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Impact of media compositions and culture
systems on the immunophenotypes
of patient-derived breast cancer cells

Seungyeon Ryu'#** So-Hyun Yoon'***, Junhyuk Song’, Yoonjung Choi®, Sangeun Lee ', Moonjou Baek'”,
Han-Byoel Lee'*¢, Sook Young Jeon’, Sangyong Jon®, Daeyoup Lee®, Hoe Suk Kim'?&" and Wonshik Han!346"

Abstract

Background Heterogeneous tumor cells are thought to be a significant factor in the failure of endocrine therapy
in estrogen receptor-positive (ER+) cancers. Culturing patient-derived breast cancer cells (PDBCCs) provides

an invaluable tool in pre-clinical and translational research for the heterogeneity of cancer cells. This study

aimed to investigate the effects of different media components and culture methods on the BCSC-associated
immunophenotypes and gene expression in ER+PDBCCs.

Methods Ten patients with ER+breast cancer were employed in this study, six of whom had neoadjuvant
chemotherapy and four of whom did not. PDBCCs were isolated by enzymatic methods using collagen I and
hyaluronidase. PDBCCs were grown as monolayers in mediums with different compositions and as multicellular
spheroid in a suspended condition. Collagen I-coated plate and ultralow attachment plate coated with polymer-X
were used for monolayer and spheroid culture. Flow cytometry, immunofluorescent staining, RT-PCR, and RNA-
sequencing were employed to examine the immunophenotype and genetic profile of PDBCCs.

Results More than 95% of PDBCCs sustain EpCAM high/+/fibroblast marker- phenotypes in monolayer conditions
by subculturing 3—-4 times. A83-01 removal induced senescent cells with high 3-galactosidase activity. PDBCCs grown
as monolayers were characterized by the majority of cells having an EpCAM+/CD49f+ phenotype. Compared to
full media in monolayer culture, EGF removal increased EpCAM+/CD49f — phenotype (13.8-fold, p=0.028), whereas
R-spondin removal reduced it (0.8-fold, p=0.02). A83-01 removal increased EpCAM+/CD24 + phenotype (1.82-fold,
p=0.023) and decreased EpCAM low/-/CD44+/CD24- phenotype (0.45-fold, p=0.026). Compared to monolayer,
spheroid resulted in a significant increase in the population with EpCAM-/CD49+ (14.6-fold, p=0.006) and EpCAM
low/-/CD44+/CD24- phenotypes (4.16-fold, p=0.022) and ALDH high activity (9.66-fold, p=0.037). ALDHTA and
EMT-related genes were upregulated. In RNA-sequencing analysis between spheroids and monolayers, a total of
561 differentially expressed genes (2-fold change, p <0.05) were enriched in 27 KEGG pathways including signaling
pathways regulating pluripotency of stem cells. In a recurrence-free survival analysis based on the Kaplan-Meier
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Plotter database of the up-and down-regulated genes identified in spheroids, 15 up-, and 14 down-regulated genes
were associated with poor prognosis of breast cancer patients.

Conclusion The media composition and spheroid culture method change in the BCSCs and EMT markers of PDBCCs,
implying the importance of defining the media composition and culture method for studying PDBCCs in vitro.

Keywords Patient-derived breast cancer cell, Immunophenotype, Breast cancer stem cell, Progenitor, Estrogen

Introduction

Endocrine therapy is the most effective treatment for
patients with estrogen receptor-positive (ER+) breast
cancer. However, 20-25% of patients with the ER+sub-
type did not respond clinically to endocrine therapy
[1-3]. Progenitors and breast cancer stem cells (BCSCs),
which contribute to the intratumor heterogeneity of
ER+breast cancer, may be a major culprit in the failure
of endocrine therapy [4-7]. Analyzing the genetic and
cellular characteristics of the breast cancer cell lineage
is essential to understanding the heterogeneity of breast
cancer.

Immunophenotyping on the surface of breast cancer
cells approached by flow cytometry can be a useful tool
to reveal the molecular characteristics of individual cells
[8]. Breast cancer cells in tumor tissues exhibit luminal,
basal, and BCSCs phenotypes based on the expression of
epithelial cell adhesion molecule (EpCAM), CD49f (a6
integrin), CD44, and CD24; EpCAM+/CD49f- mature
luminal cells, EpCAM+/CD49f+luminal progenitors,
EpCAM-/CD49f+basal progenitors [9, 10], BCSCs with
EpCAM low/-/CD44+4/CD24- marker and high activity of
aldehyde dehydrogenase 1 (ALDH]1) [6, 7].

Primary culture of patient-derived breast cancer cells
(PDBCCs) has been extensively used to reflect the breast
cancer cell characteristics in patient tumors. Many stud-
ies have explored how the proper medium composition
and specialized culture method impact PDBCCs’ prop-
erties over an extended length of time in vitro [11-13].
Three-dimensional (3D) multicellular spheroids culture is
a method for mimicking the in vivo biological behavior
of breast cancer cells and enriching BCSCs [14, 15]. The
polymer-X thin film platform allows for the easy genera-
tion of tumorigenic 3D spheroids from diverse cancer cell
lines [16, 17].

In this study, PDBCCs were extracted from tumor tis-
sues of ER+breast cancer patients and grown in different
composition media as 2D adherent monolayers on col-
lagen I-coated plates and 3D spheroids utilizing a poly-
mer-X thin film platform. We investigated the effects of
different media components and culture methods on the
immunophenotypes and gene expression associated with
BCSC in ER+PDBCCs.

Methods

Patients and tumor tissues

Fresh breast tumor samples were collected from ten
ER+breast cancer patients treated at Seoul National
University Hospital with the agreement of the Ethics
Committee. The Seoul National University Hospital’s
Institutional Review Board approved this study (H-2007-
204-1145). All experiments were carried out with
each subject’s understanding and written agreement.
This research was carried out in line with the Helsinki
Declaration.

Breast cancer cell isolation and monolayer culture

Surgical tumor tissues of ER+patients were digested in
10ml advanced DMEM/F12 (Invitrogen, Waltham, MA,
USA) containing 10 mM HEPES (Gibco, Waltham, MA,
USA), and antibiotics (Gibco, Waltham, MA, USA), for
3 h with a mixture of 1ml collagenase/hyaluronidase
(STEMCELL Technologies, Vancouver, BC, Canada)
and 300 pg/ml DNase I (Roche, Basel, Switzerland), then
strained through a 100 pm filter and centrifuged at 500 g
for 5 min. PDBCC monolayers were produced and prop-
agated on collagen I-coated plates using modified organ-
oid medium composition (with 0.16 nM estradiol and
without P38 inhibitor) described by Sachs et al. [13].

3D multicellular spheroid formation on polymer-X
PDBCCs (1x10° were seeded on polymer-X coated 6
well plates (KAIST, Daejeon, Korea). For flow cytom-
etry and real-time RT-PCR, PDBCCs were grown in
the modified organoid medium composition containing
0.16 nM estradiol but not P38 inhibitor [13]. For RNA-
seq, PDBCCs were grown in serum-free F12-dulbecco’s
modified Eagle’s medium (Sigma, Burlington, MA, USA)
supplemented with 20 ng/ml EGF (Invitrogen, Waltham,
MA, USA), 20 ng/ml bFGF (Millipore, Burlington, MA,
USA), 10 ng/ml LIF (Millipore, Burlington, MA, USA),
B27 supplement (Invitrogen, Waltham, MA, USA), and
antibiotic-antimycotic (Invitrogen, Waltham, MA, USA),
which represented as NDY media and mTeSR media pro-
vided by STEMCELL Technologies at 37 °C in a humidi-
fied 5% CO2 atmosphere. The culture media was changed
every 2 to 3 days to ensure optimal spheroid growth.
PDBCC spheroids were generated by suspension culture
for 7-8 days.
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Flow cytometry

Single cells dissociated from spheroids or monolayers
with TrypLE™ (Thermo Fischer, Waltham, MA, USA)
were stained using concentrations of fluorochrome-
conjugated monoclonal antibodies recommended by
the manufacturer for 20 min at room temperature in
the dark. Antibodies for EpCAM-APC (BioLegends,
San Diego, California, USA), CD24-FTIC (BioLegends,
San Diego, California, USA), CD44-PE (BioLegends, San
Diego, California, USA), CD49f-FITC (BioLegends, San
Diego, California, USA), and fibroblast-marker-FITC
(BioLegends, San Diego, California, USA) were used.
Expression of EpCAM, CD24, CD44, CD49f, and fibro-
blast-marker on PDBCCs was analyzed by multicolor
flow cytometry on a FACS Canto II flow cytometer (BD
Biosciences, Becton Drive Franklin Lakes, NJ, USA). The
gating strategy was provided in Supplementary Fig. 1.

Senescence-associated-p-galactosidase (SA-B-gal) staining
SA-B-gal staining was conducted on monolayer cells
using a Cellular Senescence Assay Kit (Cell Biolabs Inc.,
San Diego, CA, USA) according to the manufacturer’s
protocol. Cells stained for SA-B-gal were imaged using a
camera mounted on a light microscope (Olympus Cor-
poration, Tokyo, Japan). Areas measuring 0.44 mm X
0.32 mm (length X width) from each image were scanned.
The results of “% area” were used as the stained level of
SA-B-gal.

Immunofluorescence staining

Monolayers and spheroids were washed in PBS before
being fixed for 30 min at 4 °C with 2% paraformaldehyde,
followed by blocking with 2% bovine serum albumin.
Cells were reacted with primary antibodies for EpCAM
(Sigma, Burlington, MA, USA), Pancytokeratin (Sigma,
Burlington, MA, USA), and CK8/18/19 (Sigma, Burling-
ton, MA, USA) and secondary antibodies conjugated to
Alexa 594 and 488 (Invitrogen, Waltham, MA, USA) and
were counterstained with 4;6-diamidino-2-phenylindole
for nucleus. The cell images were acquired using a confo-
cal microscope (Leica, Wetzlar, Germany).

ALDEFLUOR assay

The ALDH activity of cells was determined using the
ALDEFLUOR reagent system (STEMCELL Technolo-
gies, Vancouver, BC, Canada) according to the manu-
facturer’s procedure. Cells dissociated from spheroids
were suspended in ALDEFLUOR™ assay buffer with
a BODIPY-aminoacetaldehyde diethyl acetal (BAAA-
DA), for 40 min at 37 °C. The negative control was given
50 pmol/L of diethylaminobenzaldehyde (DEAB), an
ALDH-specific inhibitor. Cells with high ALDH activity
were examined using a FACS Canto II flow cytometer
(BD Biosciences, Becton Drive Franklin Lakes, NJ, USA).
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Real-time RT-PCR analysis

Total RNA was extracted from cultured cells using
TRIzol Reagent (Takara, Kusatsu, Shiga Japan). cDNA
was produced using a cDNA kit (Applied Biosys-
tems, Foster City, CA, USA). The specific primers
for ALDH1Al, ALDH1A2, ALDHI1A3, E-cadherin,
N-cadherin, ZEB1 and 2, Snail, Slug, Twist, fibronec-
tin, vimentin, matrix metallopeptidase 9 (MMP9), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were shown in Table 1. Real-time PCR reactions were
run on an ABI PRISM® 7900 using a SYBR Green PCR
master mix (Applied Biosystems, Foster City, CA, USA).
The results were analyzed by the AACt method, which
reflects the difference in the threshold for the target gene
relative to that of GAPDH in each sample. Gene levels of
spheroids were assessed in comparison to those of their
monolayer counterparts.

Table 1 Specific primer sequences used for real-time RT-PCR

Gene Sequence (5" — > 3')
E-cadherin Forward — ATTCTGATTCTGCTGCTCTTG
Reverse  AGTAGTCATAGTCCTGGTCTT
N-cadherin Forward  CTCCTATGAGTGGAACAGGAACG
Reverse  TTGGATCAATGTCATAATCAAGTGCTGTA
ZEB1 Forward ~ TTCAAACCCATAGTGGTTGCT
Reverse  TGGGAGATACCAAACCAACTG
ZEB2 Forward  CAAGAGGCGCAAACAAG
Reverse  GGTTGGCAATACCGTCATCC
Snail Forward ~ GAGGCGGTGGCAGACTAG
Reverse  GACACATCGGTCAGACCAG
Slug Forward ~ CATGCCTGTCATACCACAAC
Reverse  GGTGTCAGATGGAGGAGGG
Twist Forward ~ CGGGAGTCCGCAGTCTTA
Reverse  TGAATCTTGCTCAGCTTGTC
Fibronectin Forward ~ CAGAATCCAAGCGGAGAGAG
Reverse  CATCCTCAGGGCTCGAGTAG
Vimentin Forward ~ CCCTCACCTGTGAAGTGGAT
Reverse  TCCAGCAGCTTCCTGTAGGT
MMP9 Forward ~ CAACATCACCTATTGGATCC
Reverse  CGGGTGTAGAGTCTCTCGCT
CD24 Forward  TCTAAATGTGGCTATTCTGATCCA
Reverse  TATTTGGGAAGTGAAGACTGGAA
CD44 Forward ~ TCCAACACCTCCCAGTATGACA
Reverse  GGCAGGTCTGTGACTGATGTACA
ALDH1A1 Forward ~ TGTTAGCTGATGCCGACTTG
Reverse  TTCTTAGCCCGCTCAACACT
ALDH1A2 Forward ~ CTGGCAATAGTTCGGCTCTCTC
Reverse  TGATCCTGCAAACATGCTC
ALDHTA3 Forward ~ TCTCGACAAAGCCCTGAAGT
Reverse  TATTCGGCCAAAGCGTATTC
GAPDH Forward ~ GCACCGTCAAGGCTGAGAAC
Reverse  TGGTGAAGACGCCAGTGGA
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RNA-Seq analysis

mRNA was extracted from PDBCCs spheroids cultured
for 8 days on pV4D4-coated plates and monolayer cul-
tured PDBCCs using a Magnetic mRNA Isolation Kit
(NEB, Ipswich, MA, USA) according to the manufactur-
er’s protocol. A library was prepared from DNase-treated
mRNA using a NEBNext® Ultra™ II RNA Library Prep
Kit for Illumina®, as described by the manufacturer. Each
library was sequenced on a Novaseq6000 system using
the paired-end method (150-bp reads). The sequenced
reads were aligned to the human genome (version: Hg19)
using a STAR aligner (v.2.4.0). The HOMER software
algorithm [18] and DESeq R package were used to inves-
tigate differentially expressed genes (DEGs) between
spheroids and monolayers. Heatmap and MA plots were
visualized using the heatmap function and plotMA func-
tion, respectively, of the R statistical programming lan-
guage v.3.3.0. (http://www.r-project.org/). P-values of
0.05 and log ratios of 2 were used to identify genes that
were upregulated and downregulated.

Kyoto Encyclopedia of genes and genomes (KEGG)
pathway and enrichment analysis

To gain insight into the underlying biology of DEGs
related to SerpinB2 loss, biological functional categories
enriched in the DEGs were identified using the func-
tional annotation and clustering tool of the Database
for Annotation, Visualization, and Integrated Discov-
ery v6.7 (https://david.ncifcrf.gov/) [26-28]. To further
understand the biological functions of the DEGs, KEGG
pathway enrichment analyses were performed using
the DAVID online tool. P<0.05 was set as the threshold
value.

Kaplan-Meier (KM) plotter analysis

The Kaplan-Meier Plotter (http://www.kmplot.com/
analysis) examined public microarray data repositories
for DEGs discovered between spheroids and monolay-
ers on relapse-free survival (RFS) of ER+breast cancer
patients (N=3499) with a mean follow-up of 240 months.
The median threshold value for DEGs expression was
selected, dividing the patient samples into two groups,
and graphs were constructed accordingly.

Statistical analyses

All data were presented as the meanztstandard devia-
tion of at least three independent experiments. Paired
or unpaired t-tests and Mann-Whitney U test were used
to make statistical comparisons between the two inde-
pendent groups. For groups of three or more, data were
analyzed using one-way ANOVA, followed by Dunnett’s
multiple comparison test. GraphPad Prism v9.2.0 was
used for statistical analysis (GraphPad Software Inc., La
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Jolla, CA, USA). P values of less than 0.05 were consid-
ered statistically significant.

Results

Patient clinical data

Detailed clinical, pathologic, treatment, and follow-up
data of 10 patients with ER+breast cancer obtained from
patients’ medical records were shown in Table 2. The age
of patients ranged from 36 to 62 years, and the median
age was 44.7 years. All patients received hormone ther-
apy. Five patients received both neoadjuvant chemo-
therapy and adjuvant chemotherapy. Out of 10 cases, the
most frequent histological subtype was invasive ductal
carcinoma (IDC) in 9 cases, of which 1 showed mucinous
carcinoma. The tumor size was <2 cm (pT1) in 2 cases,
between 2 and 5 cm (pT2) in 6 cases, and >5 cm (pT4)
in 2 cases. 8 cases had axillary lymph node (LN) involve-
ment, and 1 case (#158) had lung metastasis. As shown in
Table 2, patients received risk-adapted neoadjuvant and
adjuvant chemotherapy with surgery, with or without
radiotherapy, to control primary and possibly metastatic
disease. Patient (#158) with lung metastasis was chosen
to stop cancer treatment and focused on palliative care.
On findings confirmed by IHC, 9 cases expressed ER
strongly (80-90%). Both ER and PR were positive in 6
cases. Of the 3 patients with a score of 2+by HER-2 IHC,
1 case (#110) was FISH positive for HER-2 gene amplifi-
cation and classified as luminal B subtype. On the evalua-
tion of the intrinsic subtype using the tumor proliferation
index marker Ki-67 in our hospital, the Ki-67 index of
tumors with luminal B type was >10%. 3 cases (#106,
#107, and #158) were luminal B type, which ranged in
Ki-67 index from 17 to 70%. A high Ki-67 index (70%)
in 1 case (#158) correlated with a greater risk of distance
metastasis.

EGF, R-spondin, and ALK modulate the immunophenotype
of PDBCCs grown as monolayer

EpCAM is a tumor-associated antigen that has been
identified as a marker for most epithelial malignancies,
including breast cancer. PDBCCs were extracted from
fresh surgical tumor tissues and cultured for 7-10 days
in Matrigel on a culture plate before being coupled to
collagen I-coated plates and flow cytometry analysis to
identify EpCAM-positive breast cancer cells and fibro-
blast marker-positive cancer-associated fibroblasts.
EpCAM-positive cells separated from each tumor tissue
vary from 88 to 100%, and fibroblast marker-positive cells
were less than 15%, as illustrated in Fig. 1A. After 2-3
times of subculture, 94.48+5.0% of the PDBCCs obtained
from 10 breast cancer patients had EpCAM-positive and
fibroblast marker-negative (EpCAM+/Fibro-) (Fig. 1B).
Immunostaining revealed that most of PDBCCs highly
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Fig. 1 Flow cytometry analysis of EpCAM and fibroblast marker in PDBCCs grown as monolayer on a collagen I-coated plate. (A) Representative flow
cytometric histogram plot and (B) Quantification (%) of EpCAM +and fibroblast marker- cell population in PDBCCs obtained from 8 patients. Data repre-
sent the mean + standard deviation (n=8). (C) Representative immunofluorescent staining for EpCAM and pancytokeratin in PDBCCs. Scale bar: 100 pm

diameter of the spheroids reached 200 um on day 7 of
culture (Fig. 4B). Cytokeratin (CK) is used to examine
luminal (CK 8, 18, and 19) phenotypes of invasive breast
cancer. As we expected, PDBCCs grown as spheroids
highly expressed EpCAM and CK8/18/19 (Fig. 4C).

Spheroid culture leads to an increase in progenitors and
BCSCs displaying the phenotypes of EpCAM-/CD49f+,
EpCAM low/-/CD24-/CD44+, and high ALDH activity

To learn if the percentage of progenitors and BCSCs
increases in spheroids, we analyzed luminal progeni-
tor with EpCAM+/CD49f+phenotype, stem/basal pro-
genitor with EpCAM—/CD49f+phenotype, BCSCs with
EpCAM low/-/CD24-/CD44+phenotype and BCSCs
with high ALDH activity in monolayer and spheroid from
the same patients using flow cytometry and the ALDE-
FLUOR™ assay. Figure 4 A showed the monolayer and
multicellular spheroids images of 10 cases. The diameter
of multicellular spheroids was increased up to about 200
uM at 7 days (Fig. 4B). Spheroids expressed EpCAM and
CK8/18/19 strongly (Fig. 4C). The majority of PDBCCs
cultured in monolayer and spheroids displayed EpCAM+/
CD49f+cells (M vs. S; 91.76+£13.87% vs. 59.89+17.78%,
p=0.002). The percentage of EpCAM-/CD49f+ cells was
significantly increased in spheroid (2.34%£1.73%) com-
pared to monolayer (0.16+0.15%) (p=0.006, Fig. 4D-E).
The percentage of EpCAM low/-/CD24-/CD44+cells
evaluated from total cells was found to be significantly

higher in the spheroids (19.37+13.80%) than in monolay-
ers (4.651+2.87%) (p=0.022, Fig. 4F-G). The percentage of
ALDH +cells detected by using the ALDEFLUOR™ assay
was also significantly high in spheroids (7.05+2.95%) rel-
ative to monolayers (0.7310.86%) (p=0.037, Fig. 4H-I).
In comparison to organoids, spheroids are significantly
concentrated in basal progenitor EpCAM-/CD49+and
ALDH high BCSCs (Supplementary Fig. 2).

To further compare the expressions of BCSC-associ-
ated genes between spheroids and monolayer, the expres-
sions of five BCSC markers (CD24, CD44, ALDH1Al,
ALDHI1A2, ALDH1A3) and six epithelial-mesenchymal
transition (EMT)-associated genes (E-cadherin, N-cad-
herin, Snaill, Slug, Fibronectin, Vimentin) were ana-
lyzed by RT-qPCR. mRNA levels of CD44, CD24 and
ALDH1A1-3 increased in spheroids in comparison to
monolayers (Fig. 4]). mRNA levels of N-cadherin, Snaill,
and Fibronectin were upregulated in spheroids, but
E-cadherin mRNA was downregulated (Fig. 4K).

Comparison of clinically poor prognosis-associated genes
between monolayers and spheroids

Because media formulation may affect the spheroid for-
mation, we here generated spheroids in three media
systems (mTeSR, NDY, modified organoid medium). All
cases of PDBCCs formed spheroids on polymer-X coated
plates regardless of the three types of medium. To exam-
ine those spheroid-specific gene expression levels, we
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Fig. 2 Effect of media factors on growth and senescence of PDBCCs grown as monolayer. Analysis of growth rate and senescence in PDBCCs grown as
monolayer by removals of A83-01 (500 nM), EGF (5 ng/ml), Noggin (100 ng/ml), and R-spondin (250 ng/ml). (A) Representative images and (B) Quantita-
tive growth analysis of PDBCCs cultivated for 7 days. Data represent the mean + standard deviation (n=4). (C) Representative images and (D) Quantitative
analysis of senescence-associated 3-galactosidase (SA-B-gal) staining of PDBCCs cultivated for 7 days. Data represent the mean + standard deviation (n=4)

performed RNA-seq in both monolayers and spheroids
and investigated up- or down-regulated DEGs (FC2>2,
p<0.05) from analysis of paired-wise comparisons
between each spheroid and monolayer. The total number
of DEGs identified from #69 PDBCC spheroids (mTeSR;
3283, NDY; 3408), #107 PDBCC spheroids (mTeSR; 3937,
NDY; 3621), and #108 PDBCC spheroids (mTeSR; 2531,
NDY; 2188) was different according to the composition
of the medium. The venn diagram showed the number of
overlapped and non-overlapped DEGs found in 69, 107,
and 108 spheroids generated in mTeSR and NDY media
(Fig. 5A). The number of DEGs up-regulated in the three
groups grown in mTeSR and NDY media was 703 and
614, respectively. The number of DEGs down-regulated
in the three groups grown in mTeSR and NDY media
was 514 and 496, respectively. We identified 561 DEGs
including 290 upregulated and 271 downregulated genes

that overlapped in 69, 107, and 108 spheroids regardless
of the medium (Fig. 5B). The lists of top 30 up-or down-
regulated genes ordered by p-value and FC in spheroids
were shown in Table 3. Up- and down-regulated genes
in the top rankings were identified: MMP1, MMP13,
MMP10, flavin containing dimethylaniline monooxygen-
ase 1 (FMO1), and apelin (APLN) are mainly involved in
regulating extracellular matrix (ECM), cell-cell adhesion,
and drug metabolism. To further understand the high-
level functions and utilities of the biological system for
DEGs in spheroids, KEGG pathway enrichment analy-
ses revealed that 8 pathways including TGF-p signaling
pathway, protein digestion and absorption, ECM-recep-
tor interaction in up-regulated DEGs and 19 pathways
including tumor necrosis factor (TNF), Notch, mito-
gen-activated protein kinase (MAPK), Rapl, Wnt, phos-
phatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-Akt
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Fig. 3 Effect of media factors on immunophenotypes of PDBCCs grown as monolayer. Flow cytometry analysis of single and multiple stained PDBCCs
grown as monolayer by removals of A83-01 (500 nM), EGF (5 ng/ml), Noggin (100 ng/ml), and R-spondin (250 ng/ml). (A) Flow cytometry quantification
of EpCAM-, CD49f-, CD24-, CD44-signle stained cells. (B) Representative dot plots and (C) Quantification of EpCAM- and CD24-double stained cells. (D)
Representative dot plots and (E) Quantification of EpCAM- and CD49f-double stained cells (F) Representative dot plots and (G) Quantification of EpCAM-,
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mean + standard deviation (n=4). *p <0.05 as compared to Full using one way-ANOVA followed by Dunnett’s multiple comparison test.

signaling pathways and drug metabolism in down-reg-
ulated DEGs were significantly enriched (Fig. 5C). A
signaling pathway regulating pluripotency of stem cells
was identified in both up-and down-regulated DEGs
(Fig. 5C).

To identify prognostic genes related to poor prognosis
among the up- or down-regulated DEGs identified from
3D spheroids, we next conducted recurrent free survival
(RFS) analysis using the KM-plotter database. Clinically
poor prognosis-associated 29 DEGs were selected from
tumor spheroids based on RFS analysis using the Kaplan-
Meier Plotter database including ER + patients (N=3499)
with a follow-up of 240 months (Table 3).

Discussion

In vitro culture of PDBCCs offers many advantages in
basic and clinical breast cancer studies for shedding
light on a patient’s tumor phenotype and gene expres-
sion by deciphering the effect of external factors and 2D
and 3D cell-cell interaction. Recently, Sach et al. recently
provided the medium composition that includes niche
components for long-term growth and replication of the
histological and genetic characteristics of the original
tumors of PDBCCs grown as organoids [13]. Here, we
employed the medium composition described by Sach
et al., but without the P38 inhibitor and with 0.16 nM
estradiol. The PDBCCs isolated from the fresh surgical
tumor tissues of 10 patients with ER+breast cancer were
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Fig.4 Comparison of immunophenotypes and gene expressions of PDBCCs grown as multicellular spheroids and monolayers in modified organoid me-
dium using flow cytometry, ALDH activity, and gRT-PCR analyses (A) Representative monolayers and spheroids of 10 patients cultivated in full media for
7-8 days. (B) Quantitative spheroids diameters. Data represent the mean + standard deviation (n=20-33). (C) Representative immunofluorescent staining
for EpCAM and CK8/18/19 in spheroids. (D) Representative dot plots and (E) Quantification of EpCAM- and CD49f-double stained cells in monolayers and
spheroids. Data represent the mean +standard deviation (n=7-8). (F) Representative dot plots and (G) Quantification of EpCAM-, CD24, and CD44-triple
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successfully grown as 2D monolayers and 3D multicellu-
lar spheroids.

EGF has been identified to induce both normal and
malignant epithelial cell motility and to regulate EMT
and has been connected to basal breast cancer progres-
sion [19, 20]. The ALK-5 inhibitor A83-01 inhibits Smad
signaling and EMT by transforming growth factor-p and
becomes a target for cancer stem-like cell treatment [21].
R-spondinl has been featured as a Wnt agonist, serving
as a potent niche factor for adult stem cells in multiple
tissues including the mammary gland [22, 23]. In the
present study, EGF, the ALK inhibitor A83-01, R-spondin
1, and Noggin did not significantly change the growth
rate of PDBCCs in 2D monolayers on collagen I-coated
plates, but these factors did impact their immunophe-
notype; EGF removal increased the EpCAM+/CD49-
mature luminal cells, R-spondin removal decreased

EpCAM+/CD24+luminal cells, and A83-01 removal
reduced the EpCAM low/-/CD24-/CD44+BCSCs. As a
result, EGF and R-spondin may control the phenotypes
of basal cells and luminal cells, respectively. The EpCAM
low/-/CD24-/CD44+BCSC population may be regulated
by ALK-5-mediated signaling. A 3D multicellular spher-
oid is a useful model for enriching BCSCs and mimick-
ing the physical interactions between solid tumors in vivo
[24]. We found that the 3D multicellular spheroids of
PDBCCs grown on polymer-X coated plate significantly
increased basal progenitors (EpCAM-/CD49+), BCSCs
(EpCAM low/-/CD24-/CD44+, ALDH high/+), and
EMT-related genes as compared to the 2D monolayer,
indicating that ER+PDBCCs can transform into BCSCs
with strong ALDH activity and EMT characteristics
when grown on polymer-X. When PDBCCs were grown
as monolayers, spheroids, and organoids in the modified
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#108) cultivated in both media. (C) KEGG pathway enrichment analysis for up-and down-regulated genes between monolayers verse spheroids

organoid conditions described by Sachs et al. (with 0.16
nM estradiol and no P38 inhibitor), the cell population
exhibiting BCSC phenotypes was enriched in spheroids
and organoids compared to monolayers. Spheroid cul-
ture in a polymer-X coated system is, in our opinion, sim-
pler and easier than organoid culture for assessing BCSC
characteristics (Supplementary Fig. 2).

DEGs identified from the transcriptomes have been
utilized as a guide for molecular changes in better under-
standing tumor phenotypic heterogeneity and predicting
prognosis [3, 25, 26]. Cell cycle-related genes are down-
regulated and ECM-associated genes are overexpressed,
according to RNA-seq analysis of 14 breast cancer cell
lines in 3D spheroids relative to 2D monolayer [27]. We
found the downregulation of cell cycle and TNF signaling

pathway-related genes and upregulation of ECM, cell-
cell adhesion, and TGEF-p signaling pathway genes in 3D
spheroids relative to 2D monolayer. Online Kaplan-Meier
plotters revealed that 15 up- and 14 down-regulated
DEGs found in 3D spheroids relative to 2D monolay-
ers were linked with a poor prognosis for breast cancer
patients. However, artificially altering ex vivo conditions
does not necessarily translate into knowledge that would
ultimately aid clinical decision-making. Though DEGs
show prognostic value, this is often the case when using
a sufficient number of markers. To convincingly show the
relevance of this study to clinical translational applica-
tion, it is necessary to conduct in-depth research on both
ex vivo conditions and in vivo original patient tissue.
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Table 3 Clinically poor prognosis-associated DEGs selected from tumor spheroids based on RFS analysis from the Kaplan-Meier
Plotter database including ER+ patients (N =3499) with follow-up of 240 months

Genes symbol Log2(FC) 95% Cl for Exp(B)
P<0.05 HR lower Upper P-value
Multigene Prognostic Test Kit in Breast Cancer Patients
Oncotype Dx CTSV(CTSL2) 503 1.67 143 1.94 2.7e-11
CD68 437 1.16 0.98 1.36 0.085
MammaPrint MMP9 6.79 14 1.19 1.65 3.9e-5
CDCA7L -231 1.56 1.15 2.1 0.035
ZNF3858 -2.57 0.66 0.48 0.92 0.12
Prosigna™ FOXA1 -2.28 0.85 0.73 0.99 0.042
(PAMS50) KRT17 2.59 0.71 061 0.83 1.3e-05
TMEM45B 3.16 0.71 053 0.94 0.015
Top 30 of DEGs with 2-FC and P<0.05
Upregulated genes  MMP1 10.90 161 1.38 1.87 7.5e-10
BMP6 8.85 1.2 1.02 1.04 0.024
MYCN 7.20 1.23 1.04 1.46 0.015
COL22A1 712 157 117 211 0.0026
CYP1AT(CP11) 7.01 1.27 1.05 1.53 0.012
PGBD5 6.78 1.22 1.05 142 0.011
ST100P 6.70 1.49 1.28 1.73 3.3e-07
CALML5 6.24 1.27 1.08 1048 0.0034
PPP2R2C 6.19 149 113 197 0.005
PMEPA1 6.07 1.18 1.01 14 0.043
Downregulated FOSB -6.36 0.63 0.52 0.76 2e-06
gene LINC00844 -6.01 067 048 093 0.017
DLK2 -5.46 0.82 0.71 0.96 0.011
IL33 -5.31 0.65 0.55 0.77 3.1e-7
SCN2B -5.09 08 0.67 0.95 0.0099
CLDN19 -4.80 0.66 0.49 0.89 0.0065
FOS -4.67 0.67 057 0.79 8.5e-7
EGR1 -4.63 0.68 0.58 0.82 2.3e-05
JAM2 -4.62 0.8 0.68 0.95 0.0092
MYH11 -4.38 0.76 0.66 0.89 0.00045
ALPL -4.35 0.82 0.71 0.96 0.015

B, coefficient of regression; HR, hazard ratio; Cl, confidence interval; ER, estrogen receptor,; RFS, recurrent free survival; FC, fold change

Conclusion

Taken together, PDBCCs derived from fresh tissues of
ER+breast cancer patients successfully grew as 2D monolay-
ers on collagen I and 3D multicellular spheroids on polymer-
X film. We found that the media composition and culture
method is crucial in controlling PDBCCs phenotypes.
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ALDH aldehyde dehydrogenase
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