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DDB2 decides cell fate following DNA damage
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The xeroderma pigmentosum complementation group E (XP-E)
gene product damaged-DNA binding protein 2 (DDB2) plays im-
portant roles in nucleotide excision repair (NER). Previously, we
showed that DDB2 participates in NER by regulating the level of
p21Waf1/Cip1 Here we show that the p21Waf1/Cip1 _regulatory func-
tion of DDB2 plays a central role in defining the response (apo-
ptosis or arrest) to DNA damage. The DDB2-deficient cells are
resistant to apoptosis in response to a variety of DNA-damaging
agents, despite activation of p53 and the pro-apoptotic genes.
Instead, these cells undergo cell cycle arrest. Also, the DDB2-
deficient cells are resistant to E2F1-induced apoptosis. The resis-
tance to apoptosis of the DDB2-deficient cells is caused by an
increased accumulation of p21Waf1/Cip1 after DNA damage. We
provide evidence that DDB2 targets p21Waf1/Cip1 for proteolysis.
The resistance to apoptosis in DDB2-deficient cells also involves
Mdm2 in a manner that is distinct from the p53-regulatory activity
of Mdm2. Our results provide evidence for a new regulatory loop
involving the NER protein DDB2, Mdm2, and p21Waf1/Cip1 that is
critical in deciding cell fate (apoptosis or arrest) upon DNA damage.
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M utation in the gene encoding damaged-DNA binding
protein 2 (DDB2) is linked to xeroderma pigmentosum
(XP, complementation group E) (1, 2). XP is a human genetic
disorder characterized by sun sensitivity, DNA repair deficiency,
and high risk of skin tumor development. DDB2 knockout
(DDB27/7) mice exhibit enhanced skin cancer susceptibility in
response to chronic ultraviolet (UV) radiation (3-5), providing
further evidence of the role of DDB2 in inhibition of UV-
induced skin tumorogenesis. Cells from XP patients exhibit
deficiency in the nucleotide excision repair (NER), a major DNA
repair mechanism that mends UV-induced DNA damage.

Several models for the NER function of DDB2 have been
proposed; all of those models are related to the E3 ligase
complexes of Cul4A or Cul4B that bind to DDB2 through the
adapter protein DDB1. Two groups of researchers have sug-
gested that the DDB2-associated E3 ligase mono-ubiquitinates
histones on damaged chromatin to remodel the chromatin
structure and to support recruitment of the NER proteins onto
damaged chromatin (6, 7). Another model contends that DDB2-
containing ligase ubiquitinates the NER factor XP-C to activate
NER (8). DDB2 and its proteolysis by Cul4A have been reported
to be involved also in the recruitment of XP-C (9). DDB2 is
degraded by Cul4A-DDBI1 after UV irradiation (10). It has been
suggested that the degradation of DDB2 allows recruitment of
XP-C.

Recently we showed that, in murine cells, DDB2 could
participate in NER indirectly by regulating the cellular levels of
p21Watl/Cipl (11), In cells exposed to low doses of UV irradiation,
DDB2 enhances nuclear accumulation of DDB1, which binds to
a modified form of p53 phosphorylated at Ser-18 (p535'8?) and,
together with CuldA, targets it for degradation. In the DDB2~/~
cells, the UV-induced accumulation of DDBI is impaired,
causing accumulation of p53%'8" and higher expression of
p21Watl/Cipl (1), P21 Wall/Cipl wag shown to directly interact with
proliferation cell nuclear antigen (PCNA) and to inhibit NER,
both in vitro and in vivo (12, 13). We showed that depletion of
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p21Wafl/Cipl reversed the NER-deficient phenotype observed in
the DDB2™/~ mouse embryonic fibroblasts (MEFs), providing
strong genetic evidence for a link between the NER activity of
DDB?2 and regulation of p21Wal/Cipl expression.

Regulation of p21Waf/Cipl by DDB2 is intriguing because, in
human cells, both of these genes are transcriptionally induced by
p53 (14, 15). The promoter region of the human DDB2 gene
contains p53-binding sites; upon DNA damage, p53 directly
binds to the DDB2 promoter to stimulate its expression (15). In
murine cells, however, DDB2 is not activated by p53, as the
promoter region lacks p53-binding site (15, 16).

Several studies have suggested a role of p21Wafl/Cipl in inhib-
iting apoptosis (17, 18). The apoptosis-inhibitory function of
p21Wafl/Cipl poses a problem for cells after DNA damage because
both pro-apoptotic pathway and p21Waf/Cip! are activated by p53.
It has been shown that depletion of p21Wafl/Cipl gensitizes cells
to DNA damage induced apoptosis (19, 20). Thus, p21Wafl/Cipl
functions as a barrier and inhibits apoptosis after DNA damage.
In this study, we show that the XP-E gene product DDB2 plays
a critical role in attenuating the barrier of p21Wafl/Cipl to allow
apoptosis of cells exposed to DNA-damaging agents. Also, we
identify a new role of Mdm?2 in that process.

Results

DDB2-Deficient Cells Are Resistant to Apoptosis Induced by a Variety
of DNA-Damaging Agents. It was shown that the DDB2-deficient
cells are defective in the UV-induced apoptosis (3, 21). We
investigated whether the deficiency is specific to UV-induced
apoptosis. Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assays were used to analyze apoptosis in
wild-type and DDB2~/~ MEFs. Consistent with the published
studies, we observed that our DDB27/~ MEFs are resistant to
UV-induced apoptosis (Fig. 1 4 and B). In addition to UV
irradiation, we analyzed the effects of several other DNA-
damaging agents for their ability to induce apoptosis in the
wild-type MEFs (not shown). Of those, cisplatin and aclarubicin
were found to be potent inducers of apoptosis in the wild-type
MEFs. Interestingly, those drugs failed to induce apoptosis in the
DDB2/~ MEFs (Fig. 1). The DDB2 ~/~ MEFs, instead of
undergoing apoptosis, exhibited cell cycle arrest (Fig. 1C).
Flow-cytometric analyses revealed that cisplatin and aclaru-
bicin increased the G1 population in the DDB2™/~ MEFs,
whereas UV irradiation increased population of S-phase cells
resulting from S-phase delay.

We investigated whether the function of DDB2 in supporting
apoptosis after DNA damage is conserved in human cells. HeLa
cells expressing control shRNA or shRNA against DDB2 were
compared for their ability to support apoptosis after treatments
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Fig. 1. DDB27~/~ MEFs exhibit cell cycle arrest and apoptosis defect upon DNA damage. (A) Wild-type or DDB2~/~ MEFs were treated with UV-C (50 J/m?) or
cisplatin (30 wm) or aclarubicin (0.5 uM) for 24 hours. After the treatments, the cells were subjected to TUNEL assay using the ApopTag Red In Situ Apoptosis
Detection Kit and procedure provided by the manufacturer (Chemicon International). Average percentages of the TUNEL-positive nuclei from 10 different fields
from two independent experiments are plotted (B). (C) After treatment with the DNA-damaging drugs, cells were subjected to flow-cytometric analyses. An
average of the cell cycle distribution (including the SubG1 cells) from three different sets is shown.

with DNA-damaging agents (Fig. S1). Flow-cytometric analyses
of the control HeLa cells exhibited increase in population of
subGl1 cells, indicative of apoptosis, after treatments with UV or
with aclarubicin or cisplatin (Fig. S1). The DDB2-shRNA ex-
pressing cells, on the other hand, did not show any significant
increase in the subG1 population of cells. Instead, the DDB2
shRNA expressing cells exhibited S-phase delay (Fig. S1). These
results show that DDB2 is required for apoptosis after DNA
damage and that, in the absence of DDB2, cells undergo cell
cycle arrest.

DDB2-Deficient Cells Support Efficient Activation of the p53-Induced
Pro-Apoptotic Genes but Fail to Regulate Accumulation of p21Waf1/Cip1,
The lack of apoptosis in the DDB2~/~ cells did not result from
a deficiency in the expression of the pro-apoptotic genes that are
induced by p53 upon DNA damage. We compared the wild-type
and the DDB2~/~ cells treated with UV or cisplatin to analyze
expression of the p53-induced pro-apoptotic genes. The pro-
apoptotic genes Puma and Bax were expressed at high levels in
the DDB2~/~ MEFs (Fig. 2 A and B). Moreover, both wild-type
and DDB27/~ MEFs exhibited strong induction of p53 after
treatments with the DNA-damaging agents (Fig. S2a). It is
believed that, after DNA damage, p53 localizes to cytoplasm and
mitochondria to activate function of Bax in promoting perme-
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Fig. 2. Expression of pro-apoptotic genes and accumulation of p53 and
p21Wafi/Cipl jn DDB2-deficient cells. Wild-type or DDB2~/~ MEFs were treated
with cisplatin (30 uM) (A) or UV-C (50 J/m?) (B). Cells were harvested 2, 4, and
6 hours after treatment, followed by Western blot analysis for p21, Bax,
PUMA, and a-Tubulin (as a loading control).
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abilization of the outer membrane of mitochondria (22-24).
Therefore, we fractionated cells to obtain cytoplasmic, mito-
chondrial, and nuclear fractions. There was no significant dif-
ference in the levels of p53 in those three fractions when
wild-type and DDB27/~ cells were compared (Fig. S2a).

Previously, we showed that the DDB27/~ MEFs express
p21Watl/iCipl gt a higher level after low-dose UV irradiation
because of accumulation of phospho-p53(Ser-18) (11). However,
at a high-dose of UV irradiation, a condition used in this study,
we did not expect any significant difference in the level of
p21Watl/Cipl pecause p53 is equally stabilized in DDB27/~ and
wild-type MEFs (Fig. S2a). Surprisingly, when we measured the
level of p21Wafl/Cipl the DDB2~/~ MEFs exhibited significantly
higher accumulation of p21Wafl/Cipl (Fig. 2 4 and B). The
activation of ATR and the accumulation of P-(Ser-18)p53 were
comparable (Fig. S2b). In addition, p21-mRNA was induced to
a similar extent (Fig. S2c). Therefore, we investigated whether
the DDB2-defcient cells are impaired in the decay of p21Wafl/
cipl. We investigated decay rates of p21Wafl/Cipl in both
DDB2~/~ MEFs and in HeLa cells expressing DDB2-shRNA.
The cells were treated with cycloheximide and the decay-rate
of p21Wall/iCipl was measured. Clearly, the DDB2~/~ MEFs
(Fig. S3a), as well as the HeLa cells expressing the DDB2-
shRNA (Fig. 34), exhibited increased stability of p21Wafl/Cipl
compared with the wild-type cells.

The DDB2-associated protein DDB1 has been implicated in
the proteolysis of p21Watl/Cipl (25 26). To determine whether
DDB2 could increase the decay-rate of p21Wafl/Cirl HelLa cells
were transfected with both DDB2 and p21Wal/Cipl expression
plasmids. The cells were treated with cycloheximide and the
decay of p21Wafl/Cipl wag analyzed. We observed that expression
of DDB2 reduced the half-life of p21Wall/Ciel (Fig. 3B). To
investigate an interaction, we expressed T7-epitope tagged
DDB?2 in the HeLa cells expressing DDB2-shRNA. Immuno-
precipitation of DDB2 with T7-antibody co-immunoprecipitated
p21 (Fig. 3C). The p21-co-immunoprecipitation was detected
also with DNase-treated extracts (Fig. S3b). Moreover, MG132
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DDB2 targets p21Waf1/Cip1 for proteolysis. (A) Hela cells expressing DDB2-shRNA (shDDB2) or control (pSuper) were treated with cycloheximide (50 ug/ml).

At the indicated time points, cells were harvested and the extracts (0.25 mg) were analyzed for the levels of p21 by Western blot. (B) HeLa cells expressing
DDB2-shRNA were transfected with plasmids expressing p21 and DDB2 (two plates) or p21 alone (two plates). Twelve hours after transfection, the cells in the
two plates were pooled and equally divided into five plates. Twenty-four hours after re-plating, cells were treated with cycloheximide and were harvested at
the indicated time points. Extracts were assayed for the levels of p21. (C) HeLa-shDDB2 cells were infected for 16 hours with adenovirus expressing
T7-epitope-tagged DDB2. Cells were also treated with or without UV-C. The extracts (2 mg) were subjected to immunoprecipitation with T7-epitope antibody.
The immunoprecipitates were analyzed for the presence of p21 by Western blot. (D) Wild-type or DDB2-deficient cells were treated with MG132 for 4 hours,
followed by harvesting, extraction, and Western blot analysis for p21. (E) HeLa cells (pSuper) or HelLa cells expressing DDB2-shRNA were transfected with a
plasmid expressing His-tagged ubiquitin. The ubiquitinated proteins were isolated following a previously described procedure (11) and then subjected to

Western blot assay with p21 antibody.

stabilized p21 in DDB2-containing cells but not in DDB2-
deficient cells (Fig. 3D). Next, we compared ubiquitination of
p21 in DDB2-containing and DDB2-depleted cells by transfect-
ing a plasmid that expresses His-tagged ubiquitin. The ubiqui-
tinated proteins were isolated by purifying the extracts through
Ni-Agarose columns. The bound proteins were analyzed in
Western blot assay with p21-atibody to detect polyubiquitinated
p21. We observed that, whereas the DDB2-defiient cells accu-
mulated p21, there was a significant reduction in the extent of
ubiquitination (Fig. 3E). Together, the observations suggest that
DDB?2 targets p21Wall/Cipl for proteolysis through the ubiquitin-
proteasome pathway.

Deletion of p21Waf1/Cip1 Restores Apoptosis in DDB2~/~ Cells. Next, we
investigated whether the deficiency in apoptosis in the DDB2~/~
cells is related to the high-level accumulation of p21Watl/Cipl 'We
observed that the accumulation of p21Wal/Cipl in the DDB2 7/~
cells caused a delay in S-phase entry, and the delay was reversed
in the double knockout DDB2~/~p21~/~ cells (Fig. S4a). To
determine whether the increased level of p21Wall/Cipl was the
cause of resistance to apoptosis, the DDB2/~p21~/~ double
knockout MEFs were compared with DDB2~/~ and p21~/~
single knockout MEFs for their abilities to undergo apoptosis
upon treatments with UV, cisplatin, or aclarubicin. The MEFs
were treated with the DNA-damaging agents. Eighteen hours
after treatment, the cells were fixed and subjected to apoptotic
TUNEL assays (Fig. 44 and Fig. S5). Deletion of p21Wafl/Cipl
restored apoptosis induced by DNA damage in the DDB27/~
cells (Fig. 4; also see PARP cleavage in Fig. S4c¢). Similar results
were obtained with IR treated cells (Fig. S4b). Deletion of
p21Wafl/Cipl al50 eliminated the cell cycle delay observed in the
DDB2/~ MEFs after treatments with the DNA-damaging
agents (Fig. 4B). Together these results suggest that DDB2 is
required for apoptosis induced by DNA damage, and that DDB2
participates in apoptosis and cell cycle progression by down-
regulating the level of p21Wafl/Cipl,
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We determined the effect of E2F1, which is a pro-apoptotic
gene (27, 28). We used recombinant adenovirus expressing E2F1
to infect the MEFs. Apoptosis was analyzed 24 hours after
infection with E2F1-expressing virus. As expected, expression of
E2F1 in the wild-type MEFs induced apoptosis. However, E2F1
failed to induce apoptosis in the DDB27/~ MEFs (Fig. 44).
More interestingly, the E2F1-induced apoptosis was restored in
the DDB2~/~p21~/~ MEFs. Thus, the high level of p21Wafl/Cipl
in the DDB2~/~ MEFs also protects the cells from E2F1-induced
apoptosis.

Depletion of Mdm2, but Not Inhibition of p53-Mdm2 Interaction,
Restores Apoptosis in DDB2-Deficient Cells. The Cdk-inhibitory
function of p21Wafl/Cipl has been linked to its ability to inhibit
apoptosis (29). Interestingly, a recent study indicated that, in
cells treated with DNA-damaging agents, efficient inhibition of
Cdk2 by p21Wall/Cipl requires Mdm2 (30). It was shown that
inhibition of the Mdm?2-p53 interaction by nutlin-3 and inhibi-
tion of Mdm?2 levels by Mdm?2-siRNA had similar effects on the
levels of p53 and p21Wafl/Cipl expression, but the Cdk2-inhibitory
activity of the induced p21Wafl/Cipl was different. In Mdm?2-
siRNA treated cells Cdk2-inhibition was inefficient, causing an
inefficient arrest of cells after treatment with doxorubicin (30).
The nutlin-3—treated cells, on the other hand, exhibited efficient
cell cycle arrest in response to doxorubicin. Based on those
observations, it was suggested that Mdm?2 possesses a Cdk-
inhibitory function that is independent of its p53-regulatory
activity. If Mdm?2 is required for the Cdk2-inhibitory function of
p21Wall/Cipl - we predicted that in the absence of Mdm2 the
barrier of apoptosis imposed by p21Wf/Cipl would be weak, and
the cells would undergo apoptosis without DDB2.

We used HeLa cells deficient in DDB2 expression (stably
expressing DDB2-shRNA) because HeLa cells contain very little
pS3, as it is degraded by the HPV E6 protein. Moreover, we
observed that treatment of the HeLa-DDB2shRNA cells with
nutlin-3 or Mdm2-siRNA had very little effect on the levels of

Stoyanova et al.
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Fig. 4.

Deletion of p21Waf1/Cipl restores apoptosis in DDB2~/~ MEFs. (A) WT DDB2~/~ MEFs, p21~/~MEFs, or DDB2~/~p21~/~ MEFs were treated with UV-C,

cisplatin, or aclarubicin or were infected with adenovirus-expressing E2F1 or virus-expressing lac Z. Twenty-four hours after the treatments, the cells were
subjected to TUNEL assay. Averages of the TUNEL positive nuclei from 10 different fields were plotted. (B) The DDB2~/~p21~/~ MEFs were subjected to
flow-cytometric analysis after treatments with UV-C, cisplatin, or aclarubicin. Averages of the cell cycle distribution from three different sets are shown.

p53 or its downstream target p21 (Fig. 54), suggesting that
Mdm?2 does not regulate p53 in these cells. We investigated
whether a depletion of Mdm?2 would restore apoptosis. We used
Mdm?2-siRNA to knockdown Mdm?2 in the HeLa cells expressing
DDB2-shRNA. Clearly, the knockdown of Mdm?2 in DDB2-
deficient cells caused significant increase in apoptosis induced by
the DNA-damaging agents (Fig. 5B). Mdm2-siRNA had only a
slight effect on the apoptosis in the control HeLa cells (Fig. S6b).
Nutlin-3 treatment, on the other hand, had very little effect on
restoring apoptosis in the DDB2-deficient cells (Fig. 5C). These
results identify a new apoptosis-inhibitory activity of Mdm?2 that
is distinct from its p53-regulatory activity. Thus, both p21Wafl/Cip1
and Mdm?2 are required for the inhibition of apoptosis in the
DDB2-deficient cells.

Next, we compared the activity of Cdk2 in DDB27/~ and
DDB27/7p21~/~ MEFs after treatments with the DNA-
damaging agents. Cdk2 was immunoprecipitated, and the im-
munoprecipitates were used in histone-H1 phosphorylation as-
say in the presence of y-P32 ATP. As expected from p21Watl/Cipl
accumulation in the DDB27/~ cells, treatments with UV or
cisplatin caused severe reduction in the Cdk2-activity, which was not
observed with the immunoprecipitates from the DDB2~/~p21~/~ cells
(Fig. 64). To further confirm that the apoptosis in the DDB2~/~p21~/~
cells resulted from increased Cdk2 activity, we treated those cells with
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Fig. 5. Mdm2 inhibits apoptosis in DDB2-deficient cells. (A) HelLa cells
expressing DDB2-shRNA were transfected with control or Mdm2-siRNA or
treated with nutlin-3 (48 hours). Extracts of the cells were assayed for Mdm2, p53,
p21, and Cdk2. (B) DDB2-shRNA cells were treated with UV-C (50 J/m?), cisplatin
(30 uM), or aclarubicin (0.5 uM), and after 18 hours the cells were subjected to
TUNEL assay using the ApopTag Fluorescein In Situ Apoptosis Detection Kit.
Averages of TUNEL-positive nuclei from 10 different fields were plotted. (C) HeLa
cells expressing DDB2-shRNA were not treated or treated with nutlin-3 for 48
hours, followed by TUNEL assay using the ApopTag Fluorescein In Situ Apoptosis
Detection Kit. Averages of TUNEL-positive nuclei from 10 different fields were
plotted.
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roscovitine, an inhibitor of the Cdk-kinases. Roscovitine inhibited
apoptosis in the DDB2~/~p21~/~ cells and caused them to undergo cell
cycle arrest (Fig. S7). Also, we measured Cdk2 activity after knockdown
of Mdm?2. Knockdown of Mdm?2 caused a significant increase in the
Cdk2 activity in cells expressing DDB2-shRNA, and the high activity
was maintained after treatments with DNA-damaging agents (Fig. 6B).
Together, the results are consistent with the notion that both p21Watl/
cipt and Mdm?2 are involved in inhibiting Cdk2 after DNA damage, and
that DDB2 overcomes the inhibitory effect, at least partly, by down-
regulating p21Wafl/Ciel (Fig, 6C).

Discussion

The work presented here is significant in several ways. First, we
show that the NER factor DDB2 is a key determinant in
deciding fate of a cell after DNA damage. In the presence of
DDB2 expression cells undergo apoptosis, whereas in the
absence of DDB2 expression cells undergo cell cycle arrest.
Second, we provide genetic and biochemical evidence that
DDB?2 supports apoptosis by regulating the levels of p21Wafl/
cipt. Moreover, using a specific inhibitor of p53-Mdm?2 inter-
action, we provide evidence for a role of Mdm?2 in inhibiting
apoptosis. We suggest a model in which, after DNA damage,
Mdm2 and p21Watl/Cipl which are induced by p53, act together
to inhibit apoptosis. DDB2, which is induced also by p53 in
human cells, lowers the level of p21Wafl/Cipl to overcome the
inhibition of apoptosis (Fig. 6C).

Previously we showed that, in low-dose UV-irradiated cells,
DDB2 regulates the stability of a modified form of p53 that is
phosphorylated at the Ser-15/18 residue (11). In low-dose UV-
irradiated cells, a small population of p53 exists in Ser-1-5/18
phopshorylated form, which is specifically targeted for proteol-
ysis by the Cul4-DDB1 E3 ligase (11). In the absence of DDB2,
the phoshorylated p53 accumulates leading to higher mRNA-
expression of p21Watl/Cipl Thus, by lowering the level of p53 that
is phosphorylated at Ser-15/18, DDB2 regulates new synthesis of
p21Wafl/Cipl (11), In this study, we used a much higher dose of UV
irradiation or other DNA-damaging agents that activate p53 to
a very high level irrespective of the presence of DDB2. Under
these conditions, the pro-apoptotic genes were turned on in both
wild-type and DDB2-deficient cells. The DDB2-deficient cells
exhibited a significantly higher accumulation of p21Wafl/Cipl 'We
provided evidence that the high accumulation of p21Wafl/Cipl jn
DDB2-deficient cells is a result of deficiency in p21Wafl/Cipl
proteolysis, suggesting that DDB2 also regulates p21Wafl/Cipl ¢
the protein level. We observed that DDB2 associates with
p21Wafl/Cipl and that expression of DDB2 reduces the half-life of
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Fig.6. Stimulation of Cdk2-activity in DDB2-deficient cells by depletion of p21Waf1/Cip1 or Mdm?2. (A) Extracts from DDB2~/~ MEFs and DDB2~/~p21~/~ MEFs were
compared for Cdk2 activity after treatments with DNA-damaging agents. (B) DDB2-shRNA expressing HeLa cells were transfected with Mdm2-siRNA. The extracts
were compared for Cdk2-activity (B). In both experiments, the Cdk2 activity was measured by assaying for histone-H1 phosphorylation (38). (C) Model for

activation of apoptosis by DDB2.

p21Wafl/Cipl - Although several mechanisms of p21Wafl/Cipl regy-
lation have been characterized (31-33), our results provide genetic
evidence for the DDB2-mediated regulation of p21Wafl/Cipl jp
determining the outcome of DNA damage response. That is
particularly significant because expression of DDB2 in human cells
is induced after DNA damage (15).

We observed similar regulation of p21Wa{/Cipl by DDB2 in
both murine and human cells. However, there is a difference in
DDB2 expression between human and murine cells. In murine
cells, DDB2 is constitutively expressed, whereas in human cells
DDB2 expression is dependent upon p53 (15). It is interesting
that, in human cells, p53 induces expression of DDB2 to regulate
the level of p21Wall/Cipl which is induced also by p33 (14).
Therefore, it would appear that in human cells the function of
DDB?2 is tightly linked o the p53-pathway and that DDB2 is a
significant regulator of p21WVatl/Cirl only after DNA damage or
after induction by p53, whereas in murine cells DDB2 is con-
stitutively available for regulation of p21Wafl/Cipl. The reason
behind the evolutionary change from murine to human cells with
regard to regulation of DDB2 expression is not obvious, because
the defects in the DDB27/~ MEFs are mostly reversed by
deletion of p21Watl/Cirl Tt is possible that, in murine cells,
DDB2-mediated regulation of p21Wafl/CiPl ig important also in
the absence of DNA damage.

The mechanisms by which p21W#f/Cipl jnhibits apoptosis have
been studied extensively (17, 18, 29). It was shown that high levels
of p21Wall/Cipl jphibited activation of caspases, a process believed
to depend upon active Cdks (29). A recent study indicated that,
in cells treated with DNA-damaging agents, efficient inhibition
of Cdk-kinase by p21Wafl/Cipl jnyolves Mdm2 (30). That function
of Mdm?2 is independent of its interaction with p53 because
Mdm?2 could support Cdk-inhibition by p21Wafl/Cipl i the pres-
ence of nutlin-3, a drug that specifically disrupts the interaction
between p53 and Mdm?2. It is noteworthy that a previous study
identified two growth-inhibitory domains in Mdm?2 that could
inhibit the G1-S transition (35, 36). Nevertheless we predicted
that, if Mdm?2 is required for p21Waf/CiPl_mediated inhibition of
Cdk and inhibition of the cell cycle progression, depletion of
Mdm?2 would restore apoptosis in the DDB2-deficient cells after
DNA damage. Consistent with that prediction, we observed that
siRNA-mediated depletion of Mdm?2 could restore apoptosis in
the DDB2-deficient Hela cells. Moreover, nutlin-3 treatment

1. Nichols AF, Itoh T, Graham JA, Liu W, Yamaizumi M, et al. (2000) Human damage-
specific DNA-binding protein p48. Characterization of XPE mutations and regulation
following UV irradiation. J Biol Chem 275:21422-21428.

2. Nichols AF, Ong P, Linn S (1996) Mutations specific to the xeroderma pigmentosum
group E Ddb- phenotype. J Biol Chem 271:24317-24320.
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had no effect on restoring apoptosis in the DDB2-deficient cells.
Mdm?2 is expected to inhibit apoptosis by regulating p53, but that
does not explain our observation that nutlin-3 failed to support
apoptosis in the DDB2-deficient cells. Therefore, the observa-
tions identify a new function of Mdm?2 in inhibiting apoptosis
that is likely to involve the same pathway by which p21Watl/Cipl
inhibits apoptosis.

Materials and Methods

MEFs and Cell Line. MEFs (11) were generated from 13.5-day-old embryos and
were grown in Dulbecco modified Eagle’s medium containing 10% fetal
bovine serum (FBS). Control and DDB2 short hairpin RNA (shRNA) stable cell
lines have been described before (11).

Drug Treatment and UV Irradiation. Cisplatin (Sigma, P4394) was used at a final
concentration of 30 mM, and aclarubicin (Sigma, A8959) was used at a final
concentration of 0.5 mM. Cells were treated with Nutlin-3 for 48 hours (Cayman
Chemical) at a final concentration of 2.5 mM. UV irradiation (50 J/m2) of cells was
carried out with a Stratalinker (Fisher Scientific) adjusted to UV-C irradiation.

Western Blot Analysis, Decay Rates, and Immunoprecipitation. Western blot,
decay rate, and immunoprecipitation were performed using previously de-
scribed procedures (11).

Cell Fractionation. Cells were washed with phosphate-buffered saline (PBS)
and were then treated with cisplatin or aclarubicin or UV irradiated. Eighteen
hours after treatment, cells were harvested and fractioned following a pre-
viously described procedure (37).

Assays for Apoptois. Cells were grown on glass cover slips and treated with
cisplatin, aclarubicin, or UV, or were infected with recombinant adenovirus
expressing E2F1 at 50 PFU/cell. Eighteen hours after treatment or infection,
cells were fixed in 1% paraformaldehyde pH 7.4. The ApopTag Red In Situ
Apoptosis Detection Kit (S7165) or ApopTag Fluorescein In Situ Apoptosis
Detection Kit (57110) (Chemicon) was used according to the manufacturer’s
protocol.

Cdk2 Activity Assay. The activity of Cdk2 was measured following a previously
described procedure (38).
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