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The mismatch repair (MMR) complex is composed of MutS�
(MSH2-MSH6) and MutL� (MLH1-PMS2) and specifically rec-
ognizes mismatched bases during DNA replication. O6-Methyl-
guanine is produced by treatment with alkylating agents, such as
N-methyl-N-nitrosourea (MNU), and during DNA replication
forms a DNA mismatch (i.e. an O6-methylguanine/thymine
pair) and induces a G/C to A/T transition mutation. To prevent
this outcome, cells carrying this DNA mismatch are eliminated
by MMR-dependent apoptosis, but the underlying molecular
mechanism is unclear. In this study, we provide evidence that
the chromatin-regulatory and ATP-dependent nucleosome-re-
modeling protein SMARCAD1 is involved in the induction of
MMR-dependent apoptosis in human cells. Unlike control cells,
SMARCAD1-knockout cells (�SMARCAD1) were MNU-resis-
tant, and the appearance of a sub-G1 population and caspase-9
activation were significantly suppressed in the �SMARCAD1
cells. Furthermore, the MNU-induced mutation frequencies
were increased in these cells. Immunoprecipitation analyses
revealed that the recruitment of MutL� to chromatin-bound
MutS�, observed in SMARCAD1-proficient cells, is suppressed
in �SMARCAD1 cells. Of note, the effect of SMARCAD1 on the
recruitment of MutL� exclusively depended on the ATPase
activity of the protein. On the basis of these findings, we propose
that SMARCAD1 induces apoptosis via its chromatin-remodel-
ing activity, which helps recruit MutL� to MutS� on damaged
chromatin.

DNA mismatches are produced constantly at low levels dur-
ing DNA replication and cause base substitution mutations

unless they are repaired. O6-Methylguanine produced by the
action of alkylating agents, such as N-methyl-N-nitrosourea
(MNU)2 and N-methyl-N�-nitro-N-nitrosoguanidine (MNNG),
can pair with thymine as well as cytosine and lead to G/C to A/T
transition mutations after the next round of DNA replication
(1–3). To prevent such an outcome, organisms—including
humans— utilize a specific repair enzyme, O6-methylguanine-
DNA methyltransferase (MGMT), which removes a methyl
group from the O6-methylguanine moiety, thereby repairing
the DNA lesion in a single-step reaction (4, 5). MGMT-defec-
tive cells, therefore, accumulate O6-methylguanines on the
genome and exhibit hypersensitivity to the killing effect after
exposure to alkylating agents (6). An analysis of the response of
MGMT-defective cells following the treatment with alkylating
agents revealed that O6-methylguanine is cytotoxic and induces
apoptosis in a mismatch repair (MMR) protein-dependent
manner (7–9).

The MMR system is important for the suppression of tumor-
igenesis, and MMR defects in humans are frequently associated
with inherited cancer predisposition (10 –12). In addition to
repairing replicational errors, MMR complex, which is com-
posed of MutS� (MSH2-MSH6) and MutL� (MLH1-PMS2)
in human cells, recognizes O6-methylguanine/thymine pairs
formed during DNA replication and induces apoptosis to elim-
inate cells carrying mutation-evoking DNA lesions (13–18). It
is noteworthy that mice with mutations in both alleles of the
Mgmt and Mlh1 genes are as resistant to MNU as are WT mice
in terms of the survival but are much more susceptible to
MNU-induced tumorigenesis than WT mice (19). Consistent
with these results, Mgmt�/� Mlh1�/� cells, derived from the
gene-targeted mice, are unable to induce apoptosis and show an
elevated mutation frequency after MNU treatment (20).

We recently reported that the high-mobility group A nonhi-
stone chromatin proteins, HMGA1 and HMGA2, are involved
in the DNA damage signaling associated with the induction of
apoptosis, such as the phosphorylation of ATR and CHK1,

This work was supported by the Private University Research Branding Pro-
ject (to R. F.), Japan Society for the Promotion of Science (JSPS) KAKENHI
Grant-in-Aid for Young Scientist (B) Grant 16K18428 (to Y. T.), JSPS KAK-
ENHI Grant-in-Aid for Young Scientist (B) Grant 26830085 (to R. F.), JSPS
KAKENHI Grant-in-Aid for Scientific Research (A) Grant 25241012 (to M.H.),
MEXT-Grants-in-Aid and MEXT-Supported Program for the Strategic
Research Foundation at Private Universities, 2013–2017, Grant S1411042
(to M. S. and M. H.), and the Fukuoka Foundation for Sound Health Cancer
Research Fund (to Y. T.). The authors declare that they have no conflicts of
interest with the contents of this article.

This article contains Figs. S1–S4.
1 To whom correspondence should be addressed: Dept. of Physiological Sci-

ence and Molecular Biology, Fukuoka Dental College, 2-15-1 Tamura,
Sawara-ku, Fukuoka 814-0193, Japan. Tel.: 81-92-801-0411; Fax: 81-92-801-
3678; E-mail: hidaka@college.fdcnet.ac.jp.

2 The abbreviations used are: MNU, N-methyl-N-nitrosourea; MMR, mismatch
repair; MNNG, N-methyl-N�-nitro-N-nitrosoguanidine; MGMT, O6-methyl-
guanine-DNA methyltransferase; SMARCAD1, SWI/SNF-related matrix-as-
sociated actin-dependent regulator of chromatin subfamily A containing
DEAD/H box 1; PCNA, proliferating cell nuclear antigen; CAF-1, chromatin
assembly factor 1; HMGA, high-mobility group A; ATR, ATM and Rad3-re-
lated; ATM, ataxia telangiectasia-mutated.

croARTICLE

1056 J. Biol. Chem. (2020) 295(4) 1056 –1065

© 2020 Takeishi et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

http://www.jbc.org/cgi/content/full/RA119.008854/DC1
mailto:hidaka@college.fdcnet.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.008854&domain=pdf&date_stamp=2019-12-16


although HMGA proteins are dispensable for the formation of
MMR complex after the administration of MNU (21). HMGA
proteins bound to chromatin are shown to recruit chromatin
remodeling factors and histone chaperons, thereby enhancing
the alteration of chromatin structure (22). HMGA1- and
HMGA2-knockdown cells showed an increased resistance to
MNU, and the appearance of a sub-G1 population and
caspase-9 activation were suppressed in those cells. In contrast,
chromatin assembly factor 1 (CAF-1) is reported to suppress
the activity of the MMR system in the cytotoxic response to the
alkylating agent, MNNG (23). CAF-1 is the major histone chap-
erone for the assembly of nucleosomes onto newly replicated
DNA (24). It seems that the CAF-1– dependent incorporation
of DNA containing the O6-methylguanine/thymine pair into
nucleosomes counteracts the activation of the MMR-mediated
apoptotic pathway.

SMARCAD1 is an ATP-dependent chromatin remodeling
factor that binds and hydrolyzes ATP and regulates histone
modification. Indeed, a mutant form of SMARCAD1 that lacks
ATPase activity causes aberrant histone modifications and is
unable to maintain heterochromatin silencing (25–27). The
factor also promotes end resection at the site of DNA double-
strand break in yeast and humans and is involved in the repair
reaction of the lesion (28 –31). SMARCAD1 also interacts with
proliferating cell nuclear antigen (PCNA) and MSH2 and is
enriched on newly replicative DNA (27, 32, 33). A biochemical
analysis using Xenopus egg extract revealed that SMARCAD1 is
recruited to mismatch-carrying DNA in a Msh2-dependent

manner and assists in the elimination of local nucleosomes to
facilitate the repair of mismatch base pair (34). However, the
role of SMARCAD1 in MMR-dependent apoptosis in humans
remains to be elucidated.

We herein report evidence suggesting that the chromatin
remodeler SMARCAD1 is a novel factor associated with the
induction of MMR-dependent apoptosis through the enhance-
ment of the interaction of MLH1 with MSH2 on damaged
chromatin.

Results

Decreased sensitivity of hSMARCAD1-knockout cells to MNU
treatment

Because SMARCAD1 is physically associated with the
MMR protein MSH2 (33), this factor may play a role in the
MMR-dependent apoptosis. To examine this possibility, an
SMARCAD1-knockout cell line (�SMARCAD1) derived from
HeLa MR was generated using the CRISPR/Cas9 genome-edit-
ing system (35). An immunoblotting analysis revealed that
the expression of SMARCAD1 was completely abolished in
�SMARCAD1, but the expression of MMR components, such
as MSH2, MSH6, MLH1, and PMS2, were unaffected compared
with HeLa MR (Fig. 1A). An MLH1-knockout cell line
(�MLH1) was also generated using the same genome-editing
system, and the expression of related proteins was confirmed by
immunoblotting. Using these cell lines, we performed a survival
assay with various doses of MNU. As shown in Fig. 1B,

Figure 1. The sensitivities of SMARCAD1-knockout cells to different types of DNA-damaging agents. A, expression of SMARCAD1 and mismatch repair
(MMR) proteins in MLH1- and SMARCAD1-knockout cells. The whole-cell extracts were subjected to immunoblotting to detect SMARCAD1 and (MMR) proteins
using specific antibodies. �-Actin was a loading control. The molecular weights (� 10�3) are indicated on the left of the panels. B, survival fraction of three types
of cell lines after MNU treatment. The cells were treated with MNU for 1 h and then incubated in a drug-free medium for 10 days. The number of colonies was
counted, and the survival fractions were determined. Values are the means of at least three independent experiments, and error bars represent S.E. *, significant
differences (p � 0.05). C, survival fraction of SMARCAD1-knockout cells treated with other DNA damaging reagents. The cells were treated with etoposide for
12 h or H2O2 for 1 h. For UV irradiation, the cells were exposed to different doses of UV-C. The mean values obtained from at least three independent
experiments and the S.E. values are shown. *, significant differences (p � 0.05).
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�SMARCAD1 showed a significantly high level of resistance to
MNU compared with the parental cell line HeLa MR. �MLH1,
on the other hand, completely lost the ability to induce apopto-
sis. This is also the case for U2OS, another human-derived cell
line (Fig. S1). MGMT-proficient U2OS cells were resistant to
treatment with MNU. In contrast, an MGMT-knockout cell
line (U2OS�M) readily underwent cell death after exposure to
such doses of MNU, indicating that the cell death resulted from
O6-methylguanine. SMARCAD1- and MLH1-knockdown cells,
into which synthetic siRNAs for each gene had been intro-
duced, also showed increased and complete tolerance, respec-
tively, to treatment with MNU (Fig. S1B). When exposed to
other DNA-damaging agents (UV (UV-C), hydrogen peroxide
(H2O2), and etoposide, which produce primarily pyrimidine
dimers, oxidative bases, and DNA double-strand breaks,
respectively), �SMARCAD1 cells showed an increased sensi-
tivity to etoposide, as expected from a previous report (28), but a
similar degree of sensitivity to UV-C and H2O2 compared with
HeLa MR (Fig. 1C). These results imply that �SMARCAD1 cells
might have a defect in the induction of cell death caused by MNU-
induced O6-methylguanine.

The involvement of SMARCAD1 in MNU-induced apoptosis

To determine whether or not SMARCAD1 is involved in
MNU-induced apoptosis, we analyzed the degrees of phosphor-
ylation of ATR, CHK1, ATM, and CHK2, which are known to
be activated when the cells are treated with MNU (36, 37). The
MNU-induced phosphorylation of these proteins was clearly
observed after treatment with MNU in HeLa MR cells, although
such phosphorylation was hardly seen in �MLH1 cells. In
�SMARCAD1 cells, the phosphorylation of these proteins was
significantly decreased compared with HeLa MR (Fig. 2, A and
B). These results indicate that the loss of function of
SMARCAD1 impairs MNU-induced DNA damage signaling.

We further examined the effect of SMARCAD1-knockout on
the appearance of a sub-G1 population, which is known to
occur during the process of apoptosis (38). As shown in Fig. 3A,
the sub-G1 population increased gradually after treatment with
MNU, but the degree of increase in �SMARCAD1 cells was
significantly lower than that of HeLa MR. In �SMARCAD1
cells, the sub-G1 population (24.90%) at day 4 was 70% of that in
HeLa MR (35.54%). In �MLH1 cells, on the other hand, the
sub-G1 population was dramatically diminished even after
treatment with MNU. To obtain further evidence that
�SMARCAD1 cells are defective in the induction of apoptosis,
we examined the cleavage of caspase-9 and PARP1 (39 –41). An
immunoblotting analysis using an antibody that recognizes
both pro-caspase-9 and cleaved caspase-9 revealed that the
cleavage of caspase-9 started at 72 h and became more evident
at 96 h after MNU treatment in HeLa MR (Fig. 3B). In contrast,
in �SMARCAD1 cells, the ratio of signal for cleaved caspase-9
against pro-caspase-9 at 96 h was significantly lower than that
in HeLa MR. Furthermore, cleavage of PARP1 following MNU
treatment was also suppressed in �SMARCAD1 cells com-
pared with HeLa MR. In contrast, both of these proteins were
hardly cleaved in �MLH1 cells even after MNU treatment (Fig.
3C). These results support the notion that �SMARCAD1 cells
have a defect in a certain step of the O6-methylguanine–
induced apoptosis pathway.

Elevated mutation frequency in �SMARCAD1 cells

Because O6-methylguanine is a premutagenic DNA
lesion, the mutation frequency would increase if cells carry-
ing O6-methylguanine were not eliminated by apoptosis (20,
42). Therefore, we measured the mutation frequency of
�SMARCAD1 cells with respect to ouabain resistance, which
can arise due to a mutation in the Na�/K� ATPase locus (Fig. 4).
Without MNU treatment, HeLa MR and �SMARCAD1 cells

Figure 2. The effects of SMARCAD1 knockout on the activation of DNA damage signaling. A, activation of DNA damage signaling after exposure to MNU.
Three types of cell lines were treated with 0.2 mM MNU for 1 h and then collected at the indicated times. The whole-cell extracts were prepared and subjected
to SDS-PAGE, followed by immunoblotting using the specific antibodies indicated. �-Actin was the loading control. The molecular weights (� 10�3) are
indicated on the left of the panels. B, relative intensities of signals for the phosphorylation of ATR, CHK1, ATM, and CHK2. The intensities of the bands for pATR,
pCHK1, pATM, and pCHK2 at 48 h after MNU treatment were quantified, and the relative intensities compared with that of HeLa MR are shown. The mean values
obtained from three independent experiments and the S.E. values (error bars) are shown. *, significant differences (p � 0.01).
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exhibited similarly low levels of mutation frequency. After
exposure to MNU, the mutation frequencies of both strains
increased in a dose-dependent manner, but the extent of the
increase in �SMARCAD1 cells was significantly greater than
that of HeLa MR. This supports the notion that SMARCAD1
may be involved in the induction of apoptosis in cells carrying
mutation-evoking DNA lesions.

SMARCAD1-mediated recruitment of MutL� to MutS� on
damaged chromatin

To assess the interaction of SMARCAD1 with MMR pro-
teins, we prepared chromatin extract from HeLa MR and
�SMARCAD1 cells following treatment with or without
MNU and performed an immunoprecipitation assay using anti-
SMARCAD1 antibody. As shown in Fig. 5A, SMARCAD1
bound to MSH2 regardless of MNU treatment, whereas the
protein bound to MLH1 preferentially after exposure to MNU.
It is noteworthy that the recruitment of SMARCAD1 to dam-
aged chromatin depends on MHS2. As shown in Fig. 5B,
SMARCAD1 was loaded onto chromatin with a peak at 12 h after
treatment with MNU in HeLa MR cells, whereas such loading was
hardly seen in MSH2-knockout derivatives (�MSH2) from HeLa
MR.

Next, to analyze the effect of SMARCAD1 deficiency on the
formation of MMR complex, chromatin extracts at each time
point were employed for an immunoprecipitation assay using
anti-MSH2 antibody (Fig. 5C). In SMARCAD1-proficient HeLa
MR, chromatin-bound MLH1 gradually increased (Fig. 5C,
Input), and MSH2 formed complex with greater amounts of
MLH1 on chromatin after MNU treatment (Fig. 5C, Bound). In
contrast, the increases in the amounts of MLH1 interacting
with MSH2 were significantly suppressed in �SMARCAD1
cells. The intensity of bands for MLH1 associated with MSH2

Figure 3. The involvement of SMARCAD1 in the MNU-induced apoptosis. A, sub-G1 population in SMARCAD1-knockout cells after MNU treatment. HeLa
MR, SMARCAD1-knockout, and MLH1-knockout cells were treated with 0.2 mM MNU for 1 h and incubated for 2, 3, and 4 days. The cells were harvested and
subjected to flow cytometry. The mean values of the sub-G1 population obtained from three independent experiments and the S.E. values (error bars) are
shown. *, significant differences (p � 0.05). B and C, the cleavage of caspase-9 and PARP1 after MNU treatment in SMARCAD1-knockout and MLH1-knockout
cells. HeLa MR and SMARCAD1-knockout cells (B) or HeLa MR and MLH1-knockout cells (C) were treated with 0.2 mM MNU for 1 h and harvested at the indicated
time after the treatment. Whole-cell extracts were prepared and subjected to SDS-PAGE followed by immunoblotting using anti-caspase-9 and anti-PARP1
antibodies. �-Actin was the loading control. The molecular weights (� 10�3) are indicated on the left of the panels.

Figure 4. Increased mutation frequency after MNU treatment. HeLa MR
and SMARCAD1-knockout cells were treated with 0, 15, or 30 �M MNU. After
the treatment, the numbers of viable cells and ouabain-resistant cells were
determined, and the mutation frequencies were calculated. The mean values
obtained from three experiments and the S.E. values (error bars) are pre-
sented. *, significant differences (p � 0.05).
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in HeLa MR was increased almost 5-fold at 24 h after MNU
treatment, whereas only a 2-fold increase was observed in
�SMARCAD1 cells (Fig. 5D). When SMARCAD1-knockdown
cells derived from U2OS were treated with MNU, a smaller
amount of MLH1 was also recruited to MSH2 than to control
cells (Fig. S3). These results suggest an important role of
SMARCAD1 in recruiting MLH1 on damaged chromatin to
form MMR complex that recognizes DNA mismatches. It
should be noted that an association between SMARCAD1 and
MLH1 was observed in MSH2-proficient cells, but not in
�MSH2 cells (Fig. S4).

Requirement of ATPase activity of SMARCAD1 for the
formation of MMR complex

SMARCAD1 exerts chromatin remodeling activity in an
ATP hydrolysis– dependent manner (27, 34). To determine
whether or not this activity is required for the induction of
apoptosis triggered by O6-methylguanine, we introduced
amino acid substitution, altering the conserved lysine resi-
due at position 526 of the Walker A motif to arginine (27), to
produce an ATPase-defective form of SMARCAD1, as illus-
trated in Fig. 6A. Cell lines expressing FLAG-tagged WT

SMARCAD1 (WT) or the variant form of SMARCAD1
(K528R) were constructed on a �SMARCAD1 cell back-
ground, in which the expression of the proteins was compa-
rable with that in HeLa MR cells (Fig. S2). The constructed
cells were then used to analyze the effect of these proteins on
the sensitivity to the treatment of MNU. As shown in Fig. 6B,
two independent SMARCAD1-expressing cell lines (WT #1
and #2) restored the sensitivities to MNU to the same level
as in HeLa MR, as expected, whereas cell lines expressing
the variant form of SMARCAD1 (K528R #1 and #2) still
exhibited an MNU tolerance similar to that of �SMARCAD1
cells. An immunoblotting analysis further revealed that
SMARCAD1-expressing cells induce the cleavage of both
caspase-9 and PARP1 with kinetics similar to those of HeLa
MR, whereas such inductions were significantly suppressed
in cells expressing the mutant form of the protein (Fig. 6C).
Furthermore, the association of MSH2 with MLH1 on the
damaged chromatin at 24 h after MNU treatment was signif-
icantly suppressed in cells expressing the mutant form of
SMARCAD1, to an extent similar to that of �SMARCAD1
(Fig. 6D).

Figure 5. The effects of SMARCAD1 knockout on the interaction of MSH2 with MLH1 on damaged chromatin. A, interaction of SMARCAD1 with MSH2 and
MLH1. HeLa MR and SMARCAD1-knockout cells were treated with or without 0.2 mM MNU for 1 h. The chromatin extracts (Input) prepared from cells collected
at 12 and 24 h after treatment were applied to immunoprecipitation with anti-SMARCAD1 antibody conjugated with Protein G–Sepharose beads (Bound). IgG
was used as a negative control. The materials were subjected to SDS-PAGE, followed by immunoblotting using specific antibodies. B, MSH2-dependent
chromatin loading of SMARCAD1. HeLa MR and MSH2-knockout cells were collected at 0, 12, 24, and 48 h after MNU treatment and subjected to biochemical
fractionation. The supernatant and chromatin fractions were subjected to SDS-PAGE followed by immunoblotting using specific antibodies. ORC2 and MEK2
serve as markers of chromatin and supernatant fractions, respectively. C, effects of SMARCAD1 knockout on the formation of MMR complex. The cells were
exposed to 0.2 mM MNU and harvested at 0, 6, 12, and 24 h after the treatment. The chromatin extracts (Input) were used for immunoprecipitation with
anti-MSH2 antibody beads. The materials (Bound) were subjected to SDS-PAGE and immunoblotted using the indicated antibodies. D, amounts of MLH1
interacting with MSH2 after MNU treatment. Band intensities of MLH1 in the bound fraction in C were divided by that of MSH2, and the relative values after MNU
treatment were plotted as means � S.E. of four independent experiments. *, significant differences (p � 0.05). The molecular weights (� 10�3) are indicated
on the left of the panels in A, B, and C.
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Taken together, these findings indicate that ATPase-re-
lated activity of SMARCAD1 is indispensable for facilitating
the formation of MMR complex, which is a crucial event at
the first step of the induction of apoptosis triggered by
O6-methylguanine.

Discussion

MMR protein complex, composed of MutS� and MutL�,
plays important roles in tumor suppression by not only repair-
ing mismatched bases formed during DNA replication (43) but
also inducing apoptosis to eliminate cells carrying modified
bases in DNA, such as O6-methylguanine. However, the molec-
ular mechanism underlying the induction of apoptosis still
remains unclear, especially concerning its regulation in the
context of chromatin architecture.

In the present study, we showed that the chromatin remod-
eler SMARCAD1 is a novel factor involved in the induction of
MMR-dependent apoptosis triggered by O6-methylguanine.
Both SMARCAD1-knockdown and SMARCAD1-knockout
cells exhibited higher resistance to MNU than SMARCAD1-
proficient cells, concomitant with decreased levels of cleavage
of caspase-9 and PARP1, hallmarks of the induction of apopto-
sis (Fig. 3). After exposure to the drug, SMARCAD1-knockout
cells showed increased mutation frequencies in a dose-depen-
dent manner, implying that SMARCAD1 plays a role in pre-
venting genomic instability from O6-methylguanine produced

in DNA (Fig. 4). In contrast, SMARCAD1-knockout cells were
more sensitive to the treatment with etoposide than the paren-
tal control, consistent with the previous report showing that the
factor promotes end resection at an early step of DNA double-
strand break repair (Fig. 1C) (28).

When O6-methylguanine forms a mispair with thymine dur-
ing DNA replication, MutS� is believed to act as a genome
surveillance factor and recognizes the mismatched base, subse-
quently facilitating further binding of MutL� to the complex at
the initial step of apoptotic induction (44). An immunoprecipi-
tation analysis revealed that SMARCAD1 interacts with MSH2
even under MNU-untreated conditions, as expected (33, 45),
and binds to MLH1 after MNU treatment on damaged chroma-
tin (Fig. 5A). Because chromatin loading of SMACAD1 is sub-
stantially dependent on MSH2 (Fig. 5B), SMARCAD1 loaded
onto chromatin by MSH2 might assist MutS� in recruiting
MutL� to O6-methylguanine-carrying DNA in the context of
chromatin. Indeed, in SMARCAD1-knockout cells, the levels
of MLH1 interacting with MSH2 on chromatin after MNU
treatment were severely reduced, and the downstream acti-
vation of DNA damage signaling, such as phosphorylation of
ATR/CHK1 and ATM/CHK2, was also suppressed, com-
pared with the control HeLa MR (Figs. 2 and 5). These find-
ings clearly indicate that SMARCAD1 plays a role in facili-
tating the formation of MMR complex that recognizes and

Figure 6. Requirement of ATPase activity of SMARCAD1 for MMR-induced apoptosis. A, structure of human SMARCAD1 protein. The position of amino
acid substitution K528R in the ATP-binding motif of the protein is indicated. B, survival fraction of cells expressing WT or mutant SMARCAD1 after MNU
treatment. The cells were treated with MNU for 1 h; the number of colonies formed was then counted, and the survival fractions were determined. Values are
the means of at least three independent experiments, and error bars indicate S.E. *, significant differences (p � 0.05). C, ATPase activity of SMARCAD1 relevant
to apoptotic induction. Whole-cell extracts were prepared from cells treated with MNU and subjected to SDS-PAGE, followed by immunoblotting using
anti-caspase-9 and anti-PARP1 antibodies. �-Actin was the loading control. The molecular weights (� 10�3) are indicated on the left of the panels. D, ATPase
activity of SMARCAD1 relevant to the formation of MMR complex. The relative amounts of MLH1 co-immunoprecipitated with MSH2 after MNU treatment were
calculated as described in the legend to Fig. 5D and are represented as means � S.E. of six independent experiments. *, significant differences (p � 0.05).
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processes the O6-methylguanine/thymine pair for the induc-
tion of apoptosis.

How does SMARCAD1 assist in recruiting MutL� in the
context of chromatin structure? SMARCAD1 is an ATP-de-
pendent chromatin remodeler that is conserved from yeast to
humans (46, 47) and interacts with MSH2 even under normal
growth conditions. It was recently reported that, in Xenopus
egg extracts, Smarcad1 is loaded on mismatch-carrying DNA in
an Msh2-dependent manner and facilitates nucleosome exclu-
sion from a region surrounding a mismatched base pair (34).
MSH2-dependent chromatin loading of SMARCAD1 in
human cells was also demonstrated in this study (Fig. 5B). It is
highly possible that the resulting relaxed chromatin structure
enhances the efficient binding of MutL� to MutS�. In human
cells, we found that an ATP-dependent chromatin remodeling
activity is indispensable for SMARCAD1 to assist in recruiting
MutL� on damaged chromatin (Fig. 6D). Furthermore,
SMARCAD1 is able to interact with MLH1 in an MSH2-depen-
dent manner (Fig. S4). It is therefore probable that the
O6-methylguanine/thymine pair produced during DNA
replication is recognized by MutS�, and nucleosomes sur-
rounding the mismatched DNA are excluded by MSH2-bound
SMARCAD1, thereby enabling the efficient recruitment of
MutL� to chromatin-bound MutS�. The resulting MMR com-
plex is able to respond to damaged DNA to induce apoptosis
(Fig. 7, left). In contrast, in SMARCAD1-defective cells, a
smaller amount of MLH1 interacts with MSH2, and the induc-
tion of apoptosis and the activation of DNA damage signaling
are both severely suppressed. Nucleosomes positioned at the
region surrounding DNA mismatch may very well interfere
with the recruitment of MutL� to MutS� on damaged chroma-
tin (Fig. 7, right). This proposed scenario is supported by the
recent finding that CAF-1–mediated chromatin assembly cou-
pled with DNA replication conversely counteracts the ability of
MMR complex to induce apoptosis upon treatment with an
alkylating agent (23).

Taken together, these findings strongly suggest that tempo-
ral and regional exclusion of nucleosomes on damaged chroma-
tin is important for the efficient formation of MMR complex,
which is coupled with DNA replication. Further studies are
needed to clarify the precise roles played by SMARCAD1 in the
induction of MMR-dependent apoptosis.

Experimental procedures

Cell lines and cell culture

Human-derived HeLa MR, which is defective in the MGMT
function, and U2OS cell lines were obtained from our labora-
tory stocks (48). All of the cell lines were cultivated at 37 °C in
5% CO2 in Dulbecco’s modified Eagle’s medium (Wako) sup-
plemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (Thermo Fisher Scientific).

Plasmid construction and transfection

pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from Feng
Zhang (Addgene plasmid #42230). TAL effector nuclease
expression vectors (Golden Gate TALEN and TAL Effector
Kit 2.0 and Yamamoto Lab TALEN Accessory Pack) were a gift
from Daniel Voytas and Adam Bogdanove (Addgene kit
#1000000024) as well as Takashi Yamamoto (Addgene kit
#1000000030). p3xFLAG-CMV-10 was purchased from Sigma-
Aldrich. To obtain the SMARCAD1-, MLH1-, and MGMT-
knockout cell lines (�SMARCAD1, �MLH1, and U2OS�M),
oligonucleotides coding gRNA for the SMARCAD1 gene (5�-
CACCGTCTCAAAGCGAAAACGGTCC-3� and 5�-AAATG-
GACCGTTTTCGCTTTGAGAC-3�), for the MLH1 gene (5�-
CACCGCCCTGCCACGAACGACATTT-3� and 5�-AAACA-
AATGTCGTTCGTGGCAGGGC-3�), and for the MGMT
gene (5�-CACCGTGAAATGAAACGCACCACAC-3� and 5�-
AAACGTGTGGTGCGTTTCATTTCAC-3�) were annealed
and inserted into pX330 predigested with BbsI. The resulting
plasmids pX330-SMARCAD1 and pX330-MLH1 were trans-
fected into HeLa MR, and pX330-MGMT was transfected into
U2OS cells. The cells were cultivated for 24 h, and 500 cells
were spread onto a 100-mm dish. The colonies formed were
isolated, and the disruption of the SMARCAD1, MLH1, or
MGMT gene was analyzed by immunoblotting using specific
antibodies. The construction of the MSH2-knockout cell line
(�MSH2) was described previously (49). In brief, TALE-bind-
ing sequences were designed using the web-based software pro-
gram TAL Effector Nucleotide Targeter 2.0 (https://tale-nt.cac.
cornell.edu)3 (50) with the exon 1 sequence of the human
MSH2 gene as a query. The RVD array assembly targeting the
sequences (TALEN Left, 5�-GAGGAGGTTTCGACATG-3�;
TALEN Right, 5�-CTCCAACTGCAGCGTCT-3�) was per-
formed according to the instruction manual of Golden Gate
TALEN and the TAL Effector Kit 2.0, and the RVD modules
were cloned into the pcDNA-TAL-NC�F vector. The resulting
vectors TALEN-MSH2-L and TALEN-MSH2-R were trans-
fected into HeLa MR cells, which were cultivated for 24 h. Five
hundred cells were then spread into a 100-mm dish. The next
day, the cells were treated with 0.4 mM MNU in serum-free

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 7. A model of the regulation of chromatin structure for the
induction of MMR-dependent apoptosis. A possible role of SMARCAD1
in the induction of MMR-dependent apoptosis is presented. O6-mG,
O6-methylguanosine.
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Dulbecco’s modified Eagle’s medium for 1 h at 37 °C and then
incubated in complete medium for 10 days. Colonies were
isolated, the expression of MSH2 was analyzed by immunoblot-
ting, and the target locus was sequenced. For siRNA transfec-
tion, Silencer siRNA for the SMARCAD1 gene (5�-GAAGGU-
CCUCUGUUACUAUTT-3�) and Stealth RNAi for the MLH1
gene (5�-UGCACAUUAACAUCCACAUUCUGGG-3�) were
purchased from Thermo Fisher Scientific. The cells were trans-
fected with 40 nM siRNA using the Lipofectamine RNAiMAX
reagent (Thermo Fisher Scientific) in accordance with the man-
ufacturer’s protocol. For the control transfection, Silencer
select negative control No. 1 siRNA (Thermo Fisher Scientific)
was used. To obtain cell lines stably expressing WT or mutant
SMARCAD1, a PCR-amplified DNA fragment with the primers
(5�-GTACAAGCTTGGAGGTAATCTTTTCAACCTGGA
CCG-3� and 5�-GTACGGATCCTCACAGGCCCATTGATG-
TTTTTAG-3�) using cDNA for the SMARCAD1 gene, pur-
chased from DNAFORM (Yokohama, Japan) as a template,
was inserted into HindIII/BamHI-digested p3xFLAG-CMV-
10, and the resulting plasmid was designated p3xFLAG-
SMARCAD1-WT. The p3xFLAG-SMARCAD1-K528R plas-
mid was prepared by swapping the AvrII-EcoNI fragment,
corresponding to the Walker A motif, with annealed oligonu-
cleotides, 5�-GGGCCTAGGAAAAACTATTCAAGCCATT-
GCATTTCTGGCATACCTCTATCAGGAGG-3� and 5�-
CCTCCTGATAGAGGTATGCCAGAAATGCAATGGCTT-
GAATAGTTTTTCCTAGGCCC-3�. These two plasmids were
transfected into �SMARCAD1 cells, and the cells were then
cultivated for 24 h, followed by further incubation in a medium
containing 1 mg/ml G418 for 10 days. Colonies were isolated,
and the expression of SMARCAD1 was analyzed by immuno-
blotting. Transfection with plasmids was performed according
to the manufacturer’s instructions using Lipofectamine 2000
(Thermo Fisher Scientific).

The colony formation assay

Approximately 500 cells were treated with various concen-
trations of MNU or H2O2 in serum-free medium for 1 h or with
etoposide in a medium containing 10% FBS for 12 h or irradi-
ated with different doses of UV-C. After cultivation with a
medium containing 10% FBS for 10 days, the number of colo-
nies was counted, and the survival rate was calculated.

Preparation of whole-cell extract and chromatin fraction

Approximately 1.0 � 106 cells were washed twice with PBS
and directly lysed with 2� SDS-PAGE sample buffer (120 mM

Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 200 mM DTT, and
0.002% bromphenol blue). The samples were sonicated, boiled,
and then subjected to SDS-PAGE followed by immunoblotting.
To prepare the chromatin fraction, cells were washed in hypo-
tonic/sucrose buffer (20 mM Hepes-KOH (pH 7.9), 5 mM KCl,
1.5 mM MgCl2, 0.25 M sucrose) and then suspended in the same
buffer containing 0.1% Triton X-100. The cells were incubated
for 10 min on ice, and nuclei were collected by low-speed cen-
trifugation. The supernatant was further clarified by high-
speed centrifugation and used as the cytoplasmic fraction.
Nuclei were washed once in hypotonic/sucrose buffer contain-

ing 0.1% Triton X-100 and then lysed in SDS-PAGE sample
buffer.

A flow cytometric analysis

Cells (2.5 � 105 to 1.0 � 106 cells/well) cultured in 6-well
plates were harvested by treatment with trypsin-EDTA,
washed with PBS, and suspended in 500 �l of PBS containing
0.1% Triton X-100, 25 �g/ml propidium iodide, and 0.1
mg/ml of RNase A. The samples were analyzed using a
FACSCalibur flow cytometer (BD Biosciences) with 10,000
events per determination.

Mutation frequency

HeLa MR and SMARCAD1-knockout cells were treated with
0, 15, or 30 �M MNU and then incubated for 96 h to allow for
the expression of ouabain-resistant character. After washing
with PBS, cells (2.0 � 106 cells/100 mm-dish) were placed in
medium containing 0.2 �M ouabain for 10 days. After staining,
the number of resistant colonies was counted. In parallel, a cell
suspension containing about 500 cells was plated in several
100-mm dishes, and the number of viable cells was counted.
The mutation frequencies were calculated, and the mean values
obtained from three experiments and the S.E. values (error
bars) are presented. Asterisks indicate significant difference
(p � 0.05).

Immunoprecipitation

For ChIP in Fig. 5A and Fig. S3, cells treated with or without
0.2 mM MNU were permeabilized on a dish with hypotonic/
sucrose buffer containing 100 �g/ml digitonin and then treated
with 1% formaldehyde for 10 min at room temperature. After
the addition of 1 M Tris-HCl (pH 8.0), the cells were harvested
and collected by centrifugation. The cell pellet was suspended
in radioimmune precipitation assay buffer (50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet
P-40, 0.1% SDS) and then sonicated. The material was centri-
fuged, and the supernatant fraction was used as the chromatin
extract. ChIP in Fig. 5C was performed as described previously
(44). The cells were washed with hypotonic/sucrose buffer, per-
meabilized on a dish with hypotonic/sucrose buffer containing
50 �g/ml digitonin and protease inhibitor mixture (Roche
Diagnostics), and then treated with 1 �M 3,3�-dithiobis(sulfo-
succinimidyl propionate) for 2 h at 4 °C. After adding 50 mM

Tris-HCl (pH 8.0), the cells were harvested and collected by
centrifugation. The cell pellet was washed twice with PBS and
suspended in NETN buffer (50 mM Tris-HCl (pH 8.0), 0.5%
Nonidet P-40, 400 mM NaCl, 1 mM EDTA). Following sonica-
tion, the material was centrifuged at 16,000 � g for 15 min at
4 °C, and the supernatant fraction was used as the chromatin
extract. For immunoprecipitation, the chromatin extracts were
incubated with anti-MSH2 antibody conjugated with protein
G-Sepharose beads (GE Healthcare) for 12 h at 4 °C. After
extensive washing of the beads with the buffer, the proteins
bound to the beads were eluted with 2� SDS-PAGE sample
buffer, boiled, and then subjected to immunoblotting. Immu-
noprecipitation in Fig. S4 was performed as described above
using whole-cell extracts prepared from cells directly fixed with
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1% formaldehyde, without a permeabilization step by the use of
hypotonic/sucrose buffer containing 100 �g/ml digitonin.

Antibodies

Anti-MSH2 (#610918), anti-MLH1 (#554073), anti-PMS2
(#556415), and anti-ORC2 (#559670) antibodies were pur-
chased from BD Biosciences. Anti-SMARCAD1 (#301-593A)
was purchased from Bethyl Laboratory, and anti-ATM (#2873),
anti-phospho-T68-CHK2 (#2661), anti-caspase-9 (#9502), and
anti-HP1�/� (#2623) antibodies were purchased from Cell
Signaling Technology. Anti-MSH2 (#337900) antibody was
purchased from Life Technologies. Anti-phospho-T1989-
ATR (#GTX128145) was purchased from GeneTex. Anti-
MEK2 (M24520) was purchased from Transduction Laborato-
ries. Anti-ATR (sc-1887), anti-PARP1 (sc-8007), and anti-actin
(A5316) antibodies were purchased from Santa Cruz Biotech-
nology, Inc., and Sigma-Aldrich, respectively. Horseradish
peroxidase– conjugated donkey anti-rabbit and sheep anti-
mouse IgG (GE Healthcare) were used as secondary antibodies.
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