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GADD34 (growth arrest and DNA damage-inducible gene 34)
plays a critical role in responses to DNA damage and endoplas-
mic reticulum stress. GADD34 has opposing effects on different
stimuli-induced cell apoptosis events, but the reason for this is
unclear. Here, using immunoblotting analyses and various
molecular genetic approaches in HepG2 and SMMC-7721 cells,
we demonstrate that GADD34 protects hepatocellular carci-
noma (HCC) cells from tumor necrosis factor–related apopto-
sis-inducing ligand (TRAIL)–induced apoptosis by stabilizing a
BCL-2 family member, myeloid cell leukemia 1 (MCL-1). We
found that GADD34 knockdown decreased MCL-1 levels and
that GADD34 overexpression up-regulated MCL-1 expression
in HCC cells. GADD34 did not affect MCL-1 transcription but
enhanced MCL-1 protein stability. The proteasome inhibitor
MG132 abrogated GADD34 depletion–induced MCL-1 down-
regulation, suggesting that GADD34 inhibits the proteasomal
degradation of MCL-1. Furthermore, GADD34 overexpression
promotedextracellularsignal-regulatedkinase(ERK)phosphor-
ylation through a signaling axis that consists of the E3 ubiquitin
ligase tumor necrosis factor receptor–associated factor 6
(TRAF6) and transforming growth factor-�–activated kinase 1
(MAP3K7)– binding protein 1 (TAB1), which mediated the up-
regulation of MCL-1 by GADD34. Of note, TRAIL up-regulated
both GADD34 and MCL-1 levels, and knockdown of GADD34
and TRAF6 suppressed the induction of MCL-1 by TRAIL. Cor-
respondingly, GADD34 knockdown potentiated TRAIL-in-
duced apoptosis, and MCL-1 overexpression rescued TRAIL-
treated and GADD34-depleted HCC cells from cell death.
Taken together, these findings suggest that GADD34 inhibits
TRAIL-induced HCC cell apoptosis through TRAF6- and ERK-
mediated stabilization of MCL-1.

GADD34 (growth arrest and DNA damage-inducible gene
34) plays a key role in DNA damage and endoplasmic reticulum
(ER)2 stress response (1). Both DNA damage and ER stress can
induce GADD34 expression, which leads to growth arrest. Dur-
ing ER stress response, eukaryotic initiation factor 2� (eIF2�)
phosphorylation results in the inhibition of protein synthesis.
Up-regulation of GADD34 in turn restores protein synthesis
through recruiting protein phosphatase 1 to dephosphorylate
eIF2� (2). Optimal stress response is required to help cells
adapt to stressful insults, whereas persistent stress may lead to
cell death. Previous studies indicate that GADD34 has oppos-
ing effects on apoptosis. Some studies show that GADD34 may
induce apoptosis (3, 4), whereas other studies demonstrate that
GADD34 can prevent apoptosis or tissue injury (5–8). The
mechanisms underlying the anti-apoptotic effect of GADD34
remain elusive. We hypothesized that GADD34 may regulate
prosurvival genes in residual cancer cells that are treated by
anti-cancer agents.

BCL-2, BCL-xL, and myeloid cell leukemia-1 (MCL-1) are
three BCL-2 family proteins that have key roles in apoptosis (9).
MCL-1 stabilizes mitochondrial membrane and inhibits the
release of cytochrome C. Meanwhile, MCL-1 heterodimerizes
with the pro-apoptosis members in BCL-2 family, such as Bim
and Bak, thereby inhibiting the pro-apoptic effects of Bim/Bak
(10). Thus, MCL-1 plays key roles in inhibiting apoptosis.
MCL-1 is a key survival factor in many cancers (11). MCL-1
overexpression inhibits cell death and promotes tumorigenesis.
Moreover, MCL-1 is involved in chemotherapy resistance and
tumor recurrence (12). The expression of MCL-1 can be pro-
moted by multiple signaling pathways, such as JAK/STAT and
PI3K/Akt pathways (13, 14). In addition, post-translational
modifications of the PEST domains in MCL-1 regulate the sta-
bility of MCL-1 protein (15). MULE and �-Trcp are two ubiq-
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uitin ligases that mediate ubiquitin-proteasomal degradation of
MCL-1 (16, 17). Inhibition of MCL-1 by oligonucleotide, BH-3
domain mimetic, and small molecule inhibitors is an attractive
strategy to treat cancer (18). So far, it is unknown whether
GADD34 may regulate apoptosis through BCL-2 family.

Tumor necrosis factor–related apoptosis-inducing ligand
(TRAIL) specifically induces apoptosis in tumor instead of nor-
mal cells. TRAIL can initiate cancer cell apoptosis by binding to
death receptor 4 (DR4) and DR5 (19). Therefore, biotherapeu-
tic death receptors agonists hold promise in cancer therapy.
Indeed, TRAIL can induce cancer cell apoptosis without caus-
ing toxicity in preclinical mouse models (20). However, the out-
come of clinical trials with death receptors agonists has been
disappointing so far. Notably, the sensitivity of cancer cells to
TRAIL-induced apoptosis may vary among different types of
cancer. Hepatoma cells are relatively insensitive to TRAIL.
Moreover, there is endogenous TRAIL in many cancers.
Increased expression of endogenous TRAIL is associated with
poor prognosis in cancers that are resistant to TRAIL-induced
apoptosis (20). Therefore, it is important to better understand
the biology of TRAIL-death receptor signaling and the mecha-

nisms underlying TRAIL resistance to meet the challenges for
effectively targeting this pathway (21).

In this study, we demonstrate that GADD34 positively regu-
lates MCL-1 expression in HCC cells. GADD34 up-regulates
MCL-1 expression through suppressing proteasomal degrada-
tion of MCL-1 protein. Mechanistically, the stabilization of
MCL-1 by GADD34 is mediated by extracellular signal-regu-
lated kinase (ERK). GADD34 promotes ERK1/2 phosphoryla-
tion via tumor necrosis factor receptor–associated factor 6
(TRAF6) and transforming growth factor-�–activated kinase 1
(MAP3K7)-binding protein 1 (TAB1). Knockdown of GADD34
enhances TRAIL-induced apoptosis in HCC cells. Finally, over-
expression of MCL-1 abrogates the potentiation of TRAIL-in-
duced apoptosis by GADD34 depletion.

Results

GADD34 up-regulates MCL-1 expression in HCC cells

To determine the effects of GADD34 on BCL-2 family pro-
teins, EGFP-tagged GADD34 was overexpressed in HepG2
cells, followed by Western blotting analysis of BCL-2, BCL-xL,
and MCL-1 expression. Overexpression of GADD34 resulted in

Figure 1. GADD34 up-regulates MCL-1 protein expression in HCC cells. A, HepG2 and SMMC-7721 cells were transfected with the EGFP-tagged GADD34
expression plasmid or EGFP vector, followed by Western blotting analysis of MCL-1, BCL-2, BCL-xL, and GADD34 expression. B, HepG2 and SMMC-7721 cells
were transfected with siControl, siGADD34, or siGADD34#2, followed by Western blotting analysis of MCL-1 and GADD34 expression. C, HepG2 and SMMC-
7721 cells were transfected with siControl, siGADD34, or siGADD34#2, followed by real-time RT-PCR analysis of MCL-1 and GADD34 transcription. The relative
levels of MCL-1 and GADD34 mRNA were plotted. The values represent the means � S.D. (n � 3). **, p � 0.01.
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an increase in the levels of MCL-1, although it had no effect on
BCL-2 and BCL-xL expression (Fig. 1A). Similar effects were
detected in SMMC-7721 (Fig. 1A). Knockdown of GADD34 by
two siRNA consistently resulted in decreased MCL-1 levels in
both HepG2 and SMMC-7721 cells (Fig. 1B). In addition,
GADD34 up-regulated MCL-1 expression in Hep3B cells (Fig.
S1). Together, these results demonstrate that GADD34 up-reg-
ulates MCL-1 in HCC cells. To determine whether GADD34
affects MCL-1 transcription, HepG2 and SMMC-7721 cells
were transfected with control or GADD34 siRNA, followed by
real-time RT-PCR analysis of MCL-1 transcription. GADD34
knockdown had no effect on the transcription levels of MCL-1
(Fig. 1C).

GADD34 suppresses proteasomal degradation of MCL-1

To determine whether GADD34 affects the stability of
MCL-1, HepG2 cells were transfected with control or GADD34
siRNA, followed by treatment with the protein synthesis inhib-
itor cycloheximide (CHX) and detection of MCL-1 levels at
different periods. While the levels of MCL-1 dropped gradually
after treatment with CHX, GADD34 knockdown further accel-
erated MCL-1 protein turnover in HepG2 cells (Fig. 2A). Simi-
lar effects were detected in SMMC-7721 cells (Fig. 2A).

To determine whether GADD34 inhibits the proteasomal
degradation of MCL-1, HepG2 and SMMC-7721 cells were
transfected with control or GADD34 siRNA, followed by treat-
ment with or without proteasome inhibitor MG132 and West-
ern blotting analysis of MCL-1. Treatment with MG132 led to
an increase in MCL-1 levels and abrogated the down-regulation
of MCL-1 by GADD34 depletion in both HepG2 and SMMC-

7721 cells (Fig. 2B). Together, these data demonstrate that
GADD34 suppresses proteasomal degradation of MCL-1.

GADD34 up-regulates MCL-1 by promoting ERK1/2
phosphorylation

To determine the mechanism underlying the stabilization of
MCL-1 by GADD34, we detected whether GADD34 physically
interacted with MCL-1 protein. Immunoprecipitation assay
demonstrated no interaction between GADD34 and MCL-1
(data not shown), suggesting that GADD34 may indirectly reg-
ulate MCL-1. Previous reports indicated that ERK1/2 could
suppress MCL-1 degradation by phosphorylating PEST
domains in MCL-1 (15). To detect whether GADD34 affects
ERK1/2 phosphorylation, GADD34 was overexpressed in
HepG2 cells, followed by Western blotting analysis of ERK1/2
phosphorylation. Overexpression of GADD34 promoted
ERK1/2 phosphorylation in HepG2 cells (Fig. 3A). Consistent
with previous studies that showed GADD34 negatively regu-
lated Akt phosphorylation, overexpression of GADD34 inhib-
ited Akt phosphorylation (Fig. 3A). GADD34 overexpression
alsopromotedERK1/2phosphorylationandinhibitedAktphos-
phorylation in SMMC-7721 and Hep3B cells (Fig. 3A and Fig.
S1A).

In addition, we transfected HepG2 and SMMC-7721 cells
with control or GADD34 siRNA, followed by Western blotting
analysis of ERK1/2 and Akt phosphorylation. GADD34 knock-
down by two siRNA consistently led to a decrease in ERK1/2
phosphorylation and an increase in Akt phosphorylation in
both HepG2 and SMMC-7721 cells (Fig. 3, B and C). Similar
effects were detected in Hep3B cells (Fig. S1B). Although over-

Figure 2. GADD34 knockdown accelerates MCL-1 protein degradation. A, HepG2 and SMMC-7721 cells were transfected with siControl or siGADD34,
followed by treatment with 100 �g/ml of CHX for indicated times, and Western blotting analysis of MCL-1 and GADD34. The relative levels of MCL-1 were
plotted. B, HepG2 and SMMC-7721 cells were transfected with siControl or siGADD34 and treated with or without 5 �M of MG132 for 24 h, followed by Western
blotting analysis of MCL-1 and GADD34.
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expression of GADD34 increased ERK1/2 phosphorylation and
MCL-1 expression, treatment with the MEK inhibitor U0126
antagonized the induction of ERK1/2 phosphorylation and
MCL-1 expression by GADD34 (Fig. 3D), indicating that the
MEK-ERK1/2 pathway mediates the up-regulation of MCL-1
by GADD34.

TRAF6 mediates the up-regulation of ERK1/2 phosphorylation
and MCL-1 expression by GADD34

Previous studies show that GADD34 binds to the E3 ubiqui-
tin ligase TRAF6 (22). While TRAF6 mediates the ubiquitina-
tion of Akt and subsequently promotes Akt phosphorylation, it
stimulates ERK1/2 phosphorylation in Ras-independent man-
ner (22, 23). To determine whether TRAF6 is involved in the
regulation of ERK1/2 phosphorylation and MCL-1 expression
by GADD34, HepG2 cells were transfected with or without
EGFP-tagged GADD34 expression plasmid, followed by trans-
fection with control siRNA or TRAF6 siRNA, and Western
blotting analysis of ERK1/2 phosphorylation and MCL-1
expression. TRAF6 knockdown abrogated the up-regulation of
ERK1/2 phosphorylation and MCL-1 expression by GADD34
in HepG2 cells (Fig. 4A). Similar results were detected in
SMMC-7721 cells (Fig. 4A). Together, these data indicate that
TRAF6 contributes, at least in part, to the up-regulation of
MCL-1 expression by GADD34.

Because ERK1/2 could phosphorylate and stabilize MCL-1
protein, we then detected whether TRAF6 prevents protea-
somal degradation of MCL-1. HepG2 cells were transfected
with or without control siRNA or TRAF6 siRNA, followed by
treatment with or without proteasome inhibitor MG132 and

Western blotting analysis of MCL-1. MG132 abrogated the
down-regulation of MCL-1 by TRAF6 knockdown in both
HepG2 and SMMC-7721 cells (Fig. 4B). Together, these data
demonstrate that TRAF6 cooperates with GADD34 to suppress
proteasomal degradation of MCL-1.

Previous studies demonstrate that TRAF6 interacts with
TAB1 and induces nondegradative ubiquitination of TAB1,
thereby activating TAB1 (24). Ubiquitinated TAB can activate
MAPKs such as p38 and ERK (25). To determine whether
GADD34 regulates the interaction between TRAF6 and TAB1,
GADD34 was overexpressed in HepG2 cells, followed by
immunoprecipitation of TAB1. Because the immunoprecipi-
tated TRAF6 protein is poorly separated from the heavy chain
of IgG in Western blotting, GFP-tagged TRAF6 was transfected
into HepG2 cells, and the interaction between TAB1 and
TRAF6 –GFP was detected. Overexpression of GADD34
enhanced the interaction between TRAF6 and TAB1 (Fig. 4C).
Meanwhile, overexpression of GADD34 promoted TAB1 ubiq-
uitination, whereas it did not affect the levels of TAB1 protein
(Fig. 4D). Furthermore, TAB1 knockdown abrogated the up-
regulation of ERK1/2 phosphorylation and MCL-1 expression
by GADD34 (Fig. 4E). Taken together, these data suggest that
GADD34 promotes ERK1/2 phosphorylation and MCL-1
expression through the TRAF6 –TAB1 axis.

GADD34 knockdown inhibits the up-regulation of MCL-1 by
TRAIL

To detect the effect of TRAIL on GADD34 and MCL-1
expression in HCC cells, we treated HepG2 and SMMC-7721
cells with TRAIL for 24 h, followed by Western blotting analysis

Figure 3. GADD34 up-regulates MCL-1 through TRAF6 and ERK1/2. A, HepG2 and SMMC-7721 cells were transfected with the EGFP-tagged GADD34
expression plasmid or EGFP vector, followed by Western blotting analysis of p-ERK1/2 (Thr202/Tyr204), ERK1/2, p-Akt (Ser473), Akt, and GADD34. B, HepG2 and
SMMC-7721 cells were transfected with siControl or siGADD34, followed by Western blotting analysis of p-ERK1/2 (Thr202/Tyr204), ERK1/2, p-Akt (Ser473), Akt,
and GADD34. C, HepG2 and SMMC-7721 cells were transfected with siControl or siGADD34#2, followed by Western blotting analysis of p-ERK1/2 (Thr202/
Tyr204), ERK1/2, p-Akt (Ser473), Akt, and GADD34. D, HepG2 and SMMC-7721 cells were transfected with the EGFP-tagged GADD34 expression plasmid or EGFP
vector and treated with or without 10 �M of U0126 for 48 h, followed by Western blotting analysis of MCL-1, p-ERK1/2 (Thr202/Tyr204), ERK1/2, and GADD34.
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of GADD34 and MCL-1 expression. Treatment of HepG2 cells
with TRAIL moderately induced MCL-1 and GADD34 expres-
sion in both HepG2 and SMMC-7721 cells (Fig. 5A). In addi-
tion, GADD34 knockdown down-regulated MCL-1 levels and
abrogated the induction of MCL-1 by TRAIL in both HepG2

and SMMC-7721 cells (Fig. 5A), indicating that GADD34
mediates the up-regulation of MCL-1 by TRAIL.

Given that TRAF6 and ERK1/2 mediate the stabilization of
MCL-1 by GADD34, we then detected the effect of TRAF6
knockdown on TRAIL-induced ERK1/2 phosphorylation and

Figure 4. TRAF6 and TAB1 mediate the up-regulation of ERK1/2 phosphorylation and MCL-1 expression by GADD34. A, HepG2 and SMMC-7721 cells
were transfected with the EGFP-tagged GADD34 expression plasmid or EGFP vector and transfected with siControl or siTRAF6, followed by Western blotting
analysis of MCL-1, p-ERK1/2 (Thr202/Tyr204), ERK1/2, TRAF6, and GADD34. B, HepG2 and SMMC-7721 cells were transfected with siControl or siTRAF6 and treated
with or without 5 �M of MG132 for 24 h, followed by Western blotting analysis of MCL-1 and TRAF6. C, HepG2 cells were transfected with or without
EGFP-tagged GADD34 and GFP-tagged TRAF6 expression plasmid, followed by immunoprecipitation with anti-TAB1 antibody and Western blotting analysis
of TAB1 and TRAF6. The levels of GADD34 –EGFP, TRAF6 –GFP, and TAB1 in whole cell lysates were also detected by Western blotting. D, HepG2 cells were
transfected with the EGFP-tagged GADD34 expression plasmid or EGFP vector, followed by immunoprecipitation with anti-TAB1 antibody and Western
blotting analysis of TAB1 polyubiquitination (Poly-Ub). The levels of TAB1 and GADD34 –EGFP in whole cell lysates were detected by Western blotting. E, HepG2
and SMMC-7721 cells were transfected with the EGFP-tagged GADD34 expression plasmid or EGFP vector and transfected with siControl or siTAB1, followed
by Western blotting analysis of MCL-1, p-ERK1/2 (Thr202/Tyr204), ERK1/2, TAB1, and GADD34. IB, immunoblotting; IP, immunoprecipitation.
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MCL-1 expression. TRAF6 knockdown resulted in a decrease
in ERK1/2 phosphorylation and MCL-1 expression in both
HepG2 and SMMC-7721 cells (Fig. 5B). In addition, TRAF6
knockdown abrogated the induction of ERK1/2 phosphoryla-
tion and MCL-1 expression by TRAIL (Fig. 5B).

GADD34 knockdown potentiates TRAIL-induced apoptosis in
HCC cells

TRAIL can induce caspase-dependent apoptosis. To deter-
mine the effects of GADD34 and MCL-1 on TRAIL-induced
cleavage of the effector caspase 7 and PARP, HepG2 cells were
transfected with MCL-1 plasmid or the empty vector, followed
by transfection of siControl or siGADD34 and treatment with
or without TRAIL. GADD34 knockdown led to increased cleav-
age of caspase 7 and PARP in HepG2 cells (Fig. 6A), indicating
that GADD34 inhibited caspase activation. Overexpression of
MCL-1 inhibited TRAIL-induced cleavage of caspase 7 and
PARP and suppressed the potentiation of TRAIL-induced
caspase 7 and PARP cleavage by GADD34 depletion (Fig. 6A).

Next, we investigated the effects of GADD34 and MCL-1 on
TRAIL-induced apoptosis. HepG2 cells were transfected with
MCL-1 plasmid or the empty vector, followed by transfection of
siControl or siGADD34 and treatment with or without TRAIL.
TUNEL assays demonstrated that knockdown of GADD34 led
to an increase in TRAIL-induced apoptosis (Fig. 6, B and C).
Furthermore, overexpression of MCL-1 inhibited TRAIL-in-
duced apoptosis and compromised the potentiation of TRAIL-
induced apoptosis by GADD34 knockdown (Fig. 6, B and C).
Similar effects were detected in SMMC-7721 cells (Fig. 7).
Together, these data indicate that MCL-1 mediates, at least in
part, the prevention of TRAIL-induced apoptosis by GADD34.
To determine the effect of GADD34 on other chemotherapeu-
tic agent-induced apoptosis, we detected the effect of GADD34
on Taxol-induced apoptosis. GADD34 knockdown led to an

increase in Taxol-induced apoptosis in both HepG2 and
SMMC-7721 cells (Fig. S2).

Discussion

In this study, the mechanisms underlying the prevention of
TRAIL-induced apoptosis by GADD34 were investigated. Pre-
vious studies have demonstrated that recombinant TRAIL may
be a promising anti-cancer agent that selectively induces cancer
cell apoptosis (20). In addition, TRAIL can be induced by some
synthetic or natural agents, thereby mediating the anticancer
effects of these agents through activating TRAIL apoptosis
pathway (26). However, accumulating evidence show that
TRAIL also promotes prosurvival, proliferative, or migratory
signaling, such as NF-�B, PI3K/Akt, and MAPK signaling,
which lead to TRAIL resistance in cancer cells (27). Similar to
other anticancer agents, TRAIL resistance is a critical problem
to compromise its anticancer effect. The mechanisms underly-
ing TRAIL resistance in cancer therapy may be complex.
Whereas both DR4 and DR5 mediate the pro-apoptosis effect
of TRAIL, the decoy death receptors may be overexpressed in
some cancer cells, which leads to neutralization of TRAIL. There-
fore, the levels of death receptors and decoy receptors in cancer
cells may affect TRAIL sensitivity. In addition, c-FLIP (cellular
FLICE (FADD-like interleukin-1�– converting enzyme)–
inhibitory protein) is involved in the resistance of cancer cells to
TRAIL-induced cell death (28, 29). Levels of c-FLIP may affect
the sensitivity of cancer cells to TRAIL (30). In the current
study, we show that GADD34 prevents TRAIL-induced apopto-
sis through TRAF6- and ERK-mediated stabilization of the
BCL-2 family member MCL-1.

GADD34 can be induced by DNA damage, hypoxia, and
endoplasmic reticulum stress. Early studies demonstrate that
GADD34 promotes ion radiation- and proteasome inhibitor-
induced apoptosis (31, 32). Thus, GADD34 is generally consid-

Figure 5. GADD34 and TRAF6 mediate the up-regulation of MCL-1 by TRAIL. A, HepG2 and SMMC-7721 cells were transfected with siControl or siGADD34,
followed by treatment with 100 ng/ml of TRAIL for 24 h, and Western blotting analysis of MCL-1 and GADD34. B, HepG2 and SMMC-7721 cells were transfected
with siControl or siTRAF6, followed by treatment with or without 100 ng/ml of TRAIL for 24 h and Western blotting analysis of MCL-1, p-ERK1/2 (Thr202/Tyr204),
ERK1/2, and TRAF6.
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ered as a tumor suppressor. In contrast, GADD34 knockdown
enhances palmitate-induced mouse insulinoma cell apoptosis
(7). Moreover, GADD34 knockout results in more liver cell apo-

ptosis in lipopolysaccharide-treated mice (5). GADD34 inhibits
macrophages apoptosis induced by lipopolysaccharide in com-
bination with amino acid deprivation (6). Our current study

Figure 6. MCL-1 suppresses the potentiation of TRAIL-induced apoptosis by GADD34 depletion in HepG2 cells. A, HepG2 cells were transfected with
siControl or siGADD34, and the MCL-1 expression plasmid or vector, followed by treatment with or without 100 ng/ml of TRAIL for 24 h. The levels of cleaved
caspase-7, PARP, GADD34, and MCL-1 were detected by Western blotting. B, HepG2 cells were transfected with siControl or siGADD34 and the MCL-1
expression plasmid or vector followed by treatment with or without 100 ng/ml of TRAIL for 24 h. Cell apoptosis was detected by TUNEL assays. C, the apoptotic
rate was plotted. The values represent the means � S.D. (n � 3). ***, p � 0.001. DAPI, 4�,6�-diamino-2-phenylindole.
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demonstrates that GADD34 inhibits TRAIL- and Taxol-in-
duced apoptosis. Therefore, GADD34 may regulate cell apopto-
sis in context-dependent manner. Similar to other sensors of
cell stress, such as p53, GADD34 may be cytoprotective and
cytotoxic, depending on the type or degree of damage. Further-
more, GADD34 reportedly promotes tumor growth by evasion
of immune surveillance (33). In addition, GADD34 up-regu-
lates the expression of pro-inflammatory cytokines and thereby
promotes azoxymethane/dextran sodium sulfate-induced
colorectal carcinogenesis (34). Key apoptotic proteins as FADD
and procaspase-8 were also involved in transducing nonapopto-
tic signaling in response to TRAIL (27).

It is well-documented that MCL-1 is less stable than other
BCL-2 family members because of the presence of PEST
sequences at its N terminus. ERK directly phosphorylates
MCL-1 at both Thr163 and Thr92, whereas Thr163 is the major
phosphorylation site. Phosphorylation of MCL-1 by ERK leads
to increased interaction between MCL-1 and Pin1, which pre-
vents MCL-1 degradation (35). Our current study demon-
strates that GADD34 prevents TRAIL-induced apoptosis.
Mechanistically, GADD34 up-regulates ERK1/2 phosphoryla-
tion in TRAF6-dependent manner, which in turn stabilizes
MCL-1. Notably, TRAF6 can promote ERK1/2 phosphoryla-
tion independent of Ras (23, 36, 37). Although GADD34 sup-

Figure 7. Overexpression of MCL-1 rescues TRAIL-treated and GADD34-depleted SMMC-7721 cells from apoptosis. A, SMMC-7721 cells were trans-
fected with siControl or siGADD34 and the MCL-1 expression plasmid or vector followed by treatment with or without 100 ng/ml of TRAIL for 24 h. Cell
apoptosis was detected by TUNEL assays. B, the apoptotic rate was plotted. The values represent the means � S.D. (n � 3). ***, p � 0.001. DAPI,
4�,6�-diamino-2-phenylindole.
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presses TRAF6-mediated Akt activation (22), the current study
demonstrates that GADD34 promotes the interaction between
TRAF6 and TAB1, leading to increased TAB1 ubiquitination,
ERK phosphorylation, and MCL-1 stabilization. Therefore,
GADD34 may act as a switch between PI3K/Akt and MAPK
signaling pathways. As an anti-apoptotic protein, MCL-1 con-
tributes to cell survival, which makes it an ideal target of anti-
cancer drugs. The MCL-1 inhibitor S63845 potently inhibits
tumor growth by activating BAX/BAK-dependent mitochon-
drial apoptotic pathway (38). Previous studies have demon-
strated that down-regulation of MCL-1 can sensitize cancer
cells to TRAIL and other chemotherapeutic agents (39 –41).
The current study demonstrates that GADD34 is a positive reg-
ulator of MCL-1 and a negative regulator of TRAIL- and Taxol-
induced apoptosis.

Anticancer agents may inevitably induce stress response in
cancer cells. A primary function of stress response is to adapt to
exogenous insults and survive at the expense of growth arrest.
In fact, growth arrest and survival is a mechanism for cancer
cells to resist proteasome inhibitor therapy (42). The same may
be true for TRAIL resistance. Given that GADD34 can induce
both growth arrest and survival, which may promote cancer
cells entering a state of cellular dormancy and help dormant
cells remain viable in a quiescent state. Cancer cell dormancy is
one of major cause of cancer recurrence and drug resistance
(43). We speculate that the induction of GADD34 by TRAIL
may be a survival/adaptation response. Upon withdrawal of
TRAIL, GADD34 expression may restore to a lower level,
which allows cancer cells exit from dormancy. Mechanistically,
GADD34 may promote TRAIL resistance by dephosphorylat-
ing eIF2� and stabilizing MCL-1. Our previous study demon-
strated that inhibition of eIF2� dephosphorylation could sensi-
tize HCC cells to TRAIL (8). The current study provides a new
mechanism for the prosurvival function of GADD34 in HCC
cells. Thus, in addition to the inhibition of eIF2� dephosphor-
ylation, inhibition of MCL-1 may be another strategy to prevent
GADD34 from facilitating adaption to TRAIL treatment or
endogenous TRAIL.

Experimental procedures

Cell culture

HCC cell lines HepG2, SMMC-7721, and Hep3B were
obtained from Cell Lines Bank, Chinese Academy of Science
(Shanghai, China). The cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% new born
calf serum (Thermo Fisher Scientific, Waltham, MA). The cells
were incubated at 37 °C in a humidified atmosphere of 5% CO2.

Reagents and antibodies

Recombinant human TRAIL/Apo2L was purchased from
Pepro Tech Inc. (Rocky Hill, NJ). MG132 and Taxol were from
Merck–Millipore. U0126 and CHX were from Beyotime Bio-
technology (Jiangsu, China). Protein A/G magnetic beads were
from Bimake (Selleck Chemical, Houston, TX). The deubiquiti-
nase inhibitor PR-619 was from TargetMol (Shanghai, China).
The antibodies used were as follows: anti-MCL-1, anti-p-
ERK1/2, anti-ERK1/2, anti-Akt, anti-BCL-2, and anti-BCL-xL
antibodies were purchased from Cell Signaling Technology

(Beverly, MA); anti-p-Akt was from Epitomics (Burlingame,
CA); anti-GADD34 antibody was purchased from Gene Tex
Inc. (Irvine, CA); anti-TRAF6 and anti-TAB1 antibodies were
purchased from Proteintech (Rosemont, IL); and anti-ubiquitin
and anti-�-actin antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

RNAi

All siRNAs were custom-synthesized products of GenePha-
rma Co. Ltd. (Shanghai, China). The two target sequences for
GADD34 knockdown are as follows: 5�-GGACACUG-
CAAGGUUCUGA-3� for siGADD34 and 5�-GUCAAUUUG-
CAGAUGGCCATT-3� for siGADD34#2. The target sequences
of MCL-1, TRAF6, and TAB1 siRNA are 5�-AAGUAUCACA-
GACGUUCUC-3�, 5�-GGAAACUAUUCACCAGUUATT-3�,
and 5�-CUGCGAUGAUUGACACUGA-3�, respectively. Pro-
liferating cells were incubated with 50 nM siRNA in 2 ml of
OPTI-MEM I reduced serum medium containing Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific). 48 h after
transfections, the cells were harvested for further experiments.

Plasmid construction

The plasmid for GADD34 –EGFP was purchased from Bio-
Atom Biotechnology (Chengdu, China). MCL-1 plasmid was
generated by subcloning human MCL-1 cDNA into pTango-
zeo (Bio-Atom Biotechnology, Chengdu, China). TRAF6 –GFP
plasmid was purchased from Vigene Biosciences (Rockville,
MD). For overexpression of MCL-1 or TRAF6 in cells, MCL-1
or TRAF6 plasmid was preincubated with Lipofectamine 2000
and added into the culture medium with a final concentration
of 2 �g/ml.

Western blotting

The total cellular samples were washed twice with ice-cold
PBS and lysed in ice-cold lysis buffer (1% Triton X-100, 40 mM

Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophos-
phate, 10 mM glycerophosphate, 50 mM NaF, 0.5 mM

orthovanadate) containing protease and phosphatase inhibi-
tors. Cell lysates were incubated on ice for 35 min and then
centrifuged for 20 min at 12,000 � g. Protein concentrations
were determined using the BCA protein assay kit (Thermo
Fisher Scientific). 30 �g of sample proteins were separated by
SDS-PAGE and transferred to PVDF membrane (Millipore
Corporation, Billerica, MA). Membranes were blocked with 5%
fat-free milk in TBST for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4 °C and appropri-
ate HRP-secondary antibodies for 1 h at room temperature.
Protein bands were visualized with chemiluminescent agents
(Beyotime, Jiangsu, China). Images were gathered by the Fusion
FX6 imaging system (Vilber Lourmat, Collégien, France).

Quantitative real-time PCR analysis

Total RNA was extracted from cultured cells using TRIZOL
reagent (Thermo Fisher Scientific) according to the manufa-
cturer’s protocol. First strand cDNAs were synthesized using
the Moloney murine leukemia virus reverse transcriptase and
oligo(dT) primers. Quantitative real-time PCR analysis was
carried out on the iQ5 (Bio-Rad) using the SYBR Select Master
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Mix (Thermo Fisher Scientific). mRNA levels were normalized
to GAPDH level. The primer sequences were as follows:
GAPDH, 5�-ATGGGCAGCCGTTAGGAAAG-3� (forward)
and 5�-ATCACCCGGAGGAGAAATCG-3� (reverse); MCL-1,
5�-TCCCTTTTCCTTGGACTGGTATC-3� (forward) and
5�-GATGACCTTATGGCTCTGAGATGG-3� (reverse); and
GADD34, 5�-CCTCTGGCAATCCCCCATAC-3� (forward)
and 5�-TCTCGCTCACCATACATGCC-3� (reverse).

TUNEL assay

Cell apoptosis was measured by TUNEL assay (Tsingke Bio-
tech, Beijing, China). After being fixed in 4% paraformaldehyde
for 25 min at 4 °C, the cells were incubated with proteinase K (2
mg/ml) for 10 min at room temperature. TUNEL staining was
performed according to the manufacturer’s instructions, fol-
lowed by incubating with 4�,6�-diamino-2-phenylindole (2
�g/ml) solution at 37 °C for 5 min in dark. Quantification of all
cells and apoptotic cells in same fields was performed by acquir-
ing the images in random fields and counting cells in four ran-
dom fields in each well.

Statistical analysis

One-way analysis of variance with post hoc tests was used in
statistical analysis of mRNA expression and apoptosis rate. All
statistical tests were two-sided, and the difference was consid-
ered statistically significant if p � 0.05.
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