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GADD45A is a TP53-regulated and DNA damage-inducible tumor suppressor protein, which regulates cell cycle
arrest, apoptosis, and DNA repair, and inhibits tumor growth and angiogenesis. However, the function of GADD45A in
autophagy remains unknown. In this report, we demonstrate that GADD45A plays an important role in regulating the
process of autophagy. GADD45A is able to decrease LC3-II expression and numbers of autophagosomes in mouse
tissues and different cancer cell lines. Using bafilomycin A1 treatment, we have observed that GADD45A regulates
autophagosome initiation. Likely, GADD45A inhibition of autophagy is through its influence on the interaction between
BECN1 and PIK3C3. Immunoprecipitation and GST affinity isolation assays exhibit that GADD45A directly interacts with
BECN1, and in turn dissociates the BECN1-PIK3C3 complex. Furthermore, we have mapped the 71 to 81 amino acids of
the GADD45A protein that are necessary for the GADD45A interaction with BECN1. Knockdown of BECN1 can abolish
autophagy alterations induced by GADD45A. Taken together, these findings provide the novel evidence that GADD45A
inhibits autophagy via impairing the BECN1-PIK3C3 complex formation.

Introduction

Autophagy, a lysosome-dependent protein degradation path-
way in eukaryocyte, is essential for cell survival, growth and
homeostasis. Autophagy begins with a phagophore,1,2 followed
by the phagophore expansion to engulf intracellular cargo, such
as protein aggregates, organelles and ribosomes, thereby seques-
tering the cargo in a double-membrane autophagosome.3 The
autophagosome eventually fuses with the lysosome, promoting
the degradation of autophagosomal contents by lysosomal acid
proteases.3 It has also been reported that autophagy plays impor-
tant roles in oncogenesis, which depends on cancer types and
stages.4-6 On the one hand, autophagy inhibits oncogenesis in
certain types of cancer.7-9 On the other hand, some cancer cells
can utilize activated autophagy to ameliorate deficiencies in nutri-
tion and oxygen, caused by rapid fission and ischemia.10-12

BECN1/Beclin1, an ortholog of Vps30/Atg6 in yeast, is a cen-
tral component in autophagy and also plays crucial roles in devel-
opment, tumorigenesis and neurodegeneration.7 Interestingly,
BECN1 was initially discovered not as an autophagy protein but

rather as an interaction partner for the antiapoptotic protein
BCL2.13 Autophagy and apoptosis, 2 self-destructive processes,
have a complicated functional relationship.14 It has been demon-
strated that common upstream signals can induce either apopto-
sis or autophagy in a context-dependent fashion. One well-
characterized regulatory factor in autophagy is BCL2, which
interacts with BECN1 and disrupts the interaction of BECN1
with PIK3C3.14,15 ROS favors proapoptotic mitochondrial outer
membrane permeabilization (MOMP) as well as stimulates the
proteolytic activity of ATG4, thereby stimulating autophagy.16,17

Accumulating evidence suggests that TP53 (note that the mouse
nomenclature is TRP53, but we use TP53 hereafter to refer to
both the human and mouse genes/proteins for simplicity), a
quintessential tumor suppressor and apoptosis inducer, regulates
autophagy in a 2-faced fashion.18-21 On the one hand, TP53
functions as a nuclear transcription factor and transactivates proa-
poptotic, cell cycle-arresting and proautophagic genes. On the
other hand, cytoplasmic TP53 can operate at mitochondria to
promote cell death and can repress autophagy via poorly charac-
terized mechanisms.19,22
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GADD45A, a TP53-regulated and DNA-damage responsive
protein, is induced by varieties of genotoxic stress agents, such as
UV radiation (UVR), ionizing radiation (IR), alkylating agents
and hydroxyurea.23-28 A number of investigations indicate that
GADD45A can induce cell cycle arrest,29 apoptosis,30 DNA
damage repair31 and angiogenesis inhibition.32 Increasing evi-
dence shows high frequency mutations or abnormal epigenetic
modifications of GADD45A in pancreatic cancer, breast cancer
and prostate cancer.33-35 In vivo experiments have demonstrated
that gadd45a knockout mice are susceptible to DNA-damage
inducible tumors.36 Thus GADD45A is an important tumor-sup-
pressor gene. GADD45A is involved in the induction of apopto-
sis through inducing BCL2L11/Bim dissociation from the
cytoskeleton and translocation to mitochondria. However, the
possible functions and molecular mechanisms of GADD45A in
autophagy are poorly understood.

In this report, we investigated the role of GADD45A in the
regulation of autophagic system and found that GADD45A
inhibited autophagy through impairing the formation of the
BECN1-PIK3C3 complex. Furthermore, we observed that
GADD45A interacted with BECN1 and disrupted the interac-
tion between BECN1 and PIK3C3. The region harboring amino
acids 71 to 81 of GADD45A was necessary and sufficient for
interaction with BECN1. These findings demonstrate the nega-
tive role and the specific mechanism of GADD45A in autophagy.

Results

Deletion of GADD45A causes extensive autophagy
To explore the roles of GADD45A in the control of autoph-

agy, gadd45a knockout mice (gadd45a¡/¡) were employed. We
first examined the amounts of LC3 protein, an indicator of auto-
phagic activity, in several organs including liver, lung and kidney
using a LC3B-specific polyclonal antibody. As shown in Fig-
ure 1A, an approximately 18 kDa band representing LC3-I was
observed in all preparations and there was a pronounced increase
in the autophagosome-associated lipidation form LC3-II with
apparent molecular mass of 16 kDa in the gadd45a¡/¡ mouse
organs, compared with Gadd45aC/C mice (Fig. 1B). The expres-
sion levels of SQSTM1, a cargo receptor for degradation of dam-
aged or long-lived proteins that is often used as a protein marker
of autophagy, were also evidently lower in gadd45a¡/¡ mouse
organs than that seen in Gadd45aC/C, suggesting that
GADD45A might inhibit the autophagy process. Furthermore,
we analyzed the numbers of autophagosomes by confocal micros-
copy assays in liver cells. There were large amounts of small
bright green granular substances in gadd45a¡/¡ mice liver cells,
while only a few puncta were seen in the normal control
(Fig. 1C, 1D).

Next, we tested the expression of LC3 and SQSTM1 in
Gadd45aC/C and gadd45a¡/¡ mouse embryonic fibroblasts
(MEFs) and found that LC3-II-specific proteins dramatically
increased and SQSTM1 decreased expression in the gadd45a¡/¡

MEFs (Fig. 1E, 1F). Similarly, when the numbers of LC3 puncta
per cell were scored, bright green LC3 punctate signals were

significantly observed in the cytoplasm of the gadd45a¡/¡ MEFs
(Fig. 1G, 1H). These data clearly highlight a speculation that
autophagosome formation is inhibited by GADD45A.

GADD45A levels negatively associates with the number of
autophagosomes in tumor cells

To further investigate the association between the GADD45A
level and autophagy, we generated GADD45A-stably-silenced
clones with shRNA in KYSE30 cells and transiently knocked
down GADD45A by RNA interference (RNAi) in KYSE150
cells. Real-time PCR and western blot results showed that the
expression of GADD45A was significantly downregulated as
shown in Figure S1. Downregulation of GADD45A resulted in
an increased expression of LC3-II and a decreased expression of
SQSTM1, compared with the control (Fig. 2A, 2B). In addition,
large amounts of small bright green granular substances were
observed in the GADD45A knockdown cells, whereas evenly dis-
tributed green LC3 signals with a few puncta were seen in the
control (Figs. 2C, 2D, S2). These results indicate that the
reduced expression of GADD45A leads to an increased number
of autophagosomes.

We also produced overexpression of GADD45A in 293T,
HeLa and EC9706 cells transfected with the MYC-GADD45A
vector. Compared with the control, overexpression of
GADD45A suppressed LC3-II expression and induced SQSTM1
expression, which is an opposite effect to the GADD45A knock-
down cells (Fig. 2E, 2F). Confocal microscopy assays also
showed that the numbers of autophagosomes in GADD45A-
overexpressing cells were decreased (Figs. 2G, 2H, S3), indicat-
ing that elevated expression of GADD45A inhibits the formation
of autophagosomes. Taken together, these results corroborate
that GADD45A is negatively associated with the formation of
autophagosomes in tumor cells.

GADD45A blocks autophagic flux
Autophagy is a highly dynamic and multistep process, which

can be modulated at several steps. An accumulation of autopha-
gosomes could reflect the induction of autophagy or the reduc-
tion in autophagosome turnover.37 Bafilomycin A1 (Baf), a small
molecule inhibitor of autophagy, induces the accumulation of
autophagosomes through blocking the fusion of autophagosomes
and lysosomes. Baf treatment, which is a well-established method
for monitoring autophagosome synthesis, can be used to reveal
the mechanism of autophagosome accumulation. We then exam-
ined the expression of LC3-II in GADD45A knockdown cells
treated with Baf and found that depletion of GADD45A resulted
in increased LC3-II levels in KYSE30 and KYSE150 cells follow-
ing Baf treatment, compared with the control cells treated with
Baf (Fig. 3A, 3B). Similar results were found in gadd45a¡/¡

MEF cells (Fig. S4). Additionally, the level of LC3-II expression
increased after exposure to Baf in cells transfected with control
vector, but the decreased tendency of LC3-II expression caused
by GADD45A was not changed in Baf-treated 293T, HeLa and
EC9706 cells transfected with MYC-GADD45A vector
(Fig. 3C, 3D). These results indicate that GADD45A affects
autophagosome formation.
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To further corroborate the
above findings, tandem mRFP-
GFP-LC3 reporter (tfLC3 plas-
mid) was transfected into tumor
cell lines, in which autophago-
somes trigger both RFP and GFP
signals, whereas the autolyso-
somes emit only RFP signal
because of quenching of the GFP
in the acidic lysosomal environ-
ment. GADD45A overexpression
compromised green (vesicles that
appear yellow in the merged
images) and red autophagosomes
in HeLa cells. Similarly, after
exposure to Baf, the number of
both green and red autophago-
somes still decreased in
GADD45A-overexpressing cells
compared with cells transfected
with the control vectors
(Figs. 3E, S5A). In contrast, the
number of green and red vesicles
dramatically increased in
GADD45A knockdown cells
without or with Baf treatment
(Figs. 3F, S5B). These results
suggest that GADD45A is
involved in the inhibition of
autophagosome formation at an
early stage.

Next, we analyzed the inhibitory
effect of GADD45A on autophagy
flux in the same cell lines. The
expression of LC3-II and the num-
ber of both green and red dots
decreased in GADD45A-overex-
pressing KYSE30 cells without or
with Baf treatment (Fig. S6A,
S6C). Conversely, knockdown of
GADD45A also led to enhance-
ment of autophagic activities and
the increased tendency was not
changed after Baf treatment in
GADD45A knockdown HeLa cells
either through western blot or fluo-
rescence analysis (Fig. S6B, S6D).
These data further prove that the
expression levels of GADD45A in
cells are important for regulating
autophagic flux.

GADD45A impairs the formation of the autophagy
initiation complex

The MTOR pathway and the BECN1-PIK3C3 complex
pathway are the most important negative and positive regulators

for autophagy in mammalian cells, respectively.38,39 To explore
the possible alterations in those pathways, we measured the
expression levels of MTOR and p-MTOR in gadd45a knockout
MEFs and knockdown tumor cells using western blots. The

Figure 1. Elevated expression of LC3-II in different tissues of gadd45a¡/¡ mice. (A) Western blot analysis of
LC3-II levels in liver, lung and kidney tissues of mice. All tested tissues homogenates were loaded and ana-
lyzed by 15% SDS-PAGE. (B, F) The densities of signals were determined by densitometry and are shown rela-
tive to the Gadd45aC/C group. Graphical data denote mean § SD. (C) Confocal microscopy images and
immunofluorescence analysis with anti-LC3 antibody. Scale bar: 10 mm. (D, H) The number of LC3 puncta per
cell. Graphical data denote mean § SD. (E) SQSTM1, LC3 and GADD45A expression variation were analyzed
using western blots in MEF Gadd45aC/C and gadd45a¡/¡ cells. (G) MEF Gadd45aC/C, gadd45a¡/¡ cells were
seeded onto the cover slips and analyzed by immunofluorescence with anti-LC3 antibody. Scale bar: 10 mm.
***,P < 0.001; **,P < 0.01.
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results showed little effect of
GADD45A on MTOR and p-
MTOR expression (Fig. S7).

We then tested the expres-
sion of BECN1, which appears
to act as a nexus point between
autophagy and cell death path-
ways. The result showed that
neither GADD45A overexpres-
sion nor deficiency changed the
expression of BECN1. BECN1
is a part of the class III phos-
phatidylinositol 3-kinase
(PtdIns3K) complex and is
required for the initiation of
the autophagosome formation
in autophagy. Human
PIK3C3/VPS34 is the catalytic
subunit of PtdIns3K. To test
whether GADD45A is associ-
ated with the BECN1-PIK3C3
complex, 2 plasmids
(pcDNA3.1-FLAG and pCS2-
MT, pcDNA3.1-FLAG-
PIK3C3 and pCS2-MT-
GADD45A, pcDNA3.1-
FLAG-PIK3C3 and pCS2-
MT) were cotransfected into
HeLa cells. Cells were lysed for
immunoprecipitation (IP) with
FLAG or BECN1 antibodies,
and the immunocomplexes
were subjected to western blot
assays. As reported previously,
BECN1 could interact with
PIK3C3. Interestingly, we
found that anti-FLAG antibody
precipitated less BECN1 pro-
tein in GADD45A-overex-
pressing HeLa cells, compared
with cells transfected with the
control vectors (Fig. 4A, 4B).
There was also less coprecipita-
tion of FLAG-PIK3C3 with
BECN1 in the immunocom-
plexes precipitated by anti-
BECN1 antibody (Fig. 4C,
4D). In contrast, in
GADD45A knockdown cells,
there were more amount of
copurifying BECN1 protein
precipitated by FLAG magnetic
beeds and BECN1 also precipi-
tated more FLAG-PIK3C3
protein compared with the neg-
ative control cells (Fig. 4E, 4F,

Figure 2. GADD45A suppressed the expression of LC3-II in tumor cells. (A) GADD45A knockdown promotes the
expression of LC3-II. KYSE30-H1 and KYSE30-shRNA cells were harvested at 70% to 80% confluence. KYSE30-
shRNA cells were GADD45A-stably-silenced clones with specific shRNA and KYSE30-H1 was negative control
cells. KYSE150 cells were harvested 48 h after transfection with siRNAs. SQSTM1, LC3, GADD45A and ACTB
expression variation was analyzed using western blots. NC was the negative control. (B, F) The densities of sig-
nals were determined by densitometry and are shown relative to the control group. The data were presented in
the form of mean § SD. (C) KYSE30-H1 and KYSE30-shRNA cells were seeded onto the cover slips and analyzed
by immunofluorescence with anti-LC3 antibody. Confocal microscopy images, scale bar: 10 mm. (D) The number
of LC3 puncta per cell. Graphical data denote mean§ SD. (E) 293T, HeLa and EC9706 cells were transiently trans-
fected with pCS2-MT or pCS2-MT-GADD45A vector. These cells were harvested at 48 h after transfection. A total
of 50 mg of whole-cell protein was examined for SQSTM1, LC3, GADD45A and ACTB expression. (G, H) Cells
were seeded onto the cover slips precoated with polylysine and analyzed by immunofluorescence with anti-LC3
antibody. Confocal microscopy images, scale bar: 10 mm. The number of LC3 puncta per cell. Graphical data
denote mean§ SD. ***,P < 0.001; **,P < 0.01.
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4G, 4H). Collectively, these
data imply that GADD45A is
able to disrupt the formation of
the BECN1-PIK3C3 complex
that is essential for autophagy
initiation.

To analyze the influence of
GADD45A on the endogenous
BECN1 and PIK3C3 interac-
tion, coimmunoprecipitation
was used to test the interaction
in GADD45A overexpression
or deficiency cells. Clearly, anti-
PIK3C3 antibody precipitated
less endogenous BECN1 in
GADD45A-overexpressing cells
but it did more in GADD45A
knockdown cells compared with
the control cells (Fig. 5A, 5B,
5E, 5F). Likewise, the levels of
endogenous PIK3C3 precipi-
tated by BECN1 were affected
by expression of GADD45A
(Fig. 5C, 5D, 5G, 5H). These
data confirm the function of
GADD45A in the process of
autophagy, which was shown in
the above transfection
experiments.

Two distinct PtdIns3-kinase
complexes are well known: The
ATG14 complex (PIK3C3,
PIK3R4/VPS15, BECN1,
ATG14 and NRBF2) is
required for autophagosome
formation,40 and the UVRAG
complex (PIK3C3, PIK3R4,
BECN1 and UVRAG) has a
unique activity in the endocytic
pathway.41,42 ATG14 can inter-
act with BECN1 and PIK3C3.
Thus, we checked the influence
of GADD45A on the interac-
tion between ATG14 and
BECN1. But as shown in the
Figure S8, there was no signifi-
cant effect of GADD45A on
the interaction between
BECN1 and ATG14.

GADD45A interacts with BECN1
To investigate the underlying mechanism by which

GADD45A interferes with the interaction between BECN1 and
PIK3C3, we examined the physical associations among
GADD45A, BECN1 and PIK3C3. Cellular lysates from HeLa

cells cotransfected with MYC-GADD45A and FLAG-BECN1 or
FLAG control vectors were immunoprecipitated with anti-FLAG
M2 magnetic beads. After immunoblotting analysis with MYC
antibodies, MYC-GADD45A was detected in the HeLa cells
transfected with FLAG-BECN1 but not in cells transfected with

Figure 3. The effect of GADD45A on autophagic flux. (A) KYSE30-H1 and KYSE30-shRNA cells were treated with
Baf at 70% to 80% confluence. KYSE150 cells were treated with Baf after GADD45A was knocked down by
siRNA. Cell lysates were prepared for analyzing the expression of LC3 and GADD45A. (C) 293T, HeLa and
EC9706 cells were treated with Baf after transfection with pCS2-MT or pCS2-MT-GADD45A. LC3 and GADD45A
were analyzed using western blots. (B, D) The densities of signals were determined by densitometry and are
shown relative to the control group. Graphical data denote mean § SD. (E, F) HeLa cells were transiently trans-
fected with pCS2-MT, ptfLC3 or pCS2-MT-GADD45A, ptfLC3 vector. Cells were seeded onto the cover slips pre-
coated with polylysine 24 h later after transfection and analyzed by immunofluorescence to detect the
expression of RFP and GFP. KYSE30-H1 or KYSE30-shRNA cells were transfected with ptfLC3 vector and seeded
onto the cover slips precoated polylysine. Immunofluorescence analyzed the expression of RFP and GFP. Scale
bar: 10 mm. ***,P < 0.001.
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FLAG control vectors (Fig. 6A).
Cells were also lysed for IP with
GADD45A antibodies, and
BECN1 was detected in the
immunocomplexes by western
blot assays (Fig. 6B). Similar
results were also found in HeLa
cells cotransfected with MYC-
GADD45A and FLAG-PIK3C3
or FLAG control vectors
(Fig. 6A, 6B). These data indi-
cate that GADD45A interacts
with the BECN1-PIK3C3 com-
plex. Moreover, we performed a
glutathione S-transferase (GST)
affinity isolation experiment to
determine which components of
the BECN1-PIK3C3 complex
were associated with GADD45A.
To do this, GST-GADD45A
fusion protein was incubated
with cellular lysates isolated from
HeLa cells, followed by western
blots. Clearly, GST-GADD45A
was able to pull down BECN1
compared with GST alone
(Fig. 6C), but PIK3C3 did not
interact with GST-GADD45A
(results not shown). To further
confirm the interaction between
GADD45A and BECN1, we
examined their subcellular local-
izations in HeLa cells by staining
with MYC and BECN1 antibod-
ies, respectively. Confocal micros-
copy assays exhibited a significant
colocalization between BECN1
(bright green particles) and
GADD45A (bright red)
(Fig. 6D), but the colocalization
between GADD45A and PIK3C3
was not clearly seen (Fig. S9). Fur-
thermore, the endogenous
BECN1 and GADD45A interac-
tion was verified in HeLa cells by
coimmunoprecipitation (Fig. 6E).
Taken together, these results indi-
cate a physical association between
GADD45A and BECN1.

Next, we sought to identify the
regions of GADD45A that are
required for interaction with
BECN1 using a series of MYC-
tagged GADD45A deletion pro-
tein expression vectors. Cell lysates
from HeLa cells transfected with

Figure 4. GADD45A impaired the formation of the BECN1-PIK3C3 complex. (A, B, C, D) HeLa cells were har-
vested after cotransfection with pCS2-MT and pcDNA3.1-FLAG-PIK3C3 or pCS2-MT-GADD45A and pcDNA3.1-
FLAG-PIK3C3 or pCS2-MT and pcDNA3.1-FLAG. (A) Immunoprecipitation was performed with anti-FLAG M2
magnetic beads and the precipitated complexes were analyzed by immunoblots with anti-BECN1 antibody.
(C) Immunoprecipitation was performed with BECN1 antibody. Precipitated complexes were analyzed by
immunoblots with anti-FLAG antibody. (E, F, G, H) KYSE150 cells were harvested after cotransfection with
negative control and pcDNA3.1-FLAG-PIK3C3 or RNAi and pcDNA3.1-FLAG -PIK3C3 or negative control and
pcDNA3.1-FLAG. (E) Immunoprecipitation was performed with anti-FLAG M2 magnetic beads and the precipi-
tated complexes were analyzed by immunoblots with anti-BECN1 antibody. (G) Immunoprecipitation was per-
formed with BECN1 antibody. FLAG-PIK3C3 was analyzed using western blots in immunoprecipitated
complexes. (B, D, F, H) The densities of signals were determined by densitometry and are shown relative to
the control group or the H1 group. Graphical data denote mean§ SD. ***,P < 0.001.
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MYC-tagged GADD45A deletion
vectors were immunoprecipitated
with antibody to BECN1 and
blotted with anti-MYC antibody.
As shown in Figure 6F, MYC-
GADD45A deletion was found in
transfected HeLa cells. After incu-
bation with BECN1 antibody,
full-lengthMYC-GADD45A pro-
tein was apparently detected in
immunocomplexes, while deletion
of the carboxyl terminus of
GADD45A in (1-96) GADD45A
and deletion of the N-terminus of
GADD45A in (71-165)
GADD45A still retained their
binding activity for the interaction
of GADD45A with BECN1.
However, (1-71) GADD45A,
(81-165) GADD45A and (111-
165) GADD45A were deficient
for BECN1 binding activity.
These observations suggest that
the central region of the
GADD45A protein (amino acids
between 71 and 81) is essential for
its interaction with BECN1.
Along with these observations,
interaction between BECN1 and
PIK3C3 was declined in immuno-
complexes containing GADD45A
(1-96, 71-165), but GADD45A
(1-71, 81-165 and 111-165) did
not interfere the interaction. Col-
lectively, these data demonstrate
that GADD45A central region (aa
71 to 81) is necessary and suffi-
cient for the interaction between
GADD45A and BECN1.

In order to further demon-
strate whether the interaction
between GADD45A and BECN1
mediates the role of GADD45A
in autophagy, we knocked down
BECN1 in GADD45A knock-
down cells (KYSE30) and overex-
pressing cells (HeLa). As shown
in Figure 7A and 7B, the overex-
pression of GADD45A in HeLa
cells substantially suppressed autophagy, while knockdown of
BECN1 resulted in negligible decrease of LC3-II, indicating that
BECN1 mediates GADD45A-induced autophagy inhibition. The
similar result was detected in GADD45A knockdown KYSE30
cells. Taken together, the interaction between GADD45A and
BECN1 is required, to a great extent, for the role of GADD45A
in the regulation of autophagy.

Discussion

The GADD45 (growth arrest and DNA-damage-inducible)
proteins have been implicated in regulation of many cellular
functions including DNA repair, cell cycle control, senescence
and genotoxic stress. The GADD45 gene family encodes 3 related
GADD45 protein including GADD45A, GADD45B and

Figure 5. GADD45A disrupted the endogenous BECN1 and PIK3C3 interaction. (A, B, C, D) HeLa cells were har-
vested after transfection with pCS2-MT or pCS2-MT-GADD45A. (A, E) Immunoprecipitation was performed
with PIK3C3 antibody. BECN1 was analyzed using western blots in immunoprecipitated complexes. (C, G)
Immunoprecipitation was performed with BECN1 antibody. PIK3C3 was analyzed using western blots in immu-
noprecipitated complexes. (B, D, F, H) The densities of signals were determined by densitometry and are
shown relative to the control group or the H1 group. Graphical data denote mean § SD. *,P < 0.05; ***,P <

0.001.
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GADD45G. Functions of GADD45 family proteins are similar,
but not identical, and their induction differs under diverse physi-
ological conditions or in different cell types.43 GADD45A, one
of the most critical downstream targets of tumor suppressor

TP53 and BRCA1,44 can regulate
a range of cellular processes,
including DNA damage repair,
proliferation, cell cycle check-
point, apoptosis and tumor
angiogenesis. Autophagy is an
important lysosomal degradation
pathway in tumorigenesis and
development. Many molecular
components of autophagy have
been identified, but little is
known about the regulatory
mechanisms underlying their
effector functions. Recent
research demonstrated that
GADD45B inhibited autophagy
through regulating phosphoryla-
tion of MAPK14, but
GADD45A could not induce
MAPK14 phosphorylation.45,46

Hence, these findings prompted
us to study whether GADD45A
can induce an autophagy response
and what is the underlying mech-
anism. In this study, through
western blot and immunofluores-
cence assays for specific markers
of the autophagic system, we
found that the number of auto-
phagosomes in GADD45A
knockout mice and MEF cells sig-
nificantly increased as a result of
GADD45A deletion. Further,
GADD45A overexpression
resulted in a significant reduction
of LC3-II expression and auto-
phagosomes amount in multiple
tumor cell lines. Thus,
GADD45A, an important tumor
suppressor gene, may regulate
cancer malignant development
through autophagy.

Autophagy is a highly dynamic
and multi-step process. The
steady state levels of LC3-II are
affected by both synthesis and
degradation. One approach to
assess the effects on autophagy by
clamping LC3-II and autophago-
some degradation is to use Baf, a
small molecule inhibitor of
autophagy.37 In our study, we

found that the expression of LC3-II increased in GADD45A
knockdown cells and decreased in GADD45A overexpressing
cells compared with the control after cells treated with Baf. The
tendency is in agreement with the observations in cells without

Figure 6. The interaction between GADD45A and the BECN1-PIK3C3 complex. (A, B) HeLa cells were har-
vested after cotransfection with pCS2-MT-GADD45A and pcDNA3.1-FLAG or pCS2-MT-GADD45A and
pcDNA3.1-FLAG-PIK3C3 or pCS2-MT-GADD45A and pcDNA3.1-FLAG-BECN1. (A) Immunoprecipitation assays
were performed with anti-FLAG M2 magnetic beads and the precipitated complexes were analyzed by immu-
noblots with anti-MYC antibody. (B) Immunoprecipitation was performed with GADD45A antibody. Precipi-
tated complexes were analyzed by immunoblots with anti-FLAG antibody. (C) GST affinity isolation assay was
performed with GST-GADD45A and cell lysates from exponentially growing HeLa cells. GST tag alone was
used as internal control. The binding proteins were detected with specified antibodies. (D) HeLa cells were
harvested after transfection with pCS2-MT-GADD45A. Double immunofluorescence staining for MYC and
BECN1 analyzed colocalization. Scale bar: 10 mm. (E) Immunoprecipitation was performed with GADD45A or
BECN1 antibody and the precipitated complexes were analyzed by immunoblots with the other antibody in
HeLa cells. (F) A series of MYC-tagged-GADD45A deletion mutants were introduced into HeLa cells via tran-
sient transfection. Immunoprecipitation were performed with BECN1 antibody. Precipitated complexes were
analyzed by immunoblots with MYC and PIK3C3 antibodies.
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Baf treatment. In addition, we
also obtained similar results in
examining RFP-GFP-LC3 pro-
tein that is used to detect autoly-
sosomes. Therefore, these
findings demonstrate that
GADD45A may impair autoph-
agy at early stage of autophago-
some formation.

With regard to the mechanism
by which GADD45A regulates
autophagy, we found that the reg-
ulatory effect of GADD45A on
autophagy is closely related to the
formation of the BECN1-
PIK3C3 autophagy initiation
complex. GADD45A is able to
physically associate with BECN1,
but not PIK3C3. The interaction
between GADD45A and
BECN1 dissociates the BECN1
and PIK3C3 complex. Further
evidence in the study shows that
the central region of GADD45A
(aa 71 to 81) is critical for
GADD45A interaction with
BECN1. Thus, it can be con-
cluded that GADD45A directly
interacts with BECN1 to destabi-
lize the BECN1-PIK3C3 com-
plex, and in turn abrogates the
autophagy process (Fig. 8A). But
we found that there was no signif-
icant effect of GADD45A on the
interaction between BECN1 and
ATG14. BECN1 forms multiple complexes with PIK3C3:
ATG14-BECN1-PIK3C3-PIK3R4, UVRAG-BECN1-PIK3C3-
PIK3R4, BECN1-PIK3C3. BECN1 and PIK3C3 are the core
components of these complexes. Thus GADD45A disruption of
the interaction between BECN1 and PIK3C3 can also affect the
whole complex integrity, that could be the ATG14 complex or it
could be the UVRAG complex.

Apoptosis and autophagy are both tightly regulated biological
processes that play a central role in tissue homeostasis, develop-
ment and disease. Apoptosis occurs spontaneously in malignant
tumors, often markedly retarding their growth, and it is increased
in tumors responding to irradiation, cytotoxic chemotherapy,
heating and hormone ablation.47,48 Autophagy is a double-edged
sword which can either kill cancer cells or protect them from
unfavorable conditions. At the early stage of tumorigenesis,
autophagy functions as a tumor suppressor, but at advanced
stages of tumor development, autophagy promotes tumor pro-
gression.49 Multiple studies suggest that autophagy is a protective
response through which cancer cells acquire resistance to radio-
therapy and chemotherapy. Cancer stem cells are highly resistant
to ionizing radiation and other anticancer treatments with

increased autophagy.49 Meanwhile, GADD45A is induced by
varieties of genotoxic stress agents including ionizing radiation
and alkylating agents. In our previous report, we demonstrated
that GADD45A can induce apoptosis, which is coupled with
BCL2L11 release from the microtubule associated dynein motor
complex and translocation to the mitochondria.30 In this study,
we show that GADD45A inhibits autophagy through the interac-
tion with BECN1. Thus, as a tumor suppressor, GADD45A may
induce cancer cell death through 2 different pathways during the
process of tumorigenesis and development. We hypothesize the
possible role of GADD45A in cancer treatment that the increased
expression of GADD45A after radiotherapy and chemotherapy
in cancer cells induces apoptosis and inhibits autophagy to reduce
tumor recurrence. Thus, GADD45A may be an important target
in anticancer therapy (Fig. 8B).

In summary, our study demonstrated that GADD45A may
function as a negative regulator in autophagy via affecting the
interaction between BECN1 and PIK3C3. These findings
explore a new function of GADD45A and unveil the mecha-
nisms of GADD45A in regulating autophagy. Therefore,
GADD45A is able to induce cancer cells death through 2

Figure 7. The downward trend of LC3-II expression after cells silencing BECN1. HeLa cells were harvested
48 h after cotransfection with pCS2-MT and siRNA or pCS2-MT-GADD45A and siRNA. KYSE30-H1 and KYSE30-
shRNA cells were harvested after BECN1 was knocked down by siRNA. (A) Cell lysates were prepared for ana-
lyzing the expression of LC3 and BECN1. (B) The densities of signals were determined by densitometry and
are shown relative to the Nc group. Graphical data denote mean§ SD. ***,P < 0.001.
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important manners: apoptosis and autophagy, and may act as an
important potential target for clinical anticancer treatment, espe-
cially after radiotherapy and chemotherapy.

Materials and Methods

Mice
Gadd45a knockout mice were a kind gift from Professor

Albert J. Fornace (Georgetown University), and were maintained
in a C57BL/6 (CD45.2) background. The Animal Care and
Ethics Committee at Cancer Institute and Hospital, Chinese
Academy of Medical Sciences approved all animal experiments in
our study. Animal housing and experimental protocols were in

accordance with the Chinese Regula-
tions for the Administration of Affairs
Concerning Experimental Animals.

Cell culture and treatment
Mouse embryonic fibroblasts that

were Gadd45aC/C and gadd45a¡/¡

transformed by Ras/E1A were kindly
provided by Professor Fornance. The 2
MEFs, KYSE150, KYSE30, 293T,
HeLa and EC9706 cells were cultured
in Dulbecco’s modified Eagle’s medium
(Invitrogen, 11995065), containing
10% fetal bovine serum (Invitrogen,
10099141), 100 mg/ml streptomycin
and 100 U/ml penicillin (Invitrogen,
15140122), at 37�C with 5% CO2.
KYSE30 cells (human esophageal squa-
mous cell carcinoma; provided by Dr.
Yutaka Shimada, Kyoto University,
Japan) were transfected with pSIH-H1
vector encoding scrambled sequences or
pSIH-shRNA vector encoding the tar-
get sequence against GADD45A. Forty-
eight hours after transfection, stably
silenced clones were selected by 1 mg/
ml puromycin. Twenty percent to 30%
of confluent cells were transfected with
50 nM of siRNAs and 60% to 70% of
confluent cells were transfected with 2
mg plasmids using Lipofectamine 2000
(Invitrogen, 11668019) following the
manufacturer’s instructions. For tran-
sient transfections, cells were exposed to
400 nM Baf (Sigma, B1793) 4 h after
transfected 44 h. MEFs Gadd45aC/C,
gadd45a¡/¡ and KYSE30 (H1,
shRNA) cells were harvested after
treated with 400 nM Baf for 4 h.

Reagents and plasmids
Bafilomycin A1 (Baf) was purchased

from Sigma (Sigma, B1793). SiRNAs for GADD45A and
BECN1 were synthesized by Invitrogen. Antibodies against
GADD45A, BECN1 were ordered from Cell Signaling Technol-
ogy (4632, 3738). Antibody against GADD45A (Santa Cruz
Biotechnology, sc-797) was used to detect the expression of
GADD45A in mouse tissues and cell lines. Commercial rabbit
polyclonal antibodies anti-LC3 and anti-SQSTM1 were from
Sigma-Aldrich (L8918, P0067). Rabbit polyclonal antibody anti-
ATG14 was from MBL (PD062). Antibody against PIK3C3 was
ordered from Invitrogen (382100). Mouse anti-ACTB, anti-
FLAG monoclonal antibodies and anti-FLAG M2 magnetic
beads were also from Sigma Aldrich (A1719, F3165, M8823).
Mouse anti-MYC monoclonal antibody was purchased from
Millipore (M047). MYC-GADD45A vector was described in

Figure 8. Regulation of GADD45A in autophagy in cancer cells. (A) In normal conditions, GADD45A
directly interacts with BECN1 to destabilize the BECN1-PIK3C3 complex, and in turn abrogates the
autophagy process. GADD45A is an important regulator of autophagy. (B) GADD45A can be induced
by varieties of genotoxic stress agents, such as UVR, IR, alkylating agents and hydroxyurea. After radio-
therapy and chemotherapy, GADD45A induced by stresses in cancer cells may dramatically inhibit
autophagy to reduce tumor recurrence. Thus, GADD45A may be an important target in anticancer
therapy.
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our previous study.30 Plasmid ptfLC3, pcDNA3.1-FLAG,
pcDNA3.1-FLAG-BECN1, pcDNA3.1-FLAG-PIK3C3 were
kindly provided by Dr. Yin Xu (Chinese center for Disease Con-
trol and Prevention).

Western blot assay
After transfection with plasmid or siRNA for 48 h, cells were

harvested in RIPA buffer (10 mM Tris, pH 7.4, 150 mM NaCl,
1% Triton X-100 [Amresco, 0694], 0.1% Na-deoxycholate
[Sigma, T0875], 0.1% SDS [Amresco, 0227] and 5 mM EDTA
[ABI, 15576028]) containing 1% Nonidet P-40 (Amresco,
J619), 1 £ protease inhibitors cocktail (Roche, P9599) and
50 mg/ml phenylmethylsulphonyl fluoride. A total of 30 mg cel-
lular proteins was subjected to 15% SDS-polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride
membrane. Membranes were blocked for 1 h at room tempera-
ture in 2% BSA and incubated with the indicated antibodies
overnight at 4�C. Membranes were washed 3 times in 1 £ TBS
(Amresco, J640) with 0.1% Tween 20 (Amresco, 0777), fol-
lowed by incubation with anti-mouse (CST, 7076) or anti-rabbit
(Abcam, 6721) secondary antibodies conjugated to horseradish
peroxidase (HRP). After incubation with HRP substrate (Pierce,
32209), the chemiluminescence signal was detected with a Lumi-
nescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, Japan) and
analyzed by the Multi Gauge V3.2 software.

Immunofluorescent staining
Cells transfected with siRNA or plasmids for 24 h, were

placed in glass slides in 6-well microplates. After 24 h, cells were
subjected to fixation with cold methanol at ¡20�C and washed
with phosphate-buffered saline (PBS; Amresco, 0780). Cells
were blocked in 1% normal goat serum (Santa Cruz Biotechnol-
ogy, SC2043) and then incubated with the 1:200-diluted, indi-
cated antibody at 4�C for overnight. The slides were
subsequently incubated with Alexa Fluor 488-labeled or Alexa
Fluor 568-labeled secondary antibody (Invitrogen, A-11034, A-
11004) for 1 h. Finally, nuclei were detected by 1 mg/ml DAPI.
The slides were then mounted in permount and analyzed by con-
focal microscopy Leica ST2 (Leica, Mannheim, Germany). The
numbers of LC3 puncta were counted according to previous
guidelines.37

GST affinity isolation and immunoprecipitation
GST-GADD45A fusion protein was induced in E.coli with

0.2 mM IPTG (isopropyl-b-D-thiogalactopyranoside; Amresco,
0487) at 31�C overnight. Bacteria were harvested by centrifuga-
tion at 12,000 g for 10 min, washed with PBS and resuspended
in cold STE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA,
150 mM NaCl). After the addition of 100 mg/ml lysozyme solu-
tion (Millipore, 71110) and 10 nM DTT (Amresco, 0281), pel-
lets were broken by sonication for 1 min. After centrifugation at
12,000 g for 20 min, the supernatant fractions were transferred

to fresh tubes, and Triton X-100 was included at a final concen-
tration of 2%. The mixtures were incubated at room temperature
for 30 min prior to the incubation with the glutathione-agarose
beads (BD, 554780) at 4�C overnight. The glutathione-agarose
beads conjugated to GST fusion proteins were washed 3 times
with PBS and mixed with cellular lysates (1 mg) at 4�C for 6 h.
At last, beads was washed 5-7 times with lysis buffer and boiled
in loading buffer. The binding proteins were analyzed by western
blot assay.

For immunoprecipitation, cellular lysates were incubated with
2 mg antibody and 20 ml protein A/G agarose beads (Santa Cruz
Biotechnology, sc2003) or Anti-FLAG M2 magnetic beads at
4�C overnight. Beads with immunocomplexes were treated as for
the GST affinity isolation assay. Rabbit or mouse isotype anti-
body (Santa Cruz Biotechnology, sc2025 or sc2027) was used as
negative controls.

Statistical analysis
Statistical analysis was performed using the SPSS17.0 statisti-

cal package. Quantitative analysis of immunoblotting images was
performed using ImageJ software. The values of each target blot
were evaluated. Data were presented as mean § SD. Means of 2
groups were compared using the Student t test, with a 2-tailed P
value. P values less than 0.05 were considered to be statistically
significant.
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