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INTRODUCTION

Esophageal cancer is the eighth most

Abstract

Background: Solute carrier family 34 member 2 (SLC34A2) has been implicated in
the development of various malignancies. However, the clinical significance and
underlying molecular mechanisms of SLC34A2 in esophageal squamous cell carci-
noma (ESCC) remain elusive.

Methods: Western blotting, quantitative real-time PCR and immunohistochemistry
were utilized to evaluate the expression levels of SLC34A2 mRNA/protein in ESCC
cell lines or tissues. Kaplan-Meier curves were employed for survival analysis. CCK-8,
colony formation, EAU and xenograft tumor model assays were conducted to deter-
mine the impact of SLC34A2 on ESCC cell proliferation. Cell cycle was examined
using flow cytometry. RNA-sequencing and enrichment analysis were carried out to
explore the potential signaling pathways. The autophagic flux was evaluated by west-
ern blotting, mRFP-GFP-LC3 reporter system and transmission electron microscopy.
Immunoprecipitation and mass spectrometry were utilized for identification of poten-
tial SLC34A2-interacting proteins. Cycloheximide (CHX) chase and ubiquitination
assays were conducted to test the protein stability.

Results: The expression of SLC34A2 was significantly upregulated in ESCC and corre-
lated with unfavorable clinicopathologic characteristics particularly the Ki-67 labeling
index and poor prognosis of ESCC patients. Overexpression of SLC34A2 promoted
ESCC cell proliferation, while silencing SLC34A2 had the opposite effect. Moreover,
SLC34A2 induced autophagy to promote ESCC cell proliferation, whereas inhibition
of autophagy suppressed the proliferation of ESCC cells. Further studies showed that
SLC34A2 interacted with an autophagy-related protein STX17 to promote autophagy
and proliferation of ESCC cells by inhibiting the ubiquitination and degradation of
STX17.

Conclusions: These findings indicate that SLC34A2 may serve as a prognostic bio-
marker for ESCC.

KEYWORDS
autophagy, ESCC, proliferation, SLC34A2, STX17

Esophageal squamous cell carcinoma (ESCC) is the predom-
inant histological subtype of esophageal cancer in China.
common cancer and  Despite advances in current therapeutic modalities, such as

sixth leading cause of cancer-related mortality worldwide.">  surgery, radiotherapy, chemotherapy and immunotherapy,

the prognosis for ESCC patients remains unsatisfactory,
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imperative that the molecular mechanism of esophageal
cancer development/progression is comprehensively investi-
gated and elucidated in order to identify pivotal targets for
effective ESCC treatment.

NaPi-2b (SLC34A2) is a transporter of sodium-
dependent inorganic phosphate (Pi), maintaining optimal
levels of inorganic phosphorus ion in various organs™* and
multiple lumen fluids.” SLC34A2 is predominantly
expressed in the small intestine and type II alveolar cells
(AT-I1).° Accumulating evidence suggests that SLC34A2 is
abnormally expressed in different types of malignancies.””
Wang et al. found that SLC34A2 exerted suppressive effects
on the proliferative, invasive and migrative behaviors of
NSCLC cells.'"” Another study revealed that knockdown
of SLC34A2 inhibited cell growth via the PTEN/AKT/
FOXO3a pathway in papillary thyroid carcinoma.'' More-
over, a significant association was observed between elevated
expression of SLC34A2 with the colorectal cancer (CRC)
development, as well as unfavorable prognosis of CRC
patients.® Rearrangements of chromosomes, such as
SLC34A2-ROS1 fusion, were detected in gastric and non-
small cell lung cancers, resulting in the formation of hybrid
proteins comprising both SLC34A2 and ROS1.'>"* To date,
however, the precise molecular mechanisms underlying the
role of SLC34A2 in ESCC remains poorly understood.

It is well established that autophagy refers to a cellu-
lar degradation and recycling process involved in the
biogenesis of autophagosomes, fusion of autophagosomes
with lysosomes, degradation in autolysosomes and utiliza-
tion of degradation products.'*'> Numerous studies have
demonstrated the involvement of autophagy in regulating
tumorigenesis, invasion, metastasis, tumor immunity and
chemoresistance.'®™'® However, the roles of autophagy
are complex and controversial in promoting cell survival
or cell death depending on the cancer type, tumor stage
and genetic context.'” Syntaxin 17 (STX17) is a major
SNARE protein essential for mediating autophagosome-
lysosome fusion.’>*! Inhibition of STX17 resulted in the
accumulation of autophagosomes without degradation.”'
Notably, STX17 has recently been reported to participate
in autophagy initiation.*> By immunoprecipitation
(IP) and mass spectrometry assays, STX17 was identified
as an interacting protein of SLC34A2. However, the rela-
tionship between SLC34A2 and STX17 or autophagy in
ESCC remain elusive.

Our studies revealed that SLC34A2 is markedly upre-
gulated in ESCC and has a close association with unfa-
vorable  survival outcomes of ESCC  patients.
Overexpressing SLC34A2 exerted notable promoting
effects on ESCC cell proliferation. Conversely, silencing
SLC34A2 had the opposite results. Furthermore,
SLC34A2 interacted with STX17 to activate autophagy by
inhibiting the ubiquitination and degradation of STX17,
thereby promoting cell proliferation. Collectively, our
studies indicated that SLC34A2 could exert a crucial
oncogenic role in ESCC and silencing SLC34A2 could be
a therapeutic strategy for ESCC.

METHODS
Reagents

Dulbecco’s modified Eagle medium (DMEM) and RPMI-
1640 medium were purchased from Gibco (USA). Coomas-
sie brilliant blue was sourced from Tiangen (China). The
following antibodies were utilized: anti-SLC34A2 (664458,
1:250 dilution for immunohistochemistry (IHC, 1:200 dilu-
tion for IF and 1:1000 dilution for WB, Cell Signaling Tech-
nology, USA), anti-Ki-67 (#9027S, 1:300 dilution for IHC,
Cell Signaling Technology), anti-LC3B (#3868S, 1:1000 dilu-
tion for WB and 1:150 dilution for IHC, Cell Signaling
Technology), anti-GAPDH (60004-1-Ig, 1:20000 dilution for
WB, Proteintech Group, China), anti-a-tubulin (66031-1-Ig,
1:20000 dilution for WB, Proteintech Group), anti-
TMEMI106B (20995-1-AP, 1:1000 dilution for WB, Protein-
tech Group), anti-STX12 (14259-1-AP, 1:2000 dilution for
WB, Proteintech Group), anti-p62/SQSTM1 (PMO045,
1:1000 dilution for WB and 1:200 dilution for ITHC, MBL
Beijing Biotech Co.), syntaxin 17 (sc-518187, 1:1000 dilution
for WB, 1:200 dilution for IF and 1:150 dilution for THC,
Santa Cruz Biotechnology).

Cell lines and cultures

Cell lines used in the study were obtained from Shanghai
Cell Bank (China). Five human ESCC cell lines, namely
KYSE70, KYSE140, KYSE410, KYSE520 and TE-1, were cul-
tured in a RPMI 1640 medium with 10% fetal bovine serum
(FBS) supplement. The normal esophageal epithelial cell line
(NE-1) and retroviral packaging cell line (293 T) were cul-
tured in a DMEM medium along with 10% FBS supplement.
All cell lines were kept in in a humidified incubator at 37°C
with 5% CO,.

Patient samples

Six pairs of fresh ESCC tissues and matched adjacent nor-
mal tissues were obtained from the First Affiliated Hospital,
Sun Yat-Sen University in 2016. Paraffin-embedded tumor
tissues were procured from 166 patients who had been diag-
nosed with ESCC and subsequently underwent surgical re-
section during the period between November 2007 and
December 2008 at the First Affiliated Hospital of Sun
Yat-sen University. They did not undergo any antitumor
treatments prior to the surgical intervention. The clinico-
pathological staging was confirmed based on the seventh
edition of the American Joint Committee on Cancer
Tumor-Nodes-Metastasis (TNM) staging system. Detailed
clinicopathological features of ESCC patients were described
in Table 1. Ethical approval from the Medical Ethics Com-
mittee has been granted by the First Affiliated Hospital of
Sun Yat-sen University (approval no. [2022]548) and
informed consent was obtained from all patients.
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TABLE 1 The relationship between SLC34A2 expression and clinicopathological features in ESCC patients.
All cases Low SLC34A2 expression High SLC34A2 expression

Variable N = 166 (%) N =66 (%) N =100 (%) v p-value

Age (years) 0.004 0.951
<60 86 (51.8) 34 (39.5) 52 (60.5)
>60 80 (48.2) 32 (40.0) 48 (60.0)

Gender 0.175 0.676
Female 38 (22.9) 14 (36.8 24 (63.2)
Male 128 (77.1) 52 (40.6 76 (59.4)

Tumor recurrence 7.305 0.007*
No 67 (40.4) 35(52.2) 32 (47.8)
Yes 99 (59.6) 31 (31.3) 68 (68.7)

Tumor size (cm) 0.489 0.484
<3 81 (48.8) 30 (37.0 51 (63.0)
>3 85 (51.2) 36 (424 49 (57.6)

Tumor site 0.010 0.995
Upper segmental esophageal cancer 13 (7.8) 5(38.5) 8 (61.5)
Middle segmental esophageal cancer 103 (62.1) 41 (39.8) 62 (60.2)
Lower segmental esophageal cancer 50 (30.1) 20 (40.0) 30 (60.0)

T stage 6.925 0.008*
T1-T2 40 (24.1) 23 (57.5) 17 (42.5)
T3-T4 126 (75.9) 43 (34.1) 83 (65.9)

N stage 8.886 0.003*
NoO 82 (49.4) 42 (51.2) 40 (48.8)
N1-N2 84 (51.6 24 (28.6) 60 (71.4)

TNM stage 7.505 0.006*
I+1I 89 (53.6) 44 (494 45 (50.6)
I 77 (46.4) 22 (28.6 55 (71.4)

Histological grade 6.591 0.037*
Well (I) 34 (20.5) 20 (58.8) 14 (412)
Moderate (II) 80 (48.2) 27 (33.8) 53 (66.3)
Poor (III) 52 (31.3) 19 (36.5) 33 (63.5)

Ki-67 labeling index 10.483 0.001*
High (245%) 81 22 (27.2) 59 (72.8)
Low-moderate (<45%) 85 44 (51.8) 41 (48.2)

Abbreviations: ESCC, esophageal squamous cell carcinoma; SLC34A2, solute carrier family 34 member 2.

*p < 0.05.

Western blotting (WB)

To obtain the total cell lysates, we utilized a radioimmunopre-
cipitation (RIPA) buffer which was supplemented with phos-
phatase and proteinase inhibitor cocktails. After quantifying
the total protein concentration of lysates, the protein samples
were separated by 12% SDS-PAGE and then transferred onto
polyvinylidene fluoride (PVDF) membranes. After that, a
blocking step using 5% skim milk prior to incubation with
primary antibodies was performed. Subsequently, the mem-
branes were incubated with secondary antibodies. To detect
the immunoreactivity of the membranes, we utilized an elec-
trochemiluminescence system from Thermo Fisher Scientific
and BioRad Image Laboratory.

RNA isolation and qRT-PCR

Total RNA extraction from ESCC cell lines was carried out
using TRizol reagent (Invitrogen). To perform quantitative
real-time polymerase chain reaction (QRT-PCR), we adopted
the 2x Color SYBR Green qPCR Master Mix
(EZBioscience) on a QuantStudio 5 RT-PCR System
(Thermo Fisher Scientific). The primer sequences (Tsingke
Biotechnology Co.) used in the study were as follows:
SLC34A2 forward primer, 5-CTCTGCCAAG-
TATCGCTGGT-3', SLC34A2 reverse primer, 5'-
TGGAGTTTCTTCGGCAGGAC-3/, STX17 forward primer,
5-CATGACTGTTGGTGGAGCATTTC-3/, STX17 reverse
primer, 5'-GCTTCTAAGGTTTCCCACGATTC-3/, B-actin
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forward  primer, 5-CCTTCCTGGGCATGGAGTC-3,
B-actin reverse primer, 5-TGATCTTCATTGTGCTG
GGTG-3'. p-actin served as an internal control. The relative
expression of SLC34A2 and STX17 was calculated using the
2744C method.

Immunohistochemistry (IHC)

Briefly, paraffin-embedded samples were orderly deparaffi-
nized, rehydrated and boiled in citrate buffer (pH = 6.0) for
antigen retrieval. Subsequently, these sections were exposed
to hydrogen peroxide and treated with primary antibodies
overnight, followed by incubation with secondary
antibodies for 1 h and visualization with diaminobenzidine
(DAB) (ZSGB-BIO). To counterstain the nuclei, Mayer’s
hematoxylin was utilized.

Two pathologists scored the slides separately by a
double-blind approach. IHC scores were calculated by mul-
tiplying the staining intensity scores and the proportion
scores of positive cells. Specifically, staining intensity was
graded on the basis of the following criteria: 0 (negative, no
staining), 1 (weak, light-yellow), 2 (moderate, yellow-
brown), and 3 (strong, brown) staining. The proportion of
positively stained tumor cells was evaluated as follows:
0 denoted an absence of staining in any cell; 1 represented
staining in 1%-10% of tumor cells; 2 indicated staining in
11%-50% of tumor cells; 3 represented staining in 51%-80%
of tumor cells, and 4 indicated staining in 81%-100% of
tumor cells. To perform statistical analysis, we divided the
cohort of 166 patients with ESCC into two groups: low
SLC34A2 expression group (“—” [0 score] and “+” [1-4
scores]) and high SLC34A2 expression group (“++7 [5-8
scores] and “++4" [9-12 scores]).

Plasmid constructs and transfection

To produce the SLC34A2 expression vector, we cloned the
amplified coding sequences of SLC34A2 into a plvx-puro
vector. Specifically, we conducted PCR amplification of the
full-length human SLC34A2 complementary DNA and then
inserted it into the plvx-puro expression vector (Tsingke
Biotechnology Corporation). To generate lentiviruses, we
transfected 293 T cells with target plasmids and packaging
plasmids mix (Tsingke Biotechnology Corporation). Then,
KYSES520 cells were infected with these harvested lentivi-
ruses and selected in puromycin (MCE). Control cells were
generated by transfection with an empty vector.

Construction of the recombinant lentiviral
vector or siRNAs

The shRNAs targeting SLC34A2 (GenBank accession
no. NM_006424.3; shSLC34A2-1#, CCGGGCCAACAT
TGGAACGTCAATCCTCGAGGATTGACGT-TCCAAT
GTGGCTTTTTT; shSLC34A2-2#, CCGGCCAGCA

TATCTTTGTGA-ATTTCTCGAGAAATTCACAAAGA
TATGCTGGTTTTTT) were designed and constructed
by Tsingke Biotechnology Corporation (China) using the
pLKO.1-Puro-TRC vector. A negative control vector with a
scrambled sequence (shSLC34A2-scramble) was purchased
from Tsingke Biotechnology Corporation. We infected
KYSE410 and TE-1 cell lines with retroviruses that carried
pLKO.1-Puro-TRC-SLC34A2-shRNA due to the high expres-
sion of SLC34A2. Stable cells were selected using
puromycin. The siRNAs targeting STX17 (NCBI Gene:
55014; siSTX17-2#, 5-GGGACAAGTTGCATGAAGA-3';
siSTX17-3#, 5-CCGAAAGGATGACCTAGTA-3') and a
negative control were designed and constructed by RiboBio
(China).

CCK-8 and colony formation assays

Cells (1.5 x 10° cells/well) were seeded into 96-well plates.
The viability of cells was measured every 24 h by using a cell
counting kit-8 (CCK-8 kit: APEXBIO, USA) according to
the manufacturer’s protocol.

For assessing the colony forming ability, we seeded
300 infected cells into a six-well plate and they were cul-
tured at standard conditions for 10-14 days. After the
incubation period, we employed a standardized procedure
in which we initially utilized a solution of methanol to
fix the cells. Following this, crystal violet staining solu-
tion (0.1%) was used to visualize the colonies. The
counting and photography of the colonies were con-
ducted thereafter.

5-ethynyl-2'-deoxyuridine (EdU) assay

To accurately assess the cell proliferation ability, we uti-
lized a highly specific and sensitive assay involving the
BeyoClick EdU cell proliferation kit (Beyotime). Confocal
plates were utilized to seed cells at a density of 1 x 10°
cells per well. Cells were incubated with an EdU buffer
at a concentration of 10 pM for a couple of hours at
37°C, and then fixed by a 4% formaldehyde solution for
0.5 h, followed by permeabilization using a 0.1% Triton
X-100 solution for 20 min. After introducing the EdU
solution to the culture, the nuclei of cells were stained
with Hoechst 33342 and subsequently visualized using a
fluorescence microscope.

Flow cytometry

Cells were seeded into six-well plates and allowed to grow
until they reached approximately 80% confluence. A single
cell was produced using trypsin without EDTA, fixed in ice-
cold 75% ethanol overnight for 12 h and then incubated
with 500 pL of PI/RNase staining buffer (4A Biotech Co.,
Ltd) for 15 min in darkness at RT. Analysis of the samples
was performed using Beckman flow cytometry (CytoFLEX).
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Xenograft tumor model assay

BALB/c female nude mice (4 weeks old) were randomized
into four groups. An equivalent number of TE-1
shSLC34A2-1/scramble cells and KYSE520-SLC34A2/Control
cells (3 x 10° cells/mL) were resuspended in phosphate buff-
ered saline (PBS) and injected into the dorsal flank of each
nude mouse. The formula utilized to determine tumor vol-
ume was multiplying the longest diameter of the tumor by
the square of the shortest diameter, and then dividing that
result by two. Mice were followed up every 3 days to measure
tumor sizes. After 22 days, ethical euthanasia was performed
on all mice, and the tumors were meticulously removed,
weighed, and photographed to obtain detailed morphological
information. Animal experiments were approved by the Med-
ical Ethics Committee of Sun Yat-sen University (approval
no. SYSU-TACUC-2022-001771).

Immunoprecipitation (IP) assay

Cell extracts were resuspended, then lysed in precooled IP
buffer (Solarbio, China) for 20 min and centrifuged for
15 min. Protein A/G magnetic beads (Bimake, China) or
anti-HA magnetic beads (MCE, USA) were added into col-
lected cell lysate and incubated for 8-12 h at 4°C. After that,
the above-mentioned complexes were supplemented with
antibody (5 pg) and allowed to incubate for 1-2 h at room
temperature. Finally, the immunoprecipitated proteins were
eluted by boiling in SDS loading buffer (2x) for WB analysis.

Immunofluorescence staining

ESCC cells (5 x 10° cells/fmL) were seeded into confocal
plates and cultured for 24 h. Before being permeabilized
with Triton X-100 (0.1%) for 10 min, the cells were fixed
with 4% paraformaldehyde (PFA) for 0.5 h. They were sub-
sequently blocked with bovine serum albumin (BSA) (5%)
for 1 h at RT. The cells were then exposed to the primary
antibody overnight at 4°C, followed by incubation with
fluorescence-labeled secondary antibodies incubation for 1 h
the next day and stained wusing 4',6-diamidino-
2-phenylindole (DAPI: Solarbio) for 10 min. Finally, immu-
nofluorescence was observed under an inverted laser confo-
cal microscope (FV3000, Olympus).

Additionally, ESCC cells were transfected with mRFP-
GFP-LC3B lentivirus (Hanbio Co. Ltd, China), fixed with 4%
formaldehyde and stained with DAPI. After that, images were
directly captured via a confocal microscope. The quantifica-
tion of colored puncta per cell, a measure of autophagy, was
performed in a blinded manner by an independent observer.

Transmission electron microscopy (TEM)

Cell samples were first fixed with 2.5% glutaraldehyde
(Servicebio) and then post-fixed with osmium tetroxide

WILEYL "2

(1%). After thrice washing with PBS, the samples were dehy-
drated in a series of ethanol (50%-100%) and ultrathin sec-
tioned were obtained. Finally, the sections were observed
under a transmission electron microscope (JEM-1200EX,
JEOL) after impregnation with uranyl acetate and lead
citrate.

In vivo ubiquitination assay

Cells were cultured in 6-cm plates and transfected with 2 pg
of pcDNA3-3 x His-Ub (Genecreate, China) for 8 h. After
48 h, the cells underwent treatment with 10 pM of MG132
(MCE) for 8 h and were suspended in a volume of 1 mL of
PBS. Then, 100 pL of the cell suspension was mixed with
SDS loading buffer (Leagene) and boiled to perform immu-
noblot analysis with STX17 and GAPDH antibodies. The
remaining cells were lysed using Buffer C. Next, the lysates
were sonicated and combined with 30 pL of Ni-NTA (His-
tag Affinity) magnetic beads (Thermo Fisher Scientific) at
RT for 4 h. Subsequently, the beads were orderly washed
twice with buffer C, buffer D and buffer E. The configura-
tion method of the above-mentioned reagents has been pre-
viously described.”> Then bound proteins were efficiently
eluted by boiling in a 2 x SDS loading buffer. After that, the
samples were subjected to immunoblot analysis with an
anti-STX17 monoclonal antibody.

Statistical analysis

All cellular experiments were carefully repeated at least
thrice. The resulting data were meticulously analyzed using
SPSS 19.0 and GraphPad Prism 8.0 software. The statistical
analysis involved calculating the mean + standard deviation
(X £ SD) of the data. To evaluate differences between
SLC34A2 expression and clinicopathological variables, the
Chi-square test or the Fisher’s exact test was utilized.
The Kaplan-Meier curves and log-rank test were employed
for survival analysis. Differences between a couple of groups
were compared using paired or unpaired two-tailed stu-
dent’s t-test. When multiple groups were involved in com-
parisons, one-way analysis of variance (ANOVA) was
utilized. A p-value of less than 0.05 was considered statisti-
cally significant.

RESULTS

SLC34A2 is significantly upregulated in ESCC
and closely correlates with unfavorable
prognosis of ESCC patients

WB and qRT-PCR were conducted to examine the protein
and mRNA levels of SLC34A2 in ESCC cells and tissues.
As shown in Figure 1a,b, six ESCC tissues exhibited higher
protein and mRNA levels of SLC34A2 than those in adja-
cent noncancerous tissues. Furthermore, five ESCC cell
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FIGURE 1 Solute carrier family 34 member 2 (SLC34A2) is significantly upregulated in esophageal squamous cell carcinoma (ESCC) and associated
with an unfavorable prognosis for ESCC patients. (a, b) The expression levels of SLC34A2 protein and mRNA in six pairs of fresh ESCC tissues and matched
normal tissues were measured using western blot (WB) and quantitative reverse transcription polymerase chain reaction (QRT-PCR). (c, d) The expression
levels of SLC34A2 protein and mRNA in NE-1 and five ESCC cell lines were evaluated using WB and qRT-PCR. (e) Representative immunohistochemistry
(IHC) staining images of SLC34A2 in 166 paired human ESCC tissues and adjacent normal tissues. (f) Representative images of negative, weak, moderate
and strong SLC34A2 IHC staining in ESCC tissues are shown. (g, h) Kaplan-Meier curve was deployed to assess overall survival (OS) and disease-free
survival (DFS) rates for ESCC patients with low or high SLC34A2 expression. The grayscale value of the target protein in the WB was quantified using Image]
software and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). ****p < 0.0001.
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lines showed elevated protein and mRNA levels of
SLC34A2 compared to NE-1 (Figure 1c,d). IHC analysis
further showed that primary ESCC tissues displayed upre-
gulated expression of SLC34A2 relative to matched nor-
mal tissues (Figure le), with positive staining mainly
observed in the cytoplasm of tumor cells (Figure 1f). Nota-
bly, high expression of SLC34A2 was significantly associ-
ated with unfavorable characteristics such as tumor
recurrence (p =0.007), T stage (p =0.008), N stage
(p =0.003), TNM stage (p = 0.006), histological grade
(p=0.037) and Ki-67 labeling index (p = 0.001)
(Table 1). Moreover, the Kaplan-Meier curves revealed
that those ESCC patients with high SLC34A2 expression
had shorter overall survival (OS, p = 0.001, Figure 1g) and
disease-free survival (DFS, p = 0.002, Figure 1h) than
those exhibiting low SLC34A2 expression. Collectively,
these results reveal that SLC34A2 is overexpressed in
ESCC and high SLC34A2 expression is closely correlated
with poor prognosis of ESCC patients.

Overexpression of SLC34A2 promotes ESCC cell
proliferation in vitro and in vivo

Based on the «close relationship between elevated
SLC34A2 expression and a high Ki-67 labeling index,
we further explored the effects of SLC34A2 on ESCC
cell proliferation. Initially, we overexpressed SLC34A2
in KYSE520 and KYSE140 cells by lentivirus transfec-
tion and assessed the transfection efficacy using WB
and qRT-PCR (Figure 2a,b). Subsequently, CCK-8, col-
ony formation and EdU assays revealed that upregula-
tion of SLC34A2  significantly = promoted the
proliferation of ESCC cells (Figure 2c-h). What’s more,
analysis of cell cycle distribution revealed that overex-
pression of SLC34A2 led to a remarkable decrease in
the proportion of GO/Gl phase cells while simulta-
neously increasing the proportion of G2/M phase cells
(Figure 2i,j), indicating that SLC34A2 overexpression
accelerated cell cycle progression. The xenograft tumor
model further suggested that elevated expression of
SLC34A2 accelerated the growth of ESCC cells in vivo
(Figure 2k). Additionally, the immunohistochemical
staining exhibited a higher Ki-67 proliferation index in
the SLC34A2-overexpressed tumors than that in the
control tumors (Figure 2k). Therefore, these findings
confirm that SLC34A2 upregulation promotes the
growth of ESCC cells both in vitro and in vivo.

Knockdown of SLC34A2 inhibits ESCC cell
proliferation in vitro and in vivo

To investigate the impact of SLC34A2 knockdown on cell
proliferation, we employed a lentiviral ShRNA technique to
establish two ESCC cell lines with stable knockdown of
SLC34A2. The efficacy of knockdown was evaluated by WB
and qRT-PCR (Figure 3a,b). As depicted in Figure 3c-e,
downregulation of SLC34A2 significantly inhibited ESCC
cell proliferation in vitro. Furthermore, cell cycle distribu-
tion analysis suggested that silencing SLC34A2 contributed
to a notable increase in the proportion of G0/G1 phase cells
and a corresponding decrease in the number of G2/M phase
cells (Figure 3f), indicating that SLC34A2 downregulation
led to GO/G1 cell cycle arrest.

Moreover, our findings demonstrated that knockdown
of SLC34A2 effectively impeded the growth of ESCC cells
in vivo (Figure 3g). Immunohistochemical staining exhibited
a substantially lower Ki-67 proliferation index in
SLC34A2-decreased tumors compared to control tumors
(Figure 3g). Collectively, these data provide compelling evi-
dence for the inhibitory effect of SLC34A2 knockdown on
ESCC cell proliferation in vitro and in vivo.

SLC34A2 promotes ESCC cell proliferation by
inducing autophagy

To elucidate the possible mechanisms underlying
SLC34A2-mediated cell proliferation, we performed RNA-
sequencing on SLC34A2-overexpressed cells of KYSE520
and control cells. Gene set enrichment analysis (GSEA)
revealed proliferation-associated signaling pathways among
the enriched pathways as shown in Figure 4a. Additionally,
it was discovered that gene sets of AUTOPHAGOSOME
and AUTOPHAGOSOME_MEMBRANE were positively
correlated with high SLC34A2 expression in ESCC cells
(Figure 4b,c). A growing body of evidence indicate that acti-
vation of autophagy can promote ESCC cell prolifera-
tion***> by meeting high metabolic and energetic demands
of malignant cells. Thus, it was attempted to investigate
whether SLC34A2-mediated cell proliferation was depen-
dent on autophagy. Firstly, autophagy-related proteins
LC3B and P62 were evaluated by WB analysis. Notably,
decreased P62 expression and increased LC3B expression
were detected in SLC34A2-upregulated cells, while
decreased LC3B expression and increased P62 expression
were observed in SLC34A2-downregulated cells after a 2-h

FIGURE 2 Overexpression of solute carrier family 34 member 2 (SLC34A2) promotes esophageal squamous cell carcinoma (ESCC) cell proliferation

in vitro and in vivo. (a, b) Western blot (WB) and quantitative reverse transcription polymerase chain reaction (QRT-PCR) were performed to analyze the
SLC34A2 protein and mRNA levels in stably SLC34A2- overexpressed KYSE520 and KYSE140 cells. (c-h) Cell counting kit-8 (CCK-8) (c), colony formation
(d) and 5-ethynyl-2'-deoxyuridine (EdU) (e-h) assays were conducted to measure the proliferative capacity of SLC34A2-overexpressed ESCC cells. Scale bar,
20 pm. (i, j) Cell cycle distribution in SLC34A2-overexpressed ESCC cell was assessed by flow cytometry. (k) The xenograft tumor photographs of nude mice
injected with KYSE520/SLC34A2 cells or KYSE520/control cells (n = 5). The tumor volume (mm?) and weight (g) were measured. HE and Ki-67 staining of
xenograft tumors were evaluated (magnification, x400). The grayscale value of the target protein in the WB was quantified using Image] software and
normalized to GAPDH. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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incubation in Earle’s balanced salt solution (EBSS)
(Figure 4d). The mRFP-GFP-LC3 reporter system was uti-
lized to assess autophagic flux, in which yellow (mRFP+
and GFP+) dots represented autophagosomes and red
(mRFP+ and GFP-) dots indicated autolysosomes. After 2 h
of EBSS treatment, versus control cells, a notable increase
was identified in the quantity of autophagosomes and auto-
lysosomes in SLC34A2-overexpressed cells, while autopha-
gosomes and  autolysosomes were reduced in
SLC34A2-downregulated cells (Figure 4e). Furthermore,
there was a remarkable increase in the number of autopha-
gic vacuoles (AVs) after SLC34A2 upregulation (Figure 4f).
The above-mentioned results suggest that SLC34A2 activate
autophagy in ESCC.

To confirm the functional roles of SLC34A2-regulated
autophagy in ESCC cell proliferation, we treated
SLC34A2-overexpressed ESCC cells with an autophagy
inhibitor bafilomycin Al (BafAl, MCE, USA; final concen-
tration: 50 nM; 24 h). Notably, the proproliferative effects of
SLC34A2 overexpression were abrogated by BafAl
(Figure 4g,h). Conversely, the inhibitory effects on ESCC cell
proliferation after SLC34A2 knockdown were reversed upon
treatment with the autophagy stimulator rapamycin (RAPA,
MCE, USA; final concentration: 100 nM; 24 h), as described
in Figure 4i,j and Figure Sla,b. Taken together, there is evi-
dence that SLC34A2 may promote ESCC cell proliferation
by inducing autophagy.

Overexpression of SLC34A2 promotes ESCC cell
proliferation and autophagy by upregulating
STX17

We employed IP in conjunction with Coomassie brilliant
blue staining and mass spectrometry to identify potential
SLC34A2-interacting proteins (Figure 5a). The autophagy-
related proteins among them were screened (Table S1) and
the interaction between three top-ranking proteins
and SLC34A2 was further tested by IP. The results showed
that only STX17 protein interacted with SLC34A2
(Figure 5b). Subsequently, we revealed that endogenous
binding could occur between SLC34A2 and STX17 in ESCC
cells as evidenced by Co-IP and WB (Figure 5c). Addition-
ally, immunofluorescence localization studies validated that
SLC34A2 and STX17 were predominantly colocalized in the
cytoplasm of ESCC cells, as illustrated in Figure S2. To fig-
ure out how SLC34A2 regulated STX17, we evaluated the
STX17 protein and mRNA levels after SLC34A2

overexpression or knockdown. It was uncovered that over-
expression of SLC34A2 contributed to upregulation of
STX17 protein (Figure 5d), while no changes were identified
in the mRNA level of STX17 (Figure S3), suggesting that
SLC34A2 could regulate STX17 post-translationally.

To investigate the impact of STX17 on ESCC cell prolif-
eration and autophagy, we knocked down STX17 expression
in SLC34A2-overexpressed ESCC cells. By WB analysis,
upregulated P62 expression and reduced LC3B expression
were found after STX17 knockdown (Figure 5e). Moreover,
the number of autophagosomes and autolysosomes was
markedly decreased in STX17-silenced ESCC cells
(Figure 5f), revealing that autophagy was blocked after
downregulating STX17. Functionally, the pro-proliferative
role of SLC34A2 overexpression was effectively reversed
upon silencing STX17, as shown in Figure 5g-i. Further-
more, downregulated LC3B expression and upregulated P62
expression were detected by IHC in subcutaneous tumors
after silencing STX17 (Figure S4). Taken together, these
findings demonstrate that SLC34A2 overexpression pro-
motes ESCC cell proliferation and autophagy by upregulat-
ing STX17 expression.

SLC34A2 inhibits the ubiquitination and
degradation of STX17 by interacting with
STX17

As it was observed that SLC34A2 affected the protein level
rather than mRNA level of STX17, the cycloheximide
(CHX) chase experiment was conducted to investigate the
impact of SLC34A2 on the stability of STX17. Results dem-
onstrated that SLC34A2 extended the half-life of STX17
protein (Figure 6a,b). Subsequently, in vivo ubiquitination
assay was carried out to address how SLC34A2 affected
STX17 protein stability in ESCC cells. After treatment with
MG132, it was revealed that upregulation of SLC34A2
inhibited the ubiquitination of STX17 (Figure 6c), while
knockdown of SLC34A2 promoted the ubiquitination of
STX17 (Figure 6d). These findings suggest that SLC34A2
enhances STX17 protein stability by interacting with STX17.

DISCUSSION

Despite a growing body of evidence that highlights the
potential involvement of SLC34A2 in tumor development
and progression,'®***® the intricate molecular mechanisms

FIGURE 3

Knockdown of solute carrier family 34 member 2 (SLC34A2) inhibits esophageal squamous cell carcinoma (ESCC) cell proliferation in vitro

and in vivo. (a, b) The protein and mRNA levels of SLC34A2 were analyzed using western blot (WB) and quantitative reverse transcription polymerase chain
reaction (QRT-PCR) in SLC34A2-downregulated cells. (c-e) The proliferative ability of SLC34A2-downregulated ESCC cells were analyzed by cell counting
kit-8 (CCK-8), colony formation and 5-ethynyl-2'-deoxyuridine (EdU) assays. Scale bar, 20 pm. (f) Cell cycle distribution in SLC34A2-downregulated ESCC
cells was assessed by flow cytometry. (g) The xenograft tumor photographs of nude mice injected with TE1/shSLC34A2-1 cells and TE-1/scramble cells

(n = 5). The tumor volume (cm’) and weight (g) were measured. HE and Ki-67 staining of xenograft tumors in each group were evaluated (magnification,
%400). The grayscale value of the target protein in the WB was quantified using Image] software and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 4 Solute carrier family 34 member 2 (SLC34A2) promotes esophageal squamous cell carcinoma (ESCC) cell proliferation by inducing
autophagy. (a) The proliferation-associated signaling pathways among the enriched pathways were shown by gene set enrichment analysis (GSEA) based on
RNA-sequencing data of SLC34A2-overexpressed cells. (b, ¢) Gene sets of autophagosome and autophagosome_membrane were positively correlated with
high SLC34A2 expression in ESCC by GSEA. (d) Protein of LC3B and P62 were examined by western blot (WB) when SLC34A2-upregulated or
SLC34A2-downregulated cells were cultured in Earle’s balanced salt solution (EBSS) for 2 h. (e) SLC34A2-overexpressed/—downregulated cells were
transfected with mRFP-GFP-LC3B lentiviruses and cultured for 48 h. After 2 h of EBSS treatment, green and red fluorescence were detected under laser
confocal microscope. Scale bar, 5 pm. The number of yellow and red dots per cell were counted in 20 cells of each group. (f) Electron microscopy was
conducted to visualize the ultrastructure of the ESCC cells after SLC34A2 overexpression or knockdown. Red arrows represent autophagic vacuoles (AVs).
Magnification scale bar, 2 pm (upper) and 500 nm (lower). (g-j) Cell counting-kit 8 (CCK-8) and 5-ethynyl-2’-deoxyuridine (EdU) assays were carried out to
detect the proliferative ability of ESCC cells by treatment with BafAl or RAPA. The grayscale value of the target protein in the WB was quantified using
Image] software and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Scale bar, 20 pm. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 6 Solute carrier family 34 member 2 (SLC34A2) inhibits the ubiquitination and degradation of STX17 by interacting with STX17. (a, b)
SLC34A2-overexpressed/—silenced cells were treated with translational inhibitor cycloheximide (CHX, 100 pmol/L) at various time points before being
collected for western blot (WB). The expression levels of STX17 were normalized against loading control a-tubulin. (c, d) The stability of STX17 protein was
evaluated by the ubiquitination assay in SLC34A2-overexpressed/—silenced cells after treatment with MG132. ***p < 0.001.

underlying this phenomenon remains limited. The present  between elevated SLC34A2 expression in ESCC and several
study indicated that SLC34A2 was highly expressed in ESCC ~ unfavorable clinicopathological features especially Ki-67
cells and tissues. The data revealed a close relationship  labeling index. Furthermore, those ESCC patients with

FIGURE 5 Solute carrier family 34 member 2 (SLC34A2) promotes esophageal squamous cell carcinoma (ESCC) cell autophagy and proliferation by
upregulating STX17. (a) Immunoprecipitation (IP) combined with Coomassie brilliant blue staining and mass spectrometry was used to identify the
interacting proteins of SLC34A2. (b) The interaction between three top-ranking autophagy-related proteins and SLC34A2 was tested by IP and western blot
(WB) in 293 T cells transfected with SLC34A2-HA or vector-HA. (c) Co-IP was used to verify the SLC34A2-STX17 interaction in ESCC cells. (d) The STX17
protein level was examined in SLC34A2- overexpressed/—silenced cells by WB. (e) WB was utilized to examine the levels of LC3B and P62 in
SLC34A2-overexpressed ESCC cells under starvation conditions after silencing STX17. (f) The mRFP-GFPLC3B reporter was performed to monitor the
autophagic flux of SLC34A2-overexpressed ESCC cells with transient STX17 knockdown. Scale bar, 5 pm. (g, h) Cell counting kit-8 (CCK-8) and 5-ethynyl-
2'-deoxyuridine (EdU) assays were used to detect the proliferation ability of SLC34A2-overexpressed cells with transient STX17 knockdown. Scale bar,

20 pm. (i) Five nude mice in each group were subcutaneously injected with KYSE520-SLC34A2 cells with STX17 knockdown, KYSE520-SLC34A2 cells and
KYSE520 wild-type cells. The mean tumor volumes (cm®) and weights (g) were measured 3 weeks later. The grayscale value of the target protein in the WB
was quantified using ImageJ software and normalized to a-tubulin. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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upregulated SLC34A2 expression exhibited shorter OS and
DES. Functionally, it was found that ectopic overexpression
or enforced knockdown of SLC34A2 in ESCC cells exerts
promoting or inhibiting effects on cell proliferation in vitro
and on tumor growth in vivo, respectively. These findings
emphasize the oncogenic role of SCL34A2 in ESCC
progression.

Emerging evidence demonstrates the close association
between autophagy and tumor cell death as well as cell
survival.”* ' In malignant cells, autophagy plays a dual role
in promoting and inhibiting cancer growth and progres-
sion.”>** Particularly, autophagy is enhanced to fulfill the
high energetic demands of proliferating tumors during
nutrient deprivation, thereby maintaining cell survival.***
Currently, autophagy inhibitors including CQ and HCQ are
clinically explored and utilized to inhibit autophagy and
tumor growth.”*”  However, clinical responses to
autophagy-targeted drugs have varied widely.**"*’ Thus, it is
critical to investigate the role of autophagy in cancer for
developing effective autophagy-targeted drugs. Previous
studies have demonstrated the implication of phosphate
cotransporter SLC34A2 in regulation of cell proliferation in
various malignancies.'®'""**** It has recently been reported
that the sodium-dependent phosphate cotransporter partici-
pated in autophagy regulation.*” Notably, RNA-sequencing
and GSEA showed revealed a positive correlation between
high SLC34A2 expression and gene sets associated with
autophagosome and autophagosome membrane in ESCC.
Based on these findings, we further explore whether
SLC34A2-mediated cell proliferation was dependent on
autophagy. In this study, we observed that overexpression of
SLC34A2 led to reduced p62 expression and upregulated
LC3B expression. Moreover, overexpressing SLC34A2
resulted in an elevated number of autophagosomes and
autolysosomes, indicating its ability to induce autophagy.
Furthermore, activation of autophagy significantly attenu-
ated the inhibitory effect on ESCC cell proliferation caused
by SLC34A2 knockdown. Conversely, inhibition of autop-
hagy alleviated pro-proliferative effect mediated by
SLC34A2 overexpression in ESCC cells. These results under-
score the role of SLC34A2 in promoting ESCC cell prolifera-
tion by inducing autophagy.

STX17 is an autophagosomal SNARE protein that
mediates the fusion of autophagosome and lysosome mem-
brane by interacting with SNAP-29 and VAMP8.>"*
STX17 is recruited to autophagosomes by directly binding
to IRGM and mammalian Atg8s.*” Deacetylation of STX17
facilitates the formation of the STX17-SNAP29-VAMPS8
SNARE complex and enhances its interaction with
HOPS.*® ULK phosphorylation of STX17 facilitates its
recruitment to autophagosomes and autophagosome matu-
ration.*” Furthermore, STX17 is phosphorylated at Ser-202
to participate in assembly of protein complexes and to
induce autophagy.”” These findings highlight the crucial
role played by STX17 in regulating autophagy. In this
study, it was demonstrated that SLC34A2 bound to STX17
and regulated STX17 post-translationally. Moreover,

upregulation of STX17 expression by SLC34A2 promotes
ESCC cell proliferation and autophagy. Recent studies have
shown that STX17 was cleaved by a serine protease
Lpgl137 in the ER-mitochondria contact site,””" indicat-
ing potential involvement of the proteasome pathway in
regulating turnover of the STX17 protein. Our study fur-
ther revealed that SLC34A2 interacted with STX17 to
inhibit its ubiquitination and degradation. However, fur-
ther investigation is needed to elucidate how exactly
SLC34A2 exerts this inhibitory effect on degradation of
STX17 protein. Additionally, silencing of STX17 was found
to suppress the proliferation and autophagy of
SLC34A2-overexpressed ESCC cells.

In summary, SLC34A2 is upregulated in ESCC and
linked to adverse clinicopathological features and prognosis
of ESCC patients. Furthermore, SLC34A2 binds to STX17 to
induce autophagy by stabilizing STX17 protein, thereby pro-
moting cell proliferation. These results provide compelling
evidence for the oncogenic role and prognostic significance
of SLC34A2 in ESCC.
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