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Establishment and characterization of novel highly aggressive
HER2-positive and triple-negative breast cancer cell lines
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Abstract. Breast cancer cell lines are widely used as an
in vitro system with which to study the mechanisms under-
lying biological and chemotherapeutic resistance. In the
present study, two novel breast cancer cell lines designated as
PC-B-142CA and PC-B-148CA were successfully established
from HER2-positive and triple-negative (TN) breast cancer
tissues. The cell lines were characterized by cytokeratin
(CK), a-smooth muscle actin (a-SMA), fibroblast-activation
protein (FAP) and programmed death-ligand 1 (PD-L1). Cell
proliferation was assessed using a colony formation assay, an
MTS assay, 3-dimensional (3-D) spheroid and 3-D organoid
models. Wound healing and Transwell migration assays were
used to explore the cell migration capability. The responses
to doxorubicin (DOX) and paclitaxel (PTX) were evaluated
by 3-D spheroids. The results showed that the PC-B-142CA
and PC-B-148CA cell lines were a-SMA-negative,
FAP-negative, CK-positive and PD-L1-positive. Both cell
lines were adherent with the ability of 3-D-multicellular
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spheroid and organoid formations; invadopodia were
found in the spheroids/organoids of only PC-B-148CA.
PC-B-142CA had a faster proliferative but lower metastatic
rate compared to PC-B-148CA. Compared to MDA-MB-231,
a commercial TN breast cancer cell line, PC-B-148CA had a
similar CD44*/CD24 stemness property (96.90%), whereas
only 8.75% were found in PC-B-142CA. The mutations of
BRCAI/2, KIT, PIK3CA, SMAD4, and TP53 were found
in PC-B-142CA cells related to the resistance of several
drugs, whereas PC-B-148CA had mutated BRCA2, NRAS
and TP53. In conclusion, PC-B-142CA can serve as a novel
HER2-positive breast cancer cell line for drug resistance
studies; while PC-B-148CA is a novel TN breast cancer cell
line suitable for metastatic and stemness-related properties.

Introduction

In the female population, breast cancer exhibits the highest
cancer incidence and is a leading cause of death world-
wide (1,2). It was estimated in 2018 that more than 2.1 million
women were newly diagnosed with breast cancer with 600,000
deaths (3) and 2.3 million new cases are estimated by 2030 (4).
Although breast conservation surgery combined with neoadju-
vant therapy can reduce the mortality rate, some breast cancer
patients have potential drug-resistance genetic profiles leading
to the unsatisfactory outcome of treatments (5).

Breast cancer is categorized into 4 major subtypes based
on the presence or absence of molecular markers by immu-
nohistochemical staining for the estrogen receptor (ER),
progesterone receptor (PR) and human epidermal receptor
2 (HER2): luminal subtypes, A and B: ER-positive and/or
PR-positive/HER2-negative (luminal A) or -positive (luminal B)
accounted for 70% of breast cancer cases; HER2-positive
subtype: ER- and/or PR-negative/HER2-positive with an
estimation of 15-20%, and triple-negative (TN) or basal
subtype: lacking all ER/PR/HER?2 with around 15% of the
total cases (6). Luminal and HER2-positive subtypes respond
well to standard treatment; however, some of them have treat-
ment failures (5). The TN subtype is of great interest to explore
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since having no ER/PR/HER?2, these patients with advanced
stage have no targeted drugs available.

Several breast cancer cell lines have been widely used in
research to unravel the mechanisms of cancer progression and
drug resistance driven by certain genes (7). There are 27 TN
breast cancer cell lines used in breast cancer research filed of
which MDA-MB-231 is the most popular cell line with high
proliferative, invasive, and metastatic properties (8). The
trastuzumab-resistant HER2-positive MDA-MB-453 cell
line has an abnormal gene expression profile, in particular,
the upregulation of transforming growth factor (TGF)-31
and epidermal growth factor (EGF), and insulin-liked growth
factor binding protein-3 (IGFBP3) (9). Although, novel breast
cancer cell lines have been established (10-12), no recent
cell models of TN and HER2-positive subtypes have been
reported for mechanistic investigation of metastasis and drug
resistance.

In the present study, two novel breast cancer cell lines
designated as PC-B-142CA and PC-B-148CA were established
from fresh breast cancer tissues. The epithelial markers and
chromosome aberrations were investigated to confirm epithe-
lial-derived cancer cells. The 2-dimensional (2-D) and 3-D
tumor spheroids and 3-D organoids were used to demonstrate
the tumorigenic phenotypes including cell proliferation, cell
growth, cell migration, cancer stemness (CSCs) and doxoru-
bicin (DOX)/paclitaxel (PTX) resistance. The DNA sequences
of drug-targeted genes were investigated and discussed for
the chemotherapeutic and target drugs response of these
cells. Programmed death-ligand 1 (PD-L1) was checked to
propose its use for the sensitivity of cancer cells by T cell
killing. The obtained findings revealed that PC-B-148CA is
a good TN breast cancer model for investigating migration
and cancer stemness properties, while PC-B-142CA is a new
HER?2-positive breast cancer model for drug resistance.

Materials and methods

Cancer cell isolation and culture. Breast cancer tissues were
obtained from two patients who underwent surgery at Siriraj
Hospital, Bangkok, Thailand, designated as PC-B-142CA and
PC-B-148CA. PC-B-142CA was derived from a 58-year-old
female patient diagnosed with stage IV HER-2 positive breast
cancer, while PC-B-148CA was isolated from a 50-year-old
female patient diagnosed with stage II TN breast cancer.

The tissue collection protocol was approved by the Siriraj
Institutional Review Board (COA no. Si 329/2017). Single
cell suspensions from tumor tissues were prepared using the
GentleMACS single cell isolation machine (Miltenyi Biotec
GmbH) according to the manufacturer's instructions. Briefly,
the tissues were minced into 1-2 mm?® pieces and incubated for
30 min at 37°C with the enzyme cocktail mix (Miltenyi Biotec
GmbH). The digested cells were harvested and filtered over a
70 ym nylon filter (SPL Life Sciences). The cell suspensions
were washed by centrifugation and the cell pellets were resus-
pended in DMEM F/12 media (Gibco BRL) supplemented with
10 ng/ml of epidermal growth factor (EGF, PeproTech, Inc.),
5 pug/ml insulin (Sigma-Aldrich; Merck KGaA), 0.32 pug/ml
hydrocortisone (Sigma-Aldrich; Merck KGaA) and 10 uM
ROCK inhibitor (Y27632, StemMACS, Miltenyi Biotec
GmbH). The contaminated fibroblasts were isolated using a

tumor cell isolation kit (Miltenyi Biotec GmbH). The primary
breast cancer cells were cultured in DMEM F/12 medium
supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific Inc.) and 10X antibiotic mixture containing
1 U/ml penicillin G sodium and 1 mg/ml streptomycin
(Thermo Fisher Scientific, Inc.). Cells were subcultured, peri-
odically checked for negative mycoplasma and kept in liquid
nitrogen for storage.

Commercial human breast cancer cell lines, MDA-MB-231
and MCF-7 (purchased from American Type Culture
Collection, ATCC) were cultured at 37°C in a humidified
atmosphere of 5% CO, in Dulbecco's modified Eagle's medium
(DMEM, Gibco, Thermo Fisher Scientific Inc.) supplemented
with 10% FBS (v/v) (Gibco, Thermo Fisher Scientific Inc.),
100 U/ml of penicillin and 100 pg/ml of streptomycin (both
from Sigma-Aldrich; Merck KGaA).

Detection of epithelial markers by immunocytochemistry and
immunofluorescence staining. Cell pellets were fixed in 10%
formalin and subjected for staining on sterile glass cover-
slips by antibodies against estrogen receptor (rabbit anti-ER
monoclinal antibody, 790-4325, ready-to-use; clone SP1,
Ventana Laboratories), progesterone receptor (rabbit anti-PR
monoclonal antibody, 790-4296, ready-to-use; clone 1E2,
Ventana Laboratories) and human epidermal growth factor
receptor 2 (rabbit anti-HER2 monoclonal antibody, 790-2991,
ready-to-use; clone 4B5, Ventana Laboratories). This process
was performed by the routine service at the Department of
Pathology, Faculty of Medicine, Siriraj Hospital, Mahidol
University. Ki-67 (1:300 dilution, M7240, rabbit anti-Ki-67
monoclonal antibody, clone MIB-1, Dako Laboratories;
Agilent Technologies, Inc.) percentages at cut-point <14%
were defined as luminal A subtype (13,14).

The epithelial cytokeratin (CK) including CK-4, -5, -6,
-8, -10, -13, -18 and -19 were investigated. a-SMA and FAP,
specific markers for the stromal fibroblast, were used as a
quality control of cancer cell purity. The presence of PD-L1
was evaluated for the ability of the obtained cancer cells
to resist T cell killing. Cells at 1x10* were plated on sterile
glass coverslips for 24 h, fixed in ice-cold absolute methanol,
permeabilized with 0.2% Triton-1X PBS, and then incubated
overnight at 4°C in a humidified chamber with the indicated
primary antibody as follows: mouse anti-human panCK
antibody (dilution 1:200, sc-8018, Santa Cruz Biotechnology,
Inc.), mouse anti-human CK-19 antibody (dilution 1:200,
sc-6278, Santa Cruz Biotechnology, Inc.), mouse anti-human
a-SMA antibody (dilution 1:500, A5228, Sigma-Aldrich;
Merck KGaA), rabbit anti-human fibroblast activation
protein (FAP) antibody (dilution 1:500 ab53066, Abcam),
and rabbit anti-human PD-L1 antibody (dilution 1:500,
ab205921, Abcam). The goat anti-mouse IgG-Cy3 antibody
(dilution 1:2,000, #115-166-071, Jackson ImmunoResearch
Laboratories Inc.) or the donkey anti-rabbit IgG (H+L)
highly cross-adsorbed secondary antibody, Alexa Fluor 488
(dilution 1:2,000, 21206, Thermo Fisher Scientific, Inc.) was
applied for 3 h at room temperature. The nuclei were stained
with 1:2,000 Hoechst 33342 (Invitrogen, Thermo Fisher
Scientific, Inc.). Fluorescence was captured with a ZEISS
LSM 800 confocal laser fluorescence scanning microscope
(Axio Observer7, LSM 800, Zeiss GmbH).
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Three-dimensional (3-D) spheroid and 3-D organoid
formation. Spheroids were created by 1x10° breast cancer cells
supplemented with 2.5% cold Matrigel™ (BD Biosciences)
in 200 pul of complete DMEM F/12 medium and seeded
into individual wells of pre-cooled 96-well ultra-low attach-
ment multiple well plates (CLS7007, Costar/Corning, Inc.).
Centrifugation at 4°C at 300 x g for 3 min was performed
and the cells were maintained at 37°C in a humidified 5%
CO, atmosphere for 5 days to form spheroids. Medium was
renewed twice weekly and the proliferation rate of spheroids
was monitored for up to 10 days. For the organotypic cultures,
1x10* of PC-B-142 and PC-B-148CA cells were generated in
24-well clear flat bottom ultra-low attachment multiple well
plates (CLS3473, Costar/Corning, Inc.) at the concentration of
4% cold Matrigel™ (BD Biosciences) in 300 pl of complete
DMEM F/12 medium. The plate was placed in the incubator
with 5% CO, at 37°C. The organoid culture medium was
refreshed with 300 ul complete DMEM F/12 medium every
2-3 days. The organoid culture was ended on day 14.

Cell proliferation and colony formation assays. Growth curves
of PC-B-142CA and PC-B-148CA cells, compared to commer-
cial cell lines, MDA-MB-231 and MCF-7, were determined
by using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium) (G3581,
Promega.) assay following the manufacturer's instructions.
Briefly, 5,000 cells were seeded in each well of 96-well plates
in complete DMEM F/12 medium and cultured overnight in
a 5% CO, atmosphere at 37°C. At time intervals, 20 pl of
MTS reagent was added to each well, followed by incubation
in a humidified, 5% CO, atmosphere for a minimum of 2 h.
Absorbance at 490 nm was recorded at 24, 48, 72 and 96 h. For
the colony formation assay, 2,000 cancer cells were seeded in
6-well plates in complete DMEM F/12 medium and cultured
overnight. The medium was refreshed every 3 days. At day 10,
the adherent cells were washed with 1X PBS, fixed with cold
methanol, and stained with a 0.5% crystal violet solution. The
colony numbers were counted by photometric measurements
using CellCounter software version 0.2.1 (Nghia, Ho) and a
1-5 ym diameter colony was determined as one colony. Three
independent experiments were performed for each assay
condition.

Drug cytotoxicity assay. The 2-D culture was treated for 0, 24,
48 and 72 h with 0,0.01,0.1, 1 and 10 uM DOX (Selleckchem)
or PTX (Selleckchem) diluted in 10% FBS of DMEM/F12
medium. The selected concentrations at 0.1, 1 and 10 uM of
DOX or PTX were tested in 3-D spheroids for 72 h. The 2-D
killing was measured by the MTS assay and cell viability of
3-D killing was analyzed by the calculation of the volume
(um?®) with the formula 4/3nr® in a spheroid with or without
drug treatment.

Cell migration assay. For the wound healing assay, 5x10* cells
were adhered in a 24-well plate and cultured until they reached
>90% confluency. Scratch wounds were made with a sterile
yellow tip pipette. The cells were incubated in complete 10%
FBS DMEM F/12 and the wound area was recorded and
digitally photographed at 30 min, 18 and 24 h by an inverted
microscope (IX71 Olympus). The closing of the wound gap
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was calculated using ImagelJ software version 1.48v (NIH,
Bethesda, MD, USA). Quantification of cell migration was
determined with the formula: Migration area=(Area of
original wound-Area of wound after healing)/Area of original
wound. Cell migration was performed in 8.0-ym Transwell
Boyden chambers (Corning, Inc.). A total of 5x10* cells in
serum-free medium were seeded in the upper chamber insert.
Subsequently, 500 ul of DMEM F/12 medium containing 10%
FBS was added to the lower chamber. Then at 24 h, the cells
which passed through the membrane were fixed with absolute
methanol, stained with 0.5% crystal violet, and quantitated
with ImagelJ software version 1.48v.

Western blot analysis. Cells were lysed with RIPA buffer
containing 0.5 M NaF, 0.2 M NaVO,, 1 M Tris-HCI pH 7.5,
0.5 M EDTA, 2.5 M NaCl, 10% (v/v) NP-40, 10% (w/v) SDS,
Triton X-100, and protease inhibitor cocktails (Cell Signaling
Technology, Inc.). The proteins were quantitated by Bradford
kits (Bio-Rad Laboratories Srl.). Sixty micrograms of protein
lysates were electrophoresed in 10% SDS-polyacrylamide gel
and blotted onto a polyvinylidene fluoride membrane (Bio-Rad
Laboratories Srl.). The proteins were blocked in 5% non-fat
dried milk diluted in 1X TBS/0.1% Tween-20. Primary anti-
bodies against E-cadherin (1:1,000 dilution, mouse anti-human
E-cadherin antibody, 13-1700, Invitrogen; Thermo Fisher
Scientific, Inc.), MMP-9 (1:200 dilution, mouse anti-human
MMP-9 antibody, 2C3, sc-21733, Santa Cruz Biotechnology,
Inc.), MMP-13 (1:100 dilution, rabbit anti-human MMP-13
antibody, H-230, sc-30073, Santa Cruz Biotechnology, Inc.),
BAX (mouse anti-human BAX antibody, 1:1,000 dilution,
610983, Becton Dickinson Holdings Pte. Ltd.), BCL-2 (rabbit
anti-human BCL-2 antibody, 1:2,000 dilution, ab196495,
Abcam) and B-actin (1:10,000 dilution, sc-47778, Santa Cruz
Biotechnology, Inc.) were used. The immunoreactive signals
were visualized by ECL (Thermo Fisher Scientific, Inc.) under
Gel Document Syngene (Syngene). The bands were quanti-
fied by ImageJ version 1.48v. $-actin was used as the loading
control protein to verify the amount of total loading protein.

Targeted next-generation sequencing. The genomic DNA
isolation of PC-B-142CA, PC-B-148CA, MDA-MB-231 and
MCEF-7 was performed using Cobas® DNA sample prepara-
tion kit (05985536190, Hoffman-La Roche) according to
manufacturer's instructions. The quantity of the extracted
DNA samples was determined using the Qubit dSDNA HS
Assay Kit (Q32854, Thermo Fisher Scientific, Inc.) and Qubit
2.0 fluorometer (Thermo Fisher Scientific, Inc.). One-hundred
nanograms of DNA was used as a template to generate
libraries by the GeneRead QIAact AIT DNA UMI Kit (181911,
Qiagen) and the GeneRead QIAact BRCA Advanced DNA
UMI panel (181925, Qiagen). Sequencing was performed
by the GeneReader NGS System (Qiagen). GeneRead UMI
Advanced Sequencing Q Kit (185251, Qiagen), GeneRead UMI
Advanced Sequencing Q Wash Buffers (185905, Qiagen) were
used according to the manufacturer instructions. Single-end
sequencing was performed on the GeneReader NGS System
(Qiagen). The single-end sequencing was performed. The
average read lengths were as follows: MDA-MB-231 [AIT
panel: 121.90 base pairs (bps)], MCF-7 (AIT panel: 111.38
bps), PC-B-142CA (AIT panel: 132.57 and BRCA panel:
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Table I. Demographic data of the patients and the characteristics of the established cell lines.

Characteristics PC-B-142CA PC-B-148CA
Patients
Origin Breast, metastasis to axilla skin Breast, right
Age (years) 58 50
Sex Female Female
Tumor size (cm?) 3.9x3.6x3.0 3.5x3.0x3.0
Gross pathology Angiolymphatic invasion Angiolymphatic invasion
Clinical stage v II
ER Negative Negative
PR Negative Negative
HER2 Positive Negative
Ki-67 Positive Positive
Cell lines
Growth pattern Adherent Adherent
Doubling time (h) 45.0+£3.0 155.7£5.2
CK Positive Positive
a-SMA Negative Negative
FAP Negative Negative
PD-L1 Positive Positive
ER Negative Negative
PR Negative Negative
HER2 Positive Negative

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; CK, cytokeratin; a-SMA, a-smooth

muscle actin; FAP, fibroblast-activation protein; PD-L1, programmed death-ligand 1.

126.73 bps), and PC-B-148CA (AIT panel: 119.04 and BRCA
panel: 99.17 bps). Quality control and variant data reviews
were performed in Qiagen Clinical Insight Analyze. Qiagen
Clinical Insight Interpret software was used for variant inter-
pretation and reporting. The sequences were submitted to
GenBank database (https:/www.ncbi.nlm.nih.gov/) under the
accession number: PRINA762209 (https://www.ncbi.nlm.nih.
gov/sra/PRINA762209). The BioSample accession numbers
were: SAMN21380367, SAMN21380368, SAMN21380369,
SAMN21380370, SAMN21380371 and SAMN21380372,
respectively.

Cancer stem cell analysis. PC-B-142CA and PC-B-148CA
cells were harvested and incubated with Allophycocyanin
(APC)-labeled anti-CD44 (21270446, ImmunoTools GmbH,
Friesoythe Germany, 1:10 dilution) and FITC-labeled
anti-CD24 (21270443, ImmunoTools GmbH, 1:10 dilution)
antibodies in 1X PBS/2% FBS for 30 min at 4°C. Mouse
IgG1 control FITC-conjugated (21275513, ImmunoTools
GmbH) and mouse IgG1 control APC-conjugated (21275516,
ImmunoTools GmbH) were used as the isotype controls. The
CytoFLEX flow cytometer (Beckman Coulter, Inc.) was used
for flow cytometric and data analysis using CytExpert soft-
ware version 2.1 (Beckman Coulter, Inc.).

Data collection and statistical analysis. The values are
represented as mean =+ standard deviation (SD) from three
independent assays. All statistical calculations were performed

with the SPSS version 17.0 (SPSS Inc.). The data from two
groups were analyzed by paired Student's t-tests and from
multiple groups by one-way repeated-measure analysis of
variance (ANOVA) followed by Tukey's post-hoc test using
GraphPad Prism software version 7.04 (GraphPad Software,
Inc.) or SigmaPlot 16.0v (Systat Software, Inc.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Characterizations of PC-B-142CA and PC-B-148CA.
PC-B-142CA cells were isolated from stage IV HER2-positive
breast cancer tissues with pathological features of negative ER
and PR, positive HER2 (>90%) and Ki-67 (47%). PC-B-148CA
was derived from a patient diagnosed with stage II TN breast
cancer with negative expression of ER, PR and HER2, but
positive Ki-67 (84%) (Table I). Fingerprint results confirmed
different origins of these 2 cell lines (Table SI). The
PC-B-148CA fingerprint was identical to that of the white
blood cells of the patient whose tissue was used to establish
PC-B-148CA (data not shown), while that of PC-B-142CA could
not be checked due to the unavailability of the sample. The
immunocytochemical staining results confirmed PC-B-142CA
as a HER2-positive breast cancer cell line, and PC-B-148CA
as a TN breast cancer cell line (Table I). PC-B-142CA revealed
a great karyotypic heterogeneity with 38 chromosomes with
a monosomy X chromosome (Fig. 1A) whereas PC-B-148CA
had around 47-58 chromosomes with loss of sex chromosomes
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Figure 1. Characterization of PC-B-142CA and PC-B-148CA cell lines. (A) Chromosomal pattern and growth properties of the two in-house established breast
cancer cell lines. The karyotype of PC-B-142CA (A) and PC-B-148CA (B) cells. (C) Proliferation properties of breast cancer cells by clonogenic assay staining
with 0.5% crystal violet was performed at day 10 after seeding. (D) The colony numbers were counted by photometric measurements using the CellCounter
software version 0.2.1. Three independent experiments were performed. (E) The morphology of cells under a phase contrast light microscopy with 0.5% crystal
violet staining; scale bars, 20 ym. (F) Growth curve analysis by counting viable cell numbers using the MTS assay at 0, 24, 48 and 72 h. "P<0.05; “P<0.01.

and several numerical and structural rearrangements and
unidentifiable aberrations (Figs. 1B and S1).

The colony formation assay exhibited that TN PC-B-148CA
had a significantly slower growth rate than the commercial TN
MDA-MB-231 (Fig. 1C and D). PC-B-142CA formed a colony
faster than PC-B-148CA, but slower that MDA-MB-231.
PC-B-142CA had a very small size and grew in cluster of cells,
whereas PC-B-148CA showed a polygonal shape (Fig. 1E).
The growth rates of PC-B-142CA and PC-B-148CA were
lower than those of MDA-MB-231 and MCF-7 (Fig. 1F).
PC-B-148CA had the slowest growth rate among these four
cells with a doubling time of 155.7+5.2 h, while that of
PC-B-142CA was 45.0+3.0 h (Table I).

Morphology and cellular markers of PC-B-142CA and
PC-B-148CA. PC-B-142CA cells adhered to form a big
tight colony with blurred cell borders (Fig. 2A, bright field),
while PC-B-148CA exhibited characteristic of spindle shape
with multiple processes and seldom multinucleated cells
(Fig. 2C, bright field). PC-B-148CA had a bigger cell size
than PC-B-142CA. Both cells were positive for all CKs
but no a-SMA and FAP fibroblast markers were detected
(Fig. 2A and C). PD-L1 was found in both PC-B-142CA and
PC-B-148CA. The immunocytochemistry staining confirmed
positive expression of HER2 in PC-B-142CA, whereas
negative ER, PR and HER2 were detected in PC-B-148CA
(Fig. 2A and C). The 3-D spheroid of PC-B-142CA was larger
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Figure 2. Morphology of the in-house breast cancer cells. (A) PC-B-142CA and (C) PC-B-148CA cell lines. Typical morphology of stable culture cells under a
phase contrast light microscopy (x200 magnification; scale bars, 50 gm). (Top panels) Expression of biological markers of epithelial cells by immunofluorescence
staining of PanCK (red fluorescence), CK-19 (red fluorescence), PD-L1 (green fluorescence), a-SMA (red fluorescence) and FAP (green fluorescence); images
captured at x400 magnification; scale bars, 20 ym. Staining with Hoechst33342 (blue fluorescence) was conducted to visualize chromatin. (Lower left panels)
Phase-contrast micrographs showing the immunohistochemistry staining of ER, PR and HER2; scale bars, 20 ym. (B and D) The 3-D formation ability is
shown by 3-D spheroids at day 5 and 3-D organoids at day 14. Invadopodia were observed in only 3-D PC-B-148CA cells (black arrow). CK, cytokeratin;
PD-L1, programmed death-ligand 1; a-SMA, a-smooth muscle actin; FAP, fibroblast-activation protein; ER, estrogen receptor; PR, progesterone receptor;

HER?2, human epidermal growth factor receptor 2.

than that of PC-B-148CA (Fig. 2B and D). The 3-D mean diam-
eter continuously increased with time from 0.048+0.04 pm?®
at day O to 0.118+0.21 ym? at day 5 for PC-B-142CA and
from 0.021+0.04 pm?® at day 0 to 0.095+0.058 pum? at day 5
for PC-B-148CA. The aggregation and compaction of 3-D
organotypic modeling was observed at day 14 of culture. The
3-D organoids of PC-B-142CA exhibited a round shape with
smooth surface, whereas those of PC-B-148CA had invado-
podia representing the specialized adhesive structures capable
to invade surrounding tumor microenvironment. This similar
feature was also observed in the PC-B-148CA spheroid.

Migration and cancer stem cell properties of PC-B-142CA and
PC-B-148CA. MBA-MB-231 TN breast cancer cells confirmed
their most rapid migration by wound healing and Transwell
migration assays in 10% FBS media (Fig. 3A and D). The
results showed that PC-B-148CA closed a 70% wound gap at
24 h (Fig. 3A and C), while at this time point, PC-B-142CA
had only 30% wound closure and needed more than 96 h to
completely heal the wound gap (data not shown). We tried to

culture it in serum free, unluckily, the cells did not grow conflu-
ently and we could not do wound scratching. The primary
cells did not tolerate serum starving as well as the established
cell lines, hence wound healing assay in our experiment was
performed in the presence of serum. The doubling times of
PC-B-142CA and PC-B-148CA were approximately 45+3.0
and 155.7+5.2 h, respectively, implying that within 24 h of this
assay, cells did not proliferate. The Transwell migration assay
essentially confirmed the migration capability observations
from high to low as: MBD-MB-231>PC-B-148CA>MCF-7>P
C-B-142CA (Fig. 3D). The western blot analysis of the proteins
involved in cancer cell migration exhibited that E-cadherin was
basally expressed in all 4 cell lines in this study and showed
the highest level in MCF-7, especially, the 120-kDa mature
isoform whereas MMP-9 and MMP-13 were markedly higher
in MDA-MD-231 and PC-B-148CA cells (Fig. 3E-H).

CD24/CD44* representing cancer stem cells (CSCs) of
breast cancer, were detected in PC-B-142CA and PC-B-148CA
as 8.75 and 96.9% (Fig. 3I and J). MDA-MB-231 had around
98.1% CSCs, while that of MCF-7 was 65.0%.



SPANDIDOS .
| PUBLICATIONS ONCOLOGY REPORTS 46: 254, 2021 7

A B C 1501
30 min 18 h 24 h 24h o
- .T\‘:‘.‘,. STRATIDY o | " :** . Ty
PR S100{ &
MDA-MB-231 AT ES ,g o
o 3 501
R ——— =
& 1“"-,; 2
) e | 0-
MCF-7 | i\i’ RO 2 B Time () 01824 01824 01824 01824
R e MDA-MB- MCF-7 PC-B- -148CA
; 231 142CA
150

PC-B-142CA |
o~

-
=]
o

]
o

PC-B-148CA

No. cell migration
per flied

as N < <
S8 & & 8
- < < < = I =
Y 3 @ F E-cad/B-actin G MMP-9/B-actin H  MMP-13/-actin
a o b '
s 5 £ %
E-cad W w20

MMP-Ql- ---|92
MMP-13|-— — —|48

B-actin | o — — — | 42
1 2 3 4

J [ CD24-CD44-
MDA-MB-231 Isc  MDA-MB-231 MCF-7 Iso MCF-7 8 CD24-CDA44+
1 0.03 ]98.1 0.48 0.02| ]65.0 3.90 150 s o
9 @ e *
i o 100 4 # 2
014 11.36 0.02 2990 020 o
—— . 2
% 50
PC-B-142CAlso  PC-B-142CA PC-B-148CAlso  PC-B-148CA &
18.75 5.66 1969 | 040 2 #
i 1 0 'll
; b s < <
o 1 . g b Q 3
< i 1 = = = -
3 i52.00  33.60 1271|002 o @ @
B ' . o g
©  CcD24-FITC > =

Figure 3. Migration ability of PC-B-142CA and PC-B-148CA cells compared to commercial MDA-MB-231 and MCF-7 cell lines. (A) The migration assay
was performed by scratch wound assay at 30 min, 18 h and 24 h after incubation, and (B) Transwell migration assay at 24 h. Representative images captured
at x400 magnification; scale bar, 20 ym, are shown. (A and C) Photographs of scratch wound were taken and the width of the wound area was measured at the
indicated times. The graphs report the rate of wound healing (%) for each time point estimated using ImageJ software. Data represent the average + SD wound
calculated for three different fields per each condition in three independent experiments. (D) Quantitation of the migratory cells in 5 fields randomly chosen
was performed with ImagelJ. Data represent the number of migrated cells in triplicate. (E) Western blot analysis of E-cadherin, MMP-9 and MMP-13 proteins
in different breast cancer cells. 3-actin was used as a loading control. (F-H) Densitometry data from three separate experiments, expressed as mean + standard
deviation (SD) are shown in the histograms. (I and J) Flow cytometry analysis of PC-B-142CA and PC-B-148CA cells using CD44 and CD24 markers.
MDA-MB-231 and MCF-7 were used as control. An isotype (Iso) was used as a control to each cell line. “Compared to the CD24-CD44- population. "P<0.05,
“P<0.01, ""P<0.001. MMP, matrix metalloproteinase.

DOX and PTX resistance of PC-B-142CA and PC-B-148CA.  concentrations of DOX and PTX (0.01, 0.1, 1 and 10 uM)
To determine the relevant toxic concentration of DOX and  and cell viability was assayed at 24, 48, 72 and 96 h. In 2-D
PTX, the breast cancer cells were exposed to the increasing  culture, 0.01 xM of DOX (Fig. 4C) or 1 uM of PTX (Fig. 4D)
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Figure 4. DOX and PTX induce cell death in PC-B-142CA and PC-B-148CA cells. (A) PC-B-142CA and (C) PC-B-148CA cells were plated and exposed to
0,0.01,0.1, 1 and 10 uM of DOX and (B) PC-B-142CA and (D) PC-B-148CA cells were treated with 0,0.01, 0.1, 1 and 10 uM of PTX for 24, 48,72 and 96 h
(0 h was used as the normalization). Quantitative results of MTS staining were performed in triplicate. (E and F) Phase-contrast micrographs showing the
morphology of 3-D sphere-formation of two breast cancer cell lines tested with 0, 1 and 10 M of DOX (E) and of PTX (F) were tested for 72 h (day 7 of
culture). Images were captured at X200 magnification; scale bar, 50 ym. (G and H) Expression of BAX and BCL-2 in PC-B-142CA and PC-B-148CA treated or
not with 0, 1 and 10 uM of DOX (G) and of PTX (H) for 72 h. $-actin was used as protein loading control. Densitometry analysis of the relative band intensity
of the western blotting. “P<0.05; “P<0.01 and ““P<0.001 compared with the untreated control. DOX, doxorubicin; PTX, paclitaxel.

was the minimum concentration which elicited the highest
toxic effect in PC-B-148CA cells, whereas no cytotoxic effect
was found in the PC-B-142CA cell line (Fig. 4A and B).
Interestingly, 3-D spheroid formation showed that after
exposure to 1 uM DOX and 10 yuM PTX, the size of tumor
spheroids was significantly reduced from the control without
drug treatment in PC-B-142CA and PC-B-148CA cells at 72 h
(Fig.4E and F). Moreover, DOX and PTX-treated PC-B-142CA
and PC-B-148CA increased the pro-apoptotic BAX protein,
while decreased the expression of the anti-apoptotic BCL-2
protein (Fig. 4G and H).

Mutation of the drug-targeted genes. Drug-targeted gene
mutations were checked in the PC-B-142CA and PC-B-148CA
cells in comparison to those in the MDA-MB-231 and MCF-7
cells (Table II). The pathogenic mutations represented the
variants well established as disease causing including KIT
(E839K, 50.0%), PIK3CA (C420R, 68.0%), SMAD4 (Q224%,
100.0%, * represented stop codon), and TP53 loss-of-func-
tion (I202T, 98.0%) were detected in PC-B-142CA, whereas
BRCA2 (T3033fs*11, 16.0%) and TP53 (R196%*, 100%)
loss-of-function, and NRAS gain-of-function (G12C, 35.0%)
were found in PC-B-148CA. ERBB2 amplification and
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Table II. The drug-targeted gene alterations in the breast cancer cell lines.
% Mutation (Pathogenic®)

Nucleotide Amino acid
Gene Exon alteration variant MCF-7 MDA-MB-231 PC-B-142CA PC-B-148CA
ALK 29 c4587C>G p.D1529E WT 62.49% 33% 31%
ALK 29 c4472A>G p.K1491R WT 64.03% 33% 32%
ALK 29 c4381A>G pI1461V 99% 99.03% 99% 99%
ALK 23 ¢.3600G>C p-A1200A WT WT WT 34%
ALK 18 c.3036G>A p.T1012T WT WT 65% WT
ALK 15 c.2535T>C p.G845G 100% WT 65% WT
ALK 2 c.702T>A p.P234P 100% 66.88% 68% 100%
ALK 1 c27C>G p.L9L 100% 100% 100% 100%
PIK3CA 1 c.-77+8483C>T - WT 28.28% WT WT
PIK3CA 1 c.-76-23509A>G - WT 30.66% WT WT
PIK3CA 10 c.1633G>A p.E545K 58%* WT WT WT
PIK3CA 8 c.1258T>C p.C420R WT WT 68%* WT
FGFR3 14 c.1953G>A p.T651T 100% 99.15% 99% 100%
PDGFRA 7 c.939T>G p.G313G WT 35.17% 48% WT
PDGFRA 10 c.1432T>C p.S478P WT 30.59% WT WT
PDGFRA 12 c.1701A>G p.P567P 99% 99.44% 100% 100%
PDGFRA 13 c.1809G>A p-A603A WT 35.37% WT WT
PDGFRA 18 c.2472C>T p-V824V WT 34.80% WT WT
KIT 16 c.2362-T71G>A - WT 36.76% WT WT
KIT 18 ¢.2586G>C p.L862L WT 34.51% WT WT
KIT 18 c2515G>A p.E839K WT WT 50%* WT
EGFR 4 c474C>T p.-N158N 100% 25% WT 100%
EGFR 13 c.1562G>A p.R521K WT WT 100% WT
EGFR 16 c.1968C>T p.-H656H 83% WT WT 49%
EGFR 18 c.2184+19G>A - 78% WT WT 48%
EGFR 20 c.2361G>A p-Q787Q 99% 98.77% WT 48%
EGFR 25 c.2982C>T p.D994D 83% WT 34% 100%
BRAF 15 c.1805C>G p.S602C WT WT 45.00% WT
BRAF 16 c.1929A>G p.G643G WT 99.36% 100% WT
BRAF 11 c.1391G>T p.G464V WT 96.08%* WT WT
KRAS 5 c.*2505T>G - 31% WT WT WT
KRAS 2 c.38G>A p.G13D WT 98.83%" WT WT
ERBB2 - - - WT WT Amplificationa WT
ERBB2 27 ¢.3508C>G p.P1170A 99% 98.51% 3.77% WT
ERBB2 17 c.1960A>G pl654V 100% WT WT WT
ERBB2 17 c.1963A>G pl655V 100% WT WT WT
ERBB2 27 c.3631C>G p.P1211A WT WT 3.67% WT
ERBB2 27 c.3651C>T p.F1217F WT WT 421% WT
ERBB3 27 ¢.3355A>T p.S1119C WT WT WT 99%
ESR1 10 c.1782G>A p.T594T 65% WT WT 56%
ESR1 3 c.30T>C p.S10S 23% WT 100% WT
MAP2K2 2 c.192C>T p.V64Vv WT 53.04% WT WT
MET 20 c.3912C>T p.D1304D 49% WT 99% 67%
NOTCHI1 27 ¢.5094C>T p.D1698D 43% WT 99% 99%
SMAD4 6 c.670C>T p.Q224* WT WT 100%* WT
BRCAI 10 c.2612C>T p.P871L ND ND 93% WT
BRCA2 10 c.1274C>G p.S425C ND ND 99% WT
BRCA2 10 c.1114A>C p.N372H ND ND WT 99%
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Table II. Continued.

BRCA2 11 cA4563A>G p.L1521L ND ND WT 100%
BRCA2 11 c.6513G>C p.V2171V ND ND WT 99%
BRCA2 14 c.7397T>C p.-V2466A ND ND WT 100%
BRCA2 17 ¢.7806-14T>C - ND ND 100% WT
BRCA2 23 ¢.9097dupA p-T3033fs*11 ND ND WT 16%*
TP53 6 ¢.586C>T p.R196* ND ND WT 100%*
TP53 8 c.839G>A p.R280K ND ND WT WT
TP53 4 c.215C>G p.P72R ND ND WT WT
TP53 7 c.695T>C p.1232T ND ND 98%* WT

*, stop codon; -, not found; WT, wild-type; ND, not done. “Pathogenic mutation: the variant which is considered and well established as disease
causing. ALK, anaplastic lymphoma kinase; PIK3CA, phosphatidylinositol 3-kinase, catalytic subunit a; FGFR3, fibroblast growth factor
receptor 3; PDGFRA, platelet derived growth factor receptor a; KIT, proto-oncogene, also known asc-Kit; EGFR, epidermal growth factor
receptor; ERBB2, Erb-B2 receptor tyrosine kinase 2, also known as HER2/neu; ERBB3, Erb-B2 receptor tyrosine kinase 3; ESRI, estrogen
receptor 1; MAP2K2, mitogen-activated protein kinase kinase 2; MET, MET proto-oncogene; receptor tyrosine kinase; NOTCHI, Notch
receptor 1; SMAD4, SMAD family member 4; BRCA1/2, breast cancer 1/2.

PIK3CA mutation at exon 8 (c.1258T>C, 68%) were found
in PC-B-142CA.

Discussion

The incidence of breast cancer in females is increasing world-
wide (3). Luminal breast cancer is the most common subtype
whereas HER2-positive is the second most common (6). High
local recurrence and bone metastasis in patients with luminal
breast cancer is commonly detected during a 2- to 5-year
period (15). The median overall survival for metastatic TN
breast cancer is approximately 1 year compared to approxi-
mately 5 years for the other 2 subtypes (6). Moreover, drug
resistance is common in all breast cancer types despite the
different treatment modalities applied (16). Several breast
cancer cell lines are existing and widely used in research fields.
In the present work, two novel cell lines from tumor tissues
of two breast cancer patients diagnosed with HER2-positive
and triple-negative (TN) breast cancer were established and
designated as PC-B-142CA and PC-B-148CA. The character-
ization for their biological, molecular, and genetic properties
confirmed that PC-B-148CA had high aggressive properties
including migration, doxorubicin (DOX)/paclitaxel (PTX)
resistance and stemness properties, whereas HER2-positive
PC-B-142CA had pathogenic gene mutations related to the
resistance to several chemotherapeutic drugs.

Both PC-B-142CA and PC-B-148CA cell lines grew as
adherent monolayer cells with morphology of epithelial cells.
The PC-B-142CA proliferation rate doubling time compared
to PC-B-148CA was around 45 vs. 155 h. The presence of
fibroblast-activation protein (FAP) and a-smooth muscle actin
(a-SMA) confirmed the characteristic of cancer-associated
fibroblasts (17), whereas the presence of cytokeratin (CK)
represented cancer cells (18). Thus, having negative a-SMA and
FAP, with positive CK ensures the purity of PC-B-142CA and
PC-B-148CA without fibroblast contamination. The expression
of programmed death-ligand 1 (PD-L1) in both PC-B-142CA
and PC-B-148CA cell lines implies the ability of these cells to
resist T cell killing as PD-L1 is a checkpoint molecule acting

as a break to inhibit T cell function (19,20). Atezolizumab,
an anti-PD-L1 antibody, has just been approved by the US
Food and Drug Administration (US FDA) for use in combi-
nation with chemotherapy for the treatment of patients with
PD-LI1-positive, non-operable, locally advanced/metastatic
TN breast cancer (21). Hence, PD-L1-expressing PC-B-142CA
and PC-B-148CA cells may be a valuable aid in the search to
overcome immune checkpoint-mediated T cell dysfunction in
breast cancer.

It is widely acknowledged that cancer stem cells (CSCs)
serve as an important part in the occurrence and development
of tumors on account of their ability for self-renewal, differ-
entiation, proliferation and induction of tumor growth (22,23).
Surface CD44, overexpressed in several types of cells,
is a cell-surface glycoprotein involved in tumorigenesis,
metastasis and recurrence (24,25). PC-B-148CA showed
the highest stemness property. TN breast cancer cell lines
including MDA-MB-231, MDA-MB-436, Hs578T, SUM1315
and HBL-100 with a higher percentage of CD44*/CD24"
cells (>30%) express higher levels of pro-invasive genes and
are highly invasive (26). PC-B-148CA cells showed marked
migration activity when compared to the PC-B-142CA cells.
This property was found to be correlated with the histological
data of the tissue of origin of PC-B-148CA cells including
invasive lobular carcinoma and angiolymphatic invasion.
Serum starving is the most common non-pharmaceutical
method for minimizing proliferation in wound healing assays,
but the degree of serum starving has to be calculated for each
cell type under investigation (27). Please note that primary
cells do not tolerate serum starving as well as established cell
lines. PC-B-142CA and PC-B-148CA cells were tested for
their migration capability in the presence of serum. Hence, the
proliferation parameter cannot be ruled out from this assay
results.

Metastatic cancer cells invade surrounding tissues and
blood vessels by forming F-actin-rich protrusions known as
invadopodia, which degrade the extracellular matrix and enable
invasion of tumor cells (28). The proportion of CD44+/CD24-
in breast cancer cell populations has been reported to enrich
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mammosphere formation (29) and tumorigenesis in mice (30)
and have been well studied (31). Invadopodia were observed
in PC-B-148CA cells forming as 3-D structures, both spheroid
and organoid. A key step in tumor progression is the transi-
tion of stationary epithelial cells to become motile by the loss
of cell-cell adhesion and matrix degradation. The process of
epithelial-mesenchymal transition (EMT) exhibits molecular
hallmark by downregulation of E-cadherin (26,32). The
phenotype of cell migration was consistent with the western
blot analysis which revealed low expression of E-cadherin in
the PC-B-148CA cells. All of these characteristics support the
high invasive property of PC-B-148CA cells. However, MCF-7
cells have a high E-cadherin, yet a high migration rate was
detected. This may be explained by the fact that not only the
E-cadherin level reflects the migration ability, but also other
proteins such as matrix metalloproteinases (MMPs) and
N-cadherin were previously found with high levels in MCF-7
cells (33,34). In breast cancer, overexpression of several MMPs
has been reported which is generally associated with breast
tumor progression. MMP-9 is a potential biomarker which is
widely found to play a role in tumor invasion, metastasis and
angiogenesis and to mediate tumor microenvironment (35).
MMP-9 protein expression in MDA-MB-231 and MCF-7 cells
was found to be significantly higher than in normal breast
cells (36). Since MMP-13 is expressed in a broad range of breast
cancer cells, it has emerged as a novel metastatic biomarker.
MDA-MB-231 breast cancer cells that secrete higher levels of
MMP-13 are less aggressive than MCF7 cells (37). Consistent
with our results, MMP-9 and MMP-13 were highly expressed
in MDA-MB-231, MCF-7 and PC-B-148CA cells when
compared with these levels in PC-B-142CA cells. The lack of
N-cadherin expression assessment is a limitation of this study.

The 3-D spheroid and 3-D organoid models enable
mimicking of the in vivo tumor condition in patients (38). Both
PC-B-142CA and PC-B-148CA cell lines showed the capa-
bility of producing 3-D multicellular tumor spheroids and 3-D
tumor organoids. Additionally, cells within tumor spheroids
may have activities similar as that in a patient's body, promo-
tion of migration and invasion; such features are absent in 2D
culture. The different sensitivity to DOX or PTX was detected
in these two cell lines. DOX and PTX had a strong impact on
the spheroid size of both PC-B-142CA and PC-B-148CA cell
lines, with small size and outer loose layer of sphere cells in a
dose-dependent manner.

In the mutation analysis, ERBB2 (a gene encoding the
HER?2 protein) amplification found in PC-B-142CA cells
was consistent with the presence of HER2 by an immuno-
cytochemistry result and confirmed that it had originated
from HER2-positive breast cancer tissue. Five mutations of
drug-targeted genes including KIT, PIK3CA, SMAD4 and
TP53 found in PC-B-142CA together with the ERBB2 ampli-
fication are related to the resistance of several targeted drugs.
Amplification of HER?2 together with PIK3CA may aggra-
vate the resistance to HER2-targeted drugs and suggest the
combination of treatment with PI3K inhibitors (16). Multiple
advances in the treatment of HER2-positive breast cancer
due to multiple mutated genes were found leading to the
benefit of the combination of HER?2 and targeted inhibitors.
PI3KCA mutant HER2-positive bearing mice demonstrated
tumor regression after combined lapatinib and trastuzumab
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treatment (39). Further studies using PC-B-142CA as a model
of drug resistance may be valuable for identification of better
targeted molecules in HER2-positive breast cancer.

Astothereview of literature, the well-known HER2-positive
breast cancer cell lines are the cells with HER2 gene overex-
pression and more aggressive phenotypes. In comparison to
these existing cell lines, the newly established PC-B-142CA
cell line exhibited BRCAI and BRCA2 mutations. BRCAI
mutation at exon 10 (c.2612C>T) was found in PC-B-142CA
(93%) cells and the BRCA2 mutation showed in exon 10
(c.12740C>G, 99%) and exon 17 (c.7806-14T>C, 100%).
Commercial HER2-positive cell lines including AUS565,
HCC1569, HCC1954, HCC202, KPL-4, OCUB-F, SKBR3,
SKBR5, SUMI90PT, SUM225CWN and UACC893 cells have
wild-type BRCAI (12,40,41). The breast cancer susceptibility
genes, BRCA1 and BRCA2, are critically involved in the repair
of DNA double-strand breaks (42) and drug resistance in cancer
treatment (43). The BRCAI and BRCA2 mutations showed an
association with the development of breast cancer (44), ovarian
cancer (45), prostate cancer (46) and pancreatic cancer (47).
The BRCA1/2-mutated PC-B-142CA cells can be used in the
area of breast cancer research for insight into the effect of
BRCA aberration in breast cancer progression.

Moreover, ERBB2 amplification was found in
HER2-positive PC-B-142CA cells which may be related to
drug resistance of anastrozole, anthracycline, capecitabine,
docetaxel/trastuzumab, exemestane, fulvestrant, lapatinib,
lapatinib/letrozole, lapatinib/trastuzumab, letrozole, nera-
tinib, pertuzumab, pertuzumab/trastuzumab, tamoxifen and
trastuzumab/emtansine; whereas PIK3CA mutation at exon 8
(c.1258T>C) is a pathogenic mutation correlated with alpelisib
and combined alpelisib/fulvestrant resistance.

In the PC-B-148CA cell line, the gain-of-function muta-
tion of NRAS (G12C) leads to NRAS activation involving
the RAS/RAF/MARK/PI3K pathway resulting in drug resis-
tance (48). In addition, the loss-of-function mutations of BRCA2
(16%) and TP53 (100%) were found in PC-B-148CA cells, which
is common in tumorigenesis (49,50). Loss of TP53 is common in
advanced cancers; TP53 exon 6 single nucleotide variant mutant
displays a relationship in promoting cancer cell proliferation,
survival and EMT features (51,52). In comparison to TP53
mutations in MDA-MB-231 cells, over 90% of the mutations
in TP53 in MDA-MB-231 were found at exons 8 (codon 280:
Arg>Lys (R280K) (53), that indicates the impact of mutant
TP53 upon the tumorigenic properties of MDA-MB-231 cell
by loss of cytoplasmic pro-apoptotic activity (54). There are no
mutations of 7P53 in MCF-7 cells (53,55).

In conclusion, this study established two breast cancer
cell lines from HER2-positive and TN breast cancer cell lines
and characterized their tumorigenic phenotypes including
cell growth, migration and DOX/PTX responses and targeted
drug-related gene aberrations. PC-B-142CA cells can serve
as a novel HER2-positive cell line for drug resistance and
unravelling the effect of BRCA aberration in breast cancer
progression, while PC-B-148CA is anovel TN cell line suitable
for invasive and stemness-related properties. Further in vivo
study on these two breast cancer cells, such as tumor biology,
cellular and molecular carcinogenesis and drug response,
are needed. Importantly, these novel breast cancer cell lines
represent valuable tools in breast cancer research.
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