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Abstract
Backgroud: Hepatocellular carcinoma (HCC) is characterized by rapid early proliferation and distant metastasis and is
extremely di�cult to treat. Aerobic glycolysis is a hallmark of abnormal glucose metabolism in cancer cells as has been
shown to be associated with tumor proliferation and metastasis; however, the mechanisms underlying aerobic glycolysis
remain unclear.

Methods: Immunohistochemistry (IHC) and qRT-PCR was performed to investigate the association between TMEM147
expression and the clinicopathological characteristics and prognosis of patients with HCC. Loss- and gain-of function
assays were performed to investigate the role of TMEM147 in proliferation, metastasis and glycolysis in vitro and vivo.
Bioinformatic analysis and rescue assay were used to demonstrated the TMEM147 interacted with EGFR and promoted its
retromer-mediated recycling back to the plasma membrane.

Results: we identi�ed TMEM147 as a protein that was highly expressed and associated with poor survival in patients with
HCC. Both gain- and loss-of-function studies revealed that TMEM147 acted as a key oncoprotein by promoting HCC
growth, metastasis, and glycolysis via the EGFR/ MAPK signaling pathway. Mechanistically, TMEM147 interacted with
EGFR and promoted its retromer-mediated recycling back to the plasma membrane, thus increasing the stability of EGFR
and prolonging activation of the downstream MAPK pathway.

Conclusion: Collectively, these results demonstrated the role and functional mechanism of TMEM147 in HCC, and
indicated that TMEM147 may represent a prognostic biomarker and potential therapeutic target for HCC.

Background
Hepatocellular carcinoma (HCC) is the second-leading cause of cancer-related death worldwide[1]. Although improvements
in many therapeutic strategies, including surgical resection, liver transplantation, and radiofrequency ablation, have
improved the 5-year survival rate of HCC patients, its prognosis remains unsatisfactory[2]. Survival is associated with the
use of targeted treatments, such as the tyrosine kinase inhibitor sorafenib, in patients with advanced stage cancer with
vascular invasion and distant metastasis[3,4]. Clarifying the biological processes and molecular mechanisms underlying
liver cancer progression might thus contribute to the effective treatment of HCC.

Although in the state of oxygen supply, tumor cells preferentially produce energy through aerobic glycolysis, rather than
relying on mitochondria-mediated oxidative phosphorylation[5]. Aerobic glycolysis provides many of the metabolic
precursors required for anabolism in rapidly proliferating cancer cells, such as the glycolysis intermediates 6-phosphate
glucose and 6-phosphate fructose, which provide growth advantages for tumor cells[5, 6]. Previous studies have also
shown that lactic acid is an important metabolite generated by the Warburg effect, which can promote cell migration,
immune escape, and induce tumor metastasis[7,8]. Glycolysis therefore not only provides energy to tumor cells but also
provides intermediate products required for cell biosynthesis, thus relieving metabolic pressure and providing a suitable
environment and conditions for their rapid proliferation and distant metastasis[9, 10]. However, although aerobic glycolysis
in tumor cells has been shown to play important roles in various stages of cancer development, its association with tumor
growth and metastasis remains elusive.

Accumulating evidence suggests that the mitogen-activated protein kinase (MAPK) pathway promotes glycolysis by
transcriptionally regulating glucose metabolism-associated genes involved in aerobic glycolysis, ultimately enhancing cell
proliferation and invasion abilities[11, 12]. Moreover, c-MYC, which is an essential transcription factor promoting glucose
consumption and metabolism reprogramming, is a target gene of MAPK[13]. Epidermal growth factor receptor (EGFR) is
the upstream target of MAPK and a well-known therapeutic target in various cancers, and has been shown to accelerate
glucose consumption and lactate production in cancer cells, including HCC[14]. There is also growing evidence for the
endosomal system as an essential site of MAPK signal transduction, with EGFR tra�cking and recycling to the cell
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surface[15, 16]. Retromer has previously been reported to be responsible for the aberrant regulation of endosomal protein
tra�cking and recycling, leading to tumor progression[17]. Retromer is a highly conserved multimeric protein complex
comprising a core cargo-recognition trimer composed of VPS26, VPS29, and VPS35[18, 19]. This therefore supports a
pivotal role of EGFR tra�cking and recycling in MAPK pathway-mediated aerobic glycolysis activation.

Transmembrane protein 147 (TMEM147), located in the intracellular compartment, acts as a regulator mediating receptor
tra�cking and has been identi�ed as a possible oncoprotein in colon cancer[20, 21]. However, its function and molecular
mechanism in HCC remain unknown. In the current study, we showed that TMEM147 expression was markedly induced in
HCC tissues and cell lines and was correlated with tumor size, metastasis, and poor survival of HCC patients. Both gain-
and loss-of-function studies determined that TMEM147 acted as a key oncogene by promoting HCC growth, metastasis,
and glycolysis. Mechanistically, TMEM147 interacted with EGFR and facilitated its downstream MAPK signaling, thus
mediating the progression and metabolic reprogramming of HCC.

Materials And Methods
Clinical samples

A total of 150 matched primary HCC and corresponding non-tumor tissues were collected from the Department of Hepatic-
Biliary-Pancreatic Surgery, The A�liated Hospital of Guizhou Medical University, between July 2010 and May 2019. The
patients’ diagnoses were veri�ed by clinical and pathological features. All surgical specimens were frozen and stored at − 
80°C for further RNA and protein analyses, and were embedded in wax for IHC. This study was approved by the Ethics
Committee of the A�liated Hospital of Guizhou Medical University.

Cell culture

The human HCC cell lines and the human normal liver cell line used in this study were obtained from ATCC. All cells were
cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; BI, Israel) and 1% penicillin (Beyotime, Shanghai, China) at 37°C in a humidi�ed 5% CO2 incubator.

Western blot

Western blots were performed as we protocol described and the protein extracted and detected materials were purchase
from Beyotime. The antibodies used in this study were as follows: EGFR (Proteintech, 66455-1-Ig), GLUT1 (Proteintech,
21829-1-AP), HK2 (Proteintech, 66974-1-Ig), PKM (Proteintech, 10078-2-AP), MYC (Proteintech, 10828-1-AP), LDHA
(Proteintech, 19987-1-AP), GAPDH (Proteintech, 60004-1-Ig), RAF (Abcam, ab200653), MEK (Abcam, ab96379), ERK
(Abcam, ab17942), phosphorylated RAF (Abcam, ab4767), phosphorylated MEK (Abcam, ab96379), and phosphorylated
ERK (Abcam, ab223500). Cycloheximide (CST, #2112) was used to evaluate the protein stability of EGFR.

RT-qPCR

All RT-qPCR reagents were purchased from Takara (Japan). RNA was extracted from HCC cells using TRIzol and then
reverse transcribed to produce cDNA for further quantitative detection. PCR ampli�cations for the quanti�cation of
TMEM147, GAPDH, GLUT1, HK2, PKM2, LDHA, and EGFR were performed using a SYBR kit. GAPDH was used as internal
control (Table 1).

Cell viability, proliferation, migration, and invasion assays

CCK8, EDU, and colony-forming assays were used to measure cell viability and proliferation. For CCK8 assay, HCC cells
were seeded in 96-well plates in DMEM containing 10% FBS, and 200 µl medium containing CCK-8 reagent was added to
the wells. The optical density was then detected at 0, 24, 48, 72, and 96 h. For the colony-formation assay, HCC cells were
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inoculated into culture dishes at 1000 cells/plate. After 2 weeks, the clones were �xed, stained, and counted under a
microscope. For the EDU assay, HCC cells were seeded in a confocal dish at 2×105 cells/plate. The cells were then
incubated with dye and stained with Hoechst 33342, followed by two washings with phosphate-buffered saline containing
Tween-20. Images were captured using a microscope (Zeiss) at 400× magni�cation.

In vivo assay

For in vivo assay, TMEM147-overexpressing, TMEM147-knockdown, and NC SMMC-7721 cells were injected
subcutaneously into BALB/c nude mice (4–6 weeks old, females, n = 6 per group). The mice were observed every week and
euthanized 6 weeks after injection. The tumors were dissected and weighed. All conditions and procedures for the animal
experiments were approved by the Animal Care Committee of Guizhou Medical University.

Glucose consumption, lactate production, cellular ATP level, and ECAR

Glucose consumption and lactate production were detected using assay kits (Beyotime). Glucose and lactate levels in the
medium were measured using glucose and lactate assay kits, according to the respective instruction manuals. Glucose
and lactate levels were normalized to the corresponding cell numbers. Cellular ATP levels were analyzed using a CellTiter-
Glo 2.0 Assay kit, according to the manufacturer’s instructions. Relative intracellular ATP levels were normalized to the cell
number of the corresponding cell lysate. The ECAR was determined using an XF96 Extracellular Flux analyzer (Seahorse
Bioscience) according to the manufacturer’s instructions, and the data were analyzed using Seahorse XF-96 Wave
software. All values were normalized to cell number.

Co-immunoprecipitation assay

Co-immunoprecipitation assays were carried out using the following antibodies: TMEM147 (Abcam, ab97624), EGFR
(Proteintech, 66455-1-Ig), VPS26 (Proteintech, 12804-1-AP), VPS29 (Abcam, ab236796), and VPS35 (Proteintech, 10236-1-
AP). The indicated cell proteins were extracted using immunoprecipitation lysate buffer. After lysate quanti�cation, 1 μg of
TMEM147 primary antibody or IgG was added to 500 μg total protein lysate and shaken vertically overnight at 4°C. Protein
A+G beads 25 μl were then added into the mixture and shaken vertically at 4°C for 4 h. The beads were then washed three
times using precooled immunoprecipitation buffer. Protein loading buffer (2×) was mixed with the beads and boiled for 10
min.

IHC staining

Tissue samples were �xed in 4% paraformaldehyde at 4°C, sectioned into slices, and blocked in 5% bovine serum albumin
in TBS for 2 h at room temperature. The primary antibodies were then added and incubated at 4°C overnight, followed by
the secondary antibodies. The sections were subjected to DAB reaction. The sections were photographed using a digital
microscope camera (Olympus, Tokyo, Japan).

EdU incorporation assay

The HCC cells were determined in vitro using the Cell-Light™ EdU staining kit (RiboBio, Guangzhou, China) according to
manufacturer instructions. The proportion of positive cells in each well were counted.

Immuno�uorescence

PC cells grown on the 6-well plates were �xed with 4% paraformaldehyde. Next, the cells were incubated with the primary
antibody (1:100) at 4 °C overnight followed by

Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:250) and FITC-conjugated goat anti-rabbit IgG (1:250). The slides were
counterstained with DAPI to visualize cell nuclei. Images were recorded using a confocal lasers canning microscope.
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Cell transfection and retrovirus transduction

The lentiviruses and plasmids used in the study were constructed by and purchased from Genechem (Shanghai, China).
Lentivirus transfection of HCC cells was carried out according to the polybrene protocol. Plasmids were transfected into
HCC cells using Lipofectamine RNAiMAX (Thermo Fisher Scienti�c).

Statistical analysis

The data were analyzed and presented using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA). Kaplan–Meier
survival curves were constructed using SPSS software. Differences between groups were analyzed using two-tailed
Student’s t-tests and ANOVA. Results with p < 0.05 were considered signi�cant.

Results
Association of TMEM147 expression with clinical outcomes in patients with HCC

We evaluated TMEM147 expression in The Cancer Genome Atlas (TCGA) based on the RNA-seq data for liver
hepatocellular carcinoma (LIHC). TMEM147 was highly expressed in HCC (Fig. 1A). TMEM147 expression levels were
signi�cantly elevated in HCC cell lines compared with normal liver cells, as demonstrated by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and western blotting (Fig. 1B, C). We also determined the role of
TMEM147 in an independent panel of primary HCC and adjacent normal tissues from patients with HCC by RT-qPCR and
western blotting analysis. TMEM147 expression was upregulated in HCC tissues (Fig. 1D, E). To determine the clinical
signi�cance of TMEM147 expression in patients with HCC, we also analyzed its expression levels in a tissue microarray of
150 paired HCC samples with available clinical information. TMEM147 expression levels were compared between the HCC
tumor samples and adjacent non-tumor tissues using immunohistochemistry (IHC). TMEM147 was overexpressed in
tumor tissues compared with adjacent non-tumor tissues (Fig. 1F). IHC revealed high expression of TMEM147 in 71.3%
(107/150) of HCC patients and low expression in 28.7% (43/150) of patients (Table 2). Moreover, TMEM147 expression
levels were associated with tumor size (p =0.024), serum alpha-fetoprotein (AFP) (p = 0.007) and vascular invasion (p =
0.028). However, there was no signi�cant association between TMEM147 expression level and sex, age, TNM stage and
tumor number. Based on TCGA data, survival analysis using the Kaplan–Meier method revealed that patients with low
TMEM147 expression had signi�cantly better overall survival (OS) (p < 0.001, HR = 2.1, Fig. 1G) and disease-free survival
(DFS) (p < 0.05, HR = 1.4 Fig. 1H). Consistently, survival analysis in our cohort of 150 patients indicated that patients with
low TMEM147 expression had better OS (p < 0.05, HR=1.6, Fig. 1I). Overall, these results indicate that high TMEM147
expression was associated with a poorer prognosis in patients with HCC.

Effects of TMEM147 on HCC growth and metastasis in vitro

Given that TMEM147 was upregulated in HCC tissues and cell lines in our study, we investigated its role in HCC cells by
gain- and loss-of-function studies. TMEM147-overexpressing (TMEM147U) and TMEM147-knockdown (TMEM147KD)
lentivirus plasmids were transfected into SMMC-7721 and Hep3B cells and signi�cantly upregulated and downregulated
the expression levels of TMEM147, respectively, as shown by RT-qPCR and western blot (Fig. 2A, B). TMEM147-
overexpressing HCC cells demonstrated signi�cantly faster growth according to CCK-8 assay (Fig. 2C). We also determined
the role of TMEM147 in cell proliferation by EDU assay. The EDU-positivity rate was higher in TMEM147-overexpressing
cells and lower in TMEM147-knockdown cells (Fig. 2D). Similarly, TMEM147 overexpression increased HCC colony
formation (Fig. 2E), while TMEM147 knockdown signi�cantly impaired growth and reduced colony formation compared
with negative control (NC) cells. We also explored the role of TMEM147 in HCC cell migration and invasion by transwell
assays. TMEM147-overexpressing cells showed higher migration and invasion activities while TMEM147-knockdown cells
showed lower activities compared with control cells (Fig. 2F, G).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6390379/figure/Fig1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6390379/figure/Fig1/
https://jeccr.biomedcentral.com/articles/10.1186/s13046-019-1276-y#Fig1
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Effect of TMEM147 on glycolysis in HCC cells

Gene Ontology (GO) enrichment analysis using TCGA database showed striking alterations in metabolic processes,
including carbon metabolism and central carbon metabolism in cancer (Fig. 3A, Table 3), indicating a correlation between
TMEM147 expression and enhanced carbon metabolism in HCC. Accordingly, aberrant glucose metabolism occurs in HCC
and is known to be a vital metabolic process activating cancer cell proliferation and invasion. To verify the effect of
TMEM147 on glycolysis, we examined the metabolic processes in TMEM147-overexpressing and -silenced HCC cells.
Cellular glucose uptake and lactate production in the culture medium were signi�cantly increased in TMEM147-
overexpressing cells (Fig. 3B, C), and TMEM147 overexpression was also associated with increased cellular ATP levels
(Fig. 3D). In contrast, TMEM147 knockdown had the opposite effects. We further examined the effects of TMEM147 on
glucose metabolism by measuring the extracellular acid ratio (ECAR). Silencing of TMEM147 attenuated whereas
overexpression of TMEM147 enhanced the glycolytic capability of HCC cells, indicating that TMEM147 mainly affected
the glycolytic component of glucose metabolism (Fig. 3E). Correlation analysis using TCGA database also showed that
TMEM147 expression was positively related to several metabolic enzymes involved in glycolysis, including GLUT1, PKM2,
HK1, HK2, LDHA, LDHA (Supplementary �le 1: Fig. S1). Consistently, GLUT1, PKM2, HK2, LDHA were signi�cantly
downregulated by TMEM147 knockdown and upregulated by TMEM147 overexpression, as shown by RT-qPCR and
western blot (Fig. 3F, G).

Effect of TMEM147 on HCC growth in vivo

We further evaluated the effects of TMEM147 on tumorigenesis in vivo in a mouse tumor xenograft model, by
subcutaneously injecting NC, and TMEM147 NC (TMEM147NC), overexpressing (TMEM147U), and knockdown
(TMEM147KD) SMMC-7721 cells into nude mice. Six representative xenograft tumors from each group were photographed
at 6 weeks (Fig. 4A). TMEM147U increased tumor growth and volume compared with the NC group, whereas TMEMKD had
the opposite effects (Fig. 4B, C). TMEM147 expression was positively correlated with glycolysis (GLUT1, HK2, PKM2,
LDHA) and proliferation markers (Ki-67, proliferating cell nuclear antigen), as shown by IHC staining (Fig. 4D). Further, the
hepatic metastasis model was used to evaluate the role of TMEM-147 in HCC cells metastasis ability. The TMEM-147
knockdown HepG2 cells were inoculated into nude spleen and then the HepG2 could re�ow into the liver, the results
demonstrated that TMEM147 knockdown group exerted less metastasis ability (Fig. 4E).

 

Interaction between TMEM147 and EGFR and effect on MAPK signaling

We elucidated the molecular mechanisms of TMEM147 in promoting HCC progression by Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis. TMEM147 was correlated with MAPK activation by receptor tyrosine kinases
(RTKs) (Supplementary �le 2: Fig. S2). Considering that EGFR is one of the RTKs that activate the MAPK signal pathway,
we hypothesized that TMEM147 might exert its biological function via the downstream EGFR/MAPK signaling pathway.
We veri�ed the interaction between TMEM147 and EGFR by immunoprecipitation assay and showed that TMEM147 could
combine with EGFR (Fig. 5A), and further demonstrated their colocalization by immuno�uorescence (Fig. 5B). Furthermore,
EGFR expression and MAPK activity were both upregulated in TMEM147-overexpressing cells and inhibited in TMEM147-
downregulated cells, as shown by western blot (Fig. 5C). To con�rm the correlation between TMEM147 and EGFR, we
added EGFR-silencing RNA (sh-EGFR) and an EGFR inhibitor (sorafenib) to TMEM147-overexpressing HCC cells. TMEM147
signi�cantly promoted EGFR/MAPK activation, while this effect was reversed by either sh-EGFR or sorafenib (Fig. 5D). We
veri�ed the correlation between TMEM147 expression and EGFR/MAPK activity by analyzing the expression of TMEM147,
EGFR, phosphorylated ERK, phosphorylated MEK, and phosphorylated RAF, and showed that TMEM147 expression was
positively correlated with EGFR/MAPK pathway hub genes (Fig. 5E).

TMEM147 drives HCC tumorigenesis through EGFR

https://jeccr.biomedcentral.com/articles/10.1186/s13046-018-0974-1#MOESM4
https://jeccr.biomedcentral.com/articles/10.1186/s13046-018-0974-1#MOESM4
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We veri�ed EGFR as the functional interactor driving HCC tumorigenesis by examining the effects of EGFR shRNA and the
EGFR inhibitor sorafenib. Downregulation and inhibition of EGFR attenuated the increased proliferation caused by
TMEM147 overexpression, as shown by CCK8, EDU, and colony-formation assays (Fig. 6A-C). EGFR knockdown and
inhibition also partly restrained the effect of TMEM147 overexpression on PC cell migration and invasion in transwell
assays (Fig. 6D, E). To verify the role of EGFR in the TMEM147-mediated glycolysis effect, we demonstrated that
TMEM147 overexpression induced glucose uptake, lactate production, and cellular ATP levels, and these effects could be
rescued by EGFR downregulation or inhibition (Fig. 6F-H). Furthermore, EGFR downregulation or inhibition reduced the
TMEM147-induced expression of key glycolysis enzymes at both the mRNA and protein levels, as shown by RT-qPCR and
western blot (Fig. 6I, J).

Role of retromer in TMEM147-induced EGFR/ MAPK pathway

TMEM147 was previously shown to localize to endoplasmic reticulum membranes and the Golgi apparatus, as a regulator
of M3R tra�cking to the cell surface[21]. However, retromer is a highly conserved protein complex important for EGFR
tra�cking and subcellular organelle location from the endosomes to trans-Golgi network or plasma membrane[22, 23]. We
therefore proposed that a hypothetical retromer complex might act as a platform for TMEM147-mediated EGFR subcellular
organelle localization, tra�cking, and activity regulation. Correlation analysis using TCGA database showed that
TMEM147 expression was positively related to the retromer components, including VPS26, VPS29, VPS35(Fig. 7A). We
therefore explored the possible involvement of retromer complex structures in TMEM47-induced EGFR/MAPK signaling.
We determined if TMEM147 and retromer in�uenced EGFR tra�cking to the membrane by EGFR recycling assay. EGFR
recycling was increased compared with the NC, and this effect was reversed by downregulation of VPS26, VPS29, or
VPS35 (Fig.7B). And the result was veri�ed by immuno�uorescence assay (Fig. 7C). Furthermore, EGFR degradation was
slower in TMEM147-overexpressing cells and faster in VPS26-, VPS29-, and VPS35-downregulated HCC cells, according to
protein stability assay (Fig. 7D). We subsequently evaluated the role of the TMEM147/retromer axis in the EGFR
downstream MAPK pathway by western-blot assay. TMEM47 overexpression signi�cantly activated the MAPK pathway
and upregulated phosphorylated ERK, MEK, and MEK expression, while this effect was reversed by downregulation of
VPS26, VPS29, or VPS35 (Fig. 7E).

Effects of TMEM147 on HCC proliferation, invasion, and glycolysis via retromer components

We determined if TMEM147 induced HCC proliferation, invasion, and glycolysis via the retromer components VPS26,
VPS29, and VPS35 by examining the effects of VPS26, VPS29, and VPS35 shRNAs. VPS26, VPS29, and VPS35
downregulation attenuated the TMEM147-induced proliferation, detected by CCK8 and colony-formation assays (Fig. 8A,
B). Furthermore, VPS26, VPS29, and VPS35 knockdown partly reversed the effects of TMEM147 overexpression on HCC
cell migration and invasion in transwell assays (Fig. 8C, D). We investigated the role of the retromer components in the
TMEM147-mediated glycolysis effect by bioinformatics analysis using TCGA database. VPS26, VPS29, and VPS35
expression were positively related to several metabolic enzymes involved in glycolysis, including GLUT1, PKM2, HK1, HK2,
LDHA, and LDHA (Supplementary �le 3: Fig. S3). TMEM147 overexpression induced glucose uptake and lactate
production, while these effects were rescued by VPS26, VPS29, or VPS35 downregulation (Fig. 8E-F).

Discussion
In this study, we examined the regulatory role of TMEM147 in the proliferation, invasion, and aerobic glycolysis of HCC
cells. TMEM147 was upregulated in HCC, and its expression was positively correlated with a poorer prognosis in patients
with HCC. Functional studies revealed that TMEM147 overexpression signi�cantly promoted HCC cell proliferation,
migration, and invasion, both in vivo and in vitro. Furthermore, bioinformatics analysis using TCGA revealed a correlation
between TMEM147 expression and enhanced carbon metabolism in HCC. We therefore considered that TMEM147 might
be a critical regulator of aberrant glucose metabolism in HCC.

https://jeccr.biomedcentral.com/articles/10.1186/s13046-018-0974-1#MOESM4
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Accumulating studies have enhanced our understanding of the molecular mechanisms underlying the metabolic
reprogramming associated with HCC progression; however, the role of aerobic glycolysis in cancer cell growth and
metastasis remains unclear[24, 25]. We therefore explored the effect of TMEM147 on HCC progression and revealed the
mechanism underlying the EGFR/MAPK signaling pathway. We showed that TMEM147 promoted cancer cell
tumorigenesis and aerobic glycolysis in HCC. TMEM147 was also reported to contribute to colon cancer cell progression,
based on bioinformatics and experimental veri�cation[20]. However, information on the mechanism of TMEM147 in
cancer progression is lacking. We therefore examined the downstream pathway involved in TMEM147-induced HCC
proliferation, invasion, and glycolysis, and showed that RTK-mediated MAPK signal pathway activation was enriched by
TMEM147 in HCC. EGFR is known to be an important oncoprotein in HCC, and provides a therapeutic target for drugs such
as sorafenib[26]. Activation of EGFR by ligands such as EGF can mediate abnormal activation of multiple signaling
pathways in cancer cells, most notably the MAPK pathway[27]. We focused on the interaction between TMEM147 and
EGFR in HCC cells, and demonstrated that TMEM147 combined with EGFR and colocalized in the cytoplasm, using
immunoprecipitation and immuno�uorescence experiments. Furthermore, TMEM147 activated the MAPK pathway, as
shown by western blotting and veri�ed by IHC in HCC tissues. The MAPK signaling pathway is closely related to tumor
progression, and its transcriptional regulation of the cell cycle mediates proliferation, and activation of matrix
metalloproteinases to promote invasion and metastasis[28, 29]. We con�rmed that TMEM147 could bind to EGFR and
regulate the downstream MAPK pathway, and further investigated if TMEM147 could affect the growth, metastasis, and
glycolysis of HCC cells through EGFR. EGFR knockdown or inhibition abrogated the functional in�uences of TMEM147 on
HCC cells, suggesting that TMEM147 not only binds to EGFR and activates the downstream MAPK pathway, but also
exerts its tumorigenic functions in HCC through EGFR.

   We further explored the mechanisms by which TMEM147 activated EGFR and MAPK in HCC cells by determining if the
TMEM147-induced increase in EGFR levels was attributable to increased protein stability. Neither TMEM147 upregulation
nor downregulation affected EGFR mRNA levels; however, western blotting showed that TMEM147 overexpression
promoted EGFR protein stability and expression, suggesting that TMEM147 increased EGFR expression levels via post-
transcriptional regulation. TMEM147 is located in the Golgi and intracellular compartment and acts as a regulator
mediating M3R tra�cking and cellular location[21]. We therefore determined if TMEM147 could affect tra�cking in the
subcellular structure. Retromer was previously identi�ed as an endosome-independent complex essential for protein
tra�cking from the cytoplasm to the plasma membrane[30]. We therefore hypothesized that TMEM147 might mediate
EGFR transport via the retromer complex, affecting its cellular localization and protein stability, and ultimately activating
the downstream MAPK signaling pathway. The retromer components VPS26, VPS29, and VPS35 were positively correlated
with glycolysis enzymes, consistent with the effect of TMEM147. To con�rm if TMEM147 promoted EGFR tra�cking and
expression levels via the retromer complex, we performed rescue experiments with VPS26, VPS29, and VPS35 shRNAs, and
showed that downregulation of these retromer components inhibited the proliferation, invasion, and glycolysis enhanced
by TMEM147. Furthermore, the TMEM147-induced increases in EGFR expression and MAPK activity were also inhibited by
VPS26, VPS29, and VPS35 knockdown. To con�rm if the retromer was an essential platform for TMEM147-induced EGFR
tra�cking and recycling, we performed an EGFR recycling assay during retromer inhibition, and demonstrated that
TMEM147 promoted EGFR expression and the MAPK signal pathway through the retromer complex.

Conclusions
Overall, the results of this study identi�ed TMEM147 as a novel oncoprotein responsible for potentiating proliferation,
metastasis, and glycolysis and thus enhancing the progression of HCC. Regarding the mechanism, we also demonstrated
that TMEM147 combines with EGFR to activate the downstream MAPK pathway in HCC. This interaction involves the
retromer complex as a platform, mediating EGFR recycling to the cell membrane and enhancing EGFR protein stability.

Abbreviations
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TMEM147: transmembrane protein 147; EGFR: epidermal growth factor receptor; MAPK: mitogen-activated protein kinase ;
HCC: Hepatocellular carcinoma ; qRT-PCR: Real-time quantitative reverse transcription PCR; CCK-8: Cell counting kit;
TMEM147U: TMEM147-overexpressing and TMEM147-upregulated ; NC: negative control; TMEM147U+sh-VPS26:
TMEM147-upregulated combined with knockdown of VPS26; TMEM147U+sh-VPS29: TMEM147-upregulated combined
with knockdown of VPS29; TMEM147U+sh-VPS35: TMEM147-upregulated combined with knockdown of VPS35
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Tables
Table 1. Sequences of primers used for real-time PCR Association between TMEM147 expression and clinical outcomes of
HCC patients

Gene Forward Primer
 

Reverse Primer
 

TMEM147 5'-ACACGCTATGATCTGTACCACA-3' 5'-CAGAGGTGGACGAAGGTCTC-3'
GLUT1 5'-GGCCAAGAGTGTGCTAAAGAA-3' 5'-ACAGCGTTGATGCCAGACAG-3
HK2 5'-GAGCCACCACTCACCCTACT-3' 5'- CCAGGCATTCGGCAATGTG-3'
PKM2 5'-ATGTCGAAGCCCCATAGTGAA-3' 5'-TGGGTGGTGAATCAATGTCCA-3'
LDHA 5'-ATGGCAACTCTAAAGGATCAGC-3' 5'-CCAACCCCAACAACTGTAATCT-3'
PDK1 5'-CTGTGATACGGATCAGAAACCG-3' 5'-TCCACCAAACAATAAAGAGTGCT-3'
LDHB 5'-TGGTATGGCGTGTGCTATCAG -3' 5'-TTGGCGGTCACAGAATAATCTTT -3'
GAPDH 5'-GGAGCGAGATCCCTCCAAAAT -3' 5'-GGCTGTTGTCATACTTCTCATGG -3'

 

Table 2. Association between TMEM147 expression and clinical outcomes of HCC patients
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Association of TMEM147 expression with Clinicopathologic Features

Features Total TMEM147 Expression P value

  Low(43) High(107)  

Sex    0.826

 Male 99 29 70  

 Female 51 14 37  

Age (years)  0.607

  ≤ 50 68 20 48  

  >50 82 23 59  

Serum AFP (ng/ml)*  0.007

  <400 48 29 19  

  ≥ 400 102 14 88  

HbsAg  0.654

 Negative 13 5 8  

 Positive 137 38 99  

Tumor size (cm) *  0.024

  ≤ 5 49 23 26  

  >5 101 20 81  

Tumor number  0.687

 Single 47 15 32  

  Multiple 103 28 75  

TNM     0.129

 I/II 109 32 77  

 III/IV 41 11 30  

Vascular invasion *     

 Yes 116 34 82 0.028

 No 34 9 25  

 

Table 3. Gene Ontology (GO) enrichment analysis using TCGA database analysis of the pathway in the liver cancer
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Category % PValue
List
Total

Pop
Hits

Pop
Total

Fold
Enrichment Bonferroni Benjamini FDR

Ribosome 0.033099 2.87E-09 136 144 6750 6.204044 5.17E-07 5.17E-07 3.54E-06
Spliceosome 0.022066 4.85E-05 136 129 6750 4.616963 0.008701 0.00436 0.059785
Valine, leucine
and isoleucine
degradation 0.007355 0.070564 136 48 6750 4.136029 0.999998 0.807276 59.39841
Central carbon
metabolism in
cancer 0.009194 0.034977 136 62 6750 4.002609 0.998353 0.656341 35.5026
Ribosome
biogenesis in
eukaryotes 0.011033 0.020567 136 79 6750 3.769546 0.976264 0.526758 22.58432
Non-alcoholic
fatty liver
disease
(NAFLD) 0.018388 0.002746 136 148 6750 3.353537 0.390381 0.152084 3.330055
FoxO
signaling
pathway 0.01471 0.015689 136 131 6750 3.030983 0.941943 0.509132 17.69803
Thyroid
hormone
signaling
pathway 0.011033 0.075475 136 113 6750 2.635346 0.999999 0.791854 61.96346
Carbon
metabolism 0.011033 0.075475 136 113 6750 2.635346 0.999999 0.791854 61.96346
Regulation of
actin
cytoskeleton 0.016549 0.057691 136 209 6750 2.137278 0.999977 0.783032 51.9023
Huntington's
disease 0.01471 0.087716 136 191 6750 2.078842 1 0.808425 67.72244
Viral
carcinogenesis 0.01471 0.089591 136 192 6750 2.068015 1 0.78474 68.52995

Figures
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Figure 1

Association between TMEM147 expression and clinical outcome in HCC patients a. TMEM147 expression level in LIHC in
TCGA database. b, c. RT-qPCR and western blot analyses of TMEM147 expression in one normal liver and six HCC cell
lines. d, e. RT-qPCR and western blot analyses of TMEM147 expression in primary HCC and adjacent normal tissues. F. IHC
analysis of tissue microarray containing 75 paired HCC and normal samples. g, h. Kaplan–Meier survival analysis of
TMEM147 expression in relation to OS and DFS in HCC based on TCGA database. i. Kaplan–Meier survival analysis of
TMEM147 expression in relation to survival in our cohort of 75 HCC patients.
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Figure 2

Effects of TMEM147 on HCC growth and metastasis in vitro a, b. Transfection e�ciency of TMEM147-overexpressing
(TMEM147U) and TMEM147-knockdown (TMEM147KD) lentivirus plasmids in HCC cell lines according to RT-qPCR and
western blot. c. The viabilities of SMMC-7721 and Hep3B cells transduced with TMEM147-overexpressing and -knockdown
lentiviruses, respectively, determined by CCK-8 assay. d. Colony-formation of SMMC-7721 and Hep3B cells transduced with
TMEM147-overexpressing and -knockdown lentiviruses, respectively. e. Growth of SMMC-7721 and Hep3B cells
transduced with TMEM147-overexpressing and -knockdown lentiviruses, respectively, determined by EDU assay. f, g. In
vitro migration and invasion abilities of SMMC-7721 and Hep3B cells transduced with TMEM147-overexpressing and -
knockdown lentiviruses, respectively, determined by transwell migration and invasion assays. *p < 0.05was regarded as
statistically signi�cant.
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Figure 3

Effects of TMEM147 on glycolysis in HCC cells a. GO enrichment analysis of TMEM147 downstream pathway based on
LIHC in TCGA database. b-d. Glucose consumption (b), lactate production (c), ATP production (d), and ECAR (e) were
measured in TMEM147-overexpressing and -knockdown HCC cells. f-g. Expression levels of several metabolic enzymes
(GLUT1, PKM2, HK2, LDHA) in TMEM147-overexpressing and -knockdown HCC cells determined by RT-qPCR and western
blot analysis. *p < 0.05 was regarded as statistically signi�cant.
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Figure 4

Effects of TMEM147 on HCC growth in vivo A. Representative image of nude mouse tumors (n = 6). B, C. Implanted tumor
weight (B) and volume (C) of TMEM147-overexpressing and -knockdown tumors. D. Typical IHC staining images showing
expression of Ki-67, proliferating cell nuclear antigen, and glycolysis enzymes in transplanted tumors under different
experimental conditions. E. Representative H&E staining and quanti�cation of metastatic hepatic nodules of TMEM147
overexpressed and knockdown group. *p < 0.05 was regarded as statistically signi�cant.
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Figure 5

Interaction between TMEM147 and EGFR and effect on MAPK signaling A. Immunoprecipitation assay analysis the
interaction of TMEM147 and EGFR. B. Immuno�uorescence analysis of the colocalization of TMEM147 and EGFR in the
cell subcellular subcellular organelle. C. Expression levels of EGFR expression and MAPK activity in TMEM147-
overexpressing and -knockdown HCC cells determined by Western blot analysis. D. EGFR shRNA or sorafenib could reverse
the effect of TMEM147 overexpression on EGFR expression and MAPK activity in HCC cells. E. IHC analysis the correlation
of TMEM147 with the EGFR, p-RAF, p-MEK, p-ERK, MYC expression. *p < 0.05 was regarded as statistically signi�cant.
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Figure 6

TMEM147 drives HCC tumorigenesis via EGFR A-C. Effects of EGFR shRNA and sorafenib on proliferation of TMEM147-
overexpressing cells determined by CCK8, EDU, and colony-formation assays. D, E. EGFR shRNA or sorafenib could partly
inhibit the migration and invasion of TMEM147-overexpressing HCC cells, shown by transwell migration and invasion
assays. F-H. EGFR shRNA or sorafenib could reverse the effect of TMEM147 overexpression on glycolysis in HCC cells,
demonstrated by glucose consumption (F), lactate production (G), and ATP production (H) assays. I, J. Effects of EGFR
shRNA or sorafenib on TMEM147-induced expression of key glycolysis enzymes. *p < 0.05 was regarded as statistically
signi�cant.
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Figure 7

Role of retromer as a platform for TMEM147-induced EGFR/MAPK pathway A. Bioinformatics analysis of correlations
between TMEM147 and retromer structural (VPS26, VPS29, VPS35) in LIHC in TCGA database. B. Effects of VPS26,
VPS29, and VPS35 downregulation on EGFR recycling in TMEM147-overexpressing cells determined by ELISA recycling
assay. C. Immuno�uorescence assay analysis of the EGFR recycle. D. Effects of VPS26, VPS29, and VPS35
downregulation on EGFR degradation in TMEM147-overexpressing cells determined by protein stability assay. E. Effects of
VPS26, VPS29, and VPS35 downregulation on expression and activity of EGFR downstream MAPK pathway in TMEM147-
overexpressing cells determined by western-blot assay. *p < 0.05 was regarded as statistically signi�cant.
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Figure 8

Effects of TMEM147 on HCC proliferation, invasion, and glycolysis via retromer components A, B. HCC cell proliferation in
the indicated groups, according to CCK8 and colony-formation assays. C, D. Migration and invasion of HCC cells in the
indicated groups, according to transwell assays. E-F. Glycolysis effects in the indicated groups, determined by cellular
glucose uptake and lactate production assays. The indicated groups were negative control (NC), TMEM147-upregulated
(TMEM147-U), TMEM147-upregulated combined with knockdown of VPS26 (TMEM147U+sh-VPS26), VPS29
(TMEM147U+sh-VPS29), and VPS35 (TMEM147U+sh-VPS35). *p < 0.05 was regarded as statistically signi�cant.
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