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Fig. 1. Non-phosphorylatable Mdmx cooperates with Mdm2 to suppress p53. (a) Schematic representation of the positions of the Mdmx mutations.
The serine residues phosphorylated after DNA damage are shown in red. The RING finger domain is shown in blue. (b,c) Inhibition of the transcriptional
activity of p53 by the nonphosphorylatable mutants of Mdmx. (b) The indicated amounts of the wild-type Flag-Mdmx or Mdmx mutants were transfected
into H1299 cells together with 0.15 pg HA-p53, 0.1 ng AlP-luc, and Renilla luciferase in the presence (left panel) or absence (right panel) of 0.2 ug myc-
Mdm2. The total amount of transfected DNA was adjusted to 2 pg with pBluescript. Luciferase activity was measured 20 h after transfection. The numbers
represent mean values + standard deviations from experiments carried out in triplicate. The presented values were calculated as follows: value of cells
transfected with the indicated amount of Mdmx/value of cells transfected without Mdmx. (¢) The indicated amounts of myc-Mdm2 were transfected into
H1299 cells together with 0.15 jig HA-p53, AlP-luc, Renilla luciferase, in the presence of 0.4 jig control vector, wild-type Flag-Mdmyx, or the indicated Mdmx
mutant: Luciferase assays were carried out as described in (b): (d) H1299 cells were cotransfected as described in (b). Total RNA prepared from transfected
cells was used to measure the levels of endogenous p21 RNA by real-time RT-PCR using Tagman probe (Applied Biosciences, Foster City, CA). Levels of p21

were normalized with those of B-Actin.

shRNA infection. SH-SYS5Y cells or IMR-32 cells were infected
with lentiviruses as previously described.® Cells were infected
with the control lentiviruses or the viruses that expressed the
specific Mdmx shRNA overnight, incubated for an additional
2 days, and used for western blot analyses ‘or immunostaining.

Additional information on Materials and Methods is provided
in the Supporting Information.

Results

Non-phosphorylatable Mdmx effectively cooperates with Mdm2 to
suppress p53 activity in H1299. Cellular stresses such as DNA
damage cause degradation of Mdmx, via its phosphorylation by
damage-induced kinases.* Serine 367 (S367) of Mdmix is phos-
phorylated after DNA damage, and alanine substitution of S367
(8367A), which mimics the nonphosphorylated form, promotes the
cooperation between Mdmx and Mdm?2 to inhibit p53 activity.®®
In addition to S367, two other serine residues comprise the major
phosphorylation sites of Mdmx after DNA damage.? One of these
sites, serine 403 (S403), is phosphorylated by ATM kinase,®?
whereas its downstream kinases, Chk1 or Chk2, phosphorylate
serine 342 (S8342) and S367, and facilitate the binding of 14-3-3
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to Mdmx®22+29 (Fig, 1a). Phosphorylation of each site stimulates
the proteasome-mediated degradation of Mdmx via its ubiquiti-
nation by Mdm2,®2.25

Assuming that the phosphorylation of $S342 and S403, in addi-
tion.to S367, also compromises p53 suppression by Mdmx, we
speculated that additional alanine substitution of $342 and S403
would allow Mdmx to inhibit p53 more effectively. We created
the Mdmx mutants with the alanine substitution at S342 (Mdmx-
2A) or at S342 plus S403 (Mdmx-3A) in addition to S367A, and
introduced. each: mutant into p53-deficient H1299 cells together
with p53 and the p33-responsive luciferase reporter (AIP-luc), in
the presence or absence of the transfected Mdm?2. Subsequently,
the inhibitory effect of each Mdmx mutant on p53 activity was
examined (Fig. 1b,c). Low amounts of Mdm2 were transfected
so that introduction of Mdm2 alone did not inhibit p53 activity
(Fig. 1c). As we reported previously,® the S367A mutation aug-
mented the inhibition of p53 activity by Mdmx in the presence
of transfected Mdm2 (Fig. 1b,c). The additional alanine substitu-
tion at S342 and S403 enhanced the ability of Mdmx to suppress
p53 (Fig. 1b,c). In contrast, none of these mutants showed an
inhibitory effect on p53 activity in the absence of the transfected
Mdm?2 (Fig. 1b). We observed similar Mdm?2-dependent inhibition
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Fig. 2. Non-phosphorylatable Mdmx cooperates with Mdm2 to induce cytoplasmic localization of p53 in H1299. (a) H1299 ceils were cotransfected with
HA-p53 and myc-Mdmz2, in the presence or absence of Mdmx-3A, and used for staining with DAPI and anti-HA antibody. Representative staining of
the transfected cells is shown. (b) H1299 cells were cotransfected with the indicated Flag-Mdmx mutants and HA-p53 in the absence (columns 1 and
2) or presence (columns 3-7) of myc-Mdm2, and used for staining with anti-HA antibody. Subcellular localization of p53 of 100 transfected cells was
evaluated in triplicate, and the average percentage of cells with the indicated staining pattern of p53 is shown. (c) Wild-type HA-p53 or HA-p53-K&R
was transfected into H1299 cells together with myc-Mdm2 in the presence or absence of Flag-Mdmx-3A. Immunostaining analyses were carried out
as described in (b). Asterisks indicate statistically significant differences (P < 0.05) as given by a one-way ANOVA followed by Tukey post-test. (d) HA-
p53, myc-Mdm2, and GFP were transfected into H1299 together with the indicated Flag-tagged Mdmx as described in (b), and lysates prepared from
transfected cells were used for immunoprecipitation (IP) with anti-Flag antibody (lanes 4-6) or anti-p53 (DO-1) antibody (lanes 7-9). The total lysates
(lanes 1-3) and the immunoprecipitates were analysed by western blot analyses with the indicated antibodies.

Non-phosphorylatable Mdmx cooperates with Mdm2 to induce

of p53 activity by Mdmx-3A on another p53-responsive promoter
cytoplasmic localization of p53 in H1299. It has been demonstrated

(Bax-luc) (Supporting Information Fig. S1a). Wild-type Mdmx

had an inhibitory effect that was comparable to that of Mdmx-
3A in the presence of a chk2 inhibitor (Supporting Information
Fig. S1b), suggesting that wild-type Mdmx is capable of inhibiting
p53 in the absence of inhibitory phosphorylation.

Cotransfection of Mdm?2 with these mutants suppressed the
inhibitory effects of p53 on cell growth (Supporting Information
Fig. Sic). In accordance with the inhibition of cell growth, Mdmx-
3A, but not wild-type Mdmx, inhibits RNA expression of endog-
enous p21, which is a crucial target of p53 and inhibits cell cycle
progression (Fig. 1d). Taken together, these data suggest that non-
phosphorylated forms of Mdmx effectively cooperate with Mdm2
to inhibit p53 function.

Ohtsubo et al.

that low levels of Mdm?2 inhibit p53 by inducing nuclear export.*”!
In order to determine whether the nonphosphorylatable mutants
of Mdmx cooperate with Mdm?2 to inhibit p53 activity by stimu-
lating cytoplasmic localization of p53, we next examined the
subcellular localization of p53 after cotransfection of Mdmx,
Mdm?2, and p53 under the same conditions described in Figure 1(b).
Introduction of Mdm?2 alone did not significantly affect nuclear
localization of p53 (Fig. 2a,b). Although cointroduction of Mdm?2
and wild-type Mdmx had only a marginal effect on enhancement
of cytoplasmic localization of p53 (Fig. 2b), cointroduction of
Mdm?2 and Mdmx-3A markedly enhanced a fraction of transfected
cells with cytoplasmic p33 staining (Fig. 2a,b). Cytoplasmic
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localization of p53 induced by Mdmx-3A alone was much less
striking if compared to that induced by Mdm2 and Mdmx-3A
(Fig. 2b), indicating that the effect of Mdmx-3A on the subcellular
localization is largely dependent on the cointroduced Mdm2.
Of note, there was a gradual enhancement of the cytoplasmic
localization of p53 as Mdmx harbored an increasing number
of alanine mutations at the phosphorylation sites (i.e. Mdmx:
wt < S367A <2A <3A) (Fig. 2b), indicating that the extent of
the stimulation of the cytoplasmic localization by the nonpho-
sphorylatable mutations parallels their inhibitory effect on'p53
activity (Fig. 1b). The cooperative effect of Mdmx-3A and Mdm2
to stimulate cytoplasmic localization of p53 was also observed
in U208 cells (Supporting Information Fig. S2a).

Cellular stresses such as DNA damage cause degradation of
Mdmx via its phosphorylation by damage-induced kinases. @2
Mdmx was highly phosphorylated at S367 in transfected H1299@3
(K. Okamoto, unpublished data). In the presence of a chk2
inhibitor, wild-type Mdmx is capable of inducing cytoplasmic
localization of p53 to an extent comparable to that of Mdmx-3A
(Supporting Information Fig. S2b), indicating that in the absence
of the inhibitory kinase, wild-type Mdmx is capable of inhibiting
pS3 activity (Supporting Information Fig. S1b) and inducing
cytoplasmic localization of p53. These observations suggest
that Mdmx phosphorylation may occur during the procedure of
DNA transfection, and that the nomphosphorylatable Mdmx
mutation facilitates clear observation of the cooperative effects
of Mdmx and Mdm2 on p53 inhibition, by negating the inhibitory
effects of Mdmx phosphorylation.

Mutation at the C-terminal lysines of p53 partially compromises the
inhibitory effects of Mdmx-mediated enhancement of ubigquitination
and inhibition of p53. It has been documented that Mdm?2 ubiqui-
tinates p53 at the six C-terminal lysines, the integrity of which are
required for its nuclear export.?>? In addition to ubiquitination,
some of these lysines-are targeted for other types of modification,
including neddylation, acetylation, and methylation.®**» Recent
publications have indicated that Mdnix rescues the catalytic activity
of Mdm2 mutants. for ubiquitination and neddylation of p53
in vivo.481%3) In order to determine whether Mdmx-3A enhances
Mdm2-dependent p53 ubiquitination; we examined whether Mdmx
enhances Mdm2-mediated ubiquitination in transfected H1299.
Indeed, Mdmx-3A synergized with Mdm?2 to induce p53 ubiquitina-
tion (Supporting Information Fig. $S2¢). In order to determine
whether cooperative ubiquitination targets the C-terminal lysines
of p53 by Mdmx and Mdm?2, we created a mutant p53 in which
all six lysines at the C-terminal domain were substituted with
arginine (p53-K6R). Iri vivo ubiquitination assays confirmed that
the K6R mutation eliminates the majority of p53 ubiquitination
in transfected H1299 (data not shown). The K6R mutation partially
inhibited Mdmx-3A-mediated cytoplasmic localization" of p53
(Fig. 2¢) and transcriptional inhibition of p53 (Supporting Infor-
mation Fig. S2d). Thus, modification of the six lysines is partly
required for Mdmix-dependent cytoplasmic localization and inacti-
vation of p33, yet there exist other mechanisms by which Mdmx
and Mdm?2 cooperate to suppress p53 function,

Non-phosphorylatable mutations of Mdmx increase levels of the
association of Mdmx to Mdm2 and p53. Next we determined whether
the nonphosphorylatable mutations of Mdmx affect the levels of
transfected p53, Mdm2, and Mdmx as well as the interaction
among them (Fig. 2d). Mdmx-2A or Mdmx-3A expression did not
markedly decrease the levels of p53 (Fig. 2d). In contrast, both the
Mdmx-2A and Mdmx-3A mutations clearly increased the levels
of introduced Mdmx (Fig. 2d). The levels of wild-type Mdnix and
the Mdmx mutants were comparable in the presence of a pro-
teasomal inhibitor MG132 (Supporting Information Fig. S2e),
suggesting that the nonphosphorylatable mutations render Mdmx
less sensitive to Mdm2-dependent proteasomal degradation.??
In accordance with increased levels of Mdmx-2A and Mdmx-3A,
the Mdmx mutations led to increased levels of the association of
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Mdmx to Mdm?2 and p53 (Fig. 2d). These results indicate that
the nonphosphorylatable mutations, by protecting Mdmx from
Mdm?2-dependent degradation, increase levels of the association
of Mdmx to Mdm?2 and p53.

Mdmx-3A mutation stimulates the association of Mdmx with Mdm?2
and p53 predominantly in the cytoplasm, In order to examine whether
the Mdmx-3A mutation affects subcellular localization of Mdmx
and/or Mdm?2 as well as p53; we riext carried out immunostaining
analyses of transfected Mdm2 and Mdmx. In agreement with a

. previous report,*? transfected wild-type Mdmx was predominantly

localized to the cytoplasm (Fig. 3a). Both wild-type Mdmx and
Mdmx-3A mainly remained in the cytoplasm either in the presence
or absence of cotransfected Mdm?2 (Fig, 3a). Mdm?2 predominantly
localized to the nucleus in the absence of transfected Mdmx
(Fig. 3b). Cotranfection of wild-type Mdmx mildly enhanced cyto-
plasmic localization of introduced Mdm?2, and the extent of the
cytoplasmic localization was markedly augmented by the Mdmx-
3A mutation (Fig. 3b). Thus; the Mdmx-3A mutation facilitates
cytoplasmic localization of cointroduced Mdm2. ’

The positive effects of Mdmx-3A mutation on the levels of the
Mdmx~Mdm?2 complex (Fig. 2d) and on the cytoplasmic locali-
zation of Mdm?2 (Fig. 3b) suggest that the mutation leads to an
increase of the Mdmx-Mdm? complex in cytoplasm. Therefore,
we next examined the extent of their interaction in each sub-
cellular compartment after subcellular fractionation. In agreement
with the results of the immunostaining (Fig. 3a,b), both Mdmx-
3A and Mdm?2 were mainly localized to the cytoplasm, and the
Mdmx-3A-Mdm2 complex was predominantly formed in the
cytoplasm (Fig. 3c). Cytoplasmic Mdmx-3A clearly colocalized
with not only Mdm2 (data not shown) but also with p53 (Fig. 3d).
Analyses of the subcellular localization of Mdmx-3A and p53 or
of Mdmx-3A and Mdm2 in individual cells revealed that locali-
zation of Mdmx-3A in the cytoplasm was clearly associated with
cytoplasmic localization of p53 (Supporting Information Fig. S3a)
and Mdm?2 (Supporting Information Fig. S3b). These data indicate
that the Mdmx-3A mutation leads to:an increase in the associa-
tion of Mdmx with pS53 and Mdm?2 in the cytoplasm.

Cytoplasmic Mdmx is responsible for p53 localization in cytoplasm.
In order to determine whether cytoplasmic Mdmx-3A induces
localization of p53 to the cytoplasm, we generated Mdmx mutants
in which either a peptide that corresponds to a nuclear localization
signal of SV40 large T antigen (PKKKRKV) or a nuclear export
signal of Rev of human immunodeficiency virus type-1
(LQLPPLERLTL) was connected to Mdmx-3A (NLS-Mdmx-3A
or NES-Mdmx-3A). Subsequently, we introduced these Mdmx
mutants together with Mdm2 and p53, and evaluated the effect
of subcellular localization of Mdmx-3A on Mdm2 and p53. As
expected, NLS-Mdmx-3A and NES-Mdmx-3A showed predo-
minant localization to nuclei and cytoplasm respectively (Fig. 4a,b).
Clear cytoplasmic localization of Mdm?2 (Fig. 4¢) and p53 (Fig. 4d)
was induced by NES-Mdmx-3A, but not by NLS-Mdmx-3A.
Inhibition of transcriptional activity of p53 by Mdmx-3A was
enhanced by NES-Mdmx-3A and rather reduced by NLS-Mdmx-
3A (Fig. 4e). Thus, cytoplasmic Mdmx-3A tethers p53 to the
cytoplasm, whereas it effectively inhibits p53 activity in transfected
H1299 cells.

Mdmx in the cytoplasm promotes cytoplasmic retention of endo-
genous p53. Next we examined whether subcellular localization
of Mdmx-3A dictates localization of endogenous p53. Wild-type
Mdmzx, Mdmx-3A, NES-Mdmx-3A, or NLS-Mdmx-3A was intro-
duced into U20S cells, in which wild-type p53 is expressed pre-
dominantly in nuclei,® and we determined whether the mutants
affect the subcellular localization of endogenous p53. The Mdmx-
3A mutants were expressed at comparable levels (Fig. 4f). As
we observed in H1299, NLS-Mdmx-3A and NES-Mdmx-3A
predominantly localized to nuclei and cytoplasm respectively (data
not shown). Introduction of wild-type Mdmx did not significantly
affect nuclear localization of p53. In contrast, introduction of the
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Fig. 3. The Mdmx-3A mutation stimulates the localization of Mdm2 and p53 predominantly to the cytoplasm. (a,b) HA-p53 was transfected into H1299

cells together with the indicated Flag-Mdmx in the presence or absence of
immunostained with (a) anti-Flag (M2) antibody or (b) antimyc antibody,

myc-Mdm2 as described in Figure 2(b). The transfected cells were sequentially
antimouse IgG antibody conjugated with Alexa 595, and anti-HA antibody

conjugated with Alexa 488 (Molecular Probe). Subcellular localization of (a) Flag-Mdmx or (b) myc-Mdmz2 ini cells that express HA-p53 was evaluated
as described in Figure 2(b). {¢) H1299 cells were transfected with HA-p53 together with Flag-Mdmx-3A and myc-Mdm2. The transfected cells were subjected
to subceliular fractionation. The total lysates and the Flag-immunoprecipitates were then used for western blot analyses with the indicated antibodies.
Topoisomerase | and y tubulin are shown as nuclear and cytoplasmic markers respectively. (d) Representative staining of cells that express cytoplasmic

p53 and Mdmx.

Mdmx-3A mutants induced localization of p53 to the cytoplasm,
and a striking enhancement of cytoplasmic localization of p53
was observed in the presence of NES-Mdmx-3A (Fig. 4f). Taken
together, these data indicate that cytoplasmically located Mdmx,
presumably by tethering p53, induces localization of endogenous
p33 to the cytoplasm.

Both Mdmx and Mdm2 predominantly localize to the cytoplasm of
neuroblastoma cells. Inactivation of p53 via its cytoplasmic locali-
zation is frequently observed in some types of cancer such as
neuroblastoma,®® and yet the precise mechanism by which p53
is sequestered in cytoplasm remains obscure. It was reported that
Mdm?2 mediates the cytoplasmic retention of p53 in neuroblas-
toma.®5¥" In order to examine whether Mdmx as well as Mdm?2
is involved in p53 inactivation via cytoplasmic sequestration in
neuroblastoma, we analyzed SH-SY5Y and IMR-32 cells that, like
most other neuroblastoma cells, harbor wild-type p53 with cyto-
plasmic localization (Fig. 5a; Supporting Information Fig. S4a).
Expression levels of Mdmx in SH-SY5Y were much higher than
those in normal human fibroblasts, and even higher than those
in MCFE-7 (data not shown), breast cancer cells in which the mdnmx
gene is amplified and Mdmx is expressed at high levels.®® Both
Mdmx and Mdm2 predominantly localized to the cytoplasm in
SH-SY5Y cells (Supporting Information Fig. S4a). The extent of

Ohtsubo et al.

$367 phosphorylation in SH-5YSY cells was much lower than that
in the transfected H1299 cells (Supporting Information Fig. S4c).
These observations suggest that Mdmx is expressed, probably in
nonphosphorylated forms, at high levels in the cytoplasm in
unstressed SH-SYSY cells.

Nuclear Mdmx inhibits cytoplasmic retention of p53 in SH-SY5Y,
In order to determine whether subcellular localization of Mdmx-
3A dictates localization of endogenous p53 in neuroblastoma cells
as well as in U20S cells, the effects of subcellular localization
of wild-type Mdmx or the Mdmx mutants on endogenous p53
Tocalization were evaluated as described in Figure 4(f). The Mdmx-
3A mutants were expressed at comparable levels (Fig. 5b). In
accordance with cytoplasmic localization of endogenous Mdmx
(Supporting Information Fig. S4a), Mdmx-3A and wild-type Mdmx
exclusively localized to the cytoplasm (Fig. 5b). As expected,
the majority of NLS-Mdmx-3A localized to nuclei (87%) and
NES-Mdmx-3A totally localized to the cytoplasm. Immunostaining
of transfected SH-SY5Y cells revealed that the expression of
NLS-Mdmx-3A, but not NES-Mdmx-3A, reduced cytoplasmic
localization of p53 (Fig. 5b), indicating that nuclear expression
of Mdmx-3A inhibits cytoplasmic retention of p53 in SH-SY5Y.

Mdmx is required for inactivation of p53 in neuroblastoma cells.
In order to further examine the role of Mdmx in p53 inactivation
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Fig. 4. Cytoplasmic Mdmx tethers p53 and Mdmz2 to the cytoplasm and stimulates p53 inhibition. (a) H1299 cells were cotransfected with HA-p53, myc-
Mdmz2, GFP, and the indicated Flag-tagged Mdmx. Left panel, western blot analyses with the indicated antibodies. Right panel, representative staining
with anti-Flag antibody and DAP!. (b-d) H1299 cells were transfected with the indicated Mdmx, together with myc-Mdm2, and immunostained with
(b) anti-Flag antibody, (c) anti-Mdm2 antibody, or (d) anti-HA antibody. Subcellular localization of transfected (b) Mdmx, (c) Mdm2, or (d) p53 was repre-
sented as described in Figure 2(b). (e) Flag-Mdmx mutant or the control vector was transfected into H1299 cells together with HA-p53, in the presence
of the indicated amounts of myc-Mdmz2, and luciferase assays were carried out as described in Figure 1(c). (f) U20S cells were transfected with the
indicated Flag-Mdmx. Upper panel, western blot analyses with the anti-Flag or the anti-actin antibodies. Lower panel, cells transfected with the indicated
plasmids were immunostained with the anti-Flag and antip53 (CM1) antibodies, and a fraction of the transfected cells with cytoplasmic p53 staining
was quantified.

in neuroblastoma cells, we inhibited Mdmx expression by infecting  and reduced the cytoplasmic localization of p53 (Fig. 5d,e). The
cells with the lentiviruses expressing Mdmx shRNA. Mdmx inhibi-  positive role of Mdmx in cytoplasmic localization of p53 was
tion by the specific shRNA, while not significantly affecting levels  confirmed by western blot analyses of nuclear and cytoplasmic
of p53, induced expression of p21, a crucial p53 target (Fig. 5¢)  lysates prepared from the infected cells. Depletion of Mdmx
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decreased p53 levels in the cytoplasm and increased those in
nuclei, while the depletion did not significantly affect cytoplasmic
localization of Mdm?2 (Fig. 51).

Similarly, inhibition of Mdmx by the specific shRNA led to
induction of p21 expression and inhibition of cytoplasric local-
ization of p53 in IMR-32, another neuroblastoma cell line (Fig. 5g,h;
Supporting Information Fig. S4c). Thus, Mdmx contributes to
cytoplasmic retention of p53 in neuroblastoma cells.

Discussion

Genetic evidence indicates that mdmx is a crucial inhibitor of
p53 and that mdmx and mdm2 cooperatively function to inhibit
p53. However, the mechanical basis of the cooperation of the
oncogenes is not clearly established. In an attempt to recapitulate
synergistic inhibition of p53 by Mdmx and Mdm?2, we took advant-
age of our observation that the nonphosphorylatable mutations
confer Mdmx resistance against Mdm2-mediated degradation.
‘We demonstrated that nonphosphorylatable mutations of Mdmx
markedly enhance the ability of Mdmx to cooperate with Mdm2
for inhibition of p53, suggesting that the stress-induced phosphory-
lation of Mdmx is important for its ability to suppress p53. The
importance of the Mdmx phosphorylation was further supported
by the functionality of wild-type Mdmx on p53 suppression in
the presence of a chk2 inhibitor (Supporting Information Figs S1b
and 2b),

Through the analyses of the function of the Mdmx mutants, we
found that the nonphosphorylatable mutant of Mdmx effectively
cooperates with Mdm?2 to induce p53 ubiquitination. The ability
of the nonphosphorylatable mutations :of Mdmx: to:inhibit p53
activity was associated with enhanced cytoplasmic. retention of
P53 and with increased levels of the interaction of Mdmx to p53
and Mdm2 in cytoplasm. A causal role of cytoplasmic Mdmx to
induce localization of p53 in the cytoplasm was demonstrated
using the Mdmx mutants that harbor autonomous subcellular
localization signals. g

p53 is sequestered in the cytoplasm in some types of cancer,
and it is assumed that the sequestration of p53 contributes to p53
inactivation.®>* Mdm?2 is essential for inhibition and cytoplasmic
sequestration of p53 in neuroblastoma cells,®%*” and the co-
operative function of Mdmx and Mdm?2 to induce p53 retention
in the cytoplasm may contribute to its inactivation in some of
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cancer cells. We found that, in addition to Mdm2, Mdmx is also
required for cytoplasmic sequestration of p53 in neuroblastoma
cells. Considering that Mdm2 enhances the interaction between
p53 and Mdmx in the transfected H1299 cells; Mdmx and Mdm?2
may cooperate by stimulating the formation of a cornplex with p53.
Of note, Mdmx stabilizes p53 via a formation of a complex with
Mdm2,%® and formation of such a stable complex may account
for cytoplasmic sequestration of p53.

In addition to the cytoplasmic tethering via physical interaction,
regulation of post-translational modification of the C-terminal of
p53 is likely to contribute to the cooperative inhibition of p53 by
Mdm?2 and Mdmx, because mutations. in the six C-terminal lysines,
which are targets for the regulatory modification, partly abol-
ished the cooperative inhibition of p53. (Supporting Information
Fig. S2d). Mdm?2 promotes cytoplasmic translocation of p53 via
its ubiqiutination at the same lysine residues,®? and accumu-
lating data®!®1%-as well as ours (Supporting Information Fig. 2¢)
indicate that Mdmx promotes Mdm?2-dependent p53 ubiquitina-
tion. Hence, it is likely that enhancement of Mdm2-dependent
ubiquitination of p53 by Mdmx also contributes to the coopera-
tive inhibition of p53 activity by these oncoproteins. In fact, the
cytoplasmic retention of p53 in neuroblastoma is in part attri-
buted to multimono-ubiquitination of p53 due to defective func-
tion of HAUSP, a de-ubiquitinating enzyme for p53 and Mdmx and
Mdm2.%4442 However, we did not observe a significant change
in the pattern of p53 laddering, which presumably represents
ubiquitinated p53, in neuroblastoma cells after knock down of
Mdmx (data not shown). The two mechanisms that mediate cyto-
plasmic localization of p53, namely cytoplasmic tethering and
ubiquitin-dependent translocation, are not mutually exclusive, and
presumably contribute to cytoplasmic retention of p53 by Mdmx.
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Abstract

Cdc25 dual specificity phosphatases positively regulate the cell
cycle by activating cyclin-dependent kinase/cyclin complexes.
Of the three mammalian Cdc25 isoforms; Cdec25A is phos-
phorylated by genotoxic stress-activated Chkl or Chk2, which
triggers its SCF* ™" _mediated degradation.. However, the
roles of Cde25B and Cde25C in cell stress checkpoints remain
inconclusive. We herein report that c-Jun NH,-terminal kinase
(JNK) induces the degradation of Cdc25B. Nongenotoxic stress
induced by anisomycin caused rapid degradation of Cdc25B as
well as Cdc25A. Cde25B degradation was dependent mainly
on JNK and partially on p38 mitogen-activated protein kinase
(p38). Accordingly, cotransfection with JNK1, JNK2, or p38 de-
stabilized Cdc25B. In vifro kinase assays and site-directed mu-
tagenesis experiments revealed that the critical JNK and p38
phosphorylation site in Cdc25B was Ser'"". Cdc25B with Ser'”!
mutated to alanine was refractory to anisomycin-induced deg-
radation, and cells expressing such mutant Cdc25B proteins
were able to override the anisomycin-induced G, arrest. These
results highlight the importance of a novel JNK/p38-Cdc25B
axis for a nongenotoxic stress—induced cell cycle checkpoint.
[Cancer Res 2009;69(16):6438-44]

Introduction

Cell cycle progression in eukaryotic cells requires the succes-
sive activation and inactivation of cyclin-dependent kinase (CDK)-
cyclin complexes. Activation of CDK-cyclin complexes depends on
members of the Cdc25 dual specificity phosphatases. In mam-
malian cells, the Cdc25 family consists of Cdc25A, Cdc25B, and
Cdc25C. Although Cde25C was the first member to be identified,
Cdc25A is' now regarded as one of the major players in multiple
phases of cell cycle progression in mammalian somatic cells (1, 2).
Besides its well-known role in Gj-S transition, Cdc25A is also
involved in the G,-M transition and chromosome condensation (1,
3, 4). Moreover, Cdc25A is also a well-known target of the DNA
damage checkpoint (2, 5). On genotoxic insults, Cdc25A is rapidly
phosphorylated by the checkpoint kinases Chkl and Chk2 followed
by SCE*"*F _mediated ubiquitinylation and degradation (2, 6).

In contrast to Cdc25A, the roles of Cdc25B and Cdc25C remain
elusive. Experiments with Cdc25B- or Cdc25C-knockout mice indi-

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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cate that these genes are dispensable not only for normal cell cycle
control but also for the DNA damage checkpoint (7, 8). The only
prominent phenotype is a defect in oocyte maturation in Cdc25B-
depleted female mice (9). However, several lines of evidence suggest
that Cdc25B is important for controlling CDK1-cyclin B activity at
the centrosome, where the kinase contributes to centrosome sep-
aration at prophase (4, 10). Chkl is believed to down-regulate the
activity of Cdc25B until prophase (11, 12). The phosphorylation
of Cde25B (Ser®™ of Cdc25B1 or Ser®® in Cdc25B3) has also been
implicated in the function of Cdc25B in conjunction with 14-3-3
binding (13, 14). A mutation that abolishes the specific phosphor-
ylation site causes Cdc25B to localize to the nucleus and enhances
its ability to abrogate DNA damage-induced G, arrest (15, 16).
These results suggest that despite its nonessentiality in mouse
models, Cdc25B does play some role in the G,-M transition (14).

Stress stimuli that do not target genome DNA lead to the
activation of the so-called stress-activated mitogen-activated pro-
tein kinases (MAPK), including p38 MAPK (p38) and c-Jun NH,-
terminal kinase (JNK; ref. 17). Recently, MAPKAP kinase 2 (MK2)
has received attention for its ability to phosphorylate Cdc25B,
leading to 14-3-3 binding (18). MK2 is usually complexed with and
activated by p38 (18). Therefore, a fraction of p38 can be found to
coimmunoprecipitate with MK2, which could mislead one to be-
lieve that p38 phosphorylates substrates that are normally phos-
phorylated exclusively by MK2. The p38-MK2 cascade is, therefore,
believed to regulate cell cycle progression by controlling the sta-
bility and subcellular localization of Cdc25A and Cdc25B, respec-
tively, when cells are exposed to genotoxic or nongenotoxic stress
(14, 18-20). JNK also phosphorylates and inactivates Cdc25C (21).
In addition, nuclear Cdc25B is exported to the cytoplasm on UV or
nongenotoxic stress by an unknown mechanism (22).

We previously reported that overexpression of 14-3-3 causes the
relocation of Cdc25B from the nucleus to the cytoplasm (13, 23, 24).
To delineate the role of the cytoplasmic export of Cdc25B, we
established HeLa cell lines that constitutively express Cdc25B and
investigated conditions that induce nuclear export of the phos-
phatase. We found that nongenotoxic stress, but not genotoxic cell
stress, induced loss of Cdc25B nuclear localization and that non-
genotoxic stress was also an effective inducer of Cdc25B degra-
dation. Moreover, we found that the stability of Cdc25B could be
controlled by JNK and p38. These data reveal a novel pathway
linking the stress response kinases to the G,-M cell cycle engine.

Materials and Methods

Reagents, plasmids, and antibodies. Reagents of the highest grade
were obtained from Wako or Sigma. Restriction enzymes were obtained
from New England Biolabs, and MKK7-activated recombinant JNK1 and
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MKK6-activated p38x (both isolated from baculovirus-infected $f21 cells)
were obtained from Upstate. Oligonucleotides were synthesized by Invitrogen.
The cDNAs and antibodies used in the experiments were described in
Supplementary Materials and Methods.

Cell culture and plasmid transfection. HeLa cells were grown in
DMEM as previously described (13). Plasmids were transiently transfected
with Lipofectamine 2000 (Invitrogen). Cell cycle synchronization was per-
formed using the double thymidine block protocol. To obtain stable
Flag-tagged Cdc25B (F-Cdc25B)-expressing HeLa cells, we used 10 pg/mL
blasticidin S (Invitrogen) for the selection of transformed cells. Established
Flag-Cdc25B—expressing HeLa cells were maintained with 2 pg/mL blas-
ticidin 8.

Preparation of crude extracts, immunoblotting, immuneprecipita-
tion, and kinase assay. Crude extracts for the analysis of proteins followed
by immunoblotting or immunoprecipitation were performed as described
previously (13). To detect endogenous Cdc25B, we subjected proteins that
had been immunoprecipitated with rabbit anti-Cdc25B antibodies to SDS-
PAGE, followed by immunoblotting, The Cdc25B protein was detected with
mouse monoclonal anti-Cde25B antibody. The immunoprecipitates used for
the kinase assay were washed twice with buffer containing 100 mmol/L
Tris-HCl (pH 8.0), 5 mmol/L EGTA, and 20 mmol/L MgCl,. The sam-
ples were then incubated with the same buffer that was supplemented
with appropriate glutathione S-transferase (GST) fusion Cdc25B proteins,
1 mmol/L DTT, 200 pmol/L ATP, and [y->*PJATP (1 uCi = 37 KBq; Perkin-

Elmer). The reaction mixtures were incubated at 30°C for 60 min and -

subjected to SDS-PAGE, and radioactivity was detected using the Fuji BAS
system (Fujifilm).

Indirect immunofluorescence and flow cytometry. Indirect immuno-
fluorescence of cells grown on glass coverslips was conducted as described
previously (13). Cells treated for fluorescence-activated cell sorting (FACS)
were analyzed on a FACSCalibur (BD Biosciences) using ModFit software.
The Ser'®-phosphorylated histone H3 (phospho-$10-H3)-positive cells were
analyzed using CellQuest software.

Results

Niiclear localization of Cdc25B is lost following treatment of
cells with anisomycin but not with DNA-damaging agents.
Phosphorylation of Ser®® of Cdc25B1 followed by binding of 14-3-3
disrupts nuclear localization of Cdc25B (13). Ser® can be phos-
phorylated by Chk1/2 and MK2 (18, 25, 26). To determine the types
of cellular stresses that induce nuclear export, we treated cells with
various chemicals and analyzed the subcellular localization of
Cdc25B. Given that an antibody that displayed high specificity
toward endogenous Cdc25B was not available commercially or in
house, we first established a HeLa cell-based cell line that consti-
tutively expressed F-Cdc25B. No gross abnormality of cell growth
or morphology was discerned for F-Cdc25B-expressing cells, which
are hereafter called HeLa-W40 cells.

We treated HeLa-W40 cells with hydroxyurea, aphidicolin,
etoposide, or camptothecin, which activate either Chkl or Chk2.
DNA damage induced by the chemicals was confirmed by assaying
for phosphorylated histone H2AX (y-H2AX; ref. 27). Cdc25B lo-
calized to the nucleus in cells with or without DNA damage or
replication arrest (Fig. 14). We next investigated the possible in-
volvement of the p38/MK2 pathways in this process. To activate
the p38/MK2 pathway, we treated the cells with anisomycin, which
activates p38 and JNK (28, 29). Treatment with anisomycin dis-

rupted the nuclear localization of Cdc25B and promoted the re- -

distribution of Cdc25B to the cytoplasm (Fig. 1B). These results
suggest that Cdc25B nuclear localization can be disrupted by stress
pathways other than those initiated by DNA damage.

To assess the possibility that the p38 pathway regulates Cdc25B,
we added the p38 inhibitor SB202190 to HeLa-W40 cells. Of interest

A
Control  Hydroxyurea Aphidicolin = Etoposide Champtothecin
@ &
F-Cdc258 - 2
y-H2AX
Nuclei
B I
DMSO Anisomycin
F-Cdc258
Nuclei
Cc N )
50 ng/mb anisomycin {15 min)
y $B202190/
SB202190 SP600125 3P600125
F-Cdc25B |
Nuclei

Figure 1. Nuclear localization of Cdc25B is maintained after DNA damage
but is disturbed by anisomycin treatment. A, HeLa-W40 cells were

treated with the indicated chemicals and Flag-Cde25B and y-H2AX were
detected by indirect immunofluorescence. The nuclei were identified using

4’ 6-diamidino-2-phenylindole. The conditions for chemical treatment were
described in Supplementary Materials and Methods. B, Hela-W40 cells were
treated with 50 ng/mL:anisomycin for 15 min and processed for indirect
immunofluorescence. C, HeLa-W40 cells were pretreated with the indicated
MAPK inhibitors for 1 h followed by anisomycin challenge. The cells were fixed,
and Flag-Cdc25B and nuclei were analyzed. The concentration for inhibitors
was as follows: SB202190, 20 umol/L; SP600125, 20 pumol/L.

is that SB202190 exerted only a small effect on the anisomycin-
induced diffusion of Cdc25B (Fig. 1C). In contrast, the JNK inhibitor
SP600125 induced strong nuclear staining of Cdc25B under con-
ditions of anisomycin stress. Furthermore, stronger nuclear signals
for Cdc25B were generated by simultaneous treatment with both
$B202190 and SP600125 than by treatment with SP600125 alone.
Inhibition of MAPK/extracellular signal-regulated kinase (ERK)
kinase (MEK1) with U0126, thereby inhibiting the activation of
ERK1/2, did not prevent cytoplasmic diffusion of Cdc25B (data not
shown). Collectively, these data indicate that anisomycin-mediated
stress can disrupt nuclear localization of Cdc25B in a JNK-dependent
manner.

Cdc25B is degraded in cells treated with anisomycin or
sodium chloride but not with DNA-damaging agents. The signals
for F-Cdc25B faded in cells after long-term exposure to anisomycin
but not after treatment with DNA-damaging agents (data not
shown). These observations led us to analyze the level of F-Cdc25B
protein in HeLa-W40 cells treated with anisomycin and another
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nongenotoxic reagent, sodium chloride (NaCl). We also examined
the levels of Cdc25A and Cdc25C to determine whether differ-
ent cellular stresses affect members of this phosphatase family.
Genotoxic stress caused by exposure to hydroxyurea, aphidicolin,
etoposide, or camptothecin effectively induced Cdc25A degrada-
tion (Fig. 24). In contrast, expression of Cdc25B or Cde25C was un-
affected under the same conditions. Although neither anisomycin
nor NaCl activated Chkl or Chk2, both Cdc25B and Cdc25A
were degraded (Fig. 24). Cdc25A and Cdc25B decreased in a time-
dependent fashion after exposure to anisomycin (Fig. 2B). The
endogenous Cdc25B protein in parental HeLa cells was also deg-
raded by anisomycin treatment but not by DNA-damaging agents
(Supplementary Fig. S1). The abundance of Cdc25C was not af-
fected by any of the stimuli examined here. UV irradiation, which is
known to activate not only Chk1/2 but also p38/JNK, abrogated
nuclear localization of Cdc25B as reported (22) and induced Cdc25B
degradation (Supplementary Fig. S24 and B).

Although anisomycin inhibits protein synthesis (29), the more
rapid decline of Cdc25B in anisomycin-treated cells compared with
cycloheximide-treated cells suggested that degradation of Cde25B
was specifically caused by anisomycin-induced stress and not by a
general inhibition of protein synthesis (Fig. 2C). More convincing
evidence was obtained when we examined the stability of Cdc25B
that contained mutations at the constitutive B-TrCP binding site
of *'DDGFVD®™® (amino acid numbering is based on human
Cdc25B1; ref. 30). The site is responsible for the steady-state deg-
radation of Cdc25B by a constitutive SCE*"**F~mediated ubiquitin-
proteasome pathway. We established a Hela cell line expressing a
mutant Cdc25B that contained mutations at the B-TrCP binding
site (Cdc25B 44, of which D255 and G256 were replaced by Ala).

Figure 2D shows that Cdc25BP** was unstable alter anisomycin
treatment. This indicates that the Cde25B degradation was specific
to anisomycin treatment. Collectively, these data indicate that
anisomycin-induced stress, but not DNA damage-induced stress,
triggers a loss of nuclear localization and stability of Cdc25B.
Inhibition of JNK attenuates the degradation of Cdc25B by
anisomycin. To determine the role of p38 or JNK on the stability of
Cdc25A and Cdc25B, we treated HelLa cells with inhibitors of p38 or
JNK and analyzed the cellular proteins. The activation of p38c/f3
was monitored as the slower migrating form of MK2, correspond-
ing to phosphorylated MK2 (Fig. 34); JNK activation was moni-
tored using antibodies recognizing phospho-JNK1 or phospho-¢-Jun.
We found that the JNK inhibitor SP600125 protected Cdc25B from
anisomycin-induced degradation (Fig. 34, lanes 5-8). A relatively
small but definite contribution of the p38 pathway to the deg-
radation of Cdc25B was revealed by these experiments (Fig. 34,
lanes 3-8). The MEKI1 inhibitor U0126 again had no effect on the
stability of either Cdc25A or Cdc25B (data not shown). Time course
experiments further validated the critical role of [NK in regulat-
ing the degradation of Cdc25B (Fig. 3B). The stability of Cdc25C
was essentially unaffected by these inhibitors (Fig. 34). Exactly
the same results were obtained with HeLa-W40 cells that expressed
F-Cdc25B (Supplementary Fig. S34). JNK inhibitor also attenu-
ated the NaCl-induced F-Cdc25B degradation (Supplementary
Fig, S3B). Results shown in Fig. 3C indicate the correlation between
the degradation of Cdc25A/Cdc25B and activation of p38/INK.
Anisomycin-, NaCl-, or UV-induced degradation of Cdc25B was
inhibited by the proteasome inhibitor MG132, suggesting that the
anisomycin-induced degradation of Cdc25B is mediated by the
ubiquitin-proteasome pathway (Supplementary Fig. $3C, 1, 2, and 3).
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Figure 3. JNK inhibitor SP600125 attenuates the anisomycin-induced Cdc25B
degradation. A, Hela cells were treated with the indicated MAPK inhibitors for
1 h followed by anisomycin treatment. Cell extracts were prepared at 20 min
after anisomycin addition.’ SB;, SB202190; SP, SP600125. B, Hela cells were
treated with MAPK inhibitors, and the expression of proteins was determined at
the indicated fime. C, HeLa-W40 cells were treated with anisomycin, and the
expression of protein was determined at the indicated time. Slower migrating
bands of c-Jun and MK2 represent phosphorylated forms of the proteins.

Results of indirect immunofluorescence also supported that the
instability of Cdc25B in anisomycin-treated cells was due to its
proteasome-dependent degradation (Supplementary Fig, S3D).

The coexpression of either JNK1 or JNK2 with MKK7 triggered
Cdc25B degradation (Fig. 44). In addition, p38a was able to induce
Cdc25B degradation. Furthermore, the expression of kinase-dead
JNK1 and JNK2 stabilized Cdc25B (Fig. 4B), indicating dominant-
negative effects. We further examined the contribution of MK2 to
Cdc25B degradation, In this experiment, we used the D316N mu-
tant of p38w, which is unable to activate MK2 (31). As shown in
Fig. 4C, expression of p38a”** induced the degradation of Cdc25B.
Taken together, these results suggest that JNK and p38 are inte-
grally involved in Cdc25B degradation.

JNK phosphorylates Cdc25B. We found that bacterially ex-
pressed Cdc25B was phosphorylated by kinase-active JNK1 but not
by its kinase-dead form, indication that JNK1 can directly phos-

phorylate Cdc25B (Supplementary Fig. $44). Likewise, recombinant
JNK1 could also phosphorylate Cdc25B (Supplementary Fig. S4B).
To identify the phosphorylation site(s) on Cdc25B, GST fusion
constructs of different fragments of Cdc25B were produced in
Escherichia coli and used as substrates for kinase assays. As shown
in Fig. 54, JNK phosphorylation sites were present in the NH,-
terminal 175 amino acids. The same fragment was also phosphory-
lated by recombinant p38«a (Supplementary Fig. $4C). Furthermore,
JNK and Cdc25B were able to form complex, which supports the
idea of Cdc25B being a JNK substrate [Supplementary Fig, S54; the
loss of the complex formation in wild-type (WT) JNK with MKK7
suggests that JNK may dislodge after phosphorylation event]. The
importance of the NH,-terminal region was also supported by
the JNK-induced degradation of the construct containing green
fluorescent protein fused to the NHy-terminal 175 amino acid
fragment of Cdc25B (Supplementary Fig. S5B). :
Cdc25B/8101 is a candidate JNK phosphorylation site. To
identify INK phosphorylation site(s), we first mutated all six can-
didate serine residues to alanine in six potential JNK substrate
SP sequences (and no TP) in N175-Cdc25B. The 6SA mutant was
refractory to JNK- or p38a-induced degradation (Supplementary
Fig. 564). The coexpression of the individual SA mutant Cdc25B
with JNK indicated the importance of $101, followed by S$103
(Fig. 5B). The importance of $101 and S$103 was further supported
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Figure 4. Involvement of JNK in the destabilization of Cdc258. A, Hela cells
were transfected with Flag-Cdc25B in combination with MKK6 and p38c, or
MKK?7 and JNK1 or JNK2. The expression of the indicated proteins was
determined by immunobioiting. B, expression of Flag-Cdc25B was determined
after cotransfection with MKK7 and either the WT or kinase-dead (KD) form
of JNK1 or JNK2. C, expression of Flag-Cdc25B was examined after
cotransfection with MKK6 and WT or the D316N mutant (MU) of p38a.
Arrowhead, phospho-MK2,
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by the slower degradation rate of the Cdc25B protein with a double
mutation (S101/103A) compared with the mutants with a single
mutation (Fig. 5C, lanes 4, 6, and 8). Essentially the same results
were obtained when p38c was used as a kinase for the Cdc25B
mutants (Supplementary Fig. S6B). Taken together, these data
indicate that phosphorylation of Cdc25B at S101 and S103 by JNK
and p38 is important for degradation.

HeLa cells expressing the Cdc25B S101A mutant ignore
anisomycin-induced G, arrest. We next examined the effects of
anisomycin on cell cycle progression, in particular during Go-M
phase, when Cdc25B peaks during the cell cycle. HeLa cells were
synchronized at G,-S and released into S phase. At 6 hours after
release, the cells were treated with anisomycin followed by moni-
toring of M-phase entry by detection of phospho-510-H3. Cdc25B
and phospho-5810-H3 increased progressively in DMSO-treated cells

A
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) O o P
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1 2 3 4 5 86 7 8 9 10 1112
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B-actin hagilh B LTS R R S
1 2 3 4 5 6 7 8 9 10 11 12 13 14
c F-Cdc258
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HA-MKK7 p> - e
Myc-JNK1 B - - -

B-actin

Figure 5. Phosphorylation of Cdc25B by JNK at possible phosphorylation sites.
A, left, GST-Cdc25B fragments were incubated with a recombinant JNK1 in
the presence of [y->2P]ATP followed by autoradiography; right, substrate
GST-Cdc25B fragment as detected by anti-GST antibody. B, WT Cdc25B or
mutants that contained SA mutations at candidate JNK phosphorylation sites
were cotransfected into Hela cells with or without MKK7 and JNK1, and
expression of Cdc25B was determined by immunoblotting. C, the WT or SA
mutant at $101, S$103, or S101/103 was cotransfected into Hel.a cells with or
without MKK7 and JNK1, and the expression of Cdc25B was determined.

(Fig. 64), but no phospho-S10-H3 was detected in anisomycin-
treated cells, indicating that anisomycin treatment inhibited
mitotic entry. In such cells, Cdc25B disappeared completely by
30 minutes after addition of anisomycin (Fig. 64, lanes 7 and §).
FACS analysis confirmed the induction of a G, delay by anisomycin
treatment in synchronously or asynchronously growing HelLa cells
(Supplementary Fig. S74).

To delineate the significance of Cdc25B $101 phosphorylation in
anisomycin-induced G, arrest, we added anisomycin to asynchro-
nously growing HeLa cells that constitutively express the non-
phosphorylatable Cdc25B S101A mutant (HeLa-101-1). The results
shown in Fig. 6B indicate that the half-life of the S101A mutant
Cdc25B was twice as long as that of the WT after anisomycin
treatment (~ 35 minutes in S101A and ~ 15 minutes in WT),
indicating that phosphorylation of S101 is essential for proper
degradation. Treatment of HeLa-101-1 with either NaCl or UV also
supported the idea that S101 is important for stress-induced
Cdc25B degradation (Supplementary Fig, S84).

We next investigated whether the SI01A mutant would exhibit
abrogation of anisomycin-induced G, arrest. We used cell lines
expressing WT Cdc25B (W40) or S101A (101-1). The amount of
Cdc25B protein in W40 cells and that of 101-1 is shown in
Supplementary Fig. $7B. Asynchronously growing HeLa cells, W40
cells, and 101-1 cells were treated with 100 ng/mL anisomycin, and
the number of cells entering M phase during a 3-hour treatment
with anisomycin was determined by detecting phospho-$10-H3.
As shown in Fig. 6C, HeLa-101-1 cells exhibited resistance to
anisomycin-induced G, retardation. Thus, cells expressing S101A-
mutated Cdc25B seem to be more resistant to anisomycin-induced
degradation and to recover more rapidly than WT Cdc25B-
expressing cells.

Collectively, HeLa cells expressing Cdc25B with a nonphosphor-
ylatable mutation at the possible JNK target S101 residue were
more refractory to anisomycin-induced cell cycle retardation.

Discussion

We report here for the first time that Cdc25B is targeted for
degradation in cells that are challenged with anisomycin or NaCl
and that the degradation of Cdc25B is mediated mainly by JNK. We
uncovered this phenomenon by using HeLa cells that constitutively
expressed recombinant Cdc25B. In our hands, commercially avail-
able antibodies did not properly recognize endogenous Cdc25B in
crude extracts by immunoblotting, Immunoprecipitation followed
by immunoblotting was necessary to detect endogenous Cdc25B.

Our experiments highlight the critical role of JNK in controlling
Cdc25B stability. A level of DNA damage that is sufficient for
activating Chk1/2 and Cdc25A degradation did not exert any ef-
fects on the stability of Cdc25B. Export of Cdc25B from the nucleus
to the cytoplasm is thought to be a mechanism of checkpoint re-
sponse (18). However, Cdc25B did not follow this expected pattern
after DNA damage (Fig. 14). We therefore suspect that Cdc25B
is not a primary target of the DNA damage checkpoint, although
we cannot exclude the possibility that its phosphatase activity is
directly repressed by a Chkl-dependent mechanism (32).

We showed that M-phase entry is delayed in Hela cells treated
with anisomyecin (Fig. 6). The G, retardation observed in this situ-
ation is caused in part by the degradation of Cdc25A and Cdc25B.
Depletion of either Cdc25A or Cdc25B is insufficient for Go-phase
arrest, but the depletion of both Cdc25A and Cde25B is necessary
for a more robust G, arrest (4). Therefore, anisomycin-induced G
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retardation can be explained at least in part by the simultaneous
degradation of Cdc25A and Cdc25B (Fig. 2). Our results strongly
suggest the presence of a nongenotoxic stress—dependent cell cycle
checkpoint wherein Cdc25 phosphatases are degraded to down-
regulate CDK activity. This checkpoint is mediated by stress-
activated MAPKs, including p38 and JNK, as depicted in Fig. 6D.
The proteasome inhibitor MG132 attenuated anisomycin-induced
Cdc25B degradation, which strongly suggests that Cdc25B is de-
graded by the ubiquitin-proteasome pathway. Cdc25B is degraded
in the steady state by the SCFPT™"_mediated ubiquitinylation
mechanism. It is unlikely that phosphorylation of S101 stimulated
binding of SCE*™ to the constitutive binding site, which is
located more than 100 amino acids downstream of S101. It is
necessary to identify the responsible ubiquitinylation system to
understand JNK-mediated Cdc25B degradation more precisely.
Several reports have indicated a correlation between the ma-
lignancy of tumors and the overexpression of Cdc25A and Cdc25B
(33, 34). Cdec25A and Cde25B are oncogenic (35), and Cdc25A is a
main target of the DNA damage checkpoint (1, 2, 34). Assuming
that Cdc25B is a target of a nongenotoxic stress checkpoint, over-
expression of Cdc25B may allow cells to become less sensitive to
intrinsically harmful cell stresses that do not directly compromise
genome integrity. Ignoring the detrimental stress signal, such as
NaCl-induced distortion of the cytoskeleton by hyperosmolarity or

anisomycin-induced inhibition of protein synthesis, may disrupt
the proper regulation of chromosome segregation and cytokinesis
during mitosis, which are well-known causative events of genome
instability (36).

In conclusion, we have shown that Cdc25B is targeted for JNK-
mediated degradation by cellular stress. The stress-induced
checkpoint is initiated by the activation of JNK and p38, which
phosphorylates Ser'™ of Cdc25B. This results in the rapid deg-
radation of Cdc25B and cell cycle arrest.
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Abstract: Poly(ADP-ribose) glycohydrolase (Parg) is the main enzyme for degradation of poly(ADP-ribose) by splitting

ribose-ribose bonds. Parg-deficient (Parg™

and Parg”) mouse ES cell lines have been established by disrupting both al-

leles of Parg exon 1 through gene-targeting. A transcript encoding a full length isoform of Parg was eliminated and only
low amounts of Parg isoforms were detected in Parg” embryonic stem (ES) cells. Poly(ADP-ribose) degradation activity
was decreased to one-tenth of that in Parg*™* ES cells. Parg™ ES cells exhibited the same growth rate as Parg™ ES cells
in culture. Sensitivity of Parg” ES cells to various DNA damaging agents, including an alkylating agent dimethyl sulfate,
cisplatin, gemcitabine, 5-fluorouracil, camptothecin, and y-irradiation was examined by clonogenic survival assay. Parg”
ES cells showed enhanced lethality after treatment with dimethy] sulfate, cisplatin and y-irradiation compared with wild-
type (Parg™™) ES cells (p<0.05, respectively). In contrast, a sensitization effect by Parg-deficiency was not observed with
gemcitabine and camptothecin. These results suggest the possibility that functional inhibition of Parg leads to sensitization

of tumor cells to some chemo- and radiation therapies.

Keywords: Poly(ADP-ribose) glycohydrolase, Knockout, ES cell, DNA damaging agent, Alkylating agent, y-irradiation, cis-

platin, 5-fluorouracil.

INTRODUCTION

Poly(ADP-ribose) glycohydrolase (Parg) [1], phosphodi-
esterase and ADP-ribosyl protein lyase [2, 3] are the three
main groups of enzymes reported to be involved in
poly(ADP-ribose) degradation. Parg specifically degrades
poly(ADP-ribose) synthesized by poly(ADP-ribose) polym-
erase (Parp) family proteins into ADP-ribose through cleav-
age of the o(1’’-2")glycosidic linkage [1]. Recently, an
ADP-ribose-(arginine) protein hydrolase (ARH) 1 homolog,
ARH3, has been identified to possess Parg activity [4]. Ac-
cumulating evidence indicates that Parg is the major enzyme
for poly(ADP-ribose) degradation in cells. Poly(ADP-ribose)
is suggested to promote repair DNA synthesis [5, 6].

Extensive studies suggest that inhibition of Parp-1 activ-
ity causes a sensitization effect to various types of DNA
damaging agents, including alkylating agents, topoisomerase
I inhibitors and y-irradiation. Augmented sensitivity to DNA
damaging agents could be explained by blockade of DNA
repair pathways, including base excision repair and DNA
strand break repair pathways [7, 8]. Potent Parp inhibitors
are now in clinical trials to test their sensitizing effects for
chemotherapeutic agents, including an alkylating agent, te-
mozolomide, or y-irradiation on cancers [9, 10].
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The proper equilibrium of poly(ADP-ribose) synthesis
and its degradation may be required in DNA damage re-
sponse. Inhibition of Parg activity is expected to result in
accumulation of polyADP-ribosylated proteins and inactiva-
tion or functional alteration of these proteins, which may
critically affect DNA damage response. In fact, some studies
show that Parg inhibition sensitizes cells to DNA damaging
agents. For example, Parg knockout mice disrupted at exons
2-3, lacking a full length 110 kDa isoform and expressing a
mitochondrial 60 kDa isoform, showed an increased sensitiv-
ity to an alkylating agent and y-irradiation [11]. Parg'/' mice
lacking all isoforms exhibited early embryonic lethality and
Parg” cells showed increased sensitivity to an alkylating
agent and menadione [12]. Although PARG knockdown in
human cancer cell lines and mouse embryonic fibroblasts
showed protection of the cells from acute toxicity by hydro-
gen peroxide [13], another study reported that PARG knock-
down in human cancer cells using siRNA resulted in de-
creased clonogenic survival after treatment with hydrogen
peroxide [6].

Parg” inhibitor N-bis-(3-phenyl-propyl)9-oxo-fluorene-2,
7-diamide augmented the anti-tumor effect of an alkylating
agent, temozolomide, in a malignant melamoma model in
mice [14]. This study is encouraging for the application of
Parg pharmacological inhibition in sensitization to cancer
chemotherapy. A previous study showed that Parg inhibitory
compounds, gallotannin and nobotannin B, suppressed oxi-
dative and excitotoxic neuronal cell death by preventing
NAD depletion and suggested that Parg is positively in-

© 2009 Bentham Science Publishers Ltd.
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volved in the Parp-l-mediated cell death pathway [15].
Mono-galloyl glucose derivatives is reported to inhibit Parg
and potentially reduces N-methyl-N-nitro-N-nitrosogu-
anidine-induced cell death [16]. The effect of Parg inhibition
on the action of various types of DNA damaging agents
needs to be studied in different cell types to examine the
benefit of Parg inhibition in chemo- or radiotherapies of can-
cer.

In the present study, we established hypomorphic Parg-
deficient (Parg'/') mouse embryonic stem (ES) cell lines by
gene-targeting. Poly(ADP-ribose) degradation activity is
reduced to approximately one-tenth in Parg”™ ES cells com-
pared to Parg'’* ES cells. Mouse ES cells are tumorigenic
and retain properties similar to teratocarcinoma cells [17].
The sensitivity spectrum in ES cells should be therefore use-
ful to evaluate the impact of Parg functional inhibition in the
sensitivity of cancer cells to DNA damaging a;ents and
chemotherapeutic agents. Here in this study, Parg”™ ES cells
showed increased sensitivity to different types of DNA dam-
aging agents including a monofunctional alkylating agent,
dimethy! sulfate (DMS), cisplatin and fy-irradiation. Early
and augmented formation of an oligonucleosomal DNA lad-
der after treatment with DMS in Parg‘/ " ES cells suggests
that the apoptotic cell death process is accelerated under
Parg deficiency. The findings suggest that Parg inhibition is
useful for sensitization of cancer cells to particular types of
chemotherapeutic agents as well as radiotherapy.

MATERIALS & METHODS
Generation of Parg” and Parg” ES Cell Lines

Mouse Parg genomic fragments were isolated by screen-
ing a 129Sv mouse BAC library using a mouse Parg cDNA
fragment as the probe. The targeting vector was constructed
as follows; a 7 kb EcoRV-Xhol fragment spanning Parg
exon 1 was subcloned into pBlueScript with a negative se-
lection marker, a diphtheria toxin A gene (DT-4) fragment.
An N-terminal 86 bp fragment of the B-galactosidase gene
(lacZ) was prepared by PCR reaction using a sense primer
confaining HindIIl and Narl sites, 5’-ACTCAGAAGCTT
GGCGCCGTCGTTTTAC AACGTCGT G-3°; correspond-
ing to nucleotides 708-728: of pSV-B-gal (GenBank acces-
sion number: X65335), and an anti-sense primer, 5’-
ATGGGATAGGTTACGTTG GTGTA G-3°; corresponding
to. nucleotides  982-1005. The PCR fragment was digested
with HindIIl and Eco811 and inserted into HindIlI-Eco811
digested pSV-B-gal (Promega) and thereby the NarI site was
introduced into the lacZ gene. A neo” cassette (a neomycin-
resistance gene driven by the MC1 promoter with SV40-
derived polyadenylation signal at the 3’-terminus) from
pMClneopolyA was inserted into the BamHI site down-
stream of the above modified lacZ gene and a plasmid con-
taining the neo” cassette flanked by the mutated JacZ and a
loxP sequence was generated. The 4.5 kb fragment harboring
lacZ/loxP/neo” was obtained from this plasmid by Narl di-
gestion. The 4.5 kb fragment harboring lacZ/loxP/neo” was
inserted into the Narl site 47 bases downstream of the first
ATG in the Parg gene in the same orientation as transcrip-
tion. This lacZ/loxP/neo” targeting vector allowed the in-
frame fusion of the lacZ gene to Parg exon 1, 47 bases
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downstream of the translation initiation site. In addition, an-
other targeting vector was constructed for the disruption of
the remaining allele of the Parg gene using a puromycin
resistance gene (puro’) cassette [18], kindly donated by Dr.
P. Laird. This 13 kb plasmid harbors the 7 kb EcoRV-Xhol
fragment and the D7-4 gene cassette as above, with re-
placement of the 0.4 kb Narl fragment containing the first
ATG with a loxP/puro” fragment. The neo” targeting vector
was linearized at the Kpnl site, electroporated into J1 ES
cells, and then ES cells were cultured on a STO cell feeder
layer in a medium [19] supplemented with 175 pg/ml G418
(GIBCO/BRL). The STO cells were kindly donated by Dr. P.
Laird and STO feeder layer was prepared by treatment with
10 pg/ml mitomycin C (Sigma) for 3 hrs and washing the
cells with phosphate-buffered saline (PBS) a for three times.
G418-resistant clones were screened by Southern blot analy-
sis to identify Parg’v " ES clones. To generate Parg'/' ES cell
clones, Parg+/ " ES cell clones were electroporated with the
linearized puro” targeting vector. Selection was performed
by culture in the presence of 0.5-1.0 pg/ml of puromycin
(Sigma) and 175 pg/ml of G418.

To examine homologous recombination, Southern blot
analysis was carried out using the “3’-probe” and “5’-probe”,
generated as follows. For the “3’-probe”, a 264 bp fragment
corresponding to exon 3 was prepared by PCR using a sense
primer 5’-GACTCCATGATGAGTTCTGTGC-3’ and an
anti-sense primer 5’-ATCAGTGTGGGGTGACTGACC-3’.
This fragment was hybridized to BamHI-digested genomic
DNA. For the “5’-probe”, a 0.7 kb HindHI-Ps/I fragment
(see Fig. 1A), was hybridized to the genomic DNA digested
with Pst.

To sequence the targeting junction present in intron 1 of
Timm23 (translocase of inner mitochondrial membrane 23
homolog) gene, two primers (5’-CAGACTTCCAATTGTT
ACACAAGCATC-3’ and 5’-GGTCAGTTTGTC TTTAGA
GTTGCAAG-3") were used to amplify the DNA fragment,
and the fragment was directly sequenced using these prim-
ers. To sequence the boundary of the Timm23 and Parg
genes; the primers in intron 1 of the Timm23 gene (5° -
CTGTCCAGGAAGGAGTCAG-3") and in exon lalexonl
of Parg- gene (5 -CCTCATTCACTAACCCGGACA-3’)
were used for the neo"-allele. The above primer for intron 1
of the Timm23 gene (5’-CAGACTTCCAATTGT TACACA
AGCATC-3’) and a primer for the promoter of puro” (5°-
GCTGCTA AAGCGCATGCTCC-3") were used for the
puro” allele.

Northern Blot and RT-PCR Analysis

Northern blot analysis of the Parg gene was performed
using a 0.2 kbp C-terminal fragment of Parg cDNA using
total RNA.

For RT-PCR, we used the first-strand cDNA synthesized
for S’RACE RT-PCR, and amplified using LA Tag with GC
I buffer (TAKARA). Primer sets used to amplify specific
sequences were 5’-TGCGGGTCCCAGCATGAGTGCG-3’
(S1) and 5°- GAACACGCCTCTGCCTGCC-3’ (A3); 5°-
CGCTCCCGTCC AGTTCAGG-3* (S2) and 5-TCTTG
GGTCCTTTAGTATCCATCC-3’(Al). The primer set for
amplifying Timm23 was 5-CAAGGAGCACTTTGGGC
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Fig. (1). Parg gene-disruption in mouse ES cells. A. Gene-targeting strategy. The top lines represent the approximately 18 kb Parg genomic
locus. The 3’-and 5’-recombination junction probes (3’-probe and 5’-probe, respectively) used to detect the disrupted alleles are shown as
solid bars. The locations of restriction enzymes are also shown (N, Narl; E, EcoRV; P, Psfl; X, Xhol; S, Sacl, B, BamHI). The middle lines
represent the targeting constructs and the positions of the selection marker genes. The sequence of loxP is depicted as slashed boxes. Lineari-
zation of puro” vector with Sacl digestion resulted in separation of the DT-A cassette from the Parg gene sequence, however, Parg” ES cell
clones were obtained at an expected frequency. B. Southem blot analysis of Parg™”, Parg™ and two Parg™ ES cell clones, D79 and D122.
Hybridization with the 3’-probe was performed after digestion of genomic DNAs with BamHL Gene-disruption was also confirmed by Sou-

thern blot analysis using 5’-probe (data not shown).

TAATAC-3* and 5-ATACAGTGCATAGAGACTGG-3’.
PCR products were separated by electrophoresis and visual-
ized by staining with ethidium bromide.

Poly(ADP-Ribose) Degradation and Parg Activity Meas-~
urement

ES cell lysate was prepared by suspending cells in a lysis
buffer consisting of 20 mM potassium phosphate (pH 7.5), 2
mM EDTA, 10 mM B-mercaptoethanol, 0.1%. Triton X-100

containing protease inhibitor cocktail (Complete™, Roche

Diagnostics) and mixed in a blender at 4 °C for 30 min. Af-
ter centrifugation at 18,000g at 4 °C for 15 min, the super-
natant was taken and protein quantification was carried out.
32P-Poly(ADP-ribose) was prepared using crude extract from
E. coli overexpressing human PARP-1, as described [20, 21].
*?p-Poly(ADP-ribose) was detached from the protein and
further ?uriﬁed using anionic-exchange column chromato-
graphy. 2P-Poly(ADP~ribose) was added at 5 pM (calculated
as the ADP-ribose concentration) to the reaction mixture
containing 20 mM potassium phosphate (pH 7.5), 2 mM
EDTA, 10 mM B-mercaptoethanol, 0.1% Triton X-100, and
the crude extracts of ES cells, incubated at 25 °C for 10 min.
The aliquot was also used to measure the degradation activ-
ity of **P-poly(ADP-ribose) into **P-(ADP-ribose) by poly-
ethyleneimine-impregnated cellulose TLC (thin-layer chro-
matography) plate (Macherey-Nagel) using a developing
solvent consisting 3 M acetic acid, 0.1M LiCl and 3 M Urea,
as described [20] and the TLC plates were analyzed by

BAS2500 (Fuji Film) and the radioactivity of degradation
products and the remaining poly(ADP-ribose) was quanti-
fied.

Clonogenic Survival Assay

Clonogenic survival assay of ES cells were carried out as
described [22, 23]. ES cells were inoculated in triplicate onto
6-well plates (Twaki) with a STO cell feeder layer as de-
scribed earlier.” Cells were ‘exposed to dimethyl sulfate
(DMS;: Sigma), cisplatin' (Sigma), and hydrogen peroxide
(Mitsubishi-Gas Chemicals), gemcitabine (Sigma), camp-
tothecin (Sigma), and 5-fluorouracil (Sigma) at various con-
centrations for 16 hrs, rinsed two times in PBS and allowed
to grow for 8 days. The numbers of ES cells inoculated per
well were adjusted to yield at least several colonies on each
plate, respectively, and ranged from 500 to 5 x 10° cells de-
pending on the chemicals and their concentration or irradia-
tion dose [24). For y-irradiation, trypsinized cells were irra-
diated using a *°Co y-irradiator at 0.29 Gy/sec, inoculated on
a STO cell feeder layer and were left to grow for 8 days as
above. The colonies were stained with crystal violet for
counting. The clonogenic survival ratio to the untreated con-
trol was calculated as follows.

Plating efficiency (P. E.)= (No. of colonies)/(number of
inoculated cells)

The clonogenic survival ratio to the untreated control=
(P. E. at a given concentration of chemical or irradiation
dose)/ (P. E. of untreated cells).
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Western Blot Analysis

After sonication and separation by SDS-polyacrylamide
gel electrophoresis, proteins were transferred onto Immo-
bilon membranes (Millipore), the membrane was incubated
with anti-a-tubulin (1:1,000, ICN Biomedicals), immune
complexes were visualized using a horseradish peroxidase-
linked secondary antibody and the enhanced chemilumines-
cence reaction (ECL Plus kit, Amersham). Detection of
Timm?23 protein was carried out using a monoclonal anti-
body against Timm23 (BD Bioscience Clontech) diluted at
1:2,500 as above. For detection of Parg, the anti-Parg mouse
monoclonal antibody raised against a peptide from the C-
terminal half of Parg and horseradish peroxidase-conjugated
anti-mouse IgG were diluted with an immunoreaction en-
hancer solution, Can Get Signal™ (TOYOBO), and incu-
bated with an anti-Parg monoclonal antibody (1:250) for 1 hr
and horseradish peroxidase-conjugated anti-mouse IgG
(1:5,000) for 1 hr.

Statistical Analysis

Statistical analysis was carried out by Mann-Whitney U
tests using SPSS software (Macintosh version, SPSS, Chi-
cago) or JMP 5.1.2 (SAS Institute, Cary).

RESULTS

Generation of Parg” ES Cell Lines Lacking a Full
Length Isoform

The loxP/lacZ/meo” targeting vector allowed in-frame fu-
sion of the Parg gene with lacZ at 47 bases downstream of
the translation-initiation site in exon 1, and the insertion of
the loxP-franked neo” cassette downstream of the JacZ gene
in the same orientation to Parg transcription, as shown in
Fig. (1A). After electroporation into J1 ES cells, G418-
resistant colonies were isolated and 4 of 704 clones were
identified as Parg“’ ES cell clones by Southern blot analysis
Fig. (1B). Disruption of the remaining allele with the puro”
targeting vector was performed on clone B609, and 6 of 230
neo” and puro” clones were identified to be Parg”. Represen-
tative results of Southem blot analysis are presented as Fig.
(1B). Two Parg” ES cell clones, D79 and D122, were
employed for further analyses:

Northern blot anal?'sls revealed that the amount of 4 kb
Parg mRNA in Parg™ ES cells was reduced approximately
to one-sixth of that in Parg™* ES cells (Fig. 2A). Cortes et al.
reported that besides a full length Parg mRNA (variant 1)
containing exons la, 1 and 2, a splice variant (variant 2),
which lacks exon 1 but harbors exons la and 2, is present
[11]. RT-PCR analysis using three primer sets specific for
Parg mRNA (Fig. 2B) suggested that residual Parg tran-
scripts present in Parg” ES cells correspond to variant 2 or
truncated Parg mRNA possessing a second ATG colon pre-
sent in exon 2. As shown in Fig. (2C) (marked with asterisk),
western blot analysis revealed that the largest Parg isoform
of around 128 kDa, which may correspond to the full length
form, was lost in Parg” ES cell lines and the amounts of the
two major isoforms of around 107 kDa and 63 kDa (marked
with arrows) in Parg'/' ES cell clones were reduced. Al-
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though other minor isoforms of 86, 78 and 59 kDa were not
observed in Parg™ ES cell clones by western blot analysis,
we could not conclude whether these 86, 78 and 59 kDa mi-
nor 1soforms were absent or present at reduced amounts in
Parg ES cell clones. The degradation activity of *?p-
poly(ADP-ribose) in ES ccll extracts was reduced approxi-
mately to one-tenth in Parg”™ ES cell clones compared with
Parg™* ES cell clones (Fig. 2D and 2E). A major degrada—
tion product was ADP-ribose for both Parg™ and Parg ES -
cells, indicating that degradation to ADP-ribose by Parg is
the main degradation pathway in ES cells.

The Parg gene shares a putative promoter with the
Timm23 gene [25] RT-PCR analysis showed that Timm23
expressmn level in Par, g " ES cells did not change compared
to Parg ES cells (Fig. 2F). Western blot analysxs showed
that the amount of Timm23 protein in Parg” ES cells is
comparable to that of the Par; g+’ " ES cells (Fig. 2G). Expres-
sion of fused lacZ mRNA driven from the Parg promoter in
a neo” allele was detected in Parg” ES cell clones by RT-
PCR analysis (data not shown).

To confirm that the gene-targeting did not introduce ad-
ditional sequence alterations in the Parg and Timm23 genes
of Parg™ ES cell clones, we sequenced about 300 bp en—
compassing a 5’-junctiona1 site of gene-targeting, in the neo”
and the pum allele respectively, and found no sequence
alteration in Parg” ES cell clones We also sequenced ap-
proximately 500 bp of the neo” allele, spanning a part of in-
tron 1 and exon 1 of the Timm 23, Timm23/Parg promoter
and Parg exon 1. The approximately 480 bp region of the
puro” allele, spanning the Timm23 exon I, Parg/Timm23
promoter, Parg exon 1 and the puro” promoter was se-
quenced as well. Two serial gene-targeting events were sug-
gested to produce the targeted alleles precisely and addi-
tional mutations were not found at the 5’-junctional site of
gene-targeting in Parg” ES cell clones D79 and D122.

These results indicate that targeted disruption of Parg
gene exon | eliminated the transcript, which encodes a full-
length isoform of Parg, and also caused a marked reduction
in the amount of other Parg transcripts encoding putative
Parg isoforms.

In Vitro Growth of ES Cell Clones

Growth-rates of two Parg” ES cell clones, in the absence
of a STO cell feeder layer were similar to those for parental
J1 and Parg™ ES cell clones. Doubling-time was calculated
to be about 9 h in all cases and. statistical differences in
growth were not observed among the genotypes (Fig. 3A).
No proliferation impediment was observed in at least 50 suc-
cessive passages in the absence of the feeder layer in each

genotype.

Sensitivity of Parg” ES Cell Clones to DNA Damaging
Agents of Various Types

Clonogenic survival assays revealed that Parg” ES cell
clones show about 1.5-fold increased lethality with the
monofunct10na1 alkylating agent, DMS compared to their
Patg counterpart as illustrated in Fig. (3B) (p<0.05).
Parp-1" ES cell clone exhibited increased lethality only at
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Fig. (2). A. Northem blot analysis. Thirty pg of total RNA isolated from ES cells was analyzed by Northern blot analysis using the Parg
¢DNA probe. B. Upper panel: Structure of the reported Parg cDNA in Parg” ES cell clones. The positions of primer set, $1 and A3, span-
ning the targeting site and another PCR set, S2 and Al, located downstream of the targeting site are shown. Lower panel: Total RNA isolated
from ES cells was used to generate cDNAs and the PCR reaction was carried out using primer sets S1-S3 and S2-S1. C. Western blot analysis
of Parg protein in ES cells. Total lysate of ES cells was subjected to western blot analysis using a monoclonal antibody against Parg and anti-
bodies against a-tubulin. Arrows show major Parg isoforms and asterisks show minor Parg isoforms in Parg™* ES cells. D & E. The measu-
rement of poly(ADP-ribose) degradation activity in the crude extracts of ES cell clones by TLC. A representative result of the TLC (D). Cont,
control. The quantification graph (E). Bar, mean + SE. F. RT-PCR analysis of the Timm23 gene. The length of the PCR product was 220 bp
as expected. G. Western blot analysis of Timm23 in Parg” ES cells. Western blot analysis was carried out using a monoclonal antibody a-

gainst Timm23 diluted at 1:2,500.



