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Abstract
The DNA mismatch repair (MMR) system is highly conserved and vital for preserving genomic
integrity. Current mechanistic models for MMR are mainly derived from in vitro assays including
reconstitution of strand specific MMR and DNA binding assays using short oligonucleotides.
However, fundamental questions regarding the mechanism and regulation in the context of cellular
DNA replication remain. Using synchronized populations of HeLa cells we demonstrated that
hMSH2, hMLH1 and PCNA localize to the chromatin during S-phase, and accumulate to a greater
extent in cells treated with a DNA alkylating agent. In addition, using small interfering RNA to
deplete hMSH2, we demonstrated that hMLH1 localization to the chromatin is hMSH2-dependent.
hMSH2/hMLH1/PCNA proteins, when associated with the chromatin, form a complex that is greatly
enhanced by DNA damage. The DNA damage caused by high doses of alkylating agents leads to a
G2 arrest after only one round of replication. In these G2-arrested cells, an hMSH2/hMLH1 complex
persists on chromatin, however, PCNA is no longer in the complex. Cells treated with a lower dose
of alkylating agent require two rounds of replication before cells arrest in G2. In the first S-phase,
the MMR proteins form a complex with PCNA, however, during the second S-phase PCNA is missing
from that complex. The distinction between these complexes may suggest separate functions for the
MMR proteins in damage repair and signaling. Additionally, using confocal immunofluorescence,
we observed a population of hMSH6 that localized to the nucleolus. This population is significantly
reduced after DNA damage suggesting that the protein is shuttled out of the nucleolus in response
to damage. In contrast, hMLH1 is excluded from the nucleolus at all times. Thus, the nucleolus may
act to segregate a population of hMSH2-hMSH6 from hMLH1-hPMS2 such that, in the absence of
DNA damage, an inappropriate response is not invoked.
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1. Introduction
The DNA mismatch repair (MMR) system plays an essential role in maintaining the fidelity
of DNA replication by correcting single nucleotide mismatches and insertion/deletion (ID)-
loops [1]. This system is further specified by the presence of three MutsS homologs (hMSH2,
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hMSH3, and hMSH6) that form two distinct heterodimers with hMSH2 as the common subunit.
In addition, four MutL homologs have been identified (hMLH1, hMLH3, hPMS1, and hPMS2)
that assemble into three functional heterodimers where the hMLH1-hPMS2 heterodimer is
required for DNA MMR [2]. Loss of MMR is associated with a mutator phenotype and the
hereditary cancer syndrome Hereditary Nonpolyposis Colorectal Cancer (HNPCC) [3-6].

The correction of single nucleotide mismatches has been reconstituted in vitro using
mammalian cell extracts or purified recombinant proteins and a circular heteroduplex substrate
[7-9]. From these studies the minimal factors required to support both 5′- and 3′-nick directed
repair were elucidated and include hMSH2-hMSH6, hMLH1-hPMS2, hEXOI, RPA, RFC,
PCNA, DNA polymerase δ and DNA ligase I. However, the question of how these protein
players interact and function to execute the repair process still remains.

One model for MMR that has emerged based on the reconstitution data and experiments
illuminating the biochemistry of the hMSH2-hMSH6 and hMLH1-hPMS2 heterodimers is the
“molecular switch” model [10-12]. This model proposes that the MMR pathway is initiated
by the hMSH2-hMSH6 heterodimer, which recognizes and binds to a single nucleotide
mismatch. Exchange of ADP for ATP alters the conformation of the heterodimer such that it
can freely diffuse in either direction along the DNA in an ATP hydrolysis-independent manner
as a “sliding clamp”. Multiple hMSH2-hMSH6 heterodimers load onto the DNA in a similar
fashion [13], and have been proposed to be important for the recruitment of hMLH1-hPMS2
to the mismatch [14]. Formation of hMLH1-hPMS2/hMSH2-hMSH6 protein complexes is
thought to be involved in the recruitment of hEXOI and subsequent strand-specific excision.
Resynthesis is carried out by replication factor C (RFC), proliferating cellular nuclear antigen
(PCNA), and DNA polymerase δ.

Interactions between the various components of the MMR pathway have been studied
extensively using an array of in vitro techniques; however, the intricacies remain poorly
understood. The current consensus is that formation of the hMLH1-hPMS2/hMSH2-hMSH6
ternary complex is ATP-dependent and enhanced in the presence of a heteroduplex substrate.
However, both hMSH2-hMSH6 and hMLH1-hPMS2 heterodimers have some affinity for
homoduplex substrates in vitro [15-18]. PCNA, the processivity factor for DNA polymerase
has also been demonstrated to interact with MSH6, MSH3, and MLH1 via a conserved
interaction motif called the PIP box [19-21]. Both MSH6 and MSH3 colocalize with PCNA
at replication foci during S-phase [19]. The importance of this interaction is highlighted by the
fact that a yeast Msh6 carrying mutations in the PIP box are unable to rescue defects conferred
by an Msh6 deletion strain [21,22]. PCNA-hMSH2, and PCNA-hEXOI interactions have also
been demonstrated [15,21,23-25].

How these in vitro interaction data translate to the function of the MMR pathway in the cell
during DNA replication remains an important question. Studies of the MMR pathway within
the cell have focused primarily on its role in signaling a DNA damage response. MMR deficient
cells have been shown to be much more resistant to the cytotoxic effects of several DNA
damaging agents [26]. Most intensely studied are the DNA methylating compounds such as
the SN1 type alkylating agent N-methyl-N′-nitro N-nitrosoguanidine (MNNG). MNNG
generates a variety of DNA lesions including the cytotoxic O6-methyl-guanine (O6-meG)
adduct. This lesion can be repaired by methylguanine methyltransferase (MGMT) in an
irreversible one-step reaction whereby the methyl group is transferred from the donor guanine
to MGMT [27]. However, if DNA replication occurs prior to repair, there is a propensity for
O6-meG-thymine (O6-meG/T) mismatches to form which are recognized by the hMSH2-
hMSH6 heterodimer [28]. MMR proficient cells induce a G2 arrest that, interestingly, requires
two rounds of DNA replication following MNNG treatment [29,30]. The arrest is followed by
induction of apoptosis as cells with intact MMR are approximately 100-fold more sensitive to
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alkylating agents than a MMR-deficient cell line [26,31]. Alternatively, as a recently published
report suggests, these cells may not be arresting in G2, but rather are proceeding through mitosis
into a third cycle in the absence of cell division, ultimately resulting in cell death [32].

Though a MMR-dependent response to alkylation damage has been characterized, the
mechanistic role of the MMR proteins in activating this response is not clear. Using simple
predictions based on MMR mechanistic models derived from in vitro studies, we attempted to
characterize the interactions between the major MMR proteins and with DNA in cells treated
with an alkylating agent. We analyzed the localization of MMR proteins in the nucleus as well
as the formation of MMR protein complexes on and off the chromatin during an unperturbed
cell cycle or in cells treated with MNNG.

2. Materials and Methods
2.1 Cell Lines and Small Interfering RNA (siRNA)

HeLa S3 cells were grown in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen). Hec59
cells were grown in DMEM:Nutrient Mixture F-12 (DMEM/F-12). Hec59+chromosome 2
cells were grown in DMEM/F-12 supplemented with 500 ug/mL G418 sulfate (Gibco). All
medium contained 10% fetal bovine serum (FBS; Gibco). Cells were incubated at 37°C in a
5% CO2 humidified atmosphere. Transfections of siRNA were performed with Lipofectamine
2000 (Invitrogen). The hMSH2 target sequence was TCCAGGCATGCTTGTGTTGAA. The
MLH1 target sequence was GTGGCTCATGTTACTATTACA. All siRNA oligonucleotides
were purchased from QIAGEN.

2.2 Chemicals, Antibodies, and Reagents
N-Methyl-N′-nitro-N-nitrosoguanidine (MNNG) (obtained from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository; CAS: 70-25-7) was dissolved in DMSO
to a concentration of 10 mM and stored at −20°C until use. O6-Benzylguanine (O6-BG; CAS:
19916-73-5) was purchased from Sigma, dissolved in DMSO to a concentration of 25 mM and
stored at −80°C until use. Thymidine was purchased from Sigma (T1895), dissolved in 1 N
NaOH to a final concentration of 1 M and stored at room temperature until use. Antibodies
against Nucleolin (SC-55486 mouse), PCNA (SC-56), and rabbit IgG (SC-2027) were
purchased from Santa Cruz Biotechnology. Antibodies against Phospho-Chk1 S317 (#2344),
Phospho-Chk2 Thr68 (#2661), Chk1 total (2G1D5), and Chk2 Total (#2662) were purchased
from Cell Signaling. Antibodies against hMSH6 (A300-023A) and hMLH1 (A300-015A for
nucleolar immunofluorescence) were purchased from Bethyl Laboratories. Antibodies against
hMLH1 (550838 for western blot analysis and immunoprecipitations), hMLH1 (554073 for
immunofluorescence studies), hMSH2 (556349 for western blot analysis) and Orc2 (551178)
were purchased from BD Biosciences. Antibody against hMSH2 (NA27 for
immunoprecipitation) was purchased from Oncogene. Antibody against Actin (A5060) was
purchased from Sigma. Alexa Fluor-488, −594 anti-rabbit IgG or Alexa Fluor-488, −594 anti-
mouse IgG were purchased from Molecular Probes.

2.3 Cell Synchronization
Synchronization at the G1/S boundary was performed by a double thymidine block (DTB)
[33]. HeLa cells were grown for 18h in complete medium containing 2 mM thymidine, an
additional 10h without thymidine, and then incubated again for 16h with 2 mM thymidine. At
14h into the second block, 25 μM O6-BG, a competitive inhibitor of MGMT, was added until
the cells were released into serum free medium containing 0.2, 2, or 10 μM MNNG and 25
μM O6-BG. After 1h, cells were incubated in complete medium until harvested. For cell
synchronization at G2/M, HeLa cells were grown in 300 ng/mL nocodazole for 16h at which
time cells were detached by mechanical shake-off and replated in fresh complete medium
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without nocodazole. After 3h, 25 μM O6-BG was added and cells were incubated for an
additional 2h. Serum free medium was then added containing 10 μM MNNG and 25 μM O6-
BG. After 1h, cells were incubated in complete medium until harvested.

2.4 Cell Cycle Analyses
Cell cycle analyses were performed using propidium iodide (PI) staining for DNA content and
subsequent detection by flow cytometry. Briefly, cells were collected at various time points
post release from either double thymidine or nocodazole block and fixed in 70% ethanol at
−20°C. Cells were then treated with 20 μg/mL PI and 200 μg/mL RNase A and incubated at
37°C for 1h, filtered, and analyzed with a FACS Calibur flow cytometer (BD Biosciences).
The resulting data was analyzed by Modfit analysis software (Verity Software House). Time
points were performed in duplicate.

2.5 Chromatin Localization
Cells were collected by centrifugation at 3400 rpm for 5 min and washed with phosphate-
buffered saline (PBS) and pelleted as above. Cells were then washed once with buffer A (10
mM NaCl, 50 mM Tris-HCl pH 7.5, 2 mM MgCl2). Cells were resuspended in buffer B (buffer
A plus 0.5 mM DTT, protease and phosphatase inhibitors, and 0.5% NP-40) and incubated on
ice for 10 min. Subsequently, the cells were processed by a dounce homogenizer and
centrifuged at 3400 rpm for 15 min. The soluble fraction was recovered and stored at −80°C
until further use. The remaining nuclei were resupended in buffer C (420 mM NaCl, 50 mM
Tris-HCl pH 7.5, 1 mM DTT, 2 mM MgCl2, 5% glycerol, 0.75% Triton-X 100, 1 unit DNase
I, protease and phosphatase inhibitors) and rocked for 35 min at 4°C. The samples were then
centrifuged at 13,200 rpm for 15 min at 4°C. The recovered supernatant was used as the
chromatin-enriched fraction. Protein concentrations were determined by a Bradford assay and
equal protein concentrations were separated by denaturing SDS-PAGE and examined by
Western blot.

2.6 Chromatin Immunoprecipitation Analyses
The soluble fraction and fragmented nuclei were recovered as described above. For analysis
by chromatin immunoprecipitation, the fragmented nuclei were resuspended in buffer B,
formaldehyde was added to a final concentration of 1.1%, and the nuclei were rocked at 4°C
for 20 min. The reaction was quenched by rocking the nuclei at 4°C for 10 min in the presence
of 125 mM Glycine pH 9.4. Nuclei were then washed twice in cold PBS and resuspended in
buffer B for sonication. The cross-linked nuclei were sonicated seven times on ice for 10 sec
with a 2 min rest in between each sonication. This yielded approximately 200-500 nt fragments.
The samples were centrifuged at 13,200 rpm for 15min at 4°C. The recovered supernatant,
(chromatin-enriched fraction) was used for immunoprecipitation. Soluble fractions were used
directly for immunoprecipitation or, where noted, treated with formaldehyde as described for
the nuclei preparations prior to immunoprecipitation.

2.7 Immunofluorescence
Cells were plated on cover slips 24 hours prior to DTB. Cells were harvested at 4 and 8 hours
post-DTB release. For some experiments, soluble proteins were removed by extraction in CSK
buffer (10 mM Hepes pH 7.4, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCl2, 0.5% Triton-
X 100) for 2 min at 4°C. Cells were fixed with 4% formaldehyde for 20 min at room
temperature. For experiments using anti-PCNA antibody, cells were fixed with ice cold MeOH
for 20 min at −20°C. Formaldehyde fixed cells were permeablized with phosphate buffered
saline (PBS) containing 0.2% Triton X-100 for 15 min at room temperature. Cells were
incubated overnight with primary antibodies as indicated at 4°C, then washed with PBS and
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incubated with secondary antibodies for 1 hour at room temperature. Cells were analyzed using
a Zeiss LSM 510 meta-confocal microscope.

3. Results
3.1 Localization of MMR proteins to the chromatin during the cell cycle

The goal of this study was to further understand the localization and formation of MMR protein
complexes during cellular DNA replication and in response to alkylation damage. Based on
in vitro models for MMR, an essential step in the pathway is the recruitment and association
of MMR proteins on the DNA. To investigate the localization of hMSH2 and hMLH1 to
chromatin in response to DNA damage, we first treated asynchronously growing HeLa cells
with the alkylating agent MNNG. In this MMR-proficient background, there was a rapid
increase in chromatin-associated hMSH2 and hMLH1 as early as 1 hour (h) after treatment
(Fig. 1A). The accumulation of both MMR proteins was maximal 12h post-treatment with
MNNG. In addition, we observed an increase in the levels of chromatin-associated PCNA.
Similar to hMSH2 and hMLH1, PCNA levels peaked at 12h.

Previous in vitro experiments using total internal reflectance to examine the interaction
between E. coli MutS and MutL indicated that MutS binds to the mismatch first, but then must
form an ATP-dependent sliding clamp in order to recruit MutL [14]. Similarly, using eukaryotic
cell extracts and a heteroduplex oligonucleotide, it was demonstrated that hMSH2-hMSH6 is
required for hMLH1-hPMS2 DNA binding and that protein complex formation is ATP-
dependent [16,17]. To test whether the localization of hMLH1 to chromatin was hMSH2-
dependent, we used an endometrial cancer cell line, Hec59, which harbors a biallelic mutation
in hMSH2 that results in loss of a detectable protein product (Fig. 1B). In the absence of
hMSH2, minimal hMLH1 is recruited to the chromatin in response to MNNG. However,
chromatin-associated PCNA levels were similar to that observed using HeLa cells. To confirm
that this was attributed to loss of hMSH2 and not an inherent difference between the two cell
lines, we examined the localization of hMSH2 and hMLH1 using the Hec59 + chrm 2 cell line,
in which hMSH2 expression has been restored by whole chromosome transfer [34]. In these
cells with restored hMSH2 expression, both hMSH2 and hMLH1 localize to the chromatin
following DNA damage (Fig. 1C).

We next wished to further explore the recruitment of MMR proteins to the chromatin in
response to DNA damage. Given that this DNA repair pathway recognizes lesions from MNNG
treatment created during DNA replication [35], we first synchronized HeLa cells at the G1/S
boundary using a double thymidine block (DTB). Two hours prior to release from the DTB,
cells were treated with O6-BG to inhibit the repair activity of MGMT then released from the
block into serum free media containing 10 μM MNNG and O6-BG or DMSO as a negative
control for one hour. Cells were then returned to serum-containing normal growth media and
harvested at various time points following treatment to analyze cell-cycle progression by flow
cytometry. The DMSO-treated control cells completed the first S-phase by 8h and a complete
cell cycle by 12h before entering into a second S-phase between 15h and 18h (Fig. 2A). By
contrast, the MNNG-treated cells took approximately twice as long to progress through S-
phase. Furthermore, after 24h the majority of these cells appeared to arrest in G2 (Fig. 2A).

To monitor the localization of MMR proteins during S-phase, cells were released from the
DTB into media with or without MNNG as described above, then harvested at various time
points following treatment. Chromatin-enriched and soluble protein fractions were prepared
and hMSH2, hMLH1 and PCNA levels were examined in each fraction by Western blot.
Chromatin-bound proteins were quantitated and normalized to the level of chromatin-bound
protein observed just prior to release from the DTB (−1 hour). In MNNG-treated cells, a rapid
increase in the levels of hMSH2, hMLH1, and PCNA on the chromatin was observed by 1h,
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reaching peak chromatin binding levels by 8h and 12h for hMSH2 and hMLH1, respectively
(Fig. 2C, and 2D). Though PCNA levels diminished as cells exited S-phase, populations of
both hMSH2 and hMLH1 remained associated with the chromatin throughout S-phase and into
G2. Interestingly, in mock treated cells we observed a subtle accumulation of both hMSH2 and
hMLH1 on the chromatin during the first round of DNA replication. PCNA levels remained
tightly coupled to the cell cycle, associating with the chromatin only during S-phase (Fig. 2B
and 2D). We did not observe the same increase in chromatin-bound hMSH2 or hMLH1 levels
during the second round of replication between 15h and 18h post-release from the DTB. This
could be attributed to the fact that after a complete cell cycle the cells became more
asynchronous, which may hinder our ability to detect the subtle increase. Furthermore, the
accumulation of chromatin-bound MMR proteins may be understated in these experiments as
we already detect some MMR proteins bound to the chromatin at the -1 hour time point (our
normalization time point). As the DTB synchronizes cells at the G1/S boundary, some MMR
proteins may accumulate on the chromatin in preparation for entry into S-phase. Alternatively,
there may be a low-level accumulation of MMR proteins on the chromatin in response to DNA
damage caused by the DTB treatment. Therefore, to further investigate the accumulation of
MMR proteins on chromatin during S-phase, we synchronized HeLa cells using a nocodazole
block. Nocodazole inhibits mitosis and causes cells to arrest with a G2/M DNA content when
analyzed by flow cytometry (Fig. S1A). In the absence of MNNG, enrichment of cells in S-
phase occurs between 12h and 14h post-release. We observed a 2-4 fold accumulation of
chromatin-associated hMSH2 and hMLH1 during S-phase in our mock-treated cells (Fig. 2E
and Fig. S1B). This increase was further enhanced in cells treated with MNNG (Fig 2E and
Fig. S1C). Similar to the experiments performed using the DTB, treatment of nocodazole-
synchronized cells with MNNG resulted in an extended S-phase progression followed by a
pronounced G2 arrest after a single round of replication (Fig. S1A). Furthermore, chromatin-
associated hMSH2 and hMLH1 persisted throughout S-phase and into G2 in MNNG-treated
cells (Fig. 2E and Fig. S1C), consistent with the results performed using the DTB (Fig. 2C and
2D). Taken together, these data reveal that the MMR proteins hMSH2 and hMLH1 localize to
the chromatin as a consequence of normal DNA replication. In response to DNA damage there
is an increased localization of both hMSH2 and hMLH1 to the chromatin that persists
throughout S-phase and into G2.

In addition to DNA repair, the MMR pathway has a role in eliciting a cell cycle checkpoint
response to alkylation damage [1,26,36]. In cells treated with MNNG, Chk1, an essential kinase
in MMR-dependent checkpoint activation, was activated (demonstrated by phosphorylation of
Serine 317) as early as 1h post-treatment (Fig. S2B). Phosphorylated Chk1 persisted throughout
S-phase and declined slightly as cells entered G2. In the absence of MNNG Chk1 was also
activated during S-phase; however, there was a substantial reduction in this population as cells
cycled into G2 (Fig. S2A). Furthermore, we observed an additional increase in Chk1-pS317 at
15h post-release from the DTB, which corresponded to a second round of DNA replication
(Fig. S2A). We also observed activation of Chk1 in the absence of DNA damage during S-
phase after release from a nocodozole block (Fig. S1D, see lanes 3 and 4). This activation was
further enhanced by treatment with MNNG (Fig. S1E, see lanes 2-5).

3.2 Identification of an hMSH2 /hMLH1 complex in MMR-proficient HeLa cells
In vitro evidence suggests that an essential step in the MMR pathway is the formation of the
hMSH2-hMSH6/hMLH1-hPMS2 ternary complex [17]. Therefore, we reasoned that we
should be able to identify an interaction between hMSH2 and hMLH1 within a MMR-proficient
cell line. Asynchronously growing HeLa cells were treated with 10 μM MNNG and incubated
for 24h. We next extracted the chromatin-associated proteins with high and low salt
concentrations and performed immunoprecipitation (IP) against hMLH1. Co-IP of hMSH2
with hMLH1 was only observed in MNNG-treated cells (Fig. 3A). However, given the amount
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of the target protein immunoprecipitated, the interaction appeared relatively weak. As the
“molecular switch” model for MMR suggests that hMLH1 interacts with DNA-bound hMSH2-
hMSH6 sliding clamps [14], we questioned whether the extraction of the proteins from the
chromatin led to a disassembly of the complex. To stabilize and capture the MMR complex
associated with the chromatin, we first cross-linked proteins to the chromosomal DNA using
formaldehyde fixation of the nuclei, followed by sonication of the genomic DNA into
200-500nt fragments and IP against hMLH1 similar to a chromatin immunoprecipitation assay
(ChIP). Using this approach, we observed the co-IP of hMSH2 with hMLH1 in a DNA-damage
dependent manner (Fig. 3B). The reciprocal IP against hMSH2 also demonstrated the formation
of an hMSH2-hMLH1 complex in MNNG-treated cells (Fig. 3C, right panels compare lanes
3 and 4). To test whether formaldehyde cross-linking resulted in an interaction between the
non-chromatin associated hMSH2 and hMLH1 proteins, we treated the soluble fractions of
MNNG or DMSO-treated cells with formaldehyde, similar to the fixation of nuclei, and
performed the same IP against hMSH2. No specific interaction was observed in the soluble
fraction between hMSH2 and hMLH1 (Fig. 3C, right panels, lanes 1 and 2).

3.3 Formation of MMR protein complexes occurs on the chromatin during DNA replication,
is hMSH2-dependent, and is enhanced by treatment with MNNG

We next wished to further test that the recruitment of hMLH1 to the chromatin is dependent
on hMSH2 by depleting hMSH2 levels with siRNA. In hMSH2 siRNA treated cells, the
damage-induced chromatin localization of hMLH1 was severely diminished (Fig. 4A, left
panels compare lanes 3 and 4). In addition, recruitment of hMLH1 to the chromatin during an
unperturbed S-phase was also decreased in the absence of hMSH2 (Fig. 4A, left panels compare
lanes 1 and 2). Similar results were observed at 8h post-treatment, whereby localization of
hMLH1 to the chromatin was also hMSH2-dependent (Fig. 4A, right panels). PCNA
localization to the chromatin was not affected in hMSH2 knockdown cells. However, an
additional damage-dependent band migrating above the unmodified PCNA band in the PCNA
immunoblot is dramatically reduced in hMSH2 knockdown cells (Fig. 4A, left panels compare
lanes 3 and 4). This additional band has been reported to be a mono-ubiquitinated form of
PCNA, which is required for association with the translesion synthesis polymerases [37]. A
similar hMSH2- and damage-dependent increase in the mono-ubiquitinated form of PCNA
was detectable at 8h as well (Fig. 4A, right panels compare lanes 3 and 4).

As hMSH2 is required for hMLH1 localization to damaged chromatin during S-phase, we
wanted to test if hMLH1 is required for hMSH2 localization and accumulation on the
chromatin. siRNA against hMLH1 led to a dramatic reduction in hMLH1 protein levels, yet
had no effect on hMSH2 chromatin localization during S-phase in response to MNNG
compared to the irrelevant siRNA control (Fig. S3, compare lane 2 of S3A with lane 2 of S3B).
Interestingly, the MNNG-induced accumulation of hMSH2 persisted at 8h and 24h post-DTB
release even in the absence of hMLH1 (Fig. S3B, lanes 4 and 6).

To determine whether PCNA is part of the MMR complex associated with the chromatin, we
performed ChIP from cells in S-phase 4h after treatment with MNNG. Fig. 4B demonstrates
the formation of hMSH2/hMLH1/PCNA complexes on the chromatin in response to MNNG.
This complex was observed when the ChIP was performed with antibodies against either
hMLH1 or hMSH2 supporting the formation of this chromatin-associated complex. In addition,
we observed that formation of this protein complex was substantially reduced in the absence
of DNA damage (Fig. 4C, compare lanes 2 and 4). In the absence of hMSH2, hMLH1 does
not interact with PCNA on the chromatin in either the presence or absence of MNNG (Fig. 4C,
lanes 1 and 3). To assess whether interactions between hMSH2, hMLH1, and PCNA persist
through S-phase, we released cells from the DTB and harvested them at 8h. hMSH2/hMLH1/
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PCNA complex formation was similarly observed at 8h after treatment with MNNG in an
hMSH2-dependent manner (Fig. 4D).

After treatment with MNNG, both hMSH2 and hMLH1 remained chromatin-associated
throughout S-phase and into G2, however, PCNA levels diminished (Fig. 2C). Furthermore,
Chk1 remained activated even in the absence of strong chromatin-associated PCNA levels
(Fig. S2B). Therefore, to investigate the status of the MMR protein complex during G2 in
damaged cells, we performed ChIP against hMLH1 at 24h post-release from the DTB. We
observed a strong interaction between hMLH1 and hMSH2; however, PCNA was not part of
the complex (Fig. 4E). Interestingly, this complex persisted until at least 48h post-release from
the DTB (Fig. 4F).

Although these data demonstrate formation of MMR protein complexes on the chromatin, it
does not address whether interactions are taking place away from the chromatin as well during
S-phase. It has been suggested that the MMR proteins are imported into the nucleus in a
preformed complex [38]. To investigate this, we prepared soluble fractions of cells 4h post-
treatment from the DTB. Treatment with MNNG resulted in a reduction of both hMLH1 and
hMSH2 proteins from the soluble fraction (Fig. 4G and Fig. S1E), which is concomitant with
the accumulation of these proteins on the chromatin. Although we were able to IP hMLH1
from the soluble fraction, we did not detect an interaction with hMSH2 in either the absence
or presence of MNNG (Fig. 4H, middle panel lanes 1 and 4). The reciprocal IP of hMSH2
yielded a similar result (Fig. 4H, middle panel lanes 2 and 5). This was consistent with our
results in asynchronous cells (Fig. 3C). PCNA has been proposed to play additional roles in
MMR prior to the resynthesis step [25]. Therefore, we also investigated the interaction between
hMLH1/hMSH2 and PCNA. A weak interaction was observed between hMSH2 and PCNA
(Fig. 4H, lanes 2 and 5) as well as between hMLH1 and PCNA (Fig. 4H, lanes 1 and 4) that
was independent of MNNG treatment. However, immunoprecipitation of IgG alone also
demonstrated a similar interaction (Fig. 4H, lanes 3 and 6), suggesting that the interaction was
nonspecific. To further test this, we first depleted hMSH2 levels by siRNA then
immunoprecipitated the soluble fraction using an antibody against hMSH2. A similar level of
PCNA was detected even in the absence of hMSH2 (Fig. 4H, lane 8), suggesting that the low-
level of PCNA detected on our Western blot was non-specific. Therefore, we conclude that
formation of the hMSH2/hMLH1/PCNA complex occurs only once these proteins have
accumulated on the chromatin.

3.4 Formation of MMR protein complexes on chromatin in response to MNNG is dose-
dependent

The cellular response to MNNG differs depending on the concentration of alkylating agent
[39]. We observed that cells treated with 10 μM MNNG appear to arrest in G2 at 24h post-
release from the DTB (Fig. 2A). However, previous reports have demonstrated that cells treated
with low doses of alkylating agents do not arrest in G2 until two rounds of DNA replication
have been completed [29,30]. To investigate this further, we monitored the cell cycle status of
cells treated with 10 μM MNNG at 48h and 72h and found that the cells maintained the G2
arrest. Therefore, at this concentration of MNNG in HeLa cells, the G2 arrest requires only a
single round of DNA replication (Fig. 5A). Treatment of cells with high doses of MNNG have
been shown to induce damage signaling that is MMR-independent [39]. Therefore, we wished
to examine the function of the MMR proteins in cells treated with lower doses of drug. We
first monitored the progression of cells treated with either 0.2 or 2 μM MNNG. At 2 μM MNNG,
the G2 arrest was not observed until the second cell cycle (Fig. 5A). Treatment with 0.2 μM
MNNG also resulted in a significant G2 arrest after the second round of replication, although
some cells continued to traverse through the cell cycle (Fig. 5A).
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We next investigated the status of MMR protein complexes in response to lower concentrations
of MNNG. Treatment with 0.2 μM MNNG did not result in the formation of significant MSH2/
MLH1/PCNA complexes at 4, 8, 24, or 48h post-release from the DTB compared to mock-
treated cells (Fig. 5B-E). The sensitivity of this assay may be such that a slight increase in
complex formation would not be detected. Complex formation was enhanced by treatment with
2 μM MNNG with significant complexes forming at 4h and to a lesser extent at 8h post-DTB
(Fig. 5B and 5C). Interestingly, we also observed the complex at 24h post-release from the
DTB when the majority of the population is undergoing a second round of DNA replication.
However, PCNA was no longer associated with the complex (Fig. 5D). Furthermore, this
hMSH2/hMLH1 complex persisted without detectable PCNA in cells that progressed into
G2, where they ultimately arrested (Fig. 5E).

In addition to differences in MMR complex formation, we also investigated the activation of
the DNA damage signaling molecules Chk1 and Chk2 after treatment with high and low
concentrations of MNNG. 10 μM MNNG treatment led to the activation of Chk1 in early S-
phase that declined as cells progressed into G2 (Fig. S2B, compare lanes 2 and 9, and Fig. S2E,
compare lanes 1 and 3). A slight Chk2 activation, as determined by measuring the levels of
Chk2 phosphorylated at threonine 68, was also observed in cells treated with 10 μM MNNG
during early S-phase, but declined as cells entered later S-phase (Fig. S2E, lanes 1 and 2). This
activated Chk2 re-emerged as cells arrest in G2 at 24 and 48-hours post release (Fig. S2E, lanes
3 and 4). At 2 μM MNNG, Chk1 was similarly activated as early as 4h post-DTB (Fig. S2D).
However, Chk1 activation was also observed at 24h and even more strongly at 48h post-DTB
(Fig. S2D). This result is strikingly different from cells treated with 10 μM MNNG.
Furthermore, Chk2 was not activated during the first S-phase in cells treated with 2 μM MNNG,
and was only slightly activated during the second S-phase (Fig. S2D, compare lanes 1 and 3).
Chk2 phosphorylation increased even more as the cells arrested in G2 at 48h (Fig. S2D, lane
4). These differences in Chk1 and Chk2 activation suggest that different modes of damage
signaling occur in response to high and low doses of MNNG.

3.5 Analysis of MMR protein localization by confocal immunofluroescence
In order to further support the formation of chromatin-associated MMR protein complexes,
HeLa cells were grown on cover slips, synchronized by DTB, treated with MNNG or DMSO
and released into S-phase as described above. At 4 and 8 hours post-treatment, the cover slips
were removed. To identify chromatin-bound complexes, all soluble proteins were removed by
detergent extraction prior to fixation. Cells were then stained with antibodies against hMSH6,
hMLH1 or PCNA. Given the instability of hMSH6 in the absence of its partner hMSH2 [40],
we used hMSH6 as a marker for hMSH2 localization. In mock-treated cells, hMSH6 and
hMLH1 staining was barely detectable on the chromatin at 4h post-release (Fig 6A, left panels).
However, due to its role in DNA replication, we observed significant PCNA foci formation
(Fig. 6A, right panels). Treatment with MNNG resulted in the accumulation of insoluble
hMSH6 and hMLH1 with some, though not complete, colocalization between the two proteins
(Fig. 6A, left panels). In addition, PCNA staining appeared more diffuse throughout the nucleus
with moderate colocalization with hMSH6 (Fig. 6A, right panels). 8h after treatment with
MNNG and release from the DTB, some colocalization of hMSH6 and hMLH1 was still evident
(Fig. 6B, left panels). Insoluble PCNA levels remained intense and there was overlap in staining
with hMSH6 (Fig. 6B, right panels). Due to the only modest colocalization between hMSH2
and hMLH1, we wished to test the specificity of the observed hMLH1 staining. Having
demonstrated an hMSH2-dependence for hMLH1 localization to the chromatin in our earlier
experiments, we treated cells with either siRNA against hMSH2 or a negative control siRNA
prior to immunofluorescence analysis. Cells treated with the negative control siRNA
demonstrated a similar increase in both hMSH6 and hMLH1 after treatment with MNNG as
expected (Fig. 7, top panel). In contrast, depletion of hMSH2 abrogated the accumulation of
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both detergent resistant hMSH6 and hMLH1, supporting the specificity of the staining and
reaffirming an hMSH2-dependence for hMLH1 chromatin localization. (Fig. 7, bottom panel).

To visualize soluble MMR proteins, cells were synchronized and treated as above, but were
not extracted with detergent prior to fixation. During S-phase, both hMSH6 and hMLH1 are
diffuse throughout the nucleus (Fig. 8A). However, during an unperturbed S-phase, we
observed a population of hMSH6 that was clearly segregated from the rest of the nucleus (Fig.
8A, left panel, arrows). To test whether this population was contained within the nucleolus,
we labeled the nucleoli with an antibody against the nucleolar protein nucleolin. hMSH6
appeared to localize within the nucleolus, however, treatment with MNNG resulted in a
significant redistribution of this hMSH6 population in some cells (Fig. 8A, left panel,
arrowhead and 8B). Interestingly, hMLH1 was excluded from within the nucleolus regardless
of treatment with MNNG (Fig. 8A, right panel and 8B). These results suggest a novel
mechanism for the sequestration of hMSH2-hMSH6 from hMLH1 in the absence of DNA
damage.

4. Discussion
The DNA MMR pathway is essential for maintaining the fidelity of DNA replication and
genomic stability, which is emphasized by the fact that loss of MMR underlies the hereditary
cancer syndrome HNPCC. Many studies have investigated the biochemical details of the DNA
MMR pathway using a variety of in vitro methods. From these data, three current models have
been proposed for how MMR recognition is coupled to the strand discrimination signal and
excision. These include the static transactivation model [41], the translocation model [42], and
the molecular switch model [11,12]. All three models are consistent in proposing the initial
recruitment of hMSH2-hMSH6 and hMLH1-hPMS2 heterodimers to the chromatin and the
formation of a ternary protein complex composed of both heterodimers. This study examines
the initial steps in the MMR pathway including the localization of MMR proteins and the
formation of MMR protein complexes in response to DNA damage inside the cell. Our goal
was to determine whether molecular models based on in vitro observations were consistent
with the dynamics of the MMR proteins in the nucleus of a replicating cell.

The prevailing models for DNA MMR suggest that hMSH2-hMSH6 recognizes and binds to
the DNA lesion and then recruits the hMLH1-PMS2 heterodimer to the DNA to form a ternary
protein complex. In support of this, we found that hMSH2 was required for the increased
localization of hMLH1 to the chromatin in response to DNA damage. In the absence of DNA
damage we observed a subtle accumulation of both hMSH2 and hMLH1 on the chromatin
during S-phase. This population was reduced as cells cycled into G2/M demonstrating that the
increase in chromatin-associated hMSH2 and hMLH1 occurs specifically during DNA
replication and is not maintained throughout the duration of the cell cycle. Furthermore, we
demonstrated that a robust increase in chromatin-bound hMSH2 and hMLH1 occurs during S-
phase in cells synchronized by a nocodazole block providing evidence that the accumulation
cannot be attributed solely to DTB-induced damage. Our ChIP assay indicates that hMSH2
and hMLH1 appear to form a complex during S-phase even in the absence of exogenous
damage, though at reduced levels compared to in damaged cells. Previously, hMSH2 and
PCNA have been demonstrated to interact on the chromatin in asynchronously growing cells
[43]. In our study using synchronized populations, we observed an interaction between hMSH2
and PCNA during an unperturbed round of DNA replication. We observed hMLH1 in this
complex as well and could co-immunoprecipitate the complex using hMLH1 as the target
antigen. However, hMLH1 interaction with PCNA on the chromatin is dependent upon
functional hMSH2, as this interaction is abolished in cells with depleted hMSH2. These
chromatin-associated MMR complexes in the absence of exogenous damage may represent
active repair complexes responding to low-level DNA replication errors or damaged caused
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by the DTB, though our results using a nocodazole block argue against the latter. Alternatively,
these complexes may be part of a DNA scanning mechanism to ensure for immediate activation
and execution of MMR. Consistent with this idea, PCNA has been proposed to play a possible
role in recruiting hMSH2-hMSH6 to actively replicating regions of DNA where it may more
readily find a mismatch [44].

Previous studies have demonstrated the localization of MMR proteins to the chromatin
following alkylation damage with either MNNG or N-Methyl-N-nitrosourea (MNU) [24,43].
In asynchronous cells exposed to MNU, both localization and formation of hMSH2/hMLH1/
PCNA protein complexes was maximal 12h after treatment [43]. In cells synchronized to the
G1/S boundary, treatment with MNNG resulted in the rapid (<1h post-treatment) accumulation
of MMR proteins on the chromatin and formation of MMR protein complexes [24]. Consistent
with these data, we also observed the rapid (1h post-treatment) association of hMSH2 and
hMLH1 on the chromatin in cells treated with MNNG. In addition, we observed an increase
in chromatin-associated PCNA levels after treatment with MNNG. However, these levels
diminished as the cells cycled into G2, which contrasts with the persistent association of
hMSH2 and hMLH1 throughout G2 in MNNG-treated cells.

We next demonstrated the interaction of hMSH2 and hMLH1 on the chromatin after treatment
with MNNG. PCNA interacts with the hMSH2/hMLH1 complex in MNNG-treated cells at 4h
post-release from the DTB. This is consistent with previous ChIP experiments that observed
the formation of this complex in synchronized cells [24]. We also observed this complex at 8h
after release from the DTB in damaged cells, demonstrating that these complexes persist
throughout S-phase. However, ChIP against hMLH1 from cells in the G2-phase of the cell
cycle at 24h post release from the DTB revealed that while hMLH1 and hMSH2 remain strongly
associated with each other on the chromatin, the interaction of this complex with PCNA is
almost completely abrogated. The drop in chromatin-bound PCNA levels and its absence from
the MMR protein complex is inconsistent with the required role for PCNA in MMR in vitro
[9], suggesting either low levels of PCNA remain below detection in our assays or that the
MMR complexes harbor PCNA-independent functions, perhaps involved in damage signaling.

The experiments described above were performed with a high dose of MNNG (10 μM). We
found that HeLa cells treated with this dose of MNNG, in combination with O6-BG to inhibit
MGMT activity, arrest after only one round of replication. However, treatment with high doses
of MNNG have been reported to generate MMR-independent damage signaling events [39].
Consistent with this idea, we observed Chk2 activation in the first round of S-phase in cells
treated with high doses of MNNG. MMR-independent damage signaling and cell cycle arrest
in cells treated with high doses of MNNG may occur as a result of base excision repair (BER)
enzymes processing N-methylguanines. The abundance of BER processing of lesions in close
proximity might lead to the generation of double-strand breaks that would trigger Chk2
activation [39]. However, the MMR proteins still likely recognize a high proportion of O6-
meG/T lesions. This is evident by the increase in chromatin-associated hMSH2 and hMLH1
levels and suggests that the pathway is activated, though the predominant cellular response is
MMR-independent. As multiple models of MMR [11,12,42], including the sliding clamp
model, predict that the MMR proteins move away from the lesion after recognition, it is possible
that the same O6-meG/T could initiate both MMR and BER responses.

When cells are treated with a lower dose of MNNG (2 μM), the cells complete one cell cycle
and progress through a second S-phase before arresting in G2, consistent with previously
published results [29,30]. Chk2 activation is not observed during the first cell cycle in these
cells. This result is consistent with a reduction in double-strand breaks caused by a MMR-
independent response. Chk2 activation is observed during the second S-phase and increases as
cells arrest in the second G2-phase. The mechanism by which Chk2 is activated during the
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second cell cycle is not clear. Two models have been proposed to explain the MMR-dependent
cell cycle arrest and subsequent cell death in response to alkylating agents. First, the “futile
cycle” model proposes that O6-meG/T mismatches are generated during the first S-phase that
trigger repeated rounds of excision and resynthesis by the MMR machinery eventually resulting
in the generation of persistent single-strand breaks. During the next round of DNA replication,
these breaks are converted into cytotoxic double-strand breaks [45-47]. The production of these
double-strand breaks during the second cell cycle would explain the activation of Chk2
observed.

Alternatively, a “direct signaling” model proposes that recognition of O6-meG/T mismatches
by MMR proteins leads directly to the recruitment of DNA damage signaling molecules that
initiate the signaling cascade [35,48-50]. How the MMR proteins would directly signal the
presence of an O6-meG/T is not clear. Yoshioka et al., suggest that the MSH2-MSH6 complex
may recognize these lesions in a manner that distinguishes them from a normal G/T mismatch
[35]. The solved crystal structures of hMSH2-hMSH6 interacting with a G/T mismatch or an
O6-meG/T do not reveal any significant differences in lesion recognition [51], though structural
data that capture the conformation of hMSH2-hMSH6 binding to the mismatch in the presence
of ATP is lacking. In vitro data suggest that the O6-meG/T mismatch is capable of inducing
the ATPase activity of the hMSH2-hMSH6 heterodimer as well as provoking ADP→ATP
exchange to only a slightly reduced extent compared to G/T [52]. Interestingly, mouse models
with knocked-in missense alterations in either Msh2 or Msh6 generate MMR proteins that fail
to repair DNA mismatches, yet retain the ability to induce damage-dependent cell death [53,
54]. The resultant mutant Msh2/Msh6 heterodimers appear to become trapped on DNA
mismatches even in the presence of exogenous ATP. The inability of Msh2/Msh6 to bind ATP
and release from a mismatch yet still activate a damage response appears inconsistent with a
futile cycling model. These results are consistent, however, with a model in which increased
resident time of the MMR proteins on the DNA can recruit downstream signaling molecules
to activate a damage response.

A direct signaling model does not immediately explain the activation of Chk2 during the second
cell cycle, however, there are reports suggesting that hMSH2 can interact with Chk2 [55,56].
In addition, MMR proteins have been shown to interact with Chk1, ATM and ATR [50,55,
56]. Thus, the MMR proteins may recruit these signaling kinases to the sites of damage where
they become activated. One can not exclude the possibility, however, that excess MMR proteins
bound to DNA indirectly result in a damage response by interfering with the DNA replication
machinery, generating secondary DNA damage that may activate both Chk1 and Chk2.

In both high and low dose MNNG treated cells, Chk1 becomes phosphorylated early in the
first S-phase. However, we also observed the activation of Chk1 in cells undergoing an
unperturbed round of DNA replication, with the phosphorylation levels decreasing as the cells
cycle through. This result suggests that the early activation of Chk1 is coupled to DNA
replication and not necessarily an MNNG-induced damage response. In support of this, both
human Chk1 and its activating kinase, ATR, fractionate with the chromatin during normal
DNA replication [57,58]. Furthermore, Chk1 phosphorylation on Serine 317 has been shown
to be important for efficient DNA replication fork progression [59]. Taken together, these data
suggest that Chk1 activation is a normal response to initiation and progression through S-phase.

MNNG treatment appears to induce a persistent activation of Chk1 that continues as cells exit
S-phase and into G2. In cells treated with 10 μM MNNG, this persistent activation occurs during
the first cell cycle. In 2 μM MNNG treated cells, however, this persistent activation does not
occur until the second cell cycle. In both cases, this persistent activation of Chk1 coincides
with the formation of MMR protein complexes on chromatin that lack PCNA. As the protein
half-life of Chk1 has been reported to be 3.4h [60] and there is clear evidence that the persistent
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activation of Chk1 in response to alkylation damage is MMR-dependent [30,61], it is possible
that continued activation of Chk1 during G2 is mediated by this population of chromatin-bound
hMSH2/hMLH1 that signals a DNA damage response independently of DNA repair. It will be
interesting to determine whether these chromatin-bound MMR protein complexes can directly
recruit Chk1 to damaged DNA resulting in its activation. If such a model is correct, though, it
is not clear why this would occur during the first cell cycle in cells treated with high doses of
MNNG and during the second cell cycle with low doses. A simplistic explanation is that cells
treated with low doses require two rounds of replication to generate enough O6-meG/T lesions
to evoke a response.

Another important question regarding the regulation of MMR proteins in the cell is whether
these proteins form a complex prior to interacting with DNA. There has been a suggestion that
MMR protein complexes form off the chromatin, and that these interactions may be important
for proper nuclear localization [38]. We did not find any evidence that hMSH2 and hMLH1
interact away from the chromatin regardless of treatment with MNNG, suggesting that these
complexes only form on the DNA. Additionally, neither hMSH2 nor hMLH1 interact with
PCNA off the chromatin suggesting that if PCNA does play a role in loading the MMR proteins
on to damaged DNA, it is a population of PCNA already associated with the chromatin.

In addition, we observed differences in the localization of the MMR proteins when not bound
to chromatin. In the absence of DNA damage, we observed the nucleolar localization of a
subpopulation of hMSH6. The nucleolus is a nuclear organelle that is primarily involved in
ribosome biogenesis [62]. Consequently, nucleolar formation appears to be coupled to rDNA
transcriptional activity. In addition to its role in ribosome biogenesis, there is evidence that the
nucleolus functions to segregate proteins in response to stress. In response to DNA damage,
PML sequesters MDM2 in the nucleolus allowing for p53 stabilization [63]. While hMSH6
was identified in the nucleolus in undamaged cells, hMLH1 was clearly excluded from the
nucleolus. Upon treatment with MNNG, the nucleolar population of hMSH6 was dramatically
reduced, likely relocalized to the chromatin. These data may suggest that a subpopulation of
hMSH2-hMSH6 is sequestered in the nucleolus away from hMLH1 to prevent non-specific
activation of the MMR pathway in the absence of significant damage. Recently, both hMSH6
and hMSH2 were identified in a large-scale screen of proteins enriched in nucleolar localization
[64]. However, hMLH1 was not identified in this screen, consistent with our data. Several
pertinent questions remain including the mechanism by which hMSH6 is localized to the
nucleolus and how the heterodimer is shuttled from the nucleolus to the nucleoplasm after
DNA damage.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The MMR proteins localize to the chromatin in response to DNA damage. Asynchronously
growing HeLa (A), Hec59 (B), or Hec59 + Chrm2 (C) cells were treated with 10 μM MNNG
and O6-BG or DMSO for 1h. Chromatin-enriched (CE) fractions were prepared at the indicated
time points post-treatment and examined by Western blotting with antibodies against hMSH2,
hMLH1, and PCNA. Tata-binding protein (TBP) was used as the loading control. hMSH2,
hMLH1 and PCNA localize to the chromatin rapidly following MNNG treatment, however,
hMLH1 fails to localize to the chromatin in cells lacking hMSH2 expression.
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Fig. 2.
The MMR proteins localize to the chromatin during the S-phase and accumulate in response
to DNA damage. (A) HeLa cells were synchronized to the G1/S boundary by a double
thymidine block (DTB). In the last 2h of the DTB, the cells were treated with O6-BG or DMSO
before being released into serum free media containing either 10 μM MNNG and fresh O6-BG
or DMSO (T= −1h). After 1h, (T=0h) normal growth media was supplied and the cells were
incubated until the indicated time points. Cell cycle progression was monitored by flow
cytometry. Mock-treated cells enter S-phase immediately following release and complete S-
phase within 8 hours. MNNG-treated cells show a delayed progression through S-phase, finally
exiting between 12 and 15 hours. Each time point was performed in duplicate. (B and C)
Chromatin enriched fractions were prepared from mock (B) and MNNG-treated (C) cells at
the various time points post-DTB and examined by Western blotting against hMSH2, hMLH1,
PCNA, and TBP. (D) Quantification of chromatin-associated protein levels from immunoblots
in B using ImageJ software (NIH) and graphed using Excel. PCNA localizes to the chromatin
during S-phase in both mock and treated cells. hMSH2 and hMLH1 show a slight increase in
localization to the chromatin during S-phase in mock-treated cells, however, in MNNG-treated
cells, the chromatin localization is increased 2- to 2.5-fold. Localization experiments were
performed at least in triplicate. (E) Quantification of chromatin-associated protein levels from
immunoblots of mock or MNNG-treated HeLa cells synchronized by nocodazole block.
hMSH2 and hMLH1 levels are increased 2-4 fold during S-phase in mock-treated cells
compared to cells arrested in mitosis (0h time point). MNNG treatment results in 6-10 fold
increases in hMSH2 and hMLH1 chromatin levels during S-phase. Localization was performed
in duplicate.

Mastrocola and Heinen Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2011 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
hMSH2 and hMLH1 interact on chromatin in response to DNA damage. (A) Extracts were
prepared from nuclei of mock and MNNG-treated asynchronously growing HeLa cells using
150mM or 420mM NaCl as indicated. The extracts were immunoprecipitated against hMLH1
and examined by Western blotting with antibodies against hMSH2 and hMLH1. A weak
interaction is detected between hMLH1 and hMSH2 only in extracts from MNNG treated cells.
(B and C) ChIP was performed from chromatin-enriched (CE) extracts from mock and MNNG-
treated asynchronously growing HeLa cells using an antibody against hMLH1 (B) or hMSH2
(C). A strong interaction was detected between hMLH1 and hMSH2 in both ChIP assays from
MNNG-treated cells. No interaction was detected between hMSH2 and hMLH1 in
formaldehyde-fixed soluble fractions from mock or MNNG-treated HeLa cells.
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Fig. 4.
hMSH2, hMLH1 and PCNA form a complex on chromatin during S-phase. HeLa cells were
transfected with siRNA targeting hMSH2 or a non-targeting control, synchronized by a DTB
then treated with 10 μM MNNG and O6-BG or DMSO. ChIP assays were performed on cells
harvested 4, 8, 24, or 48 hours post-treatment using antibodies against hMLH1 or hMSH2. (A)
Inputs representing 2.5% of the total ChIP reaction were assessed by Western blotting. hMSH2
and hMLH1 accumulate on chromatin in response to DNA damage; however, hMLH1
accumulation is dependent on hMSH2. PCNA chromatin levels are unchanged in response to
hMSH2 siRNA. However, the levels of a higher-migrating PCNA species, believed to be
monoubuiquitinated PCNA, increase in response to damage in an hMSH2-dependent manner.
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Histone H3 was used as the loading control. (B) The ChIP assay was performed using an
antibody against either hMLH1 or hMSH2 from MNNG-treated cells revealing a complex
formation on chromatin including hMSH2, hMLH1 and PCNA. Additional bands in the PCNA
immunoblot appeared consistently during this assay that were demonstrated to be non-
specifically detected by the secondary antibody (NS). (C-F) Chromatin-enriched extracts were
prepared and ChIP was performed against hMLH1 at 4 (C), 8 (D), 24 (E), or 48 (F) hours post-
release from the DTB. A chromatin-localized complex exists in cells harvested at 4 and 8 hours
post-release including hMSH2, hMLH1 and PCNA. The complex is enhanced by DNA damage
and requires hMSH2. MNNG-treated cells harvested 24 hours post-release are mostly in the
G2 phase. These cells maintain a chromatin bound complex containing hMSH2 and hMLH1;
however, PCNA is no longer in the complex. This complex persists until at least 48 hours post-
release. (G and H) Co-immunoprecipitations were performed from the soluble fractions of the
cells treated as described above, but in the absence of formaldehyde cross-linking using
antibodies against hMLH1, hMSH2 or IgG as a negative control. Inputs (G) and
coimmunoprecipitations (H) are shown. No co-immunoprecipitation is detected in these
soluble fractions suggesting these complexes only form on chromatin. A weak PCNA band is
detected in every co-immunoprecipitation including the co-IP against hMSH2 from hMSH2
siRNA treated cells indicating that this band is non-specific (H, right panels).
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Fig. 5.
Formation of chromatin-associated MMR protein complexes in response to different
concentrations of MNNG. HeLa cells were synchronized by a DTB then treated with O6-BG
and either 0.2, 2, or 10 μM MNNG or a DMSO control and then harvested at the indicated time
points. (A) Cell cycle progression was monitored by flow cytometry. The majority of cells
treated with either 0.2 or 2 μM MNNG do not arrest in G2 until two rounds of DNA replication
have been completed. In contrast, cells treated with 10 μM MNNG arrest in G2 after the first
round of replication and remain until at least 72h post-release from the DTB. (B-E) ChIP assays
were performed on cells harvested 4 (B), 8 (C), 24 (D), or 48 (E) hours post-release from the
DTB using an antibody against hMLH1. Cells treated with 2 μM MNNG form hMLH1/
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hMSH2/PCNA complexes as early as 4h post-release from the DTB. However, as cells traverse
through the cell cycle PCNA is no longer detectable in the hMSH2/hMLH1 complex.
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Fig. 6.
DNA damage-dependent colocalization of hMLH1, hMSH6, and PCNA on the chromatin as
determined by immunofluorescence. HeLa cells were plated onto glass coverslips,
synchronized by a DTB and treated with 10 μM MNNG and O6-BG or DMSO. The coverslips
were removed at 4h (A) or 8h (B) following release from the DTB. The cells were extracted
with CSK buffer to remove all soluble proteins and examined by confocal immunofluorescence
with antibodies against hMLH1, hMSH6, and PCNA. Detergent resistant hMLH1 and hMSH6
are visible in MNNG-treated cells and co-localize to a modest extent. PCNA is detergent
resistant in mock and MNNG-treated cells at 4 hours (A), when cells are in S-phase, however,
only MNNG-treated cells contain detergent resistant PCNA at 8 hours (B). A sub-population
of the chromatin-bound PCNA co-localizes with hMSH6.
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Fig. 7.
hMLH1 localization to the chromatin in response to MNNG is abrogated in cells depleted of
hMSH2. HeLa cells were plated onto glass coverslips, treated with siRNA against hMSH2,
synchronized by a DTB and treated with 10 μM MNNG and O6-BG or DMSO. The coverslips
were removed at 4h following release from the DTB. The cells were extracted with CSK buffer
as in Figure 5 and examined by confocal immunofluorescence with antibodies against
hMLH1and hMSH6. hMSH6 and hMLH1 are no longer resistant to detergent extraction in the
absence of hMSH2. (BF) Bright-field.
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Fig. 8.
A population of hMSH6, but not hMLH1, localizes to the nucleolus in the absence of DNA
damage. (A) HeLa cells were plated onto glass coverslips, synchronized by a DTB and treated
with 10 μM MNNG and O6-BG or DMSO. Coverslips were removed at 4 hours post-release
and immediately processed for confocal immunofluorescence with antibodies against hMSH6,
hMLH1, and Nucleolin. A population of hMSH6 can be detected within nucleoli as marked
by positive nucleolin staining in mock-treated cells. The nucleolar localization is dramatically
reduced in MNNG-treated cells. hMLH1 rarely appears to localize within the nucleoli. (B)
Quantification of nucleolar staining. >150 cells for each condition were counted. p<0.0001
when comparing hMSH6 mock versus hMSH6 MNNG by a paired T-test. p< 0.0001 when
comparing hMSH6 mock versus hMLH1 mock by a paired T-test.
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