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Targeting the mitochondrial calcium uniporter
inhibits cancer progression and alleviates cisplatin
resistance in esophageal squamous cell carcinoma
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Abstract. Cisplatin is the standard chemotherapeutic drug
used for the treatment of esophageal squamous cell carcinoma
(ESCC). Acquired cisplatin resistance is the primary obstacle
to prolonging patient survival time. Here, the therapeutic
effects of mitochondrial calcium uniporter (MCU) inhibi-
tion on tumor growth and cisplatin resistance in ESCC were
assessed. MCU was stably overexpressed or knocked down
in three ESCC cell lines and three cisplatin-resistant ESCC
cell lines. Then, proliferation, migration, and mitochondrial
membrane potential (MMP) were measured by colony forma-
tion, wound healing, Transwell, and JC-1 staining assays.
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MCU, MICU2, MICUI, and PD-L1 levels were detected
through western blotting and immunofluorescence. ESCC and
cisplatin-resistant ESCC xenograft mouse models were estab-
lished. After MCU knockdown, tumor volume was measured.
The expression levels of proliferation markers (CyclinD1 and
Ki-67), MICU1/2, PD-L1, epithelial-mesenchymal transition
(EMT) markers (vimentin, $-catenin, and E-cadherin), and
the angiogenesis marker CD34 were detected through western
blotting, immunohistochemistry, or immunofluorescence.
The results showed that MCU overexpression significantly
promoted proliferation, migration, and MMP in ESCC cells
and cisplatin-resistant ESCC cells. However, proliferation,
migration, and MMP were suppressed following MCU
knockdown. In ESCC cells, MCU overexpression markedly
increased MICU2, MICU1, and PD-L1 levels, and the opposite
results were observed when MCU was stably knocked down.
Similarly, MCU inhibition decreased MICU2, MICUI, and
PD-L1 expression in cisplatin-resistant ESCC cells. Moreover,
MCU knockdown substantially decreased tumor growth,
EMT, and angiogenesis in ESCC and cisplatin-resistant ESCC
xenograft mice. Collectively, targeting MCU may inhibit
cancer progression and alleviate cisplatin resistance in ESCC.

Introduction

Esophageal squamous cell carcinoma (ESCC) accounts for
~90% of all esophageal cancer cases and is typically in an
advanced stage at the time of diagnosis (1,2). Cisplatin is
the first-line chemotherapeutic agent of choice for ESCC (3).
However, the development of resistance to cisplatin is a key
issue hindering favorable outcomes (4). For newly treated
or locally advanced ESCC patients, the initial response to
cisplatin-based therapy can be as high as 50% (5). However,
most patients will develop acquired cisplatin resistance, which
leads to ESCC recurrence (6). Cisplatin resistance and recur-
rence are the primary factors leading to the failure of cisplatin
therapy in OSCC patients (7). Thus, uncovering the underlying
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mechanisms of cisplatin resistance and developing agents that
boost sensitivity to cisplatin may provide novel therapeutic
strategies.

Aberrant gene expression may be a major intrinsic factor
that results in cisplatin resistance (8). Recent studies have found
several molecules and signaling pathways that participate in
cisplatin resistance, such as TGF-§ (9), AKRIC1 (8), and the
Whnt pathway (10). However, none of these have been applied
in clinical practice as indicators for predicting the response
to cisplatin and/or as targets in ESCC cells to improve their
sensitivity to cisplatin.

Aberrations in mitochondrial Ca** homeostasis are related
to various pathological processes, especially carcinogen-
esis (11), drug resistance (12), and cancer metastases (13). The
mitochondrial calcium uniporter (MCU) complex channel
[including nuclear-encoded channel-forming elements (such
as MCU) and regulators (MICUs)] is a major mediator of Ca**
accumulation in the mitochondrial matrix (14). Changes in the
expression or function of MCU complex members are associ-
ated with various tumors and tumor-related phenotypes (15).
For example, MCU-mediated mitochondrial calcium uptake
facilitates tumor growth in colorectal cancer (16). MCU facili-
tates breast cancer growth and metastasis via HIF-1la (17).
MCU-dependent mitochondrial Ca®* promotes reactive oxygen
species production and cancer metastases by suppressing the
NAD+/SIRT3/SOD2 axis in hepatocellular carcinoma (13).
However, the role of MCU in the mechanism of cisplatin resis-
tance in ESCC remains unclear. Hence, it was hypothesized
that targeting MCU may suppress tumor growth and improve
cisplatin resistance in ESCC.

Materials and methods

Cell culture. In the present study, three esophageal cancer cell
lines, KYSE-150, KYSE-410, and TE-1 (ATCC) were cultured
in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin, and 100 U/ml streptomycin. Cells
were maintained in a humidified incubator at 37°C supplied
with 5% CO, air.

Transfection. Based on the MCU sequence, two short hairpin
RNAs (shRNAs) targeting MCU (sh-MCU#1 and sh-MCU#2)
and one negative control shRNA (sh-NC) were designed; the
sequences were: sh-MCU#1 (cat. no. PLVE2985), CCGGGA
TGATGTTACAGTGGTTTATCTCGAGATAAACCACTG
TAACATCATCTTTTTTG; sh-MCU#2 (cat. no. PLVE2986),
CCGGGACATTGGTCCAGCAACTATACTCGAGTATAG
TTGCTGGACCAATGTCTTTTTTG; and sh-NC (cat. no.
PLVT7) CCGGGTTCTCCGAACGTGTCACGTACTCGA
GTACGTGACACGTTCGGAGAACTTTTTTG. The lenti-
viral vector for MCU overexpression (OE-MCU, Plasmid
no. 200707HE6725-5R12) and negative control vector
(OE-NC, pcDNA3.1) were purchased from Sangon Biotech,
co., Ltd. Cells were treated with the overexpression vectors
to construct stable MCU overexpression cells. The lentiviral
plasmid (pMAGic 7.1) was purchased from Sangon Biotech,
co., Ltd. Production of 3rd generation lentiviruses was
performed using a ratio of lentiviral plasmid, packaging vector,
and envelope of 3:2:1. A total of 42 ug lentiviral plasmid was

used for transfection of 293T cells (The Chinese Academy
of Sciences). Lentiviral particles were collected using an
EZ-10 Spin Column Plasmid Mini-Prep Kit (Sangon Biotech,
co., Ltd.). Three esophageal cancer cell lines KYSE-150,
KYSE-410, and TE-1 were treated with the lentiviral particles
with an MOI of 10, and incubated for 12 h. Subsequently, the
medium was removed and replaced with supplemented media,
and cells were cultured for a further 72 h. Puromycin (2 yg/ml)
was used for the selection of stably transfected cell lines, and
1 ug/ml was used for the maintenance of stably transfected cells.
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) and 200 pmol shRNA were used to transfect cells in a
60 mm dish. After mixing the shRNA, Lipofectamine® 2000,
and serum-free medium, the mixture was incubated at room
temperature for 20 min, added to cells, then the cells were
cultured for 24 h for subsequent experimentation.

Western blotting. Cells or tissues were lysed for 20 min on ice
with RIPA lysis buffer (Nanjing KeyGen Biotech Co., Ltd.)
containing Sodium Deoxycholate, 1% Triton X-100, 0.1% SDS,
PMSF, and protease and phosphatase inhibitors. Protein concen-
tration was calculated using a BCA protein assay kit. A total of
30 ug protein was loaded per lane of 10% SDS-gel, resolved
using SDS-PAGE, and transferred to a PVDF membrane
(MilliporeSigma)/Membranes were subsequently blocked
using 5% skimmed milk for 1 h at room temperature, and incu-
bated with primary antibodies at 4°C overnight. The primary
antibodies used were: Anti-MCU (1:1,000; cat. no. sc-515930;
Santa Cruz Biotechnology, Inc.), anti-MICU?2 (1:1,000; cat.
no. ab101465; Abcam), anti-MICU1 (1:1,000; cat. no. ab190114;
Abcam), anti-PD-L1 (1:1,000; cat. no. 66248-1-Ig; ProteinTech
Group, Inc.), anti-CyclinD1 (1:5,000; cat. no. 60186-1-Ig;
ProteinTech Group, Inc.), anti-Ki-67 (1:1,000; cat. no. ab16667),
anti-Vimentin (1:2,000; cat. no. ab92547; Abcam), anti-f-catenin
(1:1,000; cat. no. 51067-2-AP; ProteinTech Group, Inc.), and
anti-f-actin (1:2,000; cat. no. 20536-1-AP; ProteinTech Group,
Inc.). Subsequently, the membranes were incubated with
HRP-conjugated secondary antibody (1:5,000; cat. no. Zb-2301;
OriGene Technologies, Inc.) at room temperature for 1 h.
The bands were developed using an ECL kit (Thermo Fisher
Scientific, Inc.) and analyzed using ImageJ (National Institutes
of Health). -actin served as the loading control.

Colony formation assay. The cells were plated in six-well plates
(1x10° cells/well) in 2 ml supplemented media, and incubated
for 14 days. Subsequently, the cells were fixed using methanol
for 30 min at room temperature, followed by staining with
0.1% crystal violet at room temperature for 20 min. A total of
50 stable cells constituted a colony under an optical inverted
microscope (magnification, x100). Each well was divided into
three fields of view to count the number of colony.

Transwell migration assay. Cell migration was assessed
using Transwell assays (Corning, Inc.). The cells were diluted
to 1x10°/ml using serum-free RPMI-1640 medium. Then,
200 ul cell suspension was added to the upper chamber of the
Transwell insert, and 600 ul medium supplemented with 20%
FBS was added to the lower chamber. The cultures were incu-
bated in a 37°C incubator for 48 h. After removing media from
the upper chamber, the cells were washed using 600 ul PBS



INTERNATIONAL JOURNAL OF ONCOLOGY 63: 82, 2023 3

three times, and the cells that had migrated were stained using
crystal violet at room temperature for 20 min. The number of
cells that had migrated was counted using an inverted light
microscope (magnification, x200) and imaged.

Wound healing assay. Cells were plated in a six-well plate
(5x10° cells/well). Once a confluent monolayer had formed,
a linear scratch was made in the monolayer of cells using a
200 ul pipette tip. Subsequently, the cells were washed and
cultured for 48 h in supplemented serum-free RPMI-1640
media (18). Images were taken at O and 48 h using a light
microscope (magnification, x40). The ratio of wound closure
was used to quantify migration.

Measurement of the mitochondrial membrane potential
(MMP). The MMP (Aym) of the cells was measured using a
JC-1 kit (Beyotime Institute of Biotechnology). The cells were
rinsed with PBS, followed by incubation with 10 xM JC-1 at
37°C for 30 min. Subsequently, the supernatant was aspirated.
The cells were washed twice with JC-1, and 2 ml media was
added. Images were acquired using a fluorescent microscope
(Olympus Corporation).

Immunofluorescence staining. Cells or tissues were fixed
using 4% paraformaldehyde for 20 min at room temperature,
and subsequently, 0.2% Triton X-100 was added for 3 min to
permeabilize cells. Non-specific binding was blocked using
goat serum for 15 min at 37°C, followed by incubation with
the primary antibody against anti-MCU (1:20), anti-MICU2
(1:100), anti-MICU1 (1:100), anti-PD-L1 (1:50), or anti-CD34
(1:100; cat. no. 14486-1-AP; ProteinTech Group, Inc.) overnight
at4°C. The following day, samples were washed with PBS three
times, and the sections were incubated with Alexa Fluor® 488
Conjugate (1:100; cat. no. ZF-0512; OriGene Technologies,
Inc.) or Alexa Fluor® 594 Conjugate (1:100; cat. no. ZF-0513;
OriGene Technologies, Inc.) secondary antibodies at 37°C for
2 h. Nuclei were counterstained, with DAPI (MilliporeSigma,
USA) at room temperature until the samples were dry. Images
were acquired using a fluorescent microscope (magnification,
x400) (Olympus Corporation).

Generation of cisplatin-resistant cells. Cisplatin-resistant
KYSE-150 (KYSE-150-CDDP),KYSE-410 (KYSE-410-CDDP),
and TE-1 (TE-1-CDDP) cells were generated through stepwise
exposure toincreasing doses of cisplatin (MilliporeSigma) (19-21).
Cells were first exposed to cisplatin at concentration of 5 yM
for 6 months. Subsequently, the cells were maintained in
cisplatin-free RPMI-1640 medium for 3 days. When confluence
reached the initial confluence prior to treatment, the cells were
treated with a higher concentration of cisplatin (10, 20, 40, or
60 uM). The concentration was gradually elevated every few
passages until a concentration of 60 yM was reached (within
2 months). For subsequent maintenance of cisplatin resistance in
cells, 60 uM cisplatin was used in general culture.

Mouse xenograft models. BALB/c nude male mice (weighing
16-20 g, 5 weeks old; Beijing Vital River Laboratory Animal
Technology Co., Ltd.) were kept at 24+2°C, in a humid
environment (60+£10%), with a 12/12 light-dark cycle, and
free access to food and water. The mice were randomly

separated into four groups (n=5 per group). The mice were
subcutaneously injected with sh-NC-transfected KYSE-150
cells (Control), sh-NC-transfected KYSE-150-CDDP
cells (CDDP), sh-MCU-transfected KYSE-150 cells
(sh-MCU), or sh-MCU-transfected KYSE-150-CDDP cells
(CDDP+sh-MCU) (2x10° in 0.1 ml) in the back. The tumor
volumes were measured weekly using the following formula:
volume=0.5x length x width?. After 21 days, mice were
euthanized by cervical dislocation following anesthesia by
injection of sodium pentobarbital (50 mg/kg) intraperitone-
ally, and the tumors were isolated, weighed, and prepared for
subsequent analysis. The protocol used strictly adhered to the
Guidelines for the Care and Use of Laboratory Animals, and
was approved by the Ethics Committee of Ningxia Medical
University (approval no. 2020-880).

Immunohistochemistry (IHC) staining. Tissues from the
subcutaneous tumors of nude mice were collected and fixed
in 10% neutral formalin solution at room temperature for
24 h. The xenograft tumors were collected and embedded in
paraffin, sectioned into 4 pym slices, dewaxed, repaired under
high pressure for 3 min in EDTA (ZLI-9072; ZSGB-BIO),
incubated with 3% hydrogen peroxide at 37°C for 15 min as
a quenching step, then blocked with 10% goat serum at 37°C
for 30 min. Then, the sections were incubated with primary
antibodies at 4°C overnight. The primary antibodies used
were: Anti-MCU (1:20; sc-515930; SANTA CRUZ, USA),
anti-MICU2 (1:100), anti-MICU1 (1:100), anti-PD-L1 (1:100),
anti-Ki-67 (1:100), anti-Vimentin (1:150; cat. no. 10366-1-AP;
ProteinTech Group, Inc.), or anti-E-cadherin (1:100; cat.
no. 20874-1-AP; ProteinTech Group, Inc.). The sections were
stained with HRP-conjugated secondary antibodies (cat.
no. PV-9000; OriGene Technologies, Inc.) at room tempera-
ture for 1 h followed by DAB chromogenic solution, and
counterstaining with hematoxylin at room temperature for
3 min. Samples were finally sealed, and imaged using a micro-
scope (magnification, x400) (BX61, Olympus Corporation),
and analyzed using IPP version 6.0 (Media Cybernetics).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from KYSE-150, KYSE-410, and TE-1
cells using TRIzol®. RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Inc.) was used to synthesize
cDNA [using 5 ug RNA, 1 pl Oligo(dT)18 primer (100 gM),
1 ¢l Random Hexamer primers (100 M), 4 ul 5x Reaction
Buffer, 1 ul RiboLock RNase Inhibitor (20 U/ul), 2 ul ANTP
Mix (10 mM), and 1 pl RevertAid M-MuLV RT (200 U/ul),
made to a final volume of 20 ul using nucleotide-free water].
PowerUp™ SYBR™ Green MasterMix (Applied Biosystems,
Thermo Fisher Scientific, Inc.) was used for qPCR. The
thermocycling conditions were: 20 sec initial denaturation at
95°C; followed by 35 cycles of 1 sec at 95°C for denaturation,
and 20 sec at 60°C for annealing and extension. The primers
were designed by Sangon Biotech, Co., Ltd., and the sequences
were: MCU forward, 5-TCCAGAAGCCAGAGACAGAC-3'
and reverse, 5"TGTCGGAGAGGCAGATGTAC-3'. GAPDH
forward, 5'-CAAGGTCATCCATGACAACTTTG-3" and
reverse, 5'-GTCCACCACCCTGTTGCTGTAG-3'. GAPDH
was used as the housekeeping gene. Gene expression was
normalized using the 2"22¢4 method (22).
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Statistical analysis. All statistical analysis was performed using
SPSS version 22.0 (IBM Corp.). Each assay was performed in
triplicate. Data are presented as the mean + SD. Differences
between =3 groups were compared using a one-way ANOVA
followed by Bonferroni corrections. P<0.05 was considered to
indicate a statistically significant difference.

Results

MCU increases the proliferative capacity of ESCC cells. To
investigate the biological role of MCU on ESCC progression,
MCU was stably overexpressed or knocked down in three
ESCC cell lines (KYSE-150, KYSE-410, and TE-1 cells;
Fig. 1A and B). The transfection efficacy was confirmed
using western blotting and RT-qPCR. The results showed that
transfection of the OE-MCU vector resulted in overexpres-
sion of MCU at the protein and mRNA level in KYSE-150,
KYSE-410, and TE-1 cells (Figs. 1C-F and S1D-F). Moreover,
both sh-MCU#1 and sh-MCU#2 significantly reduced
MCU protein and mRNA expression levels compared with
the sh-NC transfected cells in all three ESCC cell lines
(Figs. 1G-J and S1A-C). These results indicated that MCU
was separately successfully overexpressed as well as knocked
down in the ESCC cells. the proliferative capacity of ESCC
cells was determined using a colony formation assay; MCU
overexpression significantly increased the proliferation of
KYSE-150,KYSE-410, and TE-1 cells (Fig. 1K-P). Conversely,
MCU knockdown substantially decreased the proliferation of
ESCC cells. These results suggested that MCU regulated the
proliferation of ESCC cells.

MCU facilitates the acquisition of metastatic phenotypes and
the MMP of ESCC cells. The effect of MCU on cell migra-
tion and invasion was investigated using Transwell and wound
healing assays. The results of the Transwell assays showed that
stably overexpressed MCU significantly increased cell migra-
tion of KYSE-150, KYSE-410, and TE-1 cells (Fig. 2A-D).
Conversely, MCU knockdown substantially reduced the migra-
tory capacity of the ESCC cell lines (Fig. 2A-D). Furthermore,
the wound healing assay showed that MCU overexpression
significantly increased wound closure in all three cell lines
(Fig. 2E-H). In contrast, wound closure was significantly
reduced following MCU knockdown. Using JC-1 staining, the
MMP was investigated in the three cell lines. MCU overex-
pression markedly increased the MMP (Fig. 2I-L), whereas
MCU knockdown resulted in a significant decrease in the
MMP of cells. Collectively, these results indicated that MCU
regulated the acquisition of a metastatic phenotype and the
MMP of ESCC cells, suggesting that the effect of MCU on
ESCC cell metastasis is associated with its ability to modulate
the MMP.

MCU increases MICU2, MICUI, and PD-LI expression in
ESCC cells. The regulatory roles of MCU on MICU2, MICU,
and PD-L1 expression were determined through western
blotting. In KYSE-150 cells, MCU overexpression markedly
increased the expression of MICU2, MICU1, and PD-L1. In
contrast, MICU2, MICUI, and PD-L1 expression was signifi-
cantly reduced when MCU expression was knocked down the
three ESCC cell lines (Fig. S2). Immunofluorescence analysis

was used to determine whether MCU affected MICU?2,
MICUI, and PD-L1 expression. Consistent with the results of
western blotting, MCU overexpression significantly increased
MICU2, MICUI, and PD-L1 expression in the three cell lines
(Figs. 3 and S3). In contrast, following MCU knockdown,
MICU2, MICUI, and PD-L1 expression was significantly
decreased. Thus, MCU increased MICU1, MICU?2, and PD-L1
expression in ESCC cells, suggesting a possible regulatory
association between MCU and PD-L1.

MCU overexpression upregulates MICU2, MICUI, and
PD-L1 expression in cisplatin-resistant ESCC cells. Here,
cisplatin-resistant KYSE-150 (KYSE-150-CDDP), KYSE-410
(KYSE-410-CDDP), and TE-1 (TE-1-CDDP) cells were
established through a stepwise increase in exposure to higher
concentrations of cisplatin. In cisplatin-resistant ESCC cells,
the effects of MCU on MICU2, MICUI, and PD-L1 expres-
sion were assessed. Western blotting confirmed that MCU was
stably overexpressed and knocked down in KYSE-150-CDDP
cells (Fig. 4A and B). Moreover, MCU overexpression substan-
tially increased the expression of MICU2, MICU1, and PD-L1
in KYSE-150-CDDP cells (Fig. 4C-E). Conversely MCU
knockdown substantially decreased the expression of MICU2,
MICUI, and PD-L1 in KYSE-150-CDDP cells. Similar results
were also observed in KYSE-410-CDDP (Fig. 4F-J) and
TE-1-CDDP cells (Fig. 4K-O). Immunofluorescence analysis
was performed to observe the influence of MCU on MICU?2,
MICUI, and PD-L1 expression in cisplatin-resistant ESCC
cells. The data confirmed that MCU overexpression mark-
edly increased MICU2, MICUI, and PD-L1 expression in
KYSE-150-CDDP (Fig. SA-E), KYSE-410-CDDP (Fig. 5F-J),
and TE-1-CDDP cells (Fig. SK-O). In contrast, MCU knock-
down significantly decreased MICU1, MICU2, and PD-L1
expression in cisplatin-resistant ESCC cells. The regulatory
relationship between MCU and PD-L1 was also observed in
the cisplatin-resistant ESCC cells.

MCU knockdown decreases the proliferation and MMP of
cisplatin-resistant ESCC cells. The role of MCU on cisplatin
resistance was further investigated in cisplatin-resistant ESCC
cells. The results of the colony formation assays showed that
MCU overexpression significantly enhanced the proliferative
capacity of cisplatin-resistant KYSE-150, KYSE-410, and
TE-1 cells (Fig. 6A-D). Conversely, MCU knockdown signifi-
cantly reduced the proliferative ability of KYSE-150-CDDP,
KYSE-410-CDDP, and TE-1-CDDP cells. As shown in
Fig. 6E-H, the MMP of KYSE-150-CDDP, KYSE-410-CDDP,
and TE-1-CDDP cells was markedly increased by MCU
overexpression. In contrast, MCU knockdown significantly
reduced the MMP of cisplatin-resistant ESCC cells.

MCU inhibition reduces the migration of cisplatin-resistant
ESCC cells. The effects of MCU on the migratory capacity
of cisplatin-resistant ESCC cells were observed using wound
healing and Transwell assays. As shown in Fig. 7A-D,
MCU upregulation significantly increased wound closure of
KYSE-150-CDDP, KYSE-410-CDDP, and TE-1-CDDP cells.
Conversely, MCU knockdown significantly decreased wound
closure in the cisplatin-resistant ESCC cells. The results of
the Transwell assays also showed that MCU overexpression
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Figure 1. MCU accelerates the proliferative capacity of ESCC cells. (A and B) Construction of MCU-overexpressing or MCU-knockdown KYSE-150, KYSE-410,
and TE-1 cells. GFP-PURO-MCU transfection was observed using a fluorescent microscope (magnification, x100). Scale bar, 100 gm. (C-F) MCU expression
was examined in MCU-overexpressing KYSE-150, KYSE-410, and TE-1 cells by western blotting. “"P<0.01, “**P<0.0001 vs. OE-NC group. (G-J) KYSE-150,
KYSE-410, and TE-1 cells were transfected with shRNAs targeting MCU or sh-NC for 48 h, and MCU expression was detected by western blot. ““P<0.001,
“*P<0.0001 vs. sh-NC group. (K-P) Following stable overexpression or knockdown of MCU in KYSE-150, KYSE-410, and TE-1 cells, the proliferative capacity
was assessed using a colony formation assay. ‘P<0.05, “P<0.01, ""P<0.001 vs. OE-NC or sh-NC group. Data are presented as the mean + SD. MCU, mitochondrial
calcium uniporter; ESCC, esophageal squamous cell carcinoma; PURO, puromycin; OE, overexpression; shRNA, short hairpin RNA; NC, negative control.
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Figure 2. MCU facilitates a metastatic phenotype and regulates the MMP of ESCC cells. (A-D) MCU was stably overexpressed or knocked down in KYSE-150,
KYSE-, and TE-1 cells. The migration of cells was assessed using Transwell assays. Scale bar, 50 ym. (E-H) Wound healing assays were performed using
the established ESCC cells. Scale bar, 200 ym. (I-L) The MMP was detected in the established ESCC cells. Scale bar, 20 gm. n=3. Data are presented as
the mean + SD. "P<0.05, “P<0.01, *"P<0.001, **"P<0.0001. MCU, mitochondrial calcium uniporter; ESCC, esophageal squamous cell carcinoma; MMP,
mitochondrial membrane potential; OE, overexpression; shRNA, short hairpin RNA; NC, negative control.
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Figure 3. MCU increases MICU1, MICU2, and PD-L1 expression in ESCC cells. (A-C) Immunofluorescence analysis was used to detect the expression of
MCU, MICU1, MICU2, and PD-L1 in KYSE-150, KYSE-410, and TE-1 with MCU overexpressed or knocked down. Scale bar, 20 gm. MCU, mitochondrial
calcium uniporter; ESCC, esophageal squamous cell carcinoma.
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Figure 4. MCU overexpression upregulates MICU1, MICU2, and PD-L1 expression in cisplatin-resistant ESCC cells. (A-O) Western blotting was used to
determine the expression of MCU, MICU1, MICU2, and PD-L1 expression in cells overexpressing or knocked down KYSE-150-CDDP, KYSE-410-CDDP,
and TE-1-CDDP cells. Data are presented as the mean + SD. “P<0.01, ““P<0.001, *""P<0.0001. MCU, mitochondrial calcium uniporter; ESCC, esophageal
squamous cell carcinoma; CDDP, cisplatin-resistant; OE, overexpression; shRNA, short hairpin RNA; NC, negative control.
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Figure 5. The effects of MCU on MICU1, MICU2, and PD-L1 expression in cisplatin-resistant ESCC cells. When MCU was stably overexpressed or knocked
down, immunofluorescence analysis was used to determine the expression of MCU, MICUI1, MICU2, and PD-L1 expression in (A-E) KYSE-150-CDDP,
(F-J) KYSE-410-CDDP, and (K-O) TE-1-CDDP cells. Scale bar, 20 ym. Data are presented as the mean + SD. "P<0.05, “P<0.01, “*P<0.001, “""P<0.0001.
MCU, mitochondrial calcium uniporter; ESCC, esophageal squamous cell carcinoma; CDDP, cisplatin-resistant; Ns, not significant; OE, overexpression;
shRNA, short hairpin RNA; OE, overexpression; shRNA, short hairpin RNA.
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Figure 6. MCU inhibition reduces the proliferation and MMP of cisplatin-resistant ESCC cells. (A-D) MCU was stably overexpressed or knocked down,
and the proliferative capacities of KYSE-150-CDDP, KYSE-410-CDDP, and TE-1-CDDP cells were evaluated using colony formation assays. (E-H) The
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calcium uniporter; ESCC, esophageal squamous cell carcinoma; CDDP, cisplatin-resistant; OE, overexpression; sShRNA, short hairpin RNA.
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Figure 7. MCU knockdown decreased the migratory capacity of cisplatin-resistant ESCC cells. (A-D) MCU was stably overexpressed or knocked down, and
wound healing was measured in KYSE-150-CDDP, KYSE-410-CDDP, and TE-1-CDDP cells. Scale bar, 200 gm. (E-H) Transwell migration assays were
performed on the MCU overexpressing or MCU knocked down KYSE-150-CDDP, KYSE-410-CDDP, and TE-1-CDDP cells. Scale bar, 50 ym. Data are
presented as the mean + SD. "P<0.05, “P<0.01, “"P<0.001. MCU, mitochondrial calcium uniporter; ESCC, esophageal squamous cell carcinoma; CDDP,
cisplatin-resistant; OE, overexpression; ShRNA, short hairpin RNA.
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Figure 8. MCU knockdown reduced tumor growth and cisplatin resistance in ESCC xenograft mouse models. (A) BALB/c nude mice were subcutane-
ously injected with sh-NC-transfected KYSE-150 cells (Control), sh-NC-transfected KYSE-150-CDDP cells (CDDP), sh-MCU-transfected KYSE-150 cells
(sh-MCU), or sh-MCU-transfected KYSE-150-CDDP cells (CDDP+sh-MCU) (n=5 each group). Images of xenograft mice were acquired 21 days following
the injection of cells. (B) Representative images of tumors removed after 21 days. (C-E) Tumor volume was measured on days 7, 14, and 21 after the injection
of cells. (F-H) CyclinD1 and Ki-67 expression was detected in the dissected tumors using western blotting. (I and J) Ki-67 expression was examined in
the dissected tumors by immunohistochemistry. Scale bar, 20 ym. Data are presented as the mean = SD. ‘P<0.05, “P<0.01, “"P<0.001, *"P<0.0001. MCU,
mitochondrial calcium uniporter; ESCC, esophageal squamous cell carcinoma; OE, overexpression; shRNA, short hairpin RNA.

significantly increased the number of KYSE-150-CDDP, was stably knocked down in the cisplatin-resistant ESCC cells.
KYSE-410-CDDP, and TE-1-CDDP cells that had migrated  The migratory and invasive abilities of cisplatin-resistant and
(Fig. 7E-H); the opposite results were observed when MCU  non-cisplatin-resistant ESCC cells were compared, and the
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Figure 9. MCU knockdown decreased MICU1, MICU2, and PD-L1 expression, and abrogated EMT in cisplatin-resistant ESCC xenograft mice. (A-G) MCU,
MICUL, MICU2, PD-L1, Vimentin, and -catenin expression was detected in sh-NC-transfected KYSE-150 (Control), sh-NC-transfected KYSE-150-CDDP
(CDDP), sh-MCU-transfected KYSE-150 (sh-MCU), or sh-MCU-transfected KYSE-150-CDDP (CDDP+sh-MCU) cell-xenograft tumors using western
blotting. (H-N) MCU, MICUI1, MICU2, PD-LI1, Vimentin, and E-cadherin expression was determined in Control, CDDP, sh-MCU, and CDDP+sh-MCU
cell-xenograft tumors by IHC. Scale bar, 20 ym. Data are presented as the mean = SD. "P<0.05, “"P<0.01, ""P<0.001 ""P<0.0001. MCU, mitochondrial calcium
uniporter; ESCC, esophageal squamous cell carcinoma; OE, overexpression; sShRNA, short hairpin RNA.

results showed that the invasive and migration capacity of
cisplatin-resistant ESCC cells was not significantly increased,
but decreased compared with the non-cisplatin-resistant cells.
Interestingly, overexpression or knockdown of MCU also regu-
lated the invasive and migration capacity of cisplatin-resistant
cells (Fig. S4). These results further suggest that MCU plays
an important role in the metastasis of cisplatin-resistant and
non-cisplatin-resistant ESCC cells.

MCU knockdown suppresses tumor growth and cisplatin
resistance in ESCC xenograft mice. BALB/c nude mice
were subcutaneously injected with sh-NC-transfected
KYSE-150 cells, sh-NC-transfected KYSE150-CDDP cells,
sh-MCU-transfected KYSE-150 cells, or sh-MCU-transfected
KYSE-150-CDDP cells (2x10° cells in 0.1 ml) in the back
(n=5 per group). The tumor volumes were determined on
days 7, 14, and 21. Mice were euthanized on day 21 after
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Figure 10. MCU knockdown decreases MICU1, MICU2, PD-L1, and CD34 expression in cisplatin-resistant ESCC xenograft mice. (A-F) MCU, MICUI,
MICU2, PD-L1, and CD34 expression were determined using immunofluorescence analysis. Scale bar, 20 ym Data are presented as the mean + SD. “P<0.01,
“*P<0.001, ""P<0.0001. OE, overexpression; shRNA, short hairpin RNA; MCU, mitochondrial calcium uniporter; CDDP, cisplatin-resistant.

inoculation of cells. The results showed that MCU knockdown
significantly reduced the tumor volume both in KYSE-150
and KYSE-150-CDDP cell xenograft mice (Fig. 8A-E). The
expression of proliferation markers CyclinD1 and Ki-67 was
examined in the dissected tumors using western blotting.
Expression of CyclinD1 and Ki-67 was significantly increased
in cisplatin-resistant ESCC xenograft tumors compared with
the ESCC xenograft tumors (Fig. 8F-H). MCU knockdown
substantially reduced the expression of CyclinD1 and Ki-67
both in ESCC xenograft tumors and cisplatin-resistant ESCC
xenograft tumors. Similar findings were observed regarding
Ki-67 expression suing THC (Fig. 81 and J). Thus, MCU knock-
down significantly reduced tumor growth in cisplatin-resistant
and non-cisplatin-resistant ESCC cell xenograft mice.

MCU knockdown reduces MICU2, MICUI, and PD-LI1
expression and EMT in cisplatin-resistant ESCC xenograft
mice. Using western blotting, the expression of MCU, MICU2,
MICUL, PD-L1, and EMT markers (Vimentin and (3-catenin)
was assessed in xenograft tumors. Compared with the ESCC
xenograft tumors, MCU, MICU2, MICU1, PD-L1, Vimentin,
and B-catenin exhibited higher expression in cisplatin-resis-
tant ESCC xenograft tumors (Fig. 9A-G). MCU inhibition
reduced the expression of MCU, MICU2, MICUL1, PD-L1,
Vimentin, and B-catenin both in ESCC xenograft tumors and
cisplatin-resistant ESCC xenograft tumors (Fig. 9A-G). IHC
analysis also showed that the expression of MCU, MICU2,
MICUI, PD-L1, and Vimentin expression was significantly
increased, whilst E-cadherin expression was significantly
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decreased in cisplatin-resistant ESCC xenograft tumors
compared with the ESCC xenograft tumors (Fig. 9H-N).
MCU inhibition significantly reduced the expression of
MCU, MICU2, MICUI1, PD-L1, and Vimentin, but increased
E-cadherin expression both in ESCC xenograft tumors and
cisplatin-resistant ESCC xenograft tumors. These results
were confirmed using immunofluorescence analysis (Fig. 10).
Thus, MCU knockdown reduced MICU2, MICU1, and PD-L1
expression, and abrogated EMT in cisplatin-resistant and
non-cisplatin-resistant ESCC xenografts.

MCU knockdown reduces angiogenesis in cisplatin-resistant
ESCC in vivo. Using immunofluorescence analysis, the
expression of CD34 (an indicator of microvessel density in
xenograft tumors) was detected. The results showed that
CD34 expression was increased in cisplatin-resistant ESCC
xenograft tumors when compared with normal ESCC xeno-
graft tumors (Fig. 10A and F). MCU inhibition substantially
decreased the expression of CD34 both in ESCC xenograft
tumors and cisplatin-resistant ESCC xenograft tumors. Thus,
the results data indicated that MCU knockdown may inhibit
angiogenesis in cisplatin-resistant and non-cisplatin-resistant
ESCC xenograft mice.

Discussion

Cisplatin-based regimens have been routinely applied for the
treatment of patients with ESCC (19). However, the administra-
tion of cisplatin is typically accompanied by the development
of cisplatin resistance (23). Understanding the mechanisms
underlying the acquisition of cisplatin resistance may enable
the development of more effective treatment schemes, thereby
overcoming chemotherapy resistance and improving ESCC
clinical outcomes (24-26). A tumor is a heterogeneous cell
mixture that harbors multiple genetic variations and gene
expression patterns (27,28). In the present study, it was
demonstrated that targeting MCU suppressed tumor growth
and decreased PD-L1 expression in both cisplatin-resistant
and non-cisplatin-resistant ESCC cells. In future studies,
additional ESCC cell lines and subcutaneous tumor models of
esophageal cancer cells in nude mice will be used to elucidate
the molecular regulatory mechanism of reversing cisplatin
resistance through MUC knockout.

In three ESCC cell lines, MCU overexpression mark-
edly enhanced proliferation, migration, and MMP, and
the opposite results were observed when MCU was stably
knocked down. The carcinogenic effects of MCU have been
reported in various types of cancer. As an example, MCU
facilitates migration, invasion, angiogenesis, and tumor
growth of gastric cancer (29). Here, the therapeutic effects
of MCU inhibition were also confirmed in cisplatin-resistant
ESCC cells, indicating that targeting MCU may overcome
cisplatin resistance. The expression levels of cyclinDl1
and Ki-67 represent the changes in the G1 and G2 phases,
which are closely related to the malignancy of the tumor
and the treatment and prognosis of the patients (30). In the
present study, an ESCC xenograft tumor mouse model and a
cisplatin-resistant ESCC xenograft tumor mouse model were
constructed. Tumor growth was significantly enhanced by
cisplatin resistance. Targeting MCU substantially reduced

ESCC and cisplatin-resistant ESCC tumor growth. As
reflected by the expression of tumor proliferation markers
(CyclinD1 and Ki-67), tumor proliferative capacities were
markedly increased in cisplatin-resistant ESCC tumors, and
this was reversed by MCU inhibition.

Mitochondrial Ca®* homeostasis is pivotal in the regulation
of aerobic metabolism and cell survival and plays an important
role in the prevention and treatment of cancer metastasis. When
the MCU regulates mitochondrial calcium ions, MICUI1 and
MICU2 can be used as the ‘switch’ of calcium ions entering
mitochondria mediated by MCU. MCU forms a complex
structure with MICU1 and MICU2 to regulate the intake of
mitochondrial calcium ions, affect the MMP, and partici-
pate in the metastasis of cancer cells (31-33). However, the
best-known mechanism for cancer metastasis is EMT. In this
study, the effect of MCU overexpression or knockout on the
expression of EMT-related markers (Vimentin and (3-catenin)
was assessed. MCU could reverse the occurrence of EMT and
reduce the expression of related markers, indicating the role
of MCU in the process of cancer metastasis. As previously
mentioned, MCU may affect the expression of PD-L1 through
MICUI1 and MICU?2 as well as regulating MMP, highlighting
novel possibilities for clinical combination therapy.

Monoclonal antibodies targeting PD-1/PD-L1 have
exhibited durable therapeutic responses among patients with
ESCC (34). Nevertheless, only a few patients may achieve
clinical benefits (35). Previously, neoadjuvant chemotherapy
was shown to increase PD-L1 expression in ESCC (36).
Cisplatin enhances the antitumor immunity of PD-1/PD-L1
inhibitors in ESCC but upregulates PD-L1 expression in cancer
cells (37). Here, the results showed that PD-L1 expression was
significantly upregulated in cisplatin-resistant ESCC xenograft
tumors compared to ESCC xenograft tumors, indicating that
PD-L1 was associated with cisplatin resistance. A recent study
found that PD-L1 could enhance cisplatin resistance in gastric
cancer (38). MCU knockdown substantially reduced PD-L1
expression in ESCC and cisplatin-resistant ESCC xenograft
tumors. The above findings indicated that the interaction
between MCU and PD-L1 may promote cisplatin resistance in
ESCC. It was hypothesized that MCU may affect the expres-
sion of PD-L1 by regulating MICU1, MICU2, and the MMP.

The EMT process may induce cisplatin resistance by
transforming relatively motionless epithelial cells into mobile
mesenchymal cells and altering cell-cell adhesion and the
cellular extracellular matrix, thereby promoting the migration
of cancer cells (39,40). The EMT process is reversible and may
be modulated through various molecular signals (41). Here,
vimentin and -catenin expression was significantly increased
and E-cadherin was markedly decreased in cisplatin-resistant
ESCC xenograft tumors, indicating the activation of the EMT
process during cisplatin resistance. However, MCU knockdown
distinctly impaired the EMT process in cisplatin-resistant
ESCC xenograft tumors. This indicated that targeting MCU
could mitigate cisplatin resistance in ESCC by suppressing the
EMT process.

Angiogenesis during carcinogenesis supplies oxygen and
nutrients to proliferative tumor cells, which serves as a thera-
peutic target against ESCC (42). Silencing oncogenes involved
in angiogenesis is required for the treatment of ESCC (43). The
results of the present study demonstrated that CD34-labeled
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angiogenesis was markedly enhanced in cisplatin-resistant
ESCC xenograft tumors and that targeting MCU substantially
reduced angiogenesis in ESCC and cisplatin-resistant ESCC
xenograft tumors. The results also showed the morphological
alterations of microvessels in cisplatin-resistant ESCC and the
therapeutic effects of MCU inhibition in targeting angiogen-
esis in ESCC.

The present study reported for the first time the oncogenic
role of MCU in ESCC and demonstrated the inhibitory effect
of MCU on tumor growth in cisplatin-resistant and non-cispl-
atin-resistant ESCC, indicating that MCU knockdown may
play an anticancer role by reducing the expression of PD-L1
and EMT markers. Thus, targeting MCU may be a promising
therapeutic strategy for the treatment of ESCC.

In conclusion, the results of the present study suggested
that knockdown of MCU reduced the proliferation, migration,
and MMP in ESCC cell lines and cisplatin-resistant ESCC cell
lines. Furthermore, targeting MCU suppressed tumor growth
and alleviated cisplatin resistance in ESCC xenograft mouse
models. Collectively, these results highlighted a pharmaco-
logical strategy in targeting MCU that may be utilized for
mitigating cisplatin resistance in ESCC.
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