P-Cad. N-Cad. Slug Snail Twist Zeb
T = |SNA2KO & 2000 80 4 16
Slug KO |Gy «
91 KNG 3 40 . O 1500{ ,,, = |60 30 3 9 12
Snail KO | @8 a} ont. ) - % I ks
2ot ko G g £ 1000 40 L Ji 2 % 6{» 8
we —
© % © 2 500 200 g [0 % 1 | 3 4 .
Twist KO [« S $- e P *
— 8- 0 ’;) 0= o O = o O 0 o] (; S : @] = -;- %g 0 : ? %
x g = = = = = =
Cont. © "0 1020304050 60 70 ¥ sxx HE¥x H¥xe F¥E §¥¥
Time (Days) =2 "33 “zz "33 23 °zg
w » w » w u w u w ou w u
C D E N
@ p21 p16 ” TGF-B Activin A Controls TGF-f Inhibition
8 20 800 €3 08 8 Slug or Snail KO
O 15 600 £ 06 0.6
o % % S ?2 R
£ 10 4004 ol € Xo04{ep 044 ofs TGF§ EMT  TGFB  Eur
S o 3 S Activin A Activin A '
2 s | 200 SEO02 .. .| 02
— 0 % 0 oot o B')0 0 J‘ fn ol 0.0l °* 4; % u
o Z O O Z O O c¥IETo o £ O O
S ¥ X S ¥ X S ¥ X S ¥ X
°c =z g °cz g °cz g °cz g Proliferation Proliferation
z Z z Z z Z z Z
w u w ou w o w o

Fig. 4 Depletion of EMT transcription factors prevents stasis in basal epithelial cells. A Basal epithelial cells (P1) were transduced with lentiviral
CRISPR constructs, containing CAS9 and sgRNA targeting Slug, Snail, Zeb, Twsit, or non-targeting controls (Cont.). These constructs also included
an Internal Ribosome Entry Site (IRES)-GFP sequence, facilitating the selection of cells incorporating the vector using FACS. Snail knockout (KO),
Slug KO, and control cells were expanded in MEGM, cells were counted at each passage, and a growth curve of the cumulative population
doubling over time was plotted. Cells and CM were collected at P2+ 3 (P2 indicates that the transduced cells were at passage 2, and + 3 indicates
the number of passages following GFP* selection), as indicated by the arrows. B P-cadherin, N-cadherin, Slug, Snail, Twist and Zeb were analyzed
by gPCR using cDNA produced from basal epithelial cells at P2 + 3, selected for integration of Snail KO, Slug KO, or the control vector. C p21

and p16 were analyzed as described in B. D Sandwich ELISA kits were used to determine the concentrations of TGF-f and activin A. An equal
number of cells were harvested from basal epithelial cells at P2 + 3 selected for integration of Snail KO, Slug KO, or control vector, and cultured

in basal media (supplements excluded) for 24 h. Concentrations were normalized to the final cell number. E Graphic illustration of the key
findings presented in Figs. 3 and 4. In control basal epithelial cell cultures in serum-free MEGM, positive feedback between activation of the TGF-3
pathway and induction of EMT generates an environment that suppresses proliferation, causing stasis. In basal epithelial cell cultures treated

with a TGF-(3 inhibitor or transduced with lentiviral CRISPR vectors targeting Snail or Slug, the levels of TGF- pathway activation and EMT induction,
as well as the positive feedback loop between them, were diminished, permitting proliferation and avoiding stasis

cells expressing p16, consistent with the idea that EMT is
correlated with the senescence phenotype in this culture
system (Fig. S4A). Notably, the reduced growth arrest
observed upon Snail and Slug KO was associated with
decreased levels of TGF-p and the TGF-B superfamily
member activin A (Fig. 4D), which are part of the auto-
crine and paracrine loops that promote the EMT pro-
gram[29] and perpetuate senescence[52].

In contrast, overexpression (OE) of the EMT-related
transcription factors Snail and Slug immediately sup-
pressed the growth of basal epithelial cells, preventing
their expansion (Fig. S4B). In this experiment, Snail and
Slug were expressed at non-physiological levels, which
were far higher than those observed in basal epithelial
cells at stasis. Analysis of these cultures at the first pas-
sage showed a high degree of EMT, as evidenced by
the downregulation of P-cadherin and upregulation of
N-cadherin, Twist, and Zeb (Fig. S4C). Further examina-
tion of this model was not feasible because of the rapid
and complete cessation of cell growth.

In summary, TGF- pathway inhibition or Snail or Slug
knockdown prevented EMT activation and stasis in basal
epithelial cells. Activation of the TGF-f pathway induces
the expression of EMT-related transcription factors, such
as Snail, Slug, Zeb, and TWIST, which promote the tran-
sition from an epithelial to a mesenchymal phenotype.
In turn, mesenchymal cells resulting from EMT secrete
additional TGF-B and Activin A creating a positive feed-
back loop that sustains and amplifies the EMT process.
The activation of TGF-p and EMT in basal epithelial
cells leads to growth suppression and cellular dysfunc-
tion, as is evident in conventional HMEC culture systems
(Fig. 4E).

EMT generates a spectrum of basal epithelial cell states
with varying proliferative and self-renewal capacities
Limiting activation of the TGF-f pathway and EMT
induction was sufficient to avoid stasis in the entire cul-
tured basal epithelial cell population. However, rare basal
epithelial variants were intrinsically capable of avoiding
stasis. Variants can consistently be visualized as epithelial
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colonies (tightly clustered and adhered to their neigh-
bors) emerging among cells with spindle or senescent-
like morphologies (Fig. 5A). EMT is a dynamic process
that enables epithelial cells to acquire mesenchymal
properties, leading to increased plasticity and the abil-
ity to transition between multiple cellular states [21-26].
This process creates a spectrum of hybrid phenotypes
that allow cells to exhibit varying degrees of epithelial
and mesenchymal characteristics.

Many studies have used CD24 and CD44 to distin-
guish between epithelial and mesenchymal states [25].
Indeed, almost all cells in stasis cultures expressed the
CD44MCD24% phenotype, consistent with the high levels
of EMT at this time point. In contrast, pre-stasis HMECs
and post-stasis variants mostly lacked CD44 (Fig. 5B).
However, this method was unable to separate epithelial,
hybrid, and more complete mesenchymal phenotypes. To
better distinguish between these EMT states in basal epi-
thelial cell cultures, we developed an alternative method
that utilized antibodies against P-cadherin, an epithelial
marker highly expressed by basal epithelial cells, and
N-cadherin, a marker highly expressed in mesenchy-
mal cell types. In early and stasis cultures, we observed
complete EMT states expressing N-cadherin but lack-
ing P-cadherin (P"N™), a hybrid EMT state expressing
both P- and N-cadherins (P*N*), and an epithelial state
expressing P-cadherin but lacking N-cadherin (P*N™).
In cultures dominated by variants, the complete EMT
state, P"N, was mostly absent (Fig. 5C). We sorted basal
epithelial cells in the P*N* and P"N* states from stasis
cultures (P5). At the mRNA level, P"N™ cells exhibited
significantly lower levels of P-cadherin and higher lev-
els of N-cadherin, Snail, Slug, Twist, and Zeb than did
P*N™ cells, confirming that P"N* populations represent

(See figure on next page.)
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a higher degree of EMT (Fig. 5D). Notably, basal epithe-
lial cells with a complete EMT phenotype were growth
arrested and could not be passaged, although they
remained adherent to the culture surface for several
weeks (Fig. 5E).

Early passage basal epithelial cells were sorted based
on the immunophenotypes P*N~, P*N*, and P™N™)
corresponding to different states along the EMT spec-
trum, and cultured for 14 days. When the resulting
populations were re-analyzed, both PN~ (blue) and
P*N* (purple) cells were able to recapitulate the entire
spectrum of EMT states, whereas P"N™ (red) cells were
restricted to the ‘fully’ mesenchymal state (Fig. 5F).
When separated from stasis cultures before the emer-
gence of variants, we demonstrated, using limiting dilu-
tion analysis, that basal epithelial cells in the P*N™ and
P*N* states could give rise to variant colonies, whereas
cells in the P™N* state could not (Fig. 5G). In addition
to the ability to form variant colonies in monolayer cul-
ture, we observed that basal epithelial cells in the P¥*N~
and P*N™T states could form mammospheres under
non-adherent conditions, which is suggestive of self-
renewal and stem cell properties [47]. In contrast, cells
in the P"N* state were unable to create mammospheres
(Fig. 5H). The P"N™ state was completely absent in the
variant cultures, and cells could only move between the
P*N~ and P*N™ states, suggesting attenuation of the
EMT program (Fig. 5I).

In summary, isolated basal epithelial cells initially acti-
vated an EMT program that could progress to a fully
mesenchymal state, ultimately leading to growth arrest.
However, over several passages, we observed stabilization
of the epithelial and hybrid EMT states, restricting access
to the fully mesenchymal state. This restriction was

Fig. 5 EMT generates a spectrum of basal epithelial cell states with varying proliferative and self-renewal capacities. A Phase contrast images of P5
basal epithelial cells demonstrating different morphologies. B Dead cells (DAPI*) and doublets were removed, and CD44 and CD24 were visualized
using flow cytometry. The CD44"CD24"°, CD44"CD24" CD44°CD24", and CD44"°CD24"° immunophenotypes were quantified. Each bar represents
the basal epithelial cells isolated from a single donor. C Same as B, using antibodies against P-cadherin and N-cadherin. Immunophenotypes were
gated based on singly stained controls as P"N~, P*N~, P*N*, and P"N*. D P-cadherin, N-cadherin, Snail, Slug, Twist, and Zeb were analyzed by gPCR
using cDNA produced from basal epithelial cells (P5) directly sorted using FACS based on a P*N~ or P*N* immunophenotype. E P*N~ or P*N* basal
epithelial cells (P5) were expanded in MEGM and counted at each passage. F P*N~, P*N*, and P"N* basal epithelial cells (P5) were sorted into 6-well
plates, cultured for 14 days in MEGM, and re-analyzed by flow cytometry. The illustration on the right shows the proportion of cells that transitioned
between states in three donors: P*N~ in blue, P*N* in purple, and P"N* in red. The conversion rates[85], shown next to each straight arrow,
represent the proportion of cells that transitioned from their original FACS-enriched state to another over the 14-day period. The proportion of cells
remaining in their original state is indicated next to the curled arrow. G P*N~, P*N*, and P"N* basal epithelial cells (P5) were sorted into 6-well plates
at concentrations of 100, 500, 1000, and 2000 cells and cultured in MEGM until variant colonies were observed. Estimates of variant frequency

in the sorted populations and p-values were determined by Extreme Limiting Dilution Analysis [86] using the online resource: https://bioinf.wehi.
edu.au/software/elda/. H P*N~, P*N*, and P"N* basal epithelial cells (P5) were sorted into ultra-low-adherence plates containing mammosphere
medium [47] (DMEM/F12 supplemented with B27, EGF, FGF2, and heparin). The mammospheres were visualized after 14 days and counted using

a phase-contrast microscope. | PN~ and P"N* cells were sorted from P8 (variant) basal epithelial cell cultures and re-analyzed by flow cytometry
after 14 days. The illustration on the right shows the proportion of cells that transitioned between states in three donors: P*N™in blue and P*N*

in purple, as in F. Note that very few P"N* cells were observed in variant cultures (see panel C)
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associated with the emergence of variants that retained
plasticity and could transition between epithelial and
hybrid EMT states but not the fully mesenchymal state.

PRC2-mediated epigenetic regulation governs access

to EMT states in basal epithelial variants

PRC2 is known to play a critical role in epigenetic regu-
lation of gene expression in variant basal epithelial cells.
Indeed, by catalyzing the trimethylation of histone H3
on lysine 27 (H3K27me3), PRC2 silences the target genes
involved in growth and differentiation. Over time in cul-
ture, silencing of many PRC2 targets can be reinforced
by promoter hypermethylation [37, 43]. EZH2, the cata-
lytic subunit of PRC2, is central to this function, and its
knockout disrupts the ability of this complex to regulate
gene expression. We found that the knockout of EZH2 in
basal epithelial cells at P3 reliably prevented the forma-
tion of variant colonies, which was expected given that
PRC2 plays a well-established role in silencing CDKN2A
and removing other obstacles to proliferation (Fig. 6A).
EZH2 knockout in the P8 variant basal epithelial cells
also impaired cell proliferation (Fig. 6B).

Recent studies in cancer models reveal that PRC2
plays a crucial role in controlling the EMT trajectory by
repressing specific genes involved in EMT [30, 61]. In
EZH2 knockout basal epithelial variants, we confirmed
a decrease in EZH2 expression and global H3K27me3
levels at the protein level, and observed increased levels
of Zeb and N-cadherin (Fig. 6C). EZH2 knockout pro-
moted EMT at the transcriptional level, as evidenced by
decreased P-cadherin, but increased N-cadherin, Snail,
Twist, and Zeb expression (Fig. 6D). Similarly, the EZH2
inhibitor GSK126 prevented the emergence of variants
from stasis cultures (Fig. 6E), reduced the proliferation
of P8 variant basal epithelial cells (Fig. 6F), and enhanced
EMT-related gene expression (Fig. 6).

By reducing the activation of the EMT program, PRC2
and potentially other epigenetic regulators maintain vari-
ant basal epithelial cells in a hybrid EMT state that favors
continued proliferation and stemness and disfavors the
path to complete EMT states associated with growth
arrest (Fig. 6E).

TGF-B inhibition prior to cellular transformation reduced

metaplastic phenotypes in basal epithelial-derived tumors
Basal epithelial progenitors have been proposed as the
cells of origin for MBC [9], a rare histological subtype
associated with elevated levels of EMT compared with
other breast cancer subtypes [18] (Fig. S5A and S5B). In
culture, basal epithelial cells strongly activated the TGF-3
pathway and induced EMT. The selection of variants was
associated with the stabilization of hybrid EMT states
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capable of continued proliferation, limiting access to a
complete mesenchymal state subject to growth arrest.
Pharmacological inhibition of the TGF-$ pathway sup-
pressed the activation of the EMT program and elimi-
nated the selective pressure that promoted the outgrowth
of the basal variants (Fig. 7A).

To better understand the role of TGF-f and EMT-
dependent selection of the variant phenotype in MBC
carcinogenesis, we employed an established transfor-
mation protocol [9] involving the sequential transduc-
tion of TERT, SV40 T antigen, and mutant K-RasS'?",
We compared the oncogenic transformation of P3 basal
epithelial cell populations cultured in MEGM for three
passages, poised to enter stasis, with variant basal epi-
thelial cell populations cultured in MEGM for eight pas-
sages that had already overcome stasis. Additionally, we
compared P3 basal epithelial cell populations cultured in
MEGM + DMSO with those cultured in MEGM + A83-01
for three passages, which suppressed EMT and allowed
them to avoid stasis and variant selection. Notably, both
the oncogenically transformed variant and A83-01 basal
epithelial populations expressed levels of the mutant
K-Ras12Y equivalent to those of the P3 controls (Fig. 7B).
Proliferation of oncogenically transformed P3 basal epi-
thelial cells was suppressed, whereas the oncogenically
transformed variant and A83-01 basal epithelial popu-
lations exhibited exponential growth kinetics (Fig. 7C).
Additionally, oncogenically transformed P3 basal epithe-
lial cells formed dramatically fewer colonies in soft agar,
with most replicates showing no colony formation at all,
indicating a reduced capacity for anchorage-independent
growth compared to the variant and A83-01 basal epithe-
lial populations, which showed no significant difference
in their ability to form colonies in soft agar (Fig. 7D). A
greater level of EMT activation was observed in onco-
genically transformed P3 basal epithelial cells compared
to both the variant and A83-01 populations, as evidenced
by the lower levels of P-cadherin and higher levels of
N-cadherin, Snail, Twist, and Zeb compared to the vari-
ant and A83-01 basal epithelial cell populations. In con-
trast, transformed variant populations exhibited hybrid
levels of EMT, characterized by significantly higher lev-
els of P-cadherin and lower levels of N-cadherin, Snail,
Twist, and Zeb, compared to A83-01-treated basal epi-
thelial populations (Fig. 7E). Flow cytometric analysis of
P-cadherin and N-cadherin expression confirmed that
oncogenically transformed variant populations predomi-
nantly exhibited hybrid EMT phenotypes (P*N*). In
contrast, oncogenically transformed basal epithelial cells
treated with A83-01 mostly expressed P-cadherin, with
relatively little N-cadherin expression, thus mostly pre-
serving their epithelial state (Fig. 7F).



Caruso et al. Breast Cancer Research (2024) 26:184 Page 16 of 23

A B C .
250 Growth Curve 2 5 Growth Curve Zeb - - ——
€ |P3EZH2KO ! k= P8 EZH2 KO .
g 401P3 Cont. : g 40P8 Cont. N-Cadherin s
K30 ! E ] 30 EZH2 :
S20f : & 20 Pg+3 H3K27Me3 j
= , ! = Y !
S0 S 10 P83 | Histone-H3 | S0 tm s s e s s
Q. o - :
g o g o Actin : —
0 1020 30 40 50 60 70 0 5 101520 25 30 Cont. EZH2 KO
D Time (Days) Time (Days)
o ) ) . .
%Moo P-Cad. 60 N-Cad. 200 Slug 2 Snail 8 Twist 12 Zeb
* ° *
O 300] . 45 o | 150 15 ile 9
8) % *'l.d(
3200 ol 30 100 % 10 {» 4 S| 6
o
= 100 s | 1571 o 50 5 2 3
e = L o =3 R
20z T Yo g3 %t VI
S 52 5 x 5 % 5% §x 5 <
o g o g o g o g o g o g
N N N N N N
w w w w L w
E S50 Growth Curve F 8 50 Growth Curve H L
£ [P3GsK126 k= P8 GSK126 Basal Epithelial Cells
.§ 40{P3DMSO ! .§ 401{P8 DMSO
o ' ' o
030 : ! 0 30
= ‘ ' c
820 ! ' S 20 P8+3
© ! . © )/ Escape from the
3_10 3 10 LP8+3 fully mesenchymal
n? oY= n? 0 e— Variants state is unfavorable
0 1020 30 40 50 60 70 0 5 10 15 20 25 30
Time (Days) Time (Days)
G a P-Cad. N-Cad. Slu Snail Twist Zeb
9 400 60 " 200 20 8 12 3 Accessing the
(O} fully mesenchymal
g) 200 1% 3 ‘I’ L 5 *k . 2 state is unfavorable
= 200 30 100{ 10 4 B
g g i = oo ‘; K
5 100 15 501 ol® 5 2 3
- . e °ge =2 Mesenchyma
o 0 sseel 0 0 0 0 0 Epithelial
c o @ o 9 o 9 o g o g o 9
o an o n o an - -
s T s T s T s T s T S T Proliferation Growth
o 8 o 8 o 8 o 8 o 8 o 8 Stemness  Arrest

Fig. 6 PRC2-mediated epigenetic regulation governs access to EMT states in basal epithelial variants. A Sorted basal epithelial cells (P3) were
transduced with lentiviral CRISPR constructs containing CAS9 and sgRNA targeting EZH2 or non-targeting controls (Cont.). These constructs
included an IRES-GFP sequence, which facilitated the selection of cells incorporating the vector using FACS. EZH2 and control cells were expanded
in MEGM; at each passage, cells were counted, and a growth curve of the cumulative population doubling over time was plotted. B Same

as in A, starting with P8 (variant) basal epithelial cells. Cells were collected at P8+ 3, as indicated by the arrows. C Western blot analysis of lysates
from P8 EZH2 KO and control cells using antibodies against Zeb, N-cadherin, EZH2, H3K27me3, total Histone H3, and Actin (loading control). D
P-cadherin, N-cadherin, Slug, Snail, Twist, and Zeb were analyzed by gPCR using P8+ 3 EZH2 KO and control cells. E Sorted basal epithelial cells
(P3) were continuously treated with 10 uM GSK126, an inhibitor of EZH2, or DMSO (vehicle control) as cells were expanded in MEGM; at each
passage, cells were counted, and a growth curve of the cumulative population doubling over time was plotted. F Same as in E, starting with P8
(variant) basal epithelial cells. Cells were collected at P8 + 3, as indicated by the arrows. G P-cadherin, N-cadherin, Slug, Snail, Twist, and Zeb
were analyzed by qPCR in P8+ 3 cells treated with GSK126 or DMSO. H In the EMT continuum, cells exist in various states ranging from epithelial
to mesenchymal phenotypes, including metastable hybrid transition states. Epigenetic processes involving PRC2 and likely other mechanisms
are altered during adaptation to unfavorable cell culture conditions. These alterations influence the transitions between states and contribute
to the stabilization of cells within hybrid EMT states

Only the oncogeneically transformed variant and A83-  S4C). Tumors derived from both A83-01-treated and var-
01 basal epithelial cell populations formed tumors when iant basal epithelial cells were highly proliferative based
xenotransplanted subcutaneously into NSG mice (Fig. on the number of cells that stained positive for Ki67
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(Fig. S4D). Both sets of tumors expressed p63, which
is a typical phenotype of MBCs, and several even rarer
histological subtypes likely arising from basal epithelial
progenitors [62—-64]. Notably, A83-01 tumors exhibited a
lower frequency of cells expressing the squamous differ-
entiation marker cytokeratin 13, the EMT markers Snail
and Slug, and the mesenchymal differentiation marker
vimentin when compared to variant tumors (Fig. 7G).

In summary, high levels of EMT in the malignantly
transformed P3 basal epithelial group were associated
with poor growth and tumorigenicity, whereas the vari-
ant basal epithelial group, which exhibited hybrid levels
of EMT gene expression, demonstrated enhanced growth
and tumorigenicity. Inhibition of the TGF-p pathway,
which significantly reduced EMT gene expression, pro-
moted growth and tumorigenicity in the P3 basal epithe-
lial group but led to a loss of metaplastic squamous and
metaplastic elements.

Discussion

In conventional monolayer cultures [31], HMECs are
deprived of instructive biophysical and biochemical
cues that maintain cellular homeostasis and coopera-
tion within tissues. Instead, they form attachments with
a non-compliant plastic substratum and proliferate in
response to signals presented in an engineered medium.
Consequently, HMECs enter stasis, the first, ‘stress-asso-
ciated’ barrier to indefinite proliferation, during which
most cells adopt a senescence-like phenotype [8, 35,
36]. To address this limitation, more recently developed
culture systems optimized to support epithelial prolif-
eration incorporate fibroblast feeders or hydrogels con-
taining basement membrane components, mimicking
key aspects of the in vivo microenvironment lost in con-
ventional monolayer cultures. These systems also employ

(See figure on next page.)
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chemical inhibitors to reduce the ability of the cells to
engage in stress response pathways. Collectively, these
modifications allow cultured breast epithelial cells to
avoid both stasis and agonescence, the second barrier to
indefinite proliferation resulting from telomere attrition,
without the need for genetic manipulation. Although
these culture systems do not fully maintain epithelial dif-
ferentiation, they are adept at supporting genetic and epi-
genetic stability during long-term propagation [65, 66].

Although poorly suited to the maintenance of epithe-
lial cell proliferation, conventional HMEC cultures [31]
produce rare variants, which activate an aberrant yet
remarkably consistent epigenetic program. This pro-
gram enables these cells to survive, adapt, and eventually
bypass the stasis barrier, reinitiating proliferation under
unfavorable culture conditions that induce growth arrest
and/or death in most epithelial cells [37-39]. Many epi-
genetic alterations favored in variant cultures, including
hypermethylation of the CDKN2A promoter, have also
been observed during human tumor progression [37]. In
intact tissues, etiological factors, such as aging, chronic
inflammation, and environmental exposure, gradually
disrupt homeostatic interactions. This progressive dis-
ruption contributes to a decline in the quality of the tis-
sue microenvironments, which is hypothesized to favor
the selection of clones (epigenetic progenitors) that are
adaptive to altered microenvironments, potentially lead-
ing to the emergence of cancer over the course of many
decades [67, 68]. Arguably, conventional monolayer cul-
tures represent an analogous process, albeit with a signif-
icantly accelerated time scale. Thus, variants within these
cultures have proven useful in elucidating the mecha-
nisms underlying the emergence of cancer progenitor
states [25, 26].

Fig. 7 Inhibition of the TGF-B pathway during cellular transformation reduces metaplastic phenotypes in basal epithelial-derived tumors. A
Activation of the TGF-3 pathway and EMT collaborate to drive cellular dysfunction and growth arrest. Adapted variants that emerged from stasis
cultures exhibit notable changes in gene expression associated with growth and differentiation and are stabilized in a hybrid EMT state. Inhibition
of the TGF-3 pathway eliminates these selective pressures during the expansion of basal epithelial cells. B Basal epithelial cell populations: (1) P3,
cultured in MEGM 4+ DMSO for three passages, (2) variant, cultured in MEGM + DMSO for eight passages, and (3) A83-01, cultured in MEGM +500 nM
A83-01 for three passages, were oncogenically transformed through sequential transduction with TERT and SV40, followed by selection (puromycin
and hygromycin) and lentiviral transduction of oncogenic KRAS®'? followed by a second round of selection (blasticidin and IRES-RFP). Western
blot analysis was performed on lysates from these oncogenically transformed basal epithelial cells using antibodies against RAS and Actin

(as a loading control). € At each passage, Oncogenically transformed basal epithelial cells were counted. A growth curve of the cumulative
population doubling over time was plotted. D Transformed basal epithelial populations were suspended in soft agar in each well of a 6-well plate
ata concentration of 20,000 cells/well and cultured in DMEM/F12 +20% FBS. After 4 weeks, the resulting colonies were stained with crystal violet,
imaged, and counted using the ImageJ software. E P-cadherin, N-cadherin, Slug, Snail, Twist, and Zeb were analyzed gPCR using cDNA produced
from oncogenically transformed basal epithelial cell populations. F Variant and A83-01-treated oncogenically transformed basal epithelial cells were
immunostained for P-cadherin and N-cadherin, then visualized by flow cytometry. G Variants and A83-01-treated oncogenically transformed basal
epithelial cells (4 x 10°) were injected subcutaneously with 50% Matrigel into 8-to 12-week-old female NSG mice. Tumors formed over a period

of 3-6 months. FFPE sections from five tumors were subjected to multiplexed immunohistochemical analysis for p63, cytokeratin 13 (CK13),

Slug+ Snail, and cytokeratin 5+ vimentin. Human-specific lamin A/C was used to identify the tumor cells
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In this study, we report that robust activation of the
TGF-B pathway and induction of an EMT program are
drivers of stasis and, therefore, constitute an important
selective pressure underlying the emergence of the vari-
ant phenotype. Inhibition of the TGEP pathway allowed
basal epithelial cells to bypass stasis and dramatically
reduced cell size, chromosomal instability, and expres-
sion of both p21 and p16. TGF-P plays a direct role in
enhancing cell size by activating the mammalian tar-
get of rapamycin (mTOR) [69]. Notably, increased cell
size is not simply a consequence of cellular senescence,
but also a contributing factor through mechanisms that
include failure to scale macromolecule production with
cell volume causing cytoplasmic dilution, altered nuclear
organization, chromosomal missegregation, DNA dam-
age, and mitochondrial dysfunction [70-74]. TGE-f
directly induces cellular senescence through SMADs,
which can upregulate p15 and p21 and contribute to the
establishment of SASP, which can reinforce senescence in
an autocrine manner or induce senescence in neighbor-
ing cells in a paracrine manner [52—54]. Knockout of the
key EMT factors Snail and Slug also allowed basal epithe-
lial cells to bypass stasis. EMT programs are associated
with increased activation of the TGFf pathway, which
contributes to self-reinforcing autocrine feedback loops
that can stabilize EMT programs and influence neigh-
boring cells in a paracrine manner [29]. Previous studies
demonstrate that activation of EMT programs can have
negative consequences for cellular viability, including
by directly inducing apoptosis [75]. During EMT, if cells
continue to proliferate, they exhibit mitotic abnormalities
such as centrosome clustering, cytokinesis failure, and
chromosome missegregation, which result in increased
DNA damage, aneuploidy, binucleated cells, and micro-
nuclei. These mitotic defects are associated with the
suppression of nuclear envelope proteins like LaminB1,
critical for mitotic regulation [76, 77]. Thus, TGFp path-
way activation and EMT are key components of the stasis
barrier, which can result in cellular arrest, death, and/or
dysfunction.

Notably, EMT is not a binary switch between epithe-
lial and mesenchymal states but generates a spectrum
of hybrids with both epithelial and mesenchymal traits.
These hybrids can be intermediates between the epi-
thelial and mesenchymal states or represent alterna-
tive EMT programs with unique trajectories [30]. When
basal epithelial cells underwent a complete transition to
the mesenchymal state, which peaked at stasis, they were
subject to complete proliferative arrest. In contrast, the
re-initiation of proliferation within stasis cultures by vari-
ants was associated with the stabilization of hybrid states.
These hybrid states are characterized by enhanced cellu-
lar plasticity and adaptability, which can lead to increased
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stem cell properties and tumorigenic potential [21-26].
PRC2 is known to contribute to the epigenetic program
underlying the emergence of the variant phenotype by
silencing genes involved in growth control and differen-
tiation [37, 39, 43]. PRC2 also suppresses the expression
of EMT-inducing transcription factors, such as ZEB1 and
ZEB2 [30, 61]. Indeed, in variant basal epithelial cells,
knockout or inhibition of EZH2, the catalytic subunit of
PRC2, increased EMT gene expression, altering the tra-
jectory of the EMT program. Significantly, epigenetic
alterations in the TGF-P pathway have been previously
observed in variants [37, 40, 78]. EZH2 knockout or inhi-
bition in basal epithelial cells and variants impaired PRC2
function and diminished basal epithelial proliferation,
limiting our study. In a prior study, fully transformed
HMLER cells, which were derived from variant cultures,
were not subject to growth arrest in response to com-
promised PRC2 activity; instead, they transitioned into a
quasi-mesenchymal state associated with high metastatic
potential. In contrast, the loss of another epigenetic regu-
lator, KMT2D, results in a highly mesenchymal state [30].
Thus, in principle, epigenetic modifiers can dictate the
trajectory of EMT by setting the parameters that deter-
mine access to hybrid and/or complete states. Further
research is warranted to elucidate the interplay between
epigenetic regulators and EMT during the emergence of
the variant phenotype. Our findings suggest that PRC2
drives the EMT program in rare basal epithelial cells
toward “favorable” hybrid states, which facilitates the
emergence of variants with compromised growth control
and other properties characteristic of a cancer progeni-
tor state.

Consistent with the idea that variants are representa-
tive of a cancer progenitor state, variants tolerate onco-
genic insults such as RAS activation, thereby bypassing
oncogene-induced senescence [41]. In this study, we
also observed the increased vulnerability of variants to
oncogenic transformation when compared to pre-stasis
basal epithelial cells, which had not undergone the same
epigenetic reprogramming characteristic of the vari-
ant population. Notably, we did not observe a decrease
in the vulnerability of variants to growth arrest induced
by exogenous TGFpB. However, TGF-f inhibition, which
bypassed stasis in basal epithelial cultures, also improved
the transformation efficiency of pre-stasis basal epi-
thelial cells. This result was consistent with a previ-
ous report that found that either a dominant-negative
TGE type II receptor or a TGFP pathway inhibitor was
able to bypass RAS-induced growth arrest variants and
HMECs with compromised p16/Rb and p53 [79]. Further
investigation is required to understand the mechanisms
favoring the oncogenic transformation of variants over
pre-stasis basal epithelial cells. Strikingly, the oncogenic
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transformation of basal epithelial cells resulted in meta-
plastic tumors with squamous and mesenchymal compo-
nents in immunocompromised mice, which is consistent
with previous reports [8, 9]. However, treatment TGF-p3
pathway inhibitors generated tumors with a marked
reduction in metaplastic elements, even though the
TGF-B pathway inhibitor was not maintained in culture
after selection for KRASS'?Y or in mice.

An important limitation of this study is our reliance on
KRASS'V for cellular transformation. Genomic altera-
tions in the RAS-MAPK pathway are observed in MBCs
but mutations in the PI3K-AKT and other pathways are
also common [80—82]. We selected the KRAS®'?Y onco-
gene model based on established protocols for HMEC
transformation [8, 9, 44] that ensure reliable tumor for-
mation in xenograft models in contrast with alternative
oncogenes that have not been comprehensively evalu-
ated in this system. The RAS-MAPK pathway is known
to activate EMT and stemness and could, therefore,
influence the observed phenotypes [82, 83]. We cannot
rule out that alternative oncogenes might yield different
results, particularly regarding EMT and metaplastic fea-
tures. Future studies comparing the effects of different
oncogenes on oncogenic transformation and EMT in this
model system would provide valuable insights into the
oncogene-specific nature of our findings.

Conclusions

This study illuminated dynamic processes operative in
the HMEC model system, which is widely used to study
epithelial cell biology and carcinogenesis. Following dis-
ruption of their native microenvironment, activation of
the TGF-B pathway and induction of EMT drove sta-
sis in HMEC cultures, exerting selective pressure that
favored the emergence of rare variant basal epithelial
cells. The epigenetic stabilization of an alternative or
restricted EMT program produced a hybrid epithelial/
mesenchymal state in variants that contributed to their
enhanced proliferative capacity and avoided complete
mesenchymal differentiation, which was associated with
irreversible growth arrest. The ability of basal epithelial
cells to navigate the spectrum of EMT states and stabilize
favorable hybrid states contributed to the emergence of a
cancer progenitor state that gives rise to tumors with his-
topathological features consistent with rare MBCs. These
observations may align with processes evident in tumor
types initiated from basal epithelial cells in other tissues,
such as squamous cell carcinomas [84]. Although find-
ings from HMEC culture systems are often extrapolated
to breast cancer as a whole, they may not accurately rep-
resent the biology of more common breast cancer sub-
types hypothesized to originate from luminal epithelial
populations.
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Abbreviations

HMEC Human mammary epithelial cell

CDH1 Cadherin1 (E-cadherin)

CDH2 Cadherin2 (N-cadherin)

CDH3 Cadherin 3 (P-cadherin)

CDKN2A Cyclin-dependent kinase inhibitor 2A
(@Y Conditioned medium

EMT Epithelial-mesenchymal transition

EZH2 Enhancer of zeste homolog 2
H3K27me3  Trimethylation of lysine 27 on histone H3

MBC Metaplastic breast cancer

MEGM Mammary epithelial cell growth medium
PRC2 Polycomb repressive complex 2

SASP Senescence-associated secretory phenotype
SEEP Stress-elicited extrinsic phenotype

SNAI Snail family transcriptional repressor 1(Snail)
SNAI2 Snail family transcriptional repressor 2 (Slug)
TGF-B Transforming growth factor-beta

TNBC Triple-negative breast cancer

TWIST1 Twist family BHLH transcription factor 1 (Twist)
ZEB1 Zinc finger E-box binding homeobox 1 (Zeb)
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Supplementary Material 1: Table ST Quantitative proteomic analysis

of conditioned media from HMECs using antibody array. Quantitative
proteomic analysis was performed using the Quantibody array-based
multiplex ELISA system to simultaneously quantify 1000 protein targets,
including cytokines, growth factors, proteases, soluble receptors, and
other proteins. Conditioned media (CM) were collected from three differ-
ent donors: passage 2 (P2) HMECs, stasis HMECs (S), and variant HMECs
at two passages beyond stasis (S+2). The table presents the expression
levels of the analyzed proteins in pg/mL. An unpaired t-test with Welch'’s
correction was performed on each row of the dataset. Following this, a
two-stage linear step-up procedure (Benjamini, Krieger, and Yekutieli) was
applied to control the False Discovery Rate (FDR) and adjust for multiple
comparisons.

Supplementary Material 2: Table S2 Characteristics of donor tissues used
in the study. The table summarizes the tissue source, age, and ethnicity of
the 12 donor tissues used in this study.

Supplementary Material 3: Fig. ST Rare variants were not derived

from ALDH+ cells. A Flow cytometry gating strategy for identifying
ALDEFLUOR-positive cells. DEAB was used to establish the gating for
ALDEFLUOR positivity in cells that were live (DAPI-) and lineage-negative
(exclusion of CD2+, CD3+, CD4+, CD16+, CD64+, CD31+, and/or CD45+
cells). ALDEFLUOR-positive and -negative cells were visualized based on
their expression of EPCAM (PerCP-Cy5.5) and CD49f (APC) expression.
Basal cells (EpCAM-CD49f+) were further distinguished based on their
expression of CD10 (PE). B ALDH+ and ALDH- epithelial cells were sorted
out and cultured separately in MEGM. cells were counted at each passage,
and the growth curve of the cumulative population doubling over time
was plotted.

Supplementary Material 4: Fig. S2 Secretome analysis of HMEC. A Sand-
wich ELISA kits were used to determine the concentrations of IL-6, IL-8,
GRO, IL-1q, IL-1B, and VEGF based on standard curves. Equal numbers of
cells were harvested from P2, S, and S+2 cultures and cultured in basal
medium (without supplements) for 24 h. Concentrations were normal-
ized to the final cell number. B Same as A, for Wnt-4, R-Spondin-2, DKKT,
and Follistatin. C For CHRDL2, GREM1, and WNT5A, for which sandwich
ELISA kits were unavailable, expression was analyzed by gPCR using cDNA
produced from P2, S, and S+2 cells.

Supplementary Material 5: Fig. S3 Exogenous TGF-3 produces growth
arrest in both the P3 and P8 (variant) basal epithelial cells. A Cell prolifera-
tion was measured in P3 and P8 cultures treated with 0, 1, or 5 ng/mL
TGF-B for 48 h and pulsed with 10 uM EdU for 1 h using the Click-iT EdU
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cell proliferation assay. B Total populations doubling were calculated for
P3 and P8 cultures treated with 0, 1, or 5 ng/mL TGF-(3 for seven days. C
P5 stasis cultures were separated into six-well plates and treated with 0,
1, 0r 5 ng/mL TGF-B for seven days followed by 7 days of recovery in fresh
MEGM. The number of variant colonies was quantified following staining
with crystal violet.

Supplementary Material 6: Fig. 4 Growth arrest induced by snail or

slug overexpression. A Representative images of P3 basal epithelial cells
treated with 500 nM A83-01 or DMSO, immunostained with antibodies
against p16 and vimentin and counterstained with DAPI. B Basal epithelial
cells (P1) were transduced with lentiviral constructs containing Slug, Snail
or GFP (control). After selection (1 ug/mL puromycin), Snail overexpressing
(OF), Slug OE, and control cells were expanded in MEGM medium. At each
passage, cells were counted to produce a growth curve of cumulative
population doubling over time. Only control cells could be passaged;
Snail OE and Slug OE were completely growth-arrested following selec-
tion. A second set of transduced basal epithelial cells was generated

and collected immediately after selection. C Expression of P-cadherin,
N-cadherin, Slug, Snail, Twist, and Zeb and was analyzed by gqPCR using
cDNA produced from basal epithelial cells transduced with Snail OE, Slug
OE, or control vectors.
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classified based on intensity thresholds determined from unstained con-
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