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Abstract

G protein pathway suppressor 2 (GPS2) is expressed in most human tissues, includ-
ing the stomach. However, the biological functions of GPS2 in cancer, as well as
the underlying molecular mechanisms, remain poorly understood. Here, we report
that GPS2 expression was aberrantly downregulated in gastric cancer (GC) tissues
compared with control tissues. Clinicopathologic analysis showed that low GPS2
expression was significantly correlated with pathological grade, lymph node stage,
and invasive depth. Kaplan-Meier analysis indicated that patients with low GPS2 ex-
pression showed poorer overall survival rates than those with high GPS2 expression.
Moreover, GPS2 overexpression decreased GC cell proliferation, colony formation,
tumorigenesis, and invasion. Overexpression of GPS2 reduced the protein expres-
sion of epidermal growth factor receptor (EGFR) and inhibited its downstream signal-
ing in GC cells. Interestingly, GPS2 decreased EGFR protein expression, which was
reversed by a lysosome inhibitor. Furthermore, GPS2 reduced EGFR protein stabil-
ity by enhancing the binding of EGFR and an E3 ligase, c-Cbl, which promoted the
ubiquitination of EGFR, ultimately leading to its degradation through the lysosomal
pathway. Further analysis indicated that GPS2 activated autophagy and promoted
the autophagic flux by destabilizing EGFR. Taken together, these results suggest that
low GPS2 expression is associated with GC progression and provide insights into the
applicability of the GPS2-EGFR axis as a potential therapeutic target in GC.
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1 | INTRODUCTION

Gastric cancer is the sixth most common malignancy in the world
and the third leading cause of cancer-related deaths; therefore, GC
contributes significantly to the global burden of cancer. Although
the global incidence and mortality rates of GC have significantly
decreased over the past 50 years, GC still has one of the highest
incidences in East Asian countries.® The incidence and mortality
rates of GC in China are second only to those of lung cancer. The
incidence and mortality rates of GC are highest in rural areas.?
Due to the lack of effective biomarkers for the early detection
of GC and the prediction of its chemosensitivity and recurrence
rates, the outcome of GC patients remains unsatisfactory. As no
obvious characteristic symptoms are observed in the early stage
of the disease, GC is not easy to detect, and the pain it causes
is ignored if it is not severe. Therefore, GC is often diagnosed in
the advanced stage, and the treatment efficacy is poor. Diagnosis
usually occurs too late to allow for effective treatment, resulting
in a 5-year survival rate of less than 20%.% New therapies target-
ing specific molecules should be developed to improve the clinical
outcome of GC.

Endocytosis begins with the internalization of plasma mem-
brane cargo into early endosomes. These vesicles can mature into
endosomes and further mature into various cell compartments,
including circulating endosomes (fused with plasma membrane)
or late endosomes (fused with lysosome), thereby regulating the
circulation or degradation of endocytic cargo such as RTK.*®
Epidermal growth factor receptor is a member of the c-erbB family
RTK and is highly expressed and activated in a variety of human
tumors, including GC. Abnormal activation of EGFR is an import-
ant step in the malignant transformation of cancer cells and the
progression of tumors. Activation of EGFR, in turn, activates its
downstream kinases, such as AKT and ERK, thereby promoting
cancer cell proliferation, invasion, and apoptosis resistance.”® The
binding of EGF to EGFR not only activates signals downstream of
EGFR but also stimulates the rapid internalization of EGFR. EGFR-
mediated cell signaling and its endocytosis are strictly regulated.9
The endocytosis of EGFR can lead to two different fates of this
receptor: circulation back to the plasma membrane or degradation
in lysosomes.'® Promoting EGFR degradation could be a potential
strategy for tumor treatment.

G protein pathway suppressor 2 is a small 37-kDa protein and
the corresponding gene is located at 17p13.1. Also known as AMF1
(activating domain regulator 1), GPS2 is expressed in most human
tissues, including the kidney.}'?2 GPS2 was originally shown to in-
hibit G protein-activated RAS and MAPK signaling and interfere with
JNK activity in yeast and mammalian cells.* GPS2 was later shown
to be involved in many physiological and pathological processes, in-
cluding proliferation, apoptosis, DNA repair, brain development, and
metabolism.**> GPS2 is an epigenomic regulator involved in the
regulation of inflammatory gene expression in the nucleus. In many

cases, GPS2 acts as the core subunit of the basic chromatin-modified

cardiac compression complex, which includes histone deacetylase 3
(HDACS), nuclear receptor corepressor (NCOR), and retinoid and
thyroid receptor (SMRT, also known as NCOR2).1 GPS2 interacts
with transcription factors and some lipid-sensing nuclear recep-
tors.!” In addition, studies have shown that GPS2 exerts a nontran-
scriptional effect in the cytoplasm; in particular, GPS2 has been
associated with the regulation of tumor necrosis factor a signaling
and JNK activity. GPS2 has been shown to interact with the E2
ubiquitin-binding enzyme Ubc13, which participates in K63 ubiquiti-
nation.'® Dysregulation of GPS2 has been reported to be associated
with the tumorigenesis of glioblastoma multiforme and undifferen-
tiated spindle cell sarcoma.’” However, the precise mechanisms by
which GPS2 functions in GC have not yet been identified. In this
study, the biological function and clinical significance of GPS2 in GC
were examined.

2 | MATERIALS AND METHODS
2.1 | The Cancer Genome Atlas datasets

The databases applied in this study are publicly available from
TCGA-STAD. All data were downloaded using TCGA assembler soft-
ware, and mRNA levels were detected by RNA sequencing using V2
RSEM software.

2.2 | Patients

Two independent GC cohort TMAs were utilized in this study for IHC.
The training cohort TMA was purchased from Wuhan Iwill Biological
Technology Co., Ltd. Two TMAs contain a total of 230 points, includ-
ing 30 pairs of cancerous and adjacent tissues, 120 cases of nonadja-
cent cancerous tissues, and 50 cases of unpaired adjacent cancerous
tissues. The array dot diameter was 1.5 mm, and each dot repre-
sented a tissue spot from one individual specimen that was selected
and pathologically confirmed. Sixteen pairs of tumor and adjacent
normal gastric tissues were collected from patients at the Dongfeng
General Hospital immediately after surgical resection and stored in
liquid nitrogen until further use. For gPCR, 16 pairs of tissue speci-
mens were ground in liquid nitrogen cooled mortar, and tissue pow-
der was suspended in TRIzol reagent (Invitrogen). For western blot
assay, 10 pairs of tissue specimens were ground in liquid nitrogen
cooled mortar, and tissue powder was suspended in lysis buffer
(50 mmol/L Tris-HCI [pH 7.4], 150 mmol/L NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 1 mmol/L PMSF, and complete
protease inhibitor cocktail) and cleared by centrifugation. The sam-
ples were used with the approval of the Institutional Review Board
of Hubei University of Medicine and Dongfeng General Hospital af-
filiated to Hubei University of Medicine. All tissue samples were ob-
tained with written informed consent from patients at the Dongfeng

General Hospital.
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2.3 | Cell culture

The GC lines MKN74, SGC7901, BGC823, MGC803, HGC27, and
AGS and normal human gastric epithelial cell line GES1 were pur-
chased from ATCC. SGC7901, BGC823, MGC803, HGC27, AGS,
and GES1 were cultured in DMEM containing 10% FBS (HyClone
Laboratories), 100 U/mL penicillin (Amresco), and 100 mg/mL
streptomycin (Amresco). MKN74 cells were cultured in RPMI-1640
(HyClone Laboratories) supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin. All cells were incubated in a
humidified atmosphere with CO, at 37°C.

2.4 | Western blot analysis

Cell pellets were lysed in RIPA buffer (Merck, Millipore). Lysates were
normalized for total protein (25 ug) and loaded on 8%-12% SDS po-
lyacrylamide gel, electrophoresed, and transferred to a PVDF mem-
brane (Millipore), followed by blocking with 5% skimmed milk at room
temperature for 1 hour. The membrane was incubated with primary
Abs overnight at 4°C and rinsed with TBS with Tween-20. The pri-
mary Abs used were anti-GPS2 (GeneTex), anti-EGFR, anti-phospho-
EGFR (Y1045), anti-phospho-EGFR (Y1068), anti-HA, anti-Myc,
anti-Flag, anti-mTOR, anti-phospho-mTOR (52448), anti-LC3A/B (all
Cell Signaling Technology), and anti-phospho-Akt (5473), anti-Akt,
and anti-GAPDH (Santa Cruz Biotechnology). The blots were then
washed and incubated with HRP-conjugated secondary Ab (EarthOx)
at room temperature for 1.5 hours. Detection was carried out using a

SuperSignal West Pico Trial kit (Pierce Biotechnology).?°

2.5 | Real-time qPCR

Quantitative PCR was undertaken as described previously using Taq
Pro Universal SYBR gPCR Master Mix (Vazyme Biotech Co., Ltd).%°
The PCR conditions consisted of the following: 95°C for 3 minutes
for denaturation; 95°C for 15 seconds for annealing; and 60°C for
1 minute for extension, for 40 cycles. The threshold cycle for each
sample was selected from the linear range and converted to a start-
ing quantity by interpolation from a standard curve generated on
the same plate for each set of primers (Table 1). The target gene
mRNA levels were normalized for each well to the GAPDH mRNA
levels using the 2722C method.?* Each experiment was repeated
three times.

2.6 | Immunohistochemistry

Immunohistochemical analysis as well as the scoring of immunore-
activity was undertaken using the rabbit polyclonal anti-GPS2 Ab.
The intensity of GPS2 staining was scored. The scores of each tumor
sample were multiplied to give a final score of 0-6, and the tumors

were finally determined as negative (-), score O; lower expression (+),
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TABLE 1 Primer sequences for quantitative PCR

Gene Primer sequence

GPS2 F: AGGCGAAAGGAACAGAGTGA
R: GAGTACCTGGGCGATTGTGT

EGFR F: TTGCCGCAAAGTGTGTAACG
R: GTCACCCCTAAATGCCACCG

GAPDH F: GGTCTCCTCTGACTTCAACA

R: GTGAGGGTCTCTCTCTTCCT

Abbreviations: F, forward; R, reverse.

score 1.5 or less; moderate expression (++), score 1.5-2.5; and high
expression (+++), score 2.5 or higher. Each tumor sample that scored
(+) was considered negative (low expression).

2.7 | Plasmids and stable or transient transfections

GPS2 was subcloned into pLVX-HA and pcDNA3-HA vectors.
Epidermal growth factor receptor was subcloned into pLVX-C-HA
and pLVX-C-Myc vectors. Casitas B-lineage lymphoma was sub-
cloned into pcDNA3-Flag-vectors. Transfection of plasmids was un-
dertaken using Lipofectamine 3000 (Invitrogen).

To generate stable cells, lentiviral infections were used. HEK293T
cells were cotransfected with viral vectors and packaging plasmids.
Forty-eight hours after transfection, culture medium was supple-
mented with 5 ug/mL polybrene, filtered through a 0.45 um filter,
and used to infect cells of interest. Thirty-six hours after infection,

cells were selected with respective antibiotics in culture medium.

2.8 | Cytotoxic assay and cell viability

Cells were seeded into a 96-well plate and precultured for 24 hours,
and then transfected with plasmid or siRNA for 24 hours. Cell cyto-
toxicity was determined by MTT assay. Cell viability was estimated
by Trypan blue dye exclusion.??

2.9 | Soft agar colony formation assay

Colony formation assay and soft agar colony formation analysis were
carried out as described.?

2.10 | Invasion assay

Invasion assay was carried out as described.?*

2.11 | Wound healing assay

Wound healing assay was carried out as described.?”
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2.12 | RNAinterference

Small interfering RNA specific for GPS2 and NC siRNA was syn-
thesized (RiboBio) and transfected using Lipofectamine 2000
(Invitrogen). The sequences were as follows: NC siRNA, 5-UUCU
CCGAACGUGUCACGUTT-3'; GPS2 siRNA #1, 5-UAGGACUAUAAG
CUGGCUG-3’, GPS2 siRNA #2, 5'-UAGAGCCAAAAGCUUCUCC-3/,
and GPS2 siRNA #3, 5-UCCAUCAUAAUGUGCCGGU-3'.

2.13 | Turnover assay

The cells were transfected with indicated plasmids. Cycloheximide
was added into the media at 50 pg/mL of final concentration. The
cells were harvested at the indicated time points after CHX treat-
ment. The protein levels were analyzed by western blot. The density
of protein was measured by densitometer and the integrated optical

density was measured.

2.14 | Ubiquitination assay

The cells were transfected with the indicated plasmids and then
treated with bortezomib (100 nmol/L; Selleck) for 24 hours and
PR-619 (20 pmol/L; Selleck) for 1 hour. Then cells were lysed with
lysis buffer (Roche Applied Science), 1 mmol/L DTT, 1 mmol/L
PMSF, and 20 mmol/L N-ethylmaleimide and immunoprecipitated
with anti-Myc Abs after 1:10 dilution with lysis buffer. The im-
munoprecipitates were washed three times with lysis buffer con-
taining 0.1% SDS. Samples were then boiled before western blot
analysis.

2.15 | Immunofluorescence staining

The cells were transfected with indicated plasmids. Cells were then
fixed and penetrated. Primary Abs were incubated with cells at 4°C
overnight. Dylight 488- or Dylight 594-conjugated secondary Abs
(EarthOx) were diluted 1:500 in 3% BSA in PBS for 1.5 hours at
room temperature. We used DAPI for visualization of cell nucleus.
Sections were observed using an Olympus laser scanning confocal

microscope with imaging software (Olympus Fluoview FV-1000).

2.16 | Autophagy assays

The cells were transfected with pQCXIP-GFP-LC3 or pmCherry-
GFP-LC3 plasmid using Lipofectamine 3000 and then fixed in 4%
paraformaldehyde. The percentage of cells with fluorescent dots
representing GFP and mCherry translocation was counted. We
used DAPI for visualization of cell nucleus. Sections were observed
using an Olympus laser scanning confocal microscope with imaging

software.?®

2.17 | Acridine orange staining

The cells were transfected with indicated plasmids. Cell staining
with AO (Sigma-Aldrich) was undertaken according to the protocol
from the manufacturer, adding a final concentration of 5 pg/mL for
a period of 10 minutes (37°C, 5% CO,) and were examined with a

confocal microscope.

2.18 | Murine models

Equal amounts of female and male nude immunodeficient mice (nu/
nu), 5-6 weeks old, were purchased from Hunan SJA Laboratory
Animal Co., Ltd., and maintained and monitored in a SPF environ-
ment. The mice were injected s.c. with 6 x 10° SGC7901-Vector
(n = 8), AGS-Vector (n = 8) or SGC7901-GPS2°¢ (n = 8), AGS-
GPS2°E cells in 100 pL DMEM into the right flank. In addition, 28
nude mice were used to detect potential tumor inhibition induced
by HCQ. After being randomly divided into four groups (AGS-Vector,
AGS-GPS2%F, AGS-Vector + HCQ, and AGS-GPS2°F + HCQ; seven
mice per group), the mice were treated with either PBS or HCQ
(8 mg/kg) by i.p. injection every 4 days for 6 weeks. Body weight
was measured for all mice every 2 days. Caliper measurements of
the longest perpendicular tumor diameters were carried out twice
a week to estimate the tumor volume, using the following formula:
47/3 x (width/2)? x (length/2). Animals were killed when tumors
reached 1.5 cm or if the mice appeared moribund to prevent un-
necessary morbidity. Tumor tissues were excised for western blot
analysis or fixed in 10% formalin and then embedded in paraffin for
H&E staining and IHC. All animal experiments were approved by the
Animal Care Committee of Hubei University of Medicine (approval
number 2020-021).

2.19 | Statistical analysis

All statistical analyses were carried out using GraphPad Prism 8
(GraphPad Software) and SPSS 22.0 software for Windows (IBM).
Results from three independent experiments were presented as the
mean + SD unless otherwise noted. Statistically significant values
were compared using Student’s t test of unpaired data or one-way
ANOVA and Bonferroni’s post hoc test. P-values less than .05 was
used to indicate a statistically significant difference.

3 | RESULTS

3.1 | Decreased mRNA expression of GPS2 predicts
poor prognosis of patients from TCGA GC cohort

To investigate the GPS2 mRNA expression profile in human GC tis-
sues, we first analyzed the GPS2 expression levels in TCGA data-

base. We found that the GPS2 mRNA levels were significantly lower
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in tumor tissues than in normal gastric tissues (Figure 1A). The ex-
pression of GPS2 in T3+T4 GC patients was significantly lower than
that in T1+T2 patients (Figure 1B). Moreover, GPS2 was expressed at
lower levels in tumors with higher degrees of lymph node metasta-
sis (stage N1-N3) and malignancy (stage IlI-IV) than in tumors with
lower degrees of lymph node metastasis (stage NO) and malignancy
(stage I-Il) (Figure 1C,D). However, there was no significant differ-
ence in the expression of GPS2 in GC tissues with or without dis-
tant metastasis (Figure 1E). Furthermore, patients with lower GPS2
expression showed significantly reduced survival compared to pa-
tients with higher GPS2 expression, according to the TCGA database
(Figure 1F,G). These results suggested that GPS2 could act as a tumor
suppressor in GC.

3.2 | G protein pathway suppressor 2 expressed
at low levels in GC and low GPS2 expression is
associated with poor prognosis

We first investigated GPS2 expression in a panel of six human GC
cell lines (SGC7901, BGC823, MGC803, AGS, MKN74, and HGC27
cells) and one normal human gastric epithelial cell line (GES1 cells).
Western blot analysis showed low levels of GPS2 in the AGS,
SGC7901, HGC27, and BGC823 cells compared with the GES1 cells

H 4871
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(Figure 2A). Moreover, we detected GPS2 expression in clinical
human GC samples by gPCR and western blot analysis. The mRNA
and protein levels of GPS2 were found to be significantly lower in
14 of 16 (87.5%) and in 8 of 10 (80.0%) of the GC tumors than in
the paired normal gastric mucosa according to gPCR and western
blot analysis, respectively (Figure 2B,C). We also analyzed GPS2 ex-
pression in 150 GC tissue samples and 80 adjacent cancerous tissue
samples by IHC analyses of a TMA. Immunoreactivity scoring was
undertaken as described.?” We found that GPS2 was expressed at
low levels in 50.67% (76 of 150) of the tumor samples, and 16.25%
(13 of 80) of the adjacent cancerous tissue samples showed low
GPS2 expression (Figure 2D,E). These results suggested that GPS2
might be a critical molecule for GC development. Furthermore, IHC
analysis of the TMA, which included 30 paired samples from GC
patients, revealed that tumor tissues showed lower staining than
paired adjacent cancerous tissues (Figure 2F).

To explore the clinicopathologic significance of GPS2 in GC, all
the patients were divided into a high GPS2 expression subgroup
(n = 74) and a low GPS2 expression subgroup (n = 76). The relation-
ship between GPS2 expression and clinicopathologic features is
shown in Table 2. Low expression of GPS2 was positively correlated
with tumor invasion depth, lymph node metastasis, and clinical stage.
These results suggested that the expression of GPS2 is closely re-
lated to GC metastasis. The relative proportion of GC patients with

(R) (B) ©) (D)
B g 87 * % % q(s — - - ‘6 g “5 *
56 58° 58 256
i 2 20 2%
D oy 'y B 4 O oL 4]
5Sa[ £ 59 S o 4
3= ; %8 X2 S
<& 27 <32 <o ® N2
Za Za Z 0o <wn
% o 0 TCIGA . o gl TCGA Cé o § % 04 TCGA
> & € v <™ E N Q
N ,\\)((\ ,\'\:\ ,\'b:\ Q)\ \\'\
o
$ %\'{bg %\’Z}Q’e
(E) ns (F) (@)
5 = %100- = 100 .
gg 6- =100 — GPS2-high £ 100 ~ GPS2-high
—_ ® —_ -
2 = T 75- — GPS2-low g 75 GPS2-low
o %4- c S
$o : 7 50 g 50_TCGA
o= i =
<327 ES g 95 TCGA £ 25-log-rank test:
Za o log-rank test: o) P< .05
xo, TCGA 3 P< .05 ®
e T T 0 T T T T 1 8 0 T T T 1
MO M1 0 24 48 72 96 120 S 0O 20 40 60 80
Time (mo) o Time (mo)

FIGURE 1 G protein pathway suppressor 2 (GPS2) expression in The Cancer Genome Atlas of Stomach Adenocarcinoma (TCGA-STAD)
cohort. A, Differences in the expression levels of GPS2 in normal and tumor gastric tissues. B-E, GPS2 expression level in gastric cancer
samples with different T stages (B), N stages (C), pathologic stages (D), and M stages (E). F,G, Association of GPS2 expression in tumor
tissues with overall survival and disease-free survival in TCGA-STAD was examined by Kaplan-Meier analysis. *P < .05; ***P < .001. FKPM,
fragments per kilobase million
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with poor prognosis. A, Western blot analysis of the GPS2 protein levels in the GES1 and GC cell lines. B, Determination of the GPS2 mRNA
levels in 16 tumor tissues and paired noncancerous normal tissues from GC patients by quantitative PCR. ACt (N), the Ct value of GAPDH
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Immunohistochemical (IHC) analysis of the GPS2 protein levels in GC tissues and normal tissues on a tissue microarray. GC tissue sections
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GPS2 protein expression in normal tissues and two different GC tissues. F, IHC analysis of GPS2 protein levels in 30 paired GC tissues. G,
Relative proportion of GC patients with low GPS2 expression in T, N, and clinical stages. H, Survival curves of GC patients with low GPS2
expression vs GC patients with high GPS2 expression. *P < .05; ***P < .001
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high or low GPS2 expression in each tumor stage revealed that the
number of patients with low GPS2 expression gradually increased as
tumor stage progressed (Figure 2G). Survival analysis revealed that
GC patients with low GPS2 expression showed poorer overall sur-
vival than those with high GPS2 expression (Figure 2H). Altogether,
our present data suggested that GPS2 was expressed at low levels
in GC and that a low level of GPS2 expression was a predictor of
progression and poor prognosis in GC patients.

3.3 | G protein pathway suppressor 2 inhibits GC
cell proliferation and invasion

Next, we explored the role of GPS2 in GC cells. SGC7901 and AGS
cells were transiently transfected with a GPS2 expression plasmid
(HA-GPS2) (Figure 3A). The effect of GPS2 on cell viability was in-
vestigated. The MTT assay and growth curve results showed that
GPS2 overexpression reduced cell proliferation (Figure 3B,C).
Colony formation assays also showed that GPS2 overexpression
significantly inhibited the colony formation of SGC7901 and AGS
cells (Figure 3D). To further determine the effect of GPS2 on inva-
sion, wound healing and invasion assays were carried out. As shown

in Figure 3E,F, GPS2 overexpression markedly suppressed the

TABLE 2 Characteristics of G protein
pathway suppressor 2 (GPS2) expression
in gastric cancer patients

Characteristic
Age (years)
<60
260
Gender
Male
Female
Clinical stage
Early (IA-11B)
Advanced (IlIA-1V)
Pathologic grade
I-11
I-1v
Invasive depth
T1-T2
T3-T4
Lymph node stage
NO
N1-N3
Tumor size (cm)
<7
>7

32 test,
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migration and invasion of GC cells. To confirm this result, SGC7901
and AGS cells were transfected with GPS2 siRNA, and GPS2 mRNA
expression was examined by using gPCR (Figure 3G). GPS2 mRNA
expression was markedly decreased by siRNA treatment, and GPS2
knockdown resulted in a significant increase in cell proliferation
(Figure 3H) and colony formation (Figure 3I). Furthermore, the inva-
sion assay showed that GPS2 knockdown markedly promoted the
invasion of GC cells (Figure 3J). Taken together, these data suggested
that GPS2 inhibited GC cell proliferation and invasion.

3.4 | G protein pathway suppressor 2
downregulates EGFR protein expression level and
inhibits its downstream signaling pathway

We discovered that, in GC cell lines transiently overexpressing
GPS2, the protein expression level of EGFR, a key signaling molecule
for cell growth,28 was significantly downregulated (Figure 4A). We
next evaluated whether GPS2 affected EGFR transcription level by
gPCR. The results suggested that GPS2 had no significant effect
on EGFR mRNA expression (Figure 4B). To further confirm the ef-
fect of GPS2 on EGFR protein level in GC cells, siRNA was used to
knock down GPS2 in SGC7901 and AGS cells. Knockdown of GPS2

GPS2 expression

All (n = 150) Low (n = 76) High (n = 74)
No. No. No. P value®
106 55 51 >.05
44 21 23
107 53 54 >.05
43 23 20
46 9 37 <.01
104 67 37
25 15 10 >.05
125 61 64
40 10 30 <.01
110 66 44
45 12 33 <.01
105 64 41
122 64 58 >.05
28 12 16
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FIGURE 3 G protein pathway suppressor 2 (GPS2) inhibits gastric cancer cell proliferation and invasion. A, SGC7901 and AGS cells were
transfected with the indicated vectors, and GPS2 expression was analyzed by western blot. B,C, SGC7901 and AGS cells were transfected
with the indicated vectors for 48 h, and cell viability was evaluated by MTT and cell counting assays. D, SGC7901 and AGS cells were

stably transfected with HA-GPS2 or vector alone. Colony formation was evaluated by clone formation assay. E, The migration of SGC7901
and AGS cells stably overexpressing GPS2 was monitored with a wound healing assay. F, Invasion of SGC7901 and AGS cells stably
overexpressing GPS2 was monitored with a Transwell invasion assay. G, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h;
GPS2 expression was analyzed by quantitative PCR. H, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h; cell viability was
evaluated by MTT assay. |, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h; colony formation was evaluated by clone
formation assay. J, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h; invasion was evaluated by Transwell invasion assay.

*P <.05;**P < .01

markedly increased the EGFR protein levels (Figure 4C). However,
the EGFR mRNA levels were not notably different (Figure 4D). These
data suggested that GPS2 negatively regulated the EGFR levels at
the posttranscriptional level. We next examined whether GPS2 ex-
pression affected EGFR-mediated downstream signaling pathways.
We constructed SGC7901 and AGS cell lines stably overexpressing
GPS2. Western blot analysis suggested that the phosphorylation of
AKT and mTOR was significantly decreased in GPS2-overexpressing
cells (Figure 4E,F). We also detected the ERK and STAT3 signals
downstream of EGFR, and the results showed that the overexpres-
sion of GPS2 did not affect ERK and STAT3 through EGFR (Figure
S1). In addition, knockdown of GPS2 markedly increased the levels of
phosphorylated AKT and mTOR (Figure 4G,H). The above data indi-
cated that GPS2 reduced EGFR protein levels and modulated EGFR/
AKT/mTOR signaling.

Erlotinib is a small-molecule inhibitor of EGFR tyrosine kinase
that reduces the growth and metastasis of cancer cells.?? To examine
whether the effects of GPS2 on the growth and invasion of GC cells

were dependent on EGFR, we treated SGC7901 and AGS cells with
GPS2 siRNA and erlotinib. The MTT assays showed that erlotinib
clearly reduced the effect of GPS2 knockdown on promoting cell
proliferation (Figure 4l). The invasion assays suggested that erlotinib
markedly decreased the effect of GPS2 knockdown on enhancing

cell invasion (Figure 4J).

3.5 | G protein pathway suppressor 2
reduces EGFR protein stability through c-Cbl-
mediated ubiquitination and then lysosomal
degradation

Next, we blocked protein synthesis with the protein synthesis inhib-
itor CHX and found that GPS2 overexpression decreased the rate of
EGFR turnover in the presence of CHX (Figure 5A), and GPS2 knock-
down enhanced the rate of EGFR turnover in the presence of CHX
(Figure S2), suggesting that GPS2 reduced EGFR protein stability.
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FIGURE 4 G protein pathway suppressor 2 (GPS2) downregulates the protein expression of epidermal growth factor receptor (EGFR)
and inhibits its downstream signaling pathways. A, SGC7901 and AGS cells were transfected with the indicated vectors for 48 h, and

protein expression was analyzed by western blot. B, SGC7901 and AGS cells were transfected with the indicated vectors for 48 h, and EGFR
expression was analyzed by quantitative PCR (QPCR). C, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h, and protein
expression was analyzed by western blot. D, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h, and EGFR expression

was analyzed by gPCR. E,F, SGC7901 and AGS cells were stably transfected with HA-GPS2 or vector alone. Western blot was carried out
using the indicated Abs. G,H, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h, and protein expression was analyzed by
western blot. I, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h and then treated with erlotinib (60 pmol/L) for 24 h. Cell
viability was evaluated by MTT assay. J, SGC7901 and AGS cells were transfected with GPS2 siRNA for 48 h and then treated with erlotinib
(60 pmol/L) for 24 h. Invasion was evaluated by Transwell invasion assay. **P < .01. ns, not significant
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The ubiquitin-proteasomal pathway and lysosomal pathway are the
two main degradation pathways in cells.®® We further used inhibi-
tors of these two degradation pathways to elucidate the pathway
by which GPS2 mediated EGFR degradation. The results suggested
that the proteasome inhibitors (MG132 and bortezomib) did not
prevent the GPS2 overexpression-induced degradation of EGFR
(Figure 5B). However, the lysosomal protease inhibitor HCQ signifi-
cantly suppressed the GPS2 overexpression-induced degradation
of EGFR (Figure 5C), suggesting that GPS2-induced EGFR degra-
dation occurred through lysosomes. Immunofluorescence analysis
showed increased colocalization of EGFR with the early endosome
marker EEA1 and the late endosome and lysosome marker LAMP-1
in GPS2-overexpressing cells (Figure 5D,E), suggesting that GPS2
promoted the trafficking of EGFR to lysosomes. It has been well
shown that the binding of EGF stimulates the rapid internalization
of EGFR by stimulating c-Cbl (henceforth: Cbl) E3-ligase activity.*!
Phosphorylated EGFR creates a docking site for Cbl, transports it
from the cytoplasm to the plasma membrane, and ubiquitinates
EGFR.®2 We then measured the endogenous EGFR protein levels
in GC cells transfected with HA-GPS2 after different durations of
EGF stimulation. The results indicated that GPS2 clearly enhanced
the EGF-induced internalization of EGFR (Figure 5F,G). These data
suggested that GPS2 accelerated EGF-stimulated EGFR degrada-
tion. To further investigate the impact of GPS2 on EGFR stability,
we assessed the ubiquitination of EGFR and found that GPS2 over-
expression increased the levels of ubiquitinated EGFR (Figure 5H).
The ubiquitination of EGFR depends on the binding of EGFR and
Cbl.” We wanted to determine whether GPS2 affects the binding
of EGFR and Cbl. Through immunoprecipitation experiments, we
found that GPS2 promoted the binding of EGFR and Cbl (Figure 5I).
It has been reported that Cbl interacts with EGFR either directly
through phosphorylated Y1045, or indirectly through Grb2, which
binds to phosphorylated Y1068 or Y1086.3* Then we investigated
the GPS2-overexpressing cells and found that the phosphorylation
of Y1045 (pY1045) in EGFR were elevated, whereas the levels of
Cbl and pY1068 and pY1086 had no significant changes (Figure 5J),
suggesting that GPS2 increased the direct binding between Cbl and
EGFR at pY1045. Taken together, these results suggested that GPS2

reduced EGFR protein stability through Cbl-mediated ubiquitination
and lysosomal degradation.

3.6 | G protein pathway suppressor 2 activates
autophagy and promotes autophagic flux by
destabilizing EGFR

Emerging evidence indicates that the EGFR-mediated signal-
ing pathway plays a critical role in the induction of autophagy in
various cancers and that targeting EGFR-mediated autophagy is a
potential strategy for cancer treatment.®® We next sought to in-
vestigate whether GPS2 overexpression could increase the rate
of autophagy. The formation of autophagosomes is accompanied
by a marked redistribution of LC3 from the cytosol to autophago-
somes. Figure 6A shows that overexpression of GPS2 increased
the levels of the lipidated form of LC3 (LC3-II). In addition, confo-
cal microscopy revealed increased LC3 puncta formation in GPS2-
overexpressing SGC7901 and AGS cells, while diffuse, cytoplasmic
green fluorescence was observed in vector control SGC7901 and
AGS cells (Figure 6B). Moreover, we found that HCQ significantly
suppressed the autophagic flux induced by GPS2 overexpression
(Figure 6C,D), suggesting that GPS2-induced autophagy is late
autophagy mediated by lysosomes. The inside of the lysosome is
an acidic environment. We then used AO staining to detect the
pH of the lysosomes. We observed that the autolysosomes in
GPS2-overexpressing cells were acidic (Figure 6E). Finally, tandem
mCherry-GFP-LC3 reporter assays were used to assess the au-
tophagic flux. SGC7901 and AGS cells stably overexpressing GPS2
were transfected with the mCherry-GFP-LC3 plasmid, and the dis-
tribution of the mCherry-GFP-LC3 fusion protein was analyzed.
The GPS2-overexpressing cells showed an increase in red-yellow
punctate fluorescence (Figure 6F,G), indicating that GPS2 overex-
pression increased the fusion of autophagosomes and lysosomes
to promote the autophagic flux. Furthermore, we restored the
expression of EGFR in GPS2-overexpressing cells and determined
the effect of EGFR on GPS2-induced autophagy. As we hypoth-
esized, the overexpression of EGFR in GPS2-overexpressing GC

FIGURE 5 G protein pathway suppressor 2 (GPS2) reduces epidermal growth factor receptor (EGFR) protein stability through Casitas B-
lineage lymphoma (Cbl)-mediated ubiquitination and lysosomal degradation. A, SGC7901 and AGS cells were transfected with the indicated
plasmids and then treated with cycloheximide (CHX; 50 ug/mL) for the indicated times. B, SGC7901 and AGS cells were stably transfected
with HA-GPS2 or vector alone. Stably transfected SGC7901 and AGS cells were treated with bortezomib (100 nmol/L) or MG132 (2 pmol/L)
for 24 h. Western blot analysis was carried out using the indicated Abs. C, SGC7901 and AGS cells were stably transfected with HA-GPS2
or vector alone. Stably transfected SGC7901 and AGS cells were treated with hydroxychloroquine (HCQ; 10 umol/L) for 24 h. Western

blot analysis was carried out using the indicated Abs. D, SGC7901 and AGS cells stably transfected with HA-GPS2 and control plasmid

were stained with anti-EGFR (green) and anti-early endosome antigen 1 (EEA1) (red) and analyzed by immunofluorescence assay. Scale

bar = 15 um. E, SGC7901 and AGS cells stably transfected with HA-GPS2 and control plasmid were stained with anti-EGFR (green) and anti-
lysosomal associated membrane protein 1 (LAMP-1; red) and analyzed by immunofluorescence assay. Scale bar = 15 um. F,G, SGC7901 and
AGS cells were transfected with the indicated plasmids and then treated with epidermal growth factor (EGF; 100 ug/mL) for the indicated
times. H, SGC7901 and AGS cells were transfected with the Myc-EGFR, HA-Ub, and/or HA-GPS2 plasmids for 48 h. Western blot analysis
was carried out using the indicated Abs. |, HEK293T cells were transfected with Flag-Cbl, Myc-EGFR, and/or HA-GPS2 plasmids for 48 h,
and lysates were immunoprecipitated as indicated. J, SGC7901 and AGS cells were stably transfected with HA-GPS2 or vector alone.
Western blot analysis was carried out using the indicated Abs. *P < .05; **P < .01
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FIGURE 6 G protein pathway suppressor 2 (GPS2) activates autophagy and promotes autophagic flux. SGC7901 and AGS cells were
stably transfected with HA-GPS2 or vector alone. A, Western blot analysis was carried out using the indicated Abs. B, Stably transfected
SGC7901 and AGS cells were transfected with the pQCXIP-GFP-LC3 plasmid for 24 h and assessed by immunofluorescence analyses. Scale
bar = 15 um. C,D, Stably transfected SGC7901 and AGS cells were treated with hydroxychloroquine (HCQ; 10 umol/L) for 24 h. Western
blot analysis was carried out using the indicated Abs. E, SGC7901 and AGS cells were stably transfected and subjected to acridine orange
staining. Scale bar = 100 pm. F,G, Stably transfected SGC7901 and AGS cells were transfected with mCherry-GFP-LC3 plasmid for 24 h
and assessed by immunofluorescence analyses. Scale bar = 15 um. H, Stably transfected SGC7901 and AGS cells were transfected with
the HA-EGFR plasmid for 48 h. Western blot analysis was carried out using the indicated Abs. *P < .05; **P < .01. LC3-II, lipidated form of

microtubule-associated protein 1 light chain 3

cells transfected with the vector alone (Figure 7B-F). We also moni-
tored the weight of the nude mice (Figure 7G,H). All of the mice
were killed, and the tumor specimens were examined by western
blot analysis and IHC. The results showed that the expression levels
of EGFR and Ki67 were downregulated and the expression level of
LC-31l was upregulated in the GPS2°F group (Figure 71-K). In ad-
dition, to assess the role of EGFR in GPS2 tumor suppression, we
gave HCQ, a lysosomal inhibitor, to GPS2°F xenografted nude mice.
The results show that for the vector group, HCQ had a certain an-
ticancer effect. For the GPS2°F group, HCQ antagonized the tumor

cells could significantly inhibit the expression of LC3-1l, suggesting
that GPS2 activated autophagy, at least in part, by destabilizing
EGFR.

3.7 | G protein pathway suppressor 2
suppresses the growth xenograft GC tumors in vivo

To investigate the function of GPS2 in vivo, two xenograft tumor
models were established by using SGC7901 and AGS cells stably

transfected with HA-GPS2 or vector alone. Stable GPS2°F and vec-
tor control SGC7901 and AGS cells were s.c. injected into nude
mice, and tumor growth was monitored (Figure 7A). The xeno-
graft tumor burdens were significantly decreased in the mice s.c.
injected with SGC7901 or AGS cells stably overexpressing GPS2
compared to those in the mice s.c. injected with SGC7901 or AGS

suppressor effect of GPS2 (Figure 7L-N), which indicated that EGFR
is at least partially involved in the tumor suppressor effect of GPS2

in vivo.
Overall, we conclude that GPS2 inhibited GC growth and inva-
sion and induced cancer cell autophagy mainly through destabilizing

EGFR (Figure 8).
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FIGURE 7 G protein pathway suppressor 2 (GPS2) suppresses gastric cancer tumorigenesis in vivo. A, Experimental design of the
establishment of xenograft tumor models. B,C, Tumor volumes were calculated twice a week starting on the day mice were injected

with stable GPS2°F or vector cells. D, Images of xenograft tumors obtained from differentially treated mice after 4 weeks. E,F, Weights

of tumors from each group at the end of the study. G,H, Murine body weight was calculated twice a week starting on the day mice were
injected with stable GPS2°F or vector cells. |, Expression levels of indicated proteins in xenograft tumors were analyzed by western blot. J,K,
Representative tumor tissues were sectioned and subjected to H&E staining and immunohistochemical staining for Ki67. L, Murine models
were treated with PBS or 8 mg/kg hydroxychloroquine (HCQ) and tumor volumes were calculated twice a week. M, Images of xenograft
tumors excised from each group of mice at the end of the study. N, Weight of tumors excised from each group of mice at the end of the
study. Scale bar = 100 um. *P < .05; **P < .01, ***P < .001
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FIGURE 8 Proposed modelillustrating
how G protein pathway suppressor 2
(GPS2) suppresses gastric cancer by
destabilizing epidermal growth factor
receptor (EGFR). GPS2 promotes Casitas
B-lineage lymphoma (Cbl)-dependent
EGFR ubiquitylation, and then non-
clathrin-mediated internalization,
followed by endosome delivery to
lysosomal degradation. The AKT/mTOR
signal downstream of EGFR is inhibited
in this process, which in turn activates
autophagy, and inhibits cell proliferation
and invasion. EGF, epidermal growth
factor

4 | DISCUSSION

Metastatic GC is still a challenging disease with no effective clinical
treatment. Therefore, it is urgent to identify early diagnostic markers
and to discover new potential treatment targets.

As a critical subunit of the NCOR/SMRT complex, GPS2 is mainly
located in the nucleus.’” Recent studies have shown that GPS2 plays
important roles in the cytoplasm, including promoting erythroid dif-
ferentiation by controlling the stability of the EKLF protein®* and
regulating multiple stages of B cell development by inhibiting Ubc13-
mediated ubiquitination.>> However, few studies have explored the
relationship between the expression of GPS2 and the progression
and prognosis of cancer. Here, we sought to explore other possible
mechanisms by which GPS2 functions in the cytoplasm to provide
additional approaches for inhibiting tumorigenesis. In the TCGA-
STAD cohort, GC cell lines, and patient tumor tissues, we showed
that the expression of GPS2 was significantly reduced (Figures 1 and
2). Low expression of GPS2 was related to pathological grade and
lymph node stage but might not be significantly correlated with dis-
tant metastasis (Figure 2, Table 2). These findings showed that GPS2
could be involved in the progression of GC and be a significant prog-
nostic biomarker for GC patients. The clinical data described above
prompted us to carry out a series of in vitro and in vivo experiments
to explore the possible underlying mechanisms.

Next, a series of in vitro and in vivo experiments established
GPS2 as a tumor suppressor in GC. Overexpression of GPS2 in GC
cells inhibited cell growth, clone formation in vitro, and tumorige-
nicity in mice bearing xenografts. Xenograft tumors overexpressing
GPS2 showed a slower growth rate and decreased Ki67 expression

(Figure 7). Migration and invasion are important characteristics of

cancer cell metastasis.?> Here, we showed that GPS2 in GC cells sup-
pressed cell migration and invasion in vitro. In contrast, downregu-
lation of GPS2 expression promoted the growth, colony formation,
migration, and invasion of GC cells (Figure 3). G protein pathway in-
hibitor 2 has recently been shown to be a tumor suppressor in two
other cancer types, liposarcoma,®® and breast cancer.®’” In liposar-
coma, GPS2 knockdown enhanced proliferation, migration, and cell
cycle progression of SW872 cell line.3¢ In breast cancer, loss of GPS2
expression led to increased proliferation and migration of the MDA-
MB-231 cell line through constitutive AKT activation.®” Hence,
GPS2 is likely to be an important tumor suppressor that inhibits the
progression of several types of tumors.

Epidermal growth factor receptor controls a variety of biolog-
ical processes in tumor cells, including cell proliferation, invasion,
apoptosis, and drug resistance.?® In addition, EGFR plays a vital
role in physiological and pathological processes.®® Therefore, it is
important to investigate the stability of EGFR in tumor cells. In this
study, werevealed that GPS2 downregulated the protein expression
level of EGFR and inhibited its downstream AKT/mTOR signaling.
We further confirmed that GPS2 suppressed GC cell proliferation
and metastasis through EGFR-mediated signaling pathways using
erlotinib (Figure 4). Epidermal growth factor receptor is a main
factor upstream of the AKT/mTOR pathway.®’ Epidermal growth
factor receptor, as a new downstream molecule of GPS2, could
explain why the loss of GPS2 expression enhanced proliferation
and migration in liposarcoma SW872 cells and breast cancer MDA-
MB-231 cells, as described above. Non-clathrin-mediated endocy-
tosis plays a major role in the regulation of EGFR fate by targeting
it to lysosomes for degradation.” Wang et al also reported that

EGFR is degraded through the proteasome pathway.*® We used
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a protein synthesis inhibitor (CHX), proteasome inhibitors (borte-
zomib and MG132), and a lysosomal inhibitor (HCQ) and detected
the expression of EGFR in GC cells stably overexpressing GPS2;
we ultimately found that GPS2 overexpression promotes the pro-
tein instability of EGFR through the lysosome pathway (Figure 5A-
C). Both the CME and NCE internalization pathways lead to the
same early endosomal compartment.** Next, immunofluorescence
experiments proved that EGFR colocalized with the early endoso-
mal marker EEA1 and lysosomal marker LAMP-1 (Figure 5D,E), in-
dicating that GPS2 promotes the degradation of EGFR through the
NCE pathway. Non-clathrin-mediated is reported to have poten-
tial tumor suppressor properties.42 Here, we proved that GPS2’s
downregulation of EGFR through the NCE pathway also indicated
the tumor suppressor effect of GPS2. Physiologically high doses of
EGF often activate the NCE of EGFR.*® Furthermore, we proved
that high expression of GPS2 enhanced the NCE of EGFR at high
concentrations of EGF (Figure 5F,G). Non-clathrin-mediated of
EGFR has been shown to be mediated by ubiquitination, and this
ubiquitination is specifically regulated by the activity of the E3 li-
gase Cbl.? Therefore, Cbl is a key molecule that negatively regu-
lates EGFR. The high expression of GPS2 enhanced the binding of
Cbl to EGFR and further increased its ubiquitination (Figure 5H,I).
As mentioned above, the ubiquitination regulation of EGFR by Cbl
is either directly, through binding to its pY1045 site, or indirectly,
through Grb2 binding to the pY1068 or pY1086 site.3! Our exper-
iment ruled out the possibility of Cbl indirectly binding to EGFR
through Grb2 (Figure 5J). The direct binding of Cbl to pY1045
could be more stable, thereby more effectively leading to the in-
crease and degradation of EGFR ubiquitination.

Previously, EGFR was reported to regulate autophagy through
several downstream signaling pathways.33’44 We observed mark-
edly increased autophagy and enhanced autophagic flux in GPS2-
overexpressing GC cells (Figure 6A-G), suggesting that the low
expression of EGFR caused by GPS2 could be the main driver of
autophagy. Furthermore, restoring EGFR expression in cells over-
expressing GPS2 inhibited autophagy (Figure 6H). This showed
that GPS2 induced autophagy by destabilizing EGFR in GC cells.
Both endocytosis and autophagy transport cellular cargo to the ly-
sosome for degradation. Recent research has started to reveal the
mechanism by which endocytic and autophagy compartments can
work together to promote their optimal activity. Autophagosomes
need to fuse with late endosomes, not directly with lysosomes;
this mixing chamber then fuses with lysosomes and promotes the
degradation of the contents.* Fraser et al reported that the abla-
tion of autophagy-essential players disrupts EGF-induced endocytic
trafficking of EGFR.*® This indicated that autophagy might also be
involved in the endocytosis of EGFR induced by GPS2; however, fol-
low-up experiments are required.

In conclusion, low expression of GPS2 is a common event in
GC, and low expression of GPS2 serves as a biomarker of reduced
overall survival and poor prognosis. Moreover, GPS2 overexpression
destabilizes EGFR, thereby reducing cell proliferation and invasion

and promoting autophagy. Our results confirmed that GPS2 serves
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as a new tumor suppressor in GC and could be a novel therapeutic
target in GC.
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