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Abstract

reminiscent of that of the normal breast gland.

myoepithelial cells, PIK3CAM947R jHBECPT!

Background Basal-like breast cancer originates in luminal progenitors, frequently with an altered PI3K pathway,
and focally in close association with genetically altered myoepithelial cells at the site of tumor initiation. The exact
trajectory behind this bi-lineage phenomenon remains poorly understood.

Methods and results Here we used a breast cancer relevant transduction protocol including hTERT, shp16, shp53,
and PIK3CA™%® to immortalize FACS isolated luminal cells, and we identified a candidate multipotent progenitor.
Specifically, we identified a keratin 23 (K23)*/ALDH1A3*/CALML5™ ductal-like progenitor with the potential to differ-
entiate into CALML5" lobular-like cells. We found that the apparent luminal phenotype of these oncogene transduced
progenitors was metastable giving rise to basal-like cells dependent on culture conditions. In 3D organoid culture

and upon transplantation to mice the bipotent progenitor cell line organized into a bi-layered acinus-like structure

Conclusions These findings provide proof of principle that progenitors within the human breast luminal epithelial
compartment may serve as a source of correctly positioned myoepithelial cells. This may prove useful in assessing
the role of myoepithelial cells in breast tumor progression.

Keywords Human breast, Bipotent luminal progenitors, scRNA-seq, Breast cancer, Spatial mapping, Origin of the

Background

The human normal breast consists of a branched ductal-
lobular parenchyma lined by an inner layer of luminal
epithelial cells and an outer layer of myoepithelial cells
[1]. In the course of breast tumor development the bal-
ance between these two major lineages is severely dis-
turbed in favor of the luminal epithelial lineage (reviewed
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by [2]). In spite of the fact that most breast cancers
originate exactly within the luminal epithelial lineage
and that neighboring myoepithelial cells are consid-
ered tumor suppressive, transformation-induced lineage
dynamics in this context remain understudied. Recent
advances in single-cell transcriptomics and proteomics
have revealed candidate normal breast cellular trajecto-
ries for the maintenance of tissue homeostasis and aber-
rations herein, potentially leading to breast cancer [3-7].
The human normal breast undergoes cyclic variation on a
monthly basis, and even further variation in the course of
pregnancy and lactation. This variation entails both cel-
lular proliferation and involution. For such variation to
be operational, the glandular tissue relies on a constantly
fine-tuned balance between the two major epithelial

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13058-024-01939-x&domain=pdf

Kohler et al. Breast Cancer Research (2024) 26:183

lineages, and in glandular tissues of mice, heterotypic
communication between luminal cells and basal cells
has been reported to be essential for maintaining line-
age fidelity [8]. In premalignant breast lesions, however,
the luminal epithelial compartment becomes increas-
ingly hyperplastic and dysplastic apparently without a
concomitant increase in the myoepithelial compartment
eventually to a point of carcinoma in situ [2]. One source
of myoepithelial cells in such pre-malignant lesions are
those of residual normal ducts into which the neoplastic
cells have spread, but the finding of genetically abnormal
myoepithelial cells in the area of tumor initiation has led
to speculations of a bipotential progenitor in operation
[9]. While some studies propose that myoepithelial cells
are tumor suppressive and keep luminal epithelial cells,
and in turn cancer cells, in check mechanically and by
paracrine activity [10, 11], others suggest that the very
presence of an intact layer of myoepithelial cells in car-
cinoma in situ predicts the risk of “invasive relapse” [12].
Remarkably, once overtly invasive, myoepithelial cells
— also referred to as basal cells — presumably underlie
and predict chemotherapy resistance in triple-negative
breast cancer [13]. This is particularly intriguing since
basal-like breast cancer arises in luminal progenitors
[14, 15]. Therefore, at least in certain tumors, basal-like
cells have a luminal origin. Moreover, it is well known
that an oncogenic activation in mouse mammary gland
as with PI3K, which is frequent in human breast cancer,
leads to destabilisation of the luminal lineage (reviewed
by [16]). Elucidation of the role of the myoepithelium is
further complicated by the existence of different states of
myoepithelial differentiation in normal breast including
progenitors at the junction between lineages as observed
by single cell RNA profiling [4, 5, 17]. Thus, single cell
sequencing of human normal breast has revealed a small
population of cells referred to as lineage primed inter-
mediates [4]. Similarly, a cluster expressing both classical
luminal and myoepithelial markers in addition to pro-
genitor markers was found in both mouse mammary and
human breast tissue and alluded to as potentially imma-
ture and bipotent [5]. Because of the apparent pleiotropic
role of myoepithelial cells under normal and tumor con-
ditions and the possible luminal origin of basal-like cells
in human breast, a model of the proposed functional
dynamics is highly warranted.

In the present study we describe the differentiation
repertoire of a human breast epithelial progenitor cell
line with respect to its ability to de novo generate myoep-
ithelial-like cells. In a ground state culture platform
based on a breast fibroblast feeder we observe correctly
polarized luminal epithelial sphere formation and find
de novo conversion into myoepithelial-like cells upon
multi-lineage culture. By use of a fluorescent reporter
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under the K14 promoter at high spatiotemporal reso-
lution we capture this conversion in the act. Finally, we
show that in spite of the fact that progenitors are trans-
duced with human telomerase reverse transcriptase
(hTERT), short-hairpin(sh)RNAs targeting pl6 and p53,
and a pathologically relevant mutant form of Phosphati-
dylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit
Alpha (PIK3CAM!%*R) " these cells engage in bilayered
acinar formation in an organoid assay and in vivo in mice.
Together, our results demonstrate that breast progenitors
even if mutated represent a potential source of functional
myoepithelial tumor suppressors.

Methods

Human tissue

Normal breast tissue was received from 15 female
donors undergoing reduction mammoplasty for cos-
metic purposes. Material from the donated tissue has
been included in previous studies. Approval for the use
and storage of human tissue was obtained from the Sci-
entific Ethical Committee of Region Hovedstaden (Refer-
ence H-2-2011-052). Tissue donations relied on informed
consent, while donors remained anonymous except for
their age at the time of surgery. Tissue for histology was
snap-frozen in n-hexane or fixed in formaldehyde for
paraffin embedding. Tissue for cell culturing was dissoci-
ated by opposing scalpels and further digested using 900
U/ml collagenase solution (Worthington Biochemical)
overnight in Dulbecco’s Modified Eagle Medium/Nutri-
ent Mixture F-12 (DMEM/F-12, 1:1, Life Technologies)
with 2 mM glutamine and 50 pg/ml gentamycin (Bio-
logical Industries). Primary breast organoids were iso-
lated as described [18, 19] and stored in 90% fetal bovine
serum (FBS, Sigma- Aldrich) and 10% dimethyl sulfoxide
(Sigma-Aldrich) in liquid nitrogen until use. The biopsy
used in this study to generate the progenitor cell lines,
iHBEC“P'” and PIK3CAM'*R{HBEC®P', has been
used previously as a source of a myoepithelial cell line
[17].

Fluorescence activated cell sorting (FACS)

Primary breast organoids were thawed and further dis-
sociated using 0.25% trypsin in 100 mM EDTA (Sigma).
Trypsin was inactivated with a few drops of FBS follow-
ing resuspension of samples in HEPES buffer (Sigma)
and filtering through a 100 pm filter. To isolate CD117*
luminal progenitors, cells were incubated with anti-
bodies against the epithelial cell adhesion molecule
(EpCAM) homolog, Trophoblast cell surface antigen 2
(TROP2, clone 162-46, brilliant violet (BV) 421/BV 510
conjugate, BD Biosciences, 563243/563244), low affin-
ity nerve growth factor receptor (NGFR; also termed
CD271, clone ME20.4, PE/APC conjugate, BioLegend,
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345106/Cedarlane Laboratories, CL10013APC), hemat-
opoietic growth factor receptor (c-kit, also termed
CD117, clone 104D2, APC/PE conjugate, BD Bio-
sciences, 333233/332785) and activated leukocyte cell
adhesion molecule (ALCAM; also termed CD166,
clone 3A6, AF488/BV421 conjugate, AbD SeroTec/BD,
MCA1926A488/562936) for 45 min at 4 °C. As a control,
cells were incubated in HEPES buffer without antibodies.
After incubation, samples were spun down and washed
twice with HEPES buffer followed by filtering through
a 20 pm filter (BD) and addition of 1 pg/ml Fixable Via-
bility Stain 780 (BD Horizon). Cells were analyzed and
sorted by a multicolor compensated FACS-Aria" Fusion
Cytometer (BD) equipped with a 100 um nozzle.

Generation of luminal cell lines

To construct lentiviral particles, HEK293T cells were
transfected using calcium phosphate method with
packaging vectors containing pCMV-VSVG and
pCMV-AR8.9 (gifts from Frederik Vilhardt, Univer-
sity of Copenhagen) and lentiviral vectors containing
pLenti-shpl6-hygro (gift from Eric Campaue, Addgene
plasmid #22264), pLV-hTERT-IRES-Hygro (gift from
Tobias Meyer, Addgene plasmid #85140) [20], pLVUH-
shp53-eGFP (gift from Patrick Aebischer & Didier Trono,
Addgene plasmid #11653) [21] and pHAGE-PIK3CA-
H1047R-puro (gift from Gordon Mills & Kenneth Scott,
Addgene plasmid #116500) [22]. 48 h after transfection,
supernatants were collected, filtered and concentrated
by centrifugation. Luminal progenitor cells were trans-
duced by culturing with viral supernatants for three days
followed by selection with hygromycin (67 pg/ml) and
puromycin (0.67 pg/ml) or by FACS based sorting of
GFP positive cells. Concurrent transduction with hTERT
and shp16 was applied in a primary culture of TROP2"/
CD2717/CD117* cells to generate the immortalized
human breast luminal progenitor cell line (iIHBEC®P'1),
Subsequently, iHBEC®PM7 was transduced with shp53
in second passage upon selection. GFP-expressing shp53
transduced cells were sorted by FACS, and expanded for
two passages prior to transduction with PIK3CAMI*R
in passage four. This cell line is hereafter referred to as
PIK3CAMIMR{HBECCPY?,  This serial transduction
method has previously been successfully applied in a
primary culture of TROP2"/CD271" myoepithelial cells
[17]. iHBEC“P' and PIK3CAM'*’R{HBEC“P' cells
have been used for experiments in a range between pas-
sage 9 and 24. We also employed a previously established
luminal cell line iHBECE®P%, representing mature lumi-
nal/hormone sensing cells immortalized by hTERT/
shp16, which was originally sorted from primary cul-
ture as EpCAM*/CD2717/CD166"8" cells [23-25]. In
order to generate PIK3CAMIR{HBECERPOS cells were
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also sequentially transduced with shp53 and PIK3CA
HI1047R " All cell lines were further expanded by a weekly
split ratio of approximately 1:6. For generation of
PIK3CAHI47R_jHBECCP117 single cell derived clones,
FACS was used as described above with antibodies
against TROP2 and CD271. TROP2*/CD271~ cells were
sorted as single cells in wells of 96-well plates (Corning,
353872) and expanded. Clones were analyzed by FACS
and immunostaining and selected clones (including 3D9
and 2D10) were used for subsequent experiments.

Cell culture

All luminal cells and cell lines were maintained in Prima-
ria flasks (Corning, 353,808) in TGFBR2i-1 medium, sup-
porting multi-lineage propagation of breast epithelial cell
progenitors [23, 24]. This medium is based on DMEM
with high glucose and no calcium/F-12 (3:1, Life Tech-
nologies) supplemented with 5 nM amphiregulin (Pep-
rotech), 5 pg/ml insulin (Sigma Aldrich), 1.8x10™* M
adenine (Sigma-Aldrich), 10 pM Y-27632 (Axon Med-
chem) and 5% FBS, with the addition of inhibitors of
TGE-p receptor signaling, SB431542 (10 pM, Axon Med-
chem) and RepSox (25 uM, Sigma-Aldrich) [23, 24].

For ground state culture we used another condition
previously developed to support lineage restriction of
luminal epithelial cells as acini, and myoepithelial cells
as myodifferentiated cells, respectively [17, 24-26].
In this condition, a fibroblast feeder is indispensable
[27, 28]. The ground state culture medium is based on
DMEM/F-12, 1:1, supplemented with 2 mM glutamine,
1 pg/ml hydrocortisone (Sigma-Aldrich), 9 ug/ml insulin,
5 pg/ml transferrin (Sigma-Aldrich), 100 uM ethanola-
mine (Sigma-Aldrich), 20 ng/ml basic fibroblast growth
factor (PeproTech), 5 nM amphiregulin, 10 pM Y-27632,
180 uM adenine, 20 pl/ml serum replacement B27 (Life
Technologies), 25 uM Repsox, and 10 uM SB431542
as previously described (BBMYAB/ Myo medium; [17,
24, 26]). The fibroblast feeder includes human breast
endo-glin (ENG, also termed CD105)"&"/dipeptidyl
peptidase-4 (DPP4, also termed CD26)" intralobu-
lar fibroblasts (passage 12—15, [27]) routinely cultured
in DMEM/F-12 supplemented with 5% FBS and 2 mM
glutamine on collagen-coated flasks (Nunc, 8 pg/cm?
PureCol, Cell Systems). All cultures were kept at 37 °C in
an incubator providing a humidified 5% CO, atmosphere.
All cell lines have been routinely tested for mycoplasma
contamination and found negative.

3D organoid culture

To form organoids, 10,000 PIK3CAH7RjHBECCPY
cells were co-suspended with 2,500 normal breast fibro-
blasts (passage 12—15) or functionally equivalent myofi-
broblast-like cancer associated fibroblasts (myCAFs) [28,
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29] in 100 pl of a mixture of 1:1 growth factor reduced
Matrigel™ (Corning) and collagen I (Advanced Bioma-
trix) and carefully pipetted into a well of a 24-well plate
(Thermo Scientific) as a drop, in triplicates. After solidi-
fying the gel at 37 °C, 500 ul of Mammary Epithelial Cell
Growth Medium (MEGM "™, Lonza,) supplemented with
20 ng/ml epidermal growth factor (PeproTech), 4 pg/
ml heparin (Sigma-Aldrich), 20 ng/ml basic fibroblast
growth factor, 20 pl/ml B27, 500 nM A83-01 (Tocris),
25 uM Repsox and 10 pM SB431542 was added, and gels
were incubated for 2—4 weeks. Gels were snap-frozen in
n-hexane (Sigma-Aldrich) and stored at -80 °C.

Mouse xenografts

Xenotransplantation was conducted with approval by the
Animal Experiments Inspectorate (2022-15-0201-01248).
To humanize the microenvironment and support the
unfolding of the epithelial cells” differentiation poten-
tial, for each injection, one million luminal progenitor
cells (iHBECP'cells, PIK3CA™*R{HBECP™cells
or  clones of  PIK3CAM®R{HBEC“Pcells)
or hormone sensing cells (iHBECF“cells or
PIK3CA™™R{HBEC***cells) were mixed with
250,000 normal breast fibroblasts (passage 12-16)
and resuspended in a 1:1 Matrigel and collagen mix-
ture as previously described [17, 26]. Cell suspensions
were injected subcutaneously in NOD.Cg-Prkdc>“PIi-
2rg™"1/Sz] (NOG) mice (Taconic), in the region of
the fourth mammary fat pads (n=12 injections for
PIK3CAMIMR {HBECPY, passage 9-24, n=4 per each
of its clones, n=6 for iHBEC“"'", n=6 for iHBEC™*?,
and n=12 for PIK3CAM®R{HBECERP®), 0,67 pg/ml
17B-estradiol (E2, Sigma-Aldrich) was supplied through
the drinking water. After two months, the mice were sac-
rificed, and gels within mammary glands were excised
and snap-frozen in n-hexane for cryosectioning or fixed
in 10% formalin (CellPath) for paraffin embedding.

Generation of K19 and K14 reporter PIK3CAN%47R_jHBEC
P17 cell lines

A glycine/serine (GS) linker-miRFP670-SV40 poly (A) tail
sequence was introduced in front of the stop codon of the
KRT19 genomic sequence in PIK3CAM*R jHBECCP1”
cells to trace the luminal lineage in real-time. For this site-
specific knock-in, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/CRISPR associated pro-
tein 9 (Cas9) induced a double strand break in one allele
of KRT19, and the donor sequence was recombined into
the locus by homology directed repair. Two single guide
(sg)RNAs (GCUGCCUCAGAGGACCUUGG and CAA
CAAUUUGUCUG CCUCCA) targeting the stop codon
region of KRT19 were designed using a sgRNA design
tool (Synthego, V1.3). The donor sequence included
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a GS linker and miRFP670 flanked by 500 base pairs of
homology arms according to the KRT19 genomic DNA
at insert site. A silent point mutation was introduced to
the protospacer adjacent motifs (PAM) sequence, and
the donor sequence was cloned into the pUC57-Amp
vector. Cloning was conducted by Synbio Technologies.
18 h prior to electroporation, PIK3CAM47R_jHBECCP1Y”
cells were treated with 100 ng/ml nocodazole (Sigma-
Aldrich) for synchronizing the cell cycle in G2/M
phase to enhance knock-in efficiency. After lineariza-
tion and amplification using PCR, 1 pg donor template
was co-transfected with nuclear localizing Cas9 protein
(spCas9-NLS, Synthego) and sgRNAs (9:1 with Cas9)
into PIK3CAM7RjHBECPY cells using electropora-
tion according to the manufacturer’s instructions with
the Amaxa® HMEC Nucleofector® Kit (W-001 pro-
gram, Lonza). After transfection, cells were cultured and
expanded. To generate the PIK3CAMRjHBECCP!Y
K19 reporter cell line derived by a single cell clone, sin-
gle cells were sorted by FACS as described above with the
gate of TROP2*/CD271~ and miRFP670* into Primaria
96-wells (Corning, 353872). After expansion, genomic
DNA was extracted from clones using the DNeasy Blood
& Tissue Kit (Qiagen) and clones were analyzed for cor-
rect integration by Sanger sequencing (Eurofins Genom-
ics). Further validation was performed by FACS analysis
and immunostaining for co-localization of miRFP670
and K19. The near-infrared fluorescent miRFP670 pro-
tein was excited by a violet laser and K19 fluorescence
was detected as described.

Subsequently, to construct a K14 reporter cell line
on the K19 reporter background, a lentiviral vector
containing 2000 bp KRTI4 promoter fused with RFP
was purchased (System Biosciences) and used for con-
structing lentiviral particles applying the same method
mentioned above. Viral particles were transduced into
PIK3CAMIMR{HBECCPY7 K19 reporter cells.

Bulk RNA sequencing

PIK3CAMIMR{HBECCPM cells were sorted by FACS
as described above using antibodies against TROP2 and
CD271. TROP2/CD271~ and TROP2*/CD271" cells
were lysed separately using TRIzol" Reagent (Invitro-
gen) by incubating cells with TRIzol for 10 min. RNA
was isolated using the Direct-zol RNA Microprep kit
(Zymo Research) following the manufacturer’s instruc-
tions. Sequencing was conducted by BGI tech solutions
and reads were aligned to human genome Homo_sapi-
ens_NCBI_GCF_000001405.39_GRCh38.p13. DESeq2
method [30] was used to determine differentially
expressed genes (n=2 per group). R (versions 4.3.0 —
4.4.0) was used for further analysis and construction of
graphs.
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Single cell RNA Sequencing (scRNA-seq)

and bioinformatics

scRNA-seq was conducted with
PIK3CAM*R{HBECCP! cells at the Genomics Plat-
form (part of the Novo Nordisk Foundation Center for
Stem Cell Medicine, reNEW Copenhagen). 10X Chro-
mium Next GEM single cell 3’ kit v3.1 (PN-1000268) was
used according to the manufacturer’s instructions for sc
capture, reverse transcription and ¢cDNA amplification
as well as library preparation. Sequencing was conducted
with a NextSeq2000 using a P2-100 kit.

Data were demultiplexed and a count matrix was gen-
erated using Cell Ranger. The count matrix was read into
R and processed using “Seurat” package (v5.0.3, [31]).
Cells with a mitochondrial read of more than 10% were
excluded as well as cells with a gene count below 2000.
After filtering, 2756 cells remained for downstream anal-
ysis. Data were normalized and PCA was run with 2000
most variable expressed genes. Finally, clusters were
defined using Seurat default settings in conjunction with
Louvain algorithm, except for setting the resolution at
0.5. For visualization, Uniform Approximation and Pro-
jection (UMAP) dimensionality reduction technique was
used with 12 principal components as input. After ana-
lyzing differentially expressed genes, two of the clusters,
were combined to one (cluster 0) according to their very
similar expression of genes.

A diffusion map, a method for non-linear dimension
reduction, was employed to reveal the underlying struc-
ture and differentiation hierarchy within the dataset [32].
This analysis was conducted using the ‘destiny’ package in
R (v3.18.0, [33, 34]) with default settings for “Diffusion-
Map” function. Concurrently, a pseudotime trajectory
analysis was conducted, resulting in a diffusion pseudo-
time (DPT) metric [35]. DPT is a measure based on the
transition probability of a diffusion process, allowing us
to order individual cells according to their progression
through a biological process.

ScRNA-seq data for primary tissue were generated
as previously described [7, 17]. Data for luminal and
myo-epithelial cells were combined, and UMAP dimen-
sionality reduction was run using previously defined
lineage-specific markers as well as genes that allow to dis-
tinguish cells of spatial origins in breast tissue.

Live cell imaging

PIK3CAMIOR{HBECCP7  cells with  fluorescence
reporters were cultured in ground state culture condi-
tions in p-Slide 8 well®" Grid-500 wells (ibidi). Images
were acquired one week after seeding and a second set
of images was acquired after an additional week in multi-
lineage culture conditions. The CellObserver spinning
disc microscope (Zeiss) was provided by the Core Facility
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for Integrated Microscopy (CFIM, University of Copen-
hagen) and used with a 20 X Magnification/0.8 NA objec-
tive for imaging. Tile images were acquired to cover the
whole area of the grid in each well. Images of the same
wells between different time points were acquired, and
regions of interest were compared.

Immunostaining

Cryostat sections, FACS-derived cell smears and
PIK3CAMIMR{HBECCPM cell cultures were fixed and
stained as previously described [7, 17]. ProLong " Gold
antifade reagent with DAPI (Invitrogen) was applied
to fluorescent staining. Paraffin-embedded sections
were deparaffinized and processed according to stand-
ard protocols. Heat mediated antigen retrieval was per-
formed in either citrate buffer at pH 6 or Tris-Ethylene
Glycol-bis  (2-aminoethylether)-N,N,N’,N"-Tetraacetic
Acid (EGTA) buffer at pH 9, depending on antibodies
(Table 1). After a blocking step for 30 min with 10% goat
serum at room temperature (RT) sections were incubated
overnight at 4 °C with primary antibodies diluted in 10%
goat serum followed by 30 min incubation with second-
ary antibodies at RT. Images were acquired with a Zeiss
LSM700 confocal microscope or a Leica DM5500B with
a DFC550 camera.

Statistical analysis

Statistical analysis was performed using either R Stu-
dio (version 4.3.0 — 4.4.0) or GraphPad Prism (version
9.0.0). For each experiment statistical tests were chosen
independently and tests were specified in addition to sig-
nificance in the figure legends. Significance is indicated
as follows: p<0.05 (*), p<0.01 (**), p<0.005 (***), and
p<0.001 (****).

Results

Generation and validation of transduced human breast
progenitor-derived cells with clinically relevant driver
mutations

TROP2 in combination with CD271 and CD166 in com-
bination with CD117 are cell surface proteins that can
be used to isolate human breast epithelial cells [17, 23].
In uncultured cells from reduction mammoplasties, the
TROP2/CD271 combination in itself effectively sepa-
rates uncultured luminal epithelial cells and myoepi-
thelial cells [7, 17, 36] as confirmed here by staining for
K7/8, K14 and K17 of smeared cells (Fig. 1A and Addi-
tional file 1: Fig. S1), while CD117/CD166 distinguishes
mature luminal cells from candidate progenitor cells
(Fig. 1A). This is consistent with our previous data show-
ing that the majority of primary myoepithelial cells stain
positive for K14 and K17 [17, 23], while primary lumi-
nal cells are positive for K7/K8 [26, 37]. To reflect the
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Antigen Clone Company Catalogue nr Dilution; method
ALDHTA3 GT926 GeneTex GTX633822 1:100; P, pH 6/9
aSMA 1A4 Sigma-Aldrich A2547 1:500; C
CALML5 2F10 Abnova H00051806-M16 1:50; P pH 9
CALML5S 119 Invitrogen MA529080 1:400; P, pH 6
CAMS5.2 CAM5.2 Becton Dickinson/BD Biosciences 345,779 1:50; CS

K14 LL002 Nordic BioSite MonX10687 1:300; C/ CS/CC
K19 BA16 Abcam Ab20210 1:300; C/CC
K17 E3 Dako M7046 1:100; CS

K23 - Cloud-Clone Corp PAP902HUO1 1:2000; P, pH 9
MUCT (MAM-6) 115D8 Monosan MON9005-1 1:10, C/CC
OLFM4 - Atlas antibodies HPAO77718 1:1000; C

P63 7Jul Novocastra NCL-L-p63 1:50; C

C=cryo, P=paraffin, CS=cell smear, CC=cell culture, pH 6/ pH 9= pre-treatment in buffer at pH 6 or pH 9

most frequent driver mutations in human breast cancer
[38], the luminal progenitors were first immortalized by
viral transduction of hTERT and shp16 (here referred to
as iHBEC®P17) and then sequentially transduced with
shp53 and the PIK3CAM!%R oncogene (Fig. 1A) - a com-
bination previously employed to establish myoepithelial
cell lines [17]. Notably, introducing PISBKCAHI%R alone
induces cellular senescence in mammary epithelial cells
[39]. The resulting cell line, PIK3CAM!%R jHBECP7,
maintained the luminal lineage as luminal keratins (K7/
K8) were expressed in all cells. Myoepithelial keratin
K14, on the other hand, was mainly expressed in CD2717"
cells as shown by staining of smears from the CD271*
gate of a TROP2/CD271 FACS protocol (41.0+18.7% of
TROP2*/CD271% cells compared 2.9+ 0.9% of TROP2*/
CD271 cells).

The identity of PIK3CAMRiHBECP! in terms
of lineages and cell states within the human breast epi-
thelium was further evaluated by scRNA-seq. 38,964
uncultured, sorted cells from three independent donors
who underwent reduction mammoplasty served as a
reference dataset. This dataset encompasses luminal
and myoepithelial cells, which have previously been

(See figure on next page.)

published independently [7, 17]. Clustering of sequenc-
ing data from normal breast has previously identified
three clusters representing one basal and two luminal cell
populations [3, 4, 40], also referred to by others as basal,
secretory and hormone responsive cells, here termed
basal cells, luminal progenitors and mature luminal cells
[4, 41, 42]. Indeed, we here defined three cell populations
which showed distinct expression of known markers
defining the basal, luminal progenitor and mature lumi-
nal cells, respectively (Fig. 1B, left). Clustering of 2,756
PIK3CAHIMR{HBECCPY cells revealed six clusters out
of which three had gene expressions in common with the
clusters in the reference dataset (Fig. 1B, right). Compre-
hensive analysis in expression of typical breast lineage
marker genes has been shown previously [7, 17]. Among
them, indeed, mature luminal makers ESRI, PGR,
ANKRD30A, and AGR2, luminal progenitor markers
KRT1I15 and SLPI, and basal markers POSTN and MME,
were found in each of the respective annotated clusters of
PIK3CAMIMR jHBECPM (Fig. 2A) projected onto the
basal, luminal progenitor, and mature luminal patterns of
uncultured cells (Fig. 1C). ESRI, PGR, ANKRD30A, and
AGR2 as well as KRT15 and SLPI have been previously

Fig. 1 Isolation, immortalization and characterization of luminal progenitors. A FACS diagrams showing the gating strategy for sorting of luminal
progenitors. Uncultured single cells were harvested from freshly thawed collagenase digests and further submitted to a TROP2/CD271/CD117/
CD166 FACS protocol to separate luminal, myoepithelial and stromal cells (left) and further separate luminal progenitor (LP) from mature

luminal (ML) cells (middle). Candidate TROP2*/CD2717/CD117%/CD166~ progenitors were gated as illustrated with squares and plated in culture
for sequential transduction with hTERT, shp16, shp53 and PIK3CAT'%7® (right). The resulting cell line is referred to as PIK3CAM'®RHBEC®T. B
scRNA sequenced basal and luminal cells were resolved by UMAP dimensionality reduction and clustering of uncultured cells from three reduction
mammoplasty samples (left, n=3) and compared with data from the PIK3CA™1%7RiHBECP" cell line (right). Clusters with related expression
profiles were annotated with identical colors as shown on the left (red for ML, yellow for LP, and green for Basal). PIK3CA™94/RiHBECP!Y clusters
with no equivalent among uncultured cells were colored gray and cluster 4 with a stem like profile was colored blue. C Examples of genes enriched
in ML (ANKRD30A, AGR2, ESRT and PGR), LP (KRT15 and SLPI) and Basal (POSTN and MME) clusters, respectively
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defined as markers that distinguish mature luminal from
luminal progenitor cells, respectively, in scRNA-seq
data [7, 40, 43, 44]. Periostin (POSTN), a ligand of avf33
integrins and MME, encoding membrane metalloen-
dopeptidase (also termed CD10) have been extensively
used as myoepithelial markers [45-47]. To substantiate
the iterative subclustering of PIK3CAM %R jHBECCP
cells and further resolve their lineage- and cell state
identity we searched for canonical markers within exist-
ing datasets [3-5, 41-43, 48-50]. The result of this
search is summarized in a bubble plot format in Fig. 2A.
Clearly, even if incomplete, the differentiation reper-
toire of PIK3CAM*7RjHBEC P was compatible with
that of the epithelial compartment of the human breast.
In addition, we found that cluster 4 exhibited a profile
rich in ribosomal genes and CLDN# (Fig. 1B, right and
Fig. 2A). These features have been characterized by oth-
ers as stem cell- or progenitor-like [3, 40, 44]. The find-
ing of a ribosomal protein profile along with the nitric
oxide response transcription factors BTF3 and TXN in
a subset of cells would be in accordance with the pres-
ence of bi-potent progenitors [3]. Potential lineage
trajectories were further examined by diffusion map
algorithm, which positioned cluster 4 at the apex of the
differentiation trajectory (Fig. 2B). Based on these results,
PIK3CAMIMR jHBEC P appears to exhibit prominent
cellular diversity, including progenitors and mature dif-
ferentiation states.

Derivatives of luminal progenitors of ductal origin
populate the entire ductal-lobular tree

To investigate whether PIK3CAMO47R jHBEC P! faith-
fully represents cells in situ, we next sought to map
the bipotent progenitor profile found in culture to the
ductal-lobular tree of the tissue of origin. Previous obser-
vations by us and others have roughly resolved progeni-
tor marker expression into that of ducts/terminal ducts
and acini [26, 44]. Integrating our previously gener-
ated scRNA-seq profiles from FACS-isolated luminal
cells of micro-collected ducts and terminal duct lobular
units (TDLUs) [7] with that of progenitor- and mature
breast cell cluster accessibility datasets [43] allowed us to
assign 22 genes of luminal progenitor- or mature luminal

(See figure on next page.)

Page 8 of 20

epithelial cells preferentially to ducts and TDLUSs, respec-
tively (Fig. 3A). Interestingly, genes of mature luminal
clusters, including TBX3, PDK4, FAM3B, MUCLI, and
AREG, confirmed accumulation exclusively in the TDLU
profile of the primary luminal cells (Fig. 3A). While genes
higher expressed in TDLUs exhibited low expression in
PIK3CAMIMR_jHBECPI, expression of ductal progen-
itor markers was significantly higher as shown in Fig. 3B.
Among the 22 genes identified, we were able to obtain
antibodies and optimize multi color imaging for five of
them: Calmodulin like 5 (CALMLS), K15 (KRT15), K23
(KRT23), Aldehyde Dehydrogenase 1A3 (ALDHIA3), and
Olfactomedin 4 (OLFM4). We previously described K15
as a progenitor marker mainly seen in luminal epithelial
cells of the ducts and terminal ducts [7]. Here, consistent
with the mRNA expression data, we found that CALML5
was restricted to acini, and as such to our knowledge rep-
resents the first marker exclusively expressed by lobular
luminal cells (Fig. 4A). In contrary, ALDH1A3, K23 and
OLFM4 were preferentially expressed in ducts and termi-
nal ducts in situ (Fig. 4A and Additional file 1: Fig. S2A).
Notably, in organoid cultures, PIK3CAH7R_ jHBECCPY
maintained its ductal origin by showing strong expres-
sion of K23 and OLFM4 with the absence of CAML5
staining (Additional file 1: Fig. S3A, B). When trans-
planted to mice, however, PIK3CAMRjHBECCP!Y
cells expressed not only ductal markers OLFM4, K23
and ALDH1A3, but also expressed CALMLS5 in subsets
of cells often different from those expressing ALDH1A3
and K23 (Fig. 4B and Additional file 1: Supplementary
Fig. S2B). This suggests that luminal progenitors, albeit
ductal in origin, have the potential to differentiate into
both lobular and ductal luminal cells.

PIK3CAH1947R_jHBECP1" contribute a subset of cells

that differentiate into the myoepithelial lineage

We next assessed the functional activities of
PIK3CAMM R JHBEC PN by submitting it to culture
conditions known to influence lineage commitment.
Thus, cells were first exposed to a culture condition
defined as a ground state [17, 24]. This revealed a clear
propensity of PIK3CAM™RIHBECPM to rest in a
luminal ground state by formation of clonal, acinus-like

Fig. 2 Inferring cell-types and potency states in PIK3CA"'*7RiHBEC®” based on scRNA-seq. A Bubble plot showing the average normalized gene
expression in PIK3CAM7RIHBEC™T” and the percentage of cells expressing lineage-related genes that distinguish clusters of epithelial cell states.
Each column corresponds to a specific cell cluster and the rows correspond to a list of key marker genes. Colored lines on the left side of the plot
indicate the cell type that these genes mark. Note that clusters 1 and 2 appear as if they represent intermediate states with no obvious equivalent
in the normal human breast. B Diffusion map of PIK3CA™%4/RiHBECPT" cells colored according to the original single-cell clustering (left). Same
diffusion map colored according to pseudotime, inferring a root state (start in left) at the apex of the luminal progenitor (corresponding to cluster 4)
and two terminally differentiated states (end points in right) (right). The color bar value indicates the differentiation process as referred to diffusion

pseudotime (DPT)
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Fig. 3 Profiling reveals that PIK3CAMTO47RHBECEPT! preferentially corresponds to ductal properties. A Volcano plot showing differentially
expressed genes between ductal and TDLU-located luminal cells in normal human breast tissue. Genes expressed at a higher level in ducts are
indicated in blue, while red color denotes genes higher expressed in TDLUs. Thirteen lobular genes and nine ductal genes were selected based
on their correlation with ML and LP states, respectively. B Bar plot showing average gene expression levels (FPKM) of ductal and lobular genes
in PIK3CAM17RHBECPT from bulk RNA-seq, showing higher expression of ductal markers. Error bars indicate standard deviation of mean.

*p<0.05, tested by two-tailed t test (n=4)
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Fig. 4 PIK3CAM™7RiHBECC™ luminal progenitors give rise to both lobular and ductal luminal cells in vivo. A Confocal imaging of a representative
paraffin section of reduction mammoplasty specimens multicolor-stained for ALDH1A3 (green), CALML5 (white) and K23 (red), and visualized

to enhance a combination of white and green (left) and white and red (right), respectively. CALMLS is primarily confined to acini (9 out of 9
biopsies), while ALDH1A3 and K23 are mostly found in extralobular terminal ducts (ETD) (8 out of 10 and 5 out of 9 biopsies, respectively).
Arrowheads = acini, arrows = ETDs. Scale bar=50 pm. B Confocal imaging of paraffin sections of PIK3CAH'®/RiHBEC P cells in NOG mice
costained for ALDH1A3 (green) and CALMLS5 (white; left), or keratin K23 (red) and CALML5 (white; right). Note that PIK3CAM!04/RjHBECCPT7
expresses both ductal and lobular markers, albeit with a tendency of separation. Scale bar=50 um

colonies expressing luminal K19 and mucin 1 (MUC1)
in a correctly polarized manner (Fig. 5A and 5B left).
The epithelial spheres were essentially free of myoepi-
thelial differentiation (Fig. 5B left). To gauge for bipo-
tency the medium was shifted to TGFpR2i-1 medium
to facilitate multi-lineage propagation. Accordingly,
within 72 h K14" cells emerged from the rim of about
one third of the K19*/K14~ spheres to indicate de novo

formation of myoepithelial-like cells (Fig. 5B right and
Q).

The observed lineage-related keratin expression in
PIK3CAMMR{HBECPM in multi-lineage conditions
was accompanied by a typical surface marker expres-
sion of TROP2/CD271 similar to the one used to enrich
uncultured cells (Fig. 6A). To confirm the cell states based
on these surface markers, sorted TROP2*/CD271~ and
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TROP2*/CD271* PIK3CAM™R{HBEC P! cells were
subjected to bulk RNA-seq analysis. We confirmed that
CD271 indeed faithfully identified myoepithelial cells and
that PIK3CAMR{HBECCP! remarkably exhibited
elaborate luminal epithelial and myoepithelial differentia-
tion programs (Additional file 1: Fig. S4A). To substanti-
ate bipotency also among clonal colonies, we performed
single-cell cloning of parental cells from the TROP2"/
CD271" gate and re-analyzed the clones by FACS after
four weeks of expansion. We found that seven out of thir-
teen single cell-derived clones exhibited bipotency, while
the rest remained essentially luminal-restricted, as exem-
plified here by two of the clones 3D9 and 2D10, respec-
tively (Fig. 6A). Furthermore, only the bipotent clones
readily responded to a new round of switch from a lumi-
nal-restricted ground state to multi-lineage conditions in
the same way as the parental PIK3CAM!®7R{HBECCP1Y
progenitors (Additional file 1: Fig. S4B).

To verify that the observed bipotency reflected a true
transition from luminal epithelial to myoepithelial-like
lineage, we constructed lineage-specific K19 and K14
reporters in PIK3CAMI47R JHBECCPI7  cells. Thus,
we first generated a K19 fluorescent reporter by use of
CRISPR/Cas9 gene editing, and fused miRFP670 into
the 3’ end of endogenous KRT19 genomic DNA. These
cells were further transduced with a K14 promoter-
RFP construct to monitor the differentiation capac-
ity to the myoepithelial lineage. In this manner, it was
possible by live cell imaging to follow the induction of
K14 concomitantly with the dynamics of K19 expres-
sion upon switching from luminal ground state- to
multi-lineage conditions. We found that K197/K14*
cells emerged from K19*/K14~ colonies occasionally via
K19*/K14* intermediates (Fig. 6B). Stated differently,
PIK3CAMIR {HBECCPI epithelial progenitors serve as
a direct source of myoepithelial-like cells.

(See figure on next page.)

Page 12 of 20

De novo generated myoepithelial-like cells participate

in physiologically relevant morphogenesis

The above observations extended and supported our
and others’ previous reports indicating that myoepi-
thelial cells may originate from luminal progenitors
under experimental conditions [51-55]. Nevertheless,
whether experimentally generated, oncogene-trans-
duced myoepithelial-like cells maintain a relevant dif-
ferentiation repertoire has remained an open question.
In the resting human breast, myoepithelial cells form
a more or less continuous layer between the basement
membrane and an inner layer of luminal epithelial cells,
and we therefore hypothesized that a bilayered organi-
zation of luminal epithelial cells and differentiated
myoepithelial cells would require 3D organization in a
physiological environment.

In 3D organoid culture including extracellular matri-
ces and stromal cells, PIK3CAMI0#R_jH{BgCCP17
formed correctly polarized bi-layered spherical struc-
tures as shown by staining for K19 in luminal and K14
in myoepithelial-like cells (Fig. 7A). Moreover, when
PIK3CAMM R JHBEC PN was xenotransplanted into
NOG mice, the physiologically relevant acinus-like
polarized structures were further elaborated, and an
even more complete differentiation program, includ-
ing the expression of a-smooth muscle actin (aSMA)
and p63 emerged (Fig. 7B, Additional file 1: Fig. S5).
Similar data were obtained with bipotent clone 3D9 of
PIK3CAMMR JHBEC PN’ (Additional file 1: Fig. S6).
However, we failed not only to find myoepithelial-like
cells, but also to observe any relevant structures from
xenotransplanted luminal-restricted clones (i.e. 2D10).
Moreover, in the same setup of xenotransplantation
experiments, neither iHBECC®P'Y nor the hormone
sensing luminal cell line iHBECERP*s [24, 25] were able
to form any structures. Interestingly, when hormone
sensing cells were further transduced with shp53 and
PIKBCAM™R these PIK3CAMO*RiHBECRP* cells
were able to form structures, albeit to a lesser degree,
and in general, without a layer of myoepithelial-like
cells compared to PIK3CAM%7R_jHBECCP!! (data not
shown). Taken together, these findings suggest that the

Fig.5 A subset of PIK3CAT7RIHBECPTY differentiate into the myoepithelial lineage. A High magnification images of PIK3CAM 4R iHBECDT
in ground state culture on fibroblast feeders. Phase contrast image (left) shows a sphere (indicated by dotted line) with lumen (arrow),

and immunostaining (right) for K19 (red) and MUCT (green) and nuclei stained with DAPI (blue) reveals polarity by apical expression of MUCT.
Stars denote fibroblasts. Scale bar=50 pm (left) and 25 um (right). B Multicolor imaging of PIK3CA™ %7RiHBEC " stained for K19 (red) and K14
(green) in ground state conditions (left) and after 72 h of differentiation in multi-lineage conditions (right). Note that acinus-like K197/K14~
luminal structures form in ground state culture, and that K14 cells (arrow) frequently appear after differentiation. Scale bar=100 um. C Dot

plot with the relative number (%) of acinus-like structures associated with K14* cells in ground state and differentiation conditions, respectively.
There are significantly more structures with associated K14* cells after differentiation (*** p<0.001, tested by two-tailed t test, n=3). Bars indicate

the average of three experiments
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PIK3CAMMR_iHBECCPY population comprises bipo-
tent luminal progenitors capable of providing de novo
mature myoepithelial-like cells.

Discussion

Myoepithelial cells have been linked to both tumor sup-
pression and stem cell activity [2, 17, 56, 57]. However,
the exact contribution of myoepithelial- and luminal
epithelial progenitors to tumor evolution is compli-
cated by disturbances of lineage fidelity in the course
of oncogenic activation [17]. This entails a conundrum
since lineage fidelity is intact under normal homeostasis
conditions. In the field of mouse mammary gland bio-
logy there is a general consensus that lineages are sup-
plied only by a common basally located stem cell during
development and with experimental passaging of cells to
cleared fat pads [58]. In adult mice, cells are replenished
by self-duplication within lineages [58]. This has been
documented by use of lineage tracing [59]. Although
this concept stands essentially unchallenged as of today,
still, data generated by this technology are interpreted
with caution not least due to the fact that rare multipo-
tent cells potentially may escape labelling [60]. Indeed,
reports of the existence of multipotent progenitors even
under homeostasis conditions have surfaced also in the
mouse mammary gland field [61, 62], and some even
narrow down bipotency to the luminal epithelial line-
age as source of myoepithelial cells [63, 64]. As far as the
human breast is concerned a hierarchy similar to that of
mice has been predicted based on the demonstration of
a stem-like cell population after grafting of immunocom-
promised mice [26, 65]. Likewise, normal, un-cultured
luminal progenitors have been found also to give rise to
sensible morphogenesis under similar conditions, albeit
at a relatively lower frequency [46, 55]. Whereas it is
not possible to perform conventional lineage tracing in
humans, lineage tracing based on histological identifica-
tion of mitochondrial cytochrome c oxidase has led to
the conclusion that the majority of clonal patches origi-
nate in progenitors endowed with bipotency [66]. Thus,
multiple lines of evidence indicate that under experi-
mental conditions, luminal progenitors are bipotent with
the ability to contribute de novo generated cells to the

(See figure on next page.)
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myoepithelial lineage, but it has remained an open ques-
tion whether such bipotency is operational in benign
lesions possibly preceding malignancy [9]. Here, we took
advantage of a TROP2/CD271/CD117 based FACS pro-
tocol and a transduction protocol of the most common
breast cancer oncogenes and tumor suppressor genes,
which allowed us to undertake a more detailed analysis of
whether myoepithelial-like cells could be generated from
non-malignant luminal progenitors. Our findings sug-
gest that human breast luminal progenitors, but not hor-
mone sensing luminal cells, in spite of transduction with
hTERT, shp16, shp53 and PIK3CAM!%R are exclusively
capable of de novo generation of myoepithelial-like cells,
and in an in vivo model, the resultant morphogenesis is
reminiscent of that of the double-layered structure of the
normal breast epithelium. This response also differs from
that of two recently described myoepithelial-derived pro-
genitors subjected to similar oncogenic insults, which
either form abortive structures or biphasic, hyperplastic
lesions [17].

While these findings show that luminal progenitors
contribute basally located myoepithelial-like cells, the
above experiments leave several questions unanswered
about the myoepithelial cells generated this way. It is pos-
sible that luminal bipotency is a default reaction to cel-
lular de-stabilization like that inflicted by for instance
oncogenic activation or micro-environmental imbalances
[40, 51, 52, 54, 55, 58, 67, 68]. Nevertheless, luminal-
derived, oncogene-activated myoepithelial-like cells may
not be different from “naive” myoepithelial cells, since
in mice they have been shown to participate in correctly
polarized, benign adenomyoepitheliomas, and when part
of the malignant clone itself in human breast cancer,
they position correctly and basally in intraductal lesions
[66—68].

In terms of cell-of-origin, live-cell imaging occasionally
revealed K19/K14 double positive cells prior to conver-
sion into K197/K147 cells. We and others have provided
ample evidence that double positive cells are endowed
with bipotency [1, 46, 53, 69—-72]. However, in mice bipo-
tent luminal cells remain interpreted as a product of
basal stem cells, and as such, they are currently referred
to as transit- or lineage primed cells [58, 64]. In line

Fig. 6 Single cell cloning and lineage tracing reveal that both lineage-restricted and bipotent progenitors are present

within the PIK3CAMT®7RIHBECP™" cell line. A Representative FACS plots illustrating the gating strategy for the generation of single cell (sc) clones
from the luminal progenitor cell line. TROP2*/CD271" cells were sorted (left) as single cells and expanded. Note the presence of both bipotent
(3D9) and lineage restricted (2D10) clones. B Multicolor live cell imaging of PIK3CAT7R4HBECP!! progenitor cells at clonal density

expressing a K19-tagged miRFP670 (red) and K14 promoter-driven RFP reporter (green). Colonies were traced during ground state culture (left)
and after differentiation (right). Two representative colonies are shown as a demonstration of K14* cells emerging from K19* luminal cells with blue
dots indicating the same position on the slides at different time points. Scale bar=50 pm
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A PIK3CA"™™iHBEC™"" in organoid culture
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Fig. 7 PIK3CAM'®7RiHBECCT bipotent progenitors express luminal- and myoepithelial lineage programs. A Micrographs of luminal progenitor
cells cultured in 3D in Matrigel™/collagen matrix with fibroblasts. Phase contrast micrograph (left) shows acinus-like spheres with a central lumen
and at a size of approximately 50 um after two weeks of culture. A representative multicolor imaging (right) of cryostat sections of 3D gels stained
for K19 (red) and K14 (green). Note the correctly polarized position of luminal and myoepithelial-like cells. Nuclei are stained blue with DAPI.

Scale bar=50 um. B Multicolor imaging of cryostat sections of PIK3CATTO/RiHBECP! transplanted to NOG mice together with fibroblasts

and a Matrigel™/collagen matrix. Polarity and lumen formation are highlighted by staining of the K19" luminal cells (red, left column) against basal
keratin K14 and apical MUC 1 (green, left column). Myoepithelial differentiation is highlighted by staining for aSMA and p63 (red, right column)
against K14 (green, right column). Nuclei are stained with DAPI (blue). n=12 injections. Scale bar=20 pm

with this, recent experiments using single cell profiling  While the exact order of events in the human breast line-
to define cellular identities and differentiation trajecto- age development remains to be understood, the present
ries have revealed clusters with an intermediary position  study, nevertheless, suggests that mature myoepithelial
across luminal and myoepithelial identities [3-5, 48, 73].  cells may originate from double-positive progenitors.
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At present, intermediary cells are likely to localize in
one of the stem cell zones defined by the anatomical divi-
sion of the human breast into ducts and lobules [7, 26,
53] and to some extent paralleled in the mammary glands
of mice [62]. To search for markers of luminal progeni-
tor cells applicable to scRNA-seq datasets for ducts and
lobules, respectively [7], we used one of the most com-
prehensive catalogues of human breast epithelial cell
states [43]. We identified 22 genes represented in luminal
progenitor and mature cells that generally showed higher
expression in ducts and TDLUs, respectively. Among
them, progenitor marker K15 has been previously identi-
fied as preferentially expressed in ductal progenitors [7,
41]. Moreover, within the matched genes we were further
able to optimize multicolor immunofluorescence stain-
ing for four proteins: CALML5, K23, ALDH1A3 and
OLFM4. CALMLS5 is a calcium binding protein expressed
in the upper layers of stratified epithelia and is known for
its tumor suppressive properties [74, 75]. In the human
breast, pseudotime trajectory analysis of sScRNA-seq data
has mapped CALMLS5 to differentiating luminal progeni-
tor cells immediately prior to maturation [6]. In addi-
tion, using spatial transcriptomics CALMLS has been
reported as one of the differentially expressed genes with
higher expression in lobules than ducts [41]. Here, we
confirmed this difference at the protein level as CALML5
staining was most intense in a subset of lobuli at the
most peripheral acini indicating differences within lobuli
with respect to state of differentiation. K23 is known to
be highly expressed in colon cancer and triple negative
breast cancer where it promotes proliferation of tumor
cells [76]. Monocle-generated pseudotemporal differen-
tiation ordering of scRNA-seq data from human breast
tissue has placed KRT23 expressing cells in a bipotential
root cluster [48]. We here found K23 staining comple-
mentary to CALMLS5 in luminal progenitors of ducts and
terminal ducts, and thus very much resembling the previ-
ously reported pattern of K15 expression [7]. ALDH1A3
is a member of a family of ALDH enzymes critical in reti-
noic acid production [77]. In the human breast it shows a
transient upregulation within epithelial progenitors at the
point of commitment to the luminal lineage [78]. Simi-
lar to K23, ALDH1A3 is expressed in the luminal pro-
genitors of ducts and terminal ducts, essentially mutually
exclusive to CALML5. OLFM4 is a secreted glycoprotein
belonging to the OLFM family and a marker of intestinal
stem cells which is increased in the early stages of tumor
initiation [79]. In line with this, it is expressed at a higher
level in in situ breast cancer than in overtly invasive
tumors [80]. Taken together, our findings establish a key
function for luminal progenitors in ducts as a potential
source of myoepithelial cells in proliferative lesions with
oncogene activated plasticity.
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The present findings do not exclude the possibility that
lineage infidelity goes both ways, which means that lumi-
nal progenitor derived myoepithelial-like cells are also
capable of generating luminal epithelial cells in a recipro-
cal manner. Based on our previous findings that myoepi-
thelial cells in the terminal duct region become bipotent
by the same combination of oncogenes as in the present
study, and the finding that PIK3CA™!%*"R jnduces alveo-
genic mimicry prior to tumor formation, it is indeed pos-
sible that lineages are connected in pre-malignant lesions
[17, 81]. Thus, as also argued by others [82], further stud-
ies of PIK3CAM!%"R mutated clone dynamics in benign
breast lesions implicating myoepithelial cells are needed.
In meanwhile, we suggest that the condition of onco-
gene activated breast progenitors is referred to as being
metastable. On that note, we believe that further insight
into the luminal-basal spectrum of breast epithelial cell
states can help address the contemporary key question of
how myoepithelial integrity, in spite of its hitherto widely
accepted tumor suppressive role, may causally relate to
tumor recurrence.
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