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Summary
Gadd45 genes have been implicated in stress signaling responses to various physiological or
environmental stressors, resulting in cell cycle arrest, DNA repair, cell survival and senescence, or
apoptosis. Evidence accumulated up to date suggests that Gadd45 proteins function as stress sensors,
mediating their activity through a complex interplay of physical interactions with other cellular
proteins that are implicated in cell cycle regulation and the response of cells to stress. These include
PCNA, p21, cdc2/cyclinB1, and the p38 and JNK stress response kinases. Disregulated expression
of Gadd45 has been observed in multiple types of solid tumors as well as in hematopoietic
malignancies. Also, evidence has accumulated that Gadd45 proteins are intrinsically associated with
the response of tumor cells to a variety of cancer therapeutic agents. Thus, Gadd45 proteins may
represent a novel class of targets for therapeutic intervention in cancer. Additional research is needed
to better understand which of the Gadd45 stress response functions may be targeted for
chemotherapeutic drug design in cancer therapy.
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I. Gadd45 in cellular stress responses
Gadd45 genes were cloned in this laboratory (Abdollahi et al, 1990; Zhang et al, 1999), in the
laboratory of Dr. Smith (Beadling et al, 1993) and in the Fornace laboratoy at the NIH (Fornace
1992). Gadd45, MyD118, and CR6 (currently termed Gadd45a, Gadd45b, & Gadd45g,
respectively) are referred to as Gadd45 proteins, gadd45 genes or Gadd45 family members.
These small (18kd), evolutionarily conserved proteins are highly homologous to each other
(55%-57% overall identity at the amino acid level), highly acidic (pI=4.0-4.2) (Figure 1), and
are localized primarily within the cell nucleus (Abdollahi et al, 1990; Zhang et al, 1999;
Vairapandi et al, 2002).

Gadd45 family members are rapidly induced by genotoxic stress agents (Papathanasiou et al,
1989; Fornace et al, 1991; Vairapandi et al, 2002), as well as by terminal differentiation and
apoptotic cytokines (Abdollahi et al, 1990; Zhan et al, 1994; Zhang et al, 1999; Zhang 2000).
Emerging evidence indicates that the proteins encoded by these genes play pivotal roles as
stress sensors that modulate and integrate the response of mammalian cells to a variety of
environmental and physiological stressors (Fornace, 1992; Fornace et al, 1992; Liebermann
and and Hoffman 1998; Zhang et al, 1999) either dependent or independent of p53 (Carrier et
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al, 1995; Liebermann and Hoffman 1995; Zhan et al, 1996). They also function to modulate
tumor formation in response to oncogenic stress (Tront et al, 2006). Gadd45 proteins appear
to serve similar, but not identical, functions depending upon the particular stress response
pathway activated. For example, only Gadd45b is induced by TGFb (Selvakumaran et al,
1994a; Yoo et al, 2003), whereas only Gadd45a is a p53 target (Kastan et al, 1992;
Selvakumaran et al, 1994b; Guillouf et al, 1995). All three genes are induced with different
expression kinetics during terminal hematopoietic differentiation, associated with growth
arrest and apoptosis (Zhang et al, 1999). Distinct expression patterns for these genes were also
observed in a variety of murine tissues (Zhang et al, 1999; Zhang 2000).

Importantly, individual members of the Gadd45 family are differentially induced by a variety
of genotoxic and environmental stress agents (Takekawa et al, 1998; Shaulian and Karin
1999; Wang et al, 1999; Zhang et al, 1999, 2001; Zhang 2000), indicating that each gene is
induced by a distinct subset of environmental stresses. To what extent the function of each of
the Gadd45 proteins is unique or overlaps with the function of the remaining family member
proteins remains to be determined.

As detailed below, Gadd45 genes have been implicated in the control of cell cycle arrest
(Beadling et al, 1993; Liebermann and Hoffman 1998; Wang et al, 1999; Zhang et al, 1999;
Vairapandi et al, 2002), DNA repair (Vairapandi et al, 1992; Smith et al, 1994, 2000), cell
survival (Smith et al, 1996, 2000; De Smaele et al, 2001; Amanullah et al, 2003; Gupta et al,
2005, 2006), apoptosis (Selvakumaran et al, 1994a; Takekawa et al, 1998; Vairapandi et al,
2000; Azam et al, 2001; Zhang et al, 2001; Yoo et al, 2003), senescence (Tront et al, 2006),
and susceptibility of cells for transformation in vitro and in tumor development in vivo
(Hollander et al, 1999; Tront et al, 2006).

II. Mode of action of Gadd45 proteins
Evidence accumulated in recent years implies that Gadd45 proteins function as stress sensors,
mediating their activity via a complex interplay of physical interactions with other cellular
proteins. These interactions have been shown to regulate cell cycle control, DNA repair,
epigenetic changes, apoptosis, survival and senescence (Figure 2).

A. Cell cycle control
Inhibiting endogenous expression of Gadd45a, Gadd45b, or Gadd45g in human cells by
antisense Gadd45 constructs was found to impair the G2/M checkpoint following exposure to
UV radiation or MMS (Liebermann and Hoffman 1998; Wang et al, 1999; Vairapandi et al,
2002). In addition, microinjecting a Gadd45a expression vector into primary human fibroblasts
arrested the cells at the G2/M boundary of the cell cycle (Wang et al, 1999). In another study
(Fan et al, 1999), deregulated ectopic expression of CR6 (Gadd45g) in HeLa cells had little
effect on HeLa cell growth under normal culture conditions. However, following serum
withdrawal Gadd45g blocked HeLa cell G2/M transition and caused endoreduplication. In
contrast, under normal culture conditions in USO2 cells, ectopic expression of any one of the
Gadd45 proteins resulted in blocking either G1/S or G2/M transitions (Fan et al, 1999). In this
laboratory it was observed that IPTG-induced ectopic expression of Gadd45a, Gadd45b, or
Gadd45g in both H1299 and M1 cells, in the absence of genotoxic stress, retarded cell growth
and increased accumulation of cells in the G1 phase of the cell cycle (Zhang et al, 2001).

G2/M cell cycle arrest mediated by Gadd45 proteins was shown to be due to their ability to
interact with and inhibit the kinase activity of the cdc2/cyclinB1 complex (Zhan et al 1999;
Vairapandi et al. 2002). Association of either Gadd45a or Gadd45b proteins with cdc2/
cyclinB1 results in dissociation of the cdc2/cyclinB1 complex that, in turn, inhibits cdc2 kinase
activity (Vairapandi et al, 2002). Their ability to arrest cells in G1 is less well understood. It
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is possible that interaction of Gadd45 proteins with p21 plays a role in G1 cell cycle arrest. As
such, all 3 family members have been observed to interact with p21 (Zhang et al, 1993; Xiong
etal, 1993; El-Deiry Et al, 1993), but the role for this interaction remains to be further
elucidated.

B. DNA repair
Current evidence suggests that Gadd45a and Gadd45b function in DNA excision repair through
their interactions with PCNA (Vairapandi et al. 1992; Smith et al, 1994, 2000). As such,
experimental data obtained shows that interaction of either Gadd45a or Gadd45b with PCNA
participates in nucleotide excision DNA repair (Vairapandi et al. 1992; Smith et al, 1994,
2000). Whether Gadd45g plays a role in DNA repair has not been established.

C. Demethylation dependent epigenetic gene activation
A recent study documented that Gadd45a promotes epigenetic gene activation by repair-
mediated DNA demethylation (Barreto et al, 2007). Additionally, it has been shown that TAF12
recruits Gadd45a and the nucleotide excision repair complex to the promoter of rRNA genes,
leading to active DNA demethylation (Schmitz et al, 2009). However, we have recently shown
conserved DNA methylation in Gadd45a −/− mice, suggesting that Gadd45a promotion of
epigenetic gene activation by repair-mediated DNA demethylation is not global (Engel et al,
2009). Other investigators have recently demonstrated that DNA demethylation in zebrafish
involves the coupling of a deaminase, a glycosylase, and Gadd45b (Rai et al, 2008).
Furthermore, transient activation of mature dentate granule cells has been observed to induce
Gadd45b through an NMDAR-Ca2+-CaM kinase pathway. Gadd45b was shown to be a key
factor in an epigenetic regulation path that actively demethylate specific CpG sites in regulatory
regions of genes, resulting in increased late-phase expression in mature neurons. Release of
these extrinsic factors from mature neurons in turn promotes several key aspects of adult
neurogenesis (Ma et al, 2009). Gadd45 interactions with PCNA and/or histones (Carrier et al,
1999) may play a role in this function.

D. Apoptosis
Ample evidence exists that Gadd45 proteins have a pro-apoptotic function. For example, it
was observed that blocking MyD118 (Gadd45b) by antisense expression in M1 myeloblastic
leukemia cells impaired TGFb-induced cell death, thereby implicating Gadd45b as a positive
modulator of TGFb-induced apoptosis (Selvakumaran et al, 1994a). Consistent with this
notion, IPTG-inducible ectopic expression of Gadd45b accelerated TGFb-induced apoptosis
in M1 cells (Zhang, 2000). More recently, it was demonstrated that TGFb-induced apoptosis
is mediated by Gadd45b via p38 activation in primary hepatocytes from wild type mice, and
was blocked in hepatocytes from Gadd45b−/− mice (Yoo et al, 2003). Furthermore, ectopic
expression of all three Gadd45 proteins was shown to induce apoptosis in HeLa cells
(Takekawa et al, 1998). This induction of apoptosis was shown to be dependent upon the
interaction of Gadd45 proteins with MEKK4, an upstream activator of the stress induced p38/
JNK kinases (Takekawa et al, 1998). That Gadd45 proteins can directly interact with and
activate p38 kinase was observed as well (Bulavin et al, 2003). In addition, ectopic expression
of all three Gadd45 proteins was shown to induce apoptosis in HeLa cells (Takekawa et al,
1998) as well as enhance stress mediated apoptosis in both M1 leukemia and H1299 lung
carcinoma cells (Vairapandi et al, 2000; Azam et al, 2001; Zhang et al, 2001). Also, BRCA-1-
mediated induction of gadd45a has been implicated in apoptosis of breast cancer cells (Harkin
et al, 1999), whereas Gadd45g expression was shown to have a role in neuronal cell death
(Kojima et al, 1999). Lastly, gadd45a has also been implicated in apoptosis of UV-irradiated
keratinocytes (Hildesheim et al, 2002).
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E. Survival
Intriguingly, in apparent contradiction to the role Gadd45 proteins play in cell death, many
observations are consistent with a role in cell survival. Clonogenic survival assays with
gadd45a−/− MEFs (Smith et al, 2000) and RKO cells expressing antisense Gadd45a RNA
(Smith et al, 1996) showed that deficiency in Gadd45a increases the sensitivity of cells to
killing by UV irradiation or cisplatin. It has been suggested that Gadd45b plays a role in
TNFα NFϰB mediated cell survival of mouse embryo fibroblasts (De Smaele et al, 2001),
although additiona data has challenged this view (Amanullah, et al, 2003). In addition, it was
recently documented that Gadd45a and Gadd45b deficiency each sensitized hematopoietic
cells to genotoxic stress induced apoptosis (Gupta et al, 2005). It was shown that in
hematopoietic cells exposed to UV radiation, Gaddd45a and Gadd45b cooperate to promote
cell survival by two distinct signaling pathways involving activation of a novel Gadd45a
mediated p38-NF-ϰB-mediated survival pathway and Gadd4545b-mediated inhibition of the
stress response MKK4-JNK pathway (Gupta et al, 2006). The role Gadd45 proteins play in
DNA repair and cell cycle arrest is compatible with a survival function. Consistent with the
idea that interaction of Gadd45 proteins with PCNA may promote cell survival by enhancing
DNA repair, it was observed that Gadd45/PCNA interaction impedes their apoptotic function
(Vairapandi et al, 2000; Azam et al, 2001).

F. Senescence
Senescence represents a physiological stress response associated with cellular aging. When
primary mammalian cells are cultured in vitro they undergo a limited number of cell divisions
and then arrest in a state known as replicative senescence. Such cells are irreversibly arrested
in the G1 phase of the cell cycle and are no longer sensitive to growth factor stimulation
(Drayton et al, 2002; Lundberg et al, 2000 & references therein). Senescence is a barrier that
cells must overcome in order to become immortal and proliferate indefinitely, and, therefore,
functions as a tumor-suppressing mechanism that limits the proliferative capacity of cells in
vivo (Drayton et al, 2002; Lundberg et al, 2000). Recent data has shown that cellular senescence
is in fact a physiological mechanism that constrains tumor development in vivo (Lundberg et
al, 2000; Drayton et al, 2002). The signaling pathways that mediate replicative or oncogene
induced senescence are not fully understood. In Mouse Embryo Fibroblasts (MEFs),
p19ARF, which is encoded by a partially overlapping alternative reading frame at the
p16INK4A locus, has been implicated as a major mediator of replicative senescence. p19ARF

binds directly to and sequesters MDM2, thereby inhibiting the ability of MDM2 to induce
degradation of the p53 tumor suppressor protein (Lundberg et al, 2000). This loss of MDM2
function, in turn, results in the stabilization of p53 and activation of p53-mediated growth
arrest, believed to play a major role in the irreversible growth arrest associated with the
senescent phenotype. The integrity of both the p16INK4A/pRB and p19ARF/p53 pathways is
essential for oncogene-induced senescence (Drayton et al, 2002). Studies with MEFs deficient
for one or more Gadd45 genes, notably Gadd45a, have provided evidence that Gadd45 genes
play important roles in both replicative and oncogene mediated senescence (Hollander et al,
1999; Bulavin et al, 2003). The molecular nature of stress response pathways involving Gadd45
and its interacting proteins in MEF senescence, and whether there is crosstalk with the
p16INK4A/pRB and p19ARF/p53 pathways remains to be determined.

III. Gadd45 as sensors of oncogenic stress which modulate tumor
development

The complex role of stress sensors in monitoring oncogenic stress ultimately leading to tumor
development is not fully understood. The best and most studied example of oncogenic stress
in tumorigenesis is p53 and its varied cellular functions. Recent observations have implicated
Gadd45 proteins as important sensors of oncogenic stress, both in vitro and in vivo.
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It is known that whereas primary mouse cells require introduction of two activated oncogenes
for transformation, disruption of certain key growth control genes allows single oncogene
transformation (Lundberg et al, 2000; Drayton et al, 2002). It was shown that for MEFs
obtained from Gadd45a−/− mice, H-ras was sufficient for transformation (Hollander et al,
1999; Bulavin et al, 2003). The role Gadd45b and/or Gadd45g play in susceptibility of MEFs
to single oncogene transformation remains to be assessed.

Evidence was obtained that Gadd45 proteins also play a role in modulation of tumor
development in vivo. Gadd45a−/− and Gadd45b−/− mice were observed to display increased
mutation frequency, and susceptibility to ionizing radiation (IR) and chemical carcinogenesis
(Hollander et al, 1999). Also, it has been documented that NF-ϰB-mediated repression of
Gadd45a and Gadd45g is essential for cancer cell survival (Zerbini and Liebermann, 2005).
More recently, evidence was obtained that loss of Gadd45a accelerates ras-driven mammary
tumor formation. Ras-driven tumor formation in the absence of Gadd45a resulted in both a
decrease in apoptosis, linked to a decrease in JNK activation, and a decrease in senescence,
correlated with a decrease in p38 kinase activation (Tront et al, 2006). Altogether, these results
provide a novel model for the tumor suppressive function of Gadd45a in the context of ras-
driven breast carcinogenesis; Gadd45a elicits its function through activation of the stress
induced JNK & p38 kinases, which contribute to increased apoptosis and ras-induced
senescence. How loss of Gadd45a may effect breast carcinogensis driven by other oncogenes,
and how loss of other Gadd45 genes may contribute to breast carcinogenesis are interesting
questions to be addressed in future studies.

V. GADD45 disregulation in cancer
Although members of the Gadd45 family seem infrequently mutated in cancer based on current
knowledge, reduced expression of the three Gadd45 family members due to promoter
methylation has been observed in several types of human cancers.

The Gadd45a promoter is methylated in the majority of breast cancers, resulting in reduced
expression when compared with normal breast epithelium (Zerbini and Lbermann, 2005). In
pituitary adenomas, silencing of the Gadd45c gene is seen in 67% of patients. This
downregulation is primarily associated with methylation of the Gadd45g gene and reversal of
this epigenetic change results in re-expression of the protein (Bahar et al, 2004). Gadd45g is
also down- regulated in anaplastic thyroid cancer and in 65% of hepatocellular carcinomas due
to hypermethylation of the Gadd45g promoter (Sun et al, 2003). Interestingly, the Gadd45b
gene is methylated and silenced in hepatocellular carcinoma as well, indicating a strong linkage
between at least two Gadd45 genes and liver cancer.

Ying and colleagues analyzed the methylation status of two regions in the Gadd45g promoter
in a total of 75 cell lines as well as primary tissues and tumors (Ying et al, 2005). They show
that promoter hypermethylation is frequently detected in tumors 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 but not in immortalized normal epithelial cell lines,
normal tissues, or peripheral blood mononuclear cells. To gain more insight into the Gadd45g
methylation, they also did high-resolution bisulfite genomic sequencing. They found that
densely methylated CpG sites were detected in all silenced cell lines, indicating that epigenetic
silencing of Gadd45g could be involved in the pathogenesis of tumors.

Other observations showing that activated NF-ϰB leads to repression of GADD45a and
GADD45g in various types of cancer (Zerbini and Libermann, 2005) together with the frequent
constitutive activation of NF-ϰB in cancers suggest that there are at least two mechanisms
whereby Gadd45 genes become repressed in cancer. Thus, repression of Gadd45 gene
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expression in various types of cancer via methylation or NF-kB activation may be two different
methods through which Gadd45 deregulated expression may lead to tumorigenesis. Because
activation of NF-ϰB is a critical step for many cells in escaping programmed cell death and is
dependent on Gadd45a and Gadd45g repression, methylation of the Gadd45g gene as reported
by Ying et al, may result in a similar phenotype.

Moreover, very recently, a methylation-mediated repression of Gadd45a was observed in
prostate cancer. The role of Gadd45a as a potential therapeutic target has been highlighted by
the fact that it is up-regulated on docetaxel treatment and may contribute to docetaxel-mediated
cytotoxicity of prostate cancer cells (Ramachandran et al, 2009).

Interestingly, Gadd45a mutations have been documented in pancreatic cancer. One study has
shown that gadd45a expression is elevated in several pancreatic ductal adenocarinoma cell
lines, and loss of Gadd45a expression limits growth and survival of one cell line in culture
(Schneider et al, 2006). In another study, it was observed that ectopic expression of Gadd45a
in the PANC1 pancreatic cancer cell line resulted in apoptosis and cell cycle arrest (Li et al,
2009). These two studies suggest contradictory roles of gadd45a in pancreatic tumor cell
growth and survival. In our lab, we have observed that inhibition of endogenous gadd45a
expression in the PANC1 cell line by shRNA limits cell number, due to cell cycle arrest &/or
apoptosis (Figure 3). As such, further investigation is needed to better define a role for Gadd45a
and other family members in pancreatic cancer development.

A small study in Japan attempted to correlate expression of Gadd45a and p53 inactivation in
human pancreatic cancer (Yamasawa et al, 2002). This was important since gadd45a is a p53
target gene, although it has been shown by this lab as well as by others to also be expressed
independently of p53. Interestingly, elevated Gadd45a expression levels were reported in 54%
of human pancreatic ductal carcinomas and the frequency of point mutations was found to be
almost 14% (Yamaguchi et al, 2002). Moreover, over-expression of Gadd45a protein, along
with possible p53 loss of function, significantly contributed to poor prognosis, compared with
patients with undetectable Gadd45a expression levels (Yamasawa et al, 2002). In resectable
invasive pancreatic ductal carcinomas, Gadd45a is frequently mutated, and this mutation
combined with the p53 status affects the survival of these patients (Yamasawa et al, 2002).

In order to further understand pancreatic cancer initiation and progression in vivo, several
mouse models of this disease have been established. Hingorani et al developed the mouse model
KrasG12D;Pdx1-cre, where endogenous expression of KrasG12D was directed to progenitor
cells of the mouse pancreas (Hingorani et al, 2003). In addition, a second mouse model
(KrasG12D;P53R172HPdx1-cre) in which both k-ras is activated and p53 inactivated
recapitulates human disease in vivo. Immunohistochemistry of tumors was performed from
each of the two mouse pancreatic cancer models. Gadd45a expression is upregulated in the
tumor microenvironment when compared to normal pancreatic tissue (Figure 4). This
upregulation, however, is p53 dependent, as tumors with inactive p53 do not express this
protein (Figure 4).

These observations on primary mouse tumors appear contradictory to results obtained in cell
lines, where elevated Gadd45a can promote tumor survival and growth and yet loss of Gadd45a
expression in the mouse model is associated with the more aggressive tumor state
(KrasG12D;P53R172HPdx1-cre). However, it is known that the biological effects of Gadd45a
are dependent upon the cellular context within which it is expressed. Since the genetic
background of the pancreatic tumor cell lines is not known, varies from one line to another, as
well as from one laboratory to the next, our studies will focus on the complementary approaches
of animal models and human tumors to elucidate the role of Gadd45a in pancreatic ductal
adenocarcinoma (PDA).
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Finally, a recent study has documented Gadd45 downregulation in AML (Perugini et al,
2009). Furthermore we have observed that Gadd45a and Gadd45b function as suppressor of
BCR-ABL driven leukemogenesis in a mouse model, using adaptive transplantation of BCR-
ABL transduced wt and Gadd45 knockout hematopoietic cells into irradiated mice (Xiojen
Sha, unpublished). In combination, these observations suggest a role for Gadd45 disregulation
in hematopoietic malignancies.

VI. Prospects of targeting Gadd45 proteins in cancer therapy
To conclude, Gadd45 proteins play important roles in modulating diverse molecular pathways
of stress signaling in response to a wide variety of extrinsic and physiological stress agents.
Disregulated expression of Gadd45 expression has been observed in multiple types of solid
tumors as well as in hematopoietic malignancies. These observations, in conjunction with the
fact that Gadd45 proteins are intrinsically associated with tumor cell response to a variety of
cancer therapeutic agents imply that Gadd45 proteins may serve as a novel class of targets for
therapeutic intervention of cancer. Additional research is needed to pinpoint which of the
Gadd45 stress response functions may be best suited for the target of cancer therapeutics.
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Figure 1. Homology of Gadd45a family of proteins
Alignment of amino acid sequence of the various gadd45a family members including murine
MyD118 (Gadd45b), murine Gadd45 (Gadd45a) and murine CR6 (Gadd45g). Boxes reveal
conserved amino acid residues.
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Figure 2. Gadd45 function in stress signaling
Summary of the various functions of Gadd45 family members affecting cellular processes such
as cell cycle arrest, DNA repair, survival, apoptosis, senescence as well as epigenetic gene
activation.
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Figure 3. Gadd45a knock-down decreases tumor cell proliferation
PANC1 pancreatic adenocarcinoma tumor cells were transfected with shRNA vectors specific
for Gadd45a (Open Biosystems). shRNA vectors 1 and 3 significantly decreased Gadd45a
protein expression levels (data not shown). Proliferation was significantly decreased in
Gadd45a knock-down PANC1 tumor cells as compared to no treatment or scrambed shRNA
(−) controls. MTS assays were performed according to manufacturer's instructions (Promega).
Bars-SD.
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Figure 4. Gadd45a immunohistochemistry of normal and diseased pancreas
Paraffin-embedded tissue sections were stained according to manufacturer's instructions (Santa
Cruz Biotechnology). Anti-Gadd45a antibody was utilized at a 1:50 dilution followed by
appropriate biotinylated secondary antibody (1:200). Top left panel: Tissue section obtained
from pancreatic tumor mouse model initiated by loss of p53 as well as activation of k-ras. Top
right panel: Tissue section obtained from pancreatic tumor mouse model initiated by activation
of k-ras. Bottom panel Normal pancreatic tissue. Tissue sections were kindly provided by Dr.
Sunil Hingorani, Fred Hutchinson Cancer Research Center.
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