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Abstract: Multidrug chemoresistance is a major clinical obstacle in breast cancer treatment. We aimed to elucidate
the sensitivity to therapeutics in gemcitabine-resistant breast cancer models. Pooled library screening combined
with RNA-seq was conducted to explore the potential targets involved in gemcitabine resistance in breast cancer
cells. Cytotoxicity and tumor xenograft assays were used to evaluate the effect of calcium-activated channel sub-
family N member 4 (KCNN4) inhibitors on the cellular sensitivity of breast cancer cells to chemotherapeutic drugs
both in vitro and in vivo. We found that KCNN4 is an important determinant for the cytotoxicity of gemcitabine.
Elevated KCNN4 expression enhanced resistance to chemotherapeutic antimetabolites and promoted cell prolifera-
tion. Conversely, silencing KCNN4 or chemical inhibition of KCNN4 by the specific inhibitor TRAM-34 inhibited the
chemoresistance and cell proliferation. Mechanistically, KCNN4 upregulated BCL2-related protein A1 (BCL2A1) to
suppress apoptosis by activating RAS-MAPK and PI3K-AKT signaling. Moreover, high expression levels of KCNN4
and BCL2A1 were associated with shortened disease-free survival in the cohort studies. Collectively, our findings
showed that KCNN4 is a key modulator of progression and drug resistance in breast cancer, indicating that target-
ing KCNN4 may serve as a promising therapeutic strategy to overcome multidrug chemoresistance in this disease.
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Introduction

Breast cancer is the most frequently diagnosed
malignancy and the second leading cause of
cancer-related death among females world-
wide [1]. Although substantial advances in can-
cer biology and clinical treatment have been
achieved, the heterogeneity of breast cancer,
which has led to the emergence of several
molecular subtypes, is still one of the major
challenges for successful treatment. Each of
these subtypes has different risk factors for the
incidence, therapeutic response, disease pro-
gression, and preferential organ sites of metas-
tases [2]. Accordingly, integrated therapy, in-
cluding hormone therapy, radiation therapy,
chemotherapy, targeted therapy and even im-
munotherapy, is indicated in current clinical
practice. Chemotherapy with various agents
and regimens remains the fundamental treat-

ment to eliminate breast cancer regardless of
molecular subtypes.

Multiple studies have indicated that chemo-
therapy substantially improves the survival out-
comes of breast cancer patients and quality of
life. The EBCTCG meta-analysis demonstrated
that standard anthracycline-plus-taxane-based
adjuvant chemotherapy reduced the relative
risk of breast cancer-related mortality at 10
years by 33% compared to no chemotherapy,
with an overall absolute benefit of 10% [3].
Nevertheless, half of patients may fail to bene-
fit from chemotherapy as a result of drug resis-
tance [4]. According to the American Cancer
Society, treatment failure in more than 90% of
patients with metastatic cancer is considered
to be caused by resistance to chemotherapy
[5]. Moreover, cells resistant to the drugs used
in chemotherapy exhibit cross-resistance to


http://www.ajcr.us

The KCNN4-BCL2A1 axis in breast cancer

other structurally and mechanistically unrelat-
ed drugs [6]. Unfortunately, the genomic and
molecular bases of chemoresistance remain
poorly understood.

The mechanisms determining the chemoresis-
tance of breast cancers, whether intrinsic or
acquired, are complicated and involve various
molecules. Several molecular mechanisms are
associated with the chemo-resistant pheno-
type of breast cancer, including induction of
DNA damage [7], increased efflux and reduced
influx, and dysregulation of key oncogenic sig-
naling pathways [8]. Although extensive labora-
tory and clinical investigations have been con-
ducted to elucidate the underlying biological
mechanisms, most yielded mixed results. Fur-
thermore, the dynamic evolution of chemore-
sistance limits the successful treatment of
breast cancer. Consequently, exploring efficient
approaches to address this problem and
improve the cancer cure rate is one of the pri-
orities of current cancer research [9].

Accumulating evidence supports gemcitabine
as a first-line therapeutic agent in metastatic
breast cancer [10], and some mechanisms
involved in gemcitabine resistance were report-
ed in our previous study [11]. On this basis,
herein, we applied high-throughput gain-of-
function library screening technology to identify
potential genes related to the gemcitabine-
resistant phenotype of breast cancer and to
explore further molecular mechanisms. Finally,
we aimed to identify a strategy to combat
refractory breast cancer.

Material and methods
Cell culture and reagents

The HEK293T cell line was obtained from the
Shanghai Cell Bank Type Culture Collection
Committee in 2014. The human breast cancer
cell lines MDA-MB-231 (MDA-231), MDA-
MB-468 (MDA-468), MDA-MB-453 (MDA-453),
ZR-75-1 and HS578T were obtained from the
American Type Culture Collection (ATCC). The
gemcitabine-resistant cell line MDA-231-Gem
was established in our previous study. All cell
lines were cultured in complete medium sup-
plemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Invitrogen, Carls-
bad, CA, USA) according to the ATCC recom-
mendations. Gemcitabine, cytarabine (Ara-C),
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paclitaxel (PTX), docetaxel (DOX) and triaryl-
methane-34 (TRAM-34) were purchased from
Selleck (http://www.selleckchem.com) and dis-
solved in DMSO for stock solutions.

Gemcitabine resistance gene barcoding
(GRGB) library construction, virus production
and cell transduction

In the 40 Gene Ontology (GO) terms that were
primarily enriched, we searched and matched
the ORFs based on 145 genes from the human
open reading frame library (hORFeome 5.1). A
semirandom 30-bp-long barcode sequence
and a flanking primer pair for barcode amplifi-
cation were synthesized by integrated DNA
technology. Double-stranded oligonucleotides
were generated by an annealing reaction and
ligated into a retroviral pDEST vector. All vec-
tors were validated by Sanger sequencing to
confirm their identity. After sequence verifica-
tion, the ORFs were transferred into the pDEST-
barcode vector by LR recombination to con-
struct sets of retrovirus-based pDEST-barcod-
ed-ORF vectors. Each ORF was labeled by two
unique barcode and control vectors. A total of
258 pDEST-ORF vectors were pooled as the
GRBG library. Retroviral supernatants were
generated by transient transfection of 293T
cells using polyetherimide and harvested 48 h
later. MDA-231 cells were infected using 8 ug/
ml polybrene (Sigma-Aldrich, Shanghai, CHN).
To ensure that most cells received only 1 viral
construct per cell, for retroviral infection, we
used a target multiplicity of infection (MOI) of
approximately 0.3, corresponding to 30% infec-
tivity after 2 yg/ml puromycin (InvivoGen, San
Diego, CA, USA) selection for 5 days.

Two-step PCR and MiSeq sequencing

Two-step PCR was used to amplify the barcode
sequence for next-generation sequencing by
introducing lllumina adaptors and 5-bp-long
index sequences using NEBNext High-Fidelity
2 x PCR Master Mix (NEB, Herts, UK). Am-
plification was performed with 22 cycles for the
first PCR and 11 cycles for the second PCR. For
the first PCR, 1.65 ug DNA per sample (assum-
ing 6.6 pg of gDNA per cell) was used to achieve
10000 x coverage over the GRGB library. For
each sample, we performed 6 separate 50-ul
reactions with 300 ng gDNA in each reaction
and then mixed the resulting amplicons. The
sequences for the primers used for barcode
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amplification for the first PCR are as follows:
F1: 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGttcttgtacaaagtggttcgea; R1: 5-GTCTCGTG-
GGCTCGGAGATGTGTATAAGAGACAGcctaccggt-

ggatgtggaat.

The second PCR was performed to attach
Illumina adaptors and to index the samples.
The second PCR was performed in a 50 pl reac-
tion containing 5 ul of the purified product from
the first PCR. Labeling each sample with unique
indexes enabled us to simultaneously multiplex
and sequence different biological samples. The
following primers were used for the second
PCR: F2: AATGATACGGCGACCACCGAGATCTAC-
AC [8-bp index] TCGTCGGCAGCGTC; R2: CAAG-
CAGAAGACGGCATACGAGAT [8-bp index] GTCT-
CGTGGGCTCGG. The resulting amplicons from
the second PCR were purified using AMPure XP
beads (Beckman Coulter, Nyon, Switzerland),
quantified using Qubit2.0 (Life Technologies),
mixed and sequenced using MiSeq (lllumina) at
the Chinese National Human Genome Center in
Shanghai (CHGCS).

Data analysis of next-generation sequencing
(NGS)

Raw FASTQ files were demultiplexed using
Geneious 7.0 (Biomatters, Inc., Auckland, New
Zealand) and divided into each sample accord-
ing to the different indexes. Reads were pro-
cessed to contain only the unique barcode
sequence and were aligned to the mapping ref-
erence sequence from the barcode library.
Then, the number of aligned reads for each
unique barcode sequence was calculated and
normalized as follows: normalized reads per
unique barcode for a given sample = reads per
barcode/total reads for all barcodes in the
sample x 106 + 1. After normalization, enrich-
ment scores (ESs) were calculated using the
log, (Day 14/Day O avg), log, (Day 7/Day O avg),
log, (Day 14 gem/Day 14 con) ratios of the nor-
malized read counts for each replicate or the
average of two biological replicates. The ES
indicates the change in relative abundance
observed in a gene relative to the difference in
abundance between the initial and final sam-
ples for the control, and a positive ES indicates
enrichment in the proliferation or gemcitabine
resistance assays. Hierarchical clustering an-
alysis and heatmap construction were perfor-
med using MeV4.0 (Dana-Farber Cancer Insti-
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tute, Boston, USA). The avg ES indicates the
average of two biological replicates.

Quantitative RT-PCR

RNA was extracted using TRIzol, and quantifica-
tion was performed using TM7900. cDNA was
generated using the SuperScript Ill First Strand
Synthesis System for RT-PCR (Invitrogen). cDNA
was subjected to quantitative PCR in triplicate.
GAPDH was used as the housekeeping gene to
normalize the data. The relative quantity was
determined using the AACt method.

Cell proliferation and cytotoxicity

Cell proliferation was assessed using the
IncuCyte live-cell imager (Essen BioScience,
Ann Arbor, MI, USA). Briefly, 2 x 102 cells were
seeded into 96-well plates and allowed to accli-
matize overnight. The plates were transferred
to the IncuCyte and cultured for a total of 7
days, with images collected every 12 h. The
medium was replaced every 2 days. To analyze
of cytotoxicity, the monolayers were treated
with escalating concentrations of drugs or
inhibitors with sulforhodamine B (SRB) assays.
Dose-response curves were constructed to
indicate the half maximal inhibitory concentra-
tion (IC50) of each reagent. All experiments
were repeated three times in triplicate.

Cell apoptosis analysis

Cells were collected, washed in PBS and
stained with an FITC Annexin V apoptosis detec-
tion kit (BD Bioscience), and apoptotic cells
were then identified and quantified by flow
cytometry following the manufacturer’s in-
structions.

Western blot

Protein extracts were generated as previously
described. Equal amounts of protein (20 ug)
were resolved by SDS-PAGE and subjected to
immunoblot analysis. Antigen-antibody interac-
tions were detected with ECL reagent (Am-
ersham, Amersham, UK). Proteins were detect-
ed using the following antibodies: KCNN4
(Abcam) and BCL2A1 (Signalway Antibody,
USA). Secondary antibodies were used at a
concentration of 1/5000 (Dako, Denmark).
Integrated density of bands of western blot was
calculated by Image J (NIH, Bethesda, MD, US).
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Mouse xenograft studies

All mouse studies were conducted using In-
stitutional Animal Care and Use Committee-
approved animal protocols in accordance with
the institutional guidelines. All mice were fe-
male and allowed to mature to 6-8 weeks prior
to injection. To determine the endogenous
functionality of KCNN4 and its inhibitor, single
cell suspensions of 1 x 10° cells (MDA-231/
CON or MDA-231/KCNN4-0E) in Matrigel were
orthotopically injected into the mammary
gland. Tumor outgrowth in the mice was mea-
sured twice weekly, and when an approximate
tumor volume of 100 mm?® was reached, the
mice were randomized to the treatment or con-
trol groups using covariate-adaptive random-
ization to minimize differences in baseline
tumor volumes. Drugs (25 mg/kg gemcitabine
or vehicle once a week, 25 mg/kg TRAM-34 or
vehicle daily) were simultaneously adminis-
tered by subcutaneous injection, and the tumor
volumes were measured twice weekly until the
end stage (an approximate tumor volume of 25
mm?). Tumors were measured with electronic
calipers, and the tumor volume was calculated
according to the formula Vol = 0.52 x L x W2,
For pharmacodynamics studies, the mice were
killed by asphyxiation in a chamber with an ade-
quate CO, flow per AVMA procedures, and the
tumors were removed, snap-frozen, and pre-
pared for immunohistochemistry.

Tissue microarray assay (TMA)

The tissue microarray assay was constructed
as previously described [11], which was con-
sisted of duplicated cores from different areas
of the same tumor to compare staining pat-
terns. Immunohistochemistry for KCNN4 and
BCL2A1 was conducted using a two-step pro-
tocol (GTVision™IIl).

Statistical analysis

Statistical analyses were performed using
SPSS Software version 22.0 (IBM SPSS Sta-
tistics, Chicago, IL, US) and Graph Pad Prism 7.
Student’s t test was used to determine the
statistical significance between experimental
groups. Survival outcomes were estimated us-
ing the Kaplan-Meier method and compared
between groups using the log-rank test. A two-
tailed P < 0.05 was considered significant. The
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results are presented as the mean and stan-
dard error of the mean (SEM).

Results

Identification of candidate genes associated
with gemcitabine resistance from a cell model

As our previous study showed, the MDA-231-
Gem subline displayed gemcitabine chemore-
sistance, and we further explored the molecu-
lar mechanism involved in gemcitabine resis-
tance. First, we performed a dose-response
analysis of gemcitabine in the MDA-231-Gem
cells compared with the parental cells. As
shown in Supplementary Figure 1A, the IC50
value for gemcitabine in the MDA-231-Gem
cells (IC50 = 190 nmol/l) was 100-fold higher
than that for the parental line (MDA-231, IC50
= 1.56 nmol/l). Next, we calculated the fold
changes of the differentially expressed genes
in the MDA-231-Gem cells compared to the
MDA-231 cells based on our previous mRNA
microarray data, and 829 genes with mRNA lev-
els elevated more than three times were identi-
fied (Supplementary Figure 1B). GO analysis
revealed 40 pathways with P < 0.01, most of
which were correlated with cell adhesion, cell
proliferation, drug resistance and so on. Finally,
145 genes involved in these pathways were
found to be available in ORFeome 5.1 after
removing the overlapping genes (Figure 1A).

Identification of genes contributing to gem-
citabine resistance through library screening

To systematically investigate the function of the
established gene sets, we applied a recombina-
tion-based retroviral expression system to high-
throughput screening. The library design, the
timeline and an overview of the screening are
shown in Figure 1B. Briefly, each gene with two
unique barcodes was cloned into an expression
vector. All of the clones were mixed in pools in
equal amounts to generate a library. Next, the
indicated cells were transduced with the library
virus at a low MOI (MOl = 0.3). Then, stable
cells were derived from selection with puromy-
cin for 5 days and subjected to proliferation and
cytotoxicity assays. Finally, genomic DNA, which
was extracted from the cells that survived to
Day 14 in the cell proliferation and drug
response screening, as well as from the original
cells after puromycin selection, was used for
NGS.

Am J Cancer Res 2020;10(10):3302-3315



The KCNN4-BCL2A1 axis in breast cancer

A -Log(P value)
GOterms  0.00 2.00 4.00 6.00 Available in ORFeome 5.1
cell adhesion |~ (S [ N=28
biological adhesion | EG— - — I EZ0 N=28
immune response _,7,,_,,_,,_,,_ CYBB | e [0 N=39
ossification [ - - - — B SOST | NOG [SPARC G TS N=9
bone development [N - - - — —- B 05T | NOG e TE N=9
cell-matrix adhesion g ... _.._._. 0. BEDAN e X N=6
phospholipid transport Lo s B ABCA1 |ATPS N=4

antigen procession and presentation

of peptide or polysaccharide antigen ~— T T T T T T g C07¢ IS - W N=8
cellmotion - ————m——— B CCL5 | FPR1 [SCC2NENN. 0 N=20
cell morphogenesis involved - —mmm R vVCAM1 . & N=28
in differentiation Total 145 ORFs(removed overlap)
B
s Proliferation analysis
22itis hORFeome 5.1 o Select for transduced
= Packaging into ... cells with puromucin
Recombination retrovirus pool  « ) » for5 day 14 Days
P NPl
Mixture Q O 2 %)% MDA-231 cells '@%
*eue "o infected at MOI=0. 3
Barcode Barcoding GEM Barcoding GEM
plasmid library plasmid library retrovirus library Gemcitabine treatment
Cc
£0.8- £ 08
k1 ©
g &
B D 04
9'30.4- S
3 ] % 0.0 o - w P < < ]

4 iy = bl - < N o — Mo T TN I o NN -0
200 5 BERSRSEIFEREOEI30PZREatiigyrsIdRoREE
Z < SBPEQIYeg=TOESERGULRELEY0%8550 Y
-0.4 é o o < e

D _ F

Barcode1 Barcode2 MDA-231/CON MDA-231-Lib 10 e %rrmn
— —100 80 = 80
& 60 Z 60 .
c 60 8
2 40 40 5 40
2 20 IC50=3.20nM 2] % IC50=77.90nM Q@ 20
[=
£ 9 0 0
106 10" _10* 106 10" 10¢ 2 6 10 14
Gem Concentration(uM) Time(days)
G = MDA-231/CON -+ MDA-231/CON - MDA-231/CON

= MDA- 231/CDA—OE = MDA-231/KCNN4-OE = MDA-231/MMP14-OE
00 100 100

1

80 80

60 60

40 401,

23 p<0.01 28 p=0.015

~ 0

S| 10° 107 10° 10° 107 10' 10° 10° 10°

c

£ | +~ MDA-231/CON ~ MDA-231/CON ~ MDA-231/CON

2 | >-MDA-231/C80rl4-0F  ~MDA231/FPRI-OE = MDA-231/BCL2A1-OE
[=

100
80 80 80
60 60 , 60
40 40 40
_—n 28 L p=0034 2N’ p=0.046 = p=0.037

045 0.45 10°_10° 10 104 102 10°
Gem Concentration(uM)

Figure 1. Design of the GRGB library and its application to functional screening for gemcitabine resistance-associat-
ed genes. A. GO analysis showed 40 gene sets with P < 0.01 and 228 genes constituting a set of resistance-related
candidate genes, including 145 ORFs. B. The design of the GRGB library and its screening schema are illustrated.
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C. Waterfall chart (left) showing the fold-changes of genes normalized by the log, (Day 14 gem/Day 14 con) ratios of
the read counts in MDA-231 cells. Histogram (right) indicating that a total of 32 genes were selected as contributors
to gemcitabine-resistant candidates. D. The clustering of the two barcodes revealed the enriched genes that were
consistent in the functional screens. The color scale represents the mean normalized log, (Day 14 gem/Day 14 con)
ratios of the read counts. E. MDA-231 cells were retrovirally transduced with the GRGB library or control vector. The
IC50 for MDA-231-Lib is presented. F. Cell proliferation assays were performed with MDA-231-Lib cells that were
exposed to a determined concentrations of gemcitabine (IC75) for 14 days. G. CDA, KCNN4, MMP14, C8orf4, FPR1
and BCL2A1 were validated as potential targets for gemcitabine resistance by the cytotoxicity in silico analysis. Ex-
periments were performed in triplicate, and representative results are shown.

Bioinformatic analyses showed that all of the
barcodes corresponding to each gene could be
aligned to the library (Supplementary Figure
2A). The cumulative distribution frequency
curves demonstrated no significant variation in
the total number of barcodes after screening
(Supplementary Figure 2B and 2C). The fold
changes calculated by the normalized read
counts of each gene are presented in Figure
1C. Consequently, with GFP as the negative
control and CDA as the positive control, 32
genes were selected as candidates contribut-
ing to gemcitabine resistance. Furthermore,
proliferation and cytotoxicity assays were per-
formed to validate the in silico analyses in sta-
ble MDA-231 cell lines. As shown in Figure 1G,
in addition to CDA, KCNN4, MMP14, C8orf4,
FPR1 and BCL2A1 were potential targets relat-
ed to gemcitabine resistance in breast cancer
cells.

KCNN4 is associated with chemoresistance

We identified some genes responsible for gem-
citabine resistance in breast cancer cells. Pro-
cesses involving proliferation and apoptosis
are common mechanisms for inducing drug
resistance in cancer cells. Based on this find-
ing and the fold change of the IC50, we select-
ed KCNN4 for further investigation. A series of
breast cancer cell lines were used to examine
the baseline expression level of KCNN4 by
western blots (Figure 2A). Variation of KCNN4
protein expression was detected in the cell
lines, with the strongest enrichment in the
MDA-231-Gem and MDA-468 cells; conversely,
MDA-231, HS578T, BT549 and MDA-453 cells
had relatively lower expression. Gain-of-
function assays conducted in MDA-231 and
HS578T cells (Supplementary Figure 3A and
3B) demonstrated that overexpression of
KCNN4 conferred gemcitabine chemoresis-
tance (Figure 2B-E). In contrast and as expect-
ed, loss-of-function assays conducted in MDA-
231-Gem and MDA-468 cells (Supplementary
Figure 3C and 3D) illustrated that depletion of
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KCNN4 resensitized the breast cancer cell lines
to gemcitabine (Figure 2F-I).

As immortalization and evasion of program-
med cell death are hallmarks of cancer cells,
most chemotherapeutics are designed based
on these theories. Therefore, cell proliferation
and apoptosis were examined in the indicated
cells. Figure 3A and 3B show that cells with
elevated expression of KCNN4 were highly in-
sensitive to anti-growth signals and resistant
to apoptosis and vice versa. We considered
whether KCNN4 has a general effect on gem-
citabine analogs in breast cancer cells. Accor-
dingly, some antimetabolites [gemcitabine and
cytosine arabinoside (Ara-C)] and taxanes (pa-
clitaxel and docetaxel) were used to determine
the function of KCNN4. Interestingly, cytotoxic-
ity assays supported our hypothesis to some
extent (Figure 3C and 3D), namely, aberrant
expression of KCNN4 also resulted in resis-
tance to Ara-C, a kind of antimetabolite, but
had a weak or even no influence on taxanes

(Supplementary Figure 4A and 4B).

Our results proved that KCNN4 is involved in
multidrug chemoresistance, especially antime-
tabolites.

KCNN4 activates the RAS-MAPK/PI3K-BCL2A1
signaling pathways

The strong effect of KCNN4 on cell prolifera-
tion, apoptosis and chemoresistance prompt-
ed us to examine the underlying mechanism
of this molecule. First, total RNA extracted
from MDA-231/KCNN4-OE cells and the corre-
sponding control cells was sent for RNA se-
quencing (RNA-seq). GO analysis was estab-
lished based on the RNA-seq results, which
revealed that the classical MAPK, NF-kB and
PI3K-AKT signaling pathways were the top pa-
thways (Figure 4A). Through the intersection of
differentially expressed genes from RNA-seq
and library screening, 14 genes with potential
roles in regulating breast cancer chemoresis-
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Figure 2. Establishment of KCNN4 overexpression or knockdown cell lines. A. The protein level of KCNN4 in a panel
of breast cancer cell lines was detected by western blot. B-E. Western blot and cytotoxicity assays of MDA-231 and
HS578T cells stably transduced with KCNN4 and their counterparts. F, H. Western blot assays of MDA-231-Gem
and MDA-468 cells stably infected with sh-KCNN4-expressing or sh-KCNN4-negative lentiviruses. G, I. Knockdown
of KCNN4 sensitized the cellular response to gemcitabine treatment; the IC50 for each cell line is presented. Experi-
ments were performed in triplicate and representative results are shown.

tance were obtained (Figure 4B-D). BCL2A1, and a high ranking, attracted our attention. The
with an explicit effect on the apoptotic process expression of BCL2A1 in various stable cell
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Figure 3. KCNN4 was associated with cell proliferation, apoptosis and anti-metabolism chemotherapeutic drugs
sensitivity. A. Cell proliferation assays were performed with KCNN4 overexpression or knockdown in the indicated
cell lines. B. Apoptosis analysis of MDA-231/KCNN4-OE or MDA-231-Gem/sh-KCNN4-1 cells and the corresponding
control groups treated with 200 nM gemcitabine and incubated for 4 days. C. MDA-231 (up) and HS578T (down)
cells were transfected with KCNN4-OE or control vector. Cells were treated with increasing concentrations of gem-
citabine (left) or cytarabine (right) for 5 days; the IC50 is shown. D. MDA-468 (up) and ZR-75-1 (down) cells were len-
tivirally transduced with NC-shRNA or KCNN4 shRNA. Then, cells were treated with different doses of gemcitabine
(left) and cytarabine (right); the IC50 for each cell line is presented. The P values were two-tailed from matched t
tests, with ** indicated P < 0.01. Experiments were performed in triplicate, and representative results are shown.

lines was examined (Supplementary Figure tion of RAS, pAKT, pERK and BCL2A1. Further-
3E-1). We further explored the impact of BCL2- more, LY294002 and U0126, inhibitors of PI3K
Al on gemcitabine chemosensitivity, and the and MAPK, respectively, downregulated mem-
results were encouraging. Similar to KCNN4, bers of each pathway and had similar effects
increasing BCL2A1 expression enhanced the on BCL2A1, which is consistent with the data
gemcitabine resistance of breast cancer cells, from KCNN4 knockdown (Figure 4G and 4H).
and decreasing the expression had the oppo-
site effect (Figure 41 and 4J), (Supplementary In summary, in breast cancer cell models, our
Figure 5A-D). results demonstrated that KCNN4 activates
the RAS-MAPK and PI3K-AKT signaling path-
Based on these results and for validation of ways, subsequently upregulating BCL2A1 ex-
the above mechanism, typical components of pression, and is responsible for chemoresis-
the MAPK and PI3K-AKT signaling pathways tance.
were detected in the indicated cell lines. As
shown in Figure 4E and 4F, RAS, pAKT, pERK TRAM-34 reverses the phenotypes of KCNN4
and BCL2A1 protein levels were upregulated
by increasing KCNN4 expression. In contrast, Accumulating evidence has shown that inhibi-
knockdown of KCNN4 resulted in downregula- tors of various signaling pathways are promis-
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Figure 4. KCNN4 activated the RAS-MAPK/PI3K-BCL2A1 signaling pathway. A. RNA-seq pathway signatures be-
tween 231/KCNN4-OE and MDA-231/CON cells ranked by the -Log10 (P-value). B-D. Venn diagram for the interac-
tion genes between ORF library screening and RNA-seq; the overlapped genes from ORF library and RNA-seq are
listed. E, F. Western blot was conducted to detect MAPK and PI3K signaling pathway activity using phospho-AKT/
MEK/ERK and their downstream molecule, BCL2A1. G, H. Western blot analysis of the variation of MAPK and PI3K
signaling pathway activity with or without treatment with LY294002, a highly select inhibitor of phosphatidylinositol
3 (PI3) kinase, or U0126, a selective inhibitor of MEK, in MDA-231/KCNN4-0OE cells and HS578T/KCNN4-OE cells.
. MDA-231 cells were retrovirally transduced with BCL2A1-OE or control vector. The protein level was detected
by western blot and the IC50 values by cytotoxicity are presented. J. Western blot assays for BCL2A1 after stable
knockdown with shRNAs; the corresponding cells were subjected to cytotoxicity analysis to determine the IC50.

Experiments were performed in triplicate and representative results are shown.
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ing for the treatment of malignancies. TRAM-
34 is an inhibitor of KCNN4 (Figure 5A). Cell
proliferation assays confirmed its growth in-
hibitory phenotype with a weak dose-depen-
dent relationship (Figure 5B). In addition, in
vitro cytotoxicity assays showed that TRAM-34
could resensitize breast cancer cells to an-
timetabolites, such as gemcitabine and Ara-C
(Figure 5C and 5D). Mechanistically, TRAM-34
sensitized breast cancer cells to antimetabo-
lites through regulation of the RAS-MAPK and
PIBK-AKT signaling pathways (Figure 5E). Im-
portantly, our in vivo results were consistent
with the in vitro results, which further con-
firmed our findings (Figure 5F-I). Overall, these
results indicate that TRAM-34 can indeed re-
verse the phenotypes induced by KCNN4.

KCNN4 indicates a poor prognosis in breast
cancer

To assess the clinical significance of KCNN4
and BCL2A1 in breast cancer, we analyzed
the survival outcomes related to KCNN4 and
BCL2A1 in a public breast cancer databa-
se (http://kmplot.com/analysis/index.php?p=
service&cancer=breast). The results demon-
strated that higher levels of KCNN4 or BCL2A1
correlated with poorer relapse-free survival
(RFS) in patients with breast cancer (P =
0.00079 and P = 7.9e”-0.9, respectively, Fig-
ure 6A and 6B).

In general, the current study suggested that
KCNN4 acted as an oncogene to promote cell
proliferation and chemoresistance, which may
be due to activation of the RAS-MAPK/PI3K-
AKT-BCL2A1 signaling pathways. TRAM-34, a
highly selective small molecule inhibitor of
KCNN4, reversed the effects of KCNN4 both
in vitro and in vivo (Figure 6C). Therefore, our
study indicated that KCNN4 may be a promis-
ing therapeutic target to overcome chemore-
sistance in breast cancer.

Discussion

Breast cancer is one of the most common
malignancies in women worldwide [12]. Major
advances in breast cancer therapy have been
reported over the last decades. However, pati-
ents with advanced disease typically respond
poorly to therapeutics, and many still die due
to the complexity of refractory breast cancers.
Understanding the underlying mechanisms th-
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at influence chemotherapeutic resistance in
cancer cells is the key to developing new tar-
geted therapies and more efficacious pharma-
cological approaches. The major findings of this
study are as follows. First, some novel genes,
including KCNN4, MMP14, C8orf4, FPR1 and
BCL2A1, were shown to lead to gemcitabine
resistance in breast cancer cells. Moreover,
KCNN4 promoted cell proliferation and resis-
tance to cell apoptosis and antimetabolites
and indicated an unfavorable prognosis and a
poor outcome in breast cancer, while blocking
KCNN4 with the specific inhibitor TRAM-34 or
directly knocking down KCNN4 reversed these
phenotypes both in vitro and in vivo. Final-
ly, activated RAS-MAPK/PI3K-AKT-BCL2A1 sig-
naling pathways may lead to the aggressive
behaviors induced by KCNN4.

KCNN4 is an intermediate conductance Ca?*-
activated potassium channel that is sensitive
to charges in intracellular Ca2* and is voltage-
independent [13]. This channel has been relat-
ed to tumor grade, cell proliferation, metastatic
spread, and cell cycle progression in several
cancer types, including prostate, pancreatic,
and breast cancers [14-17], melanoma [18],
endometrial cancer [19], and non-small cell
lung cancer [20]. KCNN4 expression has been
shown to be upregulated in many cancers.
Consistent with this finding, we found that
KCNN4 is upregulated in gemcitabine-resistant
cells compared to parental cells. Given the ver-
satile attributes of KCNN4, we hypothesized
that it may have a similar effect on other che-
motherapeutic analogs. Although no effect on
taxanes was found, our results demonstrated
that high KCNN4 expression induces antime-
tabolite resistance in breast cancer, and that
low expression had the opposite effect. To
some extent, our results are consistent with
those in a recent study conducted by Corinna J.
Mohr et al. reporting that KCNN4 conferred
radioresistance to breast cancer cells but had
no significant association with the antiprolifera-
tive effects of cytotoxic drugs, such as docetax-
el, doxorubicin, 5-fluorouracil and cyclophos-
phamide [21]. Notably, our results confirmed
the role of KCNN4 in resistance to antimetabo-
lites. Several explanations may account for the
discrepancies with this recent study. The key
mediator of KCNN4 function is caspase activa-
tion of stress response signaling pathways,
such as the MAPK and PI3K pathways present-

Am J Cancer Res 2020;10(10):3302-3315
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Figure 5. TRAM-34 can reverse the function of KCNN4. A. The schematic diagram of TRAM-34, a specific inhibitor
of KCNN4. B. Cell proliferation assays were conducted to determine the impact of TRAM-34 on cell growth in MDA-
231/KCNN4-OE or HS578T/KCNN4-OE cells. C, D. Cytotoxicity assays were performed to examine the influence
of TRAM-34 (5 ug/ml) on sensitivity to gemcitabine or Ara-C, in MDA-231/KCNN4-OE or HS578T/KCNN4-OE cells,
respectively. E. Western blot analysis of the activity of the KCNN4-RAS-MAPK/PI3K-AKT-BCL2A1 pathways under
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treatment with an increasing dose of TRAM-34 in HS578T/KCNN4-OE cells. F, G. The responses of mice given a con-
stant dose of gemcitabine with or without TRAM-34 and tumor volumes are presented as indicated (n = 7 for each
group). H. Representative IHC images of KCNN4 staining in xenograft tumor samples. I. Quantification of KCNN4
expression in xenograft tumor samples. The P values were two-tailed from matched t tests, with * indicating P <
0.05, *** indicating P < 0.001, and **** indicating P < 0.0001. Experiments were performed in triplicate, and
representative results are shown.
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Figure 6. KCNN4 and BCL2A1 indicated a poor prognosis in cancers. A, B. Kaplan-Meier analysis of the relationship
between KCNN4 or BCL2A1 and RFS using the Kaplan-Meier plotter database of breast cancer. C. A model depicting
the role of KCNN4 upregulation in modulating breast cancer cell response to chemotherapy. In Kaplan-Meier plots,
the P values refer to log-rank test results. Experiments were performed in triplicate, and representative results are

shown.

ed in our study. In addition, different antitumor
drugs may show different effects. However, the
detailed mechanisms require further elucida-
tion.

Various mechanisms have been proposed to
explain how KCNN4 mediates tumor growth.
The NF-kB, ERK, ER stress, MAPK, TGF-B1 and
PI3K signaling pathways were all shown to
contribute to the growth induced by KCNN4 in
previous studies [22-24]. These pathways are
related to many processes with important
roles in cancer development and progression,
such as apoptosis, proliferation and migration.
As expected, in the current study, the MAPK
and PI3K signaling pathways were strongly as-
sociated with KCNN4, which is consistent with
past studies. Through rigorous experiments,
we found that the antiproliferative effects of
TRAM-34 in our study are likely due to down-
regulation of the RAS-MAPK/PI3K-AKT signal-
ing pathways in breast cancer cell lines. How-
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ever, this conclusion lacks verification in vivo,
which is the limitation in this study.

Further analysis of the sequencing data iden-
tified another molecule, BCL2A1. BCL2A1 is a
member of the BCL-2 family of antiapoptotic
proteins that confer resistance to anticancer
drugs. Although BCL2A1 is located in the down-
stream cascades of numerous signaling path-
ways, no agents targeting BCL2A1 are current-
ly available [25]. Transcription of BCL2A1 is
regulated by NF-kB and ELK1, which are down-
stream effectors of the MAPK/PI3K-AKT path-
ways [26, 27]. Our western blot and phenoty-
pic data indicated that BCL2A1 may be down-
stream of KCNN4 in breast cancer cells. The-
refore, we demonstrated that high expression
of KCNN4 can activate RAS and then stimu-
late the MAPK/PI3K-AKT signaling pathways,
finally causing BCL2A1 transcription, which re-
sults in cell proliferation and antiapoptotic ef-
fects. Further studies are needed to support
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this conclusion. To date, some inhibitors direct-
ly targeting these two pathways have emerged;
nevertheless, severe side effects or off-target
effects have limited their use in routine clinical
practice. Consequently, whether KCNN4 is a
suitable therapeutic target in the management
of breast cancer should be examined.

TRAM-34, which is derived from clotrimazole, is
a well-known inhibitor used to study the role of
KCNN4. TRAM-34 has been reported to effec-
tively inhibit proliferation and motility in several
types of human cancers, including hepatocel-
lular carcinoma, glioblastoma and lung cancer
[20, 28, 29]. Consistent with these results, our
study showed that TRAM-34 can block the pro-
liferation of KCNN4 and sensitize breast can-
cer to antimetabolites, suggesting that target-
ing KCNN4 should be investigated in preclini-
cal and clinical investigations.

In conclusion, we found that KCNN4 has sever-
al functions in breast cancer cells. Our results
clearly identified KCNN4 as an important player
in cell proliferation. Moreover, the results from
different cytotoxicity assays indicated a role of
KCNN4 in chemoresistance, especially against
antimetabolites. Pharmacological inhibition of
KCNN4 with TRAM-34 reversed the phenotypes
of KCNN4. Clinically, KCNN4 is correlated with
unfavorable outcomes in breast cancer. Further
studies are required to elucidate the complete
underlying mechanism, and the anomalous
effect of KCNN4 blockers should be considered
in therapeutic strategies.
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Gem cells compared with parental cells. B. The analysis of expression profile chip showed that there were 829
resistance-related genes. Experiments were done in experimental triplicate and representative results were shown.
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Supplementary Figure 2. Barcode frequency, distribution and correlation analyses of different treatment condi-
tions. A. Cumulative distribution of the number of reads per barcode in GRGB library. 78% of the barcodes detected
with 10000-20000 reads. B, C. Cumulative frequency of barcodes in the gemcitabine response assays on Day O,
Day 7 and Day 14 after transduction. D. Rank correlations of normalized read counts between biological replicates
and treatment conditions in MDA-231 cells (Veh vehicle, Gem gemcitabine). E. Boxplot showing the distribution of
barcode frequencies at different time points, with and without gemcitabine treatment. The box extends from the
first to the third quartile with the whiskers denoting 1.5 times the interquartile range. Experiments were done in
experimental triplicate and representative results were shown.
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Supplementary Figure 3. mRNA levels of target genes were determined by qPCR in difference breast cancer cell
lines. GAPDH was used as an internal control. A, B. After being infected with a KCNN4-expressing retrovirus or con-
trol retrovirus, the cells were subjected to gPCR. C, D. The mRNA level of KCNN4 in MDA-231-GEM and MDA-468 cell
line after infected with sh-KCNN4-expression or -negative lentiviruses. E-G. The mRNA level of BCL2A1 in the above
cell lines. H, I. Expression level of BCL2A1 was detected in related cell lines. (**, P < 0.01; ***, P < 0.001; **** P
< 0.0001). Experiments were done in experimental triplicate and representative results were shown.
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Supplementary Figure 4. The impact of KCNN4 on sensitivity of breast cancer cells to taxanes. (A) MDA-231 (up)
and HS578T (down) cell lines with KCNN4-OE were treated with paclitaxel (left) or docetaxel (right) in an increasing

concentration for 4 days, the IC50 were listed. (B) MDA-468 (up) and ZR-75-1 (down) cell lines with KCNN4-knock-
down were treated as mentioned in (A) and IC50 was presented.
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Supplementary Figure 5. Elevated BCL2A1 expression promotes cell proliferation, inhibits apoptosis. A, B. As the
downstream of KCNN4, overexpression of BCL2A1 could promote cell proliferation and knockdown the expres-
sion of BCL2AI shown the different effect. C, D. MDA-231/BCL2A1-OE or MDA-231-Gem/sh-BCL2A1-3 cells and
the respective control group were treated with 200 nM gemcitabine and incubated for 4 days. The analysis was

mentioned in Materials and Methods. (****, P < 0.0001). Experiments were done in experimental triplicate and
representative results were shown.



