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Mismatch repair (MMR) proteins contribute to genome integrity by
correcting replication errors. In higher eukaryotes, MMR proteins
also regulate the cellular response to DNA lesions such as oxidized,
alkylated, or crosslinked bases. Previous studies have linked MMR
proteins to the activation of apoptosis through p53-dependent and
p53-independent mechanisms. MMR-deficient cells exhibit vari-
able defects in the induction of p53 and its related p73, which are
activators of apoptosis. However, the specific role of each MMR
protein in the regulation of apoptosis has not been determined.
Here, we describe an interaction between PMS2, an MMR protein,
and p73. This interaction causes the stabilization of p73 and the
redistribution of PMS2 to the nuclear compartment. Exposure to
cisplatin enhances the association between PMS2 and p73. More-
over, stimulation of the p73 proapoptotic function by cisplatin
requires PMS2. These results suggest that PMS2 contributes to
genome integrity not only through DNA repair but also by en-
hancing DNA damage-induced apoptosis.

M ismatch repair (MMR) is a DNA repair mechanism that
ensures the fidelity of DNA replication. The repair of

base:base mismatches and small insertion�deletion mispairs
generated during DNA synthesis is mediated by a group of highly
conserved MMR proteins (1, 2). In prokaryotes, MMR depends
on an interaction between the MutS homodimer and the MutL
homodimer that subsequently coordinates the activity of other
mismatch repair proteins. In eukaryotic cells, MMR involves
interactions between two sets of heterodimers, composed of the
MutS-homolog (MSH) and the MutL-homolog (MLH) proteins
(3, 4). The MSH heterodimers MSH2�MSH6 and MSH2�MSH3
bind to base:base mismatches and small insertion�deletion mi-
spairs. The MLH heterodimers MLH1�PMS2 and MLH1�
MLH3 interact with the MSH heterodimers and recruit other
repair enzymes to correct replication errors (5–7). The absence
of MMR, therefore, results in higher mutation rates. In humans,
germ-line mutations in either the MLH1 or the MSH2 gene cause
a cancer predisposition syndrome, hereditary nonpolyposis colo-
rectal cancer (1, 2), and a significant proportion of sporadic
cancers are also MMR defective (8–10). The tumor suppression
function of MMR is also demonstrated by the cancer-prone
phenotype of Mlh1, Msh2, Msh6, and Pms2 knockout mice
(11–15).

In addition to the repair of replication errors, MMR proteins
also interact with base pairs modified by oxidation, alkylation,
and cross-linking (16–18). These modified bases can be repaired
by several mechanisms, including nucleotide excision repair,
base excision repair, and postreplication repair. Whereas MMR
does not play an essential role in correcting alkylated or
crosslinked bases, the MMR proteins are involved in the acti-
vation of apoptosis in response to such lesions (19, 20). Cancer
cells deficient in MMR show reduced apoptosis response to
alkylating agents such as N-methyl-N�-nitro-N-nitrosoguanidine
and crosslinking agents such as cisplatin (21, 22). Because
the MSH heterodimers can bind to N-methyl-N�-nitro-N-
nitrosoguanidine- and cisplatin-modified DNA, they may func-

tion as damage sensors in a signaling pathway that links these
lesions to the activation of apoptosis. This notion has been
supported by the interaction of MMR proteins with Ataxia
telangiectasia-mutated (ATM), breast cancer associated-1
(BRCA1), and checkpoint kinase 2 (CHK2) (23, 24), which are
components of the DNA damage signaling network (25). More-
over, MMR-deficient cells exhibit defects in the activation of p53
and p73 after exposure to alkylating agents or cisplatin (26–28).

The tumor suppressor p53 plays an essential role in DNA
damage-induced apoptosis. The resistance of p53-deficient cells
to DNA damage-induced apoptosis is well established. Two
p53-related transcription factors (i.e., p63 and p73) also regulate
the apoptosis response to DNA damage. A role for p73 in DNA
damage-induced apoptosis was discovered in cell-based studies
(27, 29, 30). Recent studies with knockout mice have confirmed
that p73 is required for DNA damage to cause apoptosis (31).
Cells derived from p73 knockout mice exhibited reduced apo-
ptosis to DNA damage. Interestingly, apoptosis to DNA damage
was completely abrogated with the combined knockout of p73
and p63, despite the expression of a functional p53 (31). These
genetic studies suggest that p53 is necessary but not sufficient to
activate apoptosis in response to DNA damage; p63 and p73 are
also required for DNA lesions to activate cell death.

In a previous study, cisplatin was found to induce the p73
protein, and this response was compromised in MLH1-deficient
cells (27). In this study, we have uncovered an interaction
between PMS2 and p73. Furthermore, we have found that PMS2
can collaborate with p73 to enhance cisplatin-induced apoptosis.
These results support a direct role of MMR proteins in the
regulation of p73 in DNA damage response.

Materials and Methods
Cell Lines. HCT116 (MLH1 mutant), HCT116–3 (6) (MLH1
mutant complemented by chromosome 3 transfer), HEC59
(MSH2 mutant), HEC1A (PMS2, MSH6 mutant), HCT15
(MSH6 mutant), Cos-1, and 293T cells were maintained in
DMEM supplemented with 10% FBS (HyClone).

Plasmids. The MLH1 and PMS2 cDNAs from pCI-ML10 (32)
and pCI-PM1 (gift from Chikashi Ishioka, Tohoku University,
Sendai, Japan), respectively, were inserted between the BamHI and
NotI sites of pcDNA 3.1 (�) (Invitrogen). The PMS2 cDNA was
also inserted between the KpnI and NotI sites of pCMV-Myc
(CLONTECH). The MLH1, PMS2, MSH2, and TRP73-� cDNA
were cloned in pEYFP-C1 (CLONTECH).

Immunoblotting. Cells were lysed in 200 �l of RIPA buffer (50
mM Tris�HCl, pH 7.5�1 mM EDTA�150 mM NaCl�1% Nonidet
P-40�0.5% deoxycholate�0.1% SDS) at 4°C. Immunoblotting
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was performed with standard methods by using anti-p73 (clone
429; Imgenex, San Diego), anti-p53 (Ab-6; Calbiochem), anti-
PMS2 (Ab-1; Calbiochem), anti-MLH1 (Ab-1; Calbiochem),
anti-MSH2 (Ab-1; Calbiochem), anti-MSH6 (PharMingen), and
anti-�-actin (Sigma). To load equal numbers of transfected cells,
a �-galactosidase expression plasmid (pCMV-�-Gal) was in-
cluded in the transfection mix, and the resulting enzyme activity
was measured in each transfected cell lysate. Equal amounts of
�-galactosidase activity were loaded to normalize for the trans-
fection efficiency.

Protein Stability Assay. HCT116 cells (1.2 � 105) in a 10-cm dish
were transfected with 2 �g of pCMV-HA-p73� (27) or pCMV-
PMS2 DNA mixed with 6 �l of FuGENE6 (Roche Molecular
Biochemicals), followed by incubation at 37°C for 24 h. The cells
were trypsinized and replated into five 6-cm dishes. Each plate
of cells was treated with 25 �M cisplatin for 24 h, and then 25
�g�ml cycloheximide (Sigma) was added. After incubation for
different times as indicated in individual experiments, the cells
in each plate were harvested and analyzed by immunoblotting as
described above. The levels of p73 at each time point was
determined by desitometry and normalized to that of time 0
(relative intensity).

Coimmunoprecipitation. 293T cells (2 � 105) were transfected with
2.5 �g each of pCMV-HA-p73� and pCMV-Myc-PMS2 by using
FuGENE6 and harvested after 48 h. Cells were lysed in 1 ml of
TNE buffer (100 mM Tris�HCl, pH 7.5�0.5 mM EDTA�150 mM
NaCl�1% Nonidet P-40) containing protease inhibitor mixture
(Roche Molecular Biochemicals), the lysate was clarified by
centrifugation at 10,000 � g at 4°C, and 400 �g of lysate was
precleared with 10 �l of protein A�G agarose (Santa Cruz
Biotechnology). The supernatant was then mixed with 2 �g of
anti-hemagglutinin (HA; 12CA5; Roche Molecular Biochemicals)
or anti-c-Myc (9E10; Covance, Berkeley, CA) antibody and 20 �l of
protein A�G agarose for 3 h at 4°C. The beads were washed three
times and then boiled in SDS sample buffer. Immunoprecipitated
proteins were then analyzed by Western blotting.

Subcellar Distribution of Yellow Fluorescent Protein (YFP)-Fusion
Proteins. Cos-1 cells on sterile glass coverslips were cotransfected
with 0.5 �g each of indicated plasmids by using FuGENE6. At
48 h posttransfection, cells were fixed in 3.7% paraformaldehyde
with 1 �g�ml Hoechst 33258. Propidium iodide was also used to
stain the DNA. After fixation, cells were permeabilized with
0.3% Triton X-100 for 5 min and incubated in 1.5 mM propidium
iodide with 10 �g�ml RNase at 37°C for 30 min in the dark. The
coverslips were rinsed with PBS and mounted on microscope
slides. Images were captured by using a DeltaVision deconvo-
lution microscope operated by SOFTWORX software (Applied
Precision, Issaquah, WA) as described (33). To quantitate the
nuclear-only YFP signal, cells were counted in an epifluores-
cence microscope (Zeiss) at �400 magnification. Cells in 10
randomly chosen fields were scored per experiment.

Apoptosis Assay. One day before transfection, HCT116 cells were
plated on coverslips and transfected with 1 �g each of the p73
or PMS2 expression plasmids along with 0.2 �g of the GFP-H2B
plasmid by using FuGENE6. After 24 h of incubation at 37°C,
cisplatin (Sigma) was added to the media at a final concentration
of 25 �M. After an additional 24 h, cells were fixed as described
above and stained with Hoechst 33258 (Sigma). The percentage
of apoptotic cells was determined as the percentage of GFP-
positive cells with condensed chromatin or fragmented nuclei.
At least 300 GFP-positive cells were counted per experiment.

Results
Differential Induction of p73 by Cisplatin in MMR-Deficient Cells.
Induction of p73 by cisplatin is compromised in MLH1-deficient
cells [e.g., the HCT116 cell line (ref. 27; Fig. 1 A, lanes 1 and 2,
and B, lanes 1–4)]. Reconstitution of MLH1 expression in
HCT116–3 (6) cells enhanced the p73 induction by cisplatin (Fig.
1 A, lanes 3–4, and B, lanes 5–8). In addition to the loss of MLH1,
HCT116 cells also lacked the PMS2 protein (Fig. 1 A, lanes 1 and
2), because PMS2 is unstable in the absence of MLH1 (34).
Restoration of MLH1 expression, therefore, corrects the defect
in MLH1 and allows PMS2 expression (Fig. 1 A, compare lane
3 with 1, and B, compare lanes 5–8 with 1–4). To determine
whether PMS2 played a role in p73 induction, we examined
HEC1A cells, which express MLH1 and MSH2 but not PMS2 or

Fig. 1. Induction of p73 by cisplatin in MMR-deficient cells. (A) Deficiency of
MLH1, PMS2, and MSH2 affected induction of p73 by cisplatin. (Upper) The
indicated cell lines were treated with 25 �M cisplatin for 48 h, and 30 �g of
total protein was analyzed by immunoblotting. MMR proteins are displayed
to confirm the deficiency. �-Actin is included for the loading control. (Lower)
Two hundred micrograms of HEC1A cell lysates collected at the indicated time
with or without 25 �M cisplatin was probed for p73. (B) p73 and p53 protein
level in HCT116 and HCT116 3 (6) cells that were treated with the indicated
doses of cisplatin (12.5, 25, or 50 �M cisplatin) for 48 h.
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MSH6 (Fig. 1 A, lanes 5 and 6). The HEC1A cells contain a
higher basal level of p53 that was not responsive to cisplatin. We
could not detect p73 in 30 �g of total protein from HEC1A cells
(Fig. 1 A, lanes 5 and 6). However, when we loaded 6-fold more
HEC1A lysate, p73 became detectable and its induction by
cisplatin was also observed (Fig. 1 A, lanes 11–16). In HCT15
cells, which lack MSH6, p73 and p53 were both induced by
cisplatin (Fig. 1 A, lanes 7 and 8), showing MSH6 is dispensable
in this response. Previous studies have shown that MSH2 is
required for cisplatin to activate p53 (26, 35). We found that p73
induction by cisplatin was reduced, albeit not abolished in
MSH2-deficient HEC59 cells (Fig 1 A, lanes 9 and 10). Taken
together, these results suggest MSH2 and MLH1, but not MSH6,
play a role in the induction of p73 by cisplatin. Interestingly,
PMS2 is dispensable for the inductive effect of cisplatin but
required for the accumulation of p73 protein.

PMS2 Stabilizes p73. The ability of PMS2 to stabilize the p73
protein was demonstrated in transient coexpression experiments
(Fig. 2). The levels of p73 protein increased with increasing
amounts of coexpressed PMS2 (Fig. 2 A, lanes 5–7). In compar-

ison, MLH1 did not affect the levels of p73 (Fig. 2 A, lanes 2–4).
Whereas PMS2 caused an increase in p73 (Fig. 2 A and B, lanes
2 and 4), coexpression with p73 did not affect the levels of PMS2
(Fig. 2B, compare lanes 1 and 4). In contrast, coexpression of
MLH1 stabilized PMS2 (Fig. 2B, compare lanes 1 and 5), consistent
with previous results (34). To determine whether PMS2 prolonged
the half-life of p73, transfected cells were treated with cyclohexi-
mide to prevent new protein synthesis and the decay of p73 protein
was examined (Fig. 2C). The half-life of p73 was about 45 min in the
absence of cotransfected PMS2 (Fig. 2C). A significant increase in
the p73 half-life was observed with the coexpression of PMS2 (Fig.
2C). It is noteworthy that these transfection experiments were
performed with HCT116 cells, which do not express MLH1 (Fig. 1).
Therefore, PMS2 could stabilize p73 in the absence of MLH1.
Moreover, PMS2 could promote the stabilization of p73 without
itself being stabilized.

Fig. 2. PMS2 stabilizes p73 protein. (A) Increase of p73 protein by transient
coexpression with PMS2. Different amounts of expression plasmids for PMS2
or MLH1 were introduced with p73 expression plasmid into HCT116 cells along
with a pCMV-�-Gal plasmid. Whole-cell extracts were analyzed by immuno-
blotting after normalized loading by �-galactosidase activity. (B) PMS2 is
stabilized by cotransfection with MLH1 but not by p73. The indicated expres-
sion plasmids were transfected into HCT116 cells and proteins analyzed as
described in A. (C) Half-life of P73 was prolonged by PMS2. Determination of
the half-life of p73 is described in Materials and Methods.

Fig. 3. MLH1 and p73 can influence the subcellular distribution of PMS2. (A)
Merged image of YFP-PMS2 (green) and Hoechst (blue, Upper) or propidium
iodide (red, Lower) of Cos-1 cells transfected with the indicated expression
plasmids. (B) Quantification of the nuclear localization of YFP-PMS2. a, Each
of the indicated proteins was expressed individually (� vector) or in combi-
nation. Transfected cells were stained with Hoechst and visualized with a
fluorescent microscope for YFP and nuclei. b, Ten fields were counted per
experiment and, on average, each field contained �50 cells. c, The number of
independent transfection experiments is shown. d, Nuclear-only YFP signal is
depicted in A Right.
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p73 Causes the Nuclear Accumulation of PMS2. Coexpression with
p73 affected the subcellular distribution of the PMS2 protein.
PMS2 was fused to YFP to allow the examination of its subcel-
lular localization (Fig. 3). When expressed alone, YFP-PMS2
was distributed throughout the cell (Fig. 3A Left) in over 600
YFP� cells examined (Fig. 3B). When coexpressed with MLH1
or p73, nuclear accumulation of YFP-PMS2 became evident
(Fig. 3A Right). We quantitated the effect of MLH1 or p73 on
the redistribution of YFP-PMS2 by counting cells with nuclear-
only YFP signal (Fig. 3B). To maintain a consistent scoring
criteria, we did not score cells with predominant nuclear and
weak cytoplasmic YFP signal. In over 900 YFP� cells from
cotransfections withYFP-PMS2 and MLH1, 30–50% showed an
exclusively nuclear localization of YFP-PMS2 (Fig. 3B). In
comparison, coexpression with p73 caused 10–20% of the trans-
fected cells to accumulate YFP-PMS2 in the nucleus (Fig. 3B).
When YFP-PMS2 was coexpressed with three other nuclear
proteins (MSH2, RB, and MyoD), none of the transfected cells
showed nuclear-exclusive YFP signal (Fig. 3B). We also fused
MLH1, p73, or MSH2 to YFP and examined their distribution
(Fig. 3B). The YFP-MLH1, YFP-p73, and YFP-MSH2 proteins
were each localized to the nucleus in transfected cells, with
40–60% the cells showing nuclear-only signal (Fig. 3B) and the
rest exhibiting predominant nuclear and weak cytoplasmic YFP
signal (data not shown). Importantly, coexpression with PMS2
did not alter the subcellular distribution of YFP-p73 or YFP-
MSH2 (Fig. 3B). Taken together, these results show that p73 and
MLH1, but not MSH2, can alter the subcellular localization of
PMS2. The effect of p73 on PMS2 localization was also observed
in HCT116 cells (data not shown). Thus, p73 can alter the
subcellular distribution of PMS2 without MLH1. A direct inter-

action between PMS2 and MLH1 is well established (3, 4, 6, 36).
The ability of p73 to exert an effect similar to that of MLH on
the nuclear accumulation of PMS2 therefore suggests that p73
and PMS2 also interact in vivo.

Cisplatin Augments the Interaction Between PMS2 and p73. To
examine the interaction between PMS2 and p73, we coexpressed
HA-tagged p73 and Myc-tagged PMS2 (Fig. 4). Reciprocal
coimmunoprecipitation was observed with anti-Myc (Fig. 4A,
lanes 1–3) and anti-HA antibodies (Fig. 4A, lanes 4–6) followed
by blotting with anti-p73 (Fig. 4A Upper) and anti-PMS2 (Fig. 4A
Lower). In the absence of Myc-PMS2, anti-Myc did not precip-
itate p73 (Fig. 4A, lane 1), and in the absence of HA-p73,
anti-HA antibody did not precipitate PMS2 (Fig. 4A, lane 5).
The interaction between PMS2 and p73, even under conditions
of overexpression, was responsive to cisplatin (Fig. 4B). After
transfected cells were treated with 25 �M cisplatin for 24 h, an
increased amount of PMS2 was found in the anti-HA immuno-
precipitate when compared with untreated cells (Fig. 4B, lanes
1–2). Likewise, anti-Myc immunoprecipitation brought down
more p73 from cisplatin-treated than from untreated cells (Fig.
4B, lanes 3–4). In a titration experiment (Fig. 4C), cisplatin
caused an increase in the transfected p73 protein (Fig. 4C, lanes
6–10). Cisplatin, however, did not alter the levels of PMS2 (Fig.
4C, lanes 6–10). Despite the constant level of PMS2, we ob-
served an increased association between p73 and PMS2, con-
comitant with a rise in p73 (Fig. 4C, lanes 1–5). These results
suggest that cisplatin, in a dose-dependent manner, causes an
increased association between p73 and PMS2, leading to the
stabilization of p73. To rule out the alternative interpretation,
that the enhanced coimmunoprecipitation was the result of p73

Fig. 4. Cisplatin stimulates the association of PMS2 and p73. (A) Myc-tagged PMS2 and HA-tagged p73 were expressed in 293T cells and immunoprecipitated
by anti-Myc and anti-HA antibodies followed by immunoblotting with anti-PMS2 and anti-p73. (B) 293T cells (transfected as described for A) were treated with
or without cisplatin, immunoprecipitated by anti-Myc and anti-HA antibodies, and immunoblotted with anti-PMS2 and p73 antibodies. The arrow marks the
PMS2 band. (C) 293T cells transfected with 1 �g each of Myc-PMS2 and HA-p73 expression plasmids were treated with cisplatin for 24 h. The cell extracts were
precipitated with anti-Myc antibody and then analyzed by anti-p73 and anti-PMS2 immunoblotting. (D) 293T cells were transfected with different amounts of
p73 expression plasmids and 1 �g of PMS2 expression plasmids. The cell extracts were precipitated with anti-Myc antibody and then analyzed by anti-p73 and
anti-PMS2 immunoblotting.
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increase, we performed a control experiment in which the levels
of p73 protein were raised by increasing the amount of the p73
expression plasmid (Fig. 4D). Under this experimental condi-
tion, the amount of p73 found in the anti-Myc immunoprecipi-
tate was constant (Fig. 4D, lanes 1–5), despite increasing p73
levels in the cells (Fig. 4D, lanes 6–10). These observations
support the conclusion that p73 and PMS2 interact in vivo
and suggest that cisplatin can stimulate this interaction to
stabilize p73.

PMS2 Allows Cisplatin to Enhance the Apoptosis Function of p73.
Because the interaction between PMS2 and p73 can be influ-
enced by cisplatin, we examined the effect of PMS2 on the
apoptosis-induction function of p73. Transient overproduction
of p73 can induce apoptosis in several different cell lines (27, 37).
We therefore transfected HCT116 cells with p73 and quantitated
apoptosis by counting transfected cells (marked by a cotrans-
fected GFP-H2B, GFP fused to histone H2B) with condensed
chromatin (Fig. 5). Transfection with GFP-H2B alone (vector)
did not increase apoptosis above the basal level. Transfection
with PMS2 did not significantly increase apoptosis either. Trans-
fection with p73 caused apoptosis to rise 7-fold above the basal
level, consistent with previous reports (27, 37). Cotransfection
with p73 and PMS2 did not increase apoptosis above the level
caused by p73 alone (PMS2�p73). Therefore, PMS2 has no
effect on p73-dependent apoptosis in the absence of DNA
damage.

We then measured apoptosis in transfected cells after a 24-h
exposure to 25 �M cisplatin (Fig. 5, black bars). Cisplatin caused
a 10-fold increase in apoptosis of GFP-H2B-transfected HCT116
cells. Because p53 is induced by cisplatin in HCT116 cells (Fig.
1), it could have accounted for this apoptosis response. Trans-
fection with PMS2 did not increase the apoptosis response to
cisplatin. In p73-transfected cells, cisplatin did not stimulate
apoptosis caused by the overexpression of p73. This is consistent
with the inability of cisplatin to activate p73 in these MLH1-
deficient cells. Interestingly, however, cisplatin was able to
stimulate apoptosis in cells cotransfected with p73 and PMS2.
These results show that overproduction of PMS2 can rescue the
activation of p73 by cisplatin.

Discussion
Regulation of p73 in DNA Damage Response. The stabilization and
activation of the p53 family of apoptosis inducers occur in cells

exposed to a variety of DNA damaging agents, including cisplatin
(DNA cross-linking), doxorubicin (topoisomerase II inhibition),
and ionizing radiation (DNA strand breaks; refs. 27, 29, and 30).
Interestingly, whereas p53 is frequently mutated in sporadic
cancer, p73 does not appear to be inactivated during malignant
transformation (38). Given the central role of DNA-damaging
agents in cancer therapy, it is important to understand how p73
is regulated by DNA damage, because activation of p73 may be
used to kill cancer cells. Previous studies have identified several
upstream regulators of p73, including the c-Abl tyrosine kinase,
the p300 acetyltransferase, and the p38 stress-activated protein
kinase (27, 29, 30, 39, 40). After DNA damage, p73 protein is
stabilized and its apoptosis activity is enhanced through the
actions of these modifying enzymes. Despite identification of
these upstream regulators, the precise mechanism of p73 stabi-
lization and activation has not been elucidated.

In this study, we have identified PMS2 to be another regulator
of p73. PMS2 can promote the stabilization of p73. Cisplatin
stimulates the interaction between PMS2 and p73, and this
interaction is required for the activation of p73. These results
establish PMS2 to be an additional component in the p73
regulatory pathway that is activated by DNA damage. Because
only p73, but not PMS2, is stabilized through their interaction,
the formation of a stable p73�PMS2 complex may not be
required to protect p73 from proteolysis. Instead, PMS2 may
alter the conformational state of p73, by as-yet-unknown mech-
anisms, to prolong its half-life. The stabilization of p73 by PMS2
appears to depend on c-Abl, because this effect was not observed
in Abl-null cells (data not shown). We could not detect a stable
association of PMS2 and c-Abl in transient cotransfection ex-
periments (data not shown). Thus, c-Abl and PMS2 may function
in an interdependent manner to stabilize p73, without the
formation of a stable trimeric protein complex.

Regulation of Apoptosis by MMR Proteins in DNA-Damage Response.
The involvement of MMR proteins in the regulation of apoptosis
is supported by several lines of investigation, with cultured cells
and in MMR-defective knockout mice. In this study, we showed
that the induction of p73 by cisplatin is compromised in cells
lacking MSH2, MLH1, or PMS2. The current evidence suggests
that MMR proteins may regulate p73 at multiple steps. The
MSH2�MSH6 complex and MSH2 alone have been shown to
recognize and bind to cisplatin adducts in DNA (16, 17) and
therefore function as the damage sensor. The MSH2�MSH3
complex may also be able to recognize cisplatin adducts because
MSH6 is not essential for the induction of p73. The MLH1�
PMS2 complex may function as an adaptor, bringing p73 to the
site of damaged DNA and allowing p73 to become modified and
stabilized, leading to the activation of its apoptosis function.

Our study provides evidence that PMS2 interacts with p73 and
stimulates p73-dependent apoptosis. We observed the functional
interaction of PMS2 and p73 in cells that do not express MLH1
(HCT116 cells). This raises the interesting possibility that PMS2,
at least under conditions of overproduction, can stimulate
apoptosis independent of MLH1. Our observation of an MLH1-
independent activity of PMS2 is previously unreported but not
unprecedented. A recent report (41) describes the colocalization
of MLH1 and MLH3 to the meiotic chromosomes. Interestingly,
localization of MLH3 to the same meiotic chromosome sites was
found in Mlh1-mutant cells, implying an MLH1-independent
function for MLH3 (41). It should be noted that the accumu-
lation of p73 protein per se is not sufficient for the activation of
its function. A mutant p73 protein lacking three critical lysine
residues that are sites of acetylation can accumulate in cells after
DNA damage but cannot induce apoptosis (40). Although
MLH1 may not be directly responsible for the stabilization of p73
protein, we cannot rule out its role in the regulation of p73
activity.

Fig. 5. Stimulation of p73 apoptosis function by cisplatin requires PMS2.
HCT116 cells were transfected with empty vector, PMS2, p73, or both expres-
sion plasmids along with GFP-H2B plasmid. GFP-positive cells with condensed
chromatin were counted without cisplatin treatment (white bars) or after 24-h
cisplatin treatment (black bars). Values represent means and SDs from three
independent experiments.
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Implication on the Tumor Suppression Function of PMS2. Previous
studies have shown Pms2�/� mouse cells to exhibit reduced
apoptosis response to DNA damage (42). Selection of cisplatin-
resistant subclones of osteosarcoma cells has led to the isolation
of clones with reduced PMS2 expression (43). However, we
showed that PMS2 overexpression did not induce cell death,
consistent with a previously published report (44). Instead,
PMS2 is required for p73 to be activated by cisplatin. This
evidence is the first showing that PMS2 directly regulates the
activity of a proapoptotic protein.

The role of PMS2 in hereditary nonpolyposis colorectal
cancer has remained controversial, because PMS2 mutation has
only been detected in a single hereditary nonpolyposis colorectal
cancer family (45). On the other hand, germ-line PMS2 muta-
tions have been detected in several patients with Turcot syn-
drome, which can also be caused by mutations in the MSH2 gene
(46–48). The tumor suppression function of PMS2 has been
demonstrated by the increased tumor risk associated with
Pms2�/� mice (49). Interestingly, whereas Mlh1�/� mice showed
intestinal adenocarcinoma and lymphoma, Pms2�/� mice devel-
oped lymphoma, sarcoma, and skin cancer but not intestinal

tumors (49). The Pms2�/� cells exhibited a limited spectrum of
somatic mutations compared with Mlh1�/� cells. Moreover,
Pms2�/� knockout mice developed intestinal adenocarcinoma
after methylnitrosourea treatment even though the tumors did
not exhibit microsatellite instability and other mutator pheno-
types (50). Thus, the tumor suppression function of PMS2 may
be associated with its biological function not only in repair but
also in the DNA damage response pathway. Our finding that
PMS2 interacts with p73 to regulate apoptosis is consistent with
the idea that PMS2 stimulates death of damaged cells to suppress
tumor formation.
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