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FIGURE 6. IKK-«e increases p73a stability. A, the ectopic expression of IKK-a increases the stability of p73, but not of p53, COS-7 cells were transiently
cotransfected with the indicated combinations of expression plasmids. Whole cell lysates and total RNA were prepared and subjected to immunoblotting (/8)
{(upper panels) or RT-PCR (lower panels), respectively. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, IKK-g8 does not affect the stability of p73. COS-7
cells were transiently cotransfected with the indicated combinations of expression plasmids, Whole cell fysates were subjected to immunoblotting with the
indicated antibodies. C, the reduction of endogenous IKK-a results in the attenuation of the CDDP-mediated accumulation of p73a. U20S cells were transiently
transfected with the expression plasmid for siRNA against IKK-« (silKK-a) or with the scrambled control. Forty-eight hours after transfection, whole cell lysates
were analyzed by immunobiotting with anti-{KK-« antibody. Upper panels, actin fevels were used to monitor loading. Lower panels, U205 cells were transiently
transfected with the expression plasmid as in the upper panels. Twenty-four hours after transfection, cells were exposed to CDDP (at afinal concentration of 20
um) for 36 h or left untreated. Equal amounts of whole cell lysates were subjected to immunoprecipitation with anti-p73 antibody, followed b)( immunoblotting
with anti-p73 antibody. Actin was included as a loading control. D, the CDDP-mediated accumulation of p73a is not detectable in IKK-a™/~ MEFs. Wild-type
(WT) and IKK-a =/~ MEFs were treated with or without CDDP (at a final concentration of 20 um) for 24 h, Equal amounts of whole cell lysates were subjected to
immunoprecipitation (/Py with anti-p73 antibody, followed by 1mmunoblottmg with anti-p73 antibody. Left panels, actin was included as a loading control.
Right panel, shown are the results of MTT assay. Wild-type and [KK-a ™/~ MEFs were treated with CDDP (at a final concentration of 20 um). At the indicated time
periods after CODP treatment; their viability was examined by MTT assay. KO, knock-out.
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FIGURE 7. IKK-a increases the half-life of p73 . A and 8, IKK-« or the FLAG-IKK-g expression plasmid, respectively, was transiently transfected into COS-7 cells
with the expression plasmid for HA-p73a for 24 h. Cells were treated with cycloheximide (CHX) and harvested at the indicated time periods, followed by
immunoblotting (/B) with anti-p73 antibody. The intensity of the bands was quantified by densitometry, and the HA-p73a remaining is indicated graphically.
C, [KK-a inhibits the ubliquitination of p73. COS-7 cells were transiently cotransfected with the indicated combinations of expression plasmids and treated with
MG132. Ubiquitinated products were recovered on nickel-agarose beads and separated by SDS-PAGE, followed by immunoblotting with anti-HA antibody. The
brackets indicate slowly migrating ubiquitinated (Ub) forms of HA-p73a.
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markedly inhibited the CDDP-mediated accumulation of p73a.
To further confirm the effects of endogenous IKK-a, wild-type
and IKK-a~'~ MEFs were treated with or without CDDP for
24-h, and whole cell lysates were immunoprecipitated with anti-
p73 antibody. As expected, CDDP-mediated accumulation of
endogenous p73a was detected in wild-type, but not IKK-a™/~,
MEFs, and CDDP sensitivity was decreased in IKK-a~/~ MEFs
compared with wild-type MEFs (Fig. 6D).

To explore whether IKK-a can modulate p73 turnover, we
examined the decay rate of p73« in COS-7 cells: Twenty-four
hours after transfection, cells were treated with cycloheximide.
At the indicated time points, whole cell lysates were prepared
and subjected to immunoblotting with anti-p73 antibody. As
shown in Fig. 74, the degradation rate of HA-p73« was slower
in cells expressing both HA-p73« and IKK-« than that in cells
expressing HA-p73a alone. In contrast, the half-life of
HA-p73a was not prolonged in the presence of FLAG-IKK-$
(Fig. 7B). An IKK-a-mediated increase in the half-life of endog-
enous p73a was also observed. Thus, IKK-a-mediated p73a
stabilization resulted from the increase in the half-life of p73c.
As described previously (43), the steady-state level of p73 is
regulated at least in part by the protein degradation process
through the ubiquitin/proteasome pathway. We then deter-
mined whether IKK-« can inhibit the ubiquitination of p73. To
this end, COS-7 cells were transiently cotransfected with the
expression plasmids for HA-p73a and His-ubiquitin with or
without increasing amounts of the expression plasmid for
IKK-a or FLAG-IKK-B. Forty-eight hours after transfection,
whole cell lysates were prepared and analyzed by immunoblot-
ting for the presence of His-ubiquitin-containing p73a. As
shown in Fig. 7C, the amounts of the ubiquitinated forms of
p73a were decreased in the presence of IKK-a, whereas FLAG-
IKK-B inhibited the ubiquitination of p73« to a lesser degree.
Taken together, these results strongly suggest that IKK-«
inhibits the ubiquitination of p73«, thereby increasing the sta-
bility of p73a.

IKK-o Enhances p73-mediated Transactivation and Pro-ap-
optotic Functions in p53-deficient H1299 Cells—To address the
functional implications of the interaction between IKK-:« and
p73, we first examined the effects of IKK-a on p73-mediated
transcriptional activation. To this end, we cotransfected p53-
deficient H1299 cells with the HA-p73a expression plasmid
and the luciferase reporter construct under the control of the
p21¥AFL bax, or MDM?2 promoter with or without increasing
amounts of the expression plasmid encoding IKK-a.: As shown
in Fig. 84, ectopically expressed p73a successfully activated the
transcription: of each. of these p53/p73-responsive reporters
compared with the empty control plasmids, and IKK-« alone
had: little effect on luciferase activity. When HA-p73a was

Functional Interaction between IKK and p73

coexpressed with IKK-c, a marked increase in p73a-dependent
transcriptional activation was observed in a dose-dependent
manner. IKK-« also enhanced p738-mediated transcriptional
activation (data not shown). In contrast, there was no detecta-
ble IKK-a-induced increase in p53-dependent reporter gene
activity (Fig. 8B). To examine the specificity of the IKK-a-me-
diated activation of p73-dependent transcription, we investi-
gated whether IKK-B can enhance p73 transcriptional activity
for the p53/p73-responsive promoters. As shown in Fig. 8C, no
significant changes in p73a-dependent transcriptional activa-
tion were found with FLAG-IKK-B. In addition, the ectopic
expression of IKK-o had no detectable effects on luciferase
activity in p73-deficient neuroblastoma SK-N-AS cells bearing
a mutant form of p53 (15, 44). Furthermore, the exogenous
expression of IKK-a in H1299 cells resulted in a significant
up-regulation of the p73a-mediated induction of endogenous
p21WAF! (Fig, 8D). To address whether the amounts of p73a
associated with the p53/p73-responsive promoter can be
increased in the presence of exogenous IKI(-&, H1299 cells
were transiently cotransfected with the expression plasmid for
HA-p73a with or without the FLAG-IKK-« expression plasmid
and subjected to chromatin immunoprecipitation analysis. As
shown in Fig. 8E, the IKK-a-inducible association of p73a with
the bax promoter was detected. Taken together, these results
strongly suggest that IKK-a« specifically enhances the transcrip-
tional activity of p73.

We next investigated the potential impact of IKK-« on p73-
dependent biological functions such as the regulation of apo-
ptosis. H1299 cells were transiently cotransfected with a con-
stant amount of HA-p73a and B-galactosidase expression
plasmids with or without increasing amounts of the expression
plasmid for IKK-a or FLAG-IKK-B. The pB-galactosidase
expression plasmid was used to identify the transfected cells.
Forty-eight hours after transfection, cells were subjected to
double staining with trypan blue (nonviable cells) and Red-Gal
(transfected cells), and the number of cells with purple colora-
tion was scored as described previously (11). As shown in Fig. 9
(A and B), the coexpression of IKK-a with HA-p73a resulted in
anincrease in the numberof apoptotic cells compared with the
expression of HA-p73« alone: In contrast, the coexpression of
FLAG-IKK- had no significant effect on p73a-dependent apo-
ptosis (Fig. 9C). These data are consistent with the positive
effect of IKK-a on p73-dependent transcriptional activation.

Kinase-deficient Mutant IKK-a Fails to Stabilize p73—To
examine whether the intrinsic kinase activity of IKK-« is
required for the stabilization of p73, we generated a mutant
form of IKK-a (IKK:a(K44A)) in which Lys** within the ATP-
binding motif was replaced with Ala. As described previously
(45), mutation of this site impairs the kinase activity of IKK-a.

FIGURE 8.IKK-a enhances the transcriptional activity of p73a. A and B, p53-deficient H1299 cells were transiently cotransfected with the expression plasmid
for HA-p73a or p53, respectively, with the indicated p53/p73 luciferase reporter construct in the presence or absence of the IKK-« expression plasmid, followed
by reporter assay. C, IKK- does not affect p73-mediated transcriptional activation. H1299 cells were transiently cotransfected with the expression plasmid
encoding HA-p73a and the indicated reporter constructs with or without the IKK-B expression plasmid, followed by reporter assay. D, shown are the results
from analysis of endogenous p21YAF', H1299 cells were transiently cotransfected with the indicated expression plasmids. Whole cell lysates were subjected to
immunoblotting (/8) with the indicated antibodies. E, IKK-a increases the amount of p73a associated with the human bax promoter. H1299 cells were
transiently cotransfected with the indicated combinations of expression plasmids. Forty-eight hours after transfection, celis were cross-linked with 1%
formaldehyde and subjected to chromatin immunoprecipitation assays, followed by PCR analysis as described under “Experimental Procedures” (upper

panels). Immunoblotting of the indicated proteins is also shown {Jower panels).
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FIGURE 9.1KK-a enhances the pro-apoptotic function of p73a. A and B, H1299 cells were transiently cotransfected with the expression plasmids for HA-p73 e
and B-galactosidase with or without IKK-a.. Control transfection was performed with the empty plasmid plus the g-galactosidase expression plasmid. Forty-
eight hours after transfection, cells were double-stained with trypan biue (blue) and Red-Gal (red) (A), and the number of transfected cells (positive for
B-galactosidase) and transfected apaptotic cells (dark pink-purple) in at least three different fields (=300 transfected cells) was measured. The percentage of
transfected apoptotic cells is indicated {B). C, H1299 cells were transiently cotransfected with the indicated combinations of expression plasmids plus the
B-galactosidase expression plasmid and processed for double staining as described above. The percentage of transfected apoptotic cells is indicated.

Immunoprecipitation - analysis -indicated - that IKK-a(K44A)
retained the ability to form a complex with p73« in cells (Fig,
104). In sharp contrast to wild-type IKK-a, the coexpression of
FLAG-IKK-a(K44A) had little or no effect on the intracellular
level of exogenously expressed HA-p73« (Fig. 10B). To exam-
ine the effect of kinase-deficient IKK-a on-endogenous p73,
U20S cells were transiently transfected with the empty plasmid
or the FLAG-IKK-a(K44A) expression: plasmid ‘and: then
exposed to CDDP for 24 h'or left untreated. Whole cell lysates
and total RNA were prepared and subjected to immunoblotting
and RT-PCR, respectively. As shown: in Fig. 10C, the CDDP-
mediated- stabilization of-eéndogenous. p73a was. markedly
inhibited: in: U20S: cells “transfected with: the FLAG-IKK-
a{K44A) expression plasmid; whereas FLAG-IKK-a(K44A)
had no significant effect on the amount of endogenous p53. In
good agreement with the observations above, CDDP-induced
apoptosis was significantly inhibited in the presence of FLAG-
IKK-a(K44A) (Fig. 10D). Similar results were also obtained in
H1299 cells (Fig. 10, E and F). Thus, the kinase activity of IKK-a
appears to be required for the stabilization of p73 in response to
CDDP-induced DNA damage.

IKK-o: Has the Ability to- Phosphorylate p73—To address
whether IKK-« can’ phosphorylate p73, we performed an in
vitro kinase assay. GST alone or the indicated GST-p73 deletion
miutants (Fig: 11) were incubated with the active form of IKK-c
in the presence of [y->?P]JATP. After incubation, the reaction
mixture was separated by SDS-PAGE, followed by autoradiog-
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raphy. As shown in Fig. 11, GST-p73-(1- 62) was phosphoryla-
ted by IKK-q, suggesting that the N-terminal region of p73 is
phosphorylated by the active form of IKK-a.

DISCUSSION

Until recently, the IKK complex has been thought to partic-
ipate in' the cytoplasmic signaling: pathway that activates
NE-kB. However, this viewpoint has been challenged with
the: findings of the nuclear accumulation and function of
IKK-« in response to cytokine exposure (33, 34). According
to the previous results, nuclear IKK-« contributes to the
induction of NF-kB-dependent gene expression through his-
tone H3 phosphorylation. In this'study, we found that CDDP
treatment (DNA cross-linking) leads to a remarkable accu-
mulation of IKK- « in the cell nucleus. We also demonstrated
that IKK-a directly binds to the sequence-specific DNA-bind-
ing domain:of p73a and has positive effects on its stability as
well as pro-apoptotic function. The CDDP-induced stabiliza-
tion of p73a was dependent on IKK-« as examined by siRNA-
mediated knockdown and using IKK-a~/~ MEFs. In addition,
chromatin immunoprecipitation assays showed that the IKK-
a-dependent stabilization of p73« correlates with an increase
in the amounts of p73a recruited onto the human bax pro-
moter. Our present findings therefore imply not only a novel
nuclear role of IKK-« in'regulating the DNA damage response,
which is distinct from NF-kB activation, but also a new regula-
tory pathway of pro-apoptotic p73a.
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FIGURE 10. Kinase-deficient IKK-« falls to stabilize p73a. A, shown is the physical interaction between IKK-a(K44A) and p73a. COS-7 cells were transiently
cotransfected with the indicated expression plasmids. Whole cell lysates were subjected to immunoprecipitation (P} with anti-FLAG or anti-HA antibody,
followed by immunoblotting (IB) with anti-p73 or anti-FLAG antibody, respectively. 8, IKK-a{K44A) has no detectable effect on the amount of p73a. COS-7 cells
were transiently cotransfected with the indicated combinations of expression plasmids. Equal amounts of the lysates were subjected to immunoblotting with
anti-p73 or anti-FLAG antibody. C, IKK-a(K44A) suppresses endogenous p73 in response to CDDP. U20S cells transiently transfected with or without FLAG-
IKK-a(K44A) were left untreated or treated with CDDP for 24 h. Whole cell lysates and total RNA were prepared and subjected to immunoblotting (upper panels)
or RT-PCR analysis. (lower panels). GAPDH, glyceraidehyde-3-phosphate dehydrogenase. D, IKK-a(K44A) inhibits CDDP-induced apoptosis. U205 cells tran-
siently cotransfected with the B-galactosidase expression plasmid with or without the FLAG-IKK-a(K44A) expression plasmid were treated with CDDP for 24 h
or left untreated. Cells were then subjected to double staining as described in the legend to Fig. 9. The percentage of transfected apoptotic cells is indicated.
Eand F, transfected H1299 cells were exposed to CDDP or left untreated and subjected to immunoprecipitation, followed by immunoblotting (£, upper panels),

RT-PCR (E, lower panels), and apoptosis assays (F).

Previous studies have suggested that endogenous p73 is both
stabilized and activated for apoptosis in response to CDDP and
y-ionizing irradiation through a pathway that depends on the
nuclear non-receptor tyrosine kinase c-Abl (15-17). c-Abl
binds to p73 via the PXXP motif of p73 and the c-Abl SH3
(Src homology 3) domain and phosphorylates p73 at Tyr®.
The phosphorylated form of p73 undergoes nuclear redistri-
bution and becomes associated with the nuclear matrix in a
c-Abl-dependent manner (36). In addition, HIPK2 (home-
odomain-interacting protein kinase-2), which interacts with
p73 and enhances its function, co-localizes with p73 in
nuclear body-like structures (46). Mittnacht and Weinberg
(47) reported that the retinoblastoma protein pRb differen-
tially associates with the nuclear matrix, depending on its
phosphorylation status or the integrity of the protein. The
underphosphorylated form of pRb, which is active in growth
control, remains tightly associated with the nuclear matrix,
whereas the hyperphosphorylated form and a mutant form

JUNE 22, 2007 - VOLUME 282<NUMBER 25
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are detected largely in the nucleoplasm:. In this study, we
have demonstrated that IKK-« has the ability to stabilize and
activate p73« and co-localizes with p73a in the nuclear lam-
ina. Our findings, together with those previous observations;
suggest that the nuclear structures including the nuclear
matrix and/or nuclear body might provide an important sub-
nuclear locale for p73 function:

Asexpected from their extensive amino acid sequence simi-
larity, both IKK-& and IKK- B8 display I«B kinase activity in vitro
(48), suggesting that their biochemical and biological functions
seem to be redundant and overlapping with regard to NF-xB
activation. On the other hand, genetic disruption studies in
mice have demonstrated that IKK-w and IKK-8 might have
distinct regulatory functions. In IKK-a-deficient mice, inflam-
matory cytokine-induced activation of the NF-«B pathway is
not severely impaired, although various developmental abnor-
malities, including defective epidermal- differentiation, are
detected (49-52). In contrast, mice lacking IKK-g die immedi-
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FIGURE 11. Active form of IKK-a phosphorylates p73 in vitro. Shown is the
expression of GST-p73 deletion mutants. Upper panel, purified GST and the
indicated GST-p73 deletion mutants were analyzed by SDS-PAGE, followed
by Coomassie Brilliant Blue staining. Lower panel, shown are the results from
the in vitro kinase reaction. Equal amounts of GST and the indicated GST-p73
deletion mutants were incubated with the active form of IKK-« in the pres-
ence of [y->?P]ATP. After incubation, the reaction mixtures were separated by
SDS-PAGE and subjected to autoradiography.

ately after birth because of uncontrolled hepatic apoptosis and
exhibit an extensive defect in the activation of the NF-«B path-
way (49). Thus, it is likely that IKK-B is absolutely critical in the
regulation of inducible IkB degradation and the subsequent
activation of the NF-«B pathway in response to inflammatory
stimuli, whereas IKK-« is not required for this process. Alter-
natively, other studies suggest that IKIC-a is involved in NF-«B
activation through a second pathway that leads to the process-
ing of the NF-«kB2 (p100) precursor (53, 54). Under our exper-
imental conditions, IKK-$ bound to p73a as: determined by
immunoprecipitation analysis (data:not: shown); however, it
failed to stabilize p73a and to enhance its transactivation as
well as pro-apoptotic activity. Unlike IKK-«;, the amounts of
endogenous nuclear IKK-B: remained- almost: unchanged in
response to CDDP. This is in-good agreement with recent
observations showing that IKK-a, but not IKK-, has the ability
to shuttle between the nucleus and cytoplasm (32). Taken
together, our findings suggest that their functional divergence
might be attributed at least in part to their differential interac-
tion with p73.

Another finding of this study is that CDDP treatment results
in a marked phosphorylation of IkB-« in association with a
significant down-regulation of cytoplasmic IxB-ca; however, the

18376 JOURNAL OF BIOLOGICAL CHEMISTRY
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amounts of nuclear p65 remains unchanged. Consistent with
these results, CDDP treatment did not enhance NF-«kB tran-
scriptional activity in U208 cells; however, p65 was induced to
accumulate in the nucleus of L929 cells in response to TNF-c.
Bian et al. (13) also reported that no change in NF-«B-depend-
ent transcriptional activation is observed in certain neuroblas-
toma cells in response to CDDP. It is therefore likely that, dur-
ing the CDDP-dependent apoptotic process, the survival
pathway mediated by NF-«B might be impaired. As described
previously (55), nuclear c-Abl is activated by DNA-damaging
agents, including CDDP, but not by TNF-q, indicating that the
differential behavior of p65 in response to CDDP or TNF-«
might be due to the presence or abserice of the activated form of
c-Abl, respectively. In sharp contrast to CDDP, various antican-
cer agents, including camptothecin (topoisomerase I inhibi-
tion), paclitaxel '(microtubule depolymerization inhibition),
and doxorubicin: (topoisomerase. I inhibition), significantly
induce the down-regulation of I«kB-« and promote the nuclear
translocation of NF-«B, followed by subsequent .NF-«B-
dependent transcriptional activation (13, 56, 57). Considering
that the cytoplasmic retention of NF-kB by I«B is the major
molecular mechanism that controls its activity as well as cell
fate determination (reviewed in Ref. 3), the CDDP-mediated
attenuation of the nuclear accumulation of p65 might be
required at least in part for apoptotic cell death in response to
CDDP. In this connection,-it is worth noting that NF-«B
promotes T cell survival by reducing the transcription of p73
following antigenic stimulation (27): Currently, it is not clear
how the nuclear accumulation of p65 is blocked in cells
exposed to CDDP, even though cytoplasmic I«B-a is signif-
icantly decreased in our system. Future experiments will be
necessary to clarify the underlying mechanistic details of this
phenomenon.

It has been shown that p73 stability is regulated in a
ubiquitination-dependent and -independent manner (43, 58).
p73 is stabilized by coexpression with c-Abl or protein kinase
C8, which phosphorylates p73 at Tyr™® or Ser®®®, respectively
(16, 42). According to our results, IKK-a had the ability to sta-
bilize p73, whereas the kinase-deficient mutant form of IKK-«
does not, suggesting that the kinase activity of IKK-a is required
for the stabilization of p73. As described previously (reviewed
in Ref. 59), the:amino acid sequence DSGWXS (where ¥ is a
hydrophobic -amino-acid and X is any amino acid) has been
identified as a consensus motif for the IKK-dependent phos-
phorylation of IkB proteins. During the search for a putative
phosphorylation site(s). targeted by IKK within the amino acid
sequence of p73c; we failed to find a related motif. Of note, it
has:been shown' that' IKK-q; but not IKK-B and the kinase-
deficient IKK-o miutant; phosphorylates histone H3 at Ser'®,
which has no IKK phosphorylation consensus sequence (33,
34). According to our in vitro kinase reaction, the active form of
IKK-a has the ability to phosphorylate the N-terminal region of
p73a. Because IKK-w; but not the kinase-deficient IKK-«
mutant, has the ability to stabilize p73q, it isimportant to deter-
mine whether IKK-« can phosphorylate p73 in cells exposed to
CDDP. In addition;, it will be interesting to identify the signaling
component(s) upstream of IKK-a that could receive the nuclear
signal in response to CDDP-mediated DNA damage.
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As described previously (60), the transcriptional coactivator
p300 and CBP interact with p73 and enhance its function.
Costanzo et al. (61) reported that DNA damage induces the
acetylation of p73 by p300 in a c-Abl-dependent manner. In
addition, Haupt et al. (62) found that p300-mediated acetyla-
tion results in p73 stabilization. It is worth noting that IKK-a,
but not IKK-, has the ability to interact with CBP (33). Accord-
ing to the previous results, IKK-« is required for the cytokine-
induced phosphorylation and subsequent acetylation of his-
tone H3. Although the precise molecular mechanism behind
the IKK-a-dependent stabilization of p73 remains unknown, it
is likely that a functional interaction might exist among c-Abl,
p300/CBP, IKK-e, and p73. Our preliminary results suggest
that the kinase-deficient form of c-Abl inhibits the IKK-a-de-
pendent stabilization of p73a (data not shown). This issue is
currently under investigation in our laboratory.

Upon CDDP treatment, endogenous p73« and p53 are sig-
nificantly induced at the protein level in U20S cells bearing
wild-type p53 (45). Unlike p73, p53 is targeted for degradation
by MDM2 through the ubiquitination-dependent proteasome
pathway (reviewed in Ref. 38). It is well known that, in response
to DNA damage, p53 is phosphorylated at multiple sites,
including Ser'® and Ser®”, and that these phosphorylation
events stimulate p53 stabilization by preventing the interaction
with MDM2. Alternatively, Li et al. (63) found that HAUSP
(herpesvirus-associated ubiquitin-specific protease) partici-
pates in the deubiquitination and subsequent stabilization of
p53. Because the kinase-deficient IKK-a mutant inhibited the
CDDP-induced stabilization of endogenous p73, but not of p53,
the IKK-a-dependent stabilization appears to be highly specific
to p73. Recently, Rossi et al. (64) reported that the HECT-type
ubiquitin-protein isopeptide ligase Itch binds to and ubiquiti-
nates p73, but not p53. Their study demonstrated that CDDP
treatment results in a rapid reduction of Itch protein levels,
indicating that Itch could contribute to the IKIK-a-mediated
stabilization of p73c.

Furthermore, it has been shown that p53-dependent apopto-
sis requires the indirect contribution of at least one of the other
p53 family members, p73 or p63, whereas p73 is sufficient in the
absence of p53 to induce apoptosis (65). p53 is the most fre-
quent target for genetic alterations in human cancers, leading
to loss of its pro-apoptotic function (66). In addition to muta-
tion of p53 itself, many cancers bearing wild-type p53 may har-
bor the other defects in the p53 pathway (reviewed in Ref. 38).
In contrast to p53, p73 is infrequently mutated in many human
cancers (67). Given the specific induction and activation of p73
by IKK-a, it is likely that the IKK-a-mediated induction of p73
substitutes for the downstream defects in the p53 pathway
and/or enables p53 to cooperate with p73 to induce apoptosis.
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NFBD1/MDCI1, which belongs to the BRCT superfamily, has
an anti-apoptotic activity and contributes to the early cellular
responses to DNA damage. Here we found that NFBD1 protects
cells from apoptotic cell death by inhibiting phosphorylation of
p53 at Ser-15 under steady state as well as early phase of DNA
damage, thereby blocking its transcriptional and pro-apoptotic
activities. During late phase of DNA damage, a remarkable
reduction of NFBD1 was observed in dying but not in surviving
A549 cells bearing wild-type p53. Small interference RNA-me-
diated knockdown of the endogenous NFBDI resulted in an
increase in sensitivity to adriamycin in A549 cells but not in
p53-deficient H1299 cells. Immunoprecipitation and luciferase
reporter analyses demonstrated that NFBDI binds to the NH,-
terminal region of p53 and strongly inhibits its transcriptional
activity. Additionally, BRCT domains, which can interact with
p53, reduced the adriamycin-induced phosphorylation levels
of p53 at Ser-15 and also suppressed the transcriptional activ-
ity of p53. Thus, our present findings strongly suggest that
NFBD1 plays an important role in the decision of cell survival
and death after DNA damage through the regulation of p53.

The BRCAL1 carboxyl terminus (BRCT)? domain is defined
by distinct hydrophobic clusters of amino acids and is often
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found in a variety of cellular proteins such as BRCA1, 53BP1,
and RAD9Y, which are involved in DNA repair and/or DNA
damage signaling pathways (1-3). Although the functional role
of the BRCT domain is currently unclear, the early works indi-
cated that the BRCT domains of BRCA1 act as a transactivator
(4, 5). Consistent with this notion, the point mutations detected
within the BRCT domains of BRCA1 markedly inhibited its
transcriptional activity (4, 5), and BRCA1 was a component of
RNA polymerase II holoenzyme (6). Alternatively, the BRCT
domains function as protein-protein interaction modules (7).
For example, the BRCT domains of BRCA1 as well as 53BP1
were required for the interaction with p53 (8, 9).

NFBD1/MDCI1 (nuclear factor with BRCT domain 1/media-
tor of DNA damage checkpoint protein 1) is a large nuclear
protein bearing three characteristic structural domains, includ-
ing an NH,-terminal forkhead-associated (FHA) domain, an
internal PST (proline/serine/threonine-rich) repeat domain,
and tandem repeat of COOH-terminal BRCT domains (10—
14). We have initially reported that NFBD1 acts as a nuclear
transcriptional factor with an anti-apoptotic function (11). In
accordance with our results, siRNA-mediated knockdown of
NFBDI1 led to a significant increase in the number of apoptotic
cells (15). In addition, the elimination of NFBD1 expression
increased the sensitivity to irradiation (16). These observations
indicate that NFBD1 has an anti-apoptotic function; however,
the precise molecular mechanisms behind the anti-apoptotic
effect of NFBD1 remain to be explored.

Previous- studies: strongly suggest that NFBD1 is. closely
involved in-early cellular responses to genotoxic stress. Upon
DNA damage, NFBD1 was phosphorylated in an ATM/Chk2-
dependent manner and: cooperated: with yH2AX to' recruit
DNA repair proteins to the sites of DNA damage (12-14). Con-
sistent with this notion, NFBD1 was associated with the DNA
double strand break repair MRN complex, including MRE11,
RADS50, and NBS1, and also co-localized with the MRN com-
plex as well'as yH2AX at the nuclear foci in response to DNA
damage (12, 14; 15, 17). Deletion analysis revealed that the FHA
and BRCT domains of NFBD1 are required for the binding to
the MRN complex and yH2AX, respectively (15). Furthermore,
siRNA-mediated- knockdown of NFBD1 led to a significant
decrease in the number of irradiation-induced NBS1 foci (14),
and the FHA and BRCT domains of NFBD1 were responsible
for the formation of irradiation-induced nuclear foci contain-
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ing NFBD1 (12-14). Lou et al. (18) described that the PST
domain of NFBD1 binds to Ku/DNA-dependent protein
kinase, and this interaction is critical for the efficient irradia-
tion-induced autophosphorylation of DNA-dependent protein
kinase.

p53 is a nuclear transcription factor with a pro-apoptotic
function. In response to a wide variety of cellular stresses,
including genotoxic stress, p53 is phosphorylated, and its half-
life is dramatically prolonged. During the DNA damage-in-
duced apoptosis, p53 is directly phosphorylated at Ser-15 and
Ser-20 by ATM and Chk2, respectively (19-23). Such phospho-
rylation events contribute to the increased stability and activity
of p53 by facilitating its dissociation from E3 ubiquitin protein
ligase MDM2 (reviewed in Ref. 24).

In this study, we demonstrate that NFBD1 abrogates the
adriamycin (ADR)-mediated apoptosis through the inhibition
of the transcriptional as well as pro-apoptotic activity of p53.
Our present findings strongly suggest that NFBD1 plays a piv-
otal role in the regulation of cell survival and death after DNA
damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—COS7 and HEK293T cells
were maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% heat-inactivated fetal bovine serum (Invitrogen)
and penicillin (100 IU/ml)/streptomycin (100 pg/ml). A549
and H1299 cells were grown in RPMI 1640 medium with the
same supplements. Where indicated, cells were treated with
ADR: For transfection, COS7 cells were transfected with the
indicated expression plasmids using FuGENE 6 transfection
reagent (Roche Applied Science); except for A549 and H1299
cells, for which Lipofectamine 2000 transfection reagent
(Invitrogen) was used.

Cell Survival Assay—Cell viability was determined by a mod-
ified - 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium
bromide (MTT) assay. In brief, A549 cells were cultured over-
night at 5 X 10 cells per well in a-96-well plate, and then
exposed to ADR: At the indicated time periods after the treat-
ment with ADR, 10 pl of MTT solution was added to each
culture; and the mixture was maintained for-another 3 h at
37 °C. The absorbance readings for each well were carried out at
570 nm using the microplate reader (model 450; Bio-Rad).

Isolation of RNA and RT-PCR=Total RNA was prepared
from A549 cells using the RNeasy Mini kit (Qiagen, Valencia,
CA) according to the manufacturer’s protocol. A total of 1 ug of
total RNA was used to generate cDNAs with random primers
by SuperScript IIreverse traniscriptase (Invitrogen). PCRampli-
fication was carried out under standard conditions with rTaq
DNA polymerase (Takara, Ohtsu, Japan). The primer sets used
in this study were designed based on the cDNA sequences cor-
responding to each of the genes by using Primer3 software
(Whitehead Institute). The primer sequences were as follows:
p21WAFL 5 ATGAAATTCACCCCCTTTCC-3' (serise) and 5'-
CCCTAGGCTGTGCTCACTTC-3' (antisense); p53, 5'-GTCC-
AGATGAAGCTCCCAGA-3! (sense) and 5'-CAAGGCCTC-
ATTCAGCTCTC-3' (antisense); NFBD1, 5'-AGCAACCCC-
AGTTGTCATTC-3' (sense) and 5'-AGCGCTGCTGAGAC-
TTCTTC-3’ (antisense); BAX, 5'-AGAGGATGATTGCCGC-
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CGT-3" (sense) and 5'-CAACCACCCTGGTCTTGGAT-3'
(antisense); PUMA, 5-CTGTGAATCCTGTGCTCTGC-3'
(sense)and 5'-TCCTCCCTCTTCCGAGATTT-3' (antisense);
NOXA, 5'-CTGGAAGTCGAGTGTGCTACT-3' (sense) and
5 - TCAGGTTCCTGAGCAGAAGAG-3' (antisense); and
GAPDH, 5’-ACCTGACCTGCCGTCTAGAA-3’ (sense) and 5'-
TCCACCACCCTGTTGCTGTA-3' (antisense). PCR products
were separated by 1.5% agarose gel electrophoresis and stained
with ethidium bromide.

Antibody Production—The ¢DNA sequence encoding the
NH,-terminal region of human NFBD1 (amino acid residues
1-150) was subcloned into the bacterial expression plasmid
pGEX-4T-2 (Amersham Biosciences), expressed in Escherichia
coli DH5a, and purified with a glutathione-Sepharose 4B col-
umn. The antiserum against NFBD1 was produced by immu-
nizing rabbit with the above purified glutathione S-transferase
fusion protein.

Construction of the Deletion Mutants of NFBD1—NFBDI
c¢DNA fragment encoding NH,-terminal FHA domain (amino
acid residues 2—141), central PST domain (amino acid residues
788 —1645), or COOH-terminal BRCT domains (amino acid
residues 1858 —2068) was amplified by PCR with the following
primers: 5'-GAATTCGAGGACACCCAGGCTATT-3' and
5'-GAGCTCAGTCCTCTGTTTCCCGTC-3’ or 5'-CCGGA-
ATTCGACCAACATCCAGAGAGC-3' and 5'-TCGCCGG-
CGAGTGAGTTCTAGTCTCCG-3' or 5'-GAATTCAGCCT-
CCGACGCACCAAA-3" or 5-GAGCTCAGTACCTACTGT-
AGTGGT-3', respectively. PCR primers also included 5'-EcoRI
and 3’-Xhol or 5’-EcoRI and 3'-Notl restriction sites (boldface
and underlined) to aid cloning. PCR products were then
inserted in-frame into the appropriate restriction sites of the
pcDNA3-FLAG to give pcDNA3-FLAG-FHA, pcDNA3-
FLAG-PST, and pcDNA3-FLAG-BRCT.

RNA Interference—To construct an expression plasmid for
siRNA against NFBD1, two DNA oligonucleotides were
designed to produce 19-nucleotide siRNA. Oligonucleotides
used are as follows: 5'-CCCCAGCTCGAGCCTTCCACTTC-
TTCAAGAGAGAAGTGGAAGGCTCGAGCTTTTTTGGA-
AAC-3"and 5'-TCGAGTTTCCAAAAAAGCTCGAGCCTT-
CCACTTCTCTCTTGAAGAAGTGGAAGGCTCGAGCTG-
GGGAGCT-3'. These two oligonucleotides were mixed in
equimolar amounts-and annealed unider the standard condi-
tions. The annealed oligonucleotide was inserted into the Sacl
and Xhol restriction sites of pcDNA3 derivative in which the
cytomegalovirus promoter.was replaced with the HI promoter.

Generation of Stable A549 Cell Lines—To establish stable cell
lines ‘expressing siRNA against p53, A549 cells were stably
transfected with pSUPER-p53 (OligoEngine, Seattle, WA) or
with the backbone plasmid, and cultured in the presence of
G418 (400 ug/ml). Two weeks after the selection in G418, drug-
resistant clones were isolated and allowed to proliferate in
medium containing G418.

Immunoblotting—Protein lysates (50 ug) were separated by
10% SDS-PAGE, electrotransferred onto Immobilon-P mem-
branes: (Millipore; Bedford, MA), and probed with anti-p53
(DO-1; Oncogene Research Products, Cambridge, MA), anti-
FLAG (M2; Sigma), anti-BAX (6A7; eBioscience, San Diego),
anti-GFP (1E4; MBL, Nagoya, Japan), anti-p21 WA (H-164;
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plexes were visualized by enhanced
chemiluminescence with the ECL
system (Amersham Biosciences).
Immunoprecipitation—Precleared
whole cell lysates were immunopre-
cipitated with normal rabbit serum
(NRS) or with the anti-NFBD1
antibody, and the immunoprecipi-
tates were recovered using protein
G-Sepharose beads (Amersham
Biosciences). After extensive wash-
ing with the lysis buffer, bound pro-
teins were eluted out by boiling in
SDS sample buffer and processed
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FIGURE 1. Down-regulation of NFBD1 in association with the induction of p53 in response to genotoxic
stresses. A, cell survival assays. A549 cells were treated with various genotoxic agents, including ADR, CDDP,
CPT-11; and VP-16 or with the nongenotoxic agents such as nocodazole (NOQ) and PTX. Forty eight hours after
treatment, cell viability was determined by MTT assays. Data are presented as the mean values * S.D. of three
independent experiments. B, down-regulation of NFBD1 following DNA damage. A549 cells bearing wild-type
p53 were exposed to ADR (1.2 um), CDDP (20 um), CPT-11 (10 uum), VP-16 (40 um), nocodazole (1 fum), or PTX (0.1
uM). At the indicated time points after the drug treatment, whole cell lysates were prepared and analyzed by
immunoblotting (/B) with the indicated antibodies. Immunoblotting for actin is shown as control for equal
protein loading. C, RT-PCR analysis. A549 cells were treated with 600 nm ADR. At the indicated time periods after
the treatment with ADR,; total RNA was prepared and subjected to RT-PCR. GAPDH was used as an internal

control.

Santa Cruz Biotechnology, Santa Cruz, CA), anti-actin (20 -33;
Sigma), anti-p53 (Ser-15) (16G8; Cell Signaling, Beverly, MA)},
or with anti-PUMA (Abcam, Cambridge, UK) antibody, fol-
lowed by an incubation with horseradish peroxidase-conju-
gated goat anti-mouse or rabbit secondary antibody (Jackson
ImmunoResearch, West Grove, PA). Protein-antibody com-
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was immunoprecipitated with anti-
p53 antibody (DO-1) for2 hat 4 °C,
followed by an incubation with pro-
tein G-Sepharose beads. The immu-
noprecipitates were recovered by
brief centrifugation, washed with
the lysis buffer, boiled in SDS sam-
ple buffer, and separated by 10%
SDS-PAGE. After gel drying; radio-
labeled proteins were visualized by
autoradiography.

Indirect Immunofluorescence—For
immunofluorescence, fixation was
in 4% paraformaldehyde and per-
meabilization was-in 0.2%: Triton
X-100. Coverslips were with anti-p53
(DO-1); anti-p53 (Ser-15) (16G8) or
with: anti-NFBD1 -antibody. Cells
were imaged by confocal microscope
(Olympus, Tokyo, Japan).

Apoptosis Assay--A549 cells were
transiently co-transfected with the
constant amount of the expression
plasmid for green fluorescence pro-
tein (GFP) together with or without
the NFBD1 expression plasmid or the expression plasmid for
siRNA against NFBD1. Twenty four hours after transfection,
cells were treated with ADR or left untreated and incubated for
another 24 h. Transfected cells were identified by the presence
of green fluorescence: To verify apoptosis, cell nuclei were
stained with DAPI to reveal nuclear condensation and frag-

PTX (0.1 uM)
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mentation. The number of GFP-positive cells with apoptotic
nuclei was scored.

Luciferase Reporter Assay—H1299 cells were transiently co-
transfected with the indicated expression plasmids and
reporter constructs. Forty eight hours post-transfection, whole
cell lysates were prepared, and luciferase activity was assessed
using a Promega dual luciferase assay system. The firefly lumi-
nescence signal was normalized based on the Renilla lumines-
cence signal. The results were obtained from at least three sets
of transfection and were presented as the mean £ S.D.

RESULTS

Down-regulation of NFBD1 in Response to a Variety of Geno-
toxic Agents—To explore the role of NFBD1 during the DNA
damage response, we examined the expression kinetics of
NFBD1 in human lung carcinoma A549 cells exposed to a vari-
ety of genotoxic agents, including ADR, camptothecin (CPT-
11), cisplatin (CDDP), or etoposide (VP-16). In addition to the
genotoxic agents, we also investigated the effect of nongeno-
toxic agents such as nocodazole (NOC) and paclitaxel (PTX) on
NFBD1. A549 cells were exposed to the indicated agents at the
concentrations recommended by Saito et al. (25). To examine
the expression levels of NFBD1, we have generated a specific
polyclonal antibody against the NH,-terminal region of human
NFBD1 (amino acid residues 1-150). The specificity of this
antibody was verified by immunoblotting (data not shown). As
shown in Fig. 1A, A549 cells treated with the indicated geno-
toxic agents underwent apoptosis in a dose-dependent manner
as examined by MTT assay. Similar results were also obtained
by fluorescence-activated cell sorter analysis (data not shown).
In contrast, the nongenotoxic agents had undetectable effect on
the viability of A549 cells. Immunoblot analysis revealed that
the ADR treatment results in an accumulation of p53 as well as
a phosphorylation of p53 at Ser-15, which is associated with a
significant induction of one of the downstream effectors of p53,
p21¥AFL (Fig. 1B). It is worth noting that NFBD1 is strongly
reduced in response to ADR in a time-dependent manner. Sim-
ilar results were also obtained in A549 cells exposed to CPT-11,
CDDP, or VP-16. On the other hand, NFBD1 levels remained
unchanged even at the later time points after the addition of
NOX or PTX. Additionally, the treatment of A549 cells with
these norngenotoxic agents had a marginal effect on the accu-
mulation of p53 and p21VA*" as compared with those of the
genotoxic agents. Next, we performed RT-PCR using total RNA
prepared from A549 cells exposed to 600 nm ADR for the indi-
cated time periods. As shown in Fig. 1C;, NFBDI mRNA levels
were dramatically decreased in a time-dependent: manner,
accompanied with an up-regulation of p21%*", BAX, PLIMA,
and NOXA. The expression levels of p53 mRNA remained con-
stant- in ADR-treated A549 cells. These results suggest that
NEBD1 is regulated at mRNA level in response to ADR.

Previously, it has been shown that NFBD1 associates with the
members of the MRN complex, such as MRE11 and NBS1, and
accumulates at nuclear foci in response to DNA damage (12,
14). Consistent with these observations, our immunofluores-
cence staining showed that NFBD1 co-localizes with NBS1 at
nuclear foci within 1 h of exposing A549 cells to ADR, and
NEBD1 nuclear foci are still present up to 24 h later (data not
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DAPI

A

No
treatment

p53 Merge

NFBD1

1h after ADR
treatment

24h after ADR
treatment

B p53 .(Ser-15) NFBD1 Merge

No
treatment

1h after ADR
treatment

24h after ADR
treatment

FIGURE 2. Subnuclear Jocalization of NFBD1 and p53 in response to ADR.
A and B, A549 cells were left untreated or treated with 600 nm ADR for the
indicated time periods followed by incubation with the anti-NF8D1 and the
anti-p53 antibodies (A); or with the anti-NFBD1 and anti-p53 {Ser-15) antibod-
ies (B). Cell nuclei were stained with DAPI.

shown). ADR-mediated induction of p53 was undetectable
after 1 h of treatment (Fig. 2A). Intriguingly, a significant
nuclear accumulation ‘as well as phosphorylation of p53 at
Ser-15 was observed in cells 24 h after the treatment with ADR,
which was associated with a disappearance of NFBD1 (Fig. 2, A
and B). In contrast, NFBD 1-containing nuclear foci were clearly
present in cells lacking p53 induction. Collectively, these obser-
vations strongly suggest that there exists an inverse relationship
between the expression of NFBD1 and p53 in response to DNA
damage.

ADR-mediated Apoptosis in A549 Cells Is Regulated in a p53-
dependent Manner—Because A549 cells carry wild-type pS3
(25), it is likely that the ADR-mediated apoptosis is regulated in
a p53-dependent manner. To confirm this notion, we per-
formed: siRNA-mediated knockdown of p53. We transfected
the empty plasmid or the expression plasmid for siRNA against
p53 into A549 cells, and we established two control transfec-
tants (Cland C2) as well as two stable transfectants expressing
siRNA for p53 (563R1 and 53R2) (Fig. 34). We then performed
MTT assay to: examine a possible effect of p53 on the ADR-
mediated apoptosis. As shown in Fig. 3B, 53R1 and 53R2 cells
displayed a significant increase in cell viability as compared
with the control transfectants and the parental A549 cells.
Thus, it is likely that the ADR-mediated apoptosis in A549 cells
is regulated at least in‘part in a p53-dependent manner.

Toexamine the possible effect of NFBD1 on the ADR-medi-
ated apoptosis, A549 cells were transiently transfected with the
empty plasmid- or: with: the expression plasmid for NFBD1.
Twenty four hours after transfection, cells were treated with

W
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(Fig. 3E). This down-regulation of

sar p53 was associated with a decrease

P in the expression levels of p21WAF!

> 532 and PUMA. These results indicate
that NFBD1 could inhibit the p53
phosphorylation at Ser-15, thereby
reducing its transcriptional activity
as well as stability.

24 a8

NFBDI Inhibits the p53-mediated
Transcriptional Activation—To ex-
amine whether NFBD1 could affect
the p53-mediated transcriptional
activation, p53-deficient H1299 cells
were transiently co-transfected witha
constant amount of the expression
plasmid for p53, luciferase reporter
construct driven by the p53-respon-
sive element derived from p21%¥4F/,
MDM3, or BAX promoter together
with or without the increasing
amounts of the NFBD1 expression
plasmid, and luciferase activity was
measured 48 h after transfection. As

shown in Fig. 4, A—C, co-expression

e eg— L

of p53 with NFBDI1 resulted in a

- S e ePuP u e | € P53 |

T pess significant repression of the p53-

mediated transcriptional activation.

I o M-—-—-|4 p2wARt

[ v i o i s sone e | € PUMA

Consistent with the luciferase
reporter assay, RT-PCR analysis

l-—— o it i Gl WOy S w— I <« Actin

[ o s o o o i< Acin

revealed that NFBD1 inhibits the

Time () 0 3 6 12 24 48 72 96 Time () 0 3 6 1224 48 72 96 p53-mediated up-regulation  of
ADR (600 nM) ADR (600 nM) PUMA and BAX mRNA expression
FIGURE 3. ADR-mediated apoptosis in A549 cells isregulated in a p53-dependent . A knockdown (Fig. '4D). To examine whether

of the endogenous p53. Whole cell lysates prepared from A549 celis stably expressing siRNA against p53 (53R1
and 53R2) or vector controls (CT and C2) were processed for immuinioblotting (/8) with the anti-p53 antibody
(upper panel). Whole cell lysates were also analyzed for actin as a control for protein loading and nonspecific
RNA interference effects (lower panel). B, cell survival assay. Parental A549 (open circle), C1 (open triangle), C2
(open square), 53R1 (open diamond), and 53R2 cells {cross) were exposed to 600 nm ADR. At the indicated time
periods after the treatment with ADR, their cell survivals were examined by MTT assay. G, cell survival assay.
A549 cells were seeded in 6-well plates at a density of 1 X 10° cells/well and transiently transfected with 1 ug
of the empty plasmid or with the NFBD1 expression plasmid. Twenty four hours after transfection, cells were
exposed to 600 nM ADR. At the indicated time periods after the treatment with ADR, cell viability was examined
by MTT assay. D and E, time course of the expression of p53 in response to ADR: A549 cells were transiently
transfected with 2 ug of the empty plasmid (D) or with the expression plasmid for NFBD1 (F). Twenty four hours
after transfection, cells were treated with 600 nM ADR. At the indicated time periods after the treatment with
ADR, whole cell lysates were prepared and processed for immunoblotting with the indicated antibodies.

NFBD1 could affect the pro-apop-
totic- activity of. p53, H1299 cells
were transiently co-transfected with
the indicated combinations of the
expression plasmids, and their via-
bility was measured by MTT assay.
As shown in Fig. 4E, the enforced
expression- of p53 ‘alone led to a
decrease in cell viability as com-

600 nv ADR.: At the indicated time periods after the addition of
ADR, cell viability was measured by MTT assay. As shown in
Fig. 3C, the enforced expression of NFBD1 caused a remarkable
increase in cell viability as compared with that of cells trans-
fected with the empty plasmid. We next determined the time
couise of p53 expression in A549 cells overexpressing NFBD1
in response to ADR: As shown in Fig. 3D, ADR-mediated accu-
mulation as well as phosphorylation of p53 at Ser-15 became
detectable as early as 3 h of ADR exposure; and the levels of p53
were maintained up to 96 h in control cells. In addition, p53-
dependent induction of p21¥4F1 and PUMA was detected at
6 h after the ADR treatment; and their expression levels per-
sisted thereafter. In contrast, a significant: reduction in the
amounts and phosphorylation levels of p53 was detected in
NEBD1-overexpressing cells at 24 h after the addition of ADR
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pared with that of cells transfected
with the empty plasmid: As expected, p53-mediated decrease in
cell viability was restored by co-expression with NFBD1.
Effect of NFBD1 on the ADR-mediated Apoptosis—Next, we
sought: to examine the possible effect: of the endogenous
NEBD1 on the ADR-mediated apoptosis..To this end, we uti-
lized an siRNA-mediated knockdown of NFBD1 in A549 cells
as shown in Fig. 5A. Silencing of NFBD1 in A549 cells resulted
in anincreased sensitivity to ADR as compared with the control
cells (Fig. 5B). To confirm the anti-apoptotic effect of NFBD1 in
detail, A549 cells were transiently co-transfected with the con-
stant amount of the GFP expression plasmid together with the
empty plasmid, or with the expression plasmid for NFBD1 or
siRNA against NFBD1. GFP served as an indicator for trans-
fected cells. Twenty four hours after transfection, cells were
treated with 600 nm ADR or left untreated and incubated for
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FIGURE 4. NFBD1.inhibits the transcriptional activity as well as pro-apoptotic function of p53. A-C, lucif-
erase reporter analysis. H1299 cells were seeded in 12-well plates at a density of 5 X 10* cells/well. Cells were
transiently co-transfected with 100 ng of the luciferase reporter construct carrying p53-responsive p21y,¢, (A),
MDM2 (B), or BAX(C) promoter, 10 ng of pRL-TK Renilla luciferase cDNA, and 25 ng of the expression plasmid for
p53 together with or without the increasing amounts of the NFBD1 expression plasmid (25, 50, and 100 ng).
Following 48 h of incubation, luciferase activity was measured and normalized for transfection efficiency using
Renilla luciferase activity. The results were obtained from at least three sets of transfection and were presented
asthe mean = S.D. D, RT-PCR analysis. H1299 cells were transiently co-transfected with the constant amount of
the expression plasmid for p53 (100 ng) together with or without the increasing amounts of the NFBD1
expression plasmid (400 and 800 ng). Twenty four hours after transfection, total RNA was prepared and ana-
lyzed by RT-PCR for the expression levels of NFBD1, p53, PUMA, and BAX. The expression level of GAPDH was
measured as an internal control, E, cell survival assay. The constant amount of the p53 expression plasmid (200
ng) was transiently co-transfected into H1299 cells together with or without the increasing amounts of the
NFBD1 expression plasmid (400 and 800 ng). Total amount of DNA was kept constant (1 p.g) with the empty
plasmid. Forty eight hours later, cell viability was examined by MTT assay.

Next, we examined the possible
effect of the siRNA-mediated knock-
down of the endogenous NFBD1 on
the p53-mediated transcriptional
activation. For this purpose, H1299
cells were transiently co-transfected
with the constant amount of p53
expression plasmid together with or
without the increasingamounts of the
expression plasmid for siRNA against
NFBDI1. As shown in Fig. 6, A-C,
siRNA-mediated knockdown of
the endogenous NFBD1 in H1299
cells increased the p53-dependent
luciferase activities driven from
p21%AFL MDM2, or BAX promoter.
In addition, similar results were
obtained in U20S cells bearing
wild-type p53 (supplemental Fig. 1).
Furthermore, the down-regulation
of the endogenous NFBD1 resulted
in a significant increase in the phos-
phorylation levels of p53 at Ser-15
as well as the amount of p53 (Fig.
6D). Under our experimental condi-
tions, the exogenously expressed
p53 was  phosphorylated in the
absence of DNA-damaging agents.
Similar . observations were also
described (26). These results strongly
suggest that NFBD1 inhibits the tran-
scriptional as well as pro-apoptotic
activity of p53 through the down-reg-
ulation of p53.

Physical - Interdction between
NFBDI1' and p53—To examine
whether NFBD1 could interact with
p53 in' cells, whole cell lysates pre-
pared from HEK293T cells were
immunoprecipitated with NRS or
with “the polyclonal " anti-NFBD1
antibody, and the immunoprecipi-
tates were analyzed by immunoblot-
ting with the monoclonal anti-p53
antibody.- As shown Fig. 74, the
anti-NFBD1. immunoprecipitates

another 24 h. Cell nuclei were then stained with DAPI, and the
number of GFP-positive cells with apoptotic nuclei was scored.
The enforced expression of NFBD1 led to a decrease. in the
number of apoptotic cells in response to ADR as compared with
that of the control cells (Fig. 5, C and D). As expected; siRNA-
mediated knockdown of NFBD1 caused a significantincreasein
the number of apoptotic cells in response to ADR. In contrast to
A549 cells, overexpression of NFBD1 and silencing of NFBD1
in p53-deficient H1299 cells had an undetectable effect on the
ADR-mediated apoptosis (Fig. 5E). Taken together, these
results strongly suggest that NFBD1 prevents the ADR-medi-
ated apoptosis by modulating p53.

22998 JOURNAL OF BIOLOGICAL CHEMISTRY
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contained the endogenous p53, suggesting that NFBD1
forms a complex with p53. Similarly; the anti-p53 immuno-
precipitates contained the endogenous NFBD1.. To map the
region(s) of p53 required for the interaction with NFBDI,
H1299 cells were transiently co-transfected with the expres-
sion plasmid for NFBD1 together with the expression plas-
mid for. p53-(1-359), p53-(1-292), p53-(1-101), or with
p53-(102-393) (Fig. 7B). Forty eight hours after transfection,
whole cell lysates: were prepared and processed for the
immunoprecipitation. with: the indicated antibodies. As
shown in Fig, 7, C—F, all of the p53 deletion mutants except
p53-(102~-393) retained an ability to interact with NFBD1,
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FIGURE S. siRNA-mediated down-regulation of the endogenous NFBD1 pr tes the ADR-dependent
apoptosis. 4, reduction of the endogenous NFBD1 by siRNA against NFBD1. A549 cells were transiently trans-
fected with the expression plasmid for siRNA against NFBD1 termed siNFBD1or with the empty plasmid. Forty
eight hours after transfection, whole cell lysates were analyzed for the expression level of the endogenous
NFBD1 by immunoblotting (I8) and also analyzed for actin as a control for protein loading and nonspecific RNA
interference effects. B, cell survival assay. A549 cells were transiently transfected with the empty plasmid (open
circle) or with NFBD1-siRNA (open diamond). Twenty four hours post-transfection, cells were treated with 600
nM ADR, At the indicated time periods after the treatment with ADR, cell viability was measured by MTT assay.
C and D, apoptosis assay. A549 cells were transiently co-transfected with the constant amount of the expres-
sion plasmid for GFP together with or without the NFBD1 expression plasmid or siNFBD1. Twenty four hours
after transfection, cells were treated with ADR (600 nm) for another 24 h. Cell nuclei were stained with DAP, and
transfected cells were identified by the presence of green fluorescence (C). The number of GFP-positive cells
with apoptotic nuclei was scored (D). E; NFBD1: has undetectable effect on the ADR-induced: apoptosis in
p53-deficient H1299 cells, H1299 cells were transfected with the empty plasmid (open circle), expression plas-
mid for NFBD1 (open square), or siNFBD1 (open triangle). Twenty four hours after transfection, cells were
exposed to 10 um ADR for 24, 48, and 72 h, and thelr viabllity was then examined as described in 8.

phorylated at Ser-15 fails to be co-
immunoprecipitated with NFBD1
during the ADR-mediated apopto-
sis. In addition, the NFBD1-p53
complex was detected in untreated
cells and remained at high levels for
3 h of the ADR treatment, after
which the amounts of this complex
slowly decreased.

BRCT Domain of NFBDI Is
Required for the Interaction with
»53—We sought to determine the
essential region(s) of NFBD1 re-
quired for the interaction with p53.
To this end, we generated the
expression plasmids for FLAG-
FHA, FLAG-PST, and FLAG-BRCT
(Fig. 9A4). To examine the subcellu-
lar distribution of the NFBD1 dele-
tion mutants, COS7 cells were tran-
siently transfected with these
expression plasmids. Forty eight
hours after transfection, cells were
fractionated into nuclear and cyto-
plasmic fractions and subjected to
immunoblotting. As shown in Fig.
9B, FLAG-PST and FLAG-BRCT
were expressed in both the nucleus
and cytoplasm, whereas FLAG-
FHA was detected in the cytoplasm.
Because of the different subcellular
distribution of the NFBD1 deletion
mutants, we performed the in vitro
pulldown assays. Whole cell lysates
prepared from COS7- cells were
incubated - with the radiolabeled
NEFBD1 deletion mutants and then
immunoprecipitated ‘with the anti-
p53 antibody. The anti-p53 immu-
noprecipitates were analyzed by
SDS-PAGE followed by autoradiog-
raphy. As shown in Fig. 9C, the
BRCT domains were required for
the maximal binding to p53.

The BRCT: Domains of NFBD1
Have an Ability to Down-regulate
p53—To investigate the functional

suggesting that the NH,-terminal region of p53 is required
for the interaction with NFBD1.

Phosphorylated Forms of p53 Do Not Bind to NFBD1-Qur
preliminary experiments indicated that A-phosphatase treat-
ment of ADR-treated whole cell lysates significantly increases
an ability of BRCT domain of NFBD1(see below) to interact
with: endogenous . p53 (data not. shown).. These  results
prompted us to examine whether the phosphorylation of p53
could affect the interaction with NFBD1. As shown in Fig. 8, the
detailed analysis of the time course of NFBD1/p53 interaction
in A549 cells in response to ADR demonstrated that p53 phos-
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significance of the BRCT domains of NFBD1 in the regulation
of p53; A549 cells were transiently transfected with or without
the increasing amounts of the expression plasmid for FLAG-
BRCT. Twenty four hours after transfection; cells were exposed
to ADR and incubated for another 24 h. Whole cell lysates were
then prepared and subjected to immunoblotting with the indi-
cated antibodies. FLAG-FHA was used as a negative control. As
shown in Fig. 104, the ADR-mediated accumulation and phos-
phorylation of p53 at Ser-15 were:inhibited by FLAG-BRCT.
This down-regulation of p53 was associated with a decrease in
the expression levels of BAX and p21¥4F!, In contrast, FLAG-
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the detailed molecular mechanism

c 90} parwans § 180} momz behind the anti-apoptotic effect of
-% . '.*;a - NFBD1 is still largely elusive. In this
2 60 £ 120 study, we have found that NFBD1

[ 50 @ 100 . . .
L o 8 interacts with tumor suppressor p53,
s » e % reduces its phosphorylation at Ser-15
10 20 in response to ADR, and thereby
0 0 inhibiting the transcriptional as well
p53 =+ o+ o+ - p53 -+ 4 - as pro-apoptotic activity of p53.
siNFBD1 - e e SINFBD1 - - —=—""17 Thus, our present findings would
s help to shed light on the currently
C o 45! Bax unknown molecular mechanisms
S g‘s’ underlying the NFBD1-mediated
,:__>: 30 anti-apoptotic effect in response to

8 2 DNA damage.

2 15 During the DNA damage-in-
% duced apoptosis, p53 is activated by
o a complex series of phosphoryla-
p53 R S R tions within its NH,-terminal trans-
SiNFBD1 - - = 1] activation domain (reviewed in Ref.
24). The catalytic activity of ATM is
D 1B : Anti-NFBD1 markedly increased in response to

IB : Anti-p53 |

IB : Anti-p53 (Ser-15) |

IB : Anti-Actin l mww' <« Actin
p53 - + +
siNFBD1 - - +

FIGURE 6. siRNA-mediated knockdown of NFBD1 enh

mml <« p53

mm| « Pp53

DNA damage and is responsible for
the rapid phosphorylation of p53
at Ser-15, as described previously
(20, 21). This ATM-mediated
phosphorylation contributes to the
enhanced activity as well as stability
of p53 by facilitating its dissociation
from E3. ubiquitin protein ligase
MDM2 (29). When Ser-15 was
replaced by Ala, the transcriptional
activity of p53 was significantly

es the p53-dep

FHA, which was localized exclusively in cytoplasm, had no sig-
nificant effect on p53 (Fig. 10B). Thus, it is likely that the BRCT
domains of NFBDT1 play a crucial role not only in the physical
interaction with p53 but also in the down-regulation of p53.

DISCUSSION

A growing body of evidence strongly suggests that NFBD1
mediates the rapid recruitment of the MRN complex into the
sites of DNA damage, and thus facilitates the efficient repair of
DNA double strand breaks before the cells undergo DNA rep-
lication (27). NFBD1: also has: an- anti-apoptotic function in
response to DNA damage. For example, siRNA-mediated
depletion of the endogenous NFBD1 resulted in the increased
sensitivity . to. .irradiation and. anti-cancer - drug (13-16).
Recently, it has been shown that NFBD1-deficient mice display
the abnormal phenotypes, including chromosome instability,
DNA repair defects, and radiation sensitivity (28). However,
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dent transcriptional activa-
tion. A-C, luciferase reporter analysis. H1299 cells were transiently co-transfected with the constant amount of
the expression plasmid for p53, luciferase reporter construct driven by the p53-responsive element derived
from p21"4F1 (A), MDM2 (B), or BAX (C) promoter, and pRL-TK Renilla luciferase cDNA together with or without
the increasing amounts of the expression plasmid for siRNA against NFBD1. Forty eight hours after transfec-
tion, cell lysates were prépared, and luciferase activity was measured. D, siRNA-mediated knockdown of NFBD1
increases the phosphorylation of p53 at Ser-15. H1299 cells were transiently co-transfected with the constant
amount of the expression plasmid for p53 together with or without the expression plasmid encoding siRNA
against NFBD1. Whole cell lysates were examined by immunoblotting (/B) with the indicated antibodies.

reduced (30). Under our experi-
mental conditions, ADR treatment
induced:- p53. accumulation and
phosphorylation at Ser-15 in A549
cells. Recently, Perig and Chen (31)
reported that 53BP1and NFBD1 are
required for- the recruitment of
ATM-Rad3-related into the DNA
damage sites, suggesting that  ATM-Rad3-related: as well as
ATM might also participate in this process. On the other hand,
little.increase in phosphorylation at Ser-20 as well as Ser-46 in
response to'ADR was obsetved at any time examined (data not
shown). It is worth noting that the ADR-induced phosphoryla-
tion of p53 at Ser-15 was associated with a strong down-regu-
lation of NFBD1, and the high p53 phosphorylation levels per-
sisted even 96 h after the treatment: Constitutive expression of
NFBD1 resulted-in a remarkable decrease in the phosphoryla-
tion levels of p53 at Ser-15 24~ 48 h after the ADR treatment.
Consistent with these results, the siRNA-mediated knockdown
of the endogenous NFBD1 in H1299 cells led to a significant
phosphorylation of the exogenous p53 at Ser-15, indicating that
NFBD1 has an inhibitory role in the regulation of p53. This
notion was further supported by the facts that the p53-medi-
ated transcriptional activation and apoptosis are impaired by
NFBD1.
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Based on our immunoprecipitation experiments, NFBD1 ent proteasomal turnover.

It has been shown that Ser-15 phos-

bound to the NH,-terminal region of p53, including its trans-  phorylation impairs the interaction between p53 and MDM2
activation domain. MDM2 attenuates the transcriptional activ-  and leads to the subsequent stabilization and activation of p53
ity of p53 by binding to and masking its transactivation domain, (29). Phosphorylation at Ser-15 also stimulates p53 interaction
as described previously (32). MDM2 also acts as an E3 ubiquitin ~ with its transcriptional co-activators such as p300/CBP (30, 33).
protein ligase for p53 and promotes its ubiquitination-depend-  Alternatively, tumor suppressor p19**F directly interacts with

A Input B TA DB oD
1B : Anti-p53 p53
IB : Anti-NFBD1/1.: p53 (1-359)
& p53 (1-282)
@ \“\Q
N &
Q" @ ¥ p53 (1-101)

1B : Anti-NFBD1

A N\
C < '\&QQO D o "\Qq’o
N N
€ ¢ N N
18 : Anti-pS3 < (1-359) 1B : Anti-p53 < (1-292)
(DO-1) (DO-1)
E s F 32
& &
Ol &8
Q" Q@ e @
P e I— T <o
(DO-1) (PAB421+PAD240)

FIGURE 7. Interaction between NFBD1 and p53 in cells. A, immunoprecipitation. Whole cell lysates prepared
from HEK293T cells were immunoprecipitated {/P) with NRS or with.the polyclonal anti-NFBD1 antibody, or
immunoprecipitated with normal mouse serum (NMS) or with monoclonal anti-p53 antibody, and the immu-
noprecipitates were analyzed by immunoblotting (/B) with the monoclonal anti-p53 or with polyclonal anti-
NFBD1 antibody, respectively. B, schematic drawing of the full-length p53 and various p53 deletion mutants
used in this study. TA, transactivation domain; D8, DNA-binding domain; OD, oligomerization domain. C-F,
NFBD1 interacts with the NH,-terminal region of p53 containing its transactivation domain. H1299 cells were
transiently co-transfected with the indicated combinations of the expression plasmids. Forty eight hours after
transfection, whole cell lysates were prepared and subjected to immunoprecipitation with NRS or with the
polyclonal anti-NFBD1 antibody followed by immunoblotting with the indicated anti-p53 antibodies.

MDM2 to inhibit its E3 ubiquitin
protein ligase activity, thereby pre-
venting the MDM2-mediated deg-
radation of p53 (34-37). In addi-
tion, Maya et al. (38) reported that
MDM2 is phosphorylated by ATM
in response to DNA damage, and
this phosphorylation attenuates its
inhibitory potential on p53. Our
preliminary results indicated that
NFBD1 is associated with MDM2 as
examined by co-immunoprecipita-
tion assay (data not shown). Consid-
ering that NFBD1 directly interacts
with the NH,-terminal region of
p53, it is likely that NFBD1 might
mask the Ser-15 to prevent its phos-
phorylation mediated by ATM,
and/or recruit MDM2 to the NH,-
terminal region of p53 to facilitate
MDM2-mediated proteolytic deg-
radation of p53. Further studies will
be necessary to clarify this issue.
NFBD1 contains several protein-
protein interaction domains. Xu
and Stern (15) demonstrated that
NFBDI1-derived FHA and BRCT
domains are necessary for the inter-
action with MRN complex and
YH2AX, respectively. According to
our  in  vitro binding analysis,
NFBD1 bound to p53 mainly
through its' BRCT domains. Con-
sistent with' these results, BRCT
domains of NFBD1 retained an abil-

A
O
. &
Input S v“‘\
3 L’

IB : Anti-NFBD1 o o s . | NFBDT o
1B : Anti-p53 [ o w o e | P53 IB: Anti-p53 e —_ | € pss
IB : Anti-p53 (Ser-15)| - —esawewes we| € P-p53  (B: Anti-ps3 (Ser-15)| | € p-ps3

IB : Anti-Actin [T s v | Actin

Time © 0 15 30" 60" 3h 6h 12h 24h 48h

Time © 0 15 30" 60’ 3h 6h 12h 24h dgh

ADR (600 nM)

ADR (600 nM)

FIGURE 8. p53 phosphorylated at Ser-15 does not interact with NFBD1 in cells. A549 cells were exposed to 600 nm ADR. At the indicated time points after

the treatment with ADR, whole celllysates were prepared and immunoprecipitated (/P) with NRS or with the anti-N

FBD1 antibody followed by immunoblotting

(/B) with the anti-p53 or with the anti-p53 (Ser-15) antibody (right panel). Input amounts of proteins were determined by immunoblotting with the indicated

antibodies (left panel). Actin was used as a loading control.
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A B
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FIGURE 9. BRCT domains of NFBD 1 are required for the interaction with p53. A, schematic representation of FLAG-NFBD1 mutants. Number indicates amino
acid position. 8, subcellular localization of NFBD1 mutants. COS7 cells were transiently transfected with the indicated expression plasmids. Forty eight hours
after transfection, cells were fractionated into nuclear (N) and cytoplasmic (Q fractions. Equal amounts of each fraction were separated by 10% SDS-PAGE and
immunoblotted (/) with the anti-FLAG antibody (top panel). Samples were also immunoblotted with the antibody specific for lamin B (middle panel) or with the
anti-a-tubulin (bottom panel) to show the purity of each fraction. C, in vitro binding assay. Whole cell lysates prepared from COS7 cells were incubated with the
radiolabeled FLAG-FHA, FLAG-BRCT, or with FLAG-PST and immunoprecipitated {IP) with the anti-p53 antibody. Immunoprecipitates were separated by 10%
SDS-PAGE, and the radiolabeled bound proteins were visualized by autoradiography.
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FIGURE 10. BRCT domains of NFBD1 retain an ability to inhibit the induc-
tion of pS3 inresponse to ADR. Aand B, immunoblot (/B) analysis. A549 cells
were transiently transfected with the increasing amounts of the FLAG-BRCT
(A} or with the FLAG-FHA expression plasmid {B). The total amount of DNA
was kept constant (2 ug) with pcDNA3. Twenty four hours after transfection,
cells were left untreated or treated with 600 nM ADR and incubated for
another 24 h, Whole cell lysates were then prepared and analyzed by immu-
noblotting with the indicated antibodies.

A 1B : Anti- FLAG
IB : Anti-p53
IB : Anti-p53 (Ser-15)
1B : Anti-BAX

B 1B:Anti-FLAG

IB : Anti-p53
IB : Anti-p53 (Ser-15)
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B : Anti-p21WAFt

IB : Anti-Actin

ity to reduce the p53 phosphorylation levels at Ser-15 as well as
to decrease the stability of p53: In contrast, the FHA domain-
containing fragment had no significant effect on p53 because of
its cytoplasmic localization. BRCT domains mediate phospho-
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rylation-dependent protein-protein interaction, as described
previously (39 —41). For example, the BRCT domains of BRCA1
recognize specific phospho-Ser-containing peptides (40). In
contrast, unphosphorylated forms of p53 bound to the BRCT
domains of NFBD1 much more efficiently in vitro relative to
phosphorylated forms of p53 {data not shown). Furthermore,
NFBDL1 failed to bring down p53 phosphorylated at Ser-15 as
examined by co-immunoprecipitation experiments. Thus, it
is likely that BRCT domains of NFBD1 do not always prefer
phospho-Ser-containing peptides.

It has been shown that NFBD1 cooperates with the histone var-
iant H2AX to recruit DNA repair proteins such as MRN complex
to the sites of DNA damage (27). In accordance with this notion,
NFBD1 displayed diffuse nuclear staining under normal condi-
tions, whereas NFBD1 redistributed to nuclear foci within 1 hafter
the treatment with ADR. The NFBD1 nuclear foci co-localized
with NBS1 and lasted at least 24 h after the ADR treatment (data
not shown). The ADR-induced accumulation of p53 was not
clearly detected within 1 h of exposure. At a single cell level, the
ADR-induced NFBD1 nuclear foci were present only in cells lack-
ing p53 accumulation and phosphorylation at Ser-1524 h after the
treatment. In contrast, NFBD1 nuclear foci were undetectable in
cells expressing p53. These observations were consistent with the
inverse relationship between the expression levels of p53 and
NFBD1 in response to. ADR. Considering that NFBD1 directly
interacts with p53, thereby preventing its phosphorylation at Ser-
15, it is possible that NFBD1 participates in the early cellular
responses to ‘ADR, and the ADR-induced down-regulation of
NFBD1 might be crucial for the initiation of the p53-dependent
apoptotic response.
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Expression analysis showed that NFBD1 is regulated at
mRNA level in response to ADR. To explore the molecular
mechanisms regulating the p53-mediated DNA damage signal-
ing pathways, it is necessary to identify the promoter region as
well as the transcription factor(s) responsible for the regulation
of NFBD1 upon treatment with ADR. Although the transcrip-
tional regulatory mechanism of NFBD1 has remained elusive,
the extensive search of the human genomic sequence informa-
tion revealed that there exists a putative NF-«kB-binding site
within the intron 3 of the NFBDI gene (data not shown). Accu-
mulating evidence suggests that NF-«B plays an important role
in cellular protection against a wide variety of apoptotic
stresses, including DNA damage (42— 45). For example, camp-
tothecin-mediated activation of NF-«kB was transient, and the
impaired activation of NF-«B resulted in an enhanced sensitiv-
ity to camptothecin (46). Similar results were also obtained in
cells exposed to ADR (47). Furthermore, the recent study indi-
cated that ATM is required for NF-«B activation in response to
DNA damage (48, 49), and NF-«B activation decreases the sta-
bility of p53, which might be due to the up-regulation of MDM2
(50). Collectively, it is possible that the transient activation of
NF-«B might maintain and/or induce the expression levels of
NFBD1 and MDM2, which is required for cell survival follow-
ing DNA damage. However, it remains to be clarified whether
NF-«B could regulate the expression of NFBD1 in response to
DNA damage. Recently, Townsend et al. (51) described that
NFBD1 might be a direct transcriptional target of STAT-1.
According to their results, the expression levels of NFBD1 were
reduced in STAT-1-deficient cells but were restored by the
exogenous expression of STAT-1. Under our experimental
conditions, however, we could not detect the STAT-1-medi-
ated transcriptional up-regulation of NFBDI {data not shown).
This discrepancy might be due to the cell type-specific effects.
Thus, it is likely that there could exist a separate and distinct tran-
scription factor(s) required for the transcriptional regulation of
NEBDI. Studies to elucidate the molecular mechanisms of the
transcriptional regulation of NFBDI in response to DNA damage
are underway.
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