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Abstract
The growth arrest and DNA damage 45 (GADD45) family genes regulate DNA repair, cell cycle, cell survival, apoptosis, senes-

cence, and DNA demethylation in the cells under various stress stimuli, such as oxidative stress, UV radiation, and oncogenic

stress. Recent studies have provided important insights regarding how different oncogenic stresses activate GADD45 signaling

pathway and lead to disparate influences on tumor initiation. In this review, we discuss the deregulation and cellular function of

GADD45 proteins in the context of cancer development. We also highlight recent advances in exploring the tumor suppressive

function of GADD45 proteins-triggered cellular senescence.
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Introduction

Stress response is an essential physiological mechanism for
cells in response to environmental stress. Depending on the
strength and nature of stresses, the response may integrate
different pathways and trigger multiple cellular processes,
including cell arrest, apoptosis, senescence, and metabolic
changes.1,2 Among the stress-related genes, GADD45 family
members are the sensors that can mediate rapid responses
to a variety of stressors in mammals.3,4 GADD45 gene
family encodes three proteins: GADD45A, GADD45B, and
GADD45G. The GADD45 genes are located on different
chromosomes (chr 1 for GADD45A, chr 19 for GADD45B
and chr 9 for GADD45G), and these cognate proteins are
small (about 18 kDa), highly homologous (55–57% similar-
ity), and localized to both the cell nucleus and cytoplasm.5,6

The GADD45A was identified as a rapidly induced gene
after ultraviolet (UV) exposure of the Chinese hamster
ovary (CHO) cells,7 and then defined as one of the p53
target genes.8 GADD45B was first cloned from myeloid leu-
kemia cell lines in the presence of interleukin-6 (IL-6) treat-
ment, and known as the myeloid differentiation primary
response (MyD) 118.9 Because its structure was similar to
GADD45A, it was named GADD45B. GADD45G, murine
homolog of the human CR6 gene, was originally found as
an IL-2 immediate-early response gene in T-cell.10,11 All
GADD45 proteins are able to interact with each other and
form homo- or hetero-dimers, which are crucial for
GADD45 functions.6,12

GADD45 family proteins are ubiquitously distributed in
mammalian tissues. Each member of GADD45 genes has a
distinctive expression pattern in mouse tissues. For exam-
ple, GADD45A is expressed in skeletal muscle, kidney,
spleen, heart, lung, brain, and liver, but with low levels in
testis; GADD45B is mostly detected in skeletal muscle,
lungs, and liver, but lowly expressed in kidney, spleen,
brain, heart, and testis; GADD45G is highly expressed in
kidney and liver, whereas relative low expression levels
are observed in heart, brain, spleen, lung, and testis.
However, the specific function of these individual members
in physiological and pathological processes is not well
defined.11 In mice, genetic ablation of GADD45A causes
abnormal mitosis, cytokinesis, and growth control, resulting
in genomic instability, increased radiation carcinogenesis,
and low frequency of exencephaly.13 In mice with the
administration of a single dose of TCPOBOP (1,4-bis[2-
(3,5)-dichoropyridyloxy] benzene), GADD45B deficiency
impairs the transcriptional activity of the nuclear receptor
constitutive androstane receptor (CAR), and leads to a
marked delay in the liver growth.14,15 Knockout of
GADD45G does not yield discernible phenotypic change.
There is no evidence that shows that ablation of one of the
members has effect on the expression or activity of other
GADD45 proteins.

The notion that expression of GADD45 proteins usually
causes cell cycle arrest in most types of cells and downre-
gulation of these proteins is often observed in human cancer
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supports that GADD45 proteins have tumor suppressive
function. The mechanisms underlying GADD45-mediated
inhibition of tumor development involve their ability to
interact with MEK kinase 4(MEKK4), CDK1, p21waf, and
PCNA (Figure 1).16–19 The cross-talk among these proteins
ensures a tightly coordinated cellular response. For exam-
ple, GADD45-mediated auto-phosphorylation of MEKK4 is
required for efficient p38/JNK activation and subsequent
p21waf expression,20 which is actually also a key target of
GADD45. Thus, conceivably, the interactions of GADD45
proteins with these critical molecules are the determinants
of cell fate when cells confront with certain stress signals.

GADD45 proteins and cancer
GADD45 expression in cancer

The expression of GADD45 family genes is frequently
downregulated in several types of cancers. Analysis of clin-
ical hepatocellular carcinoma samples indicates that
GADD45B expression is downreguated in 83.35% cases.21

Consistent with this result, aberrant expression of
GADD45A and GADD45G are also observed in breast
cancer.22,23 In addition, GADD45A mRNA level is approxi-
mately 10 times lower in non-small cell lung carcinoma
(NSCLC) compared to normal lung tissues, and this low
intratumoral GADD45A expression is significantly asso-
ciated with a poorer histological grading.24

In recent years, numerous researchers have shown that
the loss of GADD45 expression in cancerous tissues is a
consequence of their promotor hypermethylation. One of
the most detailed studies was conducted on lung cancer,
showing that the methylation frequencies are 1.4%, 7.2%,
and 31.6% for GADD45A, GADD45B, and GADD45G in
NSCLC, respectively.24 In addition, by methylation-specific
PCR (MSP) analysis, GADD45A is hypermethylated in

breast cancer cell lines.22 Compared to GADD45A and
GADD45B, hypermrthylation occurs more frequently in
GADD45G promoter in a variety of cancers. For example,
GADD45G is heavily methylated in multiple cancer cell
lines, including 85% of non-Hodgkin, 50% of Hodgkin
lymphoma, 73% of nasopharyngeal, 50% of cervical, 29%
of esophageal, and 40% of lung carcinoma.23 Consistently,
the frequency of GADD45G methylation is also much
higher in hepatocellular carcinoma, gastric, colorectal, and
pancreatic cancers compared to normal cells.25 In GADD45
family, there is no evidence showing that GADD45B and
GADD45G contain mutations in clinical samples. Based
on DNA sequencing, in resectable invasive ductal carcin-
omas patients, 13.6% of them harbor point mutations in
exon 4 of GADD45A. However, there is no correlation
between the GADD45A mutations and clinicopathological
factors including age, gender, histological grade, clinical
stage, pT, pN, M, and vascular invasion.26 All of the evi-
dences indicate that epigenetic silencing of GADD45 may
be critical in the development of certain types of cancer,
through enhancing the fitness of cancer cells or transformed
cells to stress signals.

Besides the promotor methylation, the silence of
GADD45 family members can be specifically controlled
through A variety of regulators in cancer cells. p53 and
NF-kB are two main regulators that can modify the activa-
tion of GADD45 pathways. In fact, GADD45A gene contains
highly conserved sequences in its promoter region, where
p53 can bind in the cells with the treatment of UV or IR.
Consistent with this observation, co-expression of p53 and
WT1 in breast carcinoma cell lines strongly augments
GADD45A promoter activity.27 p53 mutations, which
occur in 50% of human cancers,28 may be partially respon-
sible for the downregulation of GADD45 expression. The
clinical evidence from 72 pancreatic IDC patient samples,
however, suggested that the expression of GADD45A was
not necessarily correlated with the levels of p53 protein.26

NF-kB can suppress the transcription of GADD45A and
GADD45G via upregulating c-MYC expression.29,30

Functionally, the activation of GADD45A and GADD45G
was shown responsible for the NF-kB attenuation-induced
apoptosis in prostate cancer cell line DU145.30 In addition to
p53, BRCA1, a potential target of cancer therapy, is also a
positive modulator of GADD45a expression.31 All together,
GADD45 functions are reduced in most of the cancers and
deregulation of these regulators of GADD45 expression may
result in increased cell proliferation and tumorigenic
potential.

GADD45 proteins act as tumor suppressor

The properties of cancer cells are characterized by
resistance to apoptosis, unlimited replicative potential,
uncontrolled invasion and metastases, avoidance of onco-
gene-induced senescence, and improved drug resistance.32

Stress signaling impacts almost all of these processes.
GADD45 proteins have generally been considered as
tumor suppressors. Indeed, forced expression of GADD45
proteins inhibits proliferation and induces apoptosis in a

Figure 1 The GADD45 signaling pathway. GADD45 functions in stress

signaling and the modulation of cell proliferation and survival. The interaction of

GADD45 with PCNA regulates DNA replication and repair by stimulating

nucleotide excision repair. GADD45 can induce cell cycle arrest through directly

interacting with cell cycle-related protein CDK1 and p21. Direct phosphorylation

of MEKK4 by GADD45 leads to activation of JNK and p38 kinase, resulting in

cellular apoptosis and senescence, respectively. GADD45g-mediated cellular

senescence may involve the downregulation of JAK/STAT3 pathway and hTERT

inhibition

774 Experimental Biology and Medicine Volume 239 July 2014
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



number of cancer cell lines. In mice, the knockout of
GADD45A alleles enhances tumor initiation.13,33,34

The tumor-suppressive activity of GADD45 proteins is
largely attributed to the hyperactivation of the MAPK
(p38/JNK) signaling that usually yields cytostatic or proa-
poptotic effects. GADD45A deletion promoted both cancer
initiation and progression in Ras-driven mouse mammary
carcinogenesis.33 Similarly, H-Ras overexpression in these
GADD45A�/�mouse embryo fibroblast causes malignant
transformation.35 Notably, the treatment with the inhibitors
of p38 or JNK pathways reveals that the major inhibitory
effect mediated by GADD45A is related to p38 rather
than to JNK activation in Ras-driven transformation.35

Interestingly, the blockage of either the p38 or JNK pathways
can effectively potentiate cell cycle progression in HepG2
liver cancer cells with GADD45 expression,36 suggesting
that the role of JNK activation in GADD45 pathway for the
suppression of cancer cell proliferation is still controversial.

In consistent with the tumor suppressive function of
GADD45 proteins, induction of cell apoptosis by several
mechanistically distinct chemotherapeutics is attributable,
at least in part, to GADD45 activation, suggesting that
pharmacological or genetic activation of GADD45 family
members may provide novel strategies in anti-cancer thera-
peutics. Sorafenib is the first chemotherapeutic drug that
shows survival benefit for patients with advanced hepato-
cellular carcinoma. This multitargeted tyrosine kinase
inhibitor suppresses tumor cell growth inhibition by JNK-
induced apoptosis.37 Disruption of GADD45B or JNK
kinase can limit the pro-apoptotic effects of sorafenib in
Huh7 liver cancer cells.38 In addition to GADD45B, knock-
down of GADD45A abrogates the troglitazone-induced
apoptosis in MCF7 human breast cancer cells.39

Furthermore, GADD45 genes participate in several drugs-
induced apoptosis, including CD437, trichostatin A (TSA),
(-)-xanthatin, docetaxel, and NSAID.40–44

Apart from their intrinsic tumor-suppressive activities in
tumor cells, GADD45 proteins may have regulatory func-
tion in immune surveillance of tumors. IFN-gamma, a cyto-
kine that involves in various immune responses to intrinsic
or extrinsic stimuli, plays a pivotal role in immunosurveil-
lance process of tumor suppression in nude mice.45

Interestingly, GADD45B overexpression in naive CD4þ T
cells selectively increases IFN-gamma production.46

Further study has demonstrated that GADD45G promotes
IFN-gamma expression in MEKK4þ/þ T cells, but not in
MEKK4�/� cells or in cells treated with a p38 inhibitor.47

Most importantly, in mice bearing B16 melanoma,
GADD45B deficiency largely enhances tumor growth com-
pared to GADD45Bþ/� littermate controls, and the
augment is attributable to the reduced expression of IFN-
gamma, granzyme B, and CCR5 in GADD45B�/�CD8þ T
cells at the tumor site.48 All together, in immune system,
disruption of GADD45 proteins in hematopoietic cells
may impair tumor immunosurveillance in hosts.

GADD45A acts as tumor promoter

Besides the antitumor function of GADD45A protein
through the induction of cellular apoptosis or senescence

in cancer cells, GADD45A has been shown to have an
important role in facilitating tumorigenesis in certain can-
cers. A report analyzing invasive ductal carcinomas (IDCs)
of the pancreas samples demonstrates that in patients with
p53(þ) IDC, the GADD45A(þ) group has a significantly
lower survival rate than does the GADD45A(�) group.26

In line with the observation, GADD45A is overexpressed
in pancreatic ductal adenocarcinoma at the mRNA and pro-
tein levels, and disruption of GADD45A expression reduces
proliferation and induces apoptosis in pancreatic cancer
cells.49 Furthermore, GADD45A is commonly upregulated
in Ptch1-associated tumors and Ptch1 null embryos.50 The
most direct evidence for the supportive function of
GADD45A in tumorigenesis is provided by a mouse
model of Myc-driven breast cancer, in which loss of
GADD45A attenuates the onset of mammary tumor forma-
tion. Mechanistically, GADD45A activates b-Catenin-
dependent MMP10 suppression and leads to increased
capillary vascularization in Myc-driven breast tumors.34

Therefore, these results highlight the complex roles of
GADD45A in cancer development and that the nature of
oncogenic signals and the differences in cellular context
may determine the direction of the function of GADD45
proteins.

GADD45-induced cellular senescence
GADD45 and cell arrest

Decades of the research efforts attempting to illustrate the
pathways of anti-tumor therapy have added significant
knowledge to our understanding of the mechanisms of cel-
lular senescence. These process involves several steps
including promoting the DNA damage, generating DNA
repair signal, eliciting permanent cell cycle arrest, and the
final entry of senescence.

Several members of the GADD45 family have been
shown to inhibit cell cycle. In human cells, cellular G2/M
checkpoint is impaired after exposure of UV radiation due
to knockdown endogenous expression of GADD45A,
GADD45B, or GADD45G. Thus, theoretically, the accumu-
lation of the GADD45 proteins should promote the cellular
machinery responsible for DNA repair, resulting in tem-
poral or permanent arrest of cell cycle process. Early evi-
dence shows that microinjecting the expression vector
containing GADD45A into human primary fibroblasts
arrested the cells in G2/M phase.51 Consistent with this
observation, ectopic expression of GADD45 proteins in
ML1 human myeloblstic leukemia and H1299 lung carcin-
oma induces cell cycle arrest in the G1/S phase.52 However,
it has been revealed that GADD45G overexpression in
U2OS and HeLa cancer cells does not trigger apoptosis or
cell arrest under normal culture conditions; instead, after
serum withdrawal, cell cycle arrest at G2/M phase is more
prominent in HeLa cells with GADD45G expression than in
the control cells,3,53,54 suggesting that the ability of
GADD45-induced cell cycle arrest depends on cell types
and the environment of culture.

Mechanistically, the cell arrest action of GADD45 pro-
teins is based on their interaction with a variety of proteins
including CDK1/Cyclin B1 and p21. All three GADD45
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proteins can interact directly with CDK1 and inhibit the
kinase activity of the CDK1/Cyclin B1 complex, resulting
in G2/M cell cycle arrest. GADD45A and GADD45B dis-
sociate the CDK1/Cyclin B1 complex, whereas GADD45G
inhibits the complex without disrupting interaction.17 There
may be a considerable cross-talk among these different
GADD45-interacting proteins. In response to DNA
damage, p21waf interacts with CDK/Cyclin complex and
inhibits the cell cycle checkpoint.55 Compared to CDK/
Cyclin B1, GADD45A, GADD45B, and GADD45G interact
with p21waf and lead to both G1/S and G2/M phase arrest
in mammalian cells.18

GADD45 and cellular senescence

Cellular senescence is a state of irreversible growth arrest in
response to various types of stresses. It has been reported
that somatic cells, even tumor cells, undergo senescence in
response to DNA damage agents, oxidative stress, and
ionizing radiation. Compared to replicative senescence trig-
gered by a cell-intrinsic mechanism, stress-induced senes-
cence occurs rapidly within a few days. In fact, the
overexpression of stress-related protein, such as p38 or its
upstream MEKK6, results in rapid premature senescence in
breast cancer cell lines.56,57 Further strengthening the links
between stress and senescence is the observation that trans-
formed cells such as Sk-Hep1 and HCT116 undergo senes-
cence in response to chemotherapeutic drugs or low dose of
ionizing radiation.58–61 Therefore, the stress-induced pre-
mature senescence, termed as extrinsic mechanism for
inhibition of tumor proliferation, plays an important role
in cancer therapy.

Since GADD45 proteins are present at the core of the
signaling network that governs cell cycle process, manipu-
lation of GADD45 function has become of increasing inter-
est for the induction of cellular senescence. Evidence from
the senescence-accelerated mice (SAMP1) model has
revealed that GADD45B exhibits a higher expression in
the aging articular cartilage of SAMP1 mice compared to
that in control mice.62 GADD45A is also involved in cellular
senescence in response to diverse stresses. p53 preferen-
tially occupies the promoters of growth arrest genes p21
and GADD45A in normal human diploid fibroblasts
undergoing replicative senescence.62 Furthermore, an
increase in GADD45A expression is found in H2O2 stress-
induced senescence.63 In our study, we have demonstrated
that ectopic GADD45G expression can directly induce sen-
escence in HCC Sk-Hep1, SMMC-7721, and Hep3B cells.
Notably, knockdown of GADD45G in Sk-Hep1 tumor cells
by small interfere RNA (siRNA) attenuated MG132-
induced senescence.64 All of these observations suggest
that GADD45 proteins play an important role in cellular
senescence processes.

The details underlying the pro-senescent activities of
GADD45 proteins have not been well defined. p21 accumu-
lation seems to be critically involved in the induction of
cellular senescence. GADD45 proteins can regulate p21
expression at transcriptional level and physically interact
with p21.62 At the same time, the oxidative stress-triggered
senescence process is associated with long-term activation

of p21 through the GADD45-MAPK14 (p38MAPK) -GRB2-
TGFbR2-TGFb signal pathway.65 Interestingly, our results
have demonstrated that GADD45G-induced senescence
process does not require the presence of p53, p16, p21,
and Rb in HCC cells.64 Thus, this finding highlights that,
in addition to classical initiators of cell senescence, other
proteins such as GADD45G may trigger cellular senescence
to inhibit tumor development in an independent manner or
as a complementary mechanism.

STAT3 downregulation in GADD45G-induced
senescence

Compared to the transient activation in somatic cells, aber-
rant constitutive activation of STAT3 is frequently observed
in many human solid and hematological tumors.66 The
abnormality of STAT3 signaling greatly benefits cancer
cells in angiogenesis, proliferation, invasion, and metasta-
sis.67 In both normal and tumor cells, STAT3 regulates the
expression of hTERT, MCL1, and BCL2,68,69 which usually
render to cancer cells the capabilities of evading replicative
senescence or apoptosis. Thus, the inhibition of aberrant
hyperactivated STAT3 activity is believed as a potential
therapeutic strategy for cancer treatment.

Recent work conducted in our laboratory has demon-
strated that the tumor suppressor function of GADD45G is
mainly through negative regulation of JAK/STAT3 signal-
ing and induction a p53/p16/Rb-independent senescence.
Restoration of STAT3 activity by either SHP2 inhibition or
the expression of constitutive activated form of STAT3 effi-
ciently counteracts the GADD45G-induced senescence
(Figure 1).64 In line with our finding, ablation of STAT3 sig-
naling in breast cancer cells induces cellular senescence and
hence promotes antitumor immune response that inhibits
the growth and metastasis of breast cancer.70 Interestingly,
another report shows that STAT3 binds to upstream regula-
tory elements of GADD45G and suppresses its transcrip-
tional activation.71 Therefore, the interaction between
GADD45G and JAK/STAT3 pathway establishes a positive
feedback loop that is likely to be important in regulating cell
fate. Altogether, these findings provide novel insight into
the regulatory complexity of how GADD45G and
JAK/STAT3 signaling pathway cooperate to orchestrate
cell malignant transformation and tumor initiation.

Conclusion

The GADD45 pathways function as a central signaling node
that regulate tumor development. Downregulation of
GADD45 proteins, which occurs frequently in clinical
tumor tissues, may potentiate tumor cell survival by escap-
ing from cellular senescence and apoptosis. Inactivation of
JAK/STAT3 pathway is a critical event in GADD45G-
induced senescence. Pharmacological or genetic activation
of GADD45 function may be considered as a therapeutic
strategy potential for certain types of cancer.
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