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Abstract

Gadd45 genes have been implicated in stress signaling in response to physiological or
environmental stressors, which results in either cell cycle arrest, DNA repair, cell survival and
senescence, or apoptosis. Evidence accumulated implies that Gadd45 proteins function as stress
sensors is mediated by 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. Recently we have taken
advantage of gadd45a and gadd45b deficient mice to determine the role gadd45a and gadd45b
play in the response of bone marrow (BM) cells to genotoxic stress. Myeloid enriched BM cells
from gadd45a and gadd45b deficient mice were observed to be more sensitive to ultraviolet
radiation (UVC), VP-16 and daunorubicin (DNR) induced apoptosis compared to wild-type (wt)
cells. The increased apoptosis in gadd45a and gadd45b deficient cells was evident also by
enhanced activation of caspase-3 and PARP cleavage and decreased expression of clAP-1, Bcl-2,
Bcl-xL compared to wt cells. Reintroduction of gadd45 into gadd45 deficient BM cells restored
the wt apoptotic phenotype. Both gadd45a and gadd45b deficient BM cells also displayed
defective G2/M arrest following exposure to UVC and VVP-16, but not to DNR, indicating the
existence of different G2/M checkpoints that are either dependent or independent of gadd45.
Additional work conducted in this laboratory has shown that in hematopoietic cells exposed to UV
radiation gaddd45a and gadd45b cooperate to promote cell survival via two distinct signaling
pathways involving activation of the Gadd45a-p38-NF-kB mediated survival pathway and
Gadd45b mediated inhibition of the stress response MKK4-JNK pathway (59). These data reveal
novel mechanisms that mediate the pro-survival functions of gadd45a and gadd45b in
hematopoietic cells following UV irradiation. Taken together, these findings identify gadd45a and
gadd45b as anti-apoptotic genes that increase the survival of hematopoietic cells following
exposure to UV radiation and certain anticancer drugs. This knowledge should contribute to a
greater understanding of the genetic events involved in the pathogenesis of different leukaemias
and response of normal and malignant hematopoietic cells to chemo and radiation therapy. These
observations set the stage to evaluate, in clinically relevant settings, the impact that the status of
gadd45a and gadd45b might have on the efficacy of DNR or VP-16 in killing leukemic cells.
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Overview

Gadd45 Functions

The gadd45 family of genes [originally termed gadd45, MyD118, & CR6 and now referred
to as Gadd45a, Gadd45h, & Gadd45g, respectively (1-2)] encodes for small (18kd),
evolutionarily conserved proteins that are highly homologous to each other (55%-57%
overall identity at the amino acid level), are highly acidic, and are primarily, but not
exclusively, localized within the cell nucleus. (1-3).

Gadd45 family members are rapidly induced by genotoxic agents (5-7) as well as by
terminal differentiation and hematopoietic cytokines (3, 8-11). In recent years evidence has
emerged that the proteins encoded by these genes play pivotal roles as stress sensors, either
dependent or independent of p53 (3, 12-16a).

Data accumulated suggests that Gadd45 proteins serve similar, but not identical, functions
along different apoptotic and growth inhibitory pathways. We have observed that only
Gadd45b is induced upon TGF-b1 mediated apoptosis (17); in contrast, only gadd45a is a
p53 target gene (18-20). All three genes are induced with different expression kinetics
during terminal hematopoietic differentiation 3). Distinct expression patterns for these genes
were observed also in a variety of murine tissues (3,9 8). Importantly, individual members of
the Gadd45 family are differentially induced by a variety of genotoxic and environmental
stress agents, indicating that each gene is induced by a distinct subset of environmental and
physiological stresses. To what extent the function of each of Gadd45 proteins is unique or
overlaps with the functions of the other proteins, is still unclear.

Gadd45 proteins have been implicated in cycle arrest (3,5,21-22), DNA repair (11,23-24),
cell survival (24,25-29) and apoptosis (1,30-34)

Cell cycle arrest—In human endothelial & fibroblast cells inhibiting endogenous Gadd45
expression by antisense gadd45 impaired the G2/M checkpoint following exposure to either
UV radiation or MMS (2). In addition, microinjecting a gadd45a expression vector into
primary human fibroblasts arrested the cells at the G2/M boundary of the cell cycle (21).
Given that gadd45a is a transcriptional target to p53 activation, these observations implicate
Gadd45a in p53 mediated G2/M cell cycle arrest in response to certain genotoxic stress
agents (21). The genomic instability observed in gadd45a null mice (22) may reflect
perturbations in G2/M cell cycle progression &/or impaired DNA repair. In another study
(35), ectopic deregulated expression of CR6 (gadd45g) in HelLa cells had little effect on
HeLa cell growth under normal culture conditions; however, following serum withdrawal
the G2/M transition was blocked and resulted in endo-reduplication. In contrast, under
normal culture conditions, ectopic expression of any one of the Gadd45 proteins in USO2
cells resulted in blocking either G1/S or G2/M transitions (35). In this laboratory it was
observed that IPTG-induced ectopic expression of any of the gadd45 genes in p53 null
H1299 retarded cell growth and increased accumulation of cells in the G1 phase of the cell
cycle (36).

Apoptosis—Several observations are consistent with a role for Gadd45 proteins in
programmed cell death. For example, blocking gadd45b expression, by either antisense or
using a KO mouse model, abolished TGF-b induced cell death, thereby implicating gadd45b
as a positive modulator of TGF-b induced apoptosis (17,34). IPTG-inducible ectopic
expression of gadd45b accelerated TGF-b induced apoptosis in M1 cells (9), and
significantly enhanced apoptosis in H1299 lung carcinoma cells (36). Also, BRCA-1
induced gadd45a has been implicated in apoptosis of breast cancer cells (32), whereas
transient ectopic expression of all three Gadd45 proteins has been implicated in apoptosis of
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Hel a cells. Furthermore, gadd45a has been reported to induce cell cycle arrest and apoptosis
in uv-irradiated keratinocytes (30).

Survival—Interestingly, in apparent contradiction to the role Gadd45 proteins play in
apoptosis, other observations suggest that Gadd45 proteins also function in cell survival,
protecting cells from genotoxic stress (27). Using gadd45 KO MEFs (24) and RKO cells
expressing antisense gadd45 RNA in clonogenic survival assays, has shown that deficiency
of gadd45 increases the sensitivity of cells to killing by UV irradiation or cisplatin (25).
Recently, Gadd45b has been suggested to play a role in TNFa-NF-kB mediated cell survival
(26), and to mediate the protective effects of CD40 co-stimulation against Fas-induced
apoptosis (37). The role Gadd45 proteins play in DNA repair (11,23-24) is compatible with
a survival function.

Gadd45 Mode of Action: Interaction with partner proteins

Evidence has been obtained that Gadd45 proteins display a complex array of physical
interactions with other cellular proteins, and these interactions are implicated in cell cycle
regulation and the response of cells to stress.

PCNA—Work conducted in our laboratory and in the laboratory of Dr. Albert Fornace
(Georgetown University) has shown that all three Gadd45 proteins interact with PCNA
(11,23,33), a nuclear protein that plays a central role in DNA repair and replication (38-39 &
therein). It was suggested that interaction of Gadd45a with PCNA is involved in nucleotide
excision repair (NER) of DNA (24). Whether the ability of either Gadd45b or GAdd45g to
interact with PCNA serves a role in DNA repair remains to be explored. Recently, we have
obtained data suggesting that Gadd45a and Gadd45b co-operate in DNA repair (Azam et al.,
unpublished. & 11).

Cdc2/cyclinB1—Gadd45a also interacts with cdc2 (Cdk1), inhibiting of the kinase activity
of the cdc2/cyclinB1 complex (2,40-42) that is known to play a key role in transition of cells
from the G2 to the M phase of the cell cycle (43-44). This interaction has been implicated in
Gadd45a mediated activation of the G2/M checkpoint in response to certain genotoxic stress
agents (21). Recently, we have shown that both Gadd45b and Gadd45g also interact with the
cdc2/cyclinB1 complex and inhibit cdc2 kinase activity following exposure of cell to
genotoxic stress (2).

p21—We have shown that all three Gadd45 proteins interact with the cyclin dependent
kinase inhibitor p21 (11,33), a p53 target gene (45) implicated in G1/S (46-49) and G2/M
(50) cell cycle arrest. The role of Gadd45 protein interactions with p21 is still unclear.

MEKK4/p38/JNK—Gadd45 proteins interact with and activate the stress-responsive
MEKK4/MTK?1 kinase, which is an upstream activator of the p38/JNK MAP kinase
pathways implicated in environmental stress induced responses (9). Evidence has been
obtained that Gadd45 activate p38/JNK signaling and cytokine production in effector T cells
(51-52), whereas Gadd45a activation of p38/IJNK in keratinocytes has been implicated in
apoptosis (30). The role of the interactions of Gadd45 proteins with MEKK4 in activation of
JNK/p38 stress response pathways needs to be established (53-54). We have data indicating
that all three Gadd45 proteins also directly bind to and activate p38 kinase (p38a) (55). The
role of the interactions of Gadd45 proteins with p38 in stress signaling is not clear; it is
possible that it plays an ancillary function to Gadd45 interactions with MEKK4.

Gadd45 homo- and hetero-interactions—Gadd45 proteins are also capable of homo-
& hetero-oligomerization (56), reminiscent of p53 oligomerization. The role played by
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Gadd45 null

Gadd45 homo- and hetero-oligomers in interaction with partner proteins and in mediation of
gadd45 functions has not been established, and is the subject of current investigations in my
and Dr. Albert Fornace's laboratories.

mice

Understanding how gadd45 genes function and interact in normal cells in response to stress
can be accomplished using gene targeting, to first generate mouse strains that are null for
each of these genes, which then can be used to generate strains of mice that are null for two,
and eventually for all 3, family members. Mice that are deficient for gadd45b have been
generated in this laboratory (29), whereas gadd45a null mice have been generated in the
laboratory of Dr. Albert Fornace at the NCI, NIH. (22). Mice null for gadd45g have been
generated recently in collaboration with the Fornace group. Mice null for each gadd45 gene
have been used to generated mice null for any two gadd45 genes. These mice are viable but
have multiple defects in several neuronal and hematopoietic compartments (unpublished).
Mice that are null for all three gadd45 genes are very sick and colonies are difficult to
maintain. Thus, efforts are being made to generate a mouse strain in which deletion of one
of the three Gadd45 genes (gadd45a) can be temporally controlled, using the Cre-loxP
recombination system.

Hematopoietic Cells from Gadd45a and Gadd45b Deficient Mice are
Sensitized to Genotoxic-Stress Induced Apoptosis

Recently we have taken advantage of gadd45a and gadd45b deficient mice to determine the
role gadd45a and gadd45b play in the response of bone marrow (BM) cells to genotoxic
stress. Myeloid enriched BM cells from gadd45a and gadd45b deficient mice were observed
to be more sensitive to ultraviolet radiation (UVC), VP-16 and daunorubicin (DNR) induced
apoptosis compared to wild-type (wt) cells (27).

The increased apoptosis in gadd45a and gadd45b deficient cells was evident also by
enhanced activation of caspase-3 and PARP cleavage and decreased expression of clAP-1,
Bcl-2, Bel-xL compared to wt cells (27).

Reintroduction of gadd45 into gadd45 deficient BM cells restored the wt apoptotic
phenotype (27).

Both gadd45a and gadd45b deficient BM cells also displayed defective G2/M arrest
following exposure to UVC and VP-16, but not to DNR, indicating the existence of different
G2/M checkpoints that are either dependent or independent of gadd45 (27).

Taken together, these findings identify gadd45a and gadd45b as anti-apoptotic genes that
increase the survival of hematopoietic cells following exposure to UV radiation and certain
anticancer drugs.

Our findings are surprising in light of previous data that have identified gadd45 genes as
pro-apoptotic. It was shown that ectopic expression of gadd45a or gadd45b sensitizes H1299
human lung carcinoma cells to apoptosis induced by genotoxic stress (36). Recently, by
taking advantage on the gadd45b-/- mice, it has been documented that gadd45b-/-
hepatocytes are resistant to TGF-b mediated apoptosis (34), which was consistent with our
previous observations (17). Also, using the gadd45a-/-mice, it has been reported that
gadd45a promotes UV induced apoptosis in skin keratinocytes (57). Additional evidence for
a pro-apoptotic function of gadd45a and gadd45g has been documented using either over-
expression of these proteins in prostate and breast cancer cell lines or siRNA-mediated
knockdown that was observed to block IkB mediated apoptosis in these cell lines (58). On
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the other hand, our results are consistent with an earlier report where it was shown that p53
null MEFS that lack gadd45a are sensitized to UV and cisplatin induced cell death (24).
Also, a recent study on B cells showed that gadd45b mediates the protective effects of CD40
co-stimulation against Fas-induced apoptosis (37). Thus, it is possible that the stress
stimulus encountered, the cell type, and interaction with other proteins that modulate gadd45
function, ultimately determine whether the outcome will be DNA repair and cell survival, or
apoptotic cell death. This notion is supported by our observation that the gadd45b-/- BM
cells, though sensitized to genotoxic stress induced apoptosis, are largely resistant to TGF-b
induced apoptosis compared to wt BM cells.

Generation of gadd45a and gadd45b null mice allowed us to address the role of gadd45 in
apoptosis. We showed that induction of an important anti-apoptotic gene, clAP-1 along with
bcl-2 and bel-xL are reduced in both gadd45 null mice. clAP-1 inhibits the active forms of
caspase-3 which are responsible for PARP cleavage. This might explain the increased
sensitivity of gadd45 null BM cells compared to wt cells to genotoxic stress induced
apoptosis. Ongoing studies are targeted at identifying the signaling pathways which gadd45a
and gadd45b utilize to protect hematopoietic cells from UV, VP16 or DNR inflicted
genotoxic stress.

Several earlier studies have demonstrated that gadd45a and gadd45b mediate a G2/M cell
cycle checkpoint in both human and murine cells (21,40). In the present study, cell cycle
analysis of the gadd45a and gadd45b BM null cells in response to various DNA damaging
agents indicated that these cells are deficient in both UV and VP-16 induced G2/M arrest.
This data is consistent with an earlier report showing that anti-sense gadd45a expressing
human colon carcinoma cells are defective in the UV induced G2/M checkpoint (2). In
contrast, when either gadd45a or gadd45b deficient BM cells were treated with DNR they
still retained a functional G2/M checkpoint. Thus, the DNR-mediated G2/M checkpoint
pathway differs from the UV and VVP-16 mediated pathways. Wang et al, reported that
gadd45a deficient cells still retain a functional G2/M checkpoint after IR yet they are
deficient in UV and MMS induced G2/M (2 21,40). These observations are consistent with
the existence of multiple G2/M checkpoints that are stimulus specific, and are either gadd45
dependent or gadd45 independent. Our data suggests that both gadd45a and gadd45b are
required in hematopoietic cells for a normal G2/M checkpoint in response to certain types of
DNA damage. Further studies are needed to decipher the underlying mechanisms.
Nevertheless, it is plausible that the increased apoptotic response triggered by UV or VP-16
in gadd45a and gadd45b deficient BM cells also reflects the failure of these cells to arrest in
G2/M to allow repair of damaged DNA.

Overall, these data identify both gadd45a and gadd45b as pro-survival gene(s), that protect
hematopoietic cells against certain DNA damage agents, and suggest that cells disabled for
either gene may display higher susceptibility to killing by UV and certain anticancer drugs.
Together, these findings demonstrate that loss of either gadd45a or gadd45b function may
have a profound impact on the apoptotic efficacy of certain anti cancer agents. This
knowledge should contribute to a greater understanding of the genetic events involved in the
pathogenesis of different leukaemias and response of normal and malignant hematopoietic
cells to chemo and radiation therapy.
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Gadd45a and Gadd45b Protect Hematopoietic Cells from UV Induced
Apoptosis via Distinct Signaling Pathways Including P38 Activation and
JNK Inhibition

Additional work conducted in this laboratory has shown that in hematopoietic cells exposed
to UV radiation gaddd45a and gadd45b cooperate to promote cell survival via two distinct
signaling pathways involving activation of the Gadd45a-p38-NF-kB mediated survival
pathway and Gadd45b mediated inhibition of the stress response MKK4-JNK pathway (59)
(Figure 1). These data reveal novel mechanisms that mediate the pro-survival functions of
gadd45a and gadd45b in hematopoietic cells following UV irradiation.

Previous evidence has shown that gadd45a mediates activation of p38 by TGFb to promote
hepatocyte cell death (34). Furthermore Gadd45a mediated activation of p38 has been linked
to apoptosis induced by UV in keratinocytes. Our data provides first evidence for crosstalk
between Gadd45a mediated activation of p38 and the NFkb pathway, which is known to
play a major role in cell survival (60-61). Following UV irradiation Gadd45a is essential for
p38 activation. In addition, Gadd45a mediated activation of p38 results in phosphorylation
and degradation of 1kB, which in turn allows nuclear localization of NF-kB and activation of
its target genes. This Gadd45a-p38-NF-kB crosstalk pathway differs from another recently
documented crosstalk between p38 and NF-kB, which had shown that p38 modulates the
transcriptional activity of NF-kB via phosphorylation of RelA (62). Our data regarding a
Gadd45a-p38-NF-kB survival pathway that protects hematopoietic cells from UV induced
apoptosis differ sharply from previous work showing that p38 activation is linked to cell
death in endothelial and epithelial cells (30,32). These data are, however, consistent with
other studies showing that activation of p38 is linked to survival in hematopoietic cells
(64-65).

Our data indicate that Gadd45b mediated inhibition of UV induced JNK activity cooperates
with p38 activation in promoting hematopoietic cell survival. Previously, Gadd45b
induction by NF-kB and subsequent inhibition of JNK activity has been implicated in MEF
survival in response to TNFa (26). In contrast, our studies using Gadd45b-/- MEFs have
shown that Gadd45b deficiency does not prolong JNK activity in response to TNFa (29).
The reason for this discrepancy is not clear. In this work, using BM cells deficient for
Gadd45b, we did obtain data indicating that UV induced Gadd45b blunts JNK activity and,
thereby, promotes hematopoietic cell survival. Our data show that in myeloid cells gadd45b
targets MKK4 rather than MKK7 (59) as the upstream regulator of INK activity. Whereas
prolonged JNK activation has been linked to cell death, it has been suggested that transient
activation of JNK plays a role in cell survival (66). Whether this may be the case in
hematopoietic cells remains to be determined.

In conclusion, we have shown that in hematopoietic cells Gadd45a and Gadd45b co-operate
via utilizing two distinct signaling paths, namely p38 activation and JNK inhibition, to
protect hematopoietic cells from genotoxic stress-induced cell death. Disrupting either
pathway increases the apoptotic response of hematopoietic cells to UV treatment.
Pretreatment of gadd45b-/- BM cells with the p38 inhibitor did not alter the apoptotic
response to UV, although similar treatment of WT BM significantly increased the apoptotic
response. This data suggests that although each pathway is necessary, the protective effects
of the two pathways are not additive. Using mice deficient for both gadd45a and gadd45b,
currently being bred, would further clarify this issue.

Taken together, this data and previous observations where Gadd45 mediated activation of
p38 and JNK has been implicated in cell death, indicate that the nature of the stress stimulus
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encountered, its magnitude, and gadd45 interaction with proteins that modulate its function,
as well as the specific cell type, ultimately determine whether the outcome will be cell cycle
arrest, DNA repair and cell survival, or apoptotic cell death. In this context it will be of
interest to determine the mechanisms involved in protecting hematopoietic cells from VP16
and DNR induced apoptosis on the one hand, and on the other the mechanisms that promote
TGFb induced apoptosis.

Conclusions & Future Prospects

Gadd45 genes have been implicated in stress signaling in response to physiological or
environmental stressors, which results in either cell cycle arrest, DNA repair, cell survival
and senescence, or apoptosis. Evidence accumulated implies that Gadd45 proteins function
as stress sensors is mediated by 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. What deterministic factors dictate whether Gadd45 and partner proteins function in
either cell survival or apoptosis remines to be determined. An attractive working model to
consider is that the extent of cellularyfDNA damage, in a given cell type, dictates the
association of different Gadd45 proteins with particular partner proteins, which determines
the outcome. ongoig research is aimed at testing this conjecture.
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Effect of ultraviolet (UV) light on Gadd45a and Gadd45b (see text for futher explanation).
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