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GOLPHS3 inhibition overcomes cisplatin resistance by
restoring the glutathione/reactive oxygen species balance
in the A549 non-small cell lung cancer cell line
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Abstract. Cisplatin resistance is common in non-small
cell lung cancer (NSCLC); however, the molecular mecha-
nisms remain unclear. The present study aimed to identify
a new function of Golgi phosphoprotein 3 (GOLPH3) in
NSCLC-associated cisplatin resistance. Using A549 human
NSCLC cells and the cisplatin-resistant variant, stable cell
lines with GOLPH3 knockdown or overexpression were estab-
lished using lentiviral vectors. Through Cell Counting Kit-8
and EdU assays, it was revealed that knockdown of GOLPH3
significantly enhanced cisplatin sensitivity in NSCLC cells.
Specifically, flow cytometric analysis showed that GOLPH3
knockdown promoted apoptosis and G,-phase cell cycle arrest
in A549 cells. Mechanistically, intracellular reactive oxygen
species (ROS) and glutathione (GSH) levels were measured
using assay kits, and it was demonstrated that GOLPH3
knockdown decreased intracellular GSH levels, and further
attenuated intracellular cisplatin efflux and GSH/ROS imbal-
ance. In addition, tumor-sphere formation assays verified that
GOLPH3 knockdown mitigated the stem cell-like phenotype
of NSCLC cells. In conclusion, the present findings indicated
the relevance of GOLPH3 in NSCLC-associated cisplatin
resistance, and thus targeting GOLPH3 may be developed
into a combination therapy to overcome cisplatin resistance.

Correspondence to: Professor Dan Xue, Department of Pulmonary
and Critical Care Medicine, Fujian Medical University Union
Hospital, 29 Xinquan Road, Fuzhou, Fujian 350001, P.R. China
E-mail: xuedan@fjmu.edu.cn

*Contributed equally

Key words: non-small cell lung cancer, cisplatin resistance, Golgi
phosphoprotein 3, intracellular glutathione, reactive oxygen species

Introduction

Lung cancer is the leading cause of cancer-related death, and was
estimated to be responsible for >120,000 deaths in the United
States in 2023 (1). Despite improvements in early detection and
treatment leading to a decline in lung cancer mortality rates,
the 5-year relative survival rate remains low, particularly in
non-small cell lung cancer (NSCLC) which accounts for ~82%
of all reported lung cancer cases (1,2). Due to the frequently
asymptomatic onset of NSCLC, most patients are diagnosed
at an advanced stage, during which only 21% of patients are
suitable for surgical resection, and most (61%) are treated with
chemotherapy, radiation and/or immunotherapy (3.4). However,
radiotherapy is not suitable for postoperative patients due to its
severe side effects and deleterious effects on survival (5,6).
Due to primary and acquired resistance to immunotherapy,
most patients with NSCLC treated with immunotherapy do not
achieve durable clinical responses (7,8). By contrast, chemo-
therapy exhibits a greater benefit than immunotherapy for
patients with NSCLC; however, synergistic immunotherapy is
also recommended as the standard of care in most patients with
advanced NSCLC (9,10).

Cisplatin, an adjuvant chemotherapeutic drug that binds
to DNA and induces cell death, has been recommended as a
first-line drug for postoperative patients with NSCLC (11). In
addition, cisplatin combined with immunotherapy has been
approved for patients with inoperable advanced NSCLC (12). A
pooled analysis of adjuvant cisplatin in lung cancer confirmed
that cisplatin-based adjuvant chemotherapy exhibited a
disease-free survival benefit of 5.8% and an overall survival
benefit of 5.4%, compared with in patients who did not receive
cisplatin-based adjuvant chemotherapy (13). However, most
patients with NSCLC exhibit intrinsic or acquired cisplatin
resistance (14,15), thus leading to ineffective responses.
Therefore, there is an urgent need to understand the molecular
mechanisms underlying spontaneous and acquired resistance
to cisplatin.
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Golgi phosphoprotein 3 (GOLPH3) is a Golgi oncoprotein
that is upregulated in numerous tumors, including lung, breast
and prostate cancer, and melanoma (16). High levels of GOLPH3
have been shown to be positively associated with poor survival,
partly via GOLPH3-associated mTOR and WNT signaling
pathway activation, which can mediate pro-tumorigenic and
drug-resistant effects in patients with cancer (17). In line
with this, high levels of GOLPH3 can promote the resistance
to multiple chemotherapeutic drugs, such as oxaliplatin (18),
5-fluorouracil (19) and sorafenib (20). However, to the best of
our knowledge, GOLPH3-mediated cisplatin resistance and
the underlying mechanisms in patients with NSCLC have not
been clarified. The present study aimed to investigate the role
of GOLPH3 in cisplatin resistance in human NSCLC cells, and
to understand the mechanisms by which GOLPH3 regulates
chemotherapeutic resistance and promotes tumor metastasis.

Materials and methods

Cell culture. The A549 human NSCLC cell line was purchased
from The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences. A549-cisplatin resistant (A549-Cis)
cells were obtained from Otwo Biotech (Shenzhen) Inc., and
were created by screening cells after long-term treatment
with 5 pg/ml cisplatin. Therefore, the present study also used
a cisplatin concentration of 5 ug/ml. The A549 cells were
cultured in RPMI 1640 medium (HyClone; Cytiva) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml strepto-
mycin. The cells were maintained in a humidified incubator
containing 5% CO, at 37°C. The A549 cells used in the present
experiments were passaged a maximum of 50 times.

Establishment of cell lines with stable expression. GOLPH3
short hairpin (sh)RNAs (shGOLPH3) and GOLPH3
overexpression (GOLPH3-OE) plasmid vectors were
designed and obtained from VectorBuilder GmbH. Notably,
pLV[shRNA]J-EGFP:T2A:Puro-U6 was used as the vector back-
bone for knockdown and pLV[Exp]-EGFP:T2A:Puro-EF1A
was used as the vector backbone for overexpression. Briefly,
1x10%/dish 293T cells (The Cell Bank of Type Culture
Collection of The Chinese Academy of Sciences) were
plated on 10-cm dishes to clone the lentiviruses encoding
shGOLPH3, noncoding negative control (NC) shRNA (shNC),
GOLPH3-OE or GOLPH3-NC (empty vector). The lentiviral
vectors were produced using a 3rd generation system. For each
transfection, 10 ug lentiviral plasmid was used along with a
3:2:1 ratio of lentiviral vector to packaging plasmids (psPAX?2)
and envelope plasmids (pMD2.G). The cells were transfected
at 37°C for 48 h using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.). Lentiviral particles were
collected 48 h post-transfection, concentrated by ultracen-
trifugation and stored at -80°C. For stable expression, A549
cells were infected with the lentiviruses encoding shGOLPH3,
shNC, GOLPH3-OE and GOLPH3-NC at a multiplicity of
infection of 10 at 37°C for 24 h, followed by selection with
2 ug/ml puromycin (cat. no. P8230; Beijing Solarbio Science
& Technology Co., Ltd.) at 37°C for 72 h. GOLPH3 expres-
sion levels were verified by reverse transcription-quantitative
PCR (RT-qPCR) and western blotting. The oligonucleotide

sequences for shRNAs were as follows: shl, 5'-GCTTGT
GGAATGAGACGTAAACTCGAGTTTACGTCTCATTCC
ACAAGC-3' (target sequence: GCTTGTGGAATGAGACGT
AAA); sh2, 5-GCTTGCTTCAATCATGGTTATCTCGAG
ATAACCATGATTGAAGCAAGC-3' (target sequence: GCT
TGCTTCAATCATGGTTAT); shNC, 5-CCTAAGGTTA
AGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTA
GG-3' (target sequence: CCTAAGGTTAAGTCGCCCTCG;
this sequence has no corresponding target was found in both
humans and mice). Cells were allowed to recover for 72 h
post-transduction before any subsequent experimentation.

RNA isolation and RT-gPCR. Total RNA was isolated from
NSCLC cells using a PureLink™ RNA isolation kit (cat.
no. 12183018A; Invitrogen; Thermo Fisher Scientific, Inc.).
cDNA was generated from the RNA using a PrimeScipt™ RT
reagent kit (cat. no. RRO37A; Takara Biotechnology Co., Ltd.)
according to the manufacturer's protocol. RT was performed
at 37°C for 15 min, followed by 85°C for 5 sec to inactivate
the reverse transcriptase. qPCR was performed using SYBR
Green (Bio-Rad Laboratories, Inc.) on the CFX96 touch
real-time PCR system (iQ5; Bio-Rad Laboratories, Inc.). The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 3 min, followed by 40 cycles at 95°C for 10 sec
and 60°C for 30 sec. f-actin was used as a normalization
control and relative mRNA expression levels were calcu-
lated using the 2224 method (21). The primer sequences for
gPCR were as follows (5'-3"): GOLPH3, forward GATGCT
CCAACAGGGGATGT, reverse TGGTGAGGGGATGTG
TTGTC; ATP7A forward GCCAGCCTCTGACACAAG
AA, reverse GCTCCTCTCAACGTTTCTGGA; ABCG2,
forward TGGCTGTCATGGCTTCAGTA, reverse GCCACG
TGATTCTTCCACAA; MATEI, forward CTTCAGGCA
GGACCCAGAT, reverse CAGATAGTTGGCGAGGGCAT;
MATE2K, forward ATCCTAGCCACCAGGCACTA, reverse
GTGTCCACCTGCACTAGACC; ALDHI1AL, forward TGG
ACCAGTGCAGCAAATCA, reverse ACGCCATAGCAA
TTCACCCA; C-myc, forward TACTGCGACGAGGAG
GAGAA, reverse CGAAGGGAGAAGGGTGTGAC; B-actin,
forward AACTGGGACGACATGGAGAAAA, reverse,
GGATAGCACAGCCTGGATAGCA.

Western blot analysis. Total proteins were extracted from
NSCLC cells with RIPA buffer (Roche Diagnostics). The
protein concentration was determined using the bicinchoninic
acid (BCA) assay (Pierce BCA Protein Assay Kit; Thermo
Fisher Scientific, Inc.). Equal amounts of protein (30 pg/lane)
were separated by SDS-PAGE on a 10% polyacrylamide gel and
were transferred to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad Laboratories, Inc.). After blocking in 5% BSA at room
temperature for 1 h, the PVDF membranes were probed with
primary anti-GOLPH3 (1:1,000; cat. no. A13121; ABclonal
Biotech Co., Ltd.) and anti-GAPDH (1:5,000; cat. no. AC026;
ABclonal) antibodies overnight at 4°C. Subsequently, the
membranes were incubated with horseradish peroxidase-linked
secondary antibodies (1:5,000; cat. no. A6154; Sigma-Aldrich;
Merck KGaA) at room temperature for 1 h. The ECL Kit
(Wanleibio Co., Ltd.) was used for detecting protein bands, and
protein levels were semi-quantified with Image Lab software
(Bio-Rad Laboratories, Inc.), normalized to GAPDH Ilevels.
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Cell viability assay. Cell viability was evaluated using the
Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories,
Inc.). Briefly, 0.5-1x10* cells/well of NSCLC cells (infected
with shNC, shl, sh2, GOLPH3-OE and GOLPH3-NC) were
seeded in 96-well plates. After an overnight incubation, the
cells were treated with various concentrations of cisplatin (0, 1,
2.5, 5,10, 25 and 50 pg/ml; Shanghai Aladdin Biochemical
Technology Co., Ltd.) at 37°C for 24 h. Subsequently, CCK-8
solution was added to the phenol red- and serum-free cell
medium for another 1 h. Light absorbance at 450 nm was
then recorded using an Infinite M200 Pro microplate reader
(Tecan Group, Ltd.). Each concentration was tested at least
three times.

EdU assay. A total of 5x10* cells/well of NSCLC cells (infected
with shNC, shl, sh2, GOLPH3-OE and GOLPH3-NC) were
seeded in 24-well plates. After overnight incubation, the
cells were treated with 5 pg/ml cisplatin at 37°C for 24 h.
Subsequently, the cells were cultured with EdU reagent (1:1,000
dilution; Beyotime Institute of Biotechnology) for another 2 h,
and were fixed with 4% paraformaldehyde at 37°C for 15 min,
followed by staining with DAPI (1 ug/ml) at 37°C for 10 min.
All cells were detected using fluorescence microscopy (Leica
Microsystems, Inc.).

Cell death assay. Cell death was evaluated using an Annexin
V-FITC/propidium iodide (PI) Staining Kit (cat. no. CA001;
Signalway Antibody LLC). Stably transduced NSCLC cells
were plated onto 24-well plates at a density of 5x10* cells/well.
After incubation for 24 h, the cells were treated with 5 pg/ml
cisplatin at 37°C for 24 h. Subsequently, the cells were washed
with phosphate-buffered saline (PBS), digested with
EDTA-free trypsin, resuspended in 500 pl binding buffer,
and stained with 10 ul Annexin V-FITC and 10 ul PI at
37°C for 15 min in the dark. After washing twice with PBS,
the cells were immediately analyzed by flow cytometry
(FACSCelesta; BD Biosciences) and fluorescence microscopy
(Leica Microsystems, Inc.), the results were analyzed using
FlowJo-V10-CL software (FlowJo LLC).

Cell cycle assay. Cell cycle progression was examined using a
Cell Cycle Analysis Kit (cat. no. C1052; Beyotime Institute of
Biotechnology). Stably transduced NSCLC cells were plated
onto 24-well plates at a density of 5x10* cells/well and were
incubated for 24 h, after which, the cells were treated with
5 pg/ml cisplatin at 37°C for 24 h. After washing twice with PBS
to remove excess cisplatin, the cells were fixed with 75% ethanol
for 24 h at 4°C, were washed twice with PBS and were treated
with RNAse (100 pg/ml) and PI (50 pug/ml) solution at 37°C for
30 min in the dark. After washing twice with PBS, the cells were
assessed using flow cytometry (FACSCelesta; BD Biosciences)
and the results were analyzed using FlowJo-V10-CL software.

Intracellular cisplatin concentration detection. NSCLC cells
were plated onto 24-well plates at a density of 5x10* cells/well
and were incubated at 37°C for 24 h. The cells were treated
with 5 ug/ml cisplatin-Cy5 (Xi'an Qiyue Biotechnology Co.,
Ltd.) at 37°C for 24 h, and, after washing twice with PBS,
intracellular cisplatin-Cy5 concentration was assessed under a
fluorescence microscope (Leica Microsystems, Inc.).

ONCOLOGY REPORTS 52: 170, 2024 3

Intracellular GSH detection. Intracellular GSH levels were
detected using a GSH Assay Kit (cat. no. S0053; Beyotime
Institute of Biotechnology). NSCLC cells were plated onto
24-well plates at a density of 5x10* cells/well and were incu-
bated at 37°C for 24 h. The cells were treated with 5 yg/ml
cisplatin at 37°C for 24 h, after which, intracellular GSH levels
were measured according to the kit instructions.

Intracellular reactive oxygen species (ROS) detection.
Intracellular ROS were detected using a Reactive Oxygen
Species Assay Kit (cat. no. SO033S; Beyotime Institute of
Biotechnology). NSCLC cells were plated onto 24-well plates
at a density of 5x10* cells/well and were incubated for 24 h. The
cells were treated with 5 pg/ml cisplatin at 37°C for 24 h, and,
after washing twice with PBS, the DCFH-DA probe was added
to the culture medium and co-incubated 37°C for another 2 h.
After washing twice with PBS to remove excess DCFH-DA,
the cells were resuspended in PBS and were detected using
fluorescence microscopy (Leica Microsystems, Inc.).

Sphere formation assay. NSCLC cells were seeded into
ultra-low cluster 6-well microplates at a density of 500 cells/well
and were cultured in serum-free medium (containing 20 ng/ml
basic fibroblast growth factor and epidermal growth factor,
5 pug/ml insulin, and 0.4% BSA; Dalian Meilun Biology
Technology Co., Ltd.) supplemented with 5 ug/ml cisplatin.
Cells were cultured for ~10 days before 3D tumor spheres
(tight, spherical, nonadherent masses >50 pm in diameter) were
observed and images were captured under a phase-contrast
fluorescence microscope (Leica Microsystems, Inc.).

Statistical analysis. Data are presented as the mean + SD
(n=3). The experimental data were statistically analyzed
by one-way analysis of variance using GraphPad Prism 7.0
statistical software (Dotmatics). For post hoc comparisons, the
Fisher's least significant difference method was used, or the
Tukey honestly significant difference method was used when
>3 groups were compared. P<0.05 was considered to indicate
a statistically significant difference.

Results

GOLPH3 knockdown is associated with cisplatin sensitivity.
To evaluate the effects of GOLPH3 on cisplatin resistance,
knockdown and overexpression of GOLPH3 using lentivi-
ruses encoding shGOLPH3 or GOLPH3-OE was performed.
The protein and mRNA expression levels of GOLPH3 were
increased in GOLPH3-OE cells, and were decreased in
shGOLPH3 cells (Figs. 1A and S1). Subsequently, the inhibitory
effects of cisplatin on the viability of these cells were assessed.
As shown in Fig. 1B, GOLPH3 knockdown significantly
increased the inhibitory effects of 5 yg/ml cisplatin on cell
viability by ~2 fold. By contrast, 2.5 pg/ml cisplatin reduced
cell viability by ~25% in GOLPH3-knockdown cells, but had
minimal impact on control cells. Moreover, the inhibitory
effect of cisplatin on A549-Cis cells was significantly lower
than that on A549 cells (Fig. S2). By contrast, overexpression
of GOLPH3 resulted in minimal impact on the inhibitory
effects of cisplatin on cell viability (Fig. 1C), indicating that
GOLPH3 overexpression does not affect cisplatin resistance.
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Figure 1. GOLPH3 knockdown inhibits the viability and proliferation of A549 cells. (A) GOLPH3 knockdown or OE was examined by western blot analysis.
Following treatment with the indicated concentrations of cisplatin for 24 h, the viability of A549 cells infected with (B) GOLPH3 shNC, shl and sh2, or
(C) GOLPH3-NC and GOLPH3-OE was evaluted by Cell Counting Kit-8 assay. Cell viability was suppressed in shl and sh2 cells, but no difference was

detected in GOLPH3-OE cells. Data are presented as the mean + SD (n=3).

“"P<0.001. (D) Proliferation of A549 cells infected with GOLPH3 shNC, sh1, sh2,

GOLPH3-NC and GOLPH3-OE treated with 5 ug/ml cisplatin for 24 h were examined by EdU assay. Cell proliferation was suppressed in shl and sh2 cells,
but increased in GOLPH3-OE cells. GOLPH3, Golgi phosphoprotein 3; NC, negative control; OE, overexpression; sh, short hairpin.

Since EdU is commonly used to detect cell proliferation, cells
with GOLPH3 overexpression or knockdown were treated
with EdU in the presence of 5 ug/ml cisplatin. Consistent
with the cell viability assay, the numbers of EdU-positive
cells were markedly decreased in the GOLPH3 knockdown
groups compared with those in the control group (Fig. 1D).
By contrast, the numbers of EdU-positive cells were compara-
tively higher in the GOLPH3 overexpression group than in
the control group. These findings indicated that GOLPH3
knockdown may increase cisplatin sensitivity in NSCLC cells.

The present study further investigated whether GOLPH3
knockdown could enhance the apoptosis of cells in the pres-
ence of 5 ug/ml cisplatin. A low proportion of apoptotic cells
was observed in the control group, whereas the proportion
was increased to 10-15% in the GOLPH3 knockdown groups
(Fig. 2A and B). Consistent with the results of flow cytometry,
immunofluorescence analysis showed that GOLPH3 knock-
down markedly increased the proportion of Annexin V* and/or
PI* cells (Fig. 2C). Moreover, cisplatin-mediated DNA toxicity
was elevated in cells with GOLPH3 knockdown. As shown in
Fig. 2D, GOLPH3 knockdown in A549 cells resulted in the

prolongation of cisplatin-mediated cell cycle arrest at G, phase
compared with that in the shNC group. Without cisplatin treat-
ment, the cell cycle distribution was consistent for all cells
(Fig. S3). By contrast, GOLPH3 overexpression partially abro-
gated cisplatin-mediated cell cycle block at G, phase compared
with that in the GOLPH3-NC group (Fig. 2E), suggesting that
GOLPH3 may impair cisplatin-DNA adducts and cytotoxicity.
These data indicated that GOLPH3 knockdown not only
enhances the pro-apoptotic effect of cisplatin, but may also
elevate its DNA toxicity.

GOLPH3 knockdown elevates intracellular cisplatin level.
Reduced drug accumulation is a main factor involved in cispl-
atin resistance (14,15). To verify the hypothesis that GOLPH3
decreased intracellular concentrations of cisplatin, the present
study assessed the intracellular cisplatin concentration using
cisplatin-Cy5 fluorescence. As expected, GOLPH3 knockdown
in A549 cells led to enhanced cisplatin-fluorescence signal
accumulation (Fig. 3A). By contrast, GOLPH3 overexpres-
sion notably decreased intracellular cisplatin concentration
(Fig. 3B). Intracellular drug concentrations depend on cellular
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Figure 2. GOLPH3 knockdown enhances apoptosis and cell cycle arrest in A549 cells. Following treatment with 5 yg/ml cisplatin for 24 h, A549 cells infected
with GOLPH3 shNC, shl, sh2, GOLPH3-NC and GOLPH3-OE were stained with Annexin V/PI or PI for cell apoptosis or cell cycle assays, respectively.
GOLPH3 knockdown increased the proportion of apoptotic cells. (A) Representative plots of flow cytometric analysis of cell apoptosis and (B) statistical
analysis of the proportion of apoptotic cells. "P<0.05 vs. shNC. (C) Representative immunofluorescence images of Annexin V* and/or PI* cells. GOLPH3
knockdown prolonged the cell cycle arrest in G2 phase. (D) Representative plots of flow cytometric analysis of cell cycle progression in cells infected with
shNC, shl and sh2 (left panel). Statistical analysis of the proportion of cells in each stage of the cell cycle (right panel). (E) Representative plots of flow
cytometric analysis of cell cycle progression in cells infected with GOLPH3-NC and GOLPH3-OE cells (left panel). Statistical analysis of the proportion

of cells in each stage of the cell cycle (right panel). Data are presented as the mean + SD (n=3). GOLPH3, Golgi phosphoprotein 3; NC, negative control;
OE, overexpression; PI, propidium iodide; sh, short hairpin.

uptake or efflux, and passive drug diffusion is the main form
of drug accumulation. The present study aimed to uncover the
biological functions of GOLPH3 on intracellular drug efflux

by examining the expression levels of drug efflux transporters.
RT-qPCR showed that GOLPH3 knockdown significantly
downregulated ATP7A (Fig. 3C), ABCG2 (Fig. 3D), MATEI1
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Figure 3. GOLPH3 knockdown increases cisplatin accumulation in A549 cells. A549 cells infected with (A) GOLPH3 shNC, sh1 or sh2, and (B) GOLPH3-NC
or GOLPH3-OE were treated with 5 ug/ml cisplatin-Cy5 for 24 h and intracellular cisplatin-Cy5 concentration was assessed by fluorescence microscopy.
Representative fluorescence images of intracellular cisplatin-Cy5 accumulation are shown. mRNA expression levels of ABC transporters, including (C) ATP7A,
(D) ABCG2, (E) MATEI and (F) MATE2K were examined relative to levels in GOLPH3-shNC cells by reverse transcription-quantitative PCR. B-actin was
used as an endogenous control. Data are presented as the mean + SD (n=3). "P<0.05, *“P<0.001 vs. shNC. GOLPH3, Golgi phosphoprotein 3; NC, negative

control; OE, overexpression; PI, propidium iodide; sh, short hairpin.

(Fig. 3E) and MATE2K (Fig. 3F) mRNA expression levels
compared with those in the shNC group, indicating that
GOLPH3 knockdown may increase cisplatin sensitivity by
downregulating the expression of ABC transporters and
decreasing drug efflux.

GOLPH3 impairs glutathione (GSH)/ROS balance.
Antioxidant ability assists in the survival of tumor cells treated
with chemotherapy (22); therefore, the present study assessed
whether GOLPH3 was associated with redox homeostasis. The
levels of GSH were examined in cells with GOLPH3 knock-
down or overexpression under 5 yg/ml cisplatin treatment. As
shown in Fig. 4A, cells with GOLPH3 knockdown exhibited
a reduction in GSH levels compared with in the control cells.
By contrast, GOLPH3-overexpressing cells displayed higher
levels of GSH compared with in the control cells (Fig. 4B),
indicating that GOLPH3 could impair redox homeostasis by
maintaining a reduced state. Notably, A549-Cis cells exhib-
ited higher levels of GSH compared with A549 cells, which
is consistent with the results of GOLPH3-overexpressing cells
(Fig. S4). The present study further assessed the dependence
of ROS accumulation on GOLPH3 expression. Enhanced ROS
accumulation was detected in cells with GOLPH3 knock-
down compared with in the control cells, whereas no notable
ROS signal was detected in GOLPH3-overexpressing cells,
following treatment with 5 ug/ml cisplatin (Fig. 4C). These
data strongly indicated that cisplatin-mediated oxidative stress
depends on cellular GOLPH3 expression, and that GOLPH3
overexpression may disrupt the GSH/ROS balance and result
in cisplatin resistance.

Cisplatin resistance is associated with GOLPH3-mediated
stem cell-like phenotype. Tumor stem cell subpopulations
are closely associated with chemotherapeutic resistance.
Therefore, the present study explored the possibility that
intrinsic cisplatin resistance in NSCLC cells is due to the
existence of a GOLPH3-mediated stem cell subpopulation.
Cancer stem cells (CSCs) are a subpopulation of cancer cells
with the ability to self-renew and drive tumorigenesis (23).
As expected, the mRNA expression levels of CSC, markers
(ALDH1A1, C-myc) were significantly inhibited in NSCLC
cells with GOLPH3 knockdown (Fig. 5A). Tumor sphere
formation assay further verified this phenomenon. The size
and number of sphere colonies were markedly inhibited in
cells with GOLPH3 knockdown compared with in the control
group (Fig. 5B). These data suggested that GOLPH3 knock-
down could suppress the stem cell-like phenotype of NSCLC
cells and further elevate cisplatin sensitivity.

Discussion

The heterogeneity of NSCLC results in the short-lived poten-
tial of targeted therapy and immunotherapy. Cisplatin-based
chemotherapy is of benefit for postoperative patients with
NSCLC (13); however, intrinsic and acquired therapeutic
resistance severely limits its clinical use (22). In addition,
the molecular mechanism of cisplatin resistance in NSCLC
remains unknown. The present study demonstrated the rele-
vance of GOLPH3 protein in cisplatin resistance; knockdown
of GOLPH3 markedly augmented cisplatin sensitivity. This
may be attributed to the fact that low levels of GOLPH3 could
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Figure 4. GOLPH3 knockdown impairs the antioxidant capacity of A549 cells. A549 cells infected with GOLPH3 shNC, shl, sh2, GOLPH3-NC and
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phosphoprotein 3; GSH, glutathione; NC, negative control; OE, overexpression; PI, propidium iodide; ROS, reactive oxygen species; sh, short hairpin.

A g 15 3
<< <
ZT10 -
EQ QE) w
2305 s rex
T ©° k]
& T
shNT sh#1 shi#2 shNC sh#1 sh#2
B shNC sh1 sh2
o] §
< xp ¢
® .
50um

Figure 5. GOLPH3 knockdown inhibits the stem cell-like phenotype of
A549 cells. (A) mRNA expression levels of stem cell markers (ALDH1A1
and C-myc) were examined relative to levels in GOLPH3-shNC cells by
reverse transcription-quantitative PCR. Data are presented as the mean + SD
(n=3). “P<0.01, ""P<0.001 vs. shNC. (B) Tumor sphere formation capacity
of A549 cells infected with GOLPH3 shNC, shl and sh2 was examined.
Representative phase-contrast images of spheres formation are shown.
GOLPH3, Golgi phosphoprotein 3; NC, negative control; sh, short hairpin.

inhibit the expression of ABC transporters and further miti-
gate cisplatin efflux. Furthermore, knockdown of GOLPH3
impaired the antioxidant ability of NSCLC cells and elevated

cisplatin-associated oxidative stress. Consequently, cisplatin
resistance may be attenuated by suppressing GOLPH3 protein
expression.

High levels of ROS can impair tumor survival and growth;
however, most tumors possess marked antioxidant capacity
and thus exhibit therapeutic resistance (24,25). In NSCLC,
high levels of antioxidant enzymes, such as superoxide
dismutase 1 and GSH S-transferase, are commonly present in
tumor tissues, and inhibition of these enzymes can increase
chemotherapy-associated cell death, even in the presence of
KRAS mutations that promote continued proliferation of tumor
cells (26). Therefore, elevated oxidative stress may be a novel
avenue for cancer therapy. The present study demonstrated a
novel biological function of GOLPH3 that is relevant to cellular
redox balance. Knockdown of GOLPH3 significantly reduced
intracellular GSH levels, which is a key antioxidant that could
bind to cisplatin to form a deactivated complex readily excreted
by a GSH S-conjugated export pump, resulting in enhanced
drug accumulation and increased drug sensitivity. By contrast,
knockdown of GOLPH3 elevated intracellular ROS levels. As
high levels of GSH are often associated with cisplatin resistance
and tumor malignancy, elucidating the relevance of GOLPH3
and GSH/ROS balance may expand clinical application and
overcome cisplatin resistance.
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CSCs are a small heterogeneous subpopulation of tumor
cells that not only maintain the renewal capability of tumor
cells, but are also related to the resistance of tumor cells to
chemotherapy or radiotherapy (27). Since increasing studies
have reported that the PI3K-Akt-mTOR signaling pathway is
the major regulator of CSCs, which is involved in the mainte-
nance of stemness, proliferation, differentiation and survival,
inhibition of mTOR pathway activity may be a promising
therapeutic strategy for CSC-associated drug resistance
(28,29). Notably, GOLPH3, a Golgi oncoprotein, is an inherent
initiator of the activation of mTOR and its downstream
signaling (17). The present study revealed that knockdown of
GOLPH3 markedly inhibited the expression levels of the CSC
markers ALDHIA and C-myc in NSCLC cells. Consistent
with these results, fewer tumor spheres were formed in cells
with GOLPH3 knockdown than in control cells.

It is important to acknowledge that the absence of another
NSCLC cell line, primary NSCLC cells or an animal model
in the present study represents a potential limitation. The lack
of additional models restricts the generalizability and clinical
relevance of the findings; therefore, future investigations
should consider incorporating these supplementary models to
provide a more comprehensive evaluation of the therapeutic
potential of GOLPH3 inhibition.

In summary, the present study revealed the relevance of
GOLPH3 in cisplatin resistance in the A549 NSCLC cell
line. Knockdown of GOLPH3 not only increased cisplatin
accumulation but also elevated oxidative stress in these cells.
In addition, knockdown of GOLPH3 diminished the CSC-like
properties of NSCLC cells and restored cisplatin sensitivity.
Thus, inhibition of GOLPH3 may be considered a promising
therapeutic strategy for cisplatin resistance in NSCLC. These
findings should be further investigated in vivo and in the clinic
to determine whether inhibition of GOLPH3 could be trans-
lated from experimental research to clinical application.
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