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TMEM9-v-ATPase Activates  
Wnt/β-Catenin Signaling Via APC 
Lysosomal Degradation for Liver 
Regeneration and Tumorigenesis
Youn-Sang Jung,1,2 Sabrina A. Stratton,3 Sung Ho Lee,1 Moon-Jong Kim,1 Sohee Jun,1 Jie Zhang,1 Biyun Zheng,1  
Christopher L. Cervantes,1 Jong-Ho Cha,4 Michelle C. Barton,3,5 and Jae-Il Park1,5,6

BACKGROUND AND AIMS: How Wnt signaling is or-
chestrated in liver regeneration and tumorigenesis remains 
elusive. Recently, we identified transmembrane protein 9 
(TMEM9) as a Wnt signaling amplifier.

APPROACH AND RESULTS: TMEM9 facilitates v-AT-
Pase assembly for vesicular acidification and lysosomal pro-
tein degradation. TMEM9 is highly expressed in regenerating 
liver and hepatocellular carcinoma (HCC) cells. TMEM9 
expression is enriched in the hepatocytes around the cen-
tral vein and acutely induced by injury. In mice, Tmem9 
knockout impairs hepatic regeneration with aberrantly in-
creased adenomatosis polyposis coli (Apc) and reduced Wnt 
signaling. Mechanistically, TMEM9 down-regulates APC 
through lysosomal protein degradation through v-ATPase. In 
HCC, TMEM9 is overexpressed and necessary to maintain 
β-catenin hyperactivation. TMEM9–up-regulated APC binds 
to and inhibits nuclear translocation of β-catenin, independ-
ent of HCC-associated β-catenin mutations. Pharmacological 
blockade of TMEM9-v-ATPase or lysosomal degradation 
suppresses Wnt/β-catenin through APC stabilization and 
β-catenin cytosolic retention.

CONCLUSIONS: Our results reveal that TMEM9 hyper-
activates Wnt signaling for liver regeneration and tumorigen-
esis through lysosomal degradation of APC. (Hepatology 
2021;73:776-794).

Wnt signaling orchestrates multiple cellular 
processes such as cell proliferation, differ-
entiation, adhesion, and migration during 

embryogenesis, organogenesis, tissue homeostasis, and 
regeneration.(1-4) β-catenin acts as a critical player 
in Wnt/β-catenin signaling. The β-catenin destruc-
tion complex, including adenomatosis polyposis coli 
(APC), casein kinase 1 (CK1), glycogen synthase 
kinase 3α/β (GSK3α/β), and AXIN, negatively con-
trols β-catenin, which induces β-catenin proteolysis.(5) 
However, excessive activation of β-catenin induces 
hyperproliferation, leading to cancer.

Liver tissue shows a high capacity for regeneration 
when injured,(3) and Wnt/β-catenin signaling has been 
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shown to play crucial roles in liver regeneration.(6-9) 
T-box 3 (Tbx3) and Axin2, a Wnt/β-catenin target 
gene, are highly expressed in liver lobules around the 
central vein (CV) during homeostatic renewal and 
regeneration.(10-12) In the setting of liver injury, these 
cells show high cell proliferative capacity through 
Wnt/β-catenin target genes such as cyclin D1.(3) 
Consistently, it has been shown that β-catenin con-
tributes to hepatocyte proliferation(9) and growth.(13,14) 
Conversely, liver-specific β-catenin/Ctnnb1 knockout 
(KO) mice exhibit reduced liver size with decreased 
hepatocyte proliferation(9) and impaired liver regen-
eration.(9) Despite such relevance of Wnt/β-catenin 
to liver regeneration, it remains elusive how Wnt/β-
catenin signaling is activated following liver injury.

The aberrant activation of the Wnt/β-catenin sig-
naling is directly associated with HCC. HCC shows 
frequent genetic mutations in β-catenin/CTNNB1 
(11%-37% of patients), AXIN (5%-15%), or APC (1%-
2%) genes in HCC.(15,16) β-catenin/CTNNB1 muta-
tion allows β-catenin to escape an inhibitory function 
of the APC complex, resulting in hyperactivation of 
Wnt signaling.(17) Despite the pivotal roles of genetic 
mutations in the core components of the Wnt pathway, 
accumulating evidence suggests that additional layers 
of Wnt signaling regulation are deregulated and con-
tribute to β-catenin target gene activation and tum-
origenesis.(18-20) For instance, secreted Wnt ligands 
or agonists further enhance β-catenin target gene 
transactivation.(21,22) Additionally, mutated APC still 
negatively modulates β-catenin.(22) Building on these 
findings, we recently revealed that deregulated v-AT-
Pase, a vacuolar proton pump, amplifies Wnt signaling 
in colorectal cancer.(23) Therefore, it is highly likely 
that beyond the core components of Wnt/β-catenin 

signaling, further layers of Wnt signaling regulation 
might contribute to hepatic tumorigenesis.

TMEM9 is a type I transmembrane protein that is 
localized primarily in the lysosomes and the late endo-
somes, also called the multivesicular bodies (MVBs).(24) 
Previously, we discovered that TMEM9 is highly 
expressed in cancer cells and enhances Wnt/β-catenin 
signaling.(23) TMEM9 directly binds to the subunit 
of v-ATPase and its accessory protein and accelerates 
the assembly of them, which provokes the vesicular 
acidification and the lysosomal APC degradation.(23) 
Moreover, genetic ablation of Tmem9 suppresses intes-
tinal tumorigenesis with down-regulation of Wnt/ 
β-catenin signaling. β-catenin triggers transactivation of 
TMEM9 and forms a positive-feedback loop, leading 
to the hyperactivation of Wnt/β-catenin signaling.(23) 
This interaction suggests that TMEM9 might amplify 
Wnt/β-catenin signaling in β-catenin/CTNNB1- 
mutated HCC and/or regenerative hepatocytes with 
increased Wnt/β-catenin signaling. Given the crucial 
role of Wnt/β-catenin signaling in tissue regeneration 
and tumorigenesis, potentially related to TMEM9, we 
herein sought to determine the biologic and pathologic 
roles of TMEM9 in liver regeneration and HCC.

Materials and Methods
CONSTRUCTS

All gene-expression plasmids were constructed from 
complementary DNA (cDNA) library or open read-
ing frame sources using PCR and cloned into FLAG-
pcDNA, FLAG-dTomato-pcDNA, FLAG-pLenti, 
or FLAG-Tomato-pLenti mammalian-expression 
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plasmids. Mutant constructs were generated by site- 
directed mutagenesis using PCR.

Tmem9 KNOCKOUT MOUSE 
ANIMAL MODEL

As in our previous study, the Tmem9 KO mouse was 
established.(23) All animal procedures were performed 
based on the guidelines by the Association for the 
Assessment and Accreditation of Laboratory Animal 
Care and the Institutional (MD Anderson Cancer 
Center)–approved protocols (IACUC00001141; 
University of Texas MD Anderson Cancer Center 
Institutional Animal Care and Use Committee). The 
study is compliant with all relevant ethical regulations 
regarding animal research.

MAMMALIAN CELL CULTURE
Cell lines (Huh-7, HepG2, and HEK293T) were 

purchased from American Type Culture Collection 
and maintained in Dulbecco’s modified Eagle medium 
(containing 10% fetal bovine serum and 1% penicil-
lin-streptomycin). Mycoplasma screening was per-
formed using the MycoAlert Mycoplasma Detection 
Kit (Lonza Group AG, Basel, Switzerland). Lentiviral 
plasmids encoding shRNAs were purchased from 
Open Biosystems (Huntsville, AL). To establish cell 
lines stably expressing shRNAs or genes, each cell line 
was transduced with lentiviruses and selected by puro-
mycin (1-2 μg/mL) for 2 days. The following reagents 
were also used: CCl4 (Sigma-Aldrich, St. Louis, MO), 
bafilomycin A1 (Wako Diagnostics), concanamycin A 
(Sigma-Aldrich), KM91104 (Millipore, Burlington, 
MA), CA074 (R&D Systems, Minneapolis, MN), 
and SID26681509 (R&D Systems).

REPORTER ASSAYS
The reporter plasmids, pMegaTOPFLASH and 

pMegaFOPFLASH, were transiently transfected 
with pSV40-Renilla plasmid (internal control) and 
analyzed using the Dual Luciferase assay system 
(Promega, Madison, WI).

APC SOMATIC CELL TARGETING
The APC KO cells were established using the clus-

tered regularly interspaced short palindromic repeat 

(CRISPR) using a lentiviral CRISPR v2 vector 
(Addgene, Watertown, MA). The lentiviral plasmid 
contains two expression cassettes, hSpCas9 and the chi-
meric guide RNA (gRNA) where oligos were cloned, 
based on the protospacer adjacent motif on the target 
site. The lentiCRISPRv2 plasmids were transfected into 
HEK293T cells along with pCMV-ΔR8.2 dVPR and 
pCMV-VSVG plasmids for lentiviral packaging. HCC 
cell lines were then transduced with lentiviruses and 
selected in puromycin for 72 hours. After selection, three 
clonally selected cell lines were used for analysis. APC 
KO was confirmed by IB. The APC gRNA sequences 
were 5′- AGGATGGCTGCAGCTTCATA -3′ (#1) 
and 5′- GCAAGTTGAGGCACTGAAGA -3′ (#2).

IF STAINING AND IHC
Using percutaneous ethanol injection, cells were 

transiently transfected with plasmids. Cells grown on 
glass coverslips were washed and fixed in 4% parafor-
maldehyde for 10 minutes at 4°C. After blocking with 
5% goat serum in phosphate-buffered saline (PBS) 
for 30 minutes, antibodies were treated for immunos-
taining cells. Liver samples were fixed in 10% neutral 
buffered formalin overnight and embedded in paraf-
fin. Tissue samples were then sectioned (5  μm), and 
hematoxylin and eosin staining was performed fol-
lowing standard procedure. For IHC, slides were dep-
araffinized, rehydrated, processed for antigen retrieval, 
blocked, incubated with primary antibody, and fluo-
rescence-conjugated secondary antibody. Next, slides 
were mounted with 4′,6-diamidino-2-phenylindole 
(DAPI; Invitrogen, Carlsbad, CA), sealed, and pho-
tographed using an inverted microscope (AxioVision; 
Zeiss, Oberkochen, Germany). For comparison among 
the experiment groups, images were captured with the 
same exposure time. The detailed information regard-
ing antibodies can be found in Supporting Table S3.

GENE-EXPRESSION ANALYSIS
RNAs were extracted by TRIzol (Invitrogen) and 

converted to cDNAs using iScript cDNA synthe-
sis kit (Bio-Rad Laboratories, Hercules, CA) with 
1 μg of RNA. For gene-expression analysis, semi-
quantitative RT-PCR or quantitative RT-PCR 
was performed. Quantitative RT-PCR results were 
quantified by comparative 2−ΔΔCt methods (Applied 
Biosystems, Foster City, CA). For internal controls, 
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HPRT1 was used. The primer sequences can be found 
in Supporting Table S4.

IB AND IP
Whole-cell lysates of mammalian cells were pre-

pared using NP-40 lysis buffer (0.5% NP-40, 1.5 mM 
MgCl2, 25 mM HEPES, 150 mM KCl, 10% glycerol, 
1 mM phenylmethylsulfonyl fluoride, 12.7 mM ben-
zamidine HCl, 0.2 mM aprotinin, 0.5 mM leupeptin, 
and 0.1 mM pepstatin A) for 20 minutes at 4°C fol-
lowed by centrifugation (14,000 rpm for 10 minutes). 
Supernatants were denatured in 5× sodium dodecyl 
sulfate (SDS) sample buffer (200 mM trishydroxyme-
thylaminomethane [Tris]-HCl pH 6.8, 40% glyc-
erol, 8% SDS, 200  mM dithiothreitol, and 0.08% 
bromophenol blue) at 95°C for 5  minutes followed 
by SDS–polyacrylamide gel electrophoresis. For 
IB blocking and antibody incubation, 0.1% non-
fat dry milk in Tris-buffered saline and Tween-20 
(25 mM Tris-HCl pH 8.0, 125 mM NaCl, and 0.5% 
Tween-20) was used. SuperSignal West Pico (34087; 
ThermoFisher Scientific, Waltham, MA) and Femto 
(34095; ThermoFisher Scientific) reagents were used 
to detect horseradish peroxidase–conjugated secondary 
antibodies. For immunoprecipitation, cell lysates were 
incubated with 20  μL of magnetic beads (M8823; 
Sigma-Aldrich) for 2 hours. Immunoprecipitates were 
then washed with cell lysis buffer three times, eluted 
using an SDS sample buffer, and analyzed using IB. 
The detailed information regarding antibodies can be 
found in Supporting Table S3.

DUOLINK ASSAYS
For the visualization of protein interaction in situ, 

cells were seeded onto the cover glass. After fixation 
with 4% paraformaldehyde for 5  minutes, cells were 
permeabilized with 0.01% Triton-x100 for Duolink 
assays, according to the manufacturer’s (DUO92101; 
Sigma-Aldrich) recommended protocol: blocking, 
primary antibody reaction, (+) and (−) probe reaction, 
ligation, polymerization, and amplification.

ACUTE CCl4 INJURY MOUSE 
MODEL

Male mice (older than 8 weeks) were injected with 
CCl4 (Sigma-Aldrich) for acute liver injury model. 
CCl4 was dissolved in corn oil (Fisher Scientific) at 

a final concentration of 20% (v/v) for intraperitoneal 
administration (1  mL/kg). Mice were sacrificed at 
various time points, and liver tissues were collected 
for further analyses.

PHx IN MOUSE MODEL
PHx (70% removal of the total liver) or sham con-

trol surgery was performed with isoflurane anesthe-
sia. Three to four WT C57BL/B6 and Tmem9 KO  
(6 months of age) mice were used for PHx accord-
ing to guidelines of the institutional Animal Care 
and Use Committee of the University of Texas, MD 
Anderson Cancer Center. Mice were sacrificed at 1 
or 3  days after surgery, and remnant liver tissue was 
collected. Flash-frozen liver tissues were processed for 
RNA isolation, protein extraction, IHC, and mass.

XENOGRAFT ASSAYS
Mice (BALB/c nude) were subcutaneously injected 

with 5  ×  106 cells of HepG2 cells (shCtrl vs. shT-
MEM9; shTMEM9-Vec vs. shTMEM-β-catenin; 
Ctrl vs. BAF [APC WT and KO]). After 3 weeks for 
adaptation, tumors were collected for assessment of 
tumor weight, RNA, IB, and IHC.

FRAP ASSAY
HepG2 cells were grown on chambered coverglass 

(Nunc) and were transfected with dTomato-β-catenin 
(WT and ΔN). After 24 hours transfection in 5% CO2 at 
37ºC, images were acquired using a LSM880-Airyscan 
confocal (Zeiss). For photobleaching experiments, sam-
ples were photobleached with a solid-state laser using 
LSM880-Airyscan confocal. Nucleus was bleached for 
1,000  seconds at 100% laser power. The samples were 
imaged every 5 seconds for 60 seconds with a separate 
555 nm laser. The average fluorescence mean intensities 
of nucleus were measured using Zen software (Zeiss). 
The recovery curves shown are the averages of at least 
eight cells from at least three independent experiments.

IN SILICO ANALYSIS OF TMEM9 
EXPRESSION AND GENETIC 
ALTERATION

TMEM9 expression in HCC cells was analyzed 
in the cBioPortal (www.cbiop​ortal.org) and PICB 
database (www.Picb.ac.cn/PDXliver). The cBioPortal 

http://www.cbioportal.org
http://www.Picb.ac.cn/PDXliver
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analysis was performed with default options using the 
Cancer Genome Atlas (provisional and PanCancer) 
and Academic Medical Center data sets for gene 
alterations (mutations and copy number change).

CHROMATIN 
IMMUNOPRECIPITATION ASSAY

Cells were crosslinked with 1% formaldehyde for 
15 minutes at room temperature, and quenched by gly-
cine (0.125  M). After washing with cold PBS, tissues 
were incubated with lysis buffer (0.5% NP-40, 25 mM 
HEPES, 150 mM KCl, 1.5 mM MgCl2, 10% glycerol, 
and KOH pH 7.5) containing protease inhibitor for 
15 minutes on ice. Cell lysates were centrifuged (1,677g 
for 5  minutes), and supernatants were discarded. Cell 
pellets were subjected to sonication with nuclear lysis 
buffer (50 mM Tris pH 8.0, 10 mM ethylene diamine 
tetraacetic acid [EDTA], 1% SDS) using Bioruptor Plus 
sonication device (Diagenode). Supernatant was diluted 
20 times in IP buffer (50  mM Tris pH 8.0, 150  mM 
NaCl, 0.5% NP-40, protease inhibitor mixtures) and 
subjected to IP with antibody against β-catenin or nor-
mal rabbit immunoglobulin G. Immunoprecipitates 
were also washed serially with chromatin immunopre-
cipitation (ChIP)–radio immunoprecipitation assay lysis 
buffer, high salt (50 mM Tris, pH 8.0; 500 mM NaCl; 
0.1% SDS, 0.5% deoxycholate; 1% NP-40; and 1  mM 
EDTA), LiCl wash buffer (50 mM Tris, pH 8.0; 1 mM 
EDTA; 250 mM LiCl; 1% NP-40; and 0.5% deoxycho-
late) and Tris-EDTA buffer. Finally, immunoprecipitate 
crosslinking was reversed by incubation at 65ºC over-
night and treated with RNase A and proteinase K to 
extract the DNA. The ChIP PCR primer sequences of 
TMEM9 promoter amplicons was described in a previ-
ous paper. Glyceraldehyde 3-phosphate dehydrogenase 
promoter amplicons served as negative control.

CELL PROLIFERATION ASSAYS
Using plasmid stably expressing cells, the number 

of cells was counted using an hematocytometer to 
indicate growth days.

STATISTICS AND 
REPRODUCIBILITY

The Student t test was used to compare the two 
groups (n ≥ 3). P values less than 0.05 were considered 
significant. Error bars indicate the SD, which indicates 

the SEM. All experiments were performed three or 
more times with similar results, independently, under 
identical or similar conditions.

ANTIBODY INFORMATION
See Supporting Table S3 for a complete list of 

antibodies.

PRIMER INFORMATION
See Supporting Table S4 for a complete list of 

primers.

Results
TMEM9 EXPRESSION DURING 
LIVER REGENERATION

The Wnt signaling is present in hepatocytes of 
the CV region, and not in the regenerating hepato-
cytes.(10-12) Given that TMEM9 positively regulates 
Wnt/β-catenin signaling, we first sought to locate 
TMEM9-expressing (TMEM9+) cells in the liver. 
Immunohistochemistry (IHC) showed that TMEM9+ 
cells were localized near the CV in normal mouse liver 
tissue but not Tmem9 KO liver tissue (Fig. 1A).(23) 
TMEM9+ cells showed co-expression of glutamine 
synthetase (Gs), a marker for pericentral hepatocytes 
(Fig. 1B), but not cytokeratin 19 (Ck19), a marker for 
biliary epithelial cells (Fig. 1C). Next, we examined the 
expression of Tmem9 in the condition of liver regener-
ation by using a liver injury mouse model with CCl4, a 
trigger for hepatocyte damage.(12,25) After CCl4 admin-
istration, Tmem9+/+ (wild-type [WT]) mice showed 
immediate loss of acutely pericentral hepatocytes, fol-
lowed by gradual regeneration (Fig. 1D). Intriguingly, 
TMEM9+ cells immediately began repopulating after 
CCl4 administration and culminated at 2 days fol-
lowing injury (days post-inoculation [dpi]; Fig. 1E), 
which was accompanied by an increase of Ki67+ cells  
(Fig. 1F). These results imply that TMEM9+ hepato-
cytes might be involved in hepatic regeneration.

IMPAIRED LIVER REGENERATION 
BY Tmem9 KO

Having observed the expansion of TMEM9+ 
cells during hepatic regeneration, we asked whether 
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FIG. 1. Tmem9 expression during liver regeneration. (A-C) Tmem9+ cells are localized around the CV in the liver. IHC of mouse 
liver tissue for Tmem9 (A). Tmem9 KO mouse liver tissue served as a negative control for Tmem9 IHC. Costaining for Tmem9 and 
glutamine synthetase, a marker for pericentral hepatocytes (B), or Ck19, a marker for biliary epithelial cells (C). (D,E) The number of 
Tmem9+ hepatocytes cells increases in regenerating liver tissue. After intraperitoneal injection of CCl4, mouse liver tissue was analyzed 
by hematoxylin and eosin staining (D) and IHC for Tmem9 (E) and Ki67 (F). Representative images of three experiments with similar 
results. Scale bars = 100 μm. Abbreviation: PV, portal vein.
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genetic ablation of Tmem9 impairs hepatic regenera-
tion. Because CCl4-induced hepatic injury was mostly 
recovered at 3 dpi (see Fig. 1D-F), we investigated 
the effect of TMEM9 depletion on hepatic regener-
ation at 3 dpi in Tmem9 KO mice, with Tmem9 WT 
mice as controls. Of note, Tmem9 KO mice exhibited 
no discernible phenotypes in the overall liver archi-
tecture and hepatocytes (Fig. 2A and Supporting Fig. 
S1A-F). Three days after CCl4 administration, centri-
lobular necrosis was more severe inTmem9 KO mice 
than in Tmem9 WT mice (Fig. 2B). Additionally, 
Tmem9 KO liver tissue showed less cell prolifer-
ation near the CV (as indicated by Ki67-positive 
cells; Fig. 2C,D and Supporting Fig. S1G,H) with-
out significant alteration of apoptosis (as indicated 
by cleaved caspase 3-positive cells; Supporting Fig. 
S1G,H). Given that regenerating cells near the CV 
differentiate into hepatocytes,(26,27) we examined the 
effect of TMEM9 depletion on hepatocyte expansion 
after liver injury using IHC for hepatocyte markers, 
hepatocyte nuclear factor 4α (Hnf4α), and albumin. 
Compared with Tmem9 WT tissue, Tmem9 KO 
mouse liver tissue showed the lower expression of 
Hnf4α and albumin at 3 dpi (Fig. 2E,F). Similarly, 
the expression of Wnt/β-catenin signaling-controlled 
markers, Gs, Tbx3 and Cyp2e1, was reduced and 
exhibited the delayed expression pattern in Tmem9 
KO mice compared to WT mice treated with CCl4 
(Fig. 2G,H and Supporting Fig. S1I). Also, Tmem9 
KO tissue showed a significantly smaller proportion 
of pericentral hepatocytes (as indicated by Gs-positive 
cells; Supporting Fig. S1G). These results suggest that 
TMEM9 is required for hepatic regeneration through 
repopulation of pericentral hepatocytes.

TMEM9-ACTIVATED WNT/ 
β-CATENIN SIGNALING DURING 
LIVER REGENERATION

Next, we asked how TMEM9 contributes to 
hepatic regeneration. Given the active Wnt/β-
catenin signaling in pericentral hepatocytes, which 
are TMEM9+ cells,(10,11) and the down-regulation 
of β-catenin target genes (Gs, Tbx3, and Cyp2e1) 
by Tmem9 KO, we assessed the activity of Wnt/β-
catenin signaling in the setting of liver injury by 
CCl4 administration. Similar to TMEM9 up- 
regulation (Fig. 1E), β-catenin expression immedi-
ately increased and remained high until 2-3 dpi in 

normal mouse liver tissue, accompanied by increased 
cyclin D1 (Fig. 3A,B and Supporting Fig. S2A). 
Next, we analyzed the gene expression of several 
developmental pathways, including Wnt, Notch, 
Hedgehog, Hippo, and BMP. We found that Tmem9 
KO mouse liver tissue exhibited down-regulation of 
Wnt/β-catenin signaling target genes (Axin2, Cd44, 
and Ccnd1) after CCl4 administration, whereas 
other target genes were not markedly affected (Fig. 
3C). Similarly, Tmem9 KO mouse liver tissue dis-
played lower expression levels of cyclin D1, Cd44, 
β-catenin, active β-catenin, and Axin2, compared 
with WT liver tissue (Fig. 3D-G and Supporting 
Fig. S2B), indicating that TMEM9 reinforces Wnt/
β-catenin signaling in the setting of liver injury. 
TMEM9 hyperactivates Wnt/β-catenin signaling 
through APC degradation in colorectal cancer,(23) 
which next led us to ask whether TMEM9 nega-
tively modulates APC even during liver regener-
ation. Indeed, we found higher levels of APC in 
Tmem9 KO liver tissue, compared with WT liver 
tissue (Fig. 3H-L). Conversely, CCl4-induced β-cat-
enin up-regulation was reduced in Tmem9 KO liver, 
compared with WT (Fig. 3L). These data indicate 
that TMEM9 promotes APC down-regulation 
during hepatic regeneration. In addition to CCl4 
injury model, we also used the partial hepatectomy 
(PHx) model to address the role of Tmem9 in liver 
regeneration. However, unlike CCl4 injury, PHx 
did not up-regulate Tmem9 expression, and Tmem9 
KO did not impair PHx-induced liver regeneration 
(Supporting Fig. S3), indicating the essential role 
of Tmem9 in liver regeneration specifically in CV 
injury. Together, these results suggest that TMEM9 
is required for the activation of Wnt/β-catenin sig-
naling in regenerating liver tissue following CV 
injury.

EXPRESSION OF TMEM9 IN HCC
Wnt signaling is hyperactivated in HCC, with fre-

quent mutations in the core components of Wnt sig-
naling (β-catenin/CTNNB1, AXIN, and APC).(15,16) 
Having determined that TMEM9 is required for 
Wnt/β-catenin signaling activation during hepatic 
regeneration (see Fig. 3) with the implication of 
Wnt signaling hyperactivation, we explored the roles 
of TMEM9 in activating Wnt/β-catenin signaling 
in HCC. Interestingly, in silico analysis showed the 
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up-regulation of TMEM9 transcripts in HCC com-
pared with normal liver samples (Fig. 4A). Additionally, 
the TMEM9 gene was frequently amplified in HCC 

(Fig. 4B), along with transcriptional up-regulation of 
TMEM9 (Fig. 4C). HCC patient-derived xenograft 
samples also showed the amplification of TMEM9 
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gene (57%; 24 of 42) (Fig. 4D). cBioPortal (https://
www.cbiop​ortal.org) analysis showed that 32% of 
HCC samples displayed either gene amplification or 
transcriptional up-regulation of TMEM9, which was 
mutually exclusive to mutations of β-catenin/CT-
NNB1 (28%) (Fig. 4E and Supporting Table S1). We 
also observed that β-catenin transactivates TMEM9 
expression in HepG2 cells (Supporting Fig. S4A-C), 
consistent with colorectal cancer study. IHC of HCC 
and normal tissue microarrays confirmed the up-reg-
ulation of TMEM9 in HCC compared with normal 
liver tissues (Fig. 4F,G and Supporting Table S2). 
Furthermore, we examined the expression of TMEM9 
in liver samples of patients with cirrhosis and found 
no significant association of TMEM9 expression 
with cirrhosis (Supporting Fig. S4C,D). These results 
suggest that TMEM9 expression is highly up-regu-
lated in HCC, which implies the oncogenic roles of 
TMEM9 in hepatic tumorigenesis.

NUCLEAR TRANSLOCATION OF 
β-CATENIN BY TMEM9-DOWN-
REGULATED APC

Given the overexpression of TMEM9 in HCC, we 
questioned the potential oncogenic roles of TMEM9 
in HCC. To address this, we examined the effect 
of TMEM9 depletion on developmental pathways 
implicated in HCC. Quantitative reverse-transcrip-
tion PCR (RT-PCR) analysis showed that TMEM9 
depletion by short hairpin TMEM9 (shTMEM9) 
down-regulated Wnt/β-catenin target genes (AXIN2 
and CD44) in Huh-7 cells (Fig. 5A), indicating pos-
sible effects of TMEM9 on Wnt/β-catenin signaling 
in HCC. Because mutations of β-catenin/CTNNB1 
frequently occur in HCC,(15,16) we used β-catenin/ 
CTNNB1 WT Huh-7 cells and HepG2 cells carry-
ing the exon 3-4 deleted β-catenin/CTNNB1 allele 
to examine the effects of TMEM9 on Wnt/β-catenin 

signaling. In both β-catenin/CTNNB1 WT and 
mutant cells, TMEM9 depletion (by shTMEM9) 
decreased β-catenin reporter activity (TOP/FOP 
FLASH luciferase) and AXIN2 expression compared 
with control cells (Fig. 5B,C). In addition, TMEM9 
depletion down-regulated the levels of total and active 
β-catenin protein (Fig. 5D) with cell growth inhibi-
tion (Supporting Fig. S5A), indicating that TMEM9 
might be required for the maintenance of Wnt/β-
catenin signaling activity regardless of β-catenin status 
(WT vs. mutant). Next, we directly tested the effect 
of TMEM9 on other mutant β-catenin cells (S33Y 
[non-phosphorylated active form] and ΔN [deletion 
of N-terminus 47 amino acids]), compared with WT 
cells. Surprisingly, TMEM9 depletion by short hairpin 
RNA (shRNA) decreased the levels of WT, S33Y, and 
ΔN β-catenin (Fig. 5E). Additionally, the rescue of 
WT and mutant β-catenin activated Wnt/β-catenin 
signaling and increased HCC cell proliferation, which 
was decreased by shTMEM9 (Fig. 5F and Supporting 
Fig. S5B-D). These results suggest that TMEM9 
activates Wnt/β-catenin signaling independently of 
oncogenic mutations in β-catenin.

The protein destruction complex consisting of 
APC, CK1, AXIN, and GSK3 negatively regulates 
β-catenin by phosphorylation-mediated degradation 
of the β-catenin protein.(5) Serine/threonine residues 
of the N-terminus of β-catenin (Ser33, Ser37, Thr41, 
and Ser45) are sequentially phosphorylated by CK1 
and GSK3, which is recognized by a β-TrCP E3 ligase. 
TMEM9 depletion decreased both WT and mutant 
β-catenin (S33Y and ΔN), implying that further 
negative regulator of β-catenin. Indeed, proteasome 
inhibitor (MG132) up-regulated WT and mutant 
β-catenin in APC KO-HepG2 cells. Moreover, we 
found ubiquitination of WT and mutant β-catenin in 
TMEM9-diminished cells (Supporting Fig. S5E-G), 
resulting in the possibility for APC destruction com-
plex-independent proteasomal β-catenin degradation. 

FIG. 2. Impaired liver regeneration by Tmem9 knockout. (A) Tmem9 KO impairs liver regeneration. In mice injected with control vehicle, 
no discernible phenotypes are seen in Tmem9 KO hepatocytes. (B) After injection with CCl4, centrilobular necrosis was more pronounced 
in Tmem9 KO than in Tmem9 WT mouse liver tissue. Dotted lines indicate the centrilobular necrosis region. (C) Cell proliferation 
was lower in Tmem9 KO than in Tmem9 WT mouse liver tissue following hepatic injury. (D) Staining of proliferating (Ki67) cells; 
quantification of Ki67+ cells. Hepatocyte expansion is down-regulated in Tmem9 KO mice following hepatic injury. IHC for hepatocyte 
markers (Hnf4α [E] and albumin [F]) and pericentral hepatocytes. (G,H) Reduced and delayed expression of hepatocyte markers by 
Tmem9 KO during liver regeneration. (G) IHC for Gs, Tbx3, and Cyp2e1. Quantification by ZEN software. Representative images of 
three experiments with similar results. Scale bars = 20 μm; error bars show mean ± SD from three or more independent experiments. 
Abbreviation: PV, portal vein.

https://www.cbioportal.org
https://www.cbioportal.org
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Moreover, the down-regulation of S33Y and ΔN-β-
catenin by TMEM9 depletion might be explained 
by downstream events such as nuclear translocation 

of β-catenin or β-catenin’s transcriptional activity. 
Thus, we asked whether TMEM9 affects the nuclear 
translocation of β-catenin. Immunofluorescence (IF) 
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FIG. 4. Expression of TMEM9 in HCC. (A) TMEM9 transcripts are up-regulated in HCC (cBioPortal analysis, www.cBiop​ortal.org). 
(B) TMEM9 gene amplification in HCC. cBioPortal analysis of the Cancer Genome Atlas, PanCan, and AMC data sets. (C) Relationship 
between gene amplification and transcriptional upregulation of TMEM9 in HCC. (D) TMEM9 amplification in HCC patient-derived 
xenograft (www.Picb.ac.cn/PDXliver). (E) Comparative visualization of HCC-related genetic and transcriptional alterations (cBioPortal 
analysis). (F) TMEM9 is up-regulated in HCC. IHC for TMEM9 in normal liver and HCC tissue microarrays. (G) Quantitative 
analysis of TMEM9 expression in normal liver and HCC samples. Representative images of three experiments with similar results. Scale 
bars = 100 μm. Abbreviations: RNA-Seq, RNA sequencing; TCGA, The Cancer Genome Atlas.

FIG. 3. TMEM9-activated Wnt/β-catenin signaling during liver regeneration. (A ,B) Wnt/β-catenin signaling is activated during liver 
regeneration. IHC for β-catenin in Tmem9 WT and KO liver tissue after CCl4 administration (A). To monitor β-catenin kinetics (B), 
liver tissues were collected at the indicated time. Scale bars = 20 μm. (C-G) Tmem9 KO down-regulates Wnt/β-catenin signaling activity 
in regenerating liver tissue. Semiquantitative RT-PCR of Tmem9 WT and KO mouse liver tissue at 1 dpi (C). The representative target 
genes of each signaling pathway were examined. IF staining for β-catenin target proteins cyclin D1 (D) and Cd44 (F). Quantification 
of cyclin D1+ (E) and Cd44+ (G) cells in Tmem9 WT and KO liver at 3 dpi. Scale bars = 100 μm. (H,I) β-catenin levels are lower in 
Tmem9 KO mouse liver tissue than in Tmem9 WT tissue after hepatic injury. IHC for β-catenin (H) and active β-catenin (I). Scale 
bars = 100 μm. ( J-L) Tmem9 KO up-regulates Apc during liver regeneration following CCl4-induced injury. IHC for E-cadherin and Apc 
( J). Arrows indicate the cytoplasmic accumulation of APC. Quantification of Apc by confocal microscopy (K). IB assays using Tmem9 
WT andTmem9 KO hepatocytes (L). Scale bars = 20 μm. (M) Increased Tmem9 by CV region damage. After CCl4 administration or 
PHx, tissues were collected at the indicated time point. quantitative RT-PCR for Tmem9. Representative images of three experiments with 
similar results; error bars indicate mean ± SD from at least three independent experiments. Abbreviations: Ctgf, connective tissue growth 
factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NS, not significant.

http://www.cBioportal.org
http://www.Picb.ac.cn/PDXliver
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staining and cytosol/nuclear fractionation assays 
showed that endogenous β-catenin was localized pri-
marily in the nuclei of HepG2 cells, and this nuclear 
localization of β-catenin was decreased by TMEM9 
depletion (Fig. 5G,H and Supporting Fig. S5H). 
These results indicate that TMEM9 is required for 
nuclear translocation of β-catenin independently of 
mutations in β-catenin.

In addition to its role in β-catenin degrada-
tion, APC has been shown to control the level of 
nuclear β-catenin.(28,29) TMEM9 also down-regu-
lates APC through v-ATPase-mediated lysosomal 
degradation.(23) Therefore, we next asked whether 
TMEM9 depletion increases APC-β-catenin inter-
action regardless of the mutation status of β-catenin. 
As expected, the Duolink proximity ligation assay 
(PLA)(30) revealed that shTMEM9 increased the 
association between APC and β-catenin in HepG2 
cells (Fig. 5I,J). Co-immunoprecipitation assays also 
showed the interaction between APC and β-catenin 
(WT, S33Y, and ΔN; Fig. 5K and Supporting Fig. 
S1F). Because it has been reported that APC induces 
cytoplasmic retention of β-catenin,(31) we examined 
the effect of shTMEM9 on nuclear localization of 
WT and mutant β-catenin using fluorescence recov-
ery after photobleaching (FRAP) assay. Intriguingly, 
shTMEM9 decreased the nuclear import of WT and 
mutant β-catenin (Fig. 5L-O). These results suggest 
that TMEM9 increases the nuclear localization of 
β-catenin by inhibiting APC-induced β-catenin cyto-
plasmic retention.

TMEM9-INDUCED ACTIVATION 
AND NUCLEAR TRANSLOCATION 
OF β-CATENIN BY LYSOSOMAL 
DEGRADATION OF APC

Previously, we found that TMEM9 activates 
v-ATPase, which subsequently induces vesicular 
acidification for the lysosomal protein degradation 
of APC.(23) Given the increased APC and the reten-
tion of β-catenin by TMEM9 depletion in HCC 
cells (Fig. 5), we tested whether lysosomal protein 
degradation of APC mediates TMEM9-activated 
β-catenin using lysosomal inhibitors. Indeed, the 
lysosomal protease inhibitors CA074 (an inhibitor 
of cathepsin B [CTB])(32) and SID26681509 (an 
inhibitor of cathepsin L)(33) decreased levels of both 
WT and mutant β-catenin protein, AXIN2 expres-
sion, luciferase activity, and HCC cell proliferation, 
but increased the level of APC protein, in Huh-7 
and HepG2 cells (Fig. 6A,B and Supporting Fig. 
S6). Likewise, lysosomal protease inhibitors also 
down-regulated the level of ectopically expressed 
WT and mutant β-catenin (Fig. 6C). Because of the 
cytosolic retention of β-catenin by APC (see Fig. 
5L-O), we also assessed the effects of lysosomal 
protease inhibitors on the nuclear translocation of 
β-catenin. Cytosolic and nuclear fractionation fol-
lowed by immunoblot (IB) and IF assays showed 
that lysosomal protease inhibitors prevented nuclear 
translocation of WT and mutant β-catenin (Fig. 
6D,F). We also found that lysosomal protease 

FIG. 5. Nuclear translocation of β-catenin by TMEM9-down-regulated APC. (A) TMEM9 depletion by shTMEM9 decreases 
expression of Wnt signaling target genes. Twenty-four hours after transfection, Huh-7 cells were analyzed by quantitative RT-PCR. 
(B,C) TMEM9 depletion decreases β-catenin transcriptional activity. Huh-7 and HepG2 cells were transfected with β-catenin reporter 
plasmids (pMega-TOP/FOP FLASH) for quantitative RT-PCR for AXIN2 (B) and luciferase assays (C). (D,E) TMEM9 depletion 
down-regulates β-catenin protein in HCC cells. After 24-hour transfection, endogenous β-catenin (D) and ectopically expressed β-catenin 
(WT) and mutants (S33Y and ΔN) (E) were assessed by IB assays. (F) shTMEM9 reduces WT and mutant β-catenin transcriptional 
activity. Huh-7 and HepG2 cells were transfected with WT or mutant (ΔN) β-catenin plasmid. Luciferase (TOP/FOP FLASH) was 
measured to determine β-catenin transcriptional activity. (G) TMEM9 depletion inhibits nuclear translocation of β-catenin. IF staining 
for β-catenin and APC. (H) After 24-hour transfection with WT or ΔN β-catenin plasmid, HepG2 cells were fractionated into cytosolic 
and nuclear fractions, followed by IB. Scale bars = 20 μm. (I) shTMEM9 increases interaction between APC and β-catenin. Illustration 
of APC-β-catenin binding assay using Duolink PLA (left); green PLA fluorescence indicates APC-β-catenin interaction (right). ( J) 
Quantification of PLA. Scale bars = 10 μm. (K) Binding between APC and WT or mutant β-catenin. Co-immunoprecipitation analysis. 
(L-O) Depletion of TMEM9 restrains nuclear translocation of β-catenin. HepG2 cells were transfected with a tdTomato-3xFLAG-β-
catenin plasmid (WT or ΔN) for 24 hours. Nuclear fluorescence of β-catenin was bleached for 1,000 seconds, followed by visualization 
(L,N) and quantification for mean intensity (M,O) by confocal microscopy every 10  seconds. Quantification was normalized by the 
nuclear mean intensity of 0 seconds. R values indicate the velocity of β-catenin nuclear translocation. Scale bars = 5 μm. Representative 
images of three experiments with similar results; error bars show the mean ± SD from at least three independent experiments; two-
sided unpaired t test. Abbreviations: IgG, immunoglobulin G; NS, not significant; qRT-PCR, quantitative RT-PCR; Vec, empty vector 
plasmid-transfected control.
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inhibitors augmented APC-β-catenin interaction 
in HepG2 cells (PLA; Fig. 6G,H). Furthermore, 
we tested whether the APC protein is localized in 

the lysosome. Indeed, PLA assay showed co-local-
ization of APC with LAMP1, a lysosomal marker, 
and this co-localization was increased by TMEM9 
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depletion (Fig. 6I,J) and lysosomal protease inhibi-
tors (Fig. 6K,L). These results suggest that TMEM9 
down-regulates APC through lysosomal degrada-
tion of APC protein.

TMEM9 facilitates the assembly of v-ATPase and 
increases the vesicular acidification, which is essen-
tial for lysosome-mediated protein degradation.(34,35) 
CTB is a widely presented lysosomal cysteine protease, 
and loss of CTB leads to lysosomal dysfunction.(36,37) 
CTB is produced from a large precursor form (pro-
CTB) to form a mature cathepsin containing a heavy 
and a light chain. Thus, we examined the effects of 
TMEM9 on lysosomal integrity by measuring the 
amount of mature CTB. In HepG2 cells, TMEM9 
depletion and inhibitors of v-ATPase and lysosomal 
protease decreased the level of mature CTB (Fig. 
6M), indicating that TMEM9 is required for lyso-
somal function. These results suggest that TMEM9 
activates β-catenin through lysosomal degradation of 
APC in HCC.

SUPPRESSION OF HEPATIC 
TUMORIGENESIS BY BLOCKADE 
OF TMEM9-v-ATPase-APC 
SIGNALING AXIS

Having determined the oncogenic roles of 
TMEM9-v-ATPase signaling axis in liver cancer cell 
proliferation, next we tested the effects of blockade 
of TMEM9-v-ATPase axis on in vivo tumorigene-
sis. We subcutaneously injected HepG2 cells (shCtrl, 
shTMEM9, shTMEM9 + β-catenin, and APC WT 
vs. KO) into the immunocompromised mice and mon-
itor tumor growth. We found that TMEM9-depleted 
HepG2 (shTMEM9) cells showed the inhibition 
of tumor development, compared with the control 

(shCtrl) HepG2 cells (Fig. 7A). Similarly, AXIN2, 
a β-catenin target gene, expression was reduced by 
TMEM9 depletion, while APC was up-regulated 
(Fig. 7A). Next, we asked whether TMEM9 deple-
tion–induced HCC growth inhibition is due to the 
decreased Wnt/β-catenin signaling activity by the 
rescue experiments. Indeed, β-catenin ectopically 
expressing cells restored in vivo tumor development 
suppressed by TMEM9 depletion, along with the 
up-regulation of AXIN2 (Fig. 7B). However, APC 
level was not affected by β-catenin ectopic expres-
sion (Fig. 7B). Additionally, we tested the effects of 
v-ATPase inhibitor, bafilomycin (BAF), on in vivo 
tumorigenesis. Similar to TMEM9 knockdown using 
shRNA, BAF treatment inhibited in vivo tumorigen-
esis, AXIN2 expression, but increased APC (Fig. 7C). 
Next, to test whether the tumor inhibitory effects of 
BAF are due to APC up-regulation, we established 
APC KO-HepG2 cells (Supporting Fig. S7A,B) and 
tested whether BAF also inhibits tumorigenesis of 
APC KO cells. Consistent with the in vitro results 
(Supporting Fig. S7C,D), BAF did not suppress in 
vivo tumorigenesis of APC KO and did not affect 
AXIN2 expression (Fig. 7D). These results strongly 
suggest the tumorigenic roles of TMEM9-v-ATPase 
axis in HCC through Wnt/β-catenin signaling 
hyperactivation.

Discussion
Herein, we found that TMEM9 contributes to 

hepatic regeneration and tumorigenesis by activating 
the Wnt/β-catenin pathway.

The APC destruction complex down-regulates 
β-catenin through phosphorylation (Ser 34, Ser 37, 

FIG. 6. TMEM9-induced activation and nuclear translocation of β-catenin by lysosomal degradation of APC. (A) Lysosomal protease 
inhibitors down-regulate β-catenin protein. HepG2 cells were treated with CA074 (5 μM) or SID (SID26681509; 50 nM) for 12 hours. 
IB assays. (B) Lysosomal protease inhibitors decrease β-catenin transcriptional activity. Quantitative RT-PCR for AXIN2. (C) Lysosomal 
protease inhibitors deplete ectopically expressed WT and mutant β-catenin. After transfection with WT, S33Y, or ΔN β-catenin plasmid, 
HepG2 cells were treated with CA074 or SID. (D-F) Lysosomal protease inhibitors restrict nuclear translocation of β-catenin. Cytosol/
nuclear fractionation (D,E). (F) IF staining for β-catenin and APC. (G,H) Lysosomal protease inhibitors increase interaction between 
APC and β-catenin: Duolink assays (G) and quantification of PLA (H). (I,J) TMEM9 depletion upregulates lysosomal APC. Duolink 
assay using APC and LAMP1 antibodies (I). LAMP1 served as a lysosomal marker. Quantification of APC-LAMP1 co-localization 
( J). (K,L) Lysosomal protease inhibitors increase lysosomal APC. Duolink assay (K) and quantification of interaction between APC and 
LAMP1 (L). (M) TMEM9 depletion down-regulates cathepsin maturation. HepG2 cells were transfected with shTMEM9 or treated 
with indicated v-ATPase and lysosomal protease inhibitors BAF (bafilomycin A1, 3 nM), CMA (concanamycin A, 0.3 nM), or KM91104 
(10 μM). Representative images of three experiments with similar results. Scale bars = 20 μm; error bars show the mean ± SD from at least 
three independent experiments; two-sided unpaired t test. Abbreviations: LE, long exposure; SE, short exposure.
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FIG. 7. Inhibition of in vivo hepatic tumorigenesis by blockade of TMEM9-v-ATPase axis. (A-D) Inhibition of in vivo tumor 
development by TMEM9 depletion (shTMEM9) or BAF. (A) HepG2 (shCtrl vs. shTMEM9). (B) Vector control versus β-catenin 
(shTMEM9-HepG2). (C) Vehicle versus BAF, APC WT. (D) APC KO. Cells were subcutaneously injected into the left and right flank of 
immunocompromised mice (BALB/c nude). Three weeks after injection, tumorigenesis was analyzed by assessing tumor weight, Wnt/β-
catenin signaling activity (quantitative RT-PCR for AXIN2), and APC protein expression (IB). BAF (0.5 mg/kg): every 3 days for 21 days. 
Abbreviation: NS, not significant.
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Thr 41, and Ser 45 of β-catenin)–based proteasomal 
degradation.(5) APC also modulates the nuclear import 
and export of β-catenin, leading to cytoplasmic reten-
tion of β-catenin to inhibit Wnt target gene trans-
activation.(28,29,31) In cancer cells, nonsense mutations 
in APC or missense mutations in β-catenin/CTNNB1 
hyperactivate Wnt/β-catenin target gene transactiva-
tion, contributing to tumorigenesis. The conventional 
view on APC loss–activated β-catenin in cancer cells 
is that inactivation of APC stabilizes the β-catenin 
protein and subsequent nuclear translocation of β- 
catenin. However, recent studies suggested that β- 
catenin can still be inhibited in cells carrying muta-
tions in APC or β-catenin/CTNNB1.(22) In agreement 
with these studies, we recently reported that mutant 
APC protein binds to and interferes with β-catenin- 
mediated gene transactivation.(23) Consistent with 
this, we found that APC protein induces the cyto-
solic retention of both WT and mutant β-catenin in 
HCC cells (Fig. 6L-O), which indicates that APC 
down-regulates Wnt/β-catenin signaling activity 
through dual regulatory mechanisms: proteasomal 
degradation and cytosolic retention of β-catenin.

Wnt signaling is activated in pericentral hepatocyte 
during liver homeostasis and regeneration.(10-12) In a 
CCl4-induced liver injury model using Tmem9 WT 
and Tmem9 KO mice, we found that TMEM9+ cells 
were located primarily among the pericentral hepato-
cytes, and the number of TMEM9+ cells increased 
following liver injury. Although Tmem9 KO mice are 
viable without defects in liver development,(23) Tmem9 
KO showed defects in hepatocyte regeneration with 
the defects on Wnt signaling activation following 
liver injury. Consistent with HCC results, Tmem9 
KO liver tissue showed higher expression of APC 
than did Tmem9 WT liver tissue. Additionally, the 
CCl4-induced liver injury model showed increased β- 
catenin levels through APC down-regulation. 
It should also be noted that Tmem9 is not up- 
regulated by PHx injury, and Tmem9 KO does not 
affect PHx-induced regeneration. These results sug-
gest that TMEM9 down-regulates APC to activate 
Wnt/β-catenin signaling for hepatic regeneration 
somehow specific to CV injury.

The metabolic zonation, a spatial and functional 
organization of liver, is controlled by several pro-
cesses including APC protein.(38-42) However, it 
remains unclear how the level of APC is modulated 
for metabolic zonation. TMEM9-induced lysosomal 

degradation of APC might explain the differen-
tial gradient of APC protein for zonation. However, 
despite the up-regulation of Apc by Tmem9 genetic 
ablation (Fig. 3L and Supporting Fig. S1A), Tmem9 
KO mice display no aberrant liver defects in devel-
opment and homeostasis, which might be due to the 
intrinsic compensatory mechanisms of Wnt/β-catenin 
signaling.(43-45) However, following CCl4 injury 
when immediate cell mitogenic and reprogramming 
occur, Tmem9 KO mice displayed the overall down- 
regulation and delayed expression of Wnt/β-catenin 
signaling and hepatocyte markers, along with the 
impaired zonation (Figs. 2G and 3A, and Supporting 
Fig. S1I). Thus, the process in which TMEM9 trans-
activated by β-catenin amplifies Wnt/β-catenin sig-
naling is specifically required for metabolic zonation 
only in regeneration condition but not during liver 
development and homeostasis.

v-ATPase inhibitors such as bafilomycin A1, conca-
namycin A, and KM91104 exhibit tumor-suppressive 
effects in various human cancers.(23,46-50) Interestingly, 
these cancers exhibit amplified TMEM9 expression. 
For example, HCC cells frequently harbor TMEM9 
gene amplification (Fig. 4). Thus, it is plausible that 
v-ATPase inhibition may be an effective therapeutic 
option for TMEM9-catenin and Wnt/β-catenin sig-
naling-dependent cancers.

In the MVBs, v-ATPase controls vesicle acidifi-
cation. Among of the serine, aspartic, and lysosomal 
cysteine proteases, lysosomal cysteine cathepsins 
such as cathepsin B and L require an acidic envi-
ronment to be active,(34,35) which suggests that 
v-ATPase likely plays a crucial role in activating 
cathepsin in the lysosomes. Indeed, shTMEM9- 
reduced v-ATPase activity and v-ATPase inhibitors 
restrained cathepsin maturation (Fig. 6M). Because 
cathepsin B and L are highly expressed in human 
cancer and associated with cell invasion through 
matrix metalloproteinase activation,(51,52) the poten-
tial roles of TMEM9 in cancer invasion and metas-
tasis need to be addressed in the future. Moreover, 
given that v-ATPase positively controls MVB acid-
ification and lysosomal degradation, other signal-
ing pathways may also be affected by TMEM9. 
Despite our main focus on Wnt/β-catenin signaling, 
other signaling possibly controlled by TMEM9-v-
ATPase-lysosome should also be studied.

Together, our results revealed that TMEM9 
induces lysosomal degradation of APC by promoting 
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lysosomal protease maturation, which is indispensable 
for liver regeneration and tumorigenesis. Moreover, 
we discovered that APC inhibits Wnt signaling by 
cytosolic retention of β-catenin independently of 
β-catenin’s oncogenic mutations.
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