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Gadd45 family genes encode nuclear acidic proteins
composed of Gadd45, MyD118, and CR6. Sequence
analysis showed that Gadd45 family proteins (Gadd45,
MyD118, and CR6) contain LXXLL signature motifs
considered necessary and sufficient for the binding of
several coactivators to nuclear receptors. Interaction
between Gadd45 or CR6 and RXRa was confirmed by a
two-hybrid test in yeast. Results from a series of GST
pulldown assays showed that these Gadd45 family pro-
teins interact with several nuclear hormone receptors
including RXRe, RARa, ERa, PPARa, PPARpB, and
PPARY2 in vitro. Interaction between Gadd45 family
proteins and nuclear hormone receptors resulted in
modest activation of transactivating function of nu-
clear hormone receptors in reporter systems. When
fused to DNA binding domain of GAL4, Gadd45 and
CR6 activated the UAS-mediated transcription in
mammalian cells. These results suggest that Gadd45
family proteins bind to nuclear hormone receptors
and act as nuclear coactivators. © 2000 Academic Press
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ing; coactivator.

Gadd45 gene was initially identified as a gene whose
mRNA is rapidly induced by agents that cause DNA
damage such as UV radiation, MMS and X-ray irradi-
ation (1, 2). Gadd45 was widely studied as a marker for
p53 activation, for appreciable induction of Gadd45 by
X-ray irradiation occurred only in cells having a wild
type p53 phenotype (3—6). Recent evidence showed
that the Gadd45-null mice exhibited several of
the phenotypes characteristic of p53-deficient mice
(7). MyD118, exhibiting a significant homology with
Gadd45, was identified as an immediate early respon-
sive gene induced by IL-6 in the murine myeloid cell
line M1 (8). MyD118 was rapidly induced by TGF-B1
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that induced M1 cells for growth arrest and apoptosis
uncoupled from differentiation (9). Another Gadd45-
like gene, CR6, was originally identified as an imme-
diate early response gene in T cells stimulated by
interleukin-2 (10). Recent study showed that CR6 also
was immediately induced by oncostatin M that is a
member of the IL-6 family cytokines exhibited both
growth stimulatory and growth inhibitory activity de-
pending on the cells (11). Using short term transient
transfection assays, it has been demonstrated that all
three related genes (hereafter called Gadd45 family
genes) suppressed colony formation of human lung car-
cinoma H1299 cells, but their mechanism of action is
uncertain (12).

In an effort to understand the mechanisms of
Gadd45 family genes, several cellular proteins that
physically interacted with them were identified. All
three Gadd45 family proteins interacted with the DNA
replication and repair protein PCNA (11, 13-15) and
the cyclin dependent kinase inhibitor p21"A"™/“"™ (11,
15). Recently Gadd45 were found directly associate
with Cdc2, which played a central role with cyclin B1
as a complex in progression from G2 to M phase (16).
The interaction with these cell cycle regulatory pro-
teins implicated that Gadd45 family proteins might
play important role(s) in nucleotide excision repair, G1
arrest and G2 arrest in response to DNA damage (17).
Takekawa and Saito (18) recently discovered that
Gadd45 family proteins also associated with MTK1,
which in turn activated both p38 and JNK pathway
leading to apoptosis in response to environmental
stresses. Although potential roles of Gadd45 family
proteins have been illustrated based on the function of
their associated proteins, none of their biological sig-
nificance is so clear yet. At the present time the in-
volvement of Gadd45 in nucleotide excision repair and
P38 and JNK mediated-apoptosis pathway is still in
controversy among research groups (13, 18-22).

The nuclear receptor (NR) superfamily is a group of
ligand dependent transcription factors characterized
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by an impressive functional diversity by controlling
gene networks (23). The ligands for NRs contribute to
vertebrate development and homeostasis by serving as
biological signals to control cell growth and differenti-
ation. Upon binding ligand, NRs act as dimeric tran-
scription factors to activate or repress expression of
nuclear target genes by binding to specific DNA se-
quences termed hormone response elements (24). Re-
sults from studying to define the mechanism by specific
modulation of target gene expression achieved by NRs
indicate that there might be factors common to differ-
ent NRs required for efficient transcriptional activa-
tion. Subsequent works have let to the identification of
several coactivators such as steroid receptor coactiva-
tor-1 (SRC-1) (25), p300/CBP/co-integrator-associated
protein (p/CIP) (26), and transcription intermediate
factor-2 (TIF2) (27). These coactivators enhance levels
of NR-mediated transactivation several fold (28) and
display a broad specificity across the NR superfamily.

In this study we demonstrated that all Gadd45 fam-
ily proteins bound to several nuclear hormone recep-
tors including RXRa, RAR«, ERa, PPAR«a, PPARB and
PPAR~2 using yeast two hybrid system and GST pull-
down assay. In addition to that, each of Gadd45 family
genes was found to contain LXXLL-like motifs and a
transcription modulation activity for nuclear hormone
receptors that are common features of many known
coactivators.

MATERIALS AND METHODS

Construction of plasmid DNAs. All plasmid DNAs were gener-
ated using standard cloning procedures and verified by restriction
enzyme analysis and DNA sequencing (Bionex, Seoul, Korea). For an
expression in yeast, pDBD-Gadd45 and pDBD-CR6 was constructed
by inserting PCR-amplified human CR6 cDNA or human Gadd45
cDNA, digested with EcoRI and Xhol from pHul45B2 (obtained from
Fornace, A. J., Jr.), into EcoRI/Xhol sites of pAS2-1 (Clontech),
respectively. Human RXRa cDNA (aa 44-462), digested with Xmal
and EcoRI from pBS-RXRa, were also cloned into Xmal/EcoRI sites
of pACT2 (Clontech) and named pAD-RXRa.

For expression of GST-fusion proteins, human Gadd45 cDNA (aa
5-159) was cloned into EcoRI/Xhol sites of pGEX-4T1 (Amersham
Pharmacia Biotech). PCR amplified mouse MyD118 and human CR6
cDNAs cloned into EcoRI/Xhol sites of pGEX-4T3 and pGEX-4T1,
respectively.

For mammalian expression, pFlag-Gadd45 and -CR6 plasmid
DNAs were cloned by insertion of each cDNA into EcoRI1/Xhol sites of
pCMV-Tag2 (Stratagene). The pCMV-RXRa was constructed by in-
sertion of PCR-amplified human RXRa cDNA in the pcDNAS3 (In-
vitrogen). The PPAR expression vectors, pmyc-PPARa and pmyc-
PPAR~2, were constructed by inserting each cDNA (from B. M.
Spiegelman) into pCMV-Tag3 vectors. pPPRE-tk-Luc was con-
structed as described previously (29). Plasmids pFA2-Gadd45 and
pFA2-CR6 were constructed by inserting these cDNAs into pFA2
vector (Stratagene) which containing the GAL4 DNA binding domain
fusion. pFR-Luc, containing 5 copies of upstream activating sequence
(UAS), was purchased from Stratagene.

For in vitro translation, PCR-amplified human RXRa, RAR« and
ERa cDNA, were cloned into pBluescript vector (Stratagene) and
named pBS-RXRa, pBS-RAR« and pBS-ERq, respectively. The plas-
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mids containing mouse PPAR«, PPARRB, and PPARYy2 cDNAs were
obtained from B. M. Spiegelman.

Yeast two-hybrid assay. To access protein-protein interaction,
plasmid constructs containing DBD-fusion and AD-fusion were co-
transformed in yeast Y190 strain. Yeast transformants were plated
on selection medium lacking leucine and tryptophan and replicated
on an appropriate selection medium.

GST pulldown assay. Bacterially expressed GST-fusion proteins
were purified as described previously (30). Coupled in vitro
transcription/translation was done by TnT rabbit reticulocyte system
(Promega) to produce [**S]-labeled nuclear hormone receptors. GST
pulldown assay was done as follow. Two micrograms of GST-fusion
proteins were incubated with 10 wul of glutathione-agarose resin
(Sigma) at room temperature for 30 min. After incubation, 5 ul of in
vitro translated [*S]-labeled nuclear hormone receptors, diluted in
300 pl of Buffer B (20 mM HEPES (pH 7.9), 50 mM NaCl, 1 mM
MgCl,, 17% glycerol, and 2 mM DTT) containing 1% NP-40, was
added to the reactions. The reaction mixtures were incubated for
additional 2 h at room temperature with rotation in the presence or
absence of appropriate ligand. After brief centrifugation, beads were
washed by three times with buffer B containing 1% NP-40 and the
samples were subjected to SDS-PAGE, dried and scanned by Molec-
ular Imager FX system (Bio-Rad) or exposed to X-ray film (Eastman
Kodak).

Cell culture and transfection. NIH/3T3 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies,
Inc.) supplemented with 10% fetal bovine serum (FBS), 100 unit/ml
penicillin, and 100 ug/ml streptomycin (Life Technologies, Inc.). For
transient transfection assays, NIH/3T3 cells (~60,000 cells/well)
grown in 24-well plates were transfected with the appropriate ex-
pression plasmids with reporter plasmid (100 ng) using Lipo-
fectamine Plus (Gibco-BRL). Total amount of plasmid DNAs was
adjusted to 0.4 pg per well with carrier DNA (pCMV-Tag2A). Lucif-
erase assay was determined as manufacturer’s instruction (Pro-
mega) with a Lumat LB9507 luminometer (EG&G Berthold). The
luciferase activities were normalized to the protein concentration
measured by Bio-Rad protein assay kit (Bio-Rad).

RESULTS AND DISCUSSION
Gadd45 Family Proteins Contain LXXLL Motifs

Ever since the nucleotide and deduced amino acid
sequence of Gadd45 were first published (3) a few mo-
tifs biologically significant were reported. A recent
cloning of the third Gadd45 family gene, CR6, and its
sequence comparisons with Gadd45 and MyD118 en-
abled us to explore potential motifs in their amino acid
sequences (11, 16, 18). An interesting feature con-
tained within the sequences of Gadd45 family proteins
is the presence of the three repeated LXXLL (L,
leucine; X, any amino acid)-like motifs. Gadd45 and
CR6 have one and MyD118 has two complete LXXLL
motifs located in the specific regions of the aligned
sequences as shown in Fig. 1A. The coactivators such
as SRC-1, p/CIP, CBP, and TIF2 and many other fac-
tors capable of interacting with nuclear hormone re-
ceptors, share a common motif containing a core con-
sensus sequence LXXLL (31). Because the short
sequence motif LXXLL, present in these coactivators,
is necessary and sufficient to mediate the binding of
these proteins to nuclear hormone receptors, it is very
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FIG. 1.

Interaction between Gadd45 family protein and nuclear hormone receptors. (A) LXXLL motifs in the Gadd45-like proteins. Amino

acid sequence alignment of Gadd45-like proteins shows that there are three repeats of LXXLL-like motifs. Boxed regions indicate the
LXXLL-like motifs. Bold sequences indicate complete LXXLL motifs. Sequence alignment was done by DNAsis Ver 2.1. (B) Interaction
between Gadd45 or CR6 proteins and RXRa in yeast. Yeast transformants containing AD-RXRa and DBD-Gadd45 or DBD-CR6 only can
survive in the selection medium containing 35 mM of 3-AT and 1 uM of 9-cis-RA. To reduce the individual variation, independent six
transformants were streaked on selection medium without leucine, tryptophan, and histidine. (C) Control GST protein alone or Gadd45
family proteins fused to GST were immobilized on glutathione agarose beads and incubated with different in vitro translated [**S]methionine-
labeled nuclear receptors and appropriate ligands or vehicle (DMSO). For RXRa, 9-cis-RA (Sigma) was used at 1 uM; for RARq, all-trans-RA
(Sigma) was used at 1 uM; for ERa, 17-B-estradiol (Sigma) was used at 1 uM; for PPARa and PPARB WY 14643 (Biomol) was used at 1 uM;

and for PPARy2 BRL49653 (GlaxoWellcome) was used at 1 uM.

plausible that Gadd45-like proteins bind to and act as
coactivators of nuclear hormone receptors.

Gadd45 Family Proteins Interact with Nuclear
Receptors

In order to verify Gadd45 family genes also associate
with nuclear receptors in vivo, yeast two-hybrid tests
were carried out. Either human pDBD-Gadd45 or
pDBD-CR6 was co-transformed with pAD-RXRa into
yeast Y190 strain. As expected, yeast transformants
containing both GAL4 DBD-fusion and GAL4 AD-
fusion vectors could grow on selection medium lacking
with leucine and tryptophan (data not shown). To re-
duce the individual variation, independent six trans-
formants were stricked on selection medium lacking
with leucine, tryptophan, and histidine. Selection me-
dium also contained 35 mM of 3-amino-1,2,4-triazole
(3-AT) to eliminate the basal transcriptional activities
of DBD-Gadd45 and DBD-CR6, and 1 uM of 9-cis-
retinoic acid (9-cis-RA) as ligand for RXRa. Growth of
yeast on this selection medium indicated that Gadd45

and CR6 specifically interact with RXRa in yeast
(Fig. 1B).

A series of GST pulldown assays was carried out to
confirm the interaction between Gadd45 family pro-
teins and many other nuclear hormone receptors. Bac-
terially expressed GST-Gadd45, -MyD118 and -CR6
proteins were immobilized on glutathione-agarose
beads and incubated with [*S]methionine-labeled, in
vitro translated nuclear hormone receptors. As shown
in Fig. 1C, RXRa associates with each GST-Gadd45
family proteins but fails to bind to the control GST
protein. This interaction is a ligand-independent man-
ner, in that addition of 9-cis-retinoic acid (RA) at 1 uM
does not significantly alter this binding. RAR«, ERq,
PPARa, PPARRB, and PPAR~Y2 also bind specifically to
Gadd45 family proteins in the similar manner. To ac-
cess the functionality of GST-fusion proteins, GST pull-
down assays were also carried out with [*S]methio-
nine-labeled, in vitro translated PCNA and p21. As
previously described (11, 13-15), in vitro translated
PCNA and p21 can bind to bacterially expressed GST-
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FI1G. 2. Effects of Gadd45 family proteins on the nuclear hormone receptor-mediated transactivations. (A) NIH/3T3 cells were transfected with
pCMV-RXRa and pSV-PPAR~Y2 expression vector and increasing amount of CR6 expression vector (pFlag-CR6) along with a reporter gene
PPRE-tk-Luc, as indicated. Relative luciferase activities from triplicated samples are presented. Open bars indicate no ligand added. Black bars
indicate the presence of 1 uM 9-cis-RA. (B and C) CR6 coactivates PPARa and PPARYy2. NIH/3T3 cells were cotransfected with pFlag-CR6 and
pmyc-PPARa or pmyc-PPARYy2 in the presence or absence of 0.1 uM of WY14643 or BRL49653, respectively. (D) Coactivation of RXRa
transcriptional activity by Gadd45. NIH/3T3 cells were cotransfected with pFlag-Gadd45, pCMV-RXRa and pSV-PPARY2 in the presence or
absence of 1 uM of 9-cis-RA. Ligands were treated 24 h after transfection for another 24 h. The data shown indicate the mean =+ SD of triplicates.

Gadd45, -MyD118 and -CR6. In vitro translated lucif-
erase protein were used as a negative control and
found not to bind GST or GST-Gadd45 family proteins
in vitro (data not shown).

Gadd45 Family Proteins Activates the
Transactivation Function of Nuclear Receptors

To assess the functional consequences of these inter-
action, we utilized the luciferase reporter systems in
combination with RXRa and PPARa or PPARYy2 ex-
pression vectors. The presence of CR6 alone does not
induce transcriptional activity of PPRE-tk-Luc vector
(Fig. 2A). However, co-transfection of NIH/3T3 cells
with CR6 in combination with RXRa moderately acti-
vated the reporter gene expression in the absence of
ligands in dose-dependent manner (Fig. 2A). In the
presence of ligand (1 uM of 9-cis-RA), CR6 still en-
hanced the expression of the reporter gene up to about
4-fold. CR6 protein also activated the PPARa- and
PPAR~y2-mediated transcription about 2 to 3-fold re-
spectively (Fig. 2B and 2C). This activation by CR6 is
also in dose-dependent manner (data not shown).
Gadd45 also activates the RXRa activity as similar
manner (Fig. 2D). Like many other coactivators, max-
imal transactivation by Gadd45 or CR6 was observed
when appropriate ligands added to the reactions.

Although hormone binding had little or no effect on
NR-Gadd45 family protein interactions in vitro, opti-

mal transcriptional response in transient transfection
assay was seen when appropriate ligands were added.
Similarly, ligand-independent bindings of PGC-1 to
NRs (32), CBP to androgen receptor (33), and activat-
ing signal cointegrator 1 (ASC-1) to NRs (34) were
reported. One of the plausible explanations is simulta-
neous, ligand-dependent docking of another coactiva-
tors, such as SRC-1, CBP, or others. It is possible that
the binding conditions used for GST pulldown assays
do not mimic the in vivo conditions that may be re-
quired for ligand-mediated effects of other coactivators.
Another possibility is that ligand-dependent competi-
tive binding between Gadd45 family proteins and other
coactivators. As recently reported, although ASC-1
bound to NRs in a ligand-independent manner in vitro,
the interaction between ASC-1 and thyroid hormone
receptor was in a ligand-dependent manner when
SMRT was added in the in vitro binding reactions (34).
This implicated the complexity of mechanisms in inter-
action between coactivators and NRs.

Gadd45 Family Proteins Contain Intrinsic
Transcriptional Activity

To define the mechanism by which Gadd45 and CR6
act as coactivators, we sought to determine the exis-
tence of their intrinsic functions of transcriptional ac-
tivation. The determination of this property is essen-
tial for the characterization of a coactivator. For
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FIG. 3. Gadd45 and CR6 have autonomous transcriptional acti-
vation functions. NIH/3T3 cells were transfected with pFA2-Gadd45
or -CR6 proteins in the absence or presence of pPCMV-RXRa as
indicated. Transcription was assayed with pFR-Luc containing five
copies of the UAS linked to luciferase. Ligand for RXRa (9-cis-RA)
was treated 24 h after transfection for 4 h. The data shown indicate
the mean = SD of triplicates.

example, SRC-1 contains the intrinsic transcriptional
activity, while PCAF does not (35). To determine
whether Gadd45 and CR6 protein contain this prop-
erty, each gene was fused to the DNA binding domain
of GAL4 DNA binding domain and transfected into the
NIH/3T3 cells with pFR-Luc reporter plasmid. The in-
trinsic transcriptional activity by GAL4-Gadd45 or
CR6 was found and their induction folds were about 7
or 10 fold, respectively (Fig. 3). Transcriptional activa-
tion function of coactivators activates target gene ex-
pression through either disruption of the nucleosome
structure or by modulating the preinitiation complex
(36-38), resulting in an increased rate of transcription.
Recently, it has been reported that Gadd45 directly
associated with mononucleosomes that have been al-
tered by histone acetylation or UV radiation and this
interaction resulted in modification of DNA accessibil-
ity to cellular proteins (39). Since one of major role of
coactivator is enhancing the accessibility of other tran-
scription factor to DNA, these results suggest that
Gadd45 family proteins might play as transcriptional
coactivators.

Synergism between GAL4-Gadd45 Family
Proteins and RXRa«a

To investigate the effect of nuclear hormone recep-
tors on GAL4-Gadd45 family protein-mediated trans-
activation, NIH/3T3 cells were transiently cotrans-
fected with pFR-Luc reporter construct, pPCMV-RXRa,
and pFA2-Gadd45 or pFA2-CR6. RXRa enhanced
GAL4-Gadd45 family proteins-mediated transactiva-
tion about 10 to 25-fold, but had no effect on the GAL4
DNA binding domain alone (Fig. 3). Although these
conditions were not physiological with respect to the
way in which Gadd45 family proteins and RXRa are
normally anchored to the promoter, the data neverthe-
less indicate that tethering Gadd45 family proteins to
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the DNA is sufficient for synergism via protein-protein
interaction.

In conclusion, we have demonstrated that Gadd45
family proteins are coactivators for nuclear hormone
receptors via direct interaction and enhancement of
RXR or PPAR-mediated transcription activity. The
demonstration of this function has been achieved using
transiently transfected reporter constructs. It would
perhaps be more pertinent to examine the effect of
Gadd45 family proteins using natural hormone respon-
sive promoters, in their normal chromosomal context to
truly assess its significance. However, it is clear that
Gadd45s family proteins, in our system, appear to be as
important as other coactivators are. And thus it is
worthy of further investigation into their mechanism of
action(s) as coactivators.

REFERENCES

1. Fornace, A. J., Jr., Alamo, I. A., and Hollander, M. C. (1988) DNA
damage-inducible transcripts in mammalian cells. Proc. Natl.
Acad. Sci. USA 85, 8800—-8804.

2. Fornace, A. J., Jr., Nebert, D. W., Hollander, M. C., Luethy, J. D.,
Papathanasiou, M., Fargnoli, J., and Holbrook, N. J. (1989)
Mammalian genes coordinately regulated by growth arrest sig-
nals and DNA-damaging agents. Mol. Cell. Biol. 9, 4196—-4203.

3. Papathanasiou, M. A., Kerr, N. C., Robbins, J. H., McBride,
O. W., Alamo, I. J., Barrett, S. F., Hickson, I. D., and Fornace,
A. J., Jr. (1991) Induction by ionizing radiation of the gadd45
gene in cultured human cells: Lack of mediation by protein
kinase C. Mol. Cell. Biol. 11, 1009-1016.

4. Kastan, M. B., Zhan, Q., El-Deiry, W. S., Carrier, F., Jacks, T.,
Walsh, W. V., Plunkett, B. S., Vogelstein, B., and Fornace, A. J.,
Jr. (1992) A mammalian cell cycle checkpoint pathway utilizing
p53 and GADDA45 is defective in ataxia-telangiectasia. Cell 71,
587-597.

5. Bae, I, Fan, S., Bhatia, K., Kohn, K. W., Fornace, A. J., Jr., and
O’Connor, P. M. (1995) Relationships between G1 arrest and
stability of the p53 and p21Cip1/Wafl proteins following gamma-
irradiation of human lymphoma cells. Cancer Res. 55, 2387—
2393.

6. Bae, I., Smith, M. L., Sheikh, M. S., Zhan, Q., Scudiero, D. A.,
Friend, S. H., O'Connor, P. M., and Fornace, A. J., Jr. (1996) An
abnormality in the p53 pathway following gamma-irradiation in
many wild-type p53 human melanoma lines. Cancer Res. 56,
840-847.

7. Hollander, M. C., Sheikh, S., Bulavin, D. V., Lundgren, K.,
Augeri-Henmueller, L., Shehee, R., Molinaro, T. A., Kim, K. E.,
Tolosa, E., Ashwell, J. D., Rosenberg, M. P., Zhan, Q., Fernan-
dez-Salguero, P. M., Morgan, W. F., Deng, C.-X., and Fornace,
A. J., Jr. (1999) Genomic instability in Gadd45a-deficient mice.
Nat. Genet. 23, 176-184.

8. Abdollahi, A., Lord, K. A, Hoffman-Liebermann, B., and Lieber-
mann, D. A. (1991) Sequence and expression of a cDNA encoding
MyD118: A novel myeloid differentiation primary response gene
induced by multiple cytokines. Oncogene 6, 165-167.

9. Selvakumaran, M., Lin, H. K., Tjin Tham Sjin, R., Reed, J.,
Liebermann, D. A., and Hoffman, B. (1994) The novel primary
response gene MyD118 and the proto-oncogenes myb, myc, and
bcl-2 modulate transforming growth factor beta 1-induced apop-
tosis of myeloid leukemia cells. Mol. Cell. Biol. 14, 2352—-2360.

10. Beadling, C., Johnson, K. W., and Smith, K. A. (1993) Proc. Natl.
Acad. Sci. USA 90, 2719-2723.

197



Vol. 272, No. 1, 2000

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Nakayama, K., Hara, T., Hibi, M., Hirano, T., and Miyajima, A.
(1999) J. Biol. Chem. 274, 24766-24772.

Zhang, W., Bae, I., Krishnaraju, K., Azam, N., Fan, W., Smith,
K., Hoffman, B., and Liebermann, D. A. (1999) CR6: A third
member in the MyD118 and Gadd45 gene family which functions
in negative growth control. Oncogene 18, 4899—-4907.

Smith, M. L., Chen, I.-T., Zhan, Q., Bae, I., Chen, C. Y., Gilmer,
T. M., Kastan, M. B., O'Connor, P. M., and Fornace, A. J., Jr.
(1994) Interaction of the p53-regulated protein Gadd45 with
proliferating cell nuclear antigen. Science 266, 1376—1379.
Hall, P. A., Kearsey, J. M., Coates, P. J., Norman, D. G., War-
brick, E., and Cox, L. S. (1995) Oncogene 10, 2427-2433.
Vairapandi, M., Balliet, A. G., Hoffman, B., and Liebermann,
D. A. (1996) The differentiation primary response gene MyD118,
related to GADDA45, encodes for a nuclear protein which inter-
acts with PCNA and p21WAF1/CIP1. Oncogene 12, 2579-2594.
Zhan, Q., Antinore, M. J., Wang, X. W., Carrier, F., Smith, M. L.,
Harris, C. C., and Fornace, A. J., Jr. (1999) Association with
Cdc2 and inhibition of Cdc2/Cyclin B1 kinase activity by the
p53-regulated protein Gadd45. Oncogene 18, 2829-2900.
Liebermann, D. A., and Hoffman, B. (1998) MyD genes in nega-
tive growth control. Oncogene 17, 3319-3329.

Takekawa, M., and Saito, H. (1998) A family of stress-inducible
GADDA45-like proteins mediate activation of the stress-
responsive MTK1/MEKK4 MAPKKK. Cell 95, 521-530.
Kazantsev, A., and Sancar, A. (1995) Does the p53 up-regulated
Gadd45 protein have a role in excision repair? Science 270,
1003-1004.

Kearsey, J. M., Shivji, M. K., Hall, P. A., and Wood, R. D. (1995)
Does the p53 up-regulated Gadd45 protein have a role in exci-
sion repair? Science 270, 1004-1005.

Shaulian, E., and Karin, M. (1999) Stress-induced JNK activa-
tion is independent of Gadd45 induction. J. Biol. Chem. 274,
29595-29598.

Wang, X., Gorospe, M., and Holbrook, N. J. (1999) gadd45 is not
required for activation of c-Jun N-terminal kinase or p38 during
acute stress. J. Biol. Chem. 274, 29599-29602.

Ribeiro, R. C., Kushner, P. J., and Baxter, J. D. (1995) The
nuclear hormone receptor gene superfamily. Annu. Rev. Med. 46,
443—-453.

Umesono, K., Murakami, K. K., Thompson, C. C., and Evans,
R. M. (1991) Direct repeats as selective response elements for the
thyroid hormone, retinoic acid, and vitamin D3 receptors. Cell
65, 1255-1266.

Onate, S. A, Tsai, S. Y., Tsai, M. J., and O’'Malley, B. M. (1995)
Sequence and characterization of a coactivator for the steroid
hormone receptor superfamily. Science 270, 1354-1357.
Torchia, J., Rose, D. W., Inostroza, J., Kamei, Y., Westin, S.,
Glass, C. K., and Rosenfeld, M. G. (1997) The transcriptional
co-activator p/CIP binds CBP and mediates nuclear-receptor
function. Nature 387, 677—684.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

198

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Voegel, J. J., Heine, M. J. S., Zechel, C., Chambon, P., and
Gronemeyer, H. (1996) TIF2, a 160 kDa transcriptional mediator
for the ligand-dependent activation function AF-2 of nuclear
receptors. EMBO J. 15, 3667-3675.

Shibata, H., Spencer, T. E., Onate, S. A., Jenster, G., Tsai, S. Y.,
Tsai, M. J., and O'Malley, B. W. (1997) Role of co-activators and
co-repressors in the mechanism of steroid/thyroid receptor ac-
tion. Recent Prog. Horm. Res. 52, 141-164.

Forman, B. M., Tontonoz, P., Chen, J., Brun, R. P., Spiegelman,
B. M., and Evans, R. M. (1995). 15-Deoxy-delta 12, 14-prosta-
glandin J2 is a ligand for the adipocyte determination factor
PPAR gamma. Cell 83, 803-812.

Smith, D. B., and Johnson, K. S. (1988). Single-step purification
of polypeptides expressed in Escherichia coli as fusions with
glutathione S-transferase. Gene 67, 31-40.

Heery, D. M., Kalkhoven, E., Hoare, S., and Parker, M. G. (1997)
A signature motif in transcriptional co-activators mediates bind-
ing to nuclear receptors. Nature 387, 733-736.

Puigserver, P., Wu, Z., Park, C. W., Graves, R., Wright, M.,
and Spiegelman, B. M. (1998) A cold-inducible coactivator of
nuclear receptors linked to adaptive thermogenesis. Cell 92,
829-839.

Frognsdal, K., Engedal, N., Slagsvold, T., and Saatcioglu, F.
(1998) CREB binding protein is a coactivator for the androgen
receptor and mediates cross-talk with AP-1. J. Biol. Chem. 273,
31853-31859.

Kim, H.-J., Yi, J.-Y., Sung, H.-S., Moore, D. D., Jhun, B. H., Lee,
Y. C., and Lee, J. W. (1999) Activating signal cointegrator 1, a
novel transcription coactivator of nuclear receptors, and its cy-
tosolic localization under conditions of serum deprivation. Mol.
Cell. Biol. 19, 6323-6332.

Onate, S. A., Boonyaratanakornkit, V., Spencer, T. E., Tsai,
S. Y., Tsai, M.-J., Edward, D. P., and O’'Malley, B. W. (1998) The
steroid receptor coactivator-1 contains multiple receptor inter-
acting and activation domains that cooperatively enhance the
activation function 1 (AF1) and AF2 domains of steroid recep-
tors. J. Biol. Chem. 273, 12101-12108.

Lill, N. L., Grossman, S. R., Ginsberg, D., DeCaprio, J., and
Livinston, D. M. (1997) Binding and modulation of p53 by p300/
CBP coactivators. Nature 387, 823-827.

Wolffe, A. P., and Pruss, D. (1996) Targeting chromatin disrup-
tion: Transcription regulators that acetylate histones. Cell 84,
817-8109.

Pazin, M. J., and Kadonaga, J. T. (1997) What's up and down
with histone deacetylation and transcription? Cell 89, 325-328.
Carrier, F., Georgel, P. T., Pourquier, P., Blake, M., Kontny,
H. U., Antinore, M. J., Gariboldi, M., Myers, T. G., Weinstein,
J. N., Pommier, Y., and Fornace, A. J., Jr. (1999) Gadd45, a
p53-responsive stress protein, modifies DNA accessibility on
damaged chromatin. Mol. Cell Biol. 19, 1673-1685.



	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1
	FIG. 2
	FIG. 3

	REFERENCES

