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Oxidative DNA damage contributes to aging and the patho-
genesis of numerous human diseases including cancer.
8-hydroxyguanine (8-oxoG) is the major product of oxidative
DNA lesions. Although OGG1-mediated base excision repair is
the primary mechanism for 8-oxoG removal, DNA mismatch
repair has also been implicated in processing oxidative DNA
damage. However, the mechanism of the latter is not fully un-
derstood. Here, we treated human cells defective in various 8-
oxoG repair factors with H2O2 and performed biochemical,
live cell imaging, and chromatin immunoprecipitation
sequencing analyses to determine their response to the treat-
ment. We show that the mismatch repair processing of oxida-
tive DNA damage involves cohesive interactions between
mismatch recognition protein MutSα, histone mark H3K36me3,
and H3K36 trimethyltransferase SETD2, which activates the
ATM DNA damage signaling pathway. We found that cells
depleted of MutSα or SETD2 accumulate 8-oxoG adducts and
fail to trigger H2O2-induced ATM activation. Furthermore, we
show that SETD2 physically interacts with both MutSα and
ATM, which suggests a role for SETD2 in transducing DNA
damage signals from lesion-bound MutSα to ATM. Consis-
tently, MutSα and SETD2 are highly coenriched at oxidative
damage sites. The data presented here support a model wherein
MutSα, SETD2, ATM, and H3K36me3 constitute a positive
feedback loop to help cells cope with oxidative DNA damage.

Exposure to ionizing radiation or reactive oxygen species
(ROS) results in oxidative stress and the formation of large
amounts of oxidative DNA lesion 7,8-dihydro-8-oxoguanine
(8-oxoG) (1, 2), which contributes to aging and can lead to
human diseases like cancer and neurological disorders (3–7).
In response to oxidative stress, cells activate DNA damage
response and repair pathways. 8-oxoG DNA glycosylase 1
(OGG1)–mediated base excision repair is the primary mech-
anism responsible for excising 8-oxoG from DNA (2, 8).
However, there is a slow but significant removal of 8-oxoG in
Ogg1-KO cells (9), which suggests an additional mechanism(s)
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for 8-oxoG removal (9). The DNA mismatch repair (MMR)
pathway has been implicated in processing oxidative DNA
lesions (10–14).

MMR is known for maintaining replication fidelity by
correcting biosynthetic errors generated during DNA repli-
cation (15–18). Defects in MMR can lead to cancer develop-
ment and bolster cancer cell resistance to many chemical and
physical agents (17, 19). The mismatch recognition protein
MutSα, a key MMR factor consisting of the MSH2 and MSH6
subunits, identifies mismatches and recruits downstream
factors to trigger mismatch-provoked incision and exonu-
clease 1-catalyzed mismatch removal, followed by DNA po-
lymerase δ–conducted DNA repair synthesis (20, 21).
However, MutSα’s participation in MMR in human cells relies
on histone H3 lysine 36 trimethylation (H3K36me3) (22), an
important histone mark that is highly enriched in gene bodies
and actively transcribed regions (23). MutSα’s MSH6 subunit
contains a PWWP domain and can specifically interact with
H3K36me3. This interaction recruits MutSα to replicating
chromatin (22). Thus, factors that regulate H3K36me3 levels
(e.g., histone methyltransferases and histone demethylases)
and/or the H3K36me3–MutSα interaction are expected to
influence MMR activity (24). Indeed, genetic defects in the
H3K36 trimethyltransferase gene SETD2 (25–27) impair the
MMR function (22), and histone mutations that disrupt
H3K36me3’s interaction with SETD2 or MutSα result in
MMR deficiency (22, 23, 28). Interestingly, although MMR is
coupled with replication (29, 30), emerging evidence suggests
that it also maintains genome stability during transcription
(23, 31). We have shown that the localization of MutSα in
actively transcribed genes by H3K36me3 is essential for pro-
tecting these genes from mutation and that disrupting the
H3K36me3–MutSα interaction preferentially induces muta-
tions in actively transcribed genes when cells are treated with
H2O2 (23). Cells defective in MutSα are more sensitive to
oxidative stress than MMR-proficient cells (32, 33). However,
the molecular mechanism by which the MMR system pro-
cesses oxidative DNA damage is unclear.

In addition to recognizing mismatches, MutSα also recog-
nizes many nonmismatch DNA lesions, including 8-oxoG (11,
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Mismatch repair-directed response to oxidative DNA damage
12, 34). MutSα’s recognition of nonmismatch DNA lesions can
trigger the DNA damage response (DDR) (17, 19). Both the
ataxia-telangiectasia mutated (ATM) and ATM and rad3-
related (ATR) signaling pathways are involved in this pro-
cess, though the former is specific to DNA lesions induced by
ionizing radiation (35), which also generates ROS (36), and the
latter appears to deal with alkylating DNA adducts (37, 38).
SETD2, also known as KMT3 and HYPB, is required for ATM-
dependent and p53-mediated checkpoint in response to DNA
damage (39). Interestingly, ATM has been shown to act as an
important sensor of ROS in human cells, as it targets on a large
number of protein substrates in response to oxidative stress
(40). We hypothesize that ATM is part of the MutSα-SETD2-
H3K36me3 signaling pathway in response to oxidative DNA
damage.

In this study, we analyzed cellular responses to H2O2 in cells
with various MMR activities. We show that cells depleted of
MutSα, SETD2, or H3K36me3 accumulate 8-oxoG adducts
and are more sensitive to H2O2 than WT cells. MutSα, SETD2,
and ATM collaborate with each other to process oxidative
DNA damage. SETD2 interacts with both MutSα and ATM
through its SET domain. Upon H2O2 treatment, MutSα and
SETD2 are highly coenriched in promoter regions/transcrip-
tion start sites (TSSs), and both are essential for activating the
ATM signaling pathway. Our data presented here support a
model where MutSα, SETD2, ATM, and H3K36me3 constitute
a positive feedback loop to cope with oxidative DNA damage.
Results

MutSα is enriched in chromatin upon H2O2 treatment

To determine how MMR deals with oxidative DNA damage,
we treated HeLa cells with 1 mM of H2O2 for 30 min, a
Figure 1. Enhanced recruitment of MutSα to chromatin upon H2O2 treat
H2O2. Nucleolin and tubulin were used as non-H2O2-specific controls. B, statisti
Data were derived from three independent determinants. Error bars represe
immunofluorescence images showing enhanced chromatin binding of MSH6
intensity of MSH6 and H3K36me3 in response to H2O2 treatment. NT, untreated
between H3K36me3 and MSH6. Co-IP, coimmunoprecipitation; WCL, whole ce

2 J. Biol. Chem. (2022) 298(7) 102102
condition that allows �80% surviving rate in clonogenic
analysis. We first determined the MutSα (MSH2-MSH6) level
in the chromatin fraction of cells treated with or without
H2O2. Although the total cellular protein levels of MutSα
between H2O2-treated and untreated cells were about the
same, the level of chromatin-bound MutSα was significantly
higher in treated cells than in untreated cells (Fig. 1, A and B).
We then performed confocal immunofluorescence microscopy
analysis to directly visualize MutSα recruitment to chromatin
by H3K36me3. The results show that H2O2 treatment
enhanced the enrichment of both H3K36me3 and MSH6 on
chromatin, which significantly increased the colocalization of
H3K36me3 and MSH6 (Fig. 1, C and D). These results suggest
that H2O2 treatment promotes the production of H3K36me3,
which in turn recruits more MutSα to chromatin, as previously
demonstrated (22). Coimmunoprecipitation (Co-IP) using an
MSH2 antibody confirmed this conclusion, as more MSH6
and H3K36me3 were coprecipitated in H2O2-treated cells than
in controls after normalization with the MSH2 levels in cor-
responding reactions (Fig. 1E). Taken together, these obser-
vations indicate that oxidative DNA damage enriches the
production of H3K36me3, thereby efficiently recruiting MutSα
to chromatin.
ATM activation is associated with MutSα-mediated response
to oxidative stress

ATR and ATM have been implicated in MMR-mediated
DNA damage signaling in response to alkylating agents (37,
38) and ionizing radiation (35), respectively. To determine
whether ATM or ATR is involved in oxidative stress–induced
DDR, we measured the activation of these two molecules at
different time points after H2O2 treatment. We observed
ment. A, Western blots showing increased chromatin binding of MutSα by
cal analysis of relative amounts of chromatin-bound MutSα, as shown in (A).
nt mean ± SEM. * indicates p < 0.05 (two-tailed t test). C, representative
and enrichment of H3K36me3 by H2O2. D, quantification of fluorescence
. E, Co-IP Western analysis to detect H2O2-induced increase in the interaction
ll lysate.



Mismatch repair-directed response to oxidative DNA damage
ATM phosphorylation immediately following H2O2 treat-
ment but detected background levels of phosphorylated ATR
(Fig. 2A), which suggests that ATM, but not ATR, participates
in oxidative stress–induced DDR. Consistent with ATM
activation, we detected the phosphorylation of CHK2 kinase
(Fig. 2A), a downstream substrate of the ATM kinase. How-
ever, although ATR is not activated, its downstream substrate
CHK1 kinase is phosphorylated (Fig. 2A), which is probably
due to the overlapping but nonredundant activities with
substantial crosstalk between the ATM and ATR pathways
(41) or an ATR-independent protein kinase (42). To further
confirm that H2O2-induced DDR is mediated through ATM
but not ATR signaling, we analyzed the phosphorylation
status of these two protein kinases in cells treated with or
without ATM kinase–specific inhibitor KU55933 (43). We
found that H2O2-induced ATM phosphorylation was
completely inhibited by KU55933, but the phosphorylation
status of ATR was essentially unaffected regardless of H2O2

treatment (Fig. 2B).
To determine the role of MutSα in H2O2-induced ATM

signaling, we knocked out MSH2, MSH6, or SETD2 in HeLa
cells and analyzed the resulting KOs, MSH2−/−, MSH6−/−, and
SETD2−/−, for ATM signaling in response to H2O2 treatment.
The results revealed that each of the KO cells exhibited lower
levels of ATM phosphorylation than WT cells, and the same
was also true for CHK2 phosphorylation (Fig. 2C). The
reduction in ATM and CHK2 phosphorylation levels in KO
cells was significant (Fig. 2D). Restoring MMR function in
these MMR-KO cells also restores their H2O2-induced ATM
signaling. For example, when MSH2 expression (70% of the
native level) was restored in HeLa-MSH2−/− cells (Fig. 2E),
significantly higher levels of ATM/CHK2 phosphorylation
Figure 2. MMR-mediated oxidative response activates the ATM signaling
but not ATR. B, Western blots showing inhibition of ATM phosphorylation by
phosphorylation of ATM and CHK2 in cells depleted of MSH2, MSH6, or SETD2
three independent determinants. Error bars represent mean ± SEM. * indicat
expression level in the rescue experiment. F, Western blotting assays showing
blotting data shown in (F). Data were derived from three independent determ
test). MMR, mismatch repair.
were detected (Fig. 2, F and G). These results suggest that
H2O2-induced ATM signaling depends on MutSα.
MutSα, SETD2, and ATM process 8-oxoG in the same pathway

To determine the relationship between MutSα, SETD2, and
ATM in the cellular response to oxidative stress, we used an
8-oxoG-specific antibody to detect 8-oxoG levels in cells with
or without functional MMR, SETD2, or ATM after H2O2

treatment. We first determined whether the MutSα/SETD2/
ATM–mediated oxidative response depends on OGG1, the
primary enzyme responsible for 8-oxoG removal (2, 8). As
expected, HeLa cells treated with an OGG1 inhibitor, TH5487,
exhibited a significantly higher 8-oxoG level than untreated
cells (Fig. 3, A and B, compare treatments 1 and 2). The same
analysis was performed in cells that are proficient in OGG1 but
depleted of MSH2, SETD, or ATM. The results showed that
MSH2 KO (MSH2−/−) cells contained higher levels of 8-oxoG
adducts than WT cells (Fig. 3, A and B, compare treatments
1 and 9), which is consistent with the fact that MMR processes
8-oxoG in an OGG1-independent manner (14). The same re-
sults were also observed in SETD2−/− cells (Fig. 3, A and B,
compare treatments 1 and 5), which indicates that SETD2 is
involved in 8-oxoG removal. Since SETD2 is responsible for
the production of H3K36me3 to recruit MutSα to chromatin
(22), SETD2’s role in processing 8-oxoG may go through the
MMR pathway. Finally, we measured 8-oxoG levels in cells
cultured in the presence of KU55933, an inhibitor specifically
for the ATM kinase (43), and found that, like MSH2−/− and
SETD2−/− cells, WT cells treated with KU55933 displayed a
significantly higher 8-oxoG level than untreated cells (Fig. 3A,
compare treatments 1 and 3). Interestingly, we did not observe
pathway. A, Western blots showing H2O2-induced phosphorylation of ATM
KU55933 (15 mM). C, Western blot analysis showing reduced H2O2-induced
. D, quantification of Western blots, as shown in (C). Data were derived from
es p < 0.05 (two-tailed t test). E, Western blot analysis to show the MSH2
MutSα-dependent ATM activation by H2O2. G, statistical analysis of Western
inants. Error bars represent mean ± SEM. * indicates p < 0.05 (two-tailed t
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Figure 3. MutSα and SETD2 process 8-oxoG adducts independently of OGG1. A, visualization of 8-oxoG levels in WT, MSH2−/−, and SETD2−/− HeLa cells
by immunostaining. Ku-55933 (15 mM) and TH5487 (10 mM) are ATM and OGG1 inhibitors, respectively. B, quantification of 8-oxoG levels shown in (A). Data
show the mean ± SEM of 8-oxoG relative intensity from six nuclei/treatment. * indicates p < 0.05 (two-tailed t test). C, cell survival assay by FITC-annexin V
and PI double staining, followed by flow cytometry. Data were derived from three independent determinants. * indicates p < 0.05 (two-tailed t test).

Mismatch repair-directed response to oxidative DNA damage
a further increase in 8-oxoG levels when SETD2−/− orMSH2−/−

cells were treated with KU55933 (Fig. 3, A and B, compare
treatment 5 with treatment 7, treatment 9 with 11). This sug-
gests that MutSα, SETD2, and ATM process oxidative DNA
damage in the same pathway. Similarly, we also did not observe
an increase in 8-oxoG levels in SETD2−/− or MSH2−/− cells
when they were treated with the OGG1 inhibitor TH5487
(Fig. 3, A and B, compare treatments 5 and 6, treatments 9 and
10). This is probably due to that SETD2−/− or MSH2−/− cells
accumulating high levels of oxidative DNA damage did not
survive the treatment (see later and the data shown in Fig. 3C)
and thus were uncollectible in this analysis.

It is well known that, in response to DNA damage, cellular
fate is determined by the DNA repair machinery’s ability to
restore DNA integrity. If DNA damage is left unrepaired, the
cell death program will be activated (44, 45). To test the impact
of MMR on cell fate in response to oxidative stress in the
absence of OGG1, we treated MSH2−/− or SETD2−/− cells with
H2O2 for 30 min and cultured them in fresh medium for 24 h
before harvesting for fluorescence-activated cell sorting
(FACS) analysis to determine cell viability. The results showed
that almost all H2O2-untreated cells, regardless of MMR
background (WT, MSH2−/− or SETD2−/−), were viable upon
FACS analysis, even though their OGG1 activity was blocked
(Fig. 3C). However, H2O2 treatment greatly reduced cell
viability, particularly in MSH2−/− and SETD2−/− cells, and
inhibiting OGG1 further enhanced cell sensitivity to H2O2

(Fig. 3C). These results suggest that MMR processing of
oxidative DNA damage is important for genome stability and
cell survival.
4 J. Biol. Chem. (2022) 298(7) 102102
It is worth mentioning that MSH2- or SETD2-deficient cells
display no additional sensitivity to H2O2 when OGG1 is
inhibited, as compared with WT cells (Fig. 3, the middle
group). It is known that MMR-deficient cells are more tolerant
to chemicals such as cisplatin and methylating agents than
MMR-proficient cells (19, 46). This is because the MMR sys-
tem recognizes and processes the chemically modified DNA
lesions via the so-called futile repair pathway, where the
offending DNA adducts located in the template DNA strand
constantly trigger the MMR reaction, which only targets the
newly synthesized strand for mismatch removal. Ultimately,
this futile repair cycle induces apoptosis (19, 47). However,
MMR-deficient cells fail to initiate the repair process to move
the DNA lesions. Thus, despite accumulating numerous mu-
tations, they survive chemical treatments. It is possible that
inhibition of OGG1 may have adapted the resistant nature of
MMR-deficient cells during H2O2 treatment. The futile repair
theory may also explain why there is essentially no difference
in the cell survival rate between WT and MMR-deficient cells
when they were treated with H2O2 in the presence of TH5487
(Fig. 3C, the right group), as 8-oxoG adducts can induce
apoptosis in WT, but not in mutant cells. Thus, the 8-oxoG-
provoked apoptosis in WT cells erases their growth advantage
over the H2O2-sensitive MMR-deficient cells when OGG1 is
inhibited. Future studies will further elucidate the molecular
details.

SETD2 interacts with MutSα and ATM via its SET domain
The aforementioned findings prompted us to hypothesize

that MutSα, SETD2, and ATM interact with each other in



Mismatch repair-directed response to oxidative DNA damage
response to oxidative DNA damage. To test this hypothesis, we
generated seven glutathione S-transferase (GST)-tagged
SETD2 fragments, including the SET domain (aa 1418–1714),
which is the enzymatic motif responsible for trimethylating
H3K36 (Fig. 4A). We used the resulting SETD2 fragments to
pull down ATM and MutSα in HeLa cell lysates. Both MSH6
(i.e., MutSα) and ATM interacted with the SET domain of
SETD2 (Fig. 4B, lane 7). In addition, both proteins showed a
weaker interaction with fragment III (lane 3). These observa-
tions suggest that both MutSα and ATM physically interact
with SETD2 via the same SETD2 domain.

We then conducted Co-IP analysis to verify SETD2’s in-
teractions with MutSα and ATM. However, because of lacking
a quality SETD2 antibody, we failed to pull down and specif-
ically detect SETD2 in Co-IP assays. To solve this problem, we
knocked-in the sequence coding for the FLAG tag
(DYKDDDDK) in the C terminus of SETD2 via CRISPR-Cas9
technology (Fig. 4C). The resulting FLAG knock-in (KI) HeLa
cells were confirmed by DNA sequencing and used to deter-
mine these protein–protein interactions by Co-IP. The results
showed that both MSH6 and ATM were coprecipitated with
FLAG-tagged SETD2 in cell lysates derived from FLAG-KI
HeLa cells (Fig. 4D, lane 4), but not in lysates from control
HeLa cells (Fig. 4D, lane 3), when a FLAG-specific antibody
was used for Co-IP. As expected, H2O2 treatment resulted in
enhanced SETD2 interactions with MutSα and ATM (Fig. 4E).

To determine the effect of the SETD2–ATM and SETD2–
MutSα interactions on cellular response to oxidative stress, we
expressed the GST-tagged SET domain in SETD2−/− HeLa
cells and measured the protein–protein interactions and ATM
Figure 4. SETD2 interacts with MutSα and ATM through its SET domain. A,
down assay. B, GST pull-down assay showing the physical interaction of SE
fragments are shown by Coomassie blue staining (bottom). C, schematic dia
codon of the SETD2 gene by the CRISPR-Cas9 system to generate a C-termin
SETD2’s interaction with ATM and MSH6 in the absence (D) or presence (E) of
GST-SET in H2O2-treated and untreated cells; pATM was only pulled down in
phosphorylation by GST pull-down assay after H2O2 treat-
ment. Both MSH6 and ATM were pulled down in cells
expressing the GST-SET domain regardless of H2O2 treatment
(Fig. 4E, lanes 1, 3, 5, and 7), which further suggests that
SETD2 interacts with MutSα and ATM via its SET domain.
Consistent with the fact that H2O2 treatment activates ATM in
a SETD2/MSH6–dependent manner (Fig. 2C), we detected
phosphorylated ATM only in H2O2-treated WT and SET
domain–rescued cells (Fig. 4F, lanes 1 and 3). Taken together,
these results suggest that SETD2 forms a complex with MutSα
and ATM, which plays a critical role in MMR-mediated DDR
signaling in response to oxidative stress.

MutSα and SETD2 are coenriched in promoter regions in
response to oxidative DNA damage

Previous studies have demonstrated that H3K36me3 and
MutSα are colocalized in chromatin (22) and are highly
enriched in actively transcribed genes (23, 31). The interaction
between MutSα and SETD2 prompted us to hypothesize that
MutSα, H3K36me3, and SETD2 are coenriched in chromatin
in response to oxidative DNA damage. We therefore per-
formed chromatin immunoprecipitation assays combined with
DNA sequencing (ChIP-Seq) analysis to determine the chro-
matin localization and changes in the abundance of MSH6,
SETD2, and H3K36me3 in HeLa cells treated with H2O2. We
found that there were more MSH6 ChIP reads on gene bodies
in H2O2-treated cells than in untreated cells (Fig. 5A), which
agrees with the Co-IP and chromatin-binding results shown in
Figure 1. The SETD2 ChIP-Seq analysis using a FLAG-specific
antibody revealed that H2O2 treatment largely increased the
schematic diagram of the individual SETD2 fragments used in the GST pull-
TD2 with MSH6 and ATM via the SET domain. The individual GST-SETD2
gram illustrating the strategy of FLAG-tag knock-in right before the stop
al FLAG-tagged SETD2 protein. D and E, Co-IP analysis to determine FLAG-
H2O2 treatment. F, immunoblots showing pull down of MSH6 and ATM by
H2O2-treated cells. Co-IP, coimmunoprecipitation.
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Figure 5. MutSα and SETD2 are co-enriched in transcription start sites in response to oxidative DNA damage. A and B, normalized distribution ChIP-
Seq profiles of MSH6 (A) and SETD2 (B) in gene bodies in H2O2-treated or untreated HeLa FLAG-KI cells. C, Venn diagram illustrating the overlap peaks of
SETD2 (red) and MSH6 (purple). D, comparison of MSH6 and SETD2 ChIP profiles in H2O2-treated cells. E, normalized distribution profiles of H3K36me3 in
gene bodies in H2O2-treated and untreated cells. ChIP-Seq, chromatin immunoprecipitation assays combined with DNA sequencing; KI, knock-in; TES,
transcription end site; TSS, transcription start site.

Mismatch repair-directed response to oxidative DNA damage
abundance of SETD2 in chromatin in treated cells (Fig. 5B).
Consistent with the physical interaction between MutSα and
SETD2, we observed 2945 overlapping ChIP-Seq peaks be-
tween MSH6 and SETD2, accounting for 37% (2945/5016) and
43% (2945/3980) of MSH6 and SETD2 peaks in the genome,
respectively (Fig. 5C). In addition, MSH6 and SETD2 appeared
to be coenriched, peaking at promoter regions/TSSs upon
H2O2 treatment, which suggests that they colocalize and
physically interact at TSSs (Fig. 5D). Similarly, H2O2 treatment
also stimulated the production of H3K36me3 (Fig. 5E). How-
ever, unlike with MSH6 and SETD2, we mostly found the
enhanced H3K36me3 intensity downstream of promoter re-
gions/TSSs (Fig. 5E). The simplest explanation for this phe-
nomenon is that, in the presence of oxidative damage, the
preloaded MutSα disassociates from H3K36me3 and binds to a
6 J. Biol. Chem. (2022) 298(7) 102102
local 8-oxoG adduct at TSSs, which makes the H3K36me3
mark available to recruit a second molecule of MutSα; the
8-oxoG-bound MutSα then interacts with SETD2, which not
only recruits ATM to activate DNA damage signaling (see
Discussion) but also trimethylates downstream H3K36me2. As
a result, both the MutSα and SETD2 levels increase at TSSs,
but the H3K36me3 level increases downstream of the damaged
TSSs. This assumption is also supported by the fact that
MutSα is highly enriched (approximately fourfold) on chro-
matin in response to H2O2 treatment (Fig. 1).
Discussion

Although oxidative DNA lesions are primarily repaired by
OGG1-mediated base excision repair, MMR apparently plays
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an important role in processing oxidative DNA damage.
However, the mechanism of the latter is not fully understood.
In this study, we show that MMR’s processing of oxidative
DNA lesions is a cohesive interaction among MutSα, SETD2,
H3K36me3, and ATM, which forms a positive feedback loop
during the cellular response to oxidative stress.

As the enzyme that catalyzes the production of H3K36me3,
which recruits various DNA repair proteins to chromatin,
SETD2 regulates multiple DNA repair pathways, including
MMR (22) and double-strand break repair (39, 48, 49). In this
study, we show that the MMR-mediated cellular response to
oxidative DNA damage requires coordination with SETD2.
First, cells depleted of SETD2 accumulate 8-oxoG (Fig. 3A)
and are more sensitive to H2O2 treatment than control cells
(Fig. 3C), phenomena also observed in MMR-deficient cells
(Fig. 3, and (14)). Second, like MutSα, SETD2 promotes
increased levels of pATM induced by H2O2 treatment (Fig. 2).
Third, MutSα and SETD2 are coenriched in promoter regions/
TSSs (Fig. 5). Finally, SETD2 physically interacts with both
MutSα and ATM via its SET domain (Fig. 4). These obser-
vations demonstrate that the MMR-mediated processing of
oxidative lesions involves cohesive interactions among MutSα,
SETD2, H3K36me3, and ATM. Interestingly, these compo-
nents, particularly MutSα, SETD2, and H3K36me3, depend on
each other for their presence on chromatin. For example,
MutSα chromosome localization relies on H3K36me3 (22),
which is the product of SETD2 (26). Thus, it is intriguing how
these interactions occur and which factor presents first on
chromatin.

The data presented in this study seem to have provided an
answer for these questions. We found that, in response to
H2O2 treatment, increased MSH6 and SETD2 are coenriched
in promoter regions, where genes under active transcription
initiation suffer oxidative DNA damage, but the H2O2-
induced increase in H3K36me3 signals is located downstream
of promoter regions (Fig. 5). These results suggest that H2O2-
induced recruitment of MSH6 and SETD2 at the initial
damage sites has little to do with the H2O2-induced
H3K36me3. Since MutSα specifically recognizes 8-oxoG (11,
12), we believe that the MMR-mediated oxidative response
starts with the binding of 8-oxoG lesions by preloaded MutSα,
which then recruits SETD2 to the damage site to activate the
ATM signaling pathway.

Based on previously published data and the results pre-
sented here, we propose a working model for the MMR-
mediated oxidative response (Fig. 6). In the presence of
oxidative DNA lesions such as 8-oxoG, MutSα molecules
preloaded by H3K36me3 bind to 8-oxoG lesions, which makes
the previously occupied H3K36me3 marks available to recruit
additional MutSα molecules to chromatin, which leads to
increased levels of MutSα at damage sites. The 8-oxoG-bound
MutSα then interacts with SETD2, which in turn recruits
ATM, thereby activating the ATM signaling pathway to cope
with oxidative DNA lesions. The SETD2 molecules recruited
by MutSα catalyze the trimethylation of downstream H3K36,
which increases the intensity of H3K36me3 downstream of
TSSs. Enriched H3K36me3 can recruit MutSα and other DNA
damage/repair factors to maintain genome stability. Therefore,
the MMR-mediated oxidative stress response involves a posi-
tive feedback loop. This feedback loop starts with MutSα
recognizing a lesion, followed by SETD2 coordinating to re-
cruit ATM and trimethylating H3K36, which then loads
MutSα onto chromatin for lesion recognition to initiate
another feedback loop. However, thorough future studies are
required to verify this working model.

Experimental procedures

Cell culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (Gibco), and SW620 cells were cultured in RPMI-
1640 medium (Gibco) containing 10% fetal bovine serum
(HyClone) at 37 �C with 5% CO2. HeLa cells stably
expressing the SET domain were selected and maintained in
medium containing 5 μg/ml puromycin. The CRISPR-Cas9
technology was utilized to generate KO and KI cell lines.
For gene KOs, vectors expressing Cas9 and gene-specific
single guide RNAs were transfected in HeLa cells (50). For
FLAG KI cells, targeting vectors were cotransfected with
plasmids expressing Cas9 and specific single guide RNAs.
HeLa colonies were picked, expanded, and confirmed by
DNA sequencing. Unless mentioned otherwise, cells were
treated with 1.0 mM H2O2 for 30 min, and treated cells were
allowed to recover in fresh medium for 24 h before FACS
analysis or extract preparation.

Proteins

The human MutSα protein was expressed and purified as
described (21). The complementary DNA–encoding human
SETD2 catalytic domain (SET domain, amino acid residues
1418–1714) was cloned into the p-GEX-4T-2 vector (Nova-
gen), expressed in Escherichia coli, and purified as a GST-
tagged protein. Histone peptide was synthesized as previously
described (28).

Antibodies and inhibitors

The following antibodies were used: anti-phospho-ATM
(Ser1981) (CST; 5883), anti-ATM (CST; 2873), anti–phos-
pho-CHK2 (Thr68) (CST; 2197), anti-CHK2 (CST; 6334), anti-
MSH6 (BD Biosciences; 610919), anti-MSH2 (CST; 2017),
anti-H3K36me3 (Abcam; Ab9050), anti-8-oxoG (Trevigen;
4354-MC-050), anti-FLAG (Sigma; F7425), goat anti-rabbit
IgG (Thermo; A10034), goat antimouse IgG (Thermo;
A10036), anti-Flag M2 Affinity Gel (Sigma; A2220).

Inhibitors used to block OGG1 and ATM were TH5487
(TOCRIS; 6749) and KU-55933 (Selleck), respectively.

Immunofluorescence staining

Cells treated with or without H2O2 were extracted with pre-
extraction buffer (0.5% Triton X-100, 1× protease inhibitor
cocktail, 10 mM NaF, 10 mM β-glycerophosphate, and 1 mM
DTT) for 2 min on ice and fixed by 4% paraformaldehyde.
After blocking in 5% bovine serum albumin for 30 min at room
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Figure 6. Proposed model for the MMR-mediated response to oxidative stress. In the presence of oxidative DNA lesion 8-oxoG, preloaded MutSα binds
to a local 8-oxoG adduct. This frees the preoccupied H3K36me3 to recruit additional MutSα, which leads to increased levels of MutSα at damage sites. The
8-oxoG-bound MutSα interacts with SETD2, which in turn recruits ATM to activate the ATM signaling pathway. MutSα-recruited SETD2 trimethylates
downstream H3K36, which increases the intensity of H3K36me3 downstream TSSs. The latter can recruit more MutSαmolecules to chromatin to respond to
further DNA damage. Therefore, in response to oxidative stress, MutSα, SETD2, and H3K36me3 constitute a positive feedback loop to cope with oxidative
DNA damage. MMR, mismatch repair; TSS, transcription start site.
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temperature (RT), cells were incubated with antibodies (1:100)
overnight at 4 �C. After washing with PBS for three times,
secondary antibodies were applied for 1 h at RT.
8 J. Biol. Chem. (2022) 298(7) 102102
8-oxoG levels were detected per manufacturer’s protocol
(Trevigen, 4354-MC-050). Briefly, cells were fixed for 15 min
each with −20 �C MeOH and −20 �C acetone, then for 5 min



Mismatch repair-directed response to oxidative DNA damage
on ice with 0.05 N HCl. After washing with PBS three times,
cells were incubated with 100 μg/ml RNase in 150 mM NaCl
and 15 mM sodium citrate for 1 h at 37 �C, followed by
sequential washing with PBS and 35%, 50%, and 75% EtOH
for 4 min each. DNA was denatured in situ with 0.15 N
NaOH in 70% EtOH for 4 min and washed sequentially with
PBS and 70%, 50%, and 35% EtOH containing 4% formal-
dehyde for 2 min each. Cells were treated with 5 μg/ml
proteinase K for 10 min at 37 �C to digest proteins. After
blocking with 5% goat serum (in PBS) for 1 h at RT, cells
were incubated with an anti-8-oxo-dG antibody at a con-
centration of 1:250 dilution in PBS containing 1% bovine
serum albumin and 0.01% Tween-20 at 4 �C in a humidified
chamber overnight. Cells were then washed several times
with PBS containing 0.05% Tween-20 before incubating with
a fluorescent secondary antibody and mounting with 40,6-
diamidino−2−phenylindole. Slides were analyzed by
confocal microscopy (Zeiss 780), and fluorescence intensity
was quantified with ImageJ software (National Institutes of
Health; https://imagej.nih.gov/ij/download.html).

Tight chromatin fractionation

Tight chromatin fractionation was performed as previously
described (51). Cells were sequentially washed in buffer 1
(10 mM Hepes, pH 7.8, 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol, 0.2% NP-40, 1× protease inhibitor
cocktail [Thermo Scientific], and 1× phosphatase inhibitor
cocktail [Sigma]), buffer 2 (buffer 1 without NP-40), buffer 3
(3 mM EDTA, 0.2 mM EGTA, and protease inhibitors), and
buffer 4 (50 mM Tris–HCl, pH 8.0, 0.05% NP40, 0.45 M NaCl,
and protease inhibitors). The remaining pellet was analyzed by
Western blot and quantified by ImageJ software.

Apoptosis analysis

Annexin V staining was used to determine apoptosis ac-
cording to the manufacturer’s protocol (FITC Annexin V
Apoptosis Detection Kit I, BD Biosciences, #556547).

Immunoprecipitation and GST pull down analyses

For immune pull down assay, the anti-Flag M2 affinity gel, a
mouse monoclonal antibody that is covalently attached to
agarose, was incubated with cell lysates of FLAG-KI HeLa cells
or FLAG-SET transfected HeLa cells in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl, pH
8.0, 150 mM NaCl, 1% NP-40, 0.5% NaVO3, and 0.1% SDS)
overnight at 4 �C. After washing with RIPA buffer four times
to remove nonspecific binding proteins, the gel was subjected
to Western blotting analysis to detect proteins pulled down by
the FLAG antibody.

GST pull down assay was performed as described (52).
Bacterial lysates containing GST fusion proteins were incu-
bated with GST beads for 2 h at 4 �C. After washing with
sonication buffer (three times) and RIPA buffer (one time), the
fusion protein–containing GST beads were incubated with cell
lysate in RIPA buffer. After extensive washing with RIPA
buffer, the pull-down proteins were released and analyzed by
Western blotting.
ChIP-Seq analysis

ChIP-Seq analysis was performed as described (23). HeLa
and SETD2-KI HeLa cells were treated with or without H2O2.
Cells were fixed with 1% formaldehyde for 10 min, followed by
0.125 M glycine treatment for 5 min. Fixed cells were sus-
pended in cell lysis buffer (50 mM Tri-Cl, pH 8.1, 10 mM
EDTA, 1% SDS, 1 mM DTT, 1 mM PMSF, and 1× proteinase
inhibitor cocktail) and sonicated to fragment the chromatin.
Cell lysates were diluted five times in dilution buffer (16.7 mM
Tri-Cl, pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-
100, 1 mM PMSF, and 1× proteinase inhibitor cocktail). ChIP-
grade antibodies against MSH6, FLAG, or H3K36me3 were
incubated with chromatin fragments. Proteins A/G were added
to the mixture to pull down the immune complexes, which
were washed sequentially with the low salt washing buffer
(20 mM Tri-Cl, pH 8.1, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, and 0.1% Na-deoxycholate), the high
salt washing buffer (20 mM Tri-Cl, pH 8.1, 500 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% SDS, and 0.1% Na-
deoxycholate), the LiCl washing buffer (10 mM Tri-Cl, pH
8.1, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, and 0.5% Na-
deoxycholate), and Tris-EDTA buffer (10 mM Tris-HCl, pH
8.0, 0.1 mM EDTA). Chromatin was eluted with elution buffer
(1% SDS, 50 mM Tris-Cl, 1 mM EDTA, 0.1 M NaHCO3,
250 mMNaCl, and proteinase K), followed by reverse crosslink
at 65 �C for 6 h. Purified DNA was used to prepare libraries
using NEBNext Ultra II DNA Library Prep kit. Libraries were
sequenced on Illumina HiSeq2000. The complete unedited
ChIP-Seq datasets are available at NCBI GEO database
(accession number GSE163940).

For the analysis of ChIP-Seq data, sequenced reads were
mapped to the hg19 genome with default parameters (bowtie2
-x <bt2-idx> -U <r>} [-S <sam>]). The peaks were identi-
fied by MACS with the command line “macs14 -t ChIP.bam -c
input.bam -f BAM -g h -n test -w –call-subpeaks.” After peak
calling, the overlap of peaks across different samples was
analyzed by “bedtools intersect” with the criterion of at least
one base-pair overlap. The metagene analysis of ChIP-Seq was
plotted with the ngs.plot.r algorithm.
Data availability

All data are contained within the article.

Author contributions—G.-M. L., L. G., and Z. C. conceptualization;
S. G., J. F., W. X., J. O., and C.-Y. L. formal analysis; S. G., J. F.,
W. X., J. O., and C.-Y. L. investigation; S. G., J. F., L. G., Z. C., and
G.-M. L. writing–original draft; G.-M. L., L. G., and Z. C. supervi-
sion; G.-M. L., L. G., and Z. C. funding acquisition.

Funding and additional information—This work was supported in
part by the National Natural Science Foundation of China, China
grant 81630077 (to Z. C.) and the Cancer Prevention and Research
Institute of Texas (CPRIT), United States grant RR160101 (to G.-M.
L.). G.-M. L. is a CPRIT Scholar in Cancer Research and the holder
of the Reece A. Overcash, Jr. Distinguished Chair for Research on
Colon Cancer.
J. Biol. Chem. (2022) 298(7) 102102 9

https://imagej.nih.gov/ij/download.html


Mismatch repair-directed response to oxidative DNA damage
Conflict of interest—All authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ChIP-Seq, chromatin
immunoprecipitation assays combined with DNA sequencing; Co-
IP, coimmunoprecipitation; DDR, DNA damage response; FACS,
fluorescence-activated cell sorting; KI, knock-in; MMR, mismatch
repair; RIPA, radioimmunoprecipitation assay; ROS, reactive oxy-
gen species; TSS, transcription start site.

References

1. Aruoma, O. I., Halliwell, B., and Dizdaroglu, M. (1989) Iron ion-
dependent modification of bases in DNA by the superoxide radical-
generating system hypoxanthine/xanthine oxidase. J. Biol. Chem. 264,
13024–13028

2. Friedberg, E. C., Walker, G. C., Siede, W., Wood, R. D., Schultz, R. A., and
Ellenberger, T. (2006) DNA Repair and Mutagenesis, ASM Press,
Washington, DC

3. Klaunig, J. E., and Kamendulis, L. M. (2004) The role of oxidative stress in
carcinogenesis. Annu. Rev. Pharmacol. Toxicol. 44, 239–267

4. Maynard, S., Schurman, S. H., Harboe, C., de Souza-Pinto, N. C., and
Bohr, V. A. (2009) Base excision repair of oxidative DNA damage and
association with cancer and aging. Carcinogenesis 30, 2–10

5. Lovell, M. A., and Markesbery, W. R. (2007) Oxidative DNA damage in
mild cognitive impairment and late-stage Alzheimer’s disease. Nucleic
Acids Res. 35, 7497–7504

6. Paz-Elizur, T., Sevilya, Z., Leitner-Dagan, Y., Elinger, D., Roisman, L. C.,
and Livneh, Z. (2008) DNA repair of oxidative DNA damage in human
carcinogenesis: potential application for cancer risk assessment and pre-
vention. Cancer Lett. 266, 60–72

7. Gorrini, C., Harris, I. S., and Mak, T. W. (2013) Modulation of
oxidative stress as an anticancer strategy. Nat. Rev. Drug Discov. 12,
931–947

8. David, S. S., O’Shea, V. L., and Kundu, S. (2007) Base-excision repair of
oxidative DNA damage. Nature 447, 941–950

9. Xie, Y., Yang, H., Cunanan, C., Okamoto, K., Shibata, D., Pan, J., et al.
(2004) Deficiencies in mouse Myh and Ogg1 result in tumor predispo-
sition and G to T mutations in codon 12 of the K-ras oncogene in lung
tumors. Cancer Res. 64, 3096–3102

10. Russo, M. T., Blasi, M. F., Chiera, F., Fortini, P., Degan, P., Macpherson,
P., et al. (2004) The oxidized deoxynucleoside triphosphate pool is a
significant contributor to genetic instability in mismatch repair-deficient
cells. Mol. Cell. Biol. 24, 465–474

11. Mazurek, A., Berardini, M., and Fishel, R. (2002) Activation of human
MutS homologs by 8-oxo-guanine DNA damage. J. Biol. Chem. 277,
8260–8266

12. Ni, T. T., Marsischky, G. T., and Kolodner, R. D. (1999) MSH2 and MSH6
are required for removal of adenine misincorporated opposite 8-oxo-
guanine in S. cerevisiae. Mol. Cell 4, 439–444

13. Shin, C. Y., and Turker, M. S. (2002) A:T–>G:C base pair substitutions
occur at a higher rate than other substitution events in Pms2 deficient
mouse cells. DNA Repair 1, 995–1001

14. Colussi, C., Parlanti, E., Degan, P., Aquilina, G., Barnes, D., Macpherson,
P., et al. (2002) The mammalian mismatch repair pathway removes DNA
8-oxodGMP incorporated from the oxidized dNTP pool. Curr. Biol. 12,
912–918

15. Kolodner, R. D., and Marsischky, G. T. (1999) Eukaryotic DNA mismatch
repair. Curr. Opin. Genet. Dev. 9, 89–96

16. Kunkel, T. A., and Erie, D. A. (2015) Eukaryotic mismatch repair in
relation to DNA replication. Annu. Rev. Genet. 49, 291–313

17. Li, G. M. (2008) Mechanisms and functions of DNA mismatch repair.
Cell Res. 18, 85–98

18. Modrich, P. (2006) Mechanisms in eukaryotic mismatch repair. J. Biol.
Chem. 281, 30305–30309

19. Li, G. M. (1999) The role of mismatch repair in DNA damage-induced
apoptosis. Oncol. Res. 11, 393–400
10 J. Biol. Chem. (2022) 298(7) 102102
20. Ortega, J., Lee, G. S., Gu, L., Yang, W., and Li, G. M. (2021) Mispair-
bound human MutS-MutL complex triggers DNA incisions and activates
mismatch repair. Cell Res. 31, 542–553

21. Zhang, Y., Yuan, F., Presnell, S. R., Tian, K., Gao, Y., Tomkinson, A. E.,
et al. (2005) Reconstitution of 5’-directed human mismatch repair in a
purified system. Cell 122, 693–705

22. Li, F., Mao, G., Tong, D., Huang, J., Gu, L., Yang, W., et al. (2013) The
histone mark H3K36me3 regulates human DNA mismatch repair
through its interaction with MutSalpha. Cell 153, 590–600

23. Huang, Y., Gu, L., and Li, G. M. (2018) H3K36me3-mediated mismatch
repair preferentially protects actively transcribed genes from mutation. J.
Biol. Chem. 293, 7811–7823

24. Li, G. M. (2013) Decoding the histone code: role of H3K36me3 in
mismatch repair and implications for cancer susceptibility and therapy.
Cancer Res. 73, 6379–6383

25. Wagner, E. J., and Carpenter, P. B. (2012) Understanding the language of
Lys36 methylation at histone H3. Nat. Rev. Mol. Cell Biol. 13, 115–126

26. Edmunds, J. W., Mahadevan, L. C., and Clayton, A. L. (2008) Dynamic
histone H3 methylation during gene induction: HYPB/Setd2 mediates all
H3K36 trimethylation. EMBO J. 27, 406–420

27. Sun, X. J., Wei, J., Wu, X. Y., Hu, M., Wang, L., Wang, H. H., et al. (2005)
Identification and characterization of a novel human histone H3 lysine
36-specific methyltransferase. J. Biol. Chem. 280, 35261–35271

28. Fang, J., Huang, Y., Mao, G., Yang, S., Rennert, G., Gu, L., et al. (2018)
Cancer-driving H3G34V/R/D mutations block H3K36 methylation and
H3K36me3-MutSalpha interaction. Proc. Natl. Acad. Sci. U. S. A. 115,
9598–9603

29. Simmons, L. A., Davies, B. W., Grossman, A. D., and Walker, G. C. (2008)
Beta clamp directs localization of mismatch repair in Bacillus subtilis.
Mol. Cell 29, 291–301

30. Hombauer, H., Campbell, C. S., Smith, C. E., Desai, A., and Kolod-
ner, R. D. (2011) Visualization of eukaryotic DNA mismatch repair
reveals distinct recognition and repair intermediates. Cell 147,
1040–1053

31. Huang, Y., and Li, G. M. (2018) DNA mismatch repair preferentially
safeguards actively transcribed genes. DNA Repair 71, 82–86

32. Martin, S. A., McCarthy, A., Barber, L. J., Burgess, D. J., Parry, S., Lord, C.
J., et al. (2009) Methotrexate induces oxidative DNA damage and is
selectively lethal to tumour cells with defects in the DNA mismatch
repair gene MSH2. EMBO Mol. Med. 1, 323–337

33. DeWeese, T. L., Shipman, J. M., Larrier, N. A., Buckley, N. M., Kidd, L. R.,
Groopman, J. D., et al. (1998) Mouse embryonic stem cells carrying one
or two defective Msh2 alleles respond abnormally to oxidative stress
inflicted by low-level radiation. Proc. Natl. Acad. Sci. U. S. A. 95,
11915–11920

34. Macpherson, P., Barone, F., Maga, G., Mazzei, F., Karran, P., and
Bignami, M. (2005) 8-oxoguanine incorporation into DNA repeats
in vitro and mismatch recognition by MutS alpha. Nucleic Acids Res. 33,
5094–5105

35. Brown, K. D., Rathi, A., Kamath, R., Beardsley, D. I., Zhan, Q., Mannino,
J. L., et al. (2003) The mismatch repair system is required for S-phase
checkpoint activation. Nat. Genet. 33, 80–84

36. Leach, J. K., Van Tuyle, G., Lin, P. S., Schmidt-Ullrich, R., and Mikkelsen,
R. B. (2001) Ionizing radiation-induced, mitochondria-dependent gener-
ation of reactive oxygen/nitrogen. Cancer Res. 61, 3894–3901

37. Stojic, L., Mojas, N., Cejka, P., Di Pietro, M., Ferrari, S., Marra, G., et al.
(2004) Mismatch repair-dependent G2 checkpoint induced by low doses
of SN1 type methylating agents requires the ATR kinase. Genes Dev. 18,
1331–1344

38. Yoshioka, K., Yoshioka, Y., and Hsieh, P. (2006) ATR kinase activation
mediated by MutSalpha and MutLalpha in response to cytotoxic O6-
methylguanine adducts. Mol. Cell 22, 501–510

39. Carvalho, S., Vitor, A. C., Sridhara, S. C., Martins, F. B., Raposo, A. C.,
Desterro, J. M., et al. (2014) SETD2 is required for DNA double-strand
break repair and activation of the p53-mediated checkpoint. Elife 3,
e02482

40. Guo, Z., Kozlov, S., Lavin, M. F., Person, M. D., and Paull, T. T. (2010)
ATM activation by oxidative stress. Science 330, 517–521

http://refhub.elsevier.com/S0021-9258(22)00543-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref2
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref2
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref2
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref3
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref3
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref7
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref7
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref7
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref8
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref8
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref15
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref15
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref17
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref17
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref18
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref18
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref19
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref19
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref24
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref24
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref24
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref25
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref25
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref31
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref31
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref40
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref40


Mismatch repair-directed response to oxidative DNA damage
41. Marechal, A., and Zou, L. (2013) DNA damage sensing by the ATM and
ATR kinases. Cold Spring Harb. Perspect. Biol. 5, a012716

42. Zhang, Y., and Hunter, T. (2014) Roles of Chk1 in cell biology and cancer
therapy. Int. J. Cancer 134, 1013–1023

43. Hickson, I., Zhao, Y., Richardson, C. J., Green, S. J., Martin, N. M., Orr,
A. I., et al. (2004) Identification and characterization of a novel and
specific inhibitor of the ataxia-telangiectasia mutated kinase ATM.
Cancer Res. 64, 9152–9159

44. Friedberg, E. C. (2003) DNA damage and repair. Nature 421,
436–440

45. Rouse, J., and Jackson, S. P. (2002) Interfaces between the detection,
signaling, and repair of DNA damage. Science 297, 547–551

46. Fink, D., Aebi, S., and Howell, S. B. (1998) The role of DNA mismatch
repair in drug resistance. Clin. Cancer Res. 4, 1–6

47. Gupta, D., and Heinen, C. D. (2019) The mismatch repair-dependent
DNA damage response: mechanisms and implications. DNA Repair 78,
60–69
48. Aymard, F., Bugler, B., Schmidt, C. K., Guillou, E., Caron, P., Briois, S.,
et al. (2014) Transcriptionally active chromatin recruits homologous
recombination at DNA double-strand breaks. Nat. Struct. Mol. Biol. 21,
366–374

49. Pfister, S. X., Ahrabi, S., Zalmas, L. P., Sarkar, S., Aymard, F., Bachrati, C.
Z., et al. (2014) SETD2-dependent histone H3K36 trimethylation is
required for homologous recombination repair and genome stability. Cell
Rep. 7, 2006–2018

50. Shen, B., Zhang, J., Wu, H., Wang, J., Ma, K., Li, Z., et al. (2013) Gen-
eration of gene-modified mice via Cas9/RNA-mediated gene targeting.
Cell Res. 23, 720–723

51. Ding, N., Bonham, E. M., Hannon, B. E., Amick, T. R., Baylin, S. B., and
O’Hagan, H. M. (2016) Mismatch repair proteins recruit DNA methyl-
transferase 1 to sites of oxidative DNA damage. J. Mol. Cell Biol. 8,
244–254

52. Kim, S. Y., and Hakoshima, T. (2019) GST pull-down assay to measure
complex formations. Methods Mol. Biol. 1893, 273–280
J. Biol. Chem. (2022) 298(7) 102102 11

http://refhub.elsevier.com/S0021-9258(22)00543-9/sref41
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref41
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref42
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref42
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref45
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref45
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref46
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref46
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref52
http://refhub.elsevier.com/S0021-9258(22)00543-9/sref52

	Interplay between H3K36me3, methyltransferase SETD2, and mismatch recognition protein MutSα facilitates processing of oxida ...
	Results
	MutSα is enriched in chromatin upon H2O2 treatment
	ATM activation is associated with MutSα-mediated response to oxidative stress
	MutSα, SETD2, and ATM process 8-oxoG in the same pathway
	SETD2 interacts with MutSα and ATM via its SET domain
	MutSα and SETD2 are coenriched in promoter regions in response to oxidative DNA damage

	Discussion
	Experimental procedures
	Cell culture
	Proteins
	Antibodies and inhibitors
	Immunofluorescence staining
	Tight chromatin fractionation
	Apoptosis analysis
	Immunoprecipitation and GST pull down analyses
	ChIP-Seq analysis

	Data availability
	Author contributions
	Funding and additional information
	References


