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INTRODUCTION
Hepatocellular carcinoma (HCC) is the

third leading cause of cancer deaths

worldwide (1,2). The pathogenesis of
HCC is complex and involves many mo-
lecular pathways (2,3). Activation of the

mammalian target of rapamycin (mTOR)
pathway has been reported in 15–50% of
human HCC (4,5), suggesting the critical
role this pathway plays in hepatic tumori-
genesis (5–7). The TOR proteins are evolu-
tionarily conserved serine/threonine ki-
nases found in nearly all eukaryotic cells
(8). In response to stimulation, mTOR reg-
ulates cell growth through modulation of
many processes, including protein synthe-
sis, ribosome biogenesis and autophagy
(8). Recently, Peterson et al. (9) identified
that DEP domain containing MTOR-inter-
acting protein  (DEPTOR; synonym: DEP
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domain containing 6 [DEPDC6]) interacts
with mTOR directly and serves as an
mTOR inhibitor (9). Overexpression of
DEPTOR activates Akt via the inhibition
of a negative feedback loop from S6K to
phosphatidylinositol 3-kinase (PI3K). In
addition, they found that DEPTOR is
overexpressed in a subset of multiple
myelomas harboring cyclin D1/D3 or
c-MAF/MAFB translocations. In these
cells, high DEPTOR expression is neces-
sary to maintain Akt activation, and a
 reduction in DEPTOR levels leads to
 apoptosis (9).

Glycine N-methyltransferase (GNMT)
is a tumor suppressor for HCC (10,11). It
regulates the ratio of S-adenosylmethion-
ine to S-adenosylhomocysteine and serves
as a folate binding protein (12,13). In ad-
dition, GNMT binds carcinogens such as
polyaromatic hydrocarbons and aflatoxins
and prevents the deoxyribonucleic acid
(DNA) adduct formation and cytotoxicity
induced by these carcinogens (14–16). Di-
minished levels of GNMT were observed
in both human HCC cell lines and tumor
tissues (17,18). Previously, we and another
group reported that high rates of both
sexes of Gnmt knockout mice develop
HCC spontaneously (10,11). Epigenetic al-
teration and dysregulation of several
pathways including wingless-type MMTV
integration site (Wnt), mitogen-activated
protein kinase (MAPK) and Janus kinase
and signal transducer and activator of
transcription (JAK-STAT) are associated
with the HCC development in Gnmt
knockout mice (10,11).

In this study, we hypothesized that
GNMT may regulate signal transduction
pathways through interacting with other
proteins directly. Therefore, we used a
yeast two-hybrid assay to screen proteins
that may interact with GNMT. We identi-
fied DEPTOR as a GNMT binding pro-
tein and further mapped their interactive
 domains. Clinically, we showed that
 DEPTOR is overexpressed in hepatitis B
virus (HBV)- associated HCC tissues and
is associated with poor prognosis. Loss
of DEPTOR in HuH-7 cells activated S6K
and 4E-BP, but reduced Akt activation
and cell growth. Subsequently, we re-

vealed that GNMT affects mTOR signal-
ing by interacting with DEPTOR. Finally,
we demonstrated that GNMT can sensi-
tize HuH-7 cells to rapamycin both in
vitro and in vivo.

MATERIALS AND METHODS

HCC Patients
Pathological slides of 51 pairs of tu-

morous and tumor-adjacent tissues from
HCC patients were obtained from the
Taiwan Liver Cancer Network (TLCN).
The specimens were obtained from the
liver tumor tissues removed from the pa-
tients; thus, the pathology stage can rep-
resent the status of tumor progression.
The mean age of the patients was 60.0 ±
13.5 years. We divided them into three
groups according to types of hepatitis
viral infection: 16 patients (10 males and
6 females) were hepatitis B surface anti-
gen (HBsAg)-positive, 18 patients (9
males and 9 females) were positive for
anti–hepatitis C virus (HCV) antibody
(Ab), and 17 patients (7 males and 10 fe-
males) did not have any hepatitis B or C
markers. Informed consent was obtained
from all the patients before they had sur-
gery. In addition, clinical and pathologi-
cal data including numbers of HCC nod-
ules, tumor size, vascular invasion of
tumor cells and duration of survival
were provided by TLCN. This study was
approved by the Institutional Review
Board of National Yang Ming University
and the user committee of TLCN.

Plasmids and Lentiviral Constructs
In total, nine plasmids were con-

structed for the analysis of interactions
between GNMT and DEPTOR. In addi-
tion, two lentiviral constructs were made
to generate HuH-7 stable cells expressing
GNMT or DEPTOR protein. Detailed
methods are described in the Supplemen-
tary Data. Two plasmids encoding differ-
ent shRNAs for DEPTOR (pLKO.1-
shDEPTOR-1 and pLKO.1-shDEPTOR-2)
were purchased from  Addgene (http://
www.addgene.org). The control plasmids
for the RNA interference (pLKO.1-shLuc)
and for the overexpression experiments

(pLKO_AS3w.eGFP.puro) were obtained
from the National RNAi Core Facility
(Academia Sinica, Taiwan).

Generation of HuH-7 Stable Cells
HEK293T cells were cotransfected with

a packaging plasmid-pCMV-ΔR8.91, a
VSV-G envelope expressing plasmid-
pMD.G and one of the following lentiviral
constructs: pLKO.1-shLuc, pLKO.1-
shDEPTOR-1, pLKO.1-shDEPTOR-2,
pLKO_AS3w.eGFP.puro, pLV-GNMT-
FLAG and pLV-HA-DEPTOR using Tur-
boFect™ Reagent (Fermentas, Hanover,
MD, USA). A supernatant containing
lentiviruses was harvested according to
the protocol published on the website
http://rnai.genmed.sinica.edu.tw. To gen-
erate stable cell lines, HuH-7 cells were
infected with pseudo-typed lentivirus in
medium containing polybrene (8 μg/mL).
Twenty-four hours after infection, the
cells were treated with puromycin 
(1 μg/mL) to select stable cells.

Cell Culture and Transfection
HEK293T and HuH-7 cells were cul-

tured in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Gibco BRL, Grand Is-
land, NY) with 10% heat-inactivated fetal
bovine serum (HyClone, Logan, UT,
USA), penicillin (100 U/mL), strepto-
mycin (100 μg/mL), nonessential amino
acids (0.1 mmol/L), and L-glutamine
(2 mmol/L) in a humidified incubator
with 5% CO2. Lentivirus-infected cells in-
cluding HuH-7-shLuc, HuH-7-shDEP-
TOR-1, HuH-7-shDEPTOR-2, HuH-7-
GFP, HuH-7-GNMT and HuH-7-
DEPTOR were grown in DMEM supple-
mented with 1 μg/mL puromycin. Plas-
mid DNA was transfected by using
 TurboFect Reagent (Fermentas). All
transfections were performed according
to the manufacturer instructions.

Yeast Two-Hybrid Screening
Human GNMT cDNA was subcloned

into the pGBKT7 vector (Clontech, Palo
Alto, CA, USA). A human kidney cDNA
library fused to the pACT2 vector
 (Clontech) was used as the prey. Colonies
were selected under high stringency con-



2 8 8 |  Y E N  E T  A L .  |  M O L  M E D  1 8 : 2 8 6 - 2 9 6 ,  2 0 1 2

G N M T  A N D  I T S  B I N D I N G  P R O T E I N  D E P T O R  I N  H C C

ditions according to the manufacturer in-
structions. After screening three times,
 repeatedly positive colonies were trans-
ferred onto a filter membrane and sub-
jected to β-galactosidase assays. Plasmids
retrieved from the positive clones were
sequenced. The genes related to the in-
serts were subsequently identified by
using the BLAST program and the Na-
tional Center for Biotechnology Informa-
tion (NCBI) GenBank database.

Immunoprecipitation and Western
Blotting

Mouse liver or cultured cells were lysed
by using lysis buffer supplemented with
protease and phosphatase inhibitors (see
Supplementary Data). Cell lysates were
incubated with 10 μg anti-HA monoclonal
antibody (mAb) (Covance, Berkeley, CA,
USA), anti-mTOR antibody (Cell Signal-
ing Technology, Beverly, MA, USA), anti-
DEPTOR mAb (YMAC Biotech, Taipei,
Taiwan) or anti-GNMT mAb (YMAC
Biotech) for 1 h at 4°C, followed by the
addition of 20 μL protein-A/G sepharose
(Calbiochem, Merck, Darmstadt, Ger-
many) and incubation for 4 h. The beads
were washed three times with lysis buffer
and resuspended in a sample buffer for
sodium dodecyl  sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and West-
ern blot analyses. Similar procedures were
used for immunoprecipitation of the
mTOR related complex, except that for
the lysis buffer was replaced by mTOR
complex buffer (50 mmol/L Tris [pH 7.5],
150 mmol/L NaCl, 5 mmol/L ethylenedi-
aminetetraacetic acid [EDTA] and 0.3% 
3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) (19). De-
tailed methods for Western blotting are
described in the Supplementary Data.

Indirect Immunofluorescent Antibody
and Fluorescence Resonance Energy
Transfer–Acceptor Bleaching Assays

Indirect immunofluorescent antibody
assay was performed as described previ-
ously (15). Anti-HA mAb (1:400 dilution;
Covance) and rabbit anti-GNMT anti-
serum (1:100 dilution; YMAC Biotech)
were used as the primary antibodies,

whereas fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG (1:400
dilution) and tetramethylrhodamine
isothiocyanate–conjugated anti-rabbit IgG
(1:400 dilution) (Chemicon, Temecula, CA,
USA) were used as the secondary anti-
bodies. Confocal microscopy was per-
formed by using a Leica TCS SP2 inverted
fluorescence microscope. A fluorescence
resonance energy transfer–acceptor
bleaching (FRET-AB) assay (20) was per-
formed by using a Leica TCS SP5 Confo-
cal Spectral Microscope Imaging System,
and the acceptor photobleaching was car-
ried out according to the manufacturer’s
instructions. In brief, cells were bleached
in the rhodamine channel by scanning a
region of interest for 10 s with a 561-nm
diode-pumped solid state (DPSS) laser
line at 100% intensity. Both FITC and rho-
damine images were captured before and
after each bleaching. Energy-transferred
efficiency was calculated by using the fol-
lowing formula: [(Dpost – Dpre)/Dpost] ×
100%, where Dpost represents the fluores-
cence intensity of the donor after acceptor
photobleaching and Dpre is the fluores-
cence intensity of the donor preceding ac-
ceptor photobleaching.

Immunohistochemical Staining
Detailed procedures for immunohisto-

chemical (IHC) staining have been de-
scribed previously (16). Mouse mono-
clonal antibodies against DEPTOR (1:50
dilution; YMAC Biotech) and Ki-67 (1:50
dilution; Becton Dickinson, Taipei, Tai-
wan) were used. Signals were visualized
by using SuperPicTure™ Polymer Detec-
tion Kits (Zymed, Invitrogen, Carlsbad,
CA, USA).

Cell Proliferation and Cytotoxicity
Assays

For cell proliferation assay, HuH-7 cells
were cultured in a 48-well plate in tripli-
cate and fixed at different time points
with 0.05% crystal violet in 10% formalin.
Each well was then washed multiple
times with water. To measure relative cell
density, crystal violet was resolubilized in
10% acetic acid, and the absorbance at
595 nm was recorded by using a Varioskan

Flash spectral scanning multimode
reader (Thermo Scientific, Waltham, MA,
USA). For cytotoxicity assay, cells were
seeded in a 96-well plate in triplicate and
treated with rapamycin. Then, culture
medium was replaced by 100 μL fresh
medium containing 10 μL of 5 mg/mL 
3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)
stock solution (Sigma-Aldrich, St. Louis,
MO, USA) (21). After 4 h of labeling the
cells with MTT, the medium was replaced
with 100 μL dimethyl sulfoxide for
10 min at 37°C. Samples were mixed and
the absorbance was read at 540 nm by
using the same reader mentioned above.

Senescence Associated–β-Gal
Staining

Senescence associated (SA)-β-gal stain-
ing was performed according to the meth-
ods published previously (22). In brief,
cells were fixed by using 2% formalde-
hyde and 0.2% glutaraldehyde for 10 min
at room temperature. Then, they were in-
cubated with SA-β-gal stain solution at
37°C (without CO2) for 12–16 h. The re-
sults were recorded by using both phase-
contrast and bright-field microscopy.

Flow Cytometry
For cell cycle progression analysis,

HuH-7-GFP or HuH-7-GNMT stable
cells had been synchronized at G0/G1
phases by allowing them to grow to con-
fluence (called time 0) and then reseeded
the cells at subconfluent density. Both
floating and adherent cells were har-
vested, combined and processed at dif-
ferent time points. Cells were fixed with
ice-cold 70% ethanol at –20°C, washed
and resuspended in 0.5 mL PBS contain-
ing propidium iodide (10 μg/mL) and
RNase A (1 mg/mL). After incubating at
37°C for 30 min, the cells were analyzed
by using a FACSCanto flow cytometer
(Becton Dickinson) and the data were an-
alyzed by using ModFit LT 2.0 software.

Xenograft and Rapamycin (RAD001)
Treatment

Six-week-old athymic female
NOD/SCID mice were injected with 
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1 × 106 HuH-7-GFP or HuH-7-GNMT sta-
ble cells in the right flank subcutaneously.
Seven days later, mice were randomized
into two groups and injected intraperi-
toneally with either RAD001 (everolimus,
a soluble derivative of rapamycin; Novar-
tis, East Hanover, NJ, USA), at a dosage
of 50 μg/kg three times per week, or pla-
cebo (drug vehicle provided by Novar-
tis). Tumor growth was monitored at
least twice a week by using Vernier
caliper measurement of the length (L)
and width (W) of the tumor. Tumor vol-
ume (TV) was calculated as follows: TV =
(L × W2)/2. The protocol was reviewed
and approved by the Institutional Animal
Care and Use Committee of National
Yang-Ming University in compliance
with the guidelines on the care and use of
animals for scientific  purpose.

Statistical Analysis
Statistical analysis was performed by

using SPSS (version 13.0) and P < 0.05 was
considered to be statistically significant.
Pearson χ2 or Fisher exact tests were used
to evaluate the association between DEP-
TOR expression and different clinico-
pathological characteristics of HCC pa-
tients. Multivariate logistic regression
models were used to adjust for covariate
effects on the odds ratio. Comparisons be-
tween groups were made by using the
Student t test. The Kaplan-Meier estima-
tion method was used for overall survival
analysis, and a log-rank test was used to
compare differences. Multivariate survival
analyses were conducted by using a Cox
proportional hazards regression model.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Identification of DEPTOR as a GNMT
Binding Protein and Mapping of Their
Interactive Domains

To identify proteins interacting with
GNMT, full-length human GNMT was
used as the bait in a yeast two-hybrid
screen system with a human kidney
cDNA library. A positive clone containing

Figure 1. Identification of DEPDC6/DEPTOR as a GNMT binding protein and mapping of the
interactive domains. (A) Different constructs of DEPDC6/DEPTOR and GNMT used for do-
main mapping. The protein fragment expressed by the positive prey clone obtained from a
yeast two-hybrid screening was indicated. N, amino-terminal region of GNMT; C, catalytic
domains located in amino acids 37–175 and 243–295 of GNMT. (B) FLAG-tagged GNMT
coimmunoprecipitated with HA-tagged DEPTOR. HEK293T cells were transfected with the in-
dicated plasmids and harvested for immunoprecipitation analysis. (C) Interaction of en-
dogenous DEPTOR with FLAG-tagged GNMT. FLAG-tagged GNMTs were expressed in HuH-7
cells, and cell lysates were used for immunoprecipitation analysis. (D) Interaction of en-
dogenous DEPTOR with endogenous GNMT. Mouse liver lysates were used for immunopre-
cipitation analysis. Each experiment was repeated at least three times. (E) FRET-AB assay
was used to assess the interaction between GNMT and DEPTOR and to map their interac-
tive domains. Photobleaching of the GNMT rhodamine label (white dotted circle) resulted
in an increase of DEPTOR fluorescent signal within the photobleached area, thus demon-
strating the FRET effects (yellow bar = 10 μm; white bar = 25 μm). Positive results were also
observed in HuH-7 cells coexpressed in the PDZ domain of DEPTOR and GNMT-FLAG as well
as in cells coexpressed in the HA-DEPTOR and C-terminal region (amino acids 171–295) of
GNMT. (F) Quantitative results of FRET efficiency in different sets of FRET-AB assays. HuH-7 cells
were transfected with the indicated plasmids and were subjected to FRET-AB assay. Data
are presented as means ± SD of 5–10 random fields from two independent experiments.
Some image data are shown in Supplementary Figure 2. ***P < 0.001. IP, immunoprecipitation.
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a sequence encoding the C-terminal region
of DEP domain containing 6 (DEPDC6)
was identified (Figure 1A and Supplemen-
tary Figure 1). Because Peterson et al. (9)
reported that DEPDC6 is an mTOR bind-
ing protein and designated it as DEPTOR,
we will use DEPTOR instead of DEPDC6
in this report. The interaction between
GNMT and DEPTOR was confirmed by
both immunoprecipitation and FRET-AB
experiments. As shown in Figures 1B and
C, immunoprecipitation of either HA-
tagged DEPTOR or endogenous DEPTOR
coprecipitated FLAG-tagged GNMT. In
addition, we detected endogenous DEP-
TOR in GNMT immunoprecipitants pre-
pared from mouse liver (Figure 1D).

FRET-AB assay showed that GNMT in-
teracted with DEPTOR directly in the cy-
toplasm. Compared to the prebleaching
panel, the intensity of the FITC green flu-
orescence in the DEPTOR panel increased
significantly after the rhodamine fluo-
rophore was destroyed by laser-
 photobleaching (Figure 1E). To map the
interactive domains between GNMT and
DEPTOR, eight plasmids containing dif-
ferent domains of  DEPTOR or GNMT
were constructed (see Figure 1A). The
 results showed that the FRET efficiency
between full-length GNMT and DEP do-
mains of DEPTOR decreased signifi-
cantly. In addition, a >50% decrease of
the FRET efficiency was found between
full-length DEPTOR and the N-terminal
of GNMT (Figure 1F and Supplementary
Figure 2). In contrast, the FRET efficiency
between (a) full-length GNMT and the
PSD-95/Dlg1/ZO-1 (PDZ) domain of
DEPTOR and (b) full-length DEPTOR
and the C-terminal 171–295 amino acid
fragment of GNMT were comparable to
the results observed between full-length
GNMT and full-length DEPTOR (see Fig-
ures 1E, F). Therefore, the C-terminal half
of GNMT interacts with the PDZ domain
of DEPTOR.

Expression Levels of DEPTOR in
Tumorous Tissues from HCC Patients
and Its Association with Their Survival

IHC staining was used to compare the
expression levels of DEPTOR between tu-

morous (T) and tumor-adjacent (TA) tis-
sues obtained from HCC patients. As
shown in Figure 2, DEPTOR was mainly
expressed in the cytoplasm, whereas
 nuclear staining was also observed (Fig-
ures 2A–F). Among 51 pairs of T and TA
tissue samples, 27.5% had higher expres-
sion levels of DEPTOR in tumorous tis-
sues than in the TA tissues (Table 1). In
addition, 43.8% (7/16) of patients with

HBsAg-positive and 33.3% (6/18) of pa-
tients with anti-HCV antibodies had
higher expression levels of DEPTOR in
the tumorous tissues than in the TA tis-
sues. Multivariate logistic-regression
analysis indicated that the expression of
DEPTOR significantly correlates with
HBV infection (odds ratio 10.29, 95% con-
fidence interval [CI] 1.05–11.29) (Table 2).
Furthermore, higher level of DEPTOR in
the tumorous tissues was associated with
poorer survival (Figure 2G, log-rank test,
P = 0.009). A Cox proportional hazards
test was used to evaluate factors associ-
ated with prognosis of the HCC patients,
and the results indicated that the associa-
tion between death and DEPTOR overex-
pression is statistically significant (T > TA
versus T ≤ TA: adjusted hazard ratio 4.51;
95% CI 1.60–12.7, P = 0.004) (Supplemen-
tary Table 1). Therefore, overexpression of
DEPTOR in the tumorous tissues is fre-
quently found in patients with HBV in-
fection and associated with prognosis of
HCC patients independent of sex, tumor
type (one versus multiple tumor nodules)
or tumor-node-metastasis (TNM) stages.

Regulation of mTOR/Raptor Signaling
by DEPTOR in HuH-7 Cells

To elucidate the role of DEPTOR in the
tumorigenesis of HCC, its expression
was knocked down in HuH-7 cells by in-
fection with lentiviruses carrying
shRNAs targeted at DEPTOR. As shown
in Figure 3A and Supplementary Figure
3, downregulation of DEPTOR resulted
in activation of S6K and 4E-BP as well as
in an increase in cell size. In addition, a
reduction of Akt phosphorylation was
also noted. Moreover, compared with the
HuH-7-shLuc control cells, the prolifera-
tion rates of HuH-7-shDEPTOR-1 cells or
HuH-7-shDEPTOR-2 cells decreased sig-
nificantly (Figure 3B). Consistent with
this observation, downregulation of
DEPTOR in HA22T cells led to consider-
able reduction of growth rates (Supple-
mentary Figure 4).

On the other hand, overexpression of
DEPTOR in HuH-7 cells suppressed 4E-
BP activation, whereas no obvious
change was found in the phosphoryla-

Figure 2. Expression profiles of DEPTOR in
human HCC and the association with sur-
vival. (A–F) IHC staining of DEPTOR in three
pairs of tumorous (T) and tumor-adjacent
(TA) tissues from 51 HCC patients. (A, C, E)
Tumorous tissues. (B, D, F) Tumor-adjacent
tissues. (A, B) An example of the T > TA
staining pattern. (C, D) An example of the
T = TA staining pattern. (E, F) An example
of the T < TA staining pattern. Arrowheads
indicate nuclear staining of DEPTOR (bar =
100 μm). (G) Kaplan-Meier survival curves
of two groups of HCC patients with differ-
ent DEPTOR expression patterns (T > TA
versus T ≤ TA).
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tion of S6K (Figure 3C). However, a sig-
nificant increase in Akt phosphorylation
was observed in DEPTOR overexpress-

ing HuH-7 cells (see Figure 3C). Interest-
ingly, we showed that GNMT counter-
acted the effect of DEPTOR on the induc-

tion of Akt activation (Figure 3D). Fur-
thermore, when a mutant N140S-GNMT,
which possesses <0.5% enzymatic activ-
ity of wild-type GNMT (23,24), was coex-
pressed with DEPTOR, such a blockage
effect still existed (see Figure 3D).

In addition, overexpression of DEP-
TOR increased the viability of HuH-7
cells significantly when they were cul-
tured in a medium with only 0.1% fetal
calf serum (FCS) (Figure 3E). Such an ef-
fect was not observed in cells cultured
in a medium containing 10% FCS (Sup-
plementary Figure 5). It is important to
note that it did not matter if the cells
were cultured with 10% or 0.1% FCS;
there was no difference in the caspase 3
levels between HuH-7-DEPTOR and
HuH-7-GFP control cells (Figure 3F).
This result suggests that DEPTOR may
extend cell survival through mecha-
nism(s) other than inhibition of apopto-
sis. Because autophagy plays an impor-
tant role for cell survival when cells are

Table 1. Results of immunohistochemical staining of DEPTOR expression in tumorous (T) versus tumor-adjacent (TA) tissues from 51 HCC
patients and the associations with their clinical and pathological characteristics.

DEPTOR expression [n (%)]

Characteristic T < TA T = TA T > TA All (%) P

Patients (n) 6 (11.8) 31 (60.8) 14 (27.5) 51
Age (years), mean ± SD 58.7 ± 18.0 60.0 ± 12.4 60.6 ± 15.0 60.0 ± 13.5
Sex 0.186

Female 3 (11.5) 18 (50.0) 4 (38.5) 26 (100)
Male 3 (12.0) 13 (72.0) 10 (16.0) 25 (100)

Cirrhosis 0.272
Negative 4 (12.9) 21 (67.7) 6 (19.4) 30 (100)
Positive 2 (10.0) 11 (50.0) 8 (40.0) 21 (100)

Viral infectiona 0.020
NBNC 5 (29.4) 11 (64.7) 1 (5.9) 17 (100)
HBV 0 (0.0) 9 (56.2) 7 (43.8) 16 (100)
HCV 1 (5.6) 11 (61.1) 6 (33.3) 18 (100)

Tumor type 0.236
Solitary 3 (8.3) 21 (58.3) 12 (33.4) 36 (100)
Multiple 3 (20.0) 10 (66.7) 2 (13.3) 15 (100)

Vascular invasion 0.328
Absent 1 (4.3) 15 (65.2) 7 (30.5) 23 (100)
Vein invasion or vein tumor thrombosis 5 (17.9) 16 (57.1) 7 (25.0) 28 (100)

TNM stageb (AJCC and UICC, 7th 
edition [46]) 0.088
Early 0 (0.0) 14 (66.7) 7 (33.3) 21 (100)
Late 6 (20.0) 17 (56.7) 7 (23.3) 30 (100)

aHBV, HBV sAg (+); HCV, anti-HCV antibody (+); NBNC, HBV sAg (–) and anti-HCV antibodies (–).
bEarly stage, TNM stage = I; late stage, beyond TNM stage I (TNM stage = II + IIIA + IIIB + IIIC + IV).

Table 2. Multiple logistic regression analysis of factors associated with DEPTOR
overexpression in tumorous tissue.

DEPTOR expression [n (%)]

Variable T ≤ TA T > TA Odds ratio 95% CI P

Sex
Male 21 (84.0) 4 (16.0) 0.32 0.08–1.35 0.121
Female 16 (61.5) 10 (38.5) 1.00

TNM stagea

Late 23 (76.7) 7 (23.3) 0.64 0.15–2.75 0.552
Early 14 (66.7) 7 (33.3) 1.00

Viral infectionb

HBV 9 (56.2) 7 (43.8) 10.29 1.05–11.29 0.046
HCV 12 (66.7) 6 (33.3) 6.65 0.64–68.85 0.112
NBNC 16 (94.1) 1 (5.9) 1.00

aEarly stage, TNM stage = I; late stage, beyond TNM stage I (TNM stage = II + IIIA + IIIB +
IIIC + IV).
bHBV, HBV sAg (+); HCV, anti-HCV antibody (+); NBNC, HBV sAg (–) and anti-HCV
antibodies (–).
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starved and it is negatively regulated by
mTOR (8,25), we tested whether overex-
pression of DEPTOR activates au-
tophagy in cells cultured in serum-
 depleted medium. The results showed
that compared with the HuH-7-GFP
cells, HuH-7-DEPTOR cells had signifi-
cantly higher levels of both Beclin-1 and
microtubule-associated protein 1 light
chain 3 beta (LC3B) (see Figure 3F).

Effects of GNMT on mTOR/Raptor
Downstream Signaling

Because GNMT is a DEPTOR-binding
protein, we hypothesized that it is in-
volved in the regulation of the mTOR
signaling pathway. The results showed
that overexpression of GNMT led to in-
creases of both 4E-BP phosphorylation
and cell size (Figure 4A and Supplemen-
tary Figure 6). In addition, overexpres-
sion of DEPTOR in HuH-7-GNMT stable
cells resulted in the neutralization of the
effect of GNMT on 4E-BP phosphoryla-
tion (see Figure 4A). Concerning the acti-
vation of autophagy, the amount of
LC3B-I and -II in HuH-7-GNMT cells
was significantly lower than in the HuH-
7-GFP cells when the cells were cultured
in medium containing only 0.1% FCS
(Figure 3F). This result indicates that
GNMT activates mTOR/  raptor down-
stream signaling in HuH-7 cells.

Because it has been reported that
 DEPTOR binds to mTOR via its PDZ
 domain (9), we hypothesized that GNMT
competes with mTOR for its binding
with DEPTOR. Immunoprecipitation ex-
periments demonstrated that GNMT and
mTOR were not present in the same
complex (Figure 4B, C). Moreover, in the
cells overexpressing GNMT, the amount
of mTOR decreased in the DEPTOR pre-
cipitants and vice versa (see Figure 4C).
Therefore, GNMT activates mTOR/rap-
tor downstream signaling via interrupt-
ing the interaction between mTOR and
DEPTOR.

Effects of GNMT on Cell Cycle and
Cell Proliferation

As shown in Figure 4D, the growth
rate of HuH-7-GNMT cells was signifi-

Figure 3. The effects of DEPTOR on mTOR signaling in HuH-7 cells. (A) Knockdown of DEPTOR
resulted in activation of S6K and a decrease of Akt phosphorylation. HuH-7 cells were in-
fected with lentiviruses expressing shRNAs targeting DEPTOR or luciferase (shLuc). Cell
lysates were analyzed by Western blotting for indicated proteins and phosphorylation
states. P and T indicate phosphorylated and total protein, respectively. (B) DEPTOR knock-
down in HuH-7 cells led to a decrease in proliferation. HuH-7 cells that bore shRNA against
luciferase or DEPTOR were seeded on 48-well plates, and cell number at an indicated
time point was evaluated by crystal violet staining. Data were normalized against OD595
values on d 1 of each treatment. Each experiment was performed in triplicate; error bars
represent standard deviation (SD). **P < 0.01. (C) DEPTOR overexpression in HuH-7 cells
caused an increase in the phosphorylation of Akt, whereas there was no obvious effect
on the phosphorylation of S6K. (D) Transiently expressed DEPTOR in HuH-7 cells caused an
increase in the phosphorylation of Akt, which could be counteracted by coexpression of
GNMT or the N140S mutant GNMT. (E) DEPTOR overexpression extends survival of HuH-7 cells
grown in medium containing 0.1% serum. GFP and DEPTOR stable cells were seeded on 48-
well plates for 24 h (d 0); then cells were cultured in DMEM containing 0.1% serum. Cell pro-
liferation was evaluated as described in (B). *P < 0.05; **P < 0.01. (F) Effects of DEPTOR and
GNMT on apoptosis and autophagy in HuH-7 cells. Different HuH-7 stable cells were cul-
tured in normal medium (10% serum) or in medium with 0.1% serum for 3 d and were then
harvested and analyzed by Western blotting for indicated proteins. Each experiment was
repeated three times. Panel B: ------, HuH-7-shLuc; ——, HuH-7-shDEPTOR-1; —— HuH-7-
shDEPTOR-2; panel E: ——, HuH-7-GFP; ——, HuH-7-DEPTOR.
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cantly slower than that of HuH-7-GFP
cells. Similar results were also observed
in HepG2 cells overexpressing GNMT
(Supplementary Figure 7). Because it was
reported that activation of mTOR causes
cellular senescence in nonproliferating

cells (26,27), we hypothesized that
GNMT not only activates mTOR signal-
ing, but also affects cell cycle progres-
sion, which results in cellular senescence
and growth suppression. Cell cycle anal-
ysis showed that, 36 h after the cells en-

tered the cell cycle, the percentages of
cells in the G2/M phase for HuH-7-
GNMT cells and HuH-7-GFP cells were
23.8% and 10.4%, respectively (Figure 4E).
Furthermore, SA-β-gal assay demon-
strated that HuH-7-GNMT cells had a
significantly higher rate of positive stain-
ing than HuH-7-GFP cells (Figure 4F and
Supplementary Figure 8).

GNMT Sensitizes HuH-7 Cells to
Rapamycin Treatment

Because overexpression of GNMT de-
layed cell cycle progression, we decided
to test whether overexpression of GNMT
has any effect on HCC cells treated with
the mTOR inhibitor rapamycin. The re-
sults of MTT assay revealed dose-
 responsive effects of rapamycin treat-
ment in both HuH-7-GFP and
HuH-7-GNMT cells (Figure 5A). In addi-
tion, compared with HuH-7-GFP cells
treated with 4, 20 or 100 nmol/L ra-
pamycin, the HuH-7-GNMT cells consis-
tently had slower growth rates (see Fig-
ure 5A). In the presence of 4 nmol/L
rapamycin, the viability of HuH-7-
GNMT cells was significantly lower than
that of HuH-7-GFP cells (Figure 5B).

The additive effect of GNMT to the
rapamycin treatment was further tested
in vivo by using a xenograft model.
After being inoculated with either 
HuH-7-GNMT or HuH-7-GFP cells for
1 wk, the mice were treated with either
RAD001 (a soluble derivative of ra-
pamycin) or the drug vehicle (the pla-
cebo group). The results showed that
compared with the tumors formed from
HuH-7-GFP cells, overexpression of
GNMT reduced 23% of tumor growth
(Figure 5C). Compared to HuH-7-GFP
tumors that received placebo, treated
HuH-7-GFP tumors with RAD001 re-
sulted in 37% reduction of tumor
growth. Importantly, RAD001 treatment
of HuH-7-GNMT tumors achieved bet-
ter tumor shrinkage (53% reduction; see
Figure 5C). Furthermore, IHC staining
with anti–Ki-67 antibody showed that
both GNMT overexpression and
RAD001 treatment could lead to the
downregulation of Ki-67 expression in

Figure 4. Effects of GNMT on mTOR signaling, cell cycle progression and proliferation. (A)
Stably expression of GNMT in HuH-7 cells causes an increase in the phosphorylation of 4E-
BP, which can be counteracted by transiently transfecting DEPTOR into a GNMT stable cell
line. (B, C) GNMT does not interact with mTOR but interferes with the interaction between
DEPTOR and mTOR. HuH-7 cells were transfected with indicated plasmids and harvested
for immunoprecipitation analysis. Endogenous mTOR is not present in the anti-FLAG im-
munoprecipitants (B), and FLAG-tagged GNMT is not present in the precipitant pulled
down by antibody against endogenous mTOR (C). In GNMT-expressing cells, the amount
of DEPTOR in the mTOR precipitants is decreased and vice versa (C). (D) GNMT overex-
pression in HuH-7 cells led to a decrease in proliferation. GFP and GNMT stable cells were
seeded on 48-well plate; cell proliferation was evaluated as described in Figure 3B. *P <
0.05. (E) GNMT overexpression in HuH-7 cells led to G2/M arrest. GFP and GNMT stable
cells were synchronized at the G0/G1 phase and allowed to reenter the cell cycle. The
cells were fixed at the indicated time point, and cell cycle profiles were recorded by flow
cytometry. Quantification of the percentage of cells in the G2/M phase of the cell cycle
is shown. Each experiment was repeated at least two times. (F) Expression of SA-β-gal in
GFP and GNMT stable cells. Quantification of β-gal expression in GFP and GNMT stable
cell lines are shown. Data are presented as means ± SD of 15–20 random fields with 100×
magnification from two independent experiments. **P < 0.01. IP, immunoprecipitation; Ig H,
IgG heavy chain; ——, HuH-7-GFP; --------, HuH-7-GNMT.
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the xenograft tumors, and it seems that
they have additive effects to such down-
regulation (Figure 5D).

DISCUSSION
In this study, we identified DEPTOR as

a GNMT binding protein and confirmed
that they interact with each other directly
by using different methods, including
coimmunoprecipitation and FRET-AB as-
says (Figure 1). It is important to note
that GNMT uses its C-terminal domain
to bind the PDZ domain of DEPTOR. Be-
cause GNMT forms dimmers or tetra -
mers via its N-terminal domain (28), the
interaction with DEPTOR should not
hinder its dimmer/tetramer formation.
In contrast, the interaction between
GNMT and DEPTOR may interfere with
DEPTOR-mTOR interaction, since the
DEPTOR uses its PDZ domain to bind
mTOR (9).

Previously, Peterson et al. (9) reported
that DEPTOR was overexpressed abun-
dantly in a subset of multiple myelomas
with cyclin D1/D3 or c-MAF/MAFB
translocations, whereas it was downreg-
ulated in most of the cancer that they
tested. However, these authors did not
study the expression of DEPTOR in
HCC. In the present study, we found that
27.5% of tumorous tissues from HCC pa-
tients have overexpression of DEPTOR
(see Table 1). Moreover, HBV infection is
significantly associated with the overex-
pression of DEPTOR in HCC. It was re-
ported that HBV DNA is integrated into
chromosomes of the host cells, which re-
sults in a wide range of genetic alter-
ations. Such mechanism has been pro-
posed to play an important role in the
hepatocarcinogenesis (29). The integra-
tion of viral DNA was observed within
genes that are important for cell growth,
such as the cyclin A gene (30), the
retinoic acid receptor β gene (31) and the
human telomerase reverse transcriptase
gene (32). In addition, the hepatitis B
virus X protein (HBx) was shown to
function as a transcriptional transactiva-
tor of various cellular genes associated
with growth control (29). HBx also de-
creases proteasomal degradation of 

Figure 5. GNMT sensitizes HuH-7 cells to rapamycin treatment. (A, B) The effect of rapamycin
on the growth of HuH-7-GFP and HuH-7-GNMT cells. Viable cells were measured by using
an MTT assay. The cell viability curves were drawn by using data from d 5. The y axis repre-
sents the percentages of viable cells compared with the solvent control. **P < 0.01. Each
experiment was repeated three times. (C) Effects of RAD001 on growth rates of HuH-7-
GNMT and HuH-7-GFP cells in xenografts. Mean tumor volume ± standard error of the
mean at a given time is shown. Treatment with RAD001 of tumors formed by inoculation
of GNMT stable cells (HuH-7-GNMT + RAD001, n = 10) resulted in a significant reduction of
tumor growth in comparison with the other three groups (HuH-7-GFP + RAD001, n = 8;
HuH-7-GFP + placebo, n = 8; and HuH-7-GNMT + placebo, n = 5). *P < 0.05. (D) Represen-
tative photomicrographs of IHC analysis for proliferation marker Ki-67 in xenografts from
(C) and quantification of Ki-67+ cells in different groups. Data are expressed as means ±
SD. Means not sharing the same lowercase letters (a and c) are significantly different (P <
0.05) (bar = 100 μm). Panel A: ------, HuH-7-GFP + 0 (nmol/L of rapamycin); ------, HuH-7-
GFP + 4; ------, HuH-7-GFP + 20; ------, HuH-7-GFP + 100; ——, HuH-7-GNMT + 0; ——,
HuH-7-GNMT + 4; ——, HuH-7-GNMT + 20; ——, HuH-7-GNMT + 100; panel B: ——, HuH-
7-GFP; ------, HuH-7-GNMT; panel C: ——, HuH-7-GFP + placebo; ——, HuH-7-GFP +
RAD001; ——, HuH-7-GNMT + placebo; ——, HuH-7-GNMT + RAD001.
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β-catenin, which in turn increases the ex-
pression of its downstream targets c-myc
and cyclin D1 (33). Therefore, it is possi-
ble that HBV DNA integration and the
regulatory protein HBx are involved in
the upregulation of DEPTOR in HBV-as-
sociated HCC.

In this study, the loss-of-function ex-
periment indicated that the function of
DEPTOR in the mTOR pathway in the
HCC cells is similar to that in multiple
myeloma cells (9). It was reported that in
multiple myeloma, a plasma cell malig-
nancy, high-level synthesis of secretary
proteins makes them more susceptible to
endoplasmic reticulum (ER) stress than
other types of cells (34). The suppression
of mTOR/raptor signaling by overex-
pression of DEPTOR resulted in an inhi-
bition of protein synthesis and, subse-
quently, the reduction of ER stress (9).
Because liver plays the dominate role in
plasma proteins production (35), the
mechanism mentioned above may be ap-
plicable to hepatocytes as well. In addi-
tion, HBV infection was reported to in-
duce ER stress in hepatocytes (36,37),
and it remains to be determined whether
viral infection has a direct effect on DEP-
TOR activation or whether DEPTOR acti-
vation is a cellular defense mechanisms
against HBV infection.

Chronic HBV infection was shown to
increase the risk of liver cirrhosis (38).
However, we did not found any correla-
tion between DEPTOR overexpression
and liver cirrhosis in this study. This re-
sult may be because of the limitation of
the sample size. Further study with a
larger sample size is needed to elucidate
the association between DEPTOR overex-
pression and different clinical features of
HCC.

It is important to note that despite in-
creased Akt phosphorylation was ob-
served when DEPTOR was overex-
pressed in HuH-7 cells, S6K
phosphorylation was not suppressed sig-
nificantly. This result suggests that acti-
vation of Akt by DEPTOR may be
through a pathway other than the feed-
back inhibitory loop from S6K to PI3K in
HuH-7 cells. This outcome is distinc-

tively different from the phenomenon
found in multiple myeloma cells. Re-
cently, we found that DEPTOR interacts
with phosphatidylinositol-3,4,5-trisphos-
phate-dependent Rac exchange factor 2
(P-Rex2), which was reported to be an in-
hibitor of phosphatase and tensin ho-
molog (PTEN) (39). In addition, knock-
ing down of P-Rex2 expression in HuH-7
cells abrogated Akt activation induced
by DEPTOR (C-H Li, personal communi-
cation). Therefore, DEPTOR activates Akt
through other mechanisms.

In addition, our results also indicate
that, besides mTOR, there might be other
kinases that are capable of phosphorylat-
ing S6K in hepatocytes. Consistent with
this observation, it was reported that ra-
pamycin dramatically decreases the
phosphorylation of 4E-BP, but it has little
effect on the phosphorylation of S6K in
HuH-7 cells (40). Previously, Belham et
al. (41) identified NIMA (never in mitosis
gene a)–related kinase 6 (NEK6) and
NEK7 as the major kinases responsible
for the phosphorylation of hydrophobic
regulatory sites of S6K in rat liver (41).
They demonstrated that NEK6 phospho-
rylates and activates S6K in vitro and in
vivo. Although there was some contro-
versy (42), these results do not rule out
the possibility that activation of S6K
could be regulated by multiple mecha-
nisms, especially in a major secretary
organ such as the liver.

In this study, we demonstrated that in
addition to participating in the mTOR
signaling pathway through interacting
with DEPTOR, GNMT counteracts DEP-
TOR-induced Akt activation in HuH-7
cells. Moreover, the N140S mutant of
GNMT also possesses such a blockage ef-
fect (Figure 3D). It was reported that an
N140S mutant of GNMT lost 99.5% of
enzyme activity, while still possessing al-
most identical quaternary, tertiary and
secondary structures as the wild-type
GNMT (24). Therefore, the regulatory
function of GNMT on these signaling
cascades is not associated with its en-
zyme activity. In addition, we demon-
strated that overexpression of GNMT
leads to G2/M arrest of the cell cycle. It

is plausible that GNMT participates in
various biological functions through in-
teracting with different proteins. Studies
on the role that GNMT plays in cell cycle
control are currently under investigation.

CONCLUSION
The application of the multitargeted

kinase inhibitor sorafenib in the clinical
management of patients with HCC rep-
resents a breakthrough in translational
medicine (2,3). However, its benefits are
modest and only occur in select patients
(2). Currently, many clinical trials by
using mTOR inhibitors alone or in com-
bination with other molecular targeting
agents are taking place (2,43,44). To opti-
mize these treatments, more studies are
needed to understand the network of
mTOR signaling. In this study, we dem-
onstrate that GNMT overexpression re-
duces tumor growth in vivo, which is
consisting with the in vitro data. Impor-
tantly, combination of rapamycin and
GNMT overexpression showed an addi-
tive anticancer effect. Because the haplo-
types and phenotypes of GNMT have
been characterized (45), such information
may serve as a predictive marker for the
responsiveness of HCC patients to ra-
pamycin treatment. Further studies are
needed to elucidate whether GNMT
could serve as a therapeutic agent or as a
sensitizer for other molecular targeting
agents.
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