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Abstract

Background Hypoxia-inducible factors (HIFs) are the most essential endogenous transcription factors in the hypoxic micro-
environment and regulate multiple genes involved in the proliferation, migration, invasion, and EMT of hepatocellular car-
cinoma (HCC) cells. However, the regulatory mechanism of HIFs in driving HCC progression remains poorly understood.
Methods Gain- and loss-of-function experiments were carried out to investigate the role of TMEM237 in vitro and in vivo.
The molecular mechanisms involved in HIF-1a-induced TMEM?237 expression and TMEM237-mediated enhancement of
HCC progression were confirmed by luciferase reporter, ChIP, IP-MS and Co-IP assays.

Results TMEM237 was identified as a novel hypoxia-responsive gene in HCC. HIF-1a directly bound to the promoter of
TMEM237 to transactivate its expression. The overexpression of TMEM?237 was frequently detected in HCC and associated
with poor clinical outcomes in patients. TMEM237 facilitated the proliferation, migration, invasion, and EMT of HCC cells
and promoted tumor growth and metastasis in mice. TMEM?237 interacted with NPHP1 and strengthened the interaction
between NPHP1 and Pyk?2 to trigger the phosphorylation of Pyk2 and ERK1/2, thereby contributing to HCC progression.
The TMEM?237/NPHP1 axis mediates hypoxia-induced activation of the Pyk2/ERK1/2 pathway in HCC cells.
Conclusions Our study demonstrated that HIF-1a-activated TMEM237 interacted with NPHP1 to activate the Pyk2/ERK
pathway, thereby promoting HCC progression.
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imperative to identify more effective diagnostic and thera-
peutic approaches for HCC.

Extensive studies have reported that hypoxia, which
occurs ubiquitously in solid tumors, plays an essential role
in the progression of malignancy [4]. Hypoxia-inducible
factors (HIFs), a hallmark of hypoxia, are heterodimers
comprising the HIF-1/2a subunit and HIF-1f subunit [5].
The HIF-1/2a subunit, which is hydroxylated by prolyl
hydroxylase (PHD) and degraded by the ubiquitin—protea-
some pathway under normoxic conditions, accumulates
and forms a complex with HIF-1f under hypoxic condi-
tions to regulate the transcription of target genes by bind-
ing to hypoxia-responsive elements (HREs) in the promoter
[5]. Accumulating evidence has demonstrated that hypoxia
exerts multidimensional effects on HCC growth, metasta-
sis, angiogenesis, metabolism reprogramming, stemness
properties and immune evasion [6]. Our previous studies
revealed that hypoxia-responsive genes, including cofilin
1 [7], peptidyl arginine deiminase 4 [8], RUNX1-IT1 [9],
KDM4A-AS1 [10] and MAPKAPKS5-AS1 [11], are involved
in HCC growth, metastasis and vascularization. However,
more investigations should be conducted to unravel the role
of hypoxia in HCC.

Membrane proteins account for 20-30% of all human
proteins, exerting pleiotropic biological functions as recep-
tors, enzymes, anchorage proteins or structural proteins [12,
13]. The structure and function of most membrane proteins
are clearly delineated, while many transmembrane pro-
teins, which are classified into the transmembrane protein
(TMEM) family, are still poorly understood [13, 14]. Emerg-
ing studies have shown that TMEMs are dysregulated and act
as oncogenes or tumor suppressors in various types of can-
cer, such as colorectal cancer [15], ovarian cancer [16], lung
cancer [17], breast cancer [18] and HCC [19, 20]. Based on
our previous microarray data (GSE155505) [11], we found
that TMEM237 was upregulated under hypoxic conditions
in Hep3B cells. TMEM237, also known as ALS2CR4 or
JBTS14, may be involved in membrane trafficking between
the inner and outer segments of retinal photoreceptors [21].
Additionally, TMEM237 is mutated in individuals with dis-
orders associated with Joubert syndrome [22]. TCGA data
analysis indicated that high TMEM?237 levels predicted a
poor prognosis in HCC patients. However, the biological
function and molecular mechanism of TMEM237 in HCC
remain largely elusive.

In this study, we unraveled the regulatory mechanisms
involved in the effects of hypoxia on TMEM237 expression.
Furthermore, we investigated the expression, clinical signifi-
cance, and biological function of TMEM?237 and explored
the mechanisms underlying the role of TMEM237 in HCC.
This study revealed novel insights into the role of hypoxia in
HCC and suggested TMEM?237 as a promising therapeutic
target for HCC.
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Materials and methods
Patients and clinical specimens

Ninety pairs of HCC and adjacent nontumor tissues from
patients undergoing hepatectomy at the First Affiliated
Hospital of Xi'an Jiaotong University (Xi’an, China) were
snap frozen in liquid nitrogen and stored at — 80 °C or 10%
formalin-fixed and paraffin-embedded. All patients included
in this study were pathologically diagnosed with HCC and
received no preoperative anticancer therapy. The clinico-
pathological and demographic information of the patients
is described in Table 1. All procedures involving human
participants were in compliance with the ethical standards
of the Research Ethics Committee of The First Affiliated
Hospital of Xi’an Jiaotong University and with the Declara-
tion of Helsinki revised in 2013 (XJTU1AF2020LSY-08).
Written informed consent for HCC patients to participate in
the study was obtained before sample collection.

Cell culture

Human HCC cell lines (Hep3B, Huh7, PLC/PRF/S5, HepG2,
MHCC97L, MHCC97H, and HCCLM3), the immortalized
normal hepatic cell line MIHA, and HEK293T cells were
maintained in our lab [23]. All cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin—streptomycin (Gibco;
Thermo Fisher Scientific, Inc.) in a humidified 5% CO, incu-
bator at 37 °C. Hypoxic conditions were established with a
multigas incubator obtained from PHC Holdings Corpora-
tion (Tokyo, Japan).

Lentivirus transduction

TMEM237 shRNAs (shTMEM237#1, shATMEM237#2
and ShTMEM237#3) and scrambled shRNA (shNC) were
designed and synthesized by GeneCopoeia, Inc. (Guang-
zhou, China). NPHP1 shRNA (shNPHP1) and scrambled
shRNA (shNC) were obtained from Tsingke Biotechnology
Co., Ltd. (Beijing, China). The human TMEM237 ORF
cDNA clone (TMEM?237), the human NPHP1 ORF cDNA
clone (NPHP1) and control empty vector (EV) were pur-
chased from GeneCopoeia, Inc. HIF-1a shRNA (shHIF-1a),
HIF-2a shRNA (shHIF-2a) and scrambled shRNA (shNC)
were purchased from GeneCopoeia, Inc. For lentiviral pro-
duction, the target plasmids were transfected into HEK293T
cells along with psPAX2 packaging plasmid and pMD2.G
envelope plasmid. Viral supernatant was collected and
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Table 1 Clinical correlation of

e Clinical parameters Cases (n) TMEM237 expression P value
TMEM237 expression in HCC
High (n=45) Low (n=45)

Age 0.284
<50 years 37 16 21
>50 years 53 29 24

Gender 0.764
Male 77 38 39
Female 13 7 6

Tumor size 0.011*
<5cm 48 18 30
>5cm 42 27 15

Tumor number 0.042*
1 61 26 35
>2 29 19 10

TNM stage 0.005%%*
I+1I 70 29 41
nr+1v 20 16 4

Edmondson—Steiner grading 0.153
I+1I 66 30 36
I+1v 24 15 9

Venous infiltration 0.003%*%*
Absent 54 20 34
Present 36 25 11

AFP 0.091
<20 ng/ml 23 8 15
>20 ng/ml 67 37 30

HBYV infection 0.624
Absent 22 12 10
Present 68 33 35

TNM tumour-node-metastasis, AFP alpha-fetoprotein, HBV hepatitis B virus

*P <0.05, **P<0.01

filtered (0.45-um pore size) after 48 h and then added to
HCC cells with 8 pg/ml polybrene (Beyotime Biotech Inc.,
Shanghai, China). The shRNA sequences used in this study
are shown in Supplementary Table 1.

RNA extraction and reverse
transcription-quantitative polymerase chain
reaction (RT-qPCR)

Tissues and cells were subjected to RNA extraction using
RNAfast200 (Fastgen Biology Co., Ltd., Shanghai, China)
according to the manufacturer’s instructions, followed by
cDNA synthesis using a cDNA Synthesis kit (Thermo Fisher
Scientific, Inc.). RT—qPCR was performed with SYBR®
Green Premix PCR Master Mix (Roche Diagnostics, Indian-
apolis, IN, USA). The primer sequences for TMEM237 were
5'-AGAGCACCATGAGGACTGAC (forward) and 5-AGT
TGATGGCTCATTGCCCT (reverse). The primer sequences

for p-actin were 5'-ACTCGTCATACTCCTGCT (forward)
and 5'-GAAACTACCTTCAACTCC (reverse).

Immunohistochemistry (IHC) staining

IHC was performed as previously described [10]. Briefly,
paraffin-embedded sections were subjected to dewaxing,
hydration and heat-induced antigen retrieval. Then, the pri-
mary antibodies were added to the sections and incubated
at 4 °C overnight, followed by incubation with the corre-
sponding secondary antibody (ZSGB-BIO, Inc.) at room
temperature for 10 min. The slides were counterstained with
hematoxylin and inspected under a microscope. The staining
intensity score was evaluated on a scale of 0 (negative), 1
(weak), 2 (medium) or 3 (strong). The percentage score was
defined as 0 (negative), 1 (1-25%), 2 (26-50%), 3 (51-75%)
or 4 (76-100%). The IHC scores were obtained by multiply-
ing the staining intensity score and the percentage score.
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Western blotting and immunoprecipitation (IP)
assays

Proteins from HCC cells and tissues were extracted using
RIPA buffer (Beyotime Biotech Inc.) supplemented with
proteinase inhibitors and phosphatase inhibitors. A BCA
Protein assay kit (ZHHC Biotech Inc., Shaanxi, China) was
used to determine the protein concentration according to the
manufacturer’s instructions. The lysates were separated by
SDS—polyacrylamide gel electrophoresis and blotted onto
polyvinylidene difluoride membranes. Then, the membranes
were blocked with 10% nonfat milk and probed using pri-
mary antibodies at 4 °C overnight and the corresponding
secondary antibodies at room temperature for 1 h. Finally,

ECL reagent (Millipore, Merck Co., Ltd., Darmstadt, Ger-
many) was used for signal detection. For the IP assay, the
antibody or IgG (2 pg) was incubated with protein A/G mag-
netic beads (Thermo Fisher Scientific, Inc.) for 15 min at
room temperature and then incubated with equal amounts of
cell lysates (500 pg) at 4 °C overnight, and the immunopre-
cipitates were subjected to Western blotting. The antibodies
used are listed in Supplementary Table 2.

Cell proliferation assay
CCK-8, colony formation, and EdU assays were conducted

to examine the viability and proliferation of HCC cells.
These assays were conducted as reported previously [23].
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Fig.1 Hypoxia upregulates TMEM?237 expression via HIF-la in
HCC cells. a Heatmap of selected genes in Hep3B cells cultured
under normoxic (20% O,) or hypoxic (1% O,) conditions. b RT—
qPCR was performed to detect TMEM237 expression in hypoxic
HCC cells with HIF-1a knockdown or HIF-2a knockdown. ¢ West-
ern blotting was conducted to measure TMEM237 protein levels in
hypoxic HCC cells with HIF-1a knockdown or HIF-2a knockdown.
d HCC cells treated with a PHD inhibitor (DMOG) were subjected
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to RT—qPCR and Western blotting for the expression of TMEM237.
e The luciferase reporter plasmid containing the wild-type (wt)
TMEMZ237 promoter or the corresponding sequence with the HRE
mutation (mt) was transfected into HEK293T cells, and the luciferase
activity was examined. f A ChIP assay was performed to determine
the enrichment of HIF-la in the promoter region of TMEM237.
*P <0.05
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Transwell assay

Transwell migration and invasion assays were performed to
explore cell migration and invasion ability according to the
protocols described in previous studies [23].

In vivo experiments

Four-week-old male BALB/c nude mice were housed under
pathogen-free conditions in the Laboratory Animal Center
of Xi'an Jiaotong University. Animal experiments were per-
formed according to the protocols approved by the Ethics
Review Committee of Xi’an Jiaotong University. The mice

were randomly grouped (n=6 per group) for animal experi-
ments. A subcutaneous xenograft model was established by
injecting HCC cells (2 x 10°) subcutaneously into the flank
of each mouse, and we measured the tumor volume (calcu-
lated as 0.5 x length X width X width) every three days. The
mice were sacrificed after three weeks, and the tumor speci-
mens were harvested for further experiments. A pulmonary
metastatic model was established by injecting HCC cells
(2% 10%) into the tail vein. After six weeks, the lung tis-
sues were collected and subjected to hematoxylin and eosin
(H&E) staining, followed by microscopic examination.
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Fig.2 TMEM237 is highly expressed in HCC. a TCGA data were
analyzed to determine TMEM237 expression in HCC and normal
liver tissues. b The expression difference of TMEM237 in HCC and
nontumor tissues from the GEO database (GSE76297). ¢ RT—qPCR
was performed to determine TMEM237 expression in ninety pairs of
HCC and the corresponding tumor-adjacent tissues. d Sixteen pairs
of HCC and corresponding nontumor (NT) tissues were subjected to
Western blotting to detect TMEM237 expression. e IHC staining was
conducted to measure TMEM237 levels in 50 pairs of HCC and non-
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tumor tissues. Scale bar: 100 pm. f Western blotting was conducted to
determine the levels of TMEM237 in HCC cell lines (Hep3B, Huh7,
PLC/PRF/5, HepG2, MHCC97L, MHCC97H, and HCCLM3) and
the normal hepatic cell line (MIHA). g The overall survival (OS) of
HCC patients with high or low TMEM237 levels was analyzed by the
Kaplan—Meier method and log-rank test. h The OS and disease-free
survival (DFS) of HCC patients with high or low TMEM237 levels in
the TCGA database. *P <0.05
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Luciferase reporter assays

The wild-type (wt) TMEM237 promoter or the correspond-
ing sequences with mutations (mt) in the predicted HRE
were synthesized and cloned into pGL3 vectors. Subse-
quently, HEK293T cells were transfected with these vectors
and cultured under hypoxia for 48 h. The luciferase activities
were measured by the Dual-Luciferase Reporter Assay sys-
tem (Promega Corporation) with Renilla luciferase activity
used for normalization.

Chromatin immunoprecipitation (ChIP)

ChIP assays were carried out in accordance with the manu-
facturer’s instructions using the SimpleChIP® Enzymatic
Chromatin IP Kit (CST, USA). After incubation under nor-
moxic and hypoxic conditions for 16 h, the cells were cross-
linked and sonicated, and then the lysates were incubated
with antibodies against HIF-1a or IgG. The immunopre-
cipitated chromatin was analyzed by RT—qPCR. The primer
sequences for the TMEM?237 HRE were 5'-GAACCTTTC
GCAGATTTCACA (forward) and TTTCCTTGTAGGCCG
ATTTG (reverse).

RNA sequencing (RNA-seq)

Total RNA extracted from HCCLM3 cells with or without
TMEM237 knockdown was checked for integrity by agarose
gel electrophoresis and quantified and qualitatively checked
by a NanoDrop ND-100 (Thermo Scientific, USA). Total
RNA (1-2 pg) was enriched with the NEBNext® Poly(A)
mRNA Magnetic Isolation Module (NEB, USA) for mRNA,
and the processed product RNA was used to construct a

library with the KAPA Stranded RNA-Seq Library Prep Kit
(Illumina, USA). The sequencing libraries of different sam-
ples were denatured with 0.1 M NaOH to generate single-
stranded DNA and then diluted to a concentration of 8 pM
for in situ amplification with the NovaSeq 6000 S4 Reagent
Kit (300 cycles, Illumina). The ends of the generated frag-
ments were sequenced with a sequencer (Illumina NovaSeq
6000, 150 paired-end). The raw sequence data reported in
this paper have been deposited in the Genome Sequence
Archive in National Genomics Data Center, China National
Center for Bioinformation/Beijing Institute of Genomics,
Chinese Academy of Sciences (GSA-Human: HRA004018)
that are publicly accessible at https://ngdc.cncb.ac.cn/
gsa-human.

Statistical analysis

Data are presented as the mean + SD. We used GraphPad
Prism software version 8.0 (GraphPad Software, Inc., San
Diego, CA, USA) for statistical analysis. Data were com-
pared using a two-tailed Student’s t test and ANOVA. The
association between TMEM?237 expression and clinico-
pathological features was analyzed using the chi-squared test
and Fisher’s exact test. The difference in overall survival
between the two groups was analyzed using Kaplan—Meier
curves and the log-rank test. The variables selected from
the univariate analysis were subjected to Cox proportional
hazards regression analysis to determine the independent
factors that influence overall survival. Pearson correla-
tion analysis was carried out to determine the correlation
between HIF-1a, p-Pyk2, p-ERK1/2 and TMEM237 levels.
P <0.05 was considered to indicate a statistically significant
difference.

Table 2 Univariate and multivariate analysis of factors associated with overall survival in HCC patients

Clinical variables

Univariate analysis

HR (95%CTI)

Multivariate analysis

Age (=50 vs. <50 years)

Gender (female vs. male)

Tumor size (>5 vs.<5 cm)

Tumor number (>2 vs.1)

TNM stage (IIT+1V vs. I+1I)
Edmondson—Steiner grading (III+1V vs. [+1I)
Venous infiltration (present vs. absent)

AFP (>20 vs. <20 ng/ml)

HBV infection (present vs. absent)

TMEM237 expression (high vs. low)

1.233 (0.733-2.074)
0.828 (0.387-1.771)
2.195 (1.284-3.753)
2.055 (1.114-3.792)
3.354 (1.474-7.633)
1.587 (0.854-2.952)
2.115 (1.201-3.726)
1.165 (0.652-2.079)
0.959 (0.529-1.736)
2.037 (1.211-3.427)

P value HR (95%CT) P value
0.432
0.598
0.002* 1.284 (0.547-2.756) 0.541
0.006* 1.122 (0.534-2.520) 0.769
<0.001* 2.364 (1.124-5.036) 0.023*
0.096
0.003* 1.539 (0.853-2.746) 0.147
0.615
0.887
0.006* 1.930 (1.117-3.383) 0.019*

HR hazard ratio, CI confidence interval

*Statistically significant
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was performed to detect the levels of E-cadherin, N-cadherin and
vimentin in HCC cells after TMEM237 overexpression and knock-
down. *P <0.05
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«Fig. 4 TMEM237 contributes to HCC growth and metastasis in vivo.
a HCC cells with corresponding vector transfection were subcutane-
ously injected into the flank of nude mice. The volume of the xen-
ograft tumor was measured every 3 days. The mice were sacrificed
3 weeks after injection, and the tumors were weighed. b IHC staining
was performed to determine the levels of Ki67, E-cadherin, N-cad-
herin and vimentin in xenograft tumor tissues. Scale bar: 100 pm. ¢
HCC cells with corresponding vector transfection were injected into
the tail vein of nude mice. The lung tissues were subjected to H&E
staining, and the metastatic nodules were examined microscopically.
Scale bar: 300 pm. *P <0.05

Results

HIF-1a activates TMEM237 transcription in hypoxic
HCC cells

We previously investigated hypoxia-induced transcripts in
Hep3B cells using a microarray assay [24]. The micro-
array data (GSE155505) showed that TMEM?237 was
significantly upregulated in Hep3B cells under hypoxic
conditions (Fig. 1a). Then, RT—qPCR and Western blot-
ting assays were conducted to measure TMEM237 levels
in Hep3B and HCCLM3 cells cultured under normoxic or
hypoxic conditions. The results showed that TMEM?237
levels were drastically increased by hypoxia, and knock-
down of HIF-1a but not HIF-2a abolished the effects of
hypoxia on TMEM?237 expression (P <0.05, Fig. 1b, c).
Furthermore, Hep3B and HCCLM3 cells were treated
with a PHD inhibitor (DMOG) to mimic hypoxic condi-
tions. The results revealed that DMOG treatment nota-
bly upregulated HIF-1a and TMEM?237 levels (P <0.05,
Fig. 1d). Additionally, a luciferase reporter assay showed
that hypoxia markedly enhanced the transcriptional activ-
ity of the TMEM237 promoter, while mutation of the
HRE in the TMEM?237 promoter abrogated the effects of
hypoxia on TMEM?237 transcription (P <0.05, Fig. le).
Moreover, ChIP assays demonstrated that HIF-la
was recruited to the HRE in the TMEM237 promoter
(P<0.05, Fig. If). According to TCGA-LIHC data analy-
sis, although TMEM237 CNV was positively correlated
with TMEM?237 expression (R=0.22, P=2.3e—05, Sup-
plementary Fig. 1A), the correlation between HIF-1a
and TMEM?237 expression was more significant in HCC
tissues (R=0.58, P=6.0e—29, Supplementary Fig. 1B).
HIF-1a expression was not associated with TMEM?237
CNV in HCC tissues (R =0.094, P=0.074, Supplementary
Fig. 1C). It showed that the majority of tumors (95.65%) in
TCGA-LIHC cohort shows no significant copy gain or loss
(Supplementary Fig. 1D) and the expression of HIF1A and
TMEM?237 are positively correlated in both groups with or
without TMEM237 copy gains (P <0.05, Supplementary
Fig. 1E and 1F). Therefore, these data suggest that HIF-1a
transactivates TMEM237 in hypoxic HCC cells.

TMEM237 is aberrantly overexpressed in HCC

To determine the expression of TMEM237 in HCC, the
TCGA and GEO databases were analyzed, and we found
that TMEM237 was consistently upregulated in HCC tis-
sues in TCGA datasets (P <0.0001; Fig. 2a), GSE76297
(P <0.0001; Fig. 2b) and GSE45436 (P <0.0001; Supple-
mentary Fig. 2A). Moreover, RT—qPCR was performed
on ninety pairs of HCC and corresponding adjacent nontu-
mor tissues, and the results showed that TMEM237 mRNA
expression in HCC tissues was significantly elevated com-
pared with that in nontumor tissues (P <0.0001; Fig. 2c).
In addition, Western blotting and IHC assay results
revealed that TMEM237 was markedly upregulated in
HCC tissues compared to nontumor tissues at the protein
level (P <0.05; Fig. 2d, ). Moreover, TMEM?237 was con-
firmed to be upregulated in HCC cell lines (Huh7, PLC/
PRF/5, HepG2, MHCC97L, MHCC97H, and HCCLM3)
compared with the immortalized normal hepatocyte cell
line MIHA (Fig. 2f). Altogether, these results demonstrate
that TMEM237 levels are significantly elevated in HCC.

Elevated TMEM237 expression is correlated
with adverse clinical features and a poor prognosis
in HCC patients

To determine the correlation between TMEM?237 expression
and clinical parameters in HCC, our HCC patient cohort was
divided into two groups (the high/low TMEM?237 groups)
based on the median TMEM237 expression in HCC tissues.
The data in Table 1 indicated that high TMEM?237 expres-
sion was associated with large tumor size (P=0.011), mul-
tiple tumors (P=0.042), advanced TNM stage (P =0.005)
and vascular infiltration (P =0.003). In addition, analysis
of the TCGA database revealed that TMEM?237 was more
highly expressed in HCC with high tumor grade (G3 +G4)
(P<0.0001; Supplementary Fig. 2B) or advanced tumor
stages (III-IV) (P <0.0001; Supplementary Fig. 2C). Addi-
tionally, HCC patients with high TMEM237 levels showed
poorer overall survival than those with low TMEM237 lev-
els (P=0.0059; Fig. 2g). TCGA data from GEPIA2 [25]
also verified that high TMEM?237 levels were related to
worse overall survival (P=0.00015; Fig. 2h) and disease-
free survival (P=0.0018; Fig. 2h) in HCC patients. How-
ever, TMEM237 CNV was not associated with the prog-
nosis of HCC patients (P=0.59, Supplementary Fig. 2D).
Univariate analysis showed that tumor size, tumor number,
TNM stage, venous infiltration and TMEM237 expression
were notably associated with HCC patient overall survival
(P <0.05; Table 2). Moreover, multivariate analysis showed
that TMEM237 expression and TNM stage served as inde-
pendent prognostic factors for overall survival in HCC
(P<0.05; Table 2).
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TMEM237 promotes HCC cell proliferation,
migration and invasion in vitro

To explore the biological functions of TMEM?237, shNC and
shTMEM237 subclones of HCCLM3 cells were subjected to
RNA isolation and high-throughput RNA-seq. In response
to TMEM237 knockdown, 1011 mRNAs were mark-
edly downregulated, and 1070 mRNAs were significantly
upregulated (adjusted P <0.01, log, fold change >2, Sup-
plementary Fig. 3A and 3B). Next, GSEA of TMEM237-
induced genes revealed “oxidative phosphorylation” and
“epithelial-mesenchymal transition” as the top two catego-
ries (Fig. 3a and Supplementary Table 3). Thus, further
experiments were performed to investigate the regulatory
role of TMEM?237 in HCC growth and metastasis. We estab-
lished stable TMEM?237 overexpression in Hep3B and Huh?7
cell lines with relatively low endogenous TMEM?237 lev-
els and knockdown in HCCLM3 and PLC/PRF/5 cell lines
with relatively high endogenous TMEM237 levels (Supple-
mentary Fig. 4). CCK-8, colony formation and EdU assays
showed that TMEM237 overexpression drastically increased
Hep3B and Huh7 cell viability and promoted cell prolif-
eration, while TMEM?237 knockdown strikingly decreased
the viability and suppressed the proliferation of HCCLM3
and PLC/PRF/5 cells (P <0.05; Fig. 3b—d and Supplemen-
tary Fig. 5A and 5B). Transwell assays revealed that the
migration and invasion ability of Hep3B and Huh7 cells was
markedly enhanced by TMEM237 overexpression, whereas
the migration and invasion potential of HCCLM3 and PLC/
PRF/5 cells was significantly decreased with TMEM237
knockdown (P <0.05; Fig. 3e and Supplementary Fig. 5C).
Western blotting assays were performed to detect the effects
of TMEM?237 on the EMT process in HCC cells. The results
showed that TMEM237 overexpression markedly decreased
the expression of an epithelial marker (E-cadherin) and
upregulated the mesenchymal markers N-cadherin and
vimentin in Hep3B and Huh7 cells, while TMEM237 knock-
down markedly suppressed EMT in HCCLM3 and PLC/
PRF/5 cells (Fig. 3f). Thus, these data verify that TMEM237
promotes HCC cell proliferation, migration, invasion and
EMT.

TMEM237 contributes to HCC growth and metastasis
in vivo

To determine the effects of TMEM237 on HCC growth
in vivo, Hep3B cells with TMEM?237 overexpression or
HCCLM3 cells with TMEM237 knockdown and corre-
sponding control cells were subcutaneously injected into
nude mice. The volume and weight of tumors formed by
Hep3B cells overexpressing TMEM?237 were significantly
increased compared with those of tumors formed by con-
trol Hep3B cells (P <0.05; Fig. 4a). In contrast, TMEM237
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knockdown in HCCLM3 cells led to robust tumor growth
restriction in mice (P <0.05; Fig. 4a). Then, the xenograft
tumor tissues were examined by IHC staining. The results
showed that xenograft tumors derived from Hep3B cells
overexpressing TMEM?237 exhibited dramatically higher
Ki67, N-cadherin and vimentin staining and lower E-cad-
herin staining than those derived from control cells (P <0.05;
Fig. 4b). However, Ki67, N-cadherin and vimentin levels
were lower and E-cadherin levels were higher in xenograft
tumors from HCCLM3 cells with TMEM237 knockdown
compared with the control group (P <0.05; Fig. 4b). Then,
a pulmonary metastatic model was established to determine
the effects of TMEM?237 on HCC metastasis in vivo. We dis-
covered that TMEM?237 overexpression markedly increased
the number of metastatic nodules in the lung tissues of mice
(P <0.05; Fig. 4c). Moreover, fewer foci were found in the
lungs of mice in the TMEM237 knockdown group than
in the lungs of mice the control group (P <0.05; Fig. 4c).
Therefore, these data indicate that TMEM?237 contributes
to HCC growth and metastasis in vivo.

TMEM237 interacts with NPHP1 to activate
the Pyk2/ERK1/2 pathway

To unravel the underlying mechanisms by which
TMEM237 exerts an oncogenic role in HCC, HCCLM3
cell lysates were immunoprecipitated by a TMEM?237
antibody, followed by mass spectrometric analysis
(Fig. 5a). The results identified NPHP1 as a potential
protein interacting with TMEM237 (Fig. 5a and Sup-
plementary Fig. 6). Thus, co-IP assays were performed
to determine the interaction between TMEM237 and
NPHP1. Antibodies against TMEM237 but not IgG
immunoprecipitated NPHP1 from HCCLM3 lysates
(Fig. 5b). Reciprocally, the anti-NPHP1 antibody
immunoprecipitated TMEM237 from HCCLM3 lysates
(Fig. 5b). Furthermore, FLAG-tagged TMEM237 and
HA-tagged NPHP1 were coexpressed in HEK293T cells,
and co-IP assays were conducted with anti-FLAG and
anti-HA antibodies. The results validated the interaction
between exogeneous TMEM?237 and NPHP1 (Fig. 5c¢).
Thus, we speculated that NPHP1 might be involved in
the molecular mechanism underlying the biological func-
tion of TMEM?237 in HCC. A previous study reported that
NPHP1 interacts with Pyk2 and triggers the phosphoryla-
tion of Pyk?2, subsequently activating the Pyk2/ERK1/2
pathway in tubular epithelial cells [26]. Our RNA-seq
data revealed that the gene expression of proteins interact-
ing with MAPK1 was markedly changed by TMEM237
knockdown (P <0.05, Fig. 5d and Supplementary Fig. 7),
indicating the regulatory role of TMEM237 in the ERK
pathway. We performed Co-IP with an antibody against
TMEM?237, and both NPHP1 and Pyk2 were detected in
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Fig.5 TMEM237 interacts with NPHP1 to activate the Pyk2/
ERK1/2 pathway. a HCCLM3 cell lysates were immunoprecipitated
with a TMEM237 antibody, followed by mass spectrometric analy-
sis. b Co-IP assays were performed to detect the interaction between
TMEMZ237 and NPHP1 in HCCLM3 cells. ¢ Co-IP assays were
performed to detect the interaction between exogenous TMEM237
and NPHP1 in HEK293T cells. d NPHP1 and Pyk2 were immuno-
precipitated by antibodies against TMEM237 in cell lysates. e The

the immunoprecipitates from HCCLM3 lysates (Fig. Se),
indicating that TMEM237 forms a protein complex with
NPHP1 and Pyk2. Furthermore, co-IP assays were con-
ducted to determine the effects of TMEM237 on the inter-
action of NPHP1 and Pyk2. The results suggested that
TMEM?237 overexpression enhanced, while TMEM237
knockdown repressed, the interaction between NPHP1
and Pyk2 (Fig. 5f). Given that NPHP1 is required for
Pyk2 phosphorylation, we determined the effects of
TMEM?237 on p-Pyk2 and p-ERK1/2 levels. The results
revealed that the overexpression of TMEM237 increased

gene expression of proteins interacting with MAPK1 was markedly
changed by TMEM237 knockdown, as indicated by RNA-seq data. f
Co-IP assays were conducted to determine the effects of TMEM237
on the interaction between NPHP1 and Pyk2 in HCC cells. g West-
ern blotting was performed to determine the effects of TMEM237 on
Pyk2/ERK1/2 pathway activation in HCC cells. h Western blotting
was performed to evaluate the role of NPHP1 in TMEM?237-induced
Pyk2/ERK1/2 pathway activation

the phosphorylation levels of Pyk2 and ERK1/2, whereas
TMEM?237 knockdown notably reduced the activities of
Pyk2 and ERK1/2 in HCC cells (Fig. 5g). Additionally,
the knockdown of NPHP1 markedly counteracted the
promotive effects of TMEM237 overexpression on the
p-Pyk2 and p-ERK1/2 levels in Hep3B and HCCLM3
cells (Fig. 5h). Thus, these data prove that TMEM?237
forms a complex with NPHP1 and Pyk2 to reinforce Pyk2
phosphorylation mediated by NPHP1, thereby activating
the Pyk2/ERK1/2 pathway in HCC cells.
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«Fig.6 The NPHP1/Pyk2/ERK1/2 pathway mediates the biological
function of TMEM237 in HCC cells. Hep3B and HCCLM3 cells
overexpressing TMEM?237 were transfected with NPHP1 shRNA
(shNPHP1) or nontargeting shRNA (shNC). a CCK-8, b colony
formation, ¢ EdU, d transwell and e Western blotting assays were
employed to examine the proliferation, migration, invasion and EMT
process of HCC cells in the indicated groups. Hep3B and HCCLM3
cells overexpressing TMEM237 were treated with a Pyk2 inhibitor
(PF-431396) or an ERK1/2 inhibitor (LY3214996). f CCK-8, g col-
ony formation, h EdU, i transwell and j Western blotting assays were
employed to assess the proliferation, migration, invasion and EMT
of HCC cells in the indicated groups. Scale bar: 50 pm for the EAU
results and 200 pm for the transwell results. *P <0.05

The NPHP1/Pyk2/ERK1/2 pathway mediates the role
of TMEM237 in HCC cells

Next, we determined whether NPHP1 mediated the biologi-
cal function of TMEM?237 in Hep3B and HCCLM3 cells.
CCK-8, colony formation and EdU assays revealed that
NPHP1 knockdown offset the effects of TMEM237 on HCC
cell proliferation (P <0.05; Fig. 6a—c and Supplementary
Fig. 8A and 8B). Additionally, transwell assays suggested
that the increases in migration and invasion of HCC cells
induced by TMEM237 were attenuated by NPHP1 knock-
down (P <0.05; Fig. 6d and Supplementary Fig. 8C). More-
over, NPHP1 knockdown reversed the EMT process induced
by TMEMZ237 overexpression in HCC cells (Fig. 6e). Alto-
gether, these results indicate that NPHP1 mediates the bio-
logical function of TMEM?237 in HCC cells.

Furthermore, Hep3B and HCCLM3 cells were treated
with a Pyk2 inhibitor (PF-431396) and ERK1/2 inhibitor
(LY3214996) to examine whether the Pyk2/ERK1/2 pathway
is involved in the role of TMEM?237 in HCC. CCK-8, colony
formation and EdU assays suggested that both PF-431396
and LY3214996 blocked the effects of TMEM237 on HCC
cell proliferation (P <0.05; Fig. 6f-h and Supplementary
Fig. 8D and 8E). In addition, transwell and Western blot-
ting assays showed that the TMEM237-induced migration,
invasion and EMT of Hep3B and HCCLM3 cells were abro-
gated by PF-431396 and LY 3214996 (P <0.05; Fig. 6i, j and
Supplementary Fig. 8F). Collectively, we demonstrate that
the NPHP1/Pyk2/ERK1/2 pathway mediates the oncogenic
effect of TMEM237 in HCC.

Hypoxia-induced TMEM237 activates the Pyk2/
ERK1/2 pathway in HCC

Previous studies indicate that hypoxia activates the Pyk2/
ERK1/2 pathway [27, 28]. Hence, we hypothesized that
TMEM237 might be involved in the hypoxia-activated
Pyk2/ERK1/2 pathway. To validate this hypothesis, Hep3B
and HCCLM3 cells with TMEM237 knockdown were cul-
tured under hypoxic conditions, and the Western blotting
results revealed that TMEM237 knockdown attenuated the

hypoxia-induced phosphorylation of Pyk2 and ERK1/2
(Fig. 7a). In addition, knockdown of NPHP1 blocked the
effects of hypoxia on the activation of the Pyk2/ERK1/2
pathway in Hep3B and HCCLM3 cells (Fig. 7b). Further-
more, the HCC tissues were divided into a high TMEM237
group (IHC score >3, n=35) and a low TMEM237 group
(IHC score <3, n=15). Then, we detected the levels of
HIF-1a, NPHP1, p-Pyk2 and p-ERK1/2 in HCC tissues
with IHC staining, and the results showed that HIF-1a,
p-Pyk2 and p-ERK1/2 levels were much higher in the high
TMEM?237 group (P <0.05; Fig. 7c). Moreover, the levels
of HIF-1a, p-Pyk2 and p-ERK1/2 were positively corre-
lated with TMEM?237 expression (P < 0.05; Supplementary
Fig. 9). Additionally, IHC staining results revealed that
TMEM237 overexpression increased p-Pyk2 and p-ERK1/2
levels, while TMEM?237 knockdown decreased the levels of
p-Pyk2 and p-ERK1/2 in xenograft tumor tissues (P <0.05;
Fig. 7d). In summary, we demonstrate that hypoxia-induced
TMEM237 expression activates the Pyk2/ERK1/2 signaling
pathway in an NPHP1-dependent manner in HCC.

Discussion

A hypoxic microenvironment is a ubiquitous feature of solid
tumors due to extremely fast tumor growth and insufficient
neovascularization; the hypoxic status of the microenviron-
ment leads a series of pathophysiological changes in tumor
cells, accelerating the malignant progression of tumors, and
resulting in a poor prognosis of patients [29]. The biological
responses of hypoxic tumor cells are primarily mediated by
HIFs, which include O,-regulated HIF-a and constitutively
expressed HIF-1p. HIF-a family members are the key regu-
lators of HIF activity and predominantly include HIF-1a
and HIF-2a. HIF-a proteins are hydroxylated by PDH with
O, as a substrate and subsequently degraded; therefore,
the hydroxylation modification of HIF-a is inhibited, and
HIF-o accumulates in the hypoxic microenvironment [5].
As a transcription factor, HIF-o dimerizes with HIF-1f and
is recruited to the HRE in the promoter region to activate
the transcription of target genes. Cofilinl, which is tran-
scriptionally activated by HIF-1a, activates AKT signaling
by inhibiting the degradation of PLD1, which ultimately
contributes to HCC growth and metastasis [7]. The HIF
signaling pathway is one of the most promising targets for
precision therapy of HCC [30]. ADRB2 maintains HIF-1a
protein stability by negatively regulating autophagy, thereby
facilitating HCC growth and sorafenib resistance [31]. tRNA
methyltransferase 5 (TRMTS) inhibits the proliferation and
metastasis of HCC cells by reducing HIF-1a protein stability
[32]. Ursodeoxycholic acid (UDCA) suppresses the expres-
sion and transcriptional activity of HIF-1a and subsequently
reduces VEGF and IL-8 levels, which attenuates hypoxic
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Fig.7 TMEM237 is involved in hypoxia-induced Pyk2/ERK1/2 path-
way activation. a The effects of TMEM237 knockdown on hypoxia-
induced Pyk2/ERK1/2 pathway activation in HCC cells were deter-
mined by Western blotting. b The impact of NPHP1 knockdown on
hypoxia-induced Pyk2/ERK1/2 pathway activation in HCC cells

HCC cell-induced angiogenesis [33]. Asparagus polysac-
charide (ASP) represses HIF-1a and VEGF expression
by inactivating the MAPK and PI3K signaling pathways,
thereby attenuating hypoxia-driven HCC progression [34].
Therefore, an in-depth study of the molecular regulatory
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mechanism involving HIF will help to develop new strate-
gies for the diagnosis and treatment of HCC.

Although many proteins induced by hypoxia have
been reported to be involved in tumor progression [35,
36], many proteins that might be regulated by HIF remain



HIF-1a-activated TMEM237 promotes hepatocellular carcinoma progression via the...

Page150f 17 120

largely elusive. In the present study, we identified that
TMEM237 was dramatically upregulated in hypoxic
Hep3B cells by analyzing our previous microarray data.
Then, RT—qPCR and Western blotting results verified that
TMEM?237 was increased by hypoxia in HCC cells and
that this effect was mediated by HIF-1a but not HIF-2a.
Next, we found that the PHD inhibitor DMOG also led
to elevated TMEM237 mRNA and protein levels. Then,
we demonstrated that HIF-1a recognized the HRE in the
promoter region of TMEM237 and positively regulated its
transcription. Thus, we identified TMEM237 as a novel
hypoxia-responsive gene that is transcriptionally activated
by HIF-1a.

Next, we analyzed TMEM237 expression by RT—qPCR,
Western blotting and IHC staining and found that TMEM?237
expression in HCC tissues was significantly higher than
that in the corresponding nontumor tissues. TMEM237
overexpression in HCC tissues was closely associated with
adverse clinical features, such as large tumor size, multi-
ple tumors, vascular invasion and advanced TNM stage.
Importantly, HCC patients with high TMEM237 expres-
sion in tumor tissues had a worse prognosis than those with
low TMEM237 expression. Multivariate analysis identified
TMEM?237 expression as an independent prognostic fac-
tor for HCC patients. In summary, these data inspired us to
hypothesize that TMEM237 might exert an oncogenic role
in HCC. RNA-seq data analysis suggested that TMEM?237-
induced genes were implicated in oxidative phosphoryla-
tion and EMT. Thus, loss- and gain-of-function experiments
showed that TMEM237 promoted HCC cell proliferation,
motility and EMT. We further verified that TMEM237 con-
tributes to the growth and lung metastasis of HCC in vivo.
Previous studies have mainly investigated the association
of TMEM237 with Joubert syndrome [22, 37]. A recent
study demonstrates that TMEM?237 enhances the stability
of human riboflavin transporter-3 (hRFVT-3) in human
intestinal epithelial HuTu-80 cells [38]. Thus, we identified
TMEM?237 as an oncogene in HCC for the first time.

Then, proteins from HCCLM3 cells were immunopre-
cipitated with an anti-TMEM237 antibody, and NPHP1
was identified by mass spectrometry as a potential protein
interacting with TMEM237. Previous studies reported that
NPHP1 mutation is associated with nephronophthisis [39],
and TMEM?237 is closely related to Joubert syndrome-
related disorders (JSRDs) [22]. Nephronophthisis and
JSRDs are ciliopathies and phenotypically overlap with each
other [22], which implies a functional correlation between
TMEM?237 and NPHP1. Co-IP verified the interaction
between endogenous or exogenous TMEM237 and NPHP1
protein. Given that NPHP1 interacts with Pyk2 and activates
the Pyk2/ERK1/2 pathway in tubular epithelial cells [26],
we detected the interaction between TMEM?237 and Pyk?2 in
HCC cells and found that TMEM237 formed a complex with

NPHP1 and Pyk2. In addition, TMEM?237 potentiated the
interaction between NPHP1 and Pyk2 in HCC cells. Then,
we demonstrated that TMEM?237 induced the activation of
the Pyk2/ERK1/2 pathway in an NPHP1-dependent manner
and that the Pyk2/ERK1/2 pathway mediated the effects of
TMEM?237 on the proliferation, motility and EMT of HCC
cells. Therefore, we concluded that TMEM237 modulates
the activation of the Pyk2/ERK1/2 pathway by interacting
with NPHP1 and that the NPHP1/Pyk2/ERK1/2 pathway
mediates the biological function of TMEM237 in HCC cells.

Recent studies have shown that hypoxia induces Pyk2/
ERK1/2 pathway activation in human diseases, including
cancer [27, 28, 40, 41]. Based on the obtained results, we
hypothesized that TMEM?237 might be involved in the
effects of hypoxia on the activation of the Pyk2/ERK1/2
pathway. The results showed that TMEM?237 knockdown
significantly offset hypoxia-induced Pyk2/ERK1/2 pathway
activation. Intriguingly, neither hypoxia nor TMEM?237
knockdown altered NPHP1 levels, which indicated that
TMEM237 induced Pyk2/ERK1/2 pathway activation by
modulating the interaction of NPHP1 and Pyk?2 but not by
regulating NPHP1 expression. Additionally, NPHP1 knock-
down counteracted the hypoxia-induced phosphorylation
of Pyk2 and ERK1/2, further substantiating the indispen-
sable role of NPHP1 in the effects of hypoxia on the Pyk2/
ERK1/2 pathway. Moreover, TMEM?237 expression was
positively correlated with the levels of HIF-1a, p-Pyk2
and p-ERK1/2 in HCC tissues, and TMEM237 increased
p-Pyk2 and p-ERK1/2 expression in xenograft tumor tis-
sues. Therefore, we corroborated that the TMEM237/
NPHPI1 axis mediates hypoxia-induced activation of the
Pyk2/ERK1/2 pathway.

In conclusion, we identified a novel HIF-1a-activated
gene, TMEM?237, that is aberrantly upregulated in HCC and
correlated with an unfavorable prognosis in HCC patients.
Additionally, we found that TMEM237 interacts with NPHP1
and strengthens the interaction between NPHP1 and Pyk2,
thereby triggering the phosphorylation of Pyk2 and ERK1/2.
The NPHP1/Pyk2/ERK1/2 pathway mediates the promoting
effect of TMEM237 on HCC growth and metastasis.
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