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DNA damage induced by radiation or DNA-damaging
agents leads to apoptosis and cell cycle arrest. However,
DNA damage-triggered signal transduction involved in
these cellular responses is not well understood. We pre-
viously demonstrated an important role for SHP-2, a
ubiquitously expressed SH2 domain-containing tyrosine
phosphatase, in the DNA damage-induced apoptotic re-
sponse. Here we report a potential role for SHP-2 in a
DNA damage-activated cell cycle checkpoint. Cell cycle
analysis and the mitotic index assay showed that follow-
ing DNA damage induced by cisplatin or �-irradiation,
the G2 (but not S) arrest response was diminished in
SV40 large T antigen-immortalized embryonic fibroblast
cells lacking functional SHP-2. Notably, reintroduction
of wild-type SHP-2 into the mutant cells fully restored
the DNA damage-induced G2 arrest response, suggesting
a direct role of SHP-2 in the G2/M checkpoint. Further
biochemical analysis revealed that SHP-2 constitutively
associated with 14-3-3�, and that Cdc25C cytoplasmic
translocation induced by DNA damage was essentially
blocked in SHP-2 mutant cells. Additionally, we showed
that following DNA damage, activation of p38 kinase
was significantly elevated, while Erk kinase activation
was decreased in mutant cells, and treatment of SHP-2
mutant cells with SB203580, a selective inhibitor for p38
kinase, partially restored the DNA damage-induced G2
arrest response. These results together provide the first
evidence that SHP-2 tyrosine phosphatase enhances the
DNA damage G2/M checkpoint in SV40 large T antigen
immortalized murine embryonic fibroblast cells.

Genetic stability is maintained by cell cycle checkpoints (1,
2). In response to DNA damage, mammalian cells arrest at
certain points in the cell cycle. This regulatory mechanism
inhibits cell cycle progression until the cell has adequately
repaired the DNA damage. For instance, arrest in G1 and S
phases prevents damaged DNA from replicating, and arrest in
the G2 phase prevents segregation of damaged chromosomes.
Failures in cell cycle checkpoints can lead to the acquisition
and accumulation of genetic alterations. These changes may
result in the activation of oncogenes and/or the inactivation of

tumor suppressor genes, both of which can ultimately lead to
tumorigenesis. However, the precise mechanisms of cell cycle
checkpoints and the signaling components involved are not
fully understood.

In many cases, DNA damage-triggered signaling pathways
induce cell cycle arrest by inhibiting the activities of the cyclin-
dependent kinases that are required to drive cell cycle progres-
sion. The biochemical details of the G1 checkpoint are relatively
well understood. A delay in the G1 phase results largely from
the activation of p53 and consequent transcriptional induction
of the cyclin-dependent kinase inhibitor p21Cip1 (3, 4). By com-
parison, the DNA damage-induced G2/M checkpoint is more
complex. The G2/M transition is regulated by Cdc2 kinase and
cyclin B1 as part of the maturation promoting factor that
determines entry into mitosis. It has been demonstrated that
the G2 arrest is largely dependent on inhibitory phosphoryla-
tion of Cdc2 at tyrosine 15 (Tyr15) and threonine 14 (Thr14) and
is therefore likely to result from changes in the activities of the
opposing kinases and phosphatases that act on Cdc2. Among
these upstream regulators, Cdc25C has been identified as cru-
cial for the activation of Cdc2 by dephosphorylating its inhibi-
tory tyrosine sites (5, 6). Dephosphorylation of Cdc2 by Cdc25C
and association with cyclin B1 results in rapid entry into mi-
tosis whereas phosphorylation of negative regulatory sites on
Cdc2 by Wee1/Myt1 kinases and cyclin B1 degradation or ex-
port to the cytoplasm block entry into mitosis. Following DNA
damage, Cdc25C is phosphorylated by checkpoint kinases
Chk1 and 2, which are activated by ATM and its related kinase
ATR (7–12). Upon phosphorylation, Cdc25C binds to 14-3-3
adaptor proteins and is thereby sequestered in the cytoplasm
(7, 13). Separation of Cdc25C from the nucleus then results in
elevated Cdc2 phosphorylation and a reduced Cdc2 kinase ac-
tivity. As a result, cells arrest in the G2 phase.

However, in addition to the ATM/Chk1, 2/Cdc25C/Cdc2 path-
way, other mechanisms contributing to the G2/M checkpoint
also exist. p21Cip1, a major downstream effector of p53 and p73
transcription factors, contributes mainly to the G1 and S ar-
rests (3, 4); however, its role in inducing the G2 arrest has also
been reported, i.e. cells deficient in p21Cip1 are unable to main-
tain stable G2 arrest when exposed to DNA-damaging agents
(14, 15). More recently, several signaling enzymes important
for growth factor and cytokine-induced signal transduction,
such as Erk,1 p38, and Akt kinases, have also been found to be
involved in the regulation of the G2/M transition of the cell
cycle. For example, Erk kinases have been shown to be re-

* This work was supported in part by National Institutes of Health
Grant R01HL68212-01A1 (to C. K. Q.). The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

¶ To whom correspondence should be addressed: Dept. of Hematopoi-
esis, Holland Laboratory, American Red Cross, 15601 Crabbs Branch
Way, Rockville, MD 20855. Tel.: 301-738-0445; Fax: 301-738-0444;
E-mail: quc@usa.redcross.org.

1 The abbreviations used are: Erk, extracellular signal-regulated ki-
nase; WT, wild type; Ab, antibody; PI, propidium iodide; FACS, fluo-
rescence-activated cell sorting.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 278, No. 44, Issue of October 31, pp. 42812–42820, 2003
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org42812

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


quired for normal G2/M progression (16, 17) and DNA damage-
induced G2/M arrest (18). p38 kinase has also been shown to be
involved in the G2/M DNA damage cell cycle checkpoint (19,
20). Therefore, it appears that multiple pathways contribute to
the regulation of the G2/M checkpoint following genotoxic
stress.

SHP-2, a SH2 domain-containing tyrosine phosphatase, is
ubiquitously expressed in a variety of tissues and cell types,
and has been demonstrated to be involved in diverse signaling
pathways, including those initiated by growth factors, cyto-
kines, and insulin (21, 22). In most circumstances, SHP-2 plays
a positive role in transducing the signal relay from receptor
tyrosine kinases, whereby its phosphatase activity has been
shown to be required (23–25), even though the biochemical
significance of its catalytic activity remains ill-defined. The
N-terminal SH2 domain (N-SH2) plays a critical role in medi-
ating SHP-2 function. A targeted N-terminal deletion of SHP-2
(amino acids 46–110 including the N-SH2) results in a loss-of-
function mutation for SHP-2. As a result of this mutation,
homozygous mutant (SHP-2�/�) embryos die at midgestation
with multiple developmental defects (26, 27). Essential roles
for SHP-2 in the regulation of a variety of signal transduction
pathways and cellular processes such as cell proliferation, dif-
ferentiation, adhesion, and migration have been characterized
by using this SHP-2 gene knockout model and the mutant
fibroblast cell lines derived from SHP-2�/� mutant embryos
through SV40 large T antigen immortalization (27–31).

Using the SV40 large T antigen-immortalized SHP-2�/� em-
bryonic fibroblast cell lines, we have recently demonstrated
that SHP-2 plays an important role in DNA damage-induced
cell death, and that it enhances the cellular apoptotic response
to DNA damage by promoting activation of nuclear kinase
c-Abl (32). During the course of that work, we inadvertently
noticed that the DNA damage-induced G2 arrest response was
diminished in SHP-2 mutant cells. We therefore investigated
the potential role of SHP-2 phosphatase in DNA damage-in-
duced cell cycle checkpoint. These results suggest that SHP-2
enhances the DNA damage G2/M checkpoint by modulating
Cdc25C cytoplasmic translocation and the MAP kinase
pathways.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Wild-type (WT) and SHP-2�/� mutant em-
bryonic fibroblast cell lines were derived from day 9.0–9.5 embryos
through SV40 large T antigen immortalization (29, 30, 33, 34). Rescued
cell lines were generated by transduction of WT SHP-2 cDNA into
SHP-2�/� cells through retroviral-mediated gene transfer. All cell lines
were cultured in Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum. Cisplatin and propidium iodide (PI) were purchased
from Sigma. Nocodazole, caffeine, SB203580, and anti-Cdc2 antibody
(Ab) were obtained from Calbiochem (La Jolla, CA). Anti-SHP-2, -SV40
large T antigen, -Erk, -phospho-Erk, -Cdc25C, -14-3-3�, -histone H1,
and -cyclin B1 Abs were supplied by Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-p38, -phospho-p38, -phospho-Cdc2 (Tyr15), and
-phospho-Chk1 (Ser345) Abs were purchased from Cell Signaling Tech-
nology (Beverly, MA). The Cdc2 kinase assay kit, anti-phosphohistone
H3, and anti-Chk1 Abs were obtained from Upstate Biotechnology
(Lake Placid, NY).

Cell Cycle Analysis—Cells were harvested and fixed in 70% ethanol.
Fixed cells were treated with RNase A (20 �g/ml) at 37 °C for 30 min,
washed with phosphate-buffered saline, and then stained with PI (50
�g/ml in phosphate-buffered saline). Cellular DNA content was ana-
lyzed with fluorescence-activated cell sorting (FACS) analysis using
BD-LSR flowcytometry (BD Biosciences). The cell cycle profiles were
determined with the CELLQuestTM software (BD Biosciences).

Mitotic Index Assay—Cells grown in slide chambers were treated
with cisplatin (5 �M) for various time periods. Treated cells were then
fixed in methanol for 10 min and stained with 5% Giemsa. In some
experiments, cells were stained by anti-phosphohistone H3 Ab that
specifically detects mitotic nuclei. Mitotic cells in late prophase, met-
aphase, anaphase, and telophase were identified under the fluorescence

microscope and expressed as a fraction of the total cells counted. At
least 3000 cells were counted in each preparation.

Cell Synchronization—Fibroblast cells were synchronized in the
G0/G1 phase by serum deprivation for 48 h before experiments. To
synchronize cells at the G1/S boundary, asynchronously growing cells
were treated with thymidine (2 mM) for 16 h, then thymidine (24 �M),
and deoxycydine (24 �M) for 8 h, and finally thymidine (2 mM) for
additional 16 h. Synchronized cells were released from the block for
experiments by rinsing twice with phosphate-buffered saline and
changing medium to complete growth medium.

Immunoprecipitation and Immunoblotting Analysis—Cells were ly-
sed in radioimmune precipitation assay buffer (50 mM Tris-HCl pH 7.4,
1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM

EDTA, 1 mM NaF, 2 mM Na3VO4, and 1 mM phenylmethylsulfonyl
fluoride). Whole cell lysates (500 �g) were immunoprecipitated with 1
�g of purified Abs as indicated. Immunoprecipitates were washed three
times with HNTG buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 1%
glycerol, 0.1% Triton X-100, and 1 mM Na3VO4) and resolved by SDS-
PAGE followed by immunoblotting with the indicated Abs.

Cdc2 Kinase Assay—Cdc2 kinase activity was assessed by using the
Cdc2 kinase assay kit from Upstate Biotechnology following the man-
ufacturer’s instruction. Cell lysates (200 �g) were immunoprecipitated
with 1 �g of anti-cyclin B1 Ab. Immunoprecipitates were washed and
assayed for the kinase activity by using histone H1 as the substrate. A
mixture solution containing histone H1 (20 �g/reaction), 5 �Ci of
[�-32P]ATP, and PCK, PKA, and PKI inhibitor mixture (1:5 dilution) in
kinase assay buffer was added into each immunoprecipitation product
and incubated at 30 °C for 20 min. An aliquot of reaction mixture (25 �l)
was spotted onto a piece of P81 filter paper. The filters were washed
three times with 0.75% phosphoric acid and once with acetone. 32P
incorporation into histone H1 was then measured by liquid scintillation
counting.

RESULTS

DNA Damage-induced Cell Cycle Response Is Decreased in
SHP-2�/� Murine Embryonic Fibroblast Cells—During the
course of our previous studies defining the role of SHP-2 in
DNA damage-induced apoptosis (32), we noticed a difference in
the cell cycle profiles between normally growing, SV40 large T
antigen-immortalized, WT and mutant embryonic fibroblast
cells carrying the amino acids 46–110 deletion of SHP-2 (SHP-
2�/�). An increase in the percentage of mutant cells in the G2/M
phase was observed (Fig. 1B). This change in the cell cycle of
SHP-2 mutant cells does not appear to be due to a defect in cell
cycle parameters, since reintroduction of WT SHP-2 into SHP-
2�/� cells (rescued cells) completely corrected cell cycle profiles.
As Erk kinase activity has been shown to be required for the
G2/M transition of the cell cycle (16, 17) and SHP-2 plays a
positive role in the growth factor and cytokine-induced Erk
pathway (23–25), the prolonged G2/M phase is presumably
attributed to the decreased Erk kinase activity in the mutant
cells under normal culture conditions.

More interestingly, in response to the treatment of the DNA
damaging chemotherapeutic drug cisplatin, the percentage of
WT cells in the G2/M phase was significantly increased (G2/M
arrest), suggesting activation of the cell cycle G2/M checkpoint.
However, the DNA damage-induced G2/M arrest response in
SHP-2�/� cells is diminished (Fig. 1B), indicating a defect in the
G2/M checkpoint control in mutant cells. Notably, the G2/M
arrest response to cisplatin treatment was fully restored in the
rescued cell line (Fig. 1B), suggesting that the diminished cell
cycle response to DNA damage in mutant cells is attributed
directly to loss of SHP-2 function. It is noteworthy that the
defect in DNA damage cell cycle control caused by the SHP-2
mutation appears to be specific for the G2/M but not S check-
points, since the DNA damage-induced response of the arrest in
the S phase is not altered in SHP-2 mutant cells (Fig. 1C).

The above experiments were conducted with asynchronized
cells. To better determine the role of SHP-2 in the cell cycle
response to DNA damage, WT, SHP-2�/�, and rescued cells
were synchronized at the G1/S boundary as described under
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“Experimental Procedures,” and cell cycle responses of the syn-
chronized cells to DNA damage were then examined. Similar to
the asynthronized cells, synchronized SHP-2�/� cells did not
show a significant increase in the percentage of G2/M following
DNA damage (Fig. 1D), further confirming the potential role of
SHP-2 in DNA damage-induced cell cycle regulation. Remark-
ably, the role of SHP-2 in G2/M checkpoint control is not spe-
cific to cisplatin-induced DNA damage; the �-irradiation-in-
duced G2/M arrest response is also diminished in SHP-2
mutant cells (Fig. 2). Collectively, these results demonstrate an
important role of SHP-2 phosphatase in the DNA damage-
induced G2/M checkpoint in SV40 large T antigen-immortal-
ized murine embryonic fibroblast cells.

Since SHP-2�/� cells showed a defect in the G2/M arrest
response, we next wanted to determine whether this defect was
specific to DNA damaging treatment. WT, SHP-2�/�, and res-
cued cells were treated with nocodazole, a compound that dis-
rupts nuclear microtubules and arrests the cell cycle in mitosis
(35). As shown in Fig. 3A, all cell types were efficiently blocked

in the G2/M phase of the cell cycle. To further validate the
potential role of SHP-2 in the DNA damage-induced G2/M
checkpoint, we treated cells with cisplatin in conjunction with
caffeine, a specific inhibitor of ATM/ATR kinase, which has
been demonstrated to play an important role in the DNA dam-
age G2/M checkpoint (2). Cell cycle analyses showed that al-
though caffeine treatment alone did not disturb cell cycle dis-
tribution, combined caffeine treatment abolished cisplatin-
induced G2/M arrest in WT as well as rescued cells. However,
this drug did not show any effect in SHP-2 mutant cells
(Fig. 3B).

To precisely determine whether the increase of G2/M cells
observed in our cell cycle analyses resulted from a delay in G2

or M phases, the mitotic index assay (which directly deter-
mines the fraction of cells in mitosis) was conducted. In re-
sponse to DNA damage, mitotic activity of WT cells was quickly
and progressively decreased, indicating a G2 delay in the cell
cycle. Although mitosis of SHP-2 mutant cells was also de-
creased shortly following DNA damage, this G2 delay could not

FIG. 1. Cisplatin-induced G2/M arrest response is decreased in SV40 large T antigen immortalized SHP-2�/� murine embryonic
fibroblast cells. A, expression of SHP-2 and SV40 large T antigen in WT, SHP-2�/�, and rescued cell lines. Exponentially growing asynchronized
cells were treated with cisplatin (5 �M) for 24 h. Cells were then harvested, fixed with ethanol, stained with PI, and analyzed for cellular DNA
content by using FACS. Percentages of the cells with G1, S, and G2/M DNA contents were determined (B and C). D, cells were synchronized in the
G1/S boundary as described under “Experimental Procedures” and then treated with cisplatin. Percentages of G2/M were determined. Three to four
independent experiments were performed; similar results were obtained in each. Results shown are the mean � S.D. of triplicates from one
experiment.

SHP-2 and DNA Damage Cell Cycle Regulation42814



be sustained, cells re-entered mitosis 2 h after DNA damage.
Remarkably, rescued cells showed very similar changes in mi-
totic behavior as the WT control (Fig. 4A). This data suggests
that in response to DNA damage, WT and rescued cells arrest
in G2 phase and that without functional SHP-2 phosphatase,
the G2 delay in SHP-2�/� mutant cells was significantly de-
creased and shortened.

To more rigorously examine the cell cycle response of SHP-2
mutant cells to DNA damage, we synchronized the cells in the
G0/G1 phase or at the G1/S boundary by serum deprivation or
thymidine treatment (see “Experimental Procedures”), respec-
tively. Synchronized cells were released and treated with cis-
platin for 4 and 8 h. Mitotic cells were counted and compared
with the untreated cells that were released from synchroniza-
tion for the same periods of time. Consistent with the data
obtained from asynchronized cells (Fig. 4A), mitotic activity of

synchronized WT cells was significantly decreased following
DNA damage. By contrast, this response in synchronized
SHP-2 mutant cells was diminished (Fig. 4, B and C), further
confirming the role of SHP-2 in DNA damage cell cycle
regulation.

As the G2/M transition of the cell cycle is mainly controlled
by Cdc2 kinase, and phosphorylation of Tyr15 and Thr14 in
Cdc2 negatively regulates its kinase activity, we next examined
the phosphorylation status of Tyr15 in Cdc2 in response to DNA
damage by using a specific Ab. As shown in Fig. 5A, Cdc2
(Tyr15) phosphorylation was gradually induced in WT cells
following DNA damage. By contrast, phosphorylation of this
site in SHP-2�/� cells was slightly induced and then quickly
decreased to the basal level. This observation is fully consistent
with the mitotic index data (Fig. 4). Furthermore, we examined
Cdc2 kinase activity by using histone H1 as the substrate. As
demonstrated in Fig. 5B, after DNA damage (8 h), Cdc2 kinase
activity was markedly decreased in WT as well as rescued cell
lines. However, no appreciable change in Cdc2 kinase activity
is detected in SHP-2 mutant cells. It is important to emphasize
that re-introduction of WT SHP-2 in SHP-2�/� cells completely
rescued the response of Cdc2 kinase activity to DNA damage,
again suggesting a direct role for SHP-2 in DNA damage-
induced cell cycle response, and that although the truncated
SHP-2 with a low expression level exists in the mutant cells,
the SHP-2 mutation appears to be a loss-of-function mutation
rather than a gain-of-function mutation.

Defective G2/M Checkpoint in SHP-2 Mutant Cells—To elu-
cidate why the G2 arrest response induced by DNA damage is
attenuated in the mutant cells lacking functional SHP-2, we
attempted to dissect the molecular mechanism by which SHP-2
modulates the G2/M checkpoint. Previous studies have demon-
strated that several pathways contribute to the DNA damage-
induced G2/M arrest, among which the ATM, ATR/Chk1,
2/Cdc25C/Cdc2 pathway is well characterized (2, 14). To deter-
mine whether this pathway is targeted by the SHP-2�/� muta-
tion, we examined the phosphorylation status of Chk1 kinase
(Ser345) that has been shown to be critical for its kinase activity
(10) and thereby downstream signaling, by using a specific
anti-phospho-Chk1 (Ser345) Ab. As shown in Fig. 6A, phospho-
rylation of Chk1 is comparably induced by DNA damage in WT

FIG. 2. �-Irradiation-induced G2/M arrest response is dimin-
ished in SHP-2 mutant cells. Exponentially growing WT, SHP-2�/�,
and rescued cells were �-irradiated (10 Gy). Treated and untreated cells
were examined for percentages of G2/M 24 h later. Three to four inde-
pendent experiments were performed; similar results were obtained in
each. Results shown are the mean � S.D. of triplicates from one
experiment.

FIG. 3. Effects of nocodazole and caffeine on the cell cycle distribution in WT, SHP-2�/�, and rescued cells. Exponentially growing WT,
SHP-2�/�, and rescued cells were treated with nocodazole (100 ng/ml) (A), caffeine (2 mM), or caffeine plus cisplatin (B). Treated and untreated cells
were examined for percentages of G2/M 24 h later. Three to four independent experiments were performed; similar results were obtained in each.
Results shown are the mean � S.D. of triplicates from one experiment.
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and SHP-2 mutant cells. This data, together with our previous
observation that phosphorylation of p53Ser 15 by ATM/ATR
kinase was not changed in SHP-2 mutant cells (32), suggest
that Chk kinase activation is not affected by the SHP-2
mutation.

We next examined the downstream processes of the ATM,
ATR/Chk1, 2/Cdc25C/Cdc2 pathway. Previous studies have
shown that Cdc2 phosphorylation and thereby kinase activity
are regulated by Cdc25C, and that both phosphorylation (acti-
vation) induced by Chk kinases and cytoplasmic translocation
by association with 14-3-3� are essential for Cdc25C activity on
Cdc2 kinase (7, 13). Since Chk1 activation is not affected in
SHP-2 mutant cells, we focused on the Cdc25C translocation
response. Nuclear extracts were prepared from G0/G1 synchro-
nized cells and subjected to quality control as we previously
reported (32). Anti-Cdc25C immunoblotting showed that in
response to DNA damaging treatment, Cdc25C in the WT
nucleus was decreased, suggesting its cytoplasmic transloca-
tion. By contrast, DNA damage-induced Cdc25C translocation

was essentially blocked in SHP-2�/� mutant cells. Remarkably,
this response is efficiently restored in the rescued cells (Fig.
6B). It is important to mention that the Cdc25C level in the
cytoplasm was not significantly changed in the three cell types
following DNA damage (data not shown). This is because a
large amount of the Cdc25C is localized in the cytoplasm of the
cell lines; small amounts of translocated nuclear Cdc25C did
not make a significant difference in the Cdc25C level in the
cytoplasm.

To further elucidate the molecular mechanism by which
SHP-2 modulates DNA damage-induced Cdc25C translocation,
we examined potential interactions between SHP-2 and 14-3-
3/Cdc25C. As shown in Fig. 6C, 14-3-3� was constantly de-
tected in the anti-SHP-2 immunocomplex, and reciprocally,
SHP-2 was always present in the anti-14-3-3� immunocomplex
(data not shown), suggesting their physical association and
that this association is independent of DNA-damaging treat-
ment. Therefore, it is likely that SHP-2 promotes Cdc25C
translocation by physically interacting with 14-3-3�.

FIG. 4. DNA damage-induced reduction in mitosis can not be sustained in SHP-2�/� cells. A, asynchronized WT, SHP-2�/�, and rescued
cells were treated with cisplatin (5 �M) for the indicated periods of time. Mitotic index was determined as described under “Experimental
Procedures.” B and C, cells were synchronized in the G0/G1 phase (B) or in the G1/S boundary (C) (see “Experimental Procedures”) and then treated
with cisplatin (5 �M) for 8 h (B) or 4 and 8 h (C). Mitotic index was determined and compared with that of the untreated cells that have been
released from synchronization for the same time periods. Results shown are the mean � S.D. of three independent experiments.
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Differential Roles of SHP-2 in DNA Damage-induced MAP
Kinase Activation—In addition to the ATM/Chk1, 2/Cdc25C
pathway, other mechanisms involved in the regulation of Cdc2
kinase and thereby the G2/M transition following DNA damage
have emerged. Recent studies have suggested that DNA dam-
age-induced MAP kinase pathways play important roles in the
DNA damage-induced G2/M checkpoint (18–20). To determine
whether the role of SHP-2 in cell cycle regulation is mediated
by the MAP kinase pathways, we examined DNA damage-
induced Erk and p38 kinase activation in SHP-2 mutant cells.
As shown in Fig. 7, in response to cisplatin treatment, Erk
kinases are activated, but the DNA damage-induced Erk acti-
vation in SHP-2�/� cells was significantly decreased, demon-
strating a positive role of SHP-2 in the DNA damage-induced
Erk pathway, consistent with its promoting role in the growth
factor and cytokine-induced Erk pathways (23–25). Interest-
ingly, following DNA damage, activation of p38 kinase was
conversely regulated by SHP-2 phosphatase; p38 activity was
increased in SHP-2 mutant cells (Fig. 7). As DNA damage-
induced Jnk activation was also significantly increased by the
SHP-2 mutation (32), SHP-2 appears to play opposing roles in
modulating DNA damage-induced Erk and p38/Jnk pathways.

As DNA damage results in cellular stress, it is possible that
the effect of the SHP-2 mutation on the MAP kinase pathway
results from a stress response unrelated to the DNA damage-
induced G2/M checkpoint. To further determine whether in-
creased p38 kinase activation in SHP-2�/� cells might be re-
sponsible for the decreased G2 arrest response in SHP-2
mutant cells, we treated the cells with cisplatin in combination
with SB203580, a selective inhibitor of p38 kinase. This inhib-
itor alone did not affect cell cycle distribution in WT and SHP-
2�/� cells. However, when the p38 inhibitor was combined with
DNA-damaging treatment, the DNA damage-induced G2/M ar-
rest response was partially restored in SHP-2 mutant cells
(Fig. 8A). The percentage of G2/M cells was increased from 37%
(cisplatin-treated) to 47% (combined treatment with cisplatin
and SB203580). And the rescue effect of SB203580 is dose-de-
pendent (data not shown). As SB203580 treatment indeed
blocked DNA damage-induced p38 activation (Fig. 8B), the
effective restoration of the G2 arrest in SHP-2 mutant cells by
inhibition of p38 kinase suggests that the excessive p38 activity
is at least in part associated with the attenuated G2 arrest
response of the mutant cells.

DISCUSSION

In this report, we have presented several novel results im-
portant for understanding the function of tyrosine phosphatase
SHP-2 in cell signaling. SHP-2 appears to be involved in the
DNA damage-induced G2/M checkpoint control. Mutant embry-
onic fibroblast cells lacking functional SHP-2 showed a dimin-
ished G2/M arrest response following DNA damage. Further
biochemical analyses revealed that SHP-2 constitutively asso-
ciated with 14-3-3�, and that DNA damage-induced Cdc25C
cytoplasmic translocation was essentially blocked in SHP-2
mutant cells. Additionally, we showed that DNA damage-in-
duced Erk and p38 activation were respectively suppressed and
increased by the SHP-2 mutation. Treatment of mutant cells
with p38 inhibitor partially restored the DNA damage-induced
G2 arrest response in mutant cells. These results represent the
first demonstration of a connection between SHP-2 phospha-
tase and DNA damage cell cycle regulation.

The mutant cell lines used in this study harbor a deletion
and loss-of-function mutation of SHP-2. Although the trun-
cated form of SHP-2 lacking N-terminal amino acids 46–110
(including the N-SH2 domain) is expressed, the protein level is
only about 25% of WT SHP-2. Previous studies using these cell
lines have suggested that it is biologically inert (26–31). In
agreement with those studies, our recent work showed that the
mutant form of SHP-2 also appeared to be non-functional in the
DNA damage-triggered signaling pathway, as its tyrosyl phos-
phorylation and catalytic activity remained unchanged follow-
ing DNA damage (32). Moreover, in the present study, we
demonstrated that reintroduction of functional WT SHP-2 into
the mutant cells fully corrected their cell cycle responses to
DNA damage, suggesting that the cell cycle phenotype dis-
played by the mutant cells resulted from loss-of-function rather
than gain-of-function of the truncated form of SHP-2 expressed
in mutant cells. Regardless of whether the defective cell cycle
response to DNA damage in SHP-2 mutant cells results from
the N-terminal truncation of SHP-2 or the decreased expres-
sion level of the mutant form of SHP-2, the results obtained
using this mutant cell model support a role for SHP-2 in DNA
damage cell cycle response. Additionally, it is noteworthy that
due to very early (embryonic day 8.5–10.5) embryonic lethality
of SHP-2�/� mice, the number of primary embryonic fibroblast
cells that can be derived from mutant embryos at this stage is

FIG. 5. DNA damage-induced responses of Cdc2 phosphorylation and reduction of its activity are diminished in SHP-2 mutant
cells. WT, SHP-2�/�, and rescued cells were treated with cisplatin (5 �M) for the indicated time periods (A) or 8 h (B). A, whole cell lysates were
prepared and examined by immunoblotting with anti-phospho-Cdc2 (Tyr15) Ab. The blot was stripped and re-probed with anti-Cdc2 Ab to monitor
protein loading. B, whole cell lysates were immunoprecipitated with anti-cyclin B1 Ab and assayed for Cdc2 kinase activity as described under
“Experimental Procedures.” Results shown are the mean � S.D. of three independent experiments.
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extremely limited, precluding large scale biological and bio-
chemical analyses. For this reason, the fibroblast cell lines we
used were immortalized with SV40 large T antigen. The im-
mortalized cell lines have been widely used to define the mo-
lecular mechanisms of SHP-2 function in growth factor and
cytokine signal transduction (29, 30, 33, 34).

SV40 large T antigen is the major component for the trans-
formation function of SV40 virus that has been connected to
several types of human tumors such as mesotheliomas, ependy-
momas, and osteosarcoma (36, 37). It binds and inactivates

many cellular target proteins including p53, retinoblastoma
protein (pRb), and the transcriptional co-activators p300 and
CBP, thereby permitting cell immortalization and transforma-
tion. SV40 large T antigen-immortalized cells display a mark-
edly increased S phase of the cell cycle due to the release of E2F
from pRb-mediated control. Consequently, the DNA damage-
induced G1 checkpoint was inactivated. However, the DNA
damage-induced G2/M checkpoint in SV40 immortalized cells
appears to still be functional, because SV40 immortalized WT
embryonic fibroblast cells significantly arrest in G2 phase fol-

FIG. 6. DNA damage-induced Cdc25C translocation to the cytoplasm is blocked in SHP-2�/� cells. WT and SHP-2�/� cells were treated
with cisplatin (25 �M) for the indicated time periods. A, whole cell lysates were prepared and examined by immunoblotting with anti-phospho-Chk1
(Ser345) Ab. The blot was stripped and re-probed with anti-Chk1 Ab to monitor protein loading. B, G0/G1 synchronized cells were treated with
cisplatin for 6 h. Nuclear extracts were prepared and examined for Cdc25C by immunoblotting. Blots were stripped and re-probed with the Ab
against histone H1, a nuclear protein, to monitor protein loading. Results shown are the mean � S.D. of three independent experiments. C, whole
cell lysates were prepared as above and then immunoprecipitated with anti-SHP-2 Ab followed by anti-14-3-3� immunoblotting. Results shown are
a representative of two to three independent experiments.
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lowing DNA damage (Figs. 1B and 2). Since both WT and
SHP-2�/� cells were equally transduced with SV40 large T
antigen (Fig. 1A), it should not cause biased influence on our
analysis of the SHP-2 function in DNA damage-induced cell
cycle regulation.

SHP-2 might contribute to the DNA damage-activated G2/M
checkpoint by multiple mechanisms. We previously showed
that DNA damage induction of p21Cip1 was abolished in SHP-2
mutant cells, which may in part explain the diminished G2/M
arrest response in mutant cells, since p21Cip1 has been demon-
strated to be also important for the DNA damage G2/M check-
point (14, 15), in addition to the G1/S checkpoint. The results in
this report suggest that SHP-2 also controls G2/M transition
after DNA damage by modulating Cdc25C translocation. In
response to DNA damage, Cdc25C detected in the nuclear
extract of WT and rescued cells was significantly reduced. By
contrast, the Cdc25C level in nuclear extracts from SHP-2�/�

cells remained unchanged (Fig. 6B), suggesting that DNA dam-
age-induced Cdc25C translocation is blocked by the loss-of-
function mutation of SHP-2. It is unclear at the present time

how SHP-2 exactly functions in this context. Since SHP-2 is
associated with 14-3-3�, an important regulator of Cdc25C
translocation, it is likely that SHP-2 enhances Cdc25C trans-
location from the nucleus to the cytoplasm by promoting 14-
3-3� binding to Cdc25C or by stabilizing the association be-
tween these two interacting proteins. In SHP-2�/� mutant cells,
although the truncated SHP-2 (SHP-2�) can also bind with
14-3-3�, the association between 14-3-3� and Cdc25C induced
by DNA damage might be decreased due to the lack of full-
length functional SHP-2. Therefore, more Cdc25C is retained
in the nucleus. As a result, DNA damage-induced changes in
Cdc2 phosphorylation and its kinase activity are decreased and
thus the G2/M arrest response is attenuated in mutant cells.
Further investigations on the biological significance of the
SHP-2/14-3-3� interaction in the DNA damage cell cycle re-
sponse are ongoing in the laboratory.

In addition to dysregulated Cdc25C translocation, DNA dam-
age-induced Erk activation was decreased while activation of
p38 kinase was enhanced in SHP-2�/� cells (Fig. 8A). These
changes in the MAP kinase pathways might result from a
cellular stress response following DNA damage. However, since
combined treatment with p38 inhibitor partially restored the
DNA damage G2 arrest response in mutant cells (Fig. 8B), it is
likely that elevated activation of p38 also contributes in part to
the diminished G2 arrest in SHP-2 mutant cells.

The role of the MAP kinase family in genotoxic stress-in-
duced cellular responses has been controversial. Contradictory
results exist in the published literature. For example, Erk
kinases have been reported to promote the DNA damage apo-
ptosis and G2/M arrest (18, 38). However, other studies suggest
that Erk inhibits DNA damage-induced apoptosis (39–41).
Likewise, it has been uncertain whether p38 and Jnk kinases
protect (40, 42, 43) cells from apoptosis or enhance (44, 45) cell
death in response to genotoxic insult. The possibility remains
that the contradictory observations may be due to different
DNA damage stimuli or different tumor cell lines used. It is
important to note that various tumor cell lines may harbor
different mutations in the cell cycle regulatory proteins such as
p53 and pRb. Some tumor cell lines contain highly activated
oncogenic enzymes such as RAS GTPase and Src tyrosine ki-
nase. Other tumor cell lines were immortalized with virus
proteins like E1A antigen or SV40 T antigens.

p38 kinase has been demonstrated to be essential for sus-
tained G2 arrest induced by �-irradiation (20). However, a more
recent report showed that p38 was only required for the initi-

FIG. 7. Opposing roles of SHP-2 phosphatase in the DNA dam-
age-induced Erk and p38 kinase activation. WT and SHP-2�/� cells
were treated with cisplatin (50 �M) for the indicated time periods.
Whole cell lysates were prepared and examined by immunoblotting
with anti-phospho-Erk and anti-phospho-p38 Abs. Blots were stripped
and re-probed with anti-Erk Ab to monitor protein loading. Results
shown are representatives of three independent experiments.

FIG. 8. Inhibition of p38 kinase activity in SHP-2�/� cells partially restored the DNA damage-induced G2 arrest response.
Exponentially growing WT and SHP-2�/� cells were treated with cisplatin, SB203580 (5 �M), or both. A, treated and untreated cells were examined
for percentages of G2/M 24 h later. Results shown are the mean � S.D. from three independent experiments. B, whole cell lysates were prepared
and examined by immunoblotting with anti-phospho-p38 Ab. The blot was stripped and re-probed with anti-p38 Ab to monitor protein loading.
Results shown are representatives of three independent experiments.
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ation of UV but not �-irradiation-induced G2/M checkpoint (19).
In our system, inhibition of p38 activity did not affect the
cisplatin-induced G2/M arrest in WT cells. However, it appears
that excessive p38 activation in SHP-2 mutant cells diminishes
their G2/M arrest responses, consistent with the observation
that IGF-1-induced p38 activation attenuates UV-induced
G2/M arrest (43). Several possibilities may account for the
observation that excessive p38 activity inhibits the DNA dam-
age G2/M checkpoint. First, the cell model used in this study is
SV40 large T antigen immortalized murine embryonic fibro-
blast cells; as a result, some cell cycle regulatory proteins such
as p53 and pRb are inactivated, so the defects in the cell cycle
response in the mutant cells we observed is likely to be a
combined effect of loss-of-function of SHP-2 and SV40 large T
immortalization. Second, the DNA damage model used in our
studies is cisplatin treatment and �-irradiation. The intracel-
lular signaling pathways triggered by these DNA damaging
treatments might be different from those induced by other
DNA damage stimuli. Lastly, p38 might indeed kinetically
modulate the DNA damage-induced G2/M checkpoint. In the
early phase, p38 is required. After this, p38 may then turn to
attenuate the DNA damage-induced G2/M arrest. Certainly,
further studies are required to determine which possibility is
true and how excessive p38 activation contributes to dimin-
ished G2 arrest response.

In summary, the biological and biochemical evidence pre-
sented in this report suggest a previously uncharacterized
function of SHP-2 phosphatase, i.e. its role in the G2/M cell
cycle checkpoint. SHP-2 enhances the DNA damage-induced G2

arrest by promoting Cdc25C cytoplasmic translocation and by
differentially regulating the MAP kinase pathways.
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