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Human DNA mismatch repair (MMR) proteins correct DNA errors and regulate cellular response to DNA
damage by signaling apoptosis. Mutations of MMR genes result in genomic instability and cancer develop-
ment. Nonetheless, how MMR proteins are regulated has not yet been determined. While h\MLH1, hPMS2, and
hMLH3 are known to participate in MMR, the function of another member of MutL-related proteins, hPMS1,
remains unclear. Here we show that DNA damage induces the accumulation of hPMS1, hPMS2, and hMLH1
through ataxia-telangiectasia-mutated (ATM)-mediated protein stabilization. The subcellular localization of
PMS proteins is also regulated during DNA damage, which induces nuclear localization of hPMS1 and hPMS2
in an hMLH1-dependent manner. The induced levels of hMLH1 and hPMSI1 are important for the augmen-
tation of p53 phosphorylation by ATM in response to DNA damage. These observations identify hMutL
proteins as regulators of p53 response and demonstrate for the first time a function of hMLH1-hPMS1

complex in controlling the DNA damage response.

The DNA mismatch repair (MMR) system plays a critical
role in maintaining genomic integrity in both prokaryotes and
eukaryotes (27). It recognizes and repairs the base-base mis-
matches and small insertion-deletion mispairs generated dur-
ing DNA synthesis. The MMR system is composed of several
protein complexes, including MutS, MutL, and MutH. There
are six MutS homologues (MSH1 to MSH6) and four MutL
homologues (MLH1, PMS1, PMS2, and MLH3) in eukaryotes.
MSH?2 heterodimerizes with MSH3 or MSH6 to form MutS
complexes. These two complexes have different mispair recog-
nition properties. MSH2-MSH3 heterodimer (MutSa) rec-
ognizes insertion-deletion mispairs, whereas MSH2-MSH6
heterodimer (MutSB) interacts with both single-base-pair
mismatches and insertion-deletion mispairs. There are two
MutL-related heterodimeric complexes known to be involved
in MMR: MLH1-PMS2 (mammalian PMS2, closely related to
Saccharomyces cerevisiae PMS1) and MLH1-MLH3. MLH1-
PMS2 heterodimer (MutLa) interacts with both MSH2-MSH3
and MSH2-MSH6 complexes and plays a major role in MMR.
MLHI1-MLH3 also plays a role in repairing mispairs (19) and
promoting meiotic crossing-over (39).

Another MutL complex, MutLp (hMLHI1-hPMS1), was
identified in human cells (28, 35). However, the hMLHI1-
hPMS1 complex does not have significant MMR activity in an
in vitro MMR assay (35). PmsI-deficient mice also do not
develop the tumors or manifest microsatellite instability seen
in MlhI- or Pms2-deficient mice (34, 39). Although a mutation
of hPMS1 was found in a patient with hereditary nonpolyposis
colon cancer, the colon cancer susceptibility in this family was
later attributed to the AMSH2 mutation (31). Moreover, mu-
tations in yeast gene mlh2 (human PMS1 homologue) do not
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lead to an increase in the mutation rate (22, 39). Thus, the
biological function of hPMS1 remains unknown. Interestingly,
the yeast mlh2 mutants are more resistant to cisplatin, carbo-
platin, and doxorubicin (17). Thus, the function of hPMSI1
deserves investigation.

Recent evidence supports an additional role of MMR in
signaling the DNA damage response. It has been reported that
MMR is required for p53 phosphorylation in response to DNA
methylator damage (15). UVB-induced apoptosis and p53
phosphorylation at serine 15 are significantly diminished in
MSH2-deficient cells (33). MMR is also involved in the induc-
tion of the p53-related transcription factor p73. Cisplatin-in-
duced accumulation of p73 depends on functional hMLH1
(20). An interaction between hPMS2 and p73 is induced upon
cisplatin treatment, which leads to stabilization and activation
of p73 (37). Moreover, the MMR system was shown to be
required for activation of S-phase checkpoint in response to
ionizing radiation (6). Therefore, the MMR system appears to
play a dual role in response to abnormal DNA structures:
MMR and DNA damage signaling. Although MMR repairs
only DNA mismatches or mispairs, it is involved in apoptosis
and checkpoint activation in response to various forms of DNA
damage. Moreover, while the repair can function efficiently at
subnormal levels of hMLHI, the checkpoint activation re-
quires a full level of AMLH1 (12). Thus, the functions of MMR
proteins in MMR and signaling may involve different molecu-
lar processes. How MMR proteins participate in the DNA
damage signaling is not well understood. hMSH2-hMSH6
forms a sliding clamp on mismatched DNA (21). This sliding
clamp was proposed to transduce a mismatch signal through
interaction with other signaling molecules to activate apoptosis
(18). In fact, MMR proteins, including hMSH2, hMSH6, and
hMLH1, are part of a large complex containing other signaling
molecules, such as breast cancer associated-1 (BRCA1) and
ataxia-telangiectasia (AT)-mutated (ATM) molecules (40).
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FIG. 1. Induction of hMLH1, hPMSI, and hPMS2 following DNA

damage. (A) Western blot analysis of hMLH1, hPMS1, and hPMS?2 in the

H460 human lung cancer cell line following treatment with cisplatin (cisp) at 2 to 10 uM for 24 h. PCNA immunoblot analysis was performed to
ensure equal levels of protein loading. (B) Western blot analysis of hMLH1, hPMS1, and hPMS2 in H460 cells following treatment with cisplatin
(20 wM) for the indicated time periods. (C) Western blot analysis of hPMS1, hPMS2, and hMLH1 in H460 cells, which were treated with 500 nM
adriamycin (adr) for 4 or 8 h. (D) Western blot analysis of hPMS1, hPMS2, and hMLH1 in the MDA-MB468 breast cancer cell line, following
treatment with 50 wM cisplatin or 500 nM adriamycin for 4 or 8 h. The intensity of each immunoblot signal was quantified by densitometry. The
severalfold change in induction relative to the results seen with untreated samples (0 wM or 0 h) is shown below each panel.

It was also suggested that an MMR complex formed at the
sites of DNA damage could serve as a scaffold to recruit
both ATM and Chk2 and facilitate the activation of Chk2 by
ATM (6).

How the function of MMR proteins is activated to induce
apoptosis is not well understood. Cells lacking hMLH1 have
very low levels of hPMS1 and hPMS2 proteins in spite of
normal levels of RNA, suggesting that hPMS proteins are
unstable in the absence of hMLHI1 (8, 13, 28, 35). Thus, the
stability of hPMS proteins may be regulated. It was also pro-
posed that dimerization of hMLH1 and hPMS2 may regulate
the nuclear import of hMLH1-hPMS2 (41). We have now

examined the expression and subcellular localization of hMutL
proteins in response to DNA damage. We find that DNA
damage results in stabilization and accumulation of hMutL
proteins. The induction depends on ATM, a kinase responsible
for induction of other proteins such as p53 (4, 10, 26), E2F1
(30), and BLM (1). Furthermore, hMLH1 mediates DNA-
damage-induced nuclear localization of hPMS1 and hPMS2.
Consequently, the nuclear accumulation of hMLH1 and hPMS1
proteins augments the activation of p53 by ATM. Thus, the
regulation of hMutL proteins could function as a sensor mech-
anism and fine tune the amplitude of DNA damage response
according to the severity of DNA damage. A function of
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hMLH1-hPMS1 complex in the DNA damage response is
demonstrated for the first time.

MATERIALS AND METHODS

Cell culture and transfection. Human foreskin fibroblasts (HFF) and
HEK293T, HEK293, MDA-MB468, and MCF7 cell lines were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS). H460, GM2184, GM3382, GM1526, GM3332, and GM719 cell lines were
maintained in RPMI 1640 supplemented with 10% FBS. HCT116 (MLHI1-
deficient colorectal tumor line) cells were purchased from the American Type
Culture Collection (ATCC) and maintained in McCoy’s 5A medium supple-
mented with sodium bicarbonate (1.5 g/liter) and 10% FBS. 293T and 293 cells
were transfected using a standard calcium phosphate method. HCT116 cells were
transfected with Lipofectamine 2000 (Invitrogen) or a Gene Pulser Xcell elec-
troporation system (Bio-Rad) according to the manufacturer’s instructions. For
electroporation, HCT116 cells were resuspended with 200 pl of McCoy’s 5A
medium in 2-mm-long cuvettes and electroporated with the following settings:
155 V, 1,000 pF, « ohm. To obtain high-level transfection efficiency, HCT116
cells were transfected twice by electroporation on two consecutive days and
were harvested 24 h after the second electroporation. To establish MCF7 cell
lines stably expressing MLHI1 short interfering RNAs (siRNA), MCF7 cells
were transfected with pSUPER vector or pSUPER-siMLH1 along with
pSV2Neo by use of a Gene Pulser Xcell electroporation system according to
the manufacturer’s instructions. The stable clones were then selected with
G418.

Plasmid construction. pPCMV-SPORT6-hMLH1 was purchased from ATCC.
To construct HcRed1-hMLH]1, the Xbal fragment of hMLH1 cDNA from pCMV-
SPORT6-hMLHI1 was digested and inserted into the Xbal site of pHcRed1-C1.
The hemagglutinin (HA)-tagged hPMS1 expression vector, pcDNA3-HA-hPMS1,
was constructed by removing hPMS1 cDNA from pBS-hPMSI (a gift from Bert
Vogelstein) and inserting it into a pcDNA3 vector expressing HA-tagged fusion
protein. pPEGFP-hPMS1 was constructed by inserting the BamHI/Apal fragment
of pcDNA3 HA-hPMSI into the pEGFP-C1 vector (Clontech). pPEGFP-hPMS1
was digested with PfimI and religated to construct pEGFP-hPMSAC, which
contains amino acids 1 to 643 of hPMS1. pEGFP-hPMS2 was constructed by
inserting the Sall/Apal fragment of pCMV-SPORT6-hPMS2 (ATCC) into the
pEGFP-C2 vector (Clontech). The pSUPER vector and its derivative pSUPER-
siMLHI, expressing siRNA of hMLH1, were constructed according to the in-
structions of the manufacturer (7). The 19-nucleotide target sequence for siMLH1
is 5'-GGTTCACTACTAGTAAACT-3'; the target sequence for siPMS1 is 5'-
GGAATCTACTCGTTTGTAT-3'.

Western blot analysis. Equal amounts of protein lysates were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotrans-
ferred to an Immobilon-P membrane (Millipore). Equal protein loading was
confirmed with Ponceau-S staining. MLH1 antibody (G168-728) was purchased
from BD Biosciences. The antibodies against hPMS1 (C-20), p53 (FL393), E2F1
(C20), PCNA (PC10), and green fluorescent protein (GFP) were obtained
from Santa Cruz. The antibodies for PMS2 (Ab-1) and ATM (Ab-3) were
purchased from Oncogene Research Products. The antibodies against phos-
pho-Ser15 p53 and phospho-Ser20 p53 were obtained from Cell Signaling
Technology.

Northern blot analysis. Total RNA was extracted with TRIzol reagent (Gibco
BRL) from H460 cells. Poly(A)* mRNA was prepared with PolyTtract mRNA
Isolation Systems IIT (Promega) following the manufacturer’s instructions. A
total of 3 ug of poly(A)" mRNA was resolved on a 1% agarose—2% formalde-
hyde gel and transferred to membrane with a Nytran SuPerCharge kit (Schlei-
cher and Schuell) following the manufacturer’s instructions. The cDNAs of
hMLH]1, hPMS1, hPMS2, and GAPDH were labeled with [a-*?P]dCTP by use of
a Prime-It II Random primer labeling kit (Promega) and purified by Sephadex
G-50 (Amersham) as the probes for Northern blotting.

Immunofluorescence studies. HEK293, HCT116, or HFF cells were plated on
collagen-coated coverslips in six-well plates. To visualize enhanced green fluo-
rescent protein (EGFP)-PMS1 and HcRed1-MLHI, transfected cells were fixed
in 3% paraformaldehyde for 20 min and the nuclei were stained with Hoechst
33258. For immunostaining, cells were fixed in 3% paraformaldehyde for 20 min
followed by permeabilization in 0.5% Triton X-100 for 5 min. Cells were then
blocked in 2% bovine serum albumin-phosphate-buffered saline at 4°C overnight
and incubated with primary antibody in blocking solution for 1 h and fluorescein-
conjugated AffiniPure donkey anti-mouse immunoglobulin G (IgG) (Jackson
ImmunoResearch) or Texas Red-X goat anti-rabbit IgG (Molecular Probes)
(1:500 dilution) for 1 h. MLH1 antibody G168-728 (1:100), PMS1 antibody
(H-300; Santa Cruz) (1:100), and PMS2 antibody (AB-1) (1:100) were used for
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FIG. 2. DNA damage-induced accumulation of hMLH1, hPMS1,
and hPMS?2 proteins is mediated through a posttranscriptional mech-
anism. Expression of the hMutL proteins (Immunoblot) and RNA
(Northern blot) in H460 cells following treatment with cisplatin (20
uM) for 8 or 16 h is indicated. The intensity of each immunoblot signal
was quantified by densitometry. The Northern blot was quantified by
PhosphorImager (Typhoon 8600). The relative intensity value com-
pared to that of the untreated sample is shown below each panel.

P-actin

immunostaining. Images were captured on a Zeiss fluorescent microscope
(Axioplan 2 imaging system).

RESULTS

DNA damage induces hPMS1, hPMS2, and hMLH1. Several
cell lines were treated with cisplatin or adriamycin, and the
expression of hPMS1, hPMS2, and hMLHI1 proteins was ex-
amined by Western blot analysis. We found that hPMSI,
hPMS2, and hMLHI1 proteins were induced in the H460 lung
cancer cell line by cisplatin treatment in a dose-dependent
(Fig. 1A) and time-dependent (Fig. 1B) manner. We also ob-
served that not only cisplatin but also adriamycin induced the
accumulation of hPMS1, hPMS2, and hMLH1 in H460 cells
(Fig. 1C) and MDA-MBA468 breast cancer cells (Fig. 1D). The
hMutL proteins were also induced in other cell types such as
human lymphoblastoid cell lines and fibroblasts upon treat-
ment of DNA damage agents (see Fig. 3). Together, these data
demonstrate that the induction of h(MLH1, hPMS1, and hPMS2
proteins occurs in response to DNA damage and that the
induction appears to be a general response to DNA damage.

To further examine the mechanism of the induction, the
levels of proteins and mRNA of hPMS1, hPMS2, and hMLH1
were measured in H460 cells after cisplatin treatment for 8 and
16 h. As shown in Fig. 2, while the hMutL proteins were
induced by cisplatin treatment the level of hPMS1 mRNA did
not significantly change. The levels of hPMS2 and hMLH1
mRNA indeed gradually decreased. Thus, cisplatin-induced
accumulation of hMutL proteins is mediated by a posttran-
scriptional mechanism.

ATM mediates the accumulation of hPMS1, hPMS2, and
hMLH1 in response to DNA damage. Many lines of evidence
have established the role of ATM/ATR in mediating the DNA
damage response (see reviews in references 2, 25, and 36).
ATM is directly and/or indirectly responsible for the stabiliza-
tion of p53 (4, 10, 14, 23, 26), E2F1 (30), and BLM (1) during
DNA damage. To explore the role of ATM in the induction of
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FIG. 3. ATM mediates the induction of hMLH1, hPMS1, and hPMS2 accumulation in response to DNA damage. (A) Several human

lymphoblastoid cell lines with the indicated ATM genotypes were treated

with adriamycin (1 wM). hMLH1, hPMS1, and hPMS2 proteins were

assayed by Western blot analysis. (B) Induction of hPMS1 in response to DNA damage requires ATM. 293T cells were transfected with pcDNA3-
HA-hPMS1 and pGFP along with pBJ-1-HA-ATM* or an empty vector. The cells were then treated with NCS (300 ng/ml) for 5 h. Transfected

hPMS1 was detected with an hPMS1-specific antibody. The expression of

transfected GFP serves as a control of transfection efficiency. PCNA

immunoblotting was performed to ensure equal levels of protein loading. Expression of transfected HA tagged-ATMX protein was confirmed by
immunoprecipitation with HA beads followed by immunoblotting with ATM antibody (bottom panel). (C) ATM-deficient human AT221JE-T

fibroblasts, stably transfected with pEBS7 (an empty vector) or pEBS7-YZ5
NCS (300 ng/ml). The expression of MutL proteins was detected by Wester
by densitometry. The relative intensity compared to that of the untreated

hMutL proteins, we examined the induction of hMutL proteins
in a panel of lymphoid cell lines established from AT patients
or normal subjects. As shown in Fig. 3A, adriamycin treatment
induced the accumulation of hPMS1, hPMS2, and hMLHI1 in
cells harboring wild-type ATM (GM2184) as well as in cells
that are heterozygous for the ATM mutation (GM3382). In
contrast, the protein induction was not observed in the cell
lines bearing an ATM homozygous mutation (GM1526,

(carrying FLAG-tagged wild-type ATM cDNA) (46), were treated with
n blot analysis. The intensity of each immunoblot signal was quantified
sample is shown below each panel.

GM3332, and GM719). We also utilized a kinase-inactive
ATM mutant (ATM") as a dominant-negative inhibitor to
block endogenous ATM activity in 293T cells (29, 30). Cells
were transfected with HA-hPMS1 expressing plasmid alone or
together with the ATM™ mutant, treated with radiomimetic
chemical neocarzinostatin (NCS), and then assayed for the
hPMSI1 expression. GFP was coexpressed and detected by im-
munoblotting to ensure equal levels of transfection efficiency.
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FIG. 4. The half-lives of hMLH1, hPMS1, and hPMS2 are prolonged by NCS treatment. (A) HEK293T cells were transfected with pcDNA3-
HA-hPMSI1. Two days later, cells were either left untreated or treated with NCS (300 ng/ml) for 3 h followed by treatment with cycloheximide
(CHX) at 20 pg/ml for the time periods as indicated. hPMS1 protein was detected by Western blot analysis using an antibody specific to hPMS1
(left panel) and quantified by densitometry (right panel). The relative abundance of hPMS1 following CHX treatment relative to that seen with
no CHX treatment control was graphed (right panel). The PCNA immunoblot serves as a protein loading control. (B) HEK293T cells were
transfected with pHcRed-hMLHI1. The half-life of hMLH1 protein following CHX treatment was measured as described above. hMLH1 protein was
detected by Western blot analysis with an hMLH1-specific antibody (left panels) and quantified by densitometry (right panel). (C) Growing HEK293 cells
were either left untreated or treated with NCS (300 ng/ml) for 3 h followed by treatment with CHX (20 pg/ml) for the time periods as indicated.
The endogenous hPMS1, hPMS2, and hMLH1 were detected by Western blot analysis (upper panels). The signals were quantified by densitometry, and
the relative abundance of each protein following CHX treatment relative to that seen with the 0-min control was plotted (lower panels).

As shown in Fig. 3B, NCS induced the accumulation of hPMS1 induction of hMutL proteins was examined in human AT fi-
and the induction was partially blocked (from 4.5- to 2.3-fold) broblasts and AT fibroblasts reconstituted with wild-type ATM

by the ATM* mutant. (46). Whereas there was no induction of hMLH1and hPMS2
To further test the role of ATM in another cell type, the or minimal induction of hPMS1 in the AT fibroblasts upon
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FIG. 5. hMLH1 is required for full induction of hPMS1 and hPMS2 in response to DNA damage. hMLH1-deficient HCT 116 cells were
transfected with pCMV-SPORT6-hMLH1 or an empty vector by a double-electroporation protocol (see Materials and Methods) and treated with
NCS (80 ng/ml) (upper panels) or MNU (2 mM) (lower panels) for the indicated periods of time. Cell lysates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and the immunoblots were probed with antibodies specific to hMLH1, hPMS1, and hPMS2. PCNA
immunoblotting was performed to ensure equal levels of protein loading. The intensity of hPMS signals was quantified by densitometry. The
relative intensity compared to that of the 0-h sample is shown below each panel.

NCS treatment, reconstitution of ATM significantly restored
the induction of these proteins (Fig. 3C).

Taken together, these findings lead us to conclude that ATM
mediates the induction of hMutL proteins in response to DNA
damage.

Induction of hPMS1, hPMS2, and hMLH1 is mediated
through protein stabilization. To test whether the ATM-de-
pendent induction of hMutL proteins is due to protein stabi-
lization, we measured the half-life of hPMS1 and hMLH1
proteins in 293T cells upon treatment with radiomimetic chem-
ical NCS. Treatment of cells with NCS leads to double-strand
DNA breaks and induction of ATM kinase activity (4). Indeed,
many experiments suggest that this agent is a selective inducer
of ATM. We expressed HA-tagged hPMS1 in 293T cells and
examined the hPMS1 protein levels in the cells treated with
cycloheximide in the absence or presence of NCS. The half-life
of HA-hPMSI1 protein was about 40 min in the absence of
DNA damage and was extended to about 130 min upon NCS
treatment (Fig. 4A). To measure the half-life of hMLH]1 pro-
tein, HcRed1-tagged hMLH1 was expressed in 293T cells and
its half-life was measured. The half-life of HcRed1-hMLHI1
was about 80 min in the absence of NCS and was greatly
prolonged by NCS treatment (Fig. 4B). We also measured the

half-lives of endogenous proteins in HEK293 cells. The half-
lives of endogenous hPMS1, hPMS2, and hMLH1 are about
45, 100, and 70 min, respectively (Fig. 4C). Upon NCS treat-
ment, their half-lives were significantly prolonged (Fig. 4C). It
is worth noting that the half-lives of endogenous proteins and
overexpressed tagged proteins are very similar and that hPMS1
appears to have the shortest half-life among them. Taken to-
gether, these findings lead us to conclude that hPMS1, hPMS2,
and hMLH1 proteins are stabilized by NCS treatment.
hMLH]1 is required for full induction of hPMS1 and hPMS2
in response to DNA damage. Previous studies have demon-
strated a role of hMLH1 in maintaining normal levels of
hPMS1 and hPMS2 proteins (8, 13, 28, 35). The hPMS1 and
hPMS?2 protein levels are significantly decreased in spite of
normal levels of their RNA in the cells lacking hMLH1, sug-
gesting that PMS proteins are unstable in the absence of
hMLHI1. Thus, we postulated that efficient induction of hPMS1
and hPMS2 might also require hMLHI. To test the role of
hMLHI1 in the stabilization of hPMS1 and hPMS2, we exam-
ined the induction of hPMS1 and hPMS2 in the hMLHI1-
deficient HCT116 colorectal tumor line and HCT116 cells re-
constituted with hMLH1 following DNA damage. While there
was induction of both hPMS1 and hPMS2 protein accumu-
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FIG. 6. hMLH1 mediates nuclear localization of hPMS1 and hPMS2. HEK293 cells were transfected with expression plasmids as indicated on
the left side of the figure. Cells were fixed, and nuclei were stained with Hoechst 33258. (A) When expressed alone, EGFP-hPMS1 was exclusively
localized to the cytoplasm in 196 (49%) cells, distributed within the whole cells in 84 (21%) cells, and localized to the nucleus in 120 (30%) cells
out of 400 transfected cells examined. (B) HEK293 cells were transfected with pEGFP-hPMS2. The distribution pattern showed that hPMS2 was
located throughout the cells in 45%, was exclusively cytoplasmic in 23%, and was nuclear in 32% out of 400 GFP™" cells examined. (C) HcRed-
hMLHI1 was localized in the nucleus and formed discrete punctuates. The images reflect 396 (99%) of 400 transfected cell examined. Four cells
exhibited diffuse nuclear distribution without the formation of foci. (D) Upon coexpression with hMLH1, EGFP-hPMSI1 was translocated to
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lation in HCT116 cells following treatment with NCS or
N-methyl-N-nitrosourea (MNU), the induction was greatly en-
hanced by reconstitution with MLH1 (Fig. 5). This result is
consistent with the notion that forming a complex with hMLH1
facilitates the protein stability of hPMS1 and hPMS2. While
hMLH1 promoted efficient accumulation of hPMS proteins,
induction of hPMS proteins still occurred to a lesser extent
in the absence of hMLH1. Thus, it is likely that each com-
ponent of the hMutL complexes is an independent target of
ATM.

hMLH1 mediates nuclear localization of hPMS1 and hPMS2.
Nuclear compartmentalization is known to regulate the
function of a number of nuclear factors such as p53, Cdc25,
p21CiPYWAFL " and adenomatous polyposis coli (11). For ex-
ample, nuclear export of p53 is blocked in response to DNA
damage (44). Both hMLH1 and hPMS?2 possess nuclear local-
ization signals and nuclear export sequences (41). To investi-
gate whether the subcellular localization of MutL proteins is
regulated during DNA damage, we examined the localization
of EGFP-hPMS1, EGFP-hPMS2, and HcRed1-hMLH1 in
HEK293 cells. First, we examined the subcellular localization
of these proteins in growing HEK293 cells. EGFP-hPMS1 and
hPMS2 proteins were predominantly localized in cytoplasm or
distributed in the whole cells (Fig. 6A and B), and nuclear
hPMS1 or hPMS2 was seen in only one-third of the population.
In contrast, HcRed1-hMLH1 was localized exclusively in the
nucleus and formed discrete nuclear punctates (Fig. 6C).
When EGFP-hPMS1 was coexpressed with HcRed1-hMLHI,
it was relocalized to nucleus and colocalized with HcRed1-
hMLHI1 in the nuclear foci (Fig. 6D). Coexpression with
hMLHI1 also resulted in the relocalization of hPMS2 to nu-
cleus and the formation of a few nuclear foci (Fig. 6E). Inter-
estingly, although both hPMS1 and hPMS2 were relocalized to
nucleus by HcRed1-hMLH1 in HEK293 cells, the distribution
of hPMSI foci and hPMS2 foci was different. Coexpression of
hPMS1 with hMLHI1 greatly increased the number of h(MLH1
foci, and nearly 50% of the cells contained numerous hPMS1-
hMLHI1 foci throughout the whole nucleus (Fig. 6D). In con-
trast, there were only a few hPMS2-hMLH]1 foci seen in each
nucleus of hMLH1- and hPMS2-coexpressed cells (Fig. 6E).
The activity of hMLHI1 to relocalize hPMS1 is specific, since
HcRedl-MLH1 failed to relocalize a mutant hPMSI1
(hPMS1AC) which lacks an hMLHI interaction domain (Fig.
6F and G).

To address whether hMLHI1 is required for the nuclear
localization of hPMS1, we expressed hMLH1 siRNA in
HEK?293 cells by use of pSUPER vector (7) to inhibit the
expression of hMLH1. HEK293 cells were transfected with
pSUPER constructs and pGFP plasmid, and the transfected
cells were identified using a fluorescent microscope to assess
the expression of GFP. hMLH1 siRNA significantly knocked
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down the expression of endogenous hMLHI, as shown by
dramatically reduced MLH1 immunofluorescent staining in
the hMLHI1 siRNA-transfected cells (Fig. 7A). We then coex-
pressed EGFP-hPMS1 with hMLH1 siRNA in HEK293 cells
and treated the cells with cisplatin to examine the localization
of hPMSI1 during DNA damage (Fig. 7B and C). In growing
HEK293 cells, the nuclear EGFP-hPMSI1 pattern was seen
in 30% of cells (no treatment; Fig. 7C, upper panel) but it
was seen in only 0.3% of hMLH1 siRNA-transfected cells
(no treatment; Fig. 7C, middle panel) and was not seen in
the mutant hPMS1 lacking an hMLH1-interacting domain
(hPMSIAC) (no treatment; Fig. 7C, lower panel). This result
demonstrates that h(MLHI1 is required for the nuclear localiza-
tion of hPMS1. Upon cisplatin treatment, EGFP-hPMS1 was
shifted from being predominantly cytoplasmic or located
throughout the whole cells (exclusively nuclear in only 30% of
the cells) to being predominantly nuclear (in more than 75%
of the cells) (Fig. 7C, upper panel) and formed a nuclear punc-
tate pattern (Fig. 7B, upper panel). In sharp contrast, EGFP-
hPMSI1 remained predominantly cytoplasmic in the hMLH1
siRNA-transfected cells (in more than 75% of the cells) in
spite of cisplatin treatment (Fig. 7B and C, middle panels).
The mutant hPMSI1 lacking an hMLH1-interacting domain
(hPMSI1AC) also remained in the cytoplasm (in 97% of the
cells) during DNA damage (Fig. 7B and C, lower panels). To
further verify the physiological role of hMLHI1 in the translo-
cation of hPMSI1, we examined the localization of hPMS1 in
hMLH]1-deficient HCT116 cells. In contrast to the nuclear
compartmentalization seen in HEK293 cells, EGFP-hPMS1
remained in the cytoplasm of HCT116 cells upon cisplatin
treatment (Fig. 7D, upper panel). Reconstitution of hMLH1
relocalized EGFP-hPMSI1 to the nucleus in HCT116 cells
(Fig. 7D, lower panel). Thus, we conclude that hMLH1 is
required for cisplatin-induced relocalization of hPMS1 to
the nucleus.

To examine the localization of endogenous hMutL proteins
in primary nontransformed human cells, we performed immu-
nofluorescent studies on primary HFFs. hPMS1 and hPMS2
were distributed throughout the whole cells in growing HFFs,
whereas hMLH1 was localized in the nucleus and formed a
nuclear punctate pattern (Fig. 8). The localization of hMLH1
in the nuclear foci was also reported in WI-38 cells (32), a
human lung fibroblast cell line, and is consistent with the ob-
servation of HcRed1-hMLHI1 foci in HEK293 cells (Fig. 6).
Note the presence of hPMS2 in the hMLHI1 foci in the HFF
without cisplatin treatment (Fig. 8C). In contrast, there is
much less hPMS1 (although it is still detectable) in the h(MLH1
foci in cells without cisplatin treatment (Fig. 8B). However,
both hPMS1 and hPMS2 were predominantly localized to nu-
cleus and colocalized with hMLH1 foci upon cisplatin treat-
ment (Fig. 8B and C). The disappearance of cytoplasmic hPMS

nucleus and colocalized with HcRed1-hMLH1 in the nuclear foci in 400 (100%) out of 400 transfected cells examined. A total of 50% of cells
contained numerous foci distributed throughout the nucleus as shown. The rest of the population exhibited a few nuclear foci (fewer than 20) in
each nucleus. (E) HEK293 cells were cotransfected with pEGFP-hPMS2 and HcRed1-hMLH1. hPMS2 was exclusively localized to nucleus when
it was coexpressed with HcRed1-hMLHI1 in 400 (100%) out of 400 transfected cells examined. The images are representative of 99% of transfected
cells. Only 1% of the cells contained more than 10 foci in the nucleus. (F) EGFP-hPMS1AC was exclusively localized in the cytoplasm. The images
reflect 99% of 400 transfected cells examined. A total of 1% of the cells exhibited a whole-cell distribution pattern. (G) When coexpressed with
hMLH1, EGFP-hPMSIAC remained in the cytoplasm. The images are representative of 99% of 400 transfected cells examined.
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FIG. 7. hMLHI is required for nuclear localization of hPMS1 during DNA damage. (A) HEK293 cells were transfected with pGFP and either
pSUPER (upper panels) or pSUPER-siMLH1 (lower panels). The cells were fixed, and hMLH1 was immunostained with its specific antibody
followed by Texas Red X-conjugated anti-mouse secondary antibody. Nuclei were stained with Hoechst 33258. The transfected cells (arrows) were
identified by the expression of GFP. Transfection of pSUPER empty vector did not alter the level of hMLHI1 expression, but transfection of
pSUPER-siMLH1 knocked down the expression of endogenous hMLH1. (B) HEK293 cells transfected with pEGFP-hPMSI1 and either pSUPER
(upper panels) or pSUPER-siMLH1 (middle panels) or transfected with pEGFP-hPMS1AC (lower panels) were treated with cisplatin (50 wM)
for 3 h. Cells were fixed, and nuclei were stained with Hoechst 33258. Most EGFP-hPMS1 translocated from cytoplasm to nucleus and formed a
nuclear punctate pattern upon cisplatin treatment (upper panels). MLH1 siRNA prevented the cisplatin-induced relocalization of EGFP-hPMS1
(middle panels). The hPMS1 mutant (hPMS1AC), lacking an hMLH1-interacting domain, remained in the cytoplasm following cisplatin treatment
(lower panels). (C) GFP-positive cells of each sample in the experiments described for panel B were scored for the localization of EGFP-hPMS1
or EGFP-hPMS1AC, and the percentages of cells displaying exclusively nuclear, exclusively cytoplasmic, or both nuclear and cytoplasmic (whole)
staining were determined. At least 300 GFP-positive cells were scored for each experiment. The data shown represent the means * standard errors
of three independent experiments. (D) HCT116 cells were transfected with the expression plasmids as indicated on the left. The cells were either
left untreated or treated with cisplatin (50 pM) for 6 h. The cells were then fixed, and nuclei were stained with Hoechst 33258. EGFP-hPMS1
remained in the cytoplasm of hMLH1-deficient cells following cisplatin treatment but was relocalized to nucleus in hMLH1-reconstituted HCT116
cells. The images reflect 100% (upper panels) or 90% (lower panels) of 200 transfected cells examined. In hMLH1-reconstituted HCT116 cells,
the distribution of hPMS1 was as follows: 90% exclusively nuclear, 4% exclusively cytoplasmic, and 6% in the whole cell.
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FIG. 7—Continued.

proteins could in theory be due to either nuclear sequestration levels of both hPMS1 and hPMS2 increased upon cisplatin
or degradation of cytoplasmic hPMS1/2. To rule out the pos- treatment (Fig. 8D). Thus, we conclude that hPMS1 and
sibility of protein degradation, we measured the hPMS pro- hPMS2 are compartmentalized within nucleus upon cisplatin
tein levels in HFF following cisplatin treatment. The protein treatment.
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FIG. 8. Localization of endogenous hPMS1, hPMS2, and hMLHI1 proteins in primary HFFs. (A) Endogenous hPMS1 was distributed
throughout the cells but was relocalized to nucleus by cisplatin treatment in primary HFFs. HFFs were either left untreated or treated with
cisplatin (50 pM) for 6 h. hPMS1 was immunostained with its specific antibody followed by Texas Red X-conjugated anti-rabbit IgG. Nuclei
were stained with Hoechst 33258. Images are representative of 99% of 300 cells examined. (B) Endogenous hMLH1 formed discrete nuclear
foci and colocalized with nuclear hPMS1 in these foci. HFF were treated with cisplatin as described for panel A. The immunostaining was
performed with specific antibodies against hMLH1 (monoclonal) and hPMSI1 (polyclonal) followed by fluorescein isothiocyanate-conjugated
anti-mouse IgG and Texas Red X-conjugated anti-rabbit IgG. Nuclei were stained with Hoechst 33258. Images are representative of at least
95% of 300 cells examined. no tx, no cisplatin treatment. (C) Endogenous hPMS2 is distributed throughout the cells but is relocalized to nuclei
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Together, these data indicate that hPMS1 and hPMS2 are
relocalized to nucleus upon DNA damage and that their nu-
clear localization depends on hMLHI.

A role of hMLH1 and hPMSI1 for p53 activation by DNA
damage. A role for hMLH1 for the p53 phosphorylation in
response to DNA alkylation (15, 43) or UV (33) has been
reported. The ATM-dependent induction of MutL proteins
suggests that the increased MutL proteins may augment the
p53 response, and the levels of MutL proteins may be impor-
tant for deciphering the DNA damage response. In fact, acti-
vation of p53 by treatment of DNA-methylating agents re-
quires a full complement of hMLH1 protein whereas MMR
efficiency is fairly normal even at low levels of hMLH1 (12). To
test that, we knocked down the levels of hMLH1 in MCF7 cells
by use of h(MLH1 siRNA. The DNA damage response in these
cells was then evaluated. h(MLH1 siRNA effectively decreased
the expression of hMLHI to about 25% of the endogenous
level (Fig. 9A). The induction of p53 protein levels by NCS was
affected by the presence of hMLH1 siRNA (levels of induction
changed from S5.1-fold induction in pSUPER-transfected
MCEF7 cells to 2.7-fold induction in MLH1 siRNA-transfected
cells at 1 h after NCS treatment). The Ser 15 phosphorylation
of p53 was affected by hMLH1 at a much earlier time point (0.5
h) and more significantly. The ratio between Ser 15 phosphor-
ylation and total p53 levels was measured, and the result
clearly indicates that hMLH1 siRNA inhibits the phosphory-
lation of p53 at the Ser 15 residue during NCS treatment
(Fig. 9A, right panel). The induction of E2F1, another DNA
damage response protein, was not affected by the presence
of hMLH1 siRNA. These results demonstrate that a full level
of hMLHL1 is required for effective activation of p53 during
DNA damage.

Next, we examined DNA damage response in hMLH1-defi-
cient HCT116 cells and HCT116 cells reconstituted with
hMLHI1. Although accumulation and phosphorylation of p53
in response to NCS (Fig. 9B) and MNU (data not shown) were
seen in empty vector-transfected HCT116 cells (pCMV lanes),
reexpression of hMLH1 significantly augmented the p53 phos-
phorylation and, to a lesser degree, p53 protein accumulation.
The ratio of Ser 15 phosphorylation to total p53 correlated
with the amount of hMLHI1 reconstituted (Fig. 9B, right
panel). Consistent with the results obtained in the siRNA ex-
periments, the induction of E2F1 was not altered by hMLH1
expression. The effect of hMLHI1 on the accumulation of Ser
15-phosphorylated p53 was also assessed by immunofluores-
cent microscopy. Reexpression of hMLH1 in HCT116 cells did
not induce phosphorylation of p53 in the absence of DNA
damage treatment (Fig. 9C, upper panel). Upon MNU treat-
ment, the cells expressing hMLH1 (Fig. 9C, lower panels)
contained a significant accumulation of Ser 15-phosphorylated
p53 whereas the cells not expressing hMLH1 (Fig. 9C, lower
panel) failed to accumulate Ser 15-phosphorylated p53. Similar
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experiments were also carried out using NCS, and hMLH1 also
enhanced NCS-induced accumulation of Ser 15-phosphory-
lated p53, as observed in MNU treatment (data not shown).
Taken together, these findings show that hMLH1 augments
pS3 phosphorylation during DNA damage.

To test whether hPMSI is involved in the p53 phosphoryla-
tion, we examined the p53 response in hPMS1 siRNA-trans-
fected or hMLHI1 siRNA-transfected HEK293 cells. Both
hPMSI1 siRNA and hMLH1 siRNA knocked down the expres-
sion of their endogenous proteins very effectively (Fig. 9D).
The NCS-induced phosphorylation of p53 at Ser 15 and Ser 20
was significantly inhibited or delayed by hMLH1 siRNA or by
hPMS1 siRNA (Fig. 9D). Compared with the results seen with
empty vector-transfected cells, h(MLH1 siRNA reduced the Ser
15 phosphorylation (measured by the ratio between Ser 15
phosphorylation and total p53 levels) to 0.35-fold or 0.39-fold
in the cells treated with NCS for 0.5 or 1 h, respectively.
hPMSI1 siRNA reduced the Ser 15 phosphorylation to 0.24-
fold or 0.49-fold in the cells treated with NCS for 0.5 or 1 h.
hMLH1 and hPMS1 siRNA inhibited the Ser 20 phosphoryla-
tion to 0.5-fold and 0.25-fold, respectively, in the cells treated
with NCS for 0.5 h. Consistent with the results obtained in
MCEF7 cells, the induction of E2F1 was not affected by these
siRNAs in HEK293 cells (data not shown). This result provides
the first evidence for a role of the hAMLH1-hPMST1 heterodimer
in the activation of p53 during NCS treatment.

DISCUSSION

ATM mediates the protein stabilization of hMLH1, hPMS1,
and hPMS2. The induction of hMutL proteins was observed
in multiple cell lines in response to several DNA-damaging
agents, including cisplatin, adriamycin, MNU, and radiomi-
metic chemicals, indicating that stabilization of hMutL pro-
teins is a general response to DNA damage. By employing AT
cell lines and ATM dominant-negative mutant or ATM-recon-
stituted cells, we demonstrated that ATM is required for the
induction of MutL proteins. ATM is a serine/threonine protein
kinase that mediates the activation of multiple signaling trans-
duction pathways following the induction of DNA double-
strand breaks (2, 25, 36) and DNA-alkylating agents (3). ATM
has been previously shown to be involved in the stabilization of
several DNA damage-responsive proteins, including p53 (4, 10,
26), E2F1 (30), and BLM (1). Thus, the ATM-mediated pro-
tein stabilization appears to be a general mechanism by which
certain proteins are induced by DNA damage.

The stabilization of hPMS1 and hPMS2 proteins also re-
quires hMLH1. Nevertheless, induction of hPMS1 and hPMS2
can still be seen in the absence of hMLH1 but to a much less
extent compared to the induction in the presence of hMLHI.
This result is consistent with previous observations that the

by cisplatin treatment and colocalized with hMLH1. HFF were treated and the immunostaining was performed as described for panel B except
that an antibody for hPMS2 (polyclonal) was used to detect hPMS2. The images in the upper panels represent 89% of 300 cells examined. The
other 11% of cells showed a whole-cell staining pattern of hPMS2 without nuclear foci. The images in the lower panels are representative of 93%
of 300 cells examined (7% of cells had a nuclear hPMS2 pattern without foci). (D) HFFs were treated with cisplatin (50 wM) for the indicated
periods of time. Total cellular lysates were subjected to Western blot analysis to detect endogenous hPMS1 and hPMS2. The relative intensity of
the signals was quantified by densitometry and compared to that seen with the 0-h sample.
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complex formation with hMLHI1 promotes the stability of
hPMS1 and hPMS2 (8, 13, 28, 35).

Subcellular localization of hPMS1 and hPMS2. Besides pro-
tein stabilization, our studies also demonstrate a regulation at
the localization of PMS proteins and a critical role of hMLH1
for their nuclear compartmentalization in response to DNA
damage. Regulation of nuclear factors by both protein stabil-
ity and nuclear localization has been shown in other proteins.
For example, protein degradation and nuclear export of p53
(44) are both blocked by DNA damage. Through these two
mechanisms, the intranuclear levels of hMLH1-hPMS1 and
hMLH1-hPMS?2 are induced by DNA damage. Interestingly,
these two complexes form nuclear foci with different distribu-
tion characteristics. In HEK293 cells, coexpression of hMLH1
and hPMSI1 relocalized hPMSI1 to the nucleus and formed
numerous hMLH1-hPMSI1 foci throughout the nucleus; in
contrast, only a few hMLH1-hPMS2 foci are apparent in each
nucleus upon coexpression of hMLH1 and hPMS2. In HFFs,
the endogenous proteins of both hPMS1 and hPMS2 colocal-
ized with hMLHI1 foci; however, hPMS2 foci were more ap-
parent than hPMS1 foci in the growing HFFs. The significance
of the difference between hPMS1 and hPMS2 foci in HEK293
cells and HFFs would require future investigation. It does raise
a possibility of distinct functions for hMLH1-hPMS1 and
hMLH1-hPMS2 complexes.

A role of hMLH1 and hPMSI1 in the p53 phosphorylation.
ATM phosphorylates p53 at Ser 15 (4, 10), and phosphoryla-
tion of Ser 15 stimulates p53 transactivation and its apoptotic
activity (16). Prior studies have demonstrated a role of hAMLH1
for the p53 phosphorylation in response to DNA alkylation
(15, 43) or UV (33). However, another study showed that
MMR-deficient HCT116 cells still displayed rapid phosphory-
lation of p53 at Ser 15 after DNA alkylation (3). Thus, the
exact role of hMLH1 for the p53 activation has not been
completely settled. Our results indicate that although hMLH1
is not essential for p53 phosphorylation, it is required to aug-
ment the phosphorylation of p53 by ATM at Ser 15 residue.
This conclusion is based on the following observations: (i)
phosphorylation of p53 can be seen in hMLHI1-deficient
HCT116 cells in response to ionizing radiation (9, 24), alkyla-
tion agents (3), or NCS (Fig. 9B); (ii) reexpression of hMLH1
alone without exposure of DNA damage agents in HCT116
cells does not lead to phosphorylation of p53 (Fig. 9C) (15, 43);
(iii) complementation of hMLH1 augments the p53 phosphor-
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ylation during MNU treatment (Fig. 9C) (43) and NCS treat-
ment (Fig. 9B); and (iv) hMLH1 siRNA inhibits and delays p53
phosphorylation induced by DNA damage.

Thus, MMR proteins do not appear to be the “on-off switch”
for controlling DNA damage signaling but rather act like a
“volume control knob” to adjust the amplitude of p53 re-
sponse. The up-regulation of the hMutL complexes would be
important to control the cellular response to genotoxic stress.
hMutL proteins, which are induced through ATM, in turn
facilitate the activation of p53. Thus, ATM and MutL com-
plexes may form a positive feedback loop once DNA is signif-
icantly injured to amplify the DNA damage-signaling response.
Such positive-feedback loops often lead to irreversible bio-
chemical responses (e.g., cell fate decision) due to positive-
feedback-based bistable kinetics (42). Thus, a positive-feed-
back loop between ATM and MMR could be ignited by
prolonged treatment of DNA damage agents and therefore
lead to accentuated p53 induction and, eventually, apoptosis.
hMLH1 interacts with ATM in a large complex (6, 40). MSH2
and p53 were found to colocalize in the nuclear foci containing
recombinative repair complexes and coimmunoprecipitate
within the same DNA-protein complexes (45). Thus, the MMR
complex may bring ATM and p53 within the proximity of DNA
damage sites and augment phosphorylation of p53 by ATM.
This scaffold model has been proposed for the MMR-depen-
dent mechanism controlling Chk2 activation (6).

The hMLH1-hPMS1 heterodimer has no MMR activity in
an in vitro MMR assay (35). The function of this complex has
not been delineated. Mutations in the yeast gene m/h2 (human
PMSI1 homologue) lead to resistance to cisplatin, carboplatin,
and doxorubicin (17), suggesting a role of m/h2 in the DNA
damage response. Our data indicate that hPMS1 is a DNA
damage-responsive protein and demonstrate its role in facili-
tating p53 phosphorylation during NCS treatment. Interest-
ingly, hPMS?2 is required for the stimulation of p73 apoptosis
function by cisplatin (37). Future study would be focused on
defining the role of each individual hMutL complex regarding
its function in the DNA damage apoptosis response.

Intriguingly, the induction of E2F1 by DNA damage is not
regulated by hMLH1. The accumulation of E2F1 and p53
was often concurrently induced upon treatment with various
DNA damage agents; therefore, it was suggested that the same
mechanism is responsible for stabilization of both p53 and
E2F1 (5). Although both p53 and E2F1 are induced through

FIG. 9. A role of hMLH1 and hPMS1 for p53 activation by DNA damage. (A) Inhibition of hMLH1 expression by siRNA blocked the induction
of p53 but not of E2F1 in response to DNA damage. MCF-7 cells, stably transfected with hMLH1 siRNA or an empty vector, were treated with
NCS (300 ng/ml) for 0.5 to 5 h. Western blot analysis was performed using antibodies as indicated (left panels). The intensity of the signals was
quantified by densitometry. The relative levels of hMLH1 in pSUPER-siMLHI1-transfected cells were compared to those in the untreated
pSUPER-transfected cells. The ratio between the intensity reflecting Ser 15 phosphorylation and that of total p53 is shown in the right panel.
(B) The extent of DNA damage-induced accumulation of p53, but not of E2F1, depends on the levels of hMLH1 protein. HCT116 cells were
transfected with pCMV or increasing amounts of pPCMV-SPORT6-hMLHI as indicated on the top of the panels and treated with NCS (80 ng/ml)
for 3 h (left panel). Cell lysates were subjected to Western blot analysis, and the intensity of the signals was quantified by densitometry. The ratio
between Ser 15 phosphorylation and total p53 levels is shown in the right panels. The same results were also seen in the cells treated with NCS
for 0.5 and 1 h. (C) HCT116 cells were transiently transfected with pPCMV-SPORT6-hMLHI1 and then left untreated (upper panels) or treated with
MNU (lower panels) as described for panel B. Cells were fixed, and the immunostaining was performed with antibodies against hMLH1
(monoclonal) and phospho-Ser 15 p53 (polyclonal) followed by Texas Red X-conjugated anti-mouse IgG and fluorescein isothiocyanate-
conjugated anti-rabbit IgG. Nuclei were stained with Hoechst 33258. The transfected cells expressing various levels of h(MLH1 are indicated ( | ).
Cells which did not express hMLHI1 are indicated (<—). no tx, no MNU treatment. (D) HEK293 cells were transiently transfected with pSUPER,
pSUPER-siMLH1, or pSUPER-siPMS1 and then treated with NCS (300 ng/ml) for 0.5 to 5 h. Western blot analysis was performed using
antibodies as indicated.
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ATM/Chk2 (4, 10, 14, 30, 38), our data clearly demonstrate
that p53 and E2F1 are induced by distinct mechanisms; one is
regulated by the levels of MMR proteins, whereas the other is
not. This observation suggests the presence of multiple ATM-
containing signaling complexes for different targets.
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