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Abstract
In eukaryotic cells, the cell cycle checkpoint proteins Rad9, Rad1, and Hus1 form the 9-1-1
complex which is structurally similar to the proliferating cell nuclear antigen (PCNA) sliding
clamp. hMSH2/hMSH6 (hMutSα) and hMSH2/hMSH3 (hMutSβ) are the mismatch recognition
factors of the mismatch repair pathway. hMutSα has been shown to physically and functionally
interact with PCNA. Moreover, DNA methylating agent N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) treatment induces the G2/M cell cycle arrest that is dependent on the presence of
hMutSα and hMutLα. In this study, we show that each subunit of the human 9-1-1 complex
physically interacts with hMSH2, hMSH3, and hMSH6. The 9-1-1 complex from both humans
and Schizosaccharomyces pombe can stimulate hMutSα binding with G/T-containing DNA. Rad9,
Rad1, and Hus1 individual subunits can also stimulate the DNA binding activity of hMutSα.
Human Rad9 and hMSH6 colocalize to nuclear foci of HeLa cells after exposure to MNNG.
However, Rad9 does not form foci in MSH6 defective cells following MNNG treatment. In Rad9
knockdown untreated cells, the majority of the MSH6 is in cytoplasm. Following MNNG
treatment, Rad9 knockdown cells has abnormal nuclear morphology and MSH6 is distributed
around nuclear envelop. Our findings suggest that the 9-1-1 complex is a component of the
mismatch repair involved in MNNG-induced damage response.
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1. Introduction
All organisms replicate their genome with high fidelity and repair their damaged genomic
DNA caused by endogenous and environmental agents. Eukaryotes have evolved complex
regulatory mechanisms that coordinate DNA replication and DNA repair with cell cycle
regulation [1,2]. Upon replication block and DNA damage, the signal is recognized by cell
cycle checkpoint sensors and then transferred to transducers and effectors. This leads to cell
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cycle arrest and permits time for DNA repair or, when repair cannot be completed, triggers
cell apoptosis [3,4]. Two protein kinases, ATM (ataxia telangiectasia mutated) and ATR
(ATM- and Rad3-related protein) are the central components of the DNA damage response
pathway [4]. Upon activation, these protein kinases phosphorylate downstream substrates to
enforce DNA repair, transcriptional activation, cell cycle arrest and/or apoptosis [1,5]. Rad9,
Rad1, and Hus1 checkpoint sensors form a heterotrimeric complex (the 9-1-1 complex) and
are required to activate ATR or ATM and to coordinate DNA damage response [6–8].
Recently, the structure of the 9-1-1 complex has been determined [9–11] and shown to
exhibit structural similarity with the sliding clamp proliferating nuclear antigen (PCNA)
[12–14]. While PCNA is loaded onto DNA by the clamp loader replication factor C
(RFC1-5) complex, the 9-1-1 complex is loaded onto DNA by Rad17-RFC2-5 [15–17]. It
has been shown that the 9-1-1 complex interacts with and stimulates the enzymes involved
in base excision repair (BER) including DNA glycosylases [18–21], AP endonuclease
(APE1) [22], DNA polymerase β[23], flap endonuclease (FEN1) [24,25], replication protein
A (RPA) [26], and DNA ligase 1 [27,28]. These findings indicate a new role for the 9-1-1
complex: it not only serves as a damage sensor to activate checkpoint control, but it also
serves as a BER component.

Mismatch repair (MMR) enhances replication fidelity by correcting replicative errors that
escape the proofreading of DNA polymerases (reviewed by[29–33]). Germline mutations in
human mismatch repair genes can lead to genetic mutations and microsatellite instability in
hereditary nonpolyposis colon cancer (HNPCC) and also other forms of cancer [34–36]. The
reconstitution of human MMR has been established with a DNA substrate containing a
single G/T mismatch (or an insertion/deletion loop), a strand break and purified proteins:
MutSα (or MutSβ), MutLα, replication protein A (RPA), high-mobility group box 1
(HMGB1), exonuclease 1 (EXO1), PCNA, RFC, DNA polymerase δ and DNA ligase I
[37,38]. MutSα (MSH2/MSH6) and MutSβ (MSH2/MSH3) are mismatch recognition
factors [29]. MutSα recognizes base/base mismatches and short insertion/deletion loops,
while MutSβ recognizes larger insertion/deletion loops. Human MutLα (MLH1/PMS2)
possesses ATPase and endonuclease activity, which introduces single-strand breaks 5’ and
3’ to the mismatch, and thus generates new entry points for the exonuclease EXOI to
degrade the strand containing the mismatch [39].

MMR stimulates checkpoint and cell death responses to DNA damage suggested by the
resistance of MMR-defective tumor cells to several chemotherapeutic agents [40–43].
MMR-dependent cytotoxic response may result from futile repair or a direct induction of
checkpoint response. Treatment of cells with SN1-type alkylating reagents, such as N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG), produces the cytotoxic O6-methyl-guanine
(O6-meG) [44]. The O6-meG lesion can be repaired in a saturated manner by the suicide
enzyme methylguanine methyltransferase (MGMT) [44]. However, MGMT is inactivated in
most solid tumor cells, and the persistence of O6-meG causes cytotoxicity [45]. Thymine is
incorporated with O6-meG on the template during DNA replication. O6-meG/T recognized
by MutSα [46] induces ATR foci formation and cell cycle arrest until the second G2 phase
after exposure [42,47–49]. MMR enzymes are proposed to act as molecular sensors/adaptors
for cell cycle checkpoint proteins [42,43,50–52]. Human MSH2 interacts with the ATR in
response to alkylating agents [53]. Brown et al. [54] have shown that MSH2 interacts with
Chk2 checkpoint effecter and that MLH1 associates with ATM. In addition, MSH2, MSH6,
MLH1 have been shown to be associated with a large complex such as BRCA1-associated
genome surveillance complex (BASC), which contains BRCA1, ATM, RAD50, and RFC
[55]. Recently, Yoshioka et al. [56] have shown that ATR, but not RPA, is preferentially
recruited to O6-meG/T mismatches in a MutSα- and MutLα-dependent manner. Their results
provide direct evidence that MutSα and MutLα act as adaptors for checkpoint sensors.
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The facts that MutSα physically and functionally interacts with PCNA [57–59], and that
PCNA and the 9-1-1 complex share structural similarity, raise the possibility that hMutSα
may interact with the 9-1-1 complex. He et al, [60] have reported that Rad9 plays an
important role in mismatch repair through physical interaction with MLH1. In this study, we
show that hMutSα and hMutSβ physically interact with every subunit of the 9-1-1 complex.
The 9-1-1 complex and each subunit are able to stimulate hMutSα binding with the G/T
mismatch substrate. Moreover, following treatment of HeLa cells with MNNG, hRad9
forms foci colocalized with hMSH6. The ability of hRad9 and hMSH6 foci formation
depends on the presence of each other. Our results suggest that a mutual relationship
between MutSα and Rad9-Rad1-Hus1 in response to cytotoxic effect of methylating agents.

2. Materials and methods
2.1. Cell culture and treatments

Human HeLaS3, HCT15, and LoVo cell lines were purchased from American Type Cell
Culture (Manassas, VA, USA). The HeLa and LoVo cells were maintained in Ham’s F12K
medium (Invitrogen) supplemented with 2 mM L-glutamine 1.5 g/L sodium bicarbonate, 1%
penicillin-streptomycin, and 10% fetal bovine serum at 37°C and 5% CO2. HCT15 cells
were grown in RPMI medium supplemented with 10% fetal bovine serum at 37°C and 5%
CO2. For immunofluorescence studies, 1×105 cells were transferred to each chamber of Lab-
Tek chamber slides (Nalge Nunc International, Rochester, NY) and grown overnight. Then
the cells were incubated with 25 µM O6-Benzylguanine (O6-BG) (Sigma-Aldrich, St. Louse,
MO), a competitive inhibitor of MGMT, for 2 h. The cells were than treated with 10 µM
MNNG (VWR, West Chester, PA) and 25 µM O6-BG or DMSO in serum free medium for 1
h and recovered in complete medium for 24 h.

Transfection of small interfering RNA (siRNA) was carried out using Ribojuice siRNA
transfection reagent (Novagen) according to the manufacturer's instructions. Hela cells
(1×105) were transfected with 50 pmol of a Silencer-validated Rad9 siRNA (ID 5114,
Ambion) or a scrambled control siRNA (Cat. No 1022564, Qiagen) in a total volume of 1
mL in twelve-well tissue culture plates. Untransfected cells were included to monitor the
cytotoxicity of the transfection reagents. Cells were harvested after 72 hr. Whole cell extract
was quantized by Bradford and Rad9 levels were analyzed by western blotting using the
anti-Rad9 antibody (Stratagene). The cells with scrambled RNA and siRNA for Rad9 were
subjected to treatment by O6-BG and MNNG as described above.

2.2. Proteins and antibodies
Human MutSα, MutSβ, Rad9, Rad1, Hus1, and the 9-1-1 complex were expressed in
baculovirus/insect Sf9 system and purified as described [20,61]. S. pombe 9-1-1 complex
was purified from E. coli as described [19]. Anti-hRad9 is from Imgenex (San Diego, CA).
Anti-hMSH2, anti-hMSH3, anti-hMSH6 used in Western blotting are from BD Biosciences
(San Diego, CA). anti-hMSH6 used in immunofluorencence staining (sc1243), anti-hHus1,
and anti-GST are from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor 594 goat
anti-rabbit and Alexa Fluro 488 goat anti-mouse IgG antibodies are from Invitrogen
(Carlsbad, CA).

2.3. HeLa whole cell extracts
HeLaS3 cells (3×107) were resuspended in 0.5 ml of buffer containing 50 mM potassium
phosphate, pH 7.4, 50 mM KCl, 1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride, and 10% glycerol. An equal volume of 0.1 mm glass beads
was added to the cell suspension. The cells were disrupted by vigorous vortexing for 10 s at
4°C and cooled on ice for 20 s. This cycle was repeated 10 times. The mixture was then
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centrifuged at 12,000 × g for 15 min and the supernatant was saved. The protein
concentration was determined by Bradford protein assay (Bio-Rad Laboratories, Inc.,
Hercules, CA).

2.4. GST pull-down assays
Glutathione-S-transferase (GST) fusion proteins of hHus1, hRad1, and hRad9 were
immobilized on glutathione-sepharose 4B as described [19]. Purified hMutSα (400 ng) or
HeLa cell extracts (750 µg) were incubated separately with 300 ng immobilized GST-hHusI,
GST-hRad1, and GST-hRad9 in 100 µl reactions for 3.5 h at 4°C [19]. After centrifugation
at 1000×g, the supernatants were saved. The pellets were washed five times in 800 µl buffer
G (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 2 mM EDTA) with 0.2% Nonidet P-40. The
pellets and supernatants (10 µl) were fractionated on an 8% SDS-polyacrylamide gel and
Western blot analysis was performed with anti-hMSH2, anti-hMSH3 and anti-hMSH6
antibodies.

2.5. Far-Western analysis
Ten pmol of recombinant hMSH2/hMSH6 (hMutSα) and hMSH2/hMSH3 (hMutSβ) were
separated on 8% SDS- polyacrylamide gel and transferred to a nitrocellulose membrane. The
membrane was blocked with 5% non-fat milk in phosphate-buffered saline for 1 h and then
incubated with E. coli extracts containing GST-hHus1, GST-hRad1, GST-hRad9, or GST
alone [19] at 4 °C overnight. After extensive washing with blocking solution (5% non-fat
dry milk and Tween-20 in PBS), the membrane was incubated with anti-GST and subjected
to Western blot analysis.

2.6. Gel shift assay
The DNA substrates were 87-mer homoduplex (G:C) or heteroduplex containing a G/T
mismatch, (G denotes the guanine in G:C or G/T): 5’-CCA GAT GAC GTT GTG ACT
ACC TGT AGC TAC TGC GTG CGA TTG GAT TAG CAG AGG CAT GCA ATG TCC
TAA GAC TAG CCA ATA ATC CAG-3’ and its complementary strand (81-mer). The
annealed duplex with a 6-nucleotide overhang at the 5’ end of the G-strand were labeled at
the 3’ end with [α-32P]dATP as described [62]. The assays were performed with 5 or 10 nM
purified hMutSα and various amounts of purified h9-1-1 complex, Sp9-1-1 complex, hHus1,
hRad1, or hRad9 as denoted in the figure legend in 20 µl volume containing 5 fmol DNA
substrate, 100 mM NaCl, 25 mM HEPES-NaOH (pH8.0), 1 mM MgCl2, 0.1 mM ADP, 1
mM dethiothreitol, 0.1 mM EDTA, 10% glycerol, 0.075 mg/ml bovin serum albumin (BSA)
and 150 ng of 200 base pair homoduplex competitor [63]. The reactions were incubated at
37°C for 20 min and separated on a 5% polyacrylamide gel containing 2.5% glycerol. The
electrophoresis was carried out at 4°C with 34 mA current in 50 mM Tris-borate buffer. The
gels were dried and then quantified using ImageQuant (GE Health, Waukesha, WI).

2.7. Immunofluorencence studies
HeLaS3 cells grown on Lab-Tek chamber slides were treated with alkylating agent MNNG
in a similar manner as described above. The cells were fixed with 4% formaldehyde in PBS
for 10 min followed by permeabilization in 0.5% Triton X-100 in PBS for 10 min. The
slides were blocked with 5 µg/ml of BSA in PBS for 16 h at 4°C and incubated with anti-
hMSH6 (at 1:250 dilution) and anti-hRad9 (at 1:400 dilution) in blocking buffer for 2 h at
25°C. After three PBS washes, the slides were incubated with Alexa Fluor 594 goat anti-
rabbit and Alexa Fluro 488 goat anti-mouse IgG antibodies (Invitrogen) at a 1:250 dilution
in PBS for 1 h at 25°C. The cells were then washed three times in PBS. Nuclear DNA was
counterstained with 4’,6’-diamidineno-a-phenylindole (DAPI) (Vector Laboratories, Inc.,

Bai et al. Page 4

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Burlingame, CA). Images were captured with a Zeiss LSM510 META laser scanning
confocal microscope.

3. Results
3.1. Physical Interaction between human MutS homologs and the 9-1-1 complex

It has been shown that PCNA interacts and colocalizes with MutSα at replication foci [57–
59]. Because the structure of the 9-1-1 complex [9–11] is similar to PCNA sliding clamp
[64,65], we tested whether there is a similar interaction between hMutSα and h9-1-1
complex. Equal amounts of immobilized GST-hRad9, GST-hRad1, and GST-hHus1 were
incubated with purified hMutSα, hMutSβ, or HeLa cell extracts. As shown in Fig. 1A, each
subunit of the human 9-1-1 complex physically interacted with hMSH2/hMSH6. A similar
GST pull-down assay with purified hMutSβ was also performed. hMSH2/hMSH3 complex
interacted with hHus1, hRad1, and hRad9 (Fig. 1B). The different signal strength of
hMSH2, MSH3, and hMSH6 in Fig. 1A and 1B is due to different affinities with their
antibodies or the reactivity of Western blotting. We then performed the GST pull-down
experiments with cell extracts. As shown in Fig. 1C, GST-tagged hRad9, hRad1, and hHus1
could pull down hMSH2, hMSH6, and hMSH3 from HeLa cell extracts. hMutSα and
hMutSβ in HeLa cell extracts bind hHus1, hRad1 and hRad9 at similar levels (Fig. 1C).
Therefore, each subunit of the h9-1-1 complex can interact with both hMSH2/hMSH6 and
hMSH2/hMSH3 complexes.

Next, we used Far-Western analysis to determine which subunit(s) of hMSH2/hMSH6 and
hMSH2/hMSH3 interacts with the 9-1-1 complex. The individual subunits of hMutSα and
hMutSβ were separated on SDS-polyacrylamide gel and transferred to nitrocellulose
membrane. The membrane was then incubated with E. coli extracts containing GST-hHus1,
GST-hRad1, GST-hRad9, or GST alone [19]. Western blotting was carried out to detect
GST-fusions or GST to the membrane through interaction with each subunit. The results
showed that each subunit of the 9-1-1 complex interacted with hMSH2, hMSH3, and
hMSH6 (Fig. 1D, lanes 1–6). Extracts containing GST alone did not bind hMSH2, hMSH3,
and hMSH6 on membrane (Fig. 1D, lanes 7 and 8). Coomassie blue staining of the
membrane indicated that similar amounts of hMSH2 and hMSH6 in hMutSα, and similar
amounts of hMSH2 and hMSH3 in hMutSβ were immobilized onto the membrane (data not
shown). This result is in contrast to the finding that PCNA interacts with hMSH2/hMSH6
and hMSH2/hMSH3 via the hMSH6 and hMSH3 subunits, respectively [57,59].

3.2. The 9-1-1 complex and each subunit stimulate hMutSα binding towards G/T mismatch
In order to check whether there is functional relevance to the interaction between h9-1-1 and
hMutSα, we analyzed the effect of the h9-1-1 complex on hMutSα binding activity with an
oligonucleotide duplex containing either a G/T mismatch or a normal G:C base pair. The
h9-1-1 complex did not form a complex with the oligonucleotide duplexes (Fig. 2A and B,
lanes 6). With increasing amounts of h9-1-1 complex (from 1.25 nM to 10 nM), the
formation of hMutSα specific complex with G/T but not with G:C substrate was increased
correspondingly. A two-fold excess of h9-1-1 complex (10 nM) could stimulate the hMutSα
(5 nM) binding affinity to G/T mismatch by approximately twofold (Fig. 2C). Because
MutSα could bind to each subunit of the 9-1-1 complex, we tested whether they could
stimulate MutSα binding to mismatches. As shown in Fig. 3, hHus1, hRad1, and hRad9 at
higher than 2-fold molar excess could also stimulate the G/T binding activity of hMSH2/
hMSH6. hHus1, hRad1, and hRad9 at 6-fold molar excess could stimulate the binding
ability of hMutSα to G/T mismatches by 3.8, 2.7, and 1.8-fold, respectively.
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Both the MutSα and the 9-1-1 complex are conserved across species. Therefore, we tested
whether the 9-1-1 complex from Schizosaccharomyces pombe (Sp9-1-1) could stimulate the
hMutSα binding ability. As shown in Fig. 4A, the Sp9-1-1 could also stimulate the binding
activity of hMutSα to G/T mismatches. Interestingly, the 9-1-1 complex of human and S.
pombe stimulated hMutSα to a similar extent. The hMutSα binding towards homoduplex
could be slightly stimulated by Sp9-1-1 at higher concentrations of Sp9-1-1 (Fig. 4B).
Sp9-1-1 complex at 5-fold molar excess could stimulate the binding ability of hMutSα to G/
T mismatches by 4.5-fold, but only by two-fold to homoduplex (Fig. 4C). In conclusion, the
G/T binding activity of hMSH2/hMSH6 can be stimulated by Hus1, Rad1, Rad9, and the
9-1-1 complex.

3.3. Human Rad9 and hMSH6 colocalize to nuclear foci following MNNG treatment
Cellular response to MNNG depends on cell types and treatment doses. Cells or mice with
defective MGMT are more sensitive to MNNG [66,67]. MNNG (0.2 µM) treatment can
induce G2/M cell cycle arrest in 293T Lα+ cells whose MGMT gene is transcriptionally
silenced by cytosine methylation [68] in a MutSα-dependent manner [42]. However, higher
doses of MNNG (>15 µM) activate DNA damage signaling cascades in a MMR-
independent manner in 293T Lα+ cells [69]. We did not observe a cell density decrease and
cell enlargement of HeLaS3 (MGMT proficient) cells with 0.2 µM MNNG treatment in the
2–48 hr range. When the MNNG concentrations were higher than 10 µM, the cells treated
with MNNG grow more slowly than the untreated cells (data not shown). The difference in
MNNG sensitivities of HeLaS3 cells and 293T Lα+ cells may be due to their MGMT status
because MGMT removes the O6-meG lesion [44].

The MMR-dependent response to MNNG involves ATR, Chk1 and SMC1 (structural
maintenance of chromosome 1) [42,53,56]. The 9-1-1 complex facilitates Chk1 activation
by ATR (reviewed in [2]). Thus, we suspect that interaction between h9-1-1 complex and
hMSH2/hMSH6 may contribute to the MNNG-induced DNA damage response. The HeLa
cells were treated with different doses of MNNG for 1 h and recovered in complete medium
for 24 h. The cells were stained with anti-hRad9 and anti-hMSH6 antibody and examined by
confocal microscope. In the untreated cells, the hMSH6 and hRad9 displayed dispersed
staining patterns all over the nuclei (Fig. 5, upper panels). With 0.2 µM MNNG treatment,
we did not observe any foci formation of hMSH6 and hRad9 (data not shown). In contrast,
hMSH6 and hRad9 formed foci in the nuclei when cells were treated with 10 µM MNNG
and 25 µM O6-BG (a competitive inhibitor of MGMT) (Fig. 5, lower panels) or with 20 µM
MNNG (data not shown). The majority of the foci of hMSH6 colocalized with those of
hRad9 (Fig. 5H, yellow spots).

To test whether the foci formation of hRad9 is dependent on mismatch repair, we used two
MMR defective cell lines. The human colon tumor line HCT15 which carries a frameshift
mutation in the human MSH6 gene [70]. The antibody against the N-terminal domain of
hMSH6 detected hMSH6 in the nucleus but the truncated hMSH6 did not form foci in the
MNNG-treated cells (Fig. 6A, II and VI). Moreover, MSH6 defect prevented hRad9 foci
formation in MNNG-treated cells (Fig. 6A, VII). Similarly, there is no hRad9 foci formation
in MNNG-treated LoVo cell whose MSH2 gene contains a large deletion and MSH6 protein
is unstable (Fig. 6B, VII). These data indicate that the translocation of the 9-1-1 complex to
methylated DNA sites is dependent on hMutSα.

To test whether the foci formation of hMSH6 is dependent on the 9-1-1 complex, we used
Rad9 specific siRNA to knockdown hRad9 expression. The hRad9 protein expression of
HeLa cells was reduced by 70%, 72 hr after Rad9 siRNA treatment as compared to negative
control siRNA (Fig. S1). With scrambled siRNA, the foci formation of both hMSH6 and
hRad9 is similar to untrasfected HeLa cells (compare Fig. 7A and 7C to Fig. 5). However,
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when hRad9 was knocked down (Fig. 7B, III), the majority of the hMSH6 was observed in
cytoplasm (Fig. 7B, II) in untreated cells. Following MNNG treatment, Rad9 knockdown
cells has abnormal nuclear morphology (Fig. 7D, I) and hMSH6 was distributed around the
outside of the nuclear envelop. Although some hMSH6 could be found inside the nucleus,
there was no foci formation.

4. Discussion
In eukaryotic cells, the mismatch repair proteins appear to be involved in at least two
different processes, one to repair replication-associated errors in a strand-specific manner
and the other to signal for DNA damage response following exposure to methylating agents.
MMR stimulates checkpoint and cell death responses to DNA damage [40–43]. The 9-1-1
checkpoint clamp is proposed to function as damage sensor and in DNA repair [2,71]. The
complex has been shown to play roles in homologous recombination repair [72], nucleotide
excision repair [73], and base excision repair [18–28]. In the present study, we have shown
that the 9-1-1 complex also has a role in MMR. Both hMutSα and hMutSβ protein
complexes interact with the 9-1-1 checkpoint sensor. The DNA binding activity of hMutSα
can be stimulated by the 9-1-1 complex and its individual subunits. Human Rad9 and
hMSH6 colocalize to nuclear foci of HeLa cells after exposure to MNNG and the foci
formation of hRad9 and hMSH6 in MNNG-treated cell is dependent on each other. Thus,
the 9-1-1 complex is a component of the mismatch repair involved in MNNG-induced
damage response.

Our data support that MMR proteins are molecular sensors in response to DNA damage
[42,43,50–52] through recruiting the 9-1-1 complex. It has been shown that MSH2 protein
interacts with the ATR kinase to form a signaling module and regulate the phosphorylation
of Chk1 and SMC1 (structural maintenance of chromosome 1) [53]. MSH2 and MSH6 were
found to be phosphorylated by ATR or ATM after irradiation (IR) [74]. Our results support
the in vitro finding of Yoshioka et al [56] that MutSα may act as an adaptor to recruit the
9-1-1 complex to sites of cytotoxic O6-meG/T adducts. Moreover, He et al. [60] have
reported that Rad9 defective cells have reduced MMR activity. Consistent with this finding,
we have shown that MSH6 protein distributes differently in Rad9 knockdown cells. Thus,
the signal flow between the 9-1-1 complex and MMR proteins is bidirectional. Similar
model has been proposed that DNA glycosylases are adaptors to recruit the 9-1-1 complex
to the sites of damage [18–21]. One of the DNA glycosylases, MutY homolog (MYH) DNA
glycosylase, shares similar properties as hMutSα: they are involved in the initial steps of
their respective postreplication mismatch repair pathways [32,75]; they cooperate to reduce
8oxoG level [76,77]; they are partners of PCNA [57–59,78] and the 9-1-1 complex ([19] and
Fig. 1); and they interact to each other [79].

He et al. [60] have reported that Rad9 plays an important role in mismatch repair through
physical interaction with MLH1. Because Rad9 also interacts with MSH2/MSH3 and
MSH2/MSH6, their observed effect of Rad9 on MMR may not solely through interaction
with MLH1. It is possible that the 9-1-1 complex is involved in several steps in MMR, a
situation similar to BER [71]. hRad9 has been reported to have 3’ to 5’ exonuclease activity
[80]. Whether this exonuclease activity is important for MME is not known. It is interesting
to note that MLH1 only interacts with Rad9, but not with Rad1 and Hus1, while MSH2/
MSH6 and MSH2/MSH3 interact with all three subunits of the 9-1-1 complex. Additionally,
we also show that when hRad9 was knocked down, the majority of the hMSH6 was
observed in cytoplasm and hMSH6 could not form foci inside nucleus following MNNG
treatment. This may also contribute to the MMR deficiency in Rad9 defective cells. In this
context, our results indicate that the 9-1-1 complex plays an important role in MMR.
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Our results show that each subunit of the human 9-1-1 complex physically interacts with
hMSH2, hMSH3, and hMSH6. Thus, the 9-1-1 subunits may bind to the common domains
shared by hMSH2, hMSH3, and hMSH6. The hHus1 interaction motifs have been mapped
to residues 295–350 on hMYH [19], residues 290–350 on hNEIL1 [20], and residues 67-110
on hTDG [20,21]. Structure-based sequence alignment of hMSH2, hMSH3 and hMSH6
shows many highly conserved regions among these three subunits [81–83] but shares limited
similarity to residues 295–350 of hMYH. A common binding motif to bind the 9-1-1
complex awaits further analyses. It has been shown that certain MSH2 or MSH6 missense
mutations can cause a deficiency in mismatch repair, whereas retaining the signaling
functions that confer sensitivity to chemotherapeutic agents [84,85]. It will be interesting to
test whether these mutants can still interact with the 9-1-1 complex.

Our finding that the G/T mismatch binding of hMutSα can be enhanced by the 9-1-1
complex and individual subunits suggests that the stimulatory effect of the 9-1-1 complex
does not require the formation of the sliding clamp. This is similar to the observation with
MYH, NEIL1, and TDG which can be stimulated by Hus1 [19–21]. The stimulation effect
of the 9-1-1 complex on Ligase I also does not require the loading of the 9-1-1 clamp onto
DNA [28]. Structures of hMutSα in complex with DNA substrates containing a G/T mispair,
an unpaired nucleotide, and an O6-meG/T pair have been determined to be similar [83]. It is
suggested that the control of cellular responses involves events downstream of the initial
recognition step. It is possible that the 9-1-1 complex may replace PCNA to direct damage
response signaling.

Although the 9-1-1 and PCNA share similar structure [12–14], they appear to have different
roles in MMR. The important roles of PCNA in MMR include its involvement prior to DNA
repair synthesis [86], coupling MMR to DNA replication [57], and increase the mismatch-
binding specificity of MSH2-MSH6 [58]. PCNA also participates in strand excision and
DNA synthesis (reviewed by[29–33]). After alkylation exposure, MutSα, MutLα, and
PCNA bind to DNA to form an initial complex damaged [87–89]. These observations imply
that PCNA has a role in O6-meG/T recognition and/or the induction of damage response.
Interestingly, Mastrocola and Heinen [88] have shown that HeLa cells treated with 10 µM
MNNG in the presence of O6-BG arrest at G2 after only one round of replication and
contain persistent accumulation of hMSH2/hMLH1 complex, but not PCNA, on chromatin.
We found that treating HeLaS3 cells with 20 µM MNNG or 10 µM MNNG in the presence
of O6-BG resulted in colocalizing hMSH6 and hRad9 to nuclear foci. Our result suggests
that the 9-1-1 complex may replace PCNA to participate the MMR-dependent signaling
cascades upon detection of O6-meG adducts.
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Abbreviations

The 9-1-1 complex Rad9/Rad1/Hus1 heterotrimer complex

APE1 AP endonuclease

ATM ataxia telangiectasia mutated

ATR ATM- and Rad3-related protein

BASC BRCA1-associated genome surveillance complex

BER base excision repair
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BSA bovine serine albumin

DAPI 4’,6’-diamidineno-a-phenylindole

EXO1 exonuclease 1

FEN1 flap endonuclease 1

GST glutathione S-transferase

h human

HMGB1 high-mobility group box 1

MLH1 MutL homolog 1

MMR mismatch repair

MNNG N-methyl-N'-nitro-N-nitrosoguanidine

MGMT methylguanine methyltransferase

MSH MutS homolog

MutLα MLH1/PMS2

MutSα MSH2/MSH6

MutSβ MSH2/MSH3

MYH MutY homolog

O6-meG O6-methyl-guanine

PBS phosphate-buffered saline

PCNA proliferating cell nuclear antigen

PMSF post-meiotic segregation factor

RFC replication factor C

RPA replication protein A

Sp Schizosaccharomyces pombe
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Fig. 1.
Physical interactions between human 9-1-1 subunits and hMutSα and hMutSβ. (A) Pull-
down of purified hMutSα by immobilized GST-hHus1, GST-hRad1 and GST-hRad9.
hMutSα (450 ng) purified from baculovirus expression system was incubated with 300 ng of
GST-hHus1, GST-hRad1, GST-hRad9 or GST alone immobilized on glutathione Sepharose
4B. The pellets were fractionated by 8% SDS-polyacrylamide gel followed by Western blot
analysis with antibodies against hMSH2 and hMSH6. The exposure time for the blot with
hMSH6 antibody was different from the one with hMSH2 antibody. (B) Pull-down of
purified hMutSβ by immobilized GST-hHus1, GST-hRad1 and GST-hRad9. The procedures
are similar as described in (A) except that hMutSβ (400 ng) was used and Western blot
analysis was performed with antibodies against hMSH2 and hMSH3. (C) Pull-down of
hMutSα and hMutSβ from HeLa cell extracts by immobilized GST-hHus1, GST-hRad1 and
GST-hRad9. Similar experiments were performed as those in (A) but with 750 µg HeLa cell
extracts instead of purified hMutSα and Western blot analysis was performed with
antibodies against hMSH2, hMSH3 and hMSH6. (D) Far-Western analysis. Purified
hMutSα (hMSH2/hMSH6) (odd lanes) and hMutSβ (hMSH2/hMSH3) (even lanes) (10 pmol
each) were separated by 8% SDS-polyacrylamide gel and transferred onto a nitrocellulose
membrane. The membrane was incubated with E. coli extracts containing hHus1, hRad1,
hRad9, or GST as indicated. Subsequent Western blot analysis was performed with
antibodies against GST.
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Fig. 2.
Human 9-1-1 complex stimulates hMutSα DNA binding activity. (A) hMutSα binding with
G/T-containing DNA was stimulated by h9-1-1 complex. Lane 1, DNA substrates were
incubated with 5 nM purified hMutSα. Lanes 2-5, reactions are similar to lane 1 but with
increasing amounts of h9-1-1 complex (1.25, 2.5, 5, and 10 nM, respectively). Lane 6, DNA
substrates were incubated with 10 nM h9-1-1 complex only. The arrows mark the free DNA
substrate (F-DNA) and hMutSα-DNA complex (S-DNA). (B) hMutSα binding with
homoduplex was not affected by h9-1-1 complex. The binding reactions were similar with
those in (A) but with homoduplex (G:C) substrates. (C) Quantitative analyses of fold
stimulation of h9-1-1 complex on hMutSα binding activity with G/T-containing DNA
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(closed circles) and homoduplex (opened squares) from three experiments. The fold of
stimulation was calculated by dividing the percentage of DNA-protein complex in the
presence of the 9-1-1 complex by the percentage of bound DNA in the absence of the 9-1-1
complex. The error bars reported are the standard deviations of the averages.
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Fig. 3.
hMutSα binding activity with G/T-DNA can be stimulated by hHus1, hRad9, and hRad1.
Reactions are similar to Fig. 2 but with 10 nM purified hMutSα and increasing amounts of
hHus1, Rad9, and Rad1 (15.6, 31.2, 62.5, 125, and 250 nM, respectively). At 6-fold molar
excess over hMutSα, hHus1, hRad1, and hRad9 could stimulate the binding ability of
hMutSα to G/T mismatches by 3.8, 2.7, and 1.8-fold, respectively.
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Fig. 4.
S. pombe 9-1-1 complex can stimulate hMutSα binding activity. (A) hMutSα binding
activity with G/T-containing DNA was stimulated by Sp9-1-1 complex. Reactions are
similar to Fig. 2. Lane 1, DNA substrates were incubated with 5 nM purified hMutSα. Lanes
2-6, reactions are similar to lane 1 but with increasing amounts of Sp9-1-1 complex (2.5, 5,
10, 20, and 25 nM, respectively). Lane 7, DNA substrates were incubated with 25 nM
Sp9-1-1 complex only. (B) hMutSα binding activity with homoduplex was stimulated by
Sp9-1-1 complex to a less extent. The experiments were similar with those in (A) but with
homoduplex (G:C) substrates. (C) Quantitative analyses of fold stimulation of Sp9-1-1
complex on hMutSα binding activity with G/T-containing DNA (closed circles) and

Bai et al. Page 19

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



homoduplex (opened squares) from three experiments. The fold of stimulation was
calculated by dividing the percentage of DNA-protein complex in the presence of the 9-1-1
complex by the percentage of bound DNA in the absence of the 9-1-1 complex. The error
bars reported are the standard deviations of the averages.
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Fig. 5.
Colocalization of hMSH6 and hRad9 in MNNG-induced nuclear foci as determined by
immunofluorescence. HeLaS3 cells were untreated (upper panel) or treated with 10 µM
MNNG in the presence of O6-BG (see Material and Methods) (lower panel). The cells were
immunostained with antibody against hMSH6 (green, B and F) and anti-hRad9 antibody
(Red, C and G). A and E, DAPI-stained nuclei. D is the merge image of B and C. H is the
merge image of F and G. Colocalization of hMSH6 and hRad9 foci is visualized as yellow
spots.
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Fig. 6.
No hRad9 foci formation in MMR defective HCT15 and LoVo cells following MNNG
treatment. (A) HCT15 cells which contain MSH6 frame-shift mutation were untreated
(upper panel) or treated with 10 µM MNNG in the presence of O6-BG (lower panel).
Immunofluorence staining was performed similarly to Fig. 5. (B) LoVo cells which contain
a large deletion in MSH2 gene and unstable MSH6 were untreated (upper panel) or treated
with 10 µM MNNG in the presence of O6-BG (lower panel). Immunofluorence staining was
performed similarly to Fig. 5. IV is the merge image of II and III. VIII is the merge image of
VI and VII.
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Fig. 7.
Altered hMSH6 distribution in hRad9 knockdown cells. (A) Untreated HeLa cells
transfected with scrambled siRNA. (B) Untreated HeLa cells transfected with hRad9
specific siRNA. (C) HeLa cells transfected with scrambled siRNA were treated with 10 µM
MNNG in the presence of O6-BG. (D) HeLa cells transfected with hRad9 specific siRNA
were treated with 10 µM MNNG in the presence of O6-BG. Immunofluorence staining was
performed similarly to Fig. 5. IV is the merge image of II and III. The expression of hRad9
is much reduced in (B, III) and (D, III). The majority of the hMSH6 was observed in
cytoplasm (B, II) in untreated cells and was distributed around the outside of the nuclear
envelop in MNNG treated cells (D, II). DAPI staining indicated that Rad9 knockdown cells
has abnormal nuclear morphology following MNNG treatment (D, I).
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