Check for
updates

SETD2-mediated H3K14 trimethylation promotes ATR
activation and stalled replication fork restart in
response to DNA replication stress

Qian Zhu®*®, Qiaoyan Yang?, Xiaopeng Lu? Hui Wang®®, Lili Tong?, Zheng Li?, Ge Liu?, Yantao Bao?, Xingzhi Xu?,
Luo GuS, Jian Yuan?®, Xiangyu Liu®*"'®, and Wei-Guo Zhu®P-<f9-1

®Guangdong Key Laboratory of Genome Instability and Human Disease Prevention, Department of Biochemistry and Molecular Biology, Shenzhen
University School of Medicine, 518055 Shenzhen, China; bKey Laboratory of Carcinogenesis and Translational Research, Ministry of Education, Department
of Biochemistry and Molecular Biology, Peking University Health Science Center, 100191 Beijing, China; “Department of Physiology, Nanjing Medical
University, 211166 Nanjing, China; Research Center for Translational Medicine, East Hospital, Tongji University School of Medicine, 200120 Shanghai,
China; “International Cancer Center, Shenzhen University School of Medicine, 518055 Shenzhen, China; *Shenzhen Bay Laboratory, Shenzhen University
School of Medicine, 518055 Shenzhen, China; and °Marshall Laboratory of Biomedical Engineering, Shenzhen University School of Medicine, 518055

Shenzhen, China

Edited by John F. X. Diffley, The Francis Crick Institute, London, United Kingdom, and approved April 1, 2021 (received for review June 2, 2020)

Ataxia telangiectasia and Rad3 related (ATR) activation after
replication stress involves a cascade of reactions, including repli-
cation protein A (RPA) complex loading onto single-stranded DNA
and ATR activator loading onto chromatin. The contribution of
histone modifications to ATR activation, however, is unclear. Here,
we report that H3K14 trimethylation responds to replication stress
by enhancing ATR activation. First, we confirmed that H3K14
monomethylation, dimethylation, and trimethylation all exist in
mammalian cells, and that both SUV39H1 and SETD2 methyltrans-
ferases can catalyze H3K14 trimethylation in vivo and in vitro.
Interestingly, SETD2-mediated H3K14 trimethylation markedly in-
creases in response to replication stress induced with hydroxy-
urea, a replication stress inducer. Under these conditions, SETD2-
mediated H3K14me3 recruited the RPA complex to chromatin via a
direct interaction with RPA70. The increase in H3K14me3 levels
was abolished, and RPA loading was attenuated when SETD2
was depleted or H3K14 was mutated. Rather, the cells were sen-
sitive to replication stress such that the replication forks failed to
restart, and cell-cycle progression was delayed. These findings
help us understand how H3K14 trimethylation links replication
stress with ATR activation.
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Precise DNA replication is essential to accurately transmit ge-
netic information and maintain genomic integrity (1). When
cells sense replication stress, the DNA replication forks either
progress slowly or stall, which results in DNA damage and chro-
mosome breakage, rearrangement, and mis-segregation (2, 3).
Replication stress induces the generation of single-stranded DNA
(ssDNA) that is required to activate Ataxia telangiectasia and
Rad3-related (ATR) checkpoint signaling (4-7). Replication
protein A (RPA), a heterotrimeric complex composed of RPA70,
RPA32, and RPA14 (8, 9), directly binds ssDNA through its
multiple oligonucleotide/oligosaccharide-binding (OB) fold do-
mains (10). The RPA-ssDNA complex then establishes a platform
to recruit numerous factors to the replication forks. This process
promotes ATR transautophosphorylation to potentiate ATR ac-
tivation (6, 11). RPA—ssDNA is also essential for the recruitment
of TopBP1 and Ewing tumor associated antigen 1 (ETAAL) to
further activate the ATR signaling pathway (12-14). The RPA-
ssDNA platform is thus critical for ATR activation during repli-
cation stress, but the mechanisms underlying its formation require
further investigation.

Numerous studies have shown that chromatin-modifying en-
zymes and the corresponding histone marks have essential roles
in the replication stress response and DNA damage repair
(15-17). Enhancer of zeste homolog 2 (EZH2), a component of
the Polycomb repressive complex 2 (PRC2), promotes stalled
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replication fork degradation by recruiting the MUS81 endonuclease
through histone H3K27 trimethylation (18). SETD1A-mediated
H3K4 methylation protects stalled forks via the nucleosome chap-
erone activity of Fanconi anemia group D2 (FANCD2) (19). In
yeast cells, Setl-catalyzed H3K4me3 is also required to ensure
progression through synthesis phase (S phase) during replication
stress. Consistently, Setl-depleted cells and H3K4R mutant cells
are sensitive to replication stress caused by hydroxyurea (HU), a
ribonucleotide reductase inhibitor (20). These data imply that
chromatin modifications regulate signal transmission and processing
pathways during replication stress. The correlation between chro-
matin modifications and the initiation of ATR activation, however,
is still unclear.

A histone mark, H3K14 trimethylation, was identified to be
catalyzed by Regulator of methylation A (RomA) in mammalian
cells after Legionella pneumophila infection. Interestingly, RomA
is a unique SET-domain—containing methyltransferase in L.
pneumophila that does not exist in mammals (21). However, the
occurrence of H3K14me3 in human cells under physiological
conditions was not shown. More recently, Zhao et al. reported
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that H3K14me3 does exist in mammalian cells without pathogenic  histone residues; for example, a previous study showed that
infection, and the histone lysine demethylase (KDM4) family = G9a-like protein (GLP) also methylated H4K16 in response to
catalyzes H3K14me3 demethylation to H3K14me2 (22). The en- DNA damage except H3K9 methylation (30, 31). In addition,
dogenous methyltransferase that catalyzes H3K14 trimethylation =~ ASHI1L catalyzes both H3K4 and H3K36 methylation (32, 33).
and the physiological function of this mark in mammals remains to  These observations raise the possibility that SETD2 might also

be explored. mediate histone modification on other lysine site(s) beyond
The SETD2 methyltransferase exhibits H3K36-specific activity ~ H3K36.
(23, 24). SETD?2 is the sole known methyltransferase that me- In this study, we report that a histone mark H3K14me3 pro-

diates cellular H3K36 trimethylation, using H3K36me?2 as a sub- motes ATR activation. In response to replication stress, methyl-
strate (25-27). SETD2 also methylates nonhistone substrates, transferase SETD2 catalyzes H3K14 trimethylation and facilitates
such as microtubules (28) and the transcription factor STAT1  the RPA complex loading to chromatin. Loss of SETD2 disrupts
(29), implying that SETD2 might have multiple biological func- the RPA recruitment to the chromatin and dismisses the activa-
tions outside of H3K36 trimethylation. Indeed, several histone tion of ATR signaling pathway under stress stimulation. In sum-
modification enzymes exhibit enzymatic activity on multiple mary, our study identifies SETD2 as a critical regulator of
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Fig. 1. H3K14 is methylated in mammals by SETD2 and SUV39H1. (A) A slot-blot assay showing the specificity of the H3K14 methylation antibodies. (B)
H3K14 methylation expression in Hela cells. (C) HelLa cells were transfected with a Flag-H3.1 WT or a Flag-H3.1K14R before anti-Flag immunoprecipitation
and Western blotting. (D) The H3K14 methylation expression levels in different cell lines. (E) Hela cells were labeled with anti-H3K14me1, H3K14me2,
H3K14me3 (red), or HP1-« (green) antibodies and analyzed under a confocal microscope. (Scale bar, 10 pm.) (F) HeLa cells were transfected with SETD2 siRNAs
or a nonspecific siRNA (CTR). The whole-cell lysates and histones were extracted for Western blotting. (G) HelLa cells were transfected with SUV39H1 siRNAs or
a nonspecific siRNA (CTR). The whole-cell lysates and histones were extracted for Western blotting. (H) In vitro methylation assay using a recombinant SETD2
SET domain as the enzyme. Free recombinant histone H3 was used as the substrate. (/) In vitro methylation assay using recombinant SUV39H1 as the enzyme.
Free recombinant histone H3 was used as the substrate. (J) HeLa parental cells and SETD2-KO Hela cells were transfected with or without SUV39H1 siRNAs or
a nonspecific siRNA (CTR). The whole-cell lysates were extracted for Western blotting (Left). Quantification of the band density (Right). The band density of
Hela parental cells in “CTR" was normalized to 1. Data are shown as means + SD (n = 3).
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genomic stability at stalled forks by its enzymatic substrate
H3K14me3 after replication stress.

Results

H3K14 Is Methylated in Mammalian Cells. First of all, we generated
antibodies that can recognize H3K14 monomethylation, dime-
thylation, and trimethylation. We validated the specificity of these
antibodies by immuno-slot-blot assay and peptide competition as-
say (Fig. 14 and SI Appendix, Fig. S1 A and B). We detected
H3K14 methylation in nuclear extracts of human cervical cancer
HeLa cells but not in recombinant unmodified H3 peptides, sug-
gesting that these antibodies can detect endogenous histone H3 in
mammalian cells (Fig. 1B). Next, we transfected HeLa cells with a
Flag-tagged H3.1 wild type (WT) or a mutant H3.1K14R plasmid,
and we analyzed the nuclear immunoprecipitates with anti-Flag or
anti-H3K14 methylation antibodies. We detected H3K14 methyl-
ation in H3.1 WT transfected cells but not in H3.1K14R transfected
cells (Fig. 1C). Importantly, we did not detect any nonspecific bands
of these antibodies (SI Appendix, Fig. S1C). Our newly generated
antibodies thus recognize H3K14 methylation with high specificity
and affinity.

We next detected H3K14 methylation in several human and
mouse cell lines and mouse tissues by Western blotting. We con-
firmed that H3K14 methylation events occurred in all the cell lines
and tissues tested, which suggests the universal existence of these
H3K14 methylation events in mammals (Fig. 1D and SI Appendix,
Fig. S1D). By immunofluorescence analysis, we detected H3K14
methylation signals throughout the nucleus in HeLa cells, with
partial overlap with heterochromatin protein 1-o (HP1-a) (Fig.
1E). These data suggest that H3K14 is methylated in mammalian
cells and that H3K14 methylation has no preference for
euchromatin or heterochromatin.

SETD2 Catalyzes H3K14 Trimethylation In Vivo and In Vitro. We next
explored which histone methyltransferase (HMT) is responsible
for H3K14 methylation in vivo. We first transfected HeLa cells
with small interfering RNAs (siRNAs) against several well-known
HMTs, including SETD2, SUV39H1, SET7/9, MLL, and Dotll
(Fig. 1 F and G and SI Appendix, Fig. S1J-L). Although we saw no
effect on H3K14 monomethylation and dimethylation, H3K14
trimethylation was markedly decreased only in SUV39H1 and
SETD2 knockdown cells (Fig. 1 F and G). We obtained similar
results in HCT116 colon cancer cells (SI Appendix, Fig. S1 E and
H). Next, we transfected HeLa cells with two different siRNAs
targeting SETD2, and we obtained consistent results (SI Appendix,
Fig. S1F). In addition, we used two different SETD2 knockout cell
lines (HeLa SETD2-KO) constructed by CRISPR-Cas9 technol-
ogy and checked H3K14 methylation levels and got similar results
(81 Appendix, Fig. S1G). Considering that SUV39H2 is a paralog
of SUV39H1, we also transfected HeLa cells with siRNAs tar-
geting SUV39H2 to see if this molecule regulates H3K14me3.
Here, we observed no significant change in H3K14me3 levels after
knocking down SUV39H2 compared with HeLa cells transfected
with nonspecific siRNAs (SI Appendix, Fig. S1I). In addition,
knock down of both SUV39H1 and SUV39H2 did not further
decrease H3K14me3 levels when compared to SUV39H1 knock
down alone (SI Appendix, Fig. S1I).

We then performed an in vitro methylation assay for HMT
activity using a glutathione S-transferase (GST)-purified SET do-
main fragment of the SETD2 protein or GST-purified SUV39H]1,
with free recombinant, unmodified histone H3 as the substrate.
Consistent with the findings from the siRNA assay, both the SETD2
SET domain and SUV39H1 could catalyze H3K14 trimethylation
(Fig. 1 H and I). The H3K14me3 levels correlated with the amount
of enzyme in the in vitro assay (SI Appendix, Fig. S1 M and N).
Moreover, WT-H3 and K14 mutant H3 (H3K14R) were used as
the substrates for in vitro HMTase assay. H3K14 was trimethylated
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by both the SETD2 SET domain and SUV39H1 in WT-H3 but not
in K14R-H3 conditions (SI Appendix, Fig.S1 O and P).

To further delineate the role of SETD2 and SUV39H1 in
catalyzing H3K14me3, we transfected HeLa parental cells and
SETD2-KO HeLa cells with or without siRNAs against SUV39HI.
H3K14me3 was dramatically decreased in both SETD2-KO and
SUV39H1 knockdown cells. Interestingly, depletion of both SETD2
and SUV39H1 further blocked H3K14me3 (Fig. 1J). These data
suggest that SETD2 and SUV39HI are the major endogenous
methyltransferases that catalyze H3K14 trimethylation.

SETD2-Mediated H3K14me3 Levels Increase in Response to Replication
Stress. We next wanted to understand the biological functions of
H3K14 methylation in human cancer cells. We first treated HeLa
cells with different genotoxic (doxorubicin [DOX] or etoposide
[VP-16] or HU) agents. We found that the H3K14me3 levels
significantly increased following HU but only moderately increase
by VP-16 or DOX treatment (Fig. 24). Correspondingly, H3K14
monomethylation and dimethylation levels decreased after HU
treatment (Fig. 24). To confirm the change of H3K14me3 levels
observed with HU, VP-16, and DOX treatment, we treated HeLa
cells with ultraviolet (UV) or ionizing radiation (IR) to mimic
replication stress and DNA double strand breaks, respectively. We
detected increased levels of H3K14me3 after UV irradiation but
not IR irradiation (SI Appendix, Fig. S2 A-C). This induction of
H3K14 trimethylation and accompanied decrease of H3K14
monomethylation and dimethylation after HU treatment occurred
in a time-dependent and dose-dependent manner (Fig. 2 B
and C). Finally, immunofluorescent analyses confirmed that
H3K14me3 signals were enhanced after HU treatment (SI Ap-
pendix, Fig. S2D).

Interestingly, the levels of chromatin-bound SETD2 increased
after HU treatment (Fig. 2D), suggesting a role for SETD2 in
responding to replication stress. Conversely, we saw no change in
the levels of chromatin-bound SUV39H1 after replication stress
(SI Appendix, Fig. S2 E and F). These results suggest that although
both SETD2 and SUV39H1 catalyze H3K14 trimethylation,
SETD2 seems to mediate the increase of H3K14me3 after HU
treatment. Correspondingly, loss of SETD2 disrupted the increase
of H3K14 trimethylation levels after HU treatment (Fig. 2 E and F).

We also saw that RPA32-S33 phosphorylation levels were
decreased in SETD2-KO HeLa cells compared to the levels in
HeLa parental cells (Fig. 2 E and F). By contrast, even though
knock down of SUV39HI1 decreased endogenous H3K14me3
levels without stress, treating these SUV39H1 knockdown cells
with HU robustly induced H3K14me3 compared with parental
HeLa cells. RPA32-S33 phosphorylation after HU treatment was
also unaffected by SUV39H1 deficiency (Fig. 2 G and H).

To determine whether SUV39H1 and SUV39H2 both con-
tribute to H3K14me3 levels after replication stress, we knocked
down either SUV39H1 or both SUV39H1 and SUV39H2 in HeLa
cells (SI Appendix, Fig. S2G). ATR activation after HU treatment
was unaffected in SUV39H1 deficient or SUV39H1 and SUV39H2
double knockdown cells. The increase in H3K14me3 levels in
SUV39H1-deficient cells after HU treatment was also unaffected by
further SUV39H2 knock down (SI Appendix, Fig. S2G). These
findings imply an important role for SETD2 in activating the ATR
signaling pathway during replication stress.

Because DNA replication is a dynamic process in S phase and
is challenged by multiple stimuli that can induce replication stress,
we checked the distribution of H3K14 trimethylation throughout
the cell cycle. HeLa cells were synchronized in G1 phase using
double-thymidine treatment and then the cells were released back
into the cell cycle. We found that the cells entered S phase at 2 to 4
h, went into G2/M phase at 8 h, and then returned to G1 at 10.5 h
upon drug withdrawal (SI Appendix, Fig. S2H). Interestingly, the
H3K14me3 levels were high in S phase and comparatively low
when the cells went into G2/M phase (SI Appendix, Fig. S2I). The
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Fig. 2. SETD2-mediated H3K14me3 levels increase in response to replication stress. (A) Histone extracts from Hela cells were treated with 40 pM etoposide
(VP-16) for 4 h, 1 mM DOX for 8 h, or 6 mM HU for 3 h. “CTR" indicates the cells without any treatment. (B) HelLa cells were treated with the indicated
concentrations of HU for 5 h. The chromatin fractions were extracted for Western blotting. “CTR" indicates the cells without any treatment. (C) Hela cells
were treated with 2 mM HU for the indicated times. The chromatin fractions were extracted for Western blotting. “CTR” indicates the cells without any
treatment. (D) Hela cells were treated with 4 mM HU for 5 h. The chromatin fractions were extracted for Western blotting. “CTR" indicates the cells without
any treatment. (E) Hela parental cells and SETD2-KO Hela cells were treated with or without 4 mM HU treatment for 5 h. The chromatin fractions were
extracted for Western blotting. “CTR" indicates the cells without any treatment. (F) A statistical analysis of E was performed by scanning the density of
H3K14me3 and RPA32 pS33 band of the Western blots. The band density of HeLa parental cells in “CTR” was normalized to 1. Data are shown as means + SD
(n = 3). (G) Hela cells transfected with SUV39H1 siRNAs or a nonspecific siRNA (NC) were treated with or without 4 mM HU treatment for 5 h. The chromatin
fractions were extracted for Western blotting. “CTR" indicates the cells without any treatment. (H) A statistical analysis of G was performed by scanning the
density of H3K14me3 and RPA32 pS33 band of the Western blots. The band density of HelLa cells transfected with “NC” siRNAs in “CTR" was normalized to 1.
Data are shown as means + SD (n = 3).
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levels of chromatin-bound SETD2 showed a similar pattern as
H3K14me3 (SI Appendix, Fig. S2I), while the levels of total SETD2
protein did not vary across the different cell-cycle phases (S Ap-
pendix, Fig. S2]). By contrast, we saw no marked changes in the
levels of chromatin-bound SUV39H1 during the cell cycle (SI
Appendix, Fig. S2K). These results further support that SETD2, but
not SUV39H]1, is involved in replication-associated H3K14 tri-
methylation.

H3K14me3 Interacts with RPA Complex. HU treatment affects DNA
polymerases and contributes to replication stress (34). Consid-
ering that H3K14me3 levels seem to be increased in response to
HU treatment, we next investigated the role of H3K14me3 in the
replication stress response. To identify the H3K14me3-interacting
proteins, we used a histone H3 peptide containing H3K14me3 to
precipitate HeLa nuclear extracts treated with or without HU.
Potential interacting proteins were identified by mass spectrome-
try analysis (Dataset S1). Several proteins involved in DNA rep-
lication progression or the replication stress response pathways
were pulled down after HU treatment (Fig. 34).

To confirm the possible interactions between these identified
proteins and H3K14me3, coimmunoprecipitation (Co-IP) assays
were performed and endogenous RPA70, ATR, and RPA32
were immunoprecipitated by H3K14me3 (Fig. 3B). Reciprocally,
H3K14me3 was immunoprecipitated by RPA32 and RPA70,
separately (Fig. 3 C and D). To exclude the possibility that the
RPA complex interacts with H3K14me3 by directly binding with
ssDNA, we treated the precipitates with DNase I: we found no
difference in the interaction between H3K14me3 and the RPA
complex with or without DNase I (Fig. 3E). Although we de-
tected H3K14me3 binding with the RPA complex and ATR
under physiological conditions, the interaction was increased after
HU treatment (Fig. 3F). Next, we performed an isolation of
proteins on nascent DNA assay to investigate whether H3K14me3
is deposited into chromatin immediately surrounding the stressed
replicating fork, we found that H3K14me3 was enriched on the
stalled replication fork (Fig. 3G). Interestingly, H3K14me3 on the
replication fork was increased after HU treatment (Fig. 3H). We
confirmed the colocalization of H3K14me3 and RPA70 after HU
treatment by immunofluorescence analysis (Fig. 31).

Next, we overexpressed Flag-H3.1 and H3.1K14R in HeLa
cells and performed a mononucleosome Co-IP assay. We found
that the H3K14R mutation decreased the interaction between
mononucleosome with RPA compared to WT H3 (Fig. 3/). We
also overexpressed Flag-RPA70 in HeLa cells and extracted the
nuclear fractions after HU treatment for a peptide pull-down
assay. RPA70 showed a stronger interaction with peptides con-
taining H3K14me3, compared with the unmodified peptide or
peptides containing other modifications (H3K14mel, H3K14me2,
or H3K36me3) (Fig. 3K). Moreover, we performed a peptide pull-
down assay with purified RPA70 and H3 peptides to see if this
interaction is direct. We indeed detected direct binding between
RPA70 and H3 peptides (Fig. 3L). Importantly, RPA70 had a
higher binding affinity for H3K14me3 peptides than H3 peptides
without modifications or with other forms of modifications (Fig.
3L). In addition, we found that the RPA70 N terminus was re-
sponsible for this direct interaction (Fig. 3M). These data thus
suggest that H3K14me3 may interact with the RPA complex via a
direct interaction with RPA70 that occurs in vivo and in vitro.

SEDT2 Deletion Impairs ATR Activation. Thus far, we have shown
that SETD2-mediated H3K14me3 might be associated with the
recruitment of RPA complex to chromatin in response to DNA
replication stress. We next asked whether SETD2 participates in
the ATR signaling pathway. As RPA32, CHKI1, and ATR are
specific ATR kinase substrates, inhibiting ATR signaling by us-
ing ATR inhibitors dramatically decreased RPA32 pS33, CHK1
pS345, and ATR pT1989 levels (SI Appendix, Fig. S3A4), as

Zhu et al.

SETD2-mediated H3K14 trimethylation promotes ATR activation and stalled replication

fork restart in response to DNA replication stress

expected. We thus used these markers to monitor ATR activa-
tion in our subsequent analyses.

We first treated HeLa parental cells or SETD2-KO HelLa cells
with 4 mM HU for 0.5 h up to 5 h and extracted the chromatin
fractions for Western blotting. We found that RPA complex re-
cruitment to chromatin was markedly decreased in the SETD2-KO
HelLa cells (Fig. 44). RPA-ssDNA is required to recruit activators,
such as TopBP1 and ATRIP, to induce ATR kinase activity (6, 14).
Here, we found that the levels of chromatin-bound ATR signaling
pathway-related proteins (ATRIP, TopBP1, as well as ATR itself)
and the phosphorylation levels of ATR substrates (ATR pT1989,
CHKI1 pS345, or RPA32 pS33) were notably reduced in SETD2-
KO Hela cells compared to HeLa parental cells (Fig. 44). We
confirmed these phenotypes in two different SETD2-KO HeLa
cell lines and siRNA-mediated SETD2 knockdown cells (SI Ap-
pendix, Fig. S3 B and C). However, knock down of SUV39H1
alone did not affect ATR signaling (SI Appendix, Fig. S3D). In
addition, knock down of SUV39H1 alone or both SUV39H1 and
SUV39H2 in SETD2-KO HelLa cells did not show additional ef-
fects in ATR signaling, compared with SETD2-KO HelLa cells (S
Appendix, Fig. S3E).

Although SETD?2 catalyzes both H3K14me3 and H3K36me3,
only H3K14me3 levels were increased in response to HU
treatment in HeLa parental cells (Fig. 4B). This finding supports
the unique role of SETD2 in mediating H3K14me3 under rep-
lication stress. In addition, we did not see any difference in the
expression levels of the ATR activators or the RPA proteins
between the HeLa parental cells and SETD2-KO HeLa cells
(Fig. 4C). These results support that SETD2 promotes ATR
activation by facilitating effector recruitment to chromatin.

As RPA32 is a substrate of ATR, and RPA32-S33 phosphor-
ylation is a marker for ATR activation in response to DNA rep-
lication stress (35), we performed an immunofluorescence assay to
see whether phosphorylated RPA32-S33 foci formation is affected
in SETD2-KO Hela cells. As expected, phosphorylated RPA32-
S33 foci formation was reduced in SETD2-KO HeLa cells com-
pared with HeLa parental cells after HU treatment (Fig. 4 D and
E). We observed similar results for phosphorylated CHK1-S345
foci formation in SETD2-KO HelLa cells versus HeLa parental
cells (SI Appendix, Fig. S4 A and B). Similar results were observed
in ATR inhibitor-treated cells, indicating that ATR signaling in
SETD2-KO cells was impaired (S Appendix, Fig. S4 C and D).

Finally, we performed a rescue experiment to investigate
whether SETD2 catalytic activity is required for ATR activation.
Here, we transfected SETD2-KO HelLa cells with a green fluo-
rescent protein (GFP)-SETD2 SET domain fragment and found
that H3K14 trimethylation, ATR phosphorylation, and ATRIP
recruitment to the chromatin fraction were restored upon HU
treatment (Fig. 4F). Taken together, loss of SETD2 impairs
ATR activation in response to replication stress.

H3K14 Trimethylation Promotes ATR Activation. We next investi-
gated whether the role of SETD2 in the ATR signal pathway
during replication stress is mediated through H3K14 trimethy-
lation. We constructed a histone H3 mutant by mutating lysine
14 to an alanine (H3K14A) or an arginine (H3K14R) to abolish
SETD2-mediated methylation. We also constructed H3K14Q to
mimic the acetylation status at this site. We then generated HeLa
cell lines stably expressing Flag-tagged histone H3.1 WT or mutant
histone H3.1 K14 (K14R, K14A, or K14Q). After HU treatment, we
found that the levels of chromatin-bound ATR signaling pathway—
related proteins (ATRIP, TopBP1, and RPA complex) and the
phosphorylation levels of ATR substrates (ATR pT1989, CHK1
pS345, or RPA32 pS33) were decreased in Hela cells expressing
H3.1-K14 mutant constructs (K14R, K14A, and K14Q) compared
to HeLa cells expressing H3.1K14 WT constructs (Fig. 54).

One of the most important targets of SETD2 is H3K36 trime-
thylation, which is reportedly crucial for DNA mismatch repair
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Fig. 3. H3K14me3 interacts with the RPA complex. (A) Hela cells were treated with or without 4 mM HU for 5 h, and the nuclear proteins were extracted for
pull-down assay with biotin-labeled H3 peptides containing K14me3. The biotin immunoprecipitates were separated by SDS/polyacrylamide gel electro-
phoresis (SDS/PAGE), and the entire lane was excised from the gel and analyzed by mass spectrometry. The table details some of the proteins identified in HU-
treated Hela cells by mass spectrometry. (B-D) Hela cells were treated with 4 mM HU for 5 h. The nuclear proteins were extracted and subjected to im-
munoprecipitation using an anti-H3K14me3 (B), anti-RPA32 (C), or anti-RPA70 (D) antibody. IP, immunoprecipitates. (E) Nuclear proteins were extracted with
or without DNase | treatment from Hela cells treated with 4 mM HU for 5 h and subjected to immunoprecipitation using an anti-H3K14me3 antibody. DNA
gel on the right showed the digestion efficiency of DNase I. IP, immunoprecipitates. (F) Nuclear proteins were extracted from Hela cells treated with or
without 4 mM HU for 5 h and subjected to immunoprecipitation using anti-H3K14me3 antibody. “CTR" indicates no HU treatment. IP, immunoprecipitates.
(G) Hela cells were incubated with EdU and HU. Replication fork proteins were isolated by isolation of proteins on nascent DNA (iPOND) and immunoblotted
with indicated antibodies. IP, immunoprecipitates. (H) HelLa cells were treated with or without HU and then incubated with EdU. Replication fork proteins
were isolated by iPOND and immunoblotted with indicated antibodies. “CTR” indicates no HU treatment. IP, immunoprecipitates. (/) HeLa cells were treated
with 4 mM HU for 5 h. The cells were then fixed and stained with an anti-RPA70 antibody (red) and H3K14me3 antibody (green). (Scale bar, 10 pm.) (J) HeLa
cells were transfected with pcDNA3.1, Flag-H3.1 WT, and Flag-H3.1K14R for 60 h and then treated with 4 mM HU for 5 h. Mononucleosomes were extracted
and subjected to immunoprecipitation using M2 beads. IP, immunoprecipitates. (K) HelLa cells were transfected with Flag-RPA70 for 48 h and then treated
with 4 mM HU for 5 h. Nuclear extractions were then pulled down by biotin-labeled H3 peptides containing various forms of histone H3K14 and H3K36, as
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were purified, and biotin-labeled H3K14me3 peptides were incubated in vitro in GST pull-down buffer for GST pull-down assay. “CTR” served as a positive
control for Biotin-H3K14me3 (Upper). The schematic structure of RPA70. FL, full length. N-terminus, N-ter. A, B, and C are four DNA-binding domains of
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and homologous recombination (36, 37). To determine whether
H3K36 methylation affects ATR activation during replication
stress, we transfected a Flag-tagged H3.1K36 mutant (K36R)
plasmid into HeLa cells to see the effects of H3K36 methylation in
ATR activation. Surprisingly, we saw no obvious difference in the
levels of chromatin-bound ATR signaling pathway-related pro-
teins or ATR substrate phosphorylation between HeLa cells
expressing H3.1K36R compared with cells expressing H3.1 WT or
an empty vector (Fig. 5B). We then transfected GFP-tagged his-
tone H3.1 WT and mutant histone H3.1 (K14R or K36R) into
HeLa cells and monitored RPA70 foci formation after HU
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treatment by immunofluorescence. As expected, RPA70 foci for-
mation was distinctly compromised in cells overexpressing GFP-
tagged histone H3.1K14R but not in the WT or K36R counterpart
cells (Fig. 5 C and D). Strikingly, phosphorylated RPA32 S33 foci
formation was markedly decreased in cells expressing either
H3.1K14 mutant H3K14R, H3K14A, or H3K14Q compared to
H3.1 WT (Fig. 5 E and F). We made similar observations for
phosphorylated CHK1 S345 foci formation (SI Appendix, Fig. S4 E
and F). These data suggest that defective H3K14me3 restrains
RPA70 loading onto chromatin in response to replication stress,
which ultimately impairs ATR activation.
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SETD2-Induced H3K14me3 Is Not Dispensable for Stalled Forks
Restart. Because ATR activation is required for replication forks
to restart (5), we monitored replication fork recovery by single-
molecule DNA fiber analysis in HeLa parental cells and SETD2-
KO HeLa cells. We found that fork restart was >50% slower in
SETD2-KO HelLa cells compared to HeLa parental cells after HU
treatment (Fig. 6 A and B). To confirm a role for H3K14me3 in
fork restart, we analyzed HeLa cells expressing H3.1 WT or mutant
H3.1 (K14R, K14A, or K14Q). Here, we found that cells expressing
H3K14 mutants displayed slower recovery rates than cells express-
ing WT H3 (Fig. 6 C and D). These results support that SETD2-
mediated H3K14me3 is important for replication fork restart.

Next, we analyzed the cell-cycle distribution of HeLa parental
cells and SEDT2-KO Hela cells; there is a moderate change in
cell-cycle progression between Hela parental cells and SETD2-
KO HelLa cells (Fig. 6E). To investigate if H3K14 trimethylation
influences the cell cycle, we expressed GFP-tagged K14 mutant
H3.1 (K14R, K14A, and K14Q) in HeLa cells and saw no dif-
ference in the cell-cycle distribution in HeLa cells expressing
GFP-tagged K14R/K14A/K14Q compared with GFP-negative
HeLa cells (Fig. 6F). These findings suggest that the H3K14
mutant has minimal effects on cell-cycle progression in the ab-
sence of replication stress.

We also synchronized HeLa parental cells and SETD2-KO
HeLa cells after HU treatment for 12 h followed by wash out.
Here, the HeLa parental cells rapidly resumed DNA synthesis and
moved into the S phase of the cell cycle by 6 h and completed cell
division by 12 h. By contrast, SETD2-KO HeLa cells showed a
much slower recovery, and fewer cells were able to complete the
cell division cycle (Fig. 6G). We also analyzed HeLa cells expressing
GFP-tagged H3.1 WT or mutant H3.1 (K14R, K14A, and K14Q)
to determine the role of H3K14 methylation in cell-cycle progres-
sion in the presence of replication stress. By analyzing the GFP-
positive cells successfully expressing the corresponding plasmids, we
detected impaired cell-cycle progression in mutant H3.1-expressing
cells compared with H3.1 WT-expressing cells after HU treatment
(Fig. 6H). These data suggest that H3K14 trimethylation is required
for cell-cycle progression after replication stress.

SETD2 Is Required for Cells to Tolerate Replication Stress. In our final
set of analyses, we tested whether SETD2-mediated H3K14me3
determines cell survival after HU treatment. We performed a
colony formation assay to compare the survival of Hel.a parental
cells versus SETD2-KO HelLa cells. Under physiological condi-
tions, we found that SETD2-KO HeLa cells grew at a 20% slower
rate than HeLa parental cells (SI Appendix, Fig. S54). Interestingly,
after § mM HU treatment for 2 h, the SETD2-KO HeLa cells grew
at a 60% slower rate than Hela parental cells (SI Appendix, Fig.
S5A). Next, we treated HeLa parental cells and SETD2-KO HeLa
cells with either three different doses of HU for the same times or
with the same dose of HU for three different exposure times and
then performed clonogenic survival analyses. The results of the
colony formation assay confirmed that the cell survival rate de-
creased significantly in SETD2-KO HelLa cells compared with
HeLa parental cells (Fig. 6 7 and J). HeLa cells stably expressing
Flag-H3.1K14R also showed a much lower cell survival rate than
cells expressing H3.1 WT after HU treatment (Fig. 6 K and L). In
addition, we treated two different SETD2-KO HelLa cell lines with
different genotoxic agents to see the sensitivity of SETD2 deficient
cells to various genotoxic agents (S Appendix, Fig. S5B). We also
got similar results in SETD2 knockdown Hel a cells by transfection
with two different siRNAs (SI Appendix, Fig. S5C). Collectively,
these results show that SETD2-mediated H3K14me3 is required
for cells to survive during conditions of replication stress.

Discussion

In this study, we report that the methyltransferase SETD2 and
SUV39H1 are the primary enzymes responsible for catalyzing
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the newly discovered histone mark H3K14me3 in mammalian
cells. However, SETD2- but not SUV39H1-mediated H3K14me3
serves as a dock to recruit the RPA complex to chromatin and has
a critical role in promoting ATR signaling in response to
replication stress.

H3K14me3 was recently identified in mammalian cells (21,
22). Consistently, we found that H3K14me3 was endogenously
expressed in all the human cancer cell lines and mouse tissues
that we tested in this study. A previous report showed that
H3K14 methylation occurred only after L. pneumophila infection
in THP-1 cells but not in uninfected THP-1 cells (21). This dif-
ference with the results of our study might be due to the different
cell lines used. For example, we detected low H3K14me3 levels
in 293T and LN cells but high levels in HeL.a and HCT116 cells
(Fig. 1D). In addition, the difference may derive from the dif-
ferent antibodies used. We generated our own H3K14me3 an-
tibody against the H3 peptide containing the first 22 amino acids
with K14 trimethylated. Our results are, however, consistent with
a previous report by Zhao et al., who also detected H3K14me3 in
mammalian cells, and showed that H3K14me3 was associated
with active transcription regions in the genome (22). Interest-
ingly, we found that H3K14me3 partially colocalized with HP1-«,
a marker of heterochromatin, suggesting a role for H3K14me3
beyond transcriptional regulation.

Prior to our study, the endogenous enzyme for catalyzing
H3K14 was unknown. We found that the amino acid sequence
before the H3K14 site (TGG-K14) was similar to the sequence
preceding the H3K36 site (TGGV-K36). This similarity led us
to hypothesize that the methyltransferase that catalyzes H3K36
methylation might also be responsible for catalyzing H3K14 meth-
ylation. Using sequence similarities to identify possible methyl-
transferase seems to be a reasonable approach. For example, a
previous study explained that sequence similarities between H3K56
and H3K9 (RKIST; QK56ST) led to the discovery of H3K56mel by
GY9a (38). However, different from H3K36me3 that is merely de-
pendent on SETD2, we found that SETD2 knock down did not
abolish H3K14me3 during physiological conditions. As we confirm,
other methyltransferases, such as SUV39H]1, have a redundant role
in maintaining H3K14me3. SUV39H1 and its paralog of SUV39H2
both play essential roles in the catalysis of H3K9me3 at constitutive
heterochromatin regions on the genome (39, 40). It is possible,
therefore, that these enzymes have redundant roles in maintaining
H3K14me3 levels in certain circumstances such as HU treatment.
Unfortunately, SUV39H2 knock down did not have additional roles
in reducing H3K14me3 levels in SUV39H1 deficient cells, sug-
gesting that SUV39H1 has a unique role in catalyzing H3K14me3.

The premise of an enzymatic reaction is the recruitment of the
enzyme to the substrate. For example, after DNA damage, GLP
(an enzyme for H3K9mel and H3K9me?2) is recruited to double
strand breaks (DSBs) where it catalyzes H4K16 methylation to
promote 53BP1 recruitment (31). In this study, we found that
SETD2 but not SUV39H1 was recruited to chromatin after HU
treatment. Therefore, although both enzymes can trimethylate
H3K14, we speculate that SETD2 and SUV39H1 might function
in distinct cellular environments or in response to different stimuli.
SUV39H1 might contribute to preexisting basal H3K14me3 levels
and location overlap with HP1-a. Due to the limited number of
enzymes that we tested, we cannot exclude the possibility that
other methyltransferases can also catalyze H3K14 methylation.

Notably, SETD2-mediated H3K36me3 is essential for MSH6
recruitment during S phase and for DNA mismatch repair (36);
SETD?2 thus has a key role in mediating DNA repair pathways.
SETD2-mediated H3K36me3 also regulates the expression of
RRM2, which is responsible for ANTP synthesis during S phase.
As such, SETD2-defficient cells exhibit RRM2 reduction and
critical INTP depletion, replication stress, and S-phase arrest (41).
Another study showed that loss of SETD2 function in RCC4 cells
induces replication stress through defective nucleosome assembly
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Fig. 6. SETD2-induced H3K14me3 is required for stalled forks restart. (A) HeLa parental cells or SETD2-KO Hela cells were pulse labeled with 40 uM CldU for
30 min, treated with 5 mM HU for 2 h, and then released in media containing 100 pM IdU for 30 min. The CldU and IdU track lengths were measured using
Image) software. (Scale bar, 1 pm.) (B) The IdU/CIdU ratio. At least 200 fibers were counted. The means + SD are shown in the dot plot relative to one
representative experiment, and Student’s t test was used for the statistical analysis. ****P < 0.0001. (C) HelLa cells expressing Flag-H3.1 WT, H3.1K14R,
H3.1K14A, or H3.1K14Q were pulse labeled with 40 pM CldU for 30 min, treated with 5 mM HU for 2 h, and then released in media containing 100 pM IdU for
30 min. The CldU and IdU track lengths were measured using ImageJ software. (Scale bar, 1 pm.) (D) The I1dU/CIdU ratio. At least 200 fibers were counted. The
means + SD are shown in the dot plot relative to one representative experiment, and Student’s t test was used for the statistical analysis. ****P < 0.0001. (E)
Hela parental cells and SETD2-KO HelLa cells were harvested for flow cytometry analysis. The histograms show the cell-cycle distribution. (F) HelLa cells were
transfected with GFP-H3.1K14R, H3.1K14A, and H3.1K14Q and harvested after 48 h for flow cytometry analysis. The histograms show the cell-cycle distri-
bution of Hela cells expressing GFP-H3.1K14R, H3.1K14A, and H3.1K14Q (GFP positive) and normal Hela cells (GFP negative). (G) Hela parental cells or SETD2-
KO Hela cells were treated with 4 mM HU for 12 h and then released in fresh media for up to 12 h. Cells were harvested at the indicated time for flow
cytometry analysis. The histograms show the cell-cycle distributions. (H) HeLa cells expressing GFP-H3.1 WT, H3.1K14R, H3.1K14A, or H3.1K14Q were treated
with 4 mM HU for 12 h and then released in fresh media for up to 12 h. Cells were harvested at the indicated time for flow cytometry analysis. The histograms
show the cell-cycle distributions. (/) HeLa parental cells or SETD2-KO Hela cells were treated with indicated doses of HU for 2 h and analyzed by colony
formation assay. The cell survival of HeLa parental cells and SETD2-KO Hela cells in “0” was normalized to 1. The data represent the means + SD (n = 3).
***P < 0.001 (Student’s t test). “0” indicates the cells without HU treatment. (J) HeLa cells expressing FLAG-H3.1 WT or H3.1K14R were treated with indicated
doses of HU for 2 h and analyzed by colony formation assay. The cell survival of Flag-H3.1 WT HelLa cells and H3.1K14R Hela cells in “0” was normalized to 1.
The data represent the means + SD (n = 3). ***P < 0.001 (Student's t test). “0” indicates the cells without HU treatment. (K) HelLa parental cells or SETD2-KO
Hela cells were treated with 8 mM HU for indicated time and analyzed by colony formation assay. The cell survival of HeLa parental cells and SETD2-KO HelLa
cells in "0” was normalized to 1. The data represent the means + SD (n = 3). ***P < 0.001 (Student'’s t test). “0” indicates the cells without HU treatment. (L)
Hela cells expressing FLAG-H3.1 WT or H3.1K14R were treated with 8 mM HU for indicated time and analyzed by colony formation assay. The cell survival of
FLAG-H3.1 WT Hela cells and H3.1K14R Hela cells in “0” was normalized to 1. The data represent the means + SD (n = 3). ***P < 0.001 (Student'’s t test). “0"
indicates the cells without HU treatment.
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during S phase, impairing replication fork progression (42). These
studies support that SETD2 activity (in terms of H3K36 methyl-
ation) is essential for DNA replication.

In this study, however, we show that under conditions of
replication stress, SETD2-mediated H3K14me3 has a unique
role in directly recruiting the RPA complex to chromatin and
promoting ATR activation. SETD2-dependent RPA complex
recruitment in response to replication stress is specifically asso-
ciated with H3K14me3. We provide several lines of evidence to
support that H3K14 methylation but not H3K36 methylation has
a critical role in response to replication stress: first, H3K14me3
but not H3K36me3 increases after HU treatment; second,
in vitro peptide pull-down assay showed no difference in the
binding affinities of H3K36me3 or unmethylated H3 peptide for
the RPA complex; and third, an H3K36 mutation does not affect
the interaction between RPA and histone or RPA32 pS33 foci
formation. The underlying mechanism of the different pheno-
types between H3K14me3 and H3K36me3 in response to repli-
cation stress now needs to be explored. We hypothesize that
during HU treatment, SETD2 might be post-translationally
modified (by a yet unknown mechanism) to specifically recog-
nize K14 but not K36 on the histone H3 tail.

It is well known that histone methylation provides dock sites
for proteins to bind and exert their function (43). Many proteins
contain domains that permit lysine methylation recognition, such
as the Tudor, PHD, MBT, BRCT2, and Chromo domains (15,
43). We found that H3K14 trimethylation could pull down the
RPA70 complex and enhance RPA loading onto chromatin.
Interestingly, unmodified H3 or other modified peptides such as
H3K14mel, H3K14me2, and H3K36me3 also exhibited a weak
interaction with RPA70. This finding is consistent with a previ-
ous study that showed that RPA directly binds with free H3 and
H4 (44). However, our results here suggest that H3K14me3 pro-
motes the association between histone H3 and the RPA complex.
Even though RPA70 has not been reported to contain any known
lysine methylation recognition domains, specific binding between
H3K14me3 and RPA70 is not surprising. Much evidence shows
that lysine methylation recognition domains are not absolutely
required for protein interactions. For example, a recent paper
suggests that H3K36me3 directly interacts with METTL14, which
does not have a methylation recognition domain, and guides m°A
RNA modification (45). In addition, H3K56mel directly asso-
ciates with PCNA (38) despite PCNA not having any known lysine
methylation recognition domains. Furthermore, the PWWP do-
main of the Lens epithelium-derived growth factor (LEDGF)
binds H3K36me3, and the PWWP module reportedly binds DNA
without sequence specificity (46). Interestingly, RPA is an ssDNA-
binding protein with multiple DNA-binding domains. Whether
these DNA-binding domains contribute to the interaction between
RPA and H3K14me3 needs to be further explored. Overall, these
previous discoveries and our latest data suggest that a lysine
methylation recognition domain-independent mechanism exists
for protein interactions with methylated histones. Of course, we
cannot rule out that RPA70 might contain H3K14me3-specific
recognition domains with a yet unknown sequence motif. Al-
though our data supports that the interaction between RPA70 and
H3K14me3 is likely direct, we could not exclude the possibility
that the role of SETD2 in RPA recruitment may be through other
unexplored pathways.

RPA is an essential ssDNA-binding protein that participates in
various biological processes including DNA replication and
DNA repair (44, 47). We found that only H3K14me3 was increased
after HU treatment, suggesting that H3K14me3-dependent RPA
recruitment is involved in DNA replication stress but not in DNA
repair pathways. The RPA-ssDNA complex forms a platform to
help activate ATR kinase. However, several other DNA-binding
proteins compete with RPA to bind with ssDNA. For example,
BRCA2-mediated Rad51-ssDNA formation dissociates RPA from
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the DNA at the DSB site to stimulate recombination (48). Besides
an interaction with RPA, it is possible that H3K14me3 prevents
other proteins from competing for ssDNA to protect the RPA-
ssDNA complex. In addition, some proteins, such as SLFNI1I,
disassociate RPA from ssDNA by interacting with the RPA com-
plex (49). H3K14me3 might occupy the RPA70 domains that bind
with these proteins and stabilize the RPA complex at the replica-
tion forks. It is noteworthy that the RPA complex and ATR acti-
vator recruitment to chromatin was not completely abolished in
SETD2-deficient or H3K14 mutant cells. This finding implies
that SETD2-mediated H3K14me3 is not the only factor required
for RPA—ssDNA platform formation and stabilization.

ATR activation in vertebrate cells relies on the TopBP1 and
ETAA1 pathways (12-14), both of which require the preexistence
of the RPA-ssDNA complex. Even though histone modifications
are known to regulate replication fork stability and indirectly affect
ATR activation, our study pinpoints that histone methylation has
an important role in initiating ATR activation. Interestingly, pre-
clinical data suggest that ATR kinase inhibitors can have promising
therapeutic effects against cancer cells. These inhibitors sensitize
cancer cells but not normal cells to DNA damage through
oncogene-induced replication stress (50). We also found that
SETD2-deficient cells are highly sensitive to HU-induced replica-
tion stress. SETD2 mutations have been detected in various can-
cers, including clear cell renal cell carcinoma (51, 52). Cancer cells
that harbor SETD2 mutations might thus be particularly sensitive
to replication stress, such as HU treatment. Conversely, we need to
carefully consider the benefits of ATR inhibitor treatment in pa-
tients with SETD2 mutations as these inhibitors might not work
as efficiently as they do in patients without SETD2 mutations.

Overall, our findings demonstrate how histone modification
regulates RPA-ssDNA platform formation and ATR activation
(SI Appendix, Fig. S5D). We reinforce the importance of HMT
activity and histone modification in protecting stalled replication
forks and maintaining genome stability. Our data expand the role
of SETD2 beyond transcription and DNA damage repair. This
function for SETD?2 in mediating the replication stress response
provides us with an angle to exploit its role in chemo-resistance
and in the design of cancer therapeutics.

Materials and Methods

H3K14 Methylation Antibody Generation. The H3K14 methylation antibodies
were raised in rabbits against the H3K14 methylation peptides ARTKQ-
TARKSTGG-(monomethyl)K-APRKQLAT, ARTKQTARKSTGG-(di-methyl)K-APRKQ-
LAT, or ARTKQTARKSTGG-(trimethyl)K-APRKQLAT coupled to keyhole limpet
hemocyanin. Rabbits were injected with the immunogen three times under a
typical boost time schedule. At 1 wk after the third injection, the rabbits were
bled for the first time to perform the enzyme linked immunosorbent assay
(ELISA) and dot blot assays. The rabbits with high specificity of antisera were
boosted again for the last time 1 wk later and exsanguinated 10 d following the
final boost. The antisera were captured with protein A resin and purified with
antigen peptide conjugated resin. The crossing peptide conjugated resin was
used to deplete the cross-reactivity. The purified antibody was tested by dot blot
assay and Western blotting.

In Vitro HMTase Assay. In vitro HMTase assays were performed as previously
described (53). In brief, 2 ug substrate was incubated with different enzymes
in a methylation reaction buffer (50 mM Tris - HCI [pH 8.0], 5 mM MgCl,,
4 mM dithiothreitol, 0.5 mM SAM) at 37 °C for 3 h before analysis by
Western blotting. Histone H3 and H4 were obtained from New England
Biolabs. GST, the GST-SET domain of SETD2, and GST-SUV39H1 were purified
from Escherichia coli.
See more detailed materials and methods in S/ Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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