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In mammals, repressive histone modifications such as trimethylation of
histone H3 Lys9 (H3K9me3), frequently coexist with DNA methylation,
producing a more stable and silenced chromatin state. However, it
remains elusive how these epigenetic modifications crosstalk. Here,
through structural and biochemical characterizations, we identified the
replication foci targeting sequence (RFTS) domain of maintenance DNA
methyltransferase DNMT1, a module known to bind the ubiquitylated
H3 (H3Ub), as a specific reader for H3K9me3/H3Ub, with the recogni-
tion mode distinct from the typical trimethyl-lysine reader. Disruption
of the interaction between RFTS and the H3K9me3Ub affects the local-
ization of DNMT1 in stem cells and profoundly impairs the global DNA
methylation and genomic stability. Together, this study reveals a pre-
viously unappreciated pathway through which H3K9me3 directly rein-
forces DNMT1-mediated maintenance DNA methylation.
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DNA methylation is an evolutionarily conserved epigenetic
mechanism that critically influences chromatin structure and

function (1). In mammals, DNA methylation predominantly occurs
at the C-5 position of cytosine within the CpG dinucleotide context,
which regulates the silencing of retrotransposons (2), allele-specific
genomic imprinting (3), X-chromosome inactivation (4), and tissue-
specific gene expression that underlies cell fate commitment (5).
During DNA replication, DNA methylation is stably propagated by
DNA methyltransferase 1 (DNMT1), which replicates the DNA
methylation patterns from parental DNA strands to the newly syn-
thesized strands in a replication-dependent manner (6, 7). Faithful
propagation of DNA methylation patterns is essential for clonal
transmission of epigenetic regulation between cell generations.
DNMT1 is a multidomain protein, comprised of a large

N-terminal regulatory region and a C-terminal methyltransferase
(MTase) domain, linked via a conserved (GK)n dipeptide repeat
(Fig. 1A). The regulatory region contains a replication foci tar-
geting sequence (RFTS), a CXXC zinc finger domain and a pair
of bromo-adjacent homology (BAH) domains (8–11). Recent
structural and biochemical evidence has revealed that both the
RFTS and CXXC domains regulate the activity of DNMT1
through autoinhibitory mechanisms: the RFTS domain directly
interacts with the MTase domain to inhibit DNA binding
(10–14), whereas the CXXC domain specifically recognizes
unmethylated CpG nucleotides, which in turn blocks the de novo
methylation activity of DNMT1 (8, 15). These N-terminal
domain-mediated allosteric regulations, together with an inher-
ent enzymatic preference of the MTase domain for hemi-
methylated CpG sites (9, 16), shape the enzymatic specificity of
DNMT1 in maintaining DNA methylation.

The crosstalk between DNA methylation and other gene-silencing
mechanisms, such as histone H3K9 methylation, is widely observed
across evolution, ensuring proper chromatin assembly and
loci-specific gene suppression (17, 18). The H3K9 methylation-
dependent DNAmethylation inNeurospora andArabidopsis has been
elucidated, which is attributed to a direct or indirect H3K9me2/
H3K9me3 readout mechanism of DNA methyltransferases (19, 20).
In mammals, H3K9me3 is strongly correlated with DNAmethylation
at pericentric heterochromatin (21). However, the mechanism by
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which H3K9 methylation is translated into mammalian DNA meth-
ylation remains far from being fully understood. Nevertheless, it has
been established that DNMT1-mediated maintenance DNA meth-
ylation is critically regulated by Ubiquitin-like, containing PHD and
RING Finger domains, 1 (UHRF1) (22, 23). During the S phase,
UHRF1 is recruited to replicating heterochromatin through its as-
sociation with both hemimethylated CpG DNA and H3K9me3 (24),
where it stochastically catalyzes the monoubiquitylation of histone H3

at lysine 14 (H3K14Ub), lysine 18 (H3K18Ub) (25), and/or lysine 23
(H3K23Ub) (25–28), and PCNA-associated factor 15 (PAF15) at
lysine 15 and 24 (29, 30). The DNMT1 RFTS domain recognizes all
these modifications, with a preference for the two-monoubiquitin
marks (i.e., H3K18Ub/H3K23Ub), leading to allosteric stimulation
of DNMT1 (26). The structure of DNMT1RFTS domain in complex
with H3K18Ub/K23Ub revealed that the H3K18Ub/K23Ub binding
leads to structural rearrangement of RFTS and its dissociation with

Fig. 1. Specific interaction between the DNMT1 RFTS domain and H3K9me3Ub. (A) Domain architecture of human DNMT1 (hDNMT1), with individual
domains delimited by residue numbers. (B and C) ITC-binding assays of hDNMT1RFTS over H31–22 (B) and H31–22K9m3 (C) peptides. (D and E) ITC-binding assays
of hDNMT1351–1600 over H31–24K9me3Ub2 (D) and H31–24Ub2 (E) peptides. (F) In vitro DNA methylation assays for hDNMT1351–1600 in the absence or presence
of H3 peptides with the indicated modification. Mean and SD were derived from three independent measurements. (**P < 0.01, ***P < 0.001, n.s., not
significant, Student’s t test).
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the C-terminal linker, thereby facilitating the conformational transi-
tion of DNMT1 from an autoinhibitory state to an active state (26,
31). These observations suggest a UHRF1-bridged link between
H3K9me3 and DNA methylation. However, whether H3K9me3 di-
rectly interacts with DNMT1 to regulate maintenance DNA meth-
ylation remains unknown.
To determine how H3K9me3 affects DNMT1-mediated

maintenance DNA methylation, we examined the histone-
binding activity of DNMT1 RFTS domain and its relationship
to the chromatin association and enzymatic activity of DNMT1.
Through isothermal titration calorimetry (ITC) and in vitro en-
zymatic assays, we identified that the RFTS domain binds pref-
erably to H3K9me3 over H3K9me0, which serves to strengthen
the enzymatic stimulation of DNMT1 by H3 ubiquitylation
(H3Ub). Furthermore, we determined the crystal structure of
bovine RFTS domain complexed with H3K9me3 peptide and two
ubiquitins, providing the molecular basis for the H3K9me3 rec-
ognition. In addition, our cellular and genomic methylation
analysis demonstrated that impairment of the RFTS-H3K9me3Ub
recognition led to reduced colocalization of DNMT1 with
H3K9me3, a global loss of DNA methylation patterns and

genome instability in mouse embryonic stem (ES) cells. Together,
this study provides a mechanism by which H3K9me3 directly
regulates DNMT1-mediated maintenance DNA methylation in
mammalian cells.

Results
The RFTS Domain of DNMT1 Is an H3K9me3Ub Reader Module.Recent
studies have indicated that UHRF1-mediated recognition of
H3K9me3 and hemimethylated CpG DNA stimulates its E3
ubiquitin ligase activity on histone H3 (25, 32), thus providing a
linkage between H3K9me3 and H3 ubiquitylation during
UHRF1/DNMT1-mediated DNA methylation. This observation
prompted us to ask whether or not H3K9me3 directly influences
the interaction between the RFTS domain of DNMT1 and
ubiquitylated H3. To this end, we performed ITC assays using
the purified human DNMT1 RFTS domain (hDNMT1RFTS) and
histone H3 peptides (residues 1–22, H31–22), either unmodified
or with H3K9me3 modification (H31–22K9me3) (SI Appendix,
Table S1). Titration of hDNMT1RFTS with H31–22 gives a dis-
sociation constant (Kd) of 6.4 μM (Fig. 1B). In comparison, ti-
tration of hDNMT1RFTS with H31–22K9me3 gives a Kd of 1.3 μM,

Fig. 2. Structural details for the bDNMT1RFTS domain in complex with H3K9me3K18C/K23C and ubiquitin. (A) Crystal structure of bovine DNMT1RFTS (light
green) in complex with H31–24K9me3/K18C/K23C peptide (yellow) and G76C-mutated ubiquitin (magenta and salmon). The zinc ions are shown as purple
spheres. (B) The Fo-Fc omit map (blue) of the H31–24K9me3/K18C/K23C peptide (yellow sticks) in the complex, contoured at the 1.5-σ level, with individual
amino acids labeled. Partial side-chain modeling due to lack of electron density is indicated by asterisk. (C) Close-up views of the intermolecular interactions
between bDNMT1 RFTS (light green) and the H31–24K9me3K18CK23C peptide (yellow stick). The two ubiquitin molecules are colored in salmon and magenta,
respectively. Hydrogen bonds are shown as dashed lines. The zinc ion is shown as purple sphere. (D and E) Close-up views of the intermolecular interactions
between the conserved I44 patch of two ubiquitin molecules (magenta and salmon) and bDNMT1 RFTS (light green). (F) Close-up views of the intermolecular
interactions between URL of bDNMT1 RFTS (light green) and two ubiquitin molecules (magenta and salmon). (G) Close-up views of the close proximity
between the H31–24K9me3K18CK23C peptide (yellow stick) and the ubiquitin molecules (salmon and magenta).
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suggesting that hDNMT1RFTS has an ∼5-fold binding preference
for H3K9me3 over unmodified H3 tails (Fig. 1C). Furthermore,
we probed the interaction of hDNMT1RFTS with the H31–22
peptide acetylated at K9 (H31–22K9Ac) and other histone tri-
methylations (H3K4me3, H3K27me3, H3K36me3, and
H4K20me3) and observed a much weaker binding (SI Appendix,
Fig. S1 A–E). These observations not only confirm the previously
observed interaction between hDNMT1RFTS and H3 (26), but
also support a preferential binding of H3K9me3 over H3K9me0
by hDNMT1RFTS.
Next, we asked whether H3K9me3 can enhance the interac-

tion between H3K18Ub/K23Ub and the RFTS domain in the
context of full-length DNMT1. Following a previously estab-
lished approach (26, 33), we installed dual ubiquitin marks onto
a K18C/K23C mutant form of H31–24 (H31–24Ub2) or H31–24
K9me3 (H31–24K9me3Ub2) peptides through dichloroacetone
(DCA) linkage (33), followed by ITC-binding assay against a
hDNMT1 fragment (residues 351–1600, hDNMT351–1600) span-
ning from the RFTS domain to the C-terminal MTase domain
(Fig. 1A). We found that hDNMT351–1600 binds to the H31–24
K9me3Ub2 peptide with a Kd of 17 nM (Fig. 1D), exhibiting an
∼5-fold binding preference over the H31–24Ub2 peptide (Kd = 91
nM) (Fig. 1E). These data support that, together with H3Ub,
H3K9me3 provides a signal for tethering DNMT1 onto chro-
matin via its RFTS domain.

The H3K9me3 Readout Boosts the Stimulation Effect of H3Ub on
DNMT1 Activity. In light of a previous study showing that recog-
nition of H3Ub by the DNMT1 RFTS domain results in en-
hanced enzymatic activity of DNMT1 (26), we have further
evaluated the effect of H3K9me3 on the enzymatic stimulation
of hDNMT1. Here, we found that, consistent with the previous
observation (26), incubation of hDNMT1351–1600 with equimolar
H3K18Ub and H3Ub2 led to enhanced hDNMT1351–1600 activity
by 1.3- and 14-fold, respectively (Fig. 1F). In contrast, incubation
with equimolar H3K9me3/K18Ub and H3K9me3Ub2 promoted
the enzymatic activity of hDNMT1351–1600 by 2.2- and 36-fold,
respectively. Note that incubation of hDNMT1351–1600 with
equimolar H3K9me0 or H3K9me3 did not change its activity
appreciably (Fig. 1F), although at increased peptide concentra-
tions, the activity of hDNMT1351–1600 is significantly higher when
incubated with H3K9me3, relative to H3K9me0 peptide controls
(SI Appendix, Fig. S1F). Together, these results show the specific
recognition of H3K9me3 over H3K9me0 by hDNMT1RFTS ele-
vates the stimulation effect of H3Ub, a transient ligand of
hDNMT1RFTS as previously shown (26, 27).

The Structure of RFTS Domain in Complex with H3K9me3 Peptide and
Ubiquitin. To gain a molecular understanding of the RFTS-
H3K9me3 recognition, we next crystallized the complex of the
RFTS domain from bovine DNMT1 (bDNMT1RFTS), which
shares ∼87% sequence identity with hDNMT1RFTS (SI Appendix,
Fig. S2A), with both the H31–24K9me3/K18C/K23C peptide and
G76C-mutated ubiquitin, and solved the structure at 3.0-Å res-
olution (Fig. 2A and SI Appendix, Table S2). The structure re-
veals a bDNMT1RFTS-H3K9me3-Ub2 complex, with clearly
traced H3 peptide from Arg2 to Leu20 (Fig. 2B). The
bDNMT1RFTS domain folds into a two-lobe architecture, with an
N-lobe harboring a zinc finger and a C-lobe dominated by a
helical bundle (Fig. 2A), resembling that of hDNMT1RFTS (11,
14, 26, 31). Like the previously reported hDNMT1RFTS-
H3K18Ub/K23Ub complex (26), the H3K9me3 peptide traverses
across the surface of the C-lobe and N-lobe of the bDNMT1RFTS
domain and engages extensive intermolecular interactions, with
the side chain of H3K9me3 residue embraced by a surface
groove at the interface between bDNMT1RFTS and one of the
ubiquitin molecules (Fig. 2 B and C). The two ubiquitin mole-
cules are mostly positioned at the N-lobe of the RFTS domain,

separated by the ubiquitin recognition loop (URL; residues
386–398), and interact with the RFTS domain and H3 in a
fashion similar to what was previously observed for the
hDNMT1RFTS-H3K18Ub/K23Ub complex (Fig. 2 C–F) (26). As
with the hDNTM1RFTS-H3K18Ub/K23Ub complex, binding of
the H3K9me3 peptide to bDNMT1RFTS induces partial closure
of the cleft between the N- and C-lobe of the RFTS domain,
while binding of ubiquitins induces a disorder-to-order transition
of the RFTS URL (SI Appendix, Fig. S2 B and C).
Of particular note, residue G76C of one ubiquitin and H3

K18C are positioned in a distance that allows disulfide bond
formation, while the C terminus of the other ubiquitin is near to
the side chain of H3K14 and also likely accessible to the disor-
dered H3K23 (Fig. 2G), reminiscent of the close proximity of
these moieties in the hDNMT1RFTS-H3K18Ub/K23Ub complex.
Note that in the hDNMT1RFTS-H3K18Ub/K23Ub complex, the
H3 peptide was conjugated with two G76C-mutated ubiquitins
through disulfide linkages before mixing with hDNMT1RFTS,
whereas in the current complex, no covalent linkage was involved
between the H3K9me3 peptide and the ubiquitins prior to the
complex assembly. In this regard, the similar positioning of H3
and ubiquitins between the two complexes, crystallized under
different conditions, reinforces the notion that H3 and ubiquitin
molecules are able to engage DNMT1RFTS via independent in-
termolecular interactions (26). These results also indicate that
H3K9me3 and H3Ub2 may act synergistically or independently
for associating DNMT1 onto chromatin.
Strikingly, in our structure, we found that both DNMT1 and

H3Ub contribute to H3K9me3 engagement. First, H3K9me3
stacks its side chain against the indole ring of bDNMT1RFTS
W463, with the quaternary ammonium group interacting with the
side-chain carboxylates of bDNMT1RFTS E461 and E483
through electrostatic attractions (Fig. 3A). In addition, residues
R72-G75 of one of the bound ubiquitins make both main-chain
and side-chain van der Waals contacts with H3K9me3 from an
opposite direction, leading to formation of an H3K9me3-binding
pocket (Fig. 3A). Such an H3K9me3-binding site of DNMT1RFTS
is distinct from the multiwalled aromatic cage typical for a
trimethyl-lysine (Kme3) reader (34), but is reminiscent of the
interaction between the PHD finger domain of E3 ubiquitin li-
gase TRIM33 and H3K9me3 (SI Appendix, Fig. S2D) (35).
Through superimposition with the previously determined
hDNTM1RFTS-H3K18Ub/K23Ub structure (26), we found that
those two structures overlap very well, with an RMSD of 0.6 Å
over 384 aligned Cα atoms (SI Appendix, Fig. S2C). However, in
comparison to the H3K9me0 binding, association of H3K9me3
with bDNMT1RFTS W463 leads to an increase in buried surface
area of the H3K9-engaging pocket by 8–9 Å2 (SI Appendix, Fig.
S2C).
Sequence analysis of the DNMT1 RFTS domains reveals that

both the H3K9me3- and ubiquitin-binding sites are highly con-
served across evolution (SI Appendix, Fig. S2A). Among these, a
di-tryptophan motif (W462 and W463 in bDNMT1) is unvaried
from zebrafish to human (SI Appendix, Fig. S2A), in line with
their important roles in binding to H3K9me3 and surrounding
H3 tail residues (Figs. 2C and 3A).

Mutational Analysis of the DNMT1-H3K9me3Ub2 Binding. To test the
above structural observations, we selected hDNMT1 W464 and
W465, corresponding to bDNMT1 W462 and W463, respectively
(SI Appendix, Fig. S2A), for mutagenesis. Using electrophoretic
mobility shift assays (EMSA), we found that the mutation of
hDNMT1 W465 into alanine (W465A) leads to a significant
reduction in the H3K9me3Ub2-binding affinity of hDNMT1RFTS
and hDNMT1351–1600 (Fig. 3 B and C and SI Appendix, Fig. S3A),
while the W464A/W465A mutation reduced the hDNMT1RFTS-
H3K9me3Ub2 binding even further (Fig. 3B) and led to nearly
undetectable binding between hDNMT1351–1600 and H3K9me3Ub2

18442 | www.pnas.org/cgi/doi/10.1073/pnas.2009316117 Ren et al.
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Fig. 3. Biochemical and cellular analysis of the RFTS-H3K9me3Ub2 interaction. (A) Close-up view of the residues forming the H3K9me3-binding pocket, in the
same color scheme as in Fig. 2. For clarity, the side chains of ubiquitin R72 and R74 are not shown. (B) EMSA analysis of the interaction between
hDNMT1351–597, either WT, W465A, or W464A/W465A, and the H31–24K9me3Ub2 peptide. (C) EMSA analysis of the interaction between hDNMT1351–1600,
either WT, W465A, or W464A/W465A, and the H31–24K9me3Ub2 peptide. (D and E) ITC-binding assays of hDNMT1RFTS W465A mutant over H31–22K9me3 (D)
and H31–22 (E) peptides. (F) ITC-binding assays of hDNMT1RFTS W464A/W465A mutant over H31–22K9me3 peptide. (G) DNA methylation activities of
hDNMT1351–1600, either WT, W465A, or W464A/W465A, in the absence of presence of H31–24K9me3Ub2 peptide. Mean and SD were derived from three
independent measurements (**P < 0.01, ***P < 0.001, n.s., not significant, Student’s t test). (H) Immunoblots of the indicated Flag-tagged DNMT1 after stable
reconstitution into the independently derived 1KO-ESC lines. (I) CoIP (Top) detecting association of the indicated Flag-tagged DNMT1 with H3K9me3 or
H4K20me3; and (Bottom) immunoblots of input. (J) Representative confocal immunofluorescence images revealing localization of the indicated DNMT1
(Flag-tagged, red), H3K9me3 (green), and chromatin (stained by DAPI, blue) in the 1KO-ESC stable expression lines synchronized at S phase. (Scale bar, 5
micrometers.)
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(Fig. 3C). Likewise, the ITC assays indicated that the W465A
mutation reduced the H3K9me0- and H3K9me3-binding affinities
of hDNMT1RFTS by ∼5- and ∼17-fold, respectively (Fig. 3 D and
E); introduction of a W464A/W465A mutation largely abolished
the hDNMT1RFTS-H3K9me3 binding (Fig. 3F). Furthermore, we
performed in vitro DNA methylation assays to evaluate the effect
of these mutations on the enzymatic activity of DNMT1. Unlike
wild-type hDNMT1351–1600, which shows substantial increase in
methylation efficiency in the presence of H3K9me3K18Ub and
H3K9me3Ub2 (Fig. 1F) as well as an enzymatic preference for
H3K9me3 over H3K9me0 (SI Appendix, Fig. S1F), introduction of
the W465A or W464A/W465A mutation into hDNMT1351–1600
greatly dampened the methylation-stimulating effects of H3K9me3,
H3K9me3K18Ub, or H3K9me3Ub2 (Fig. 3G and SI Appendix,
Fig. S3 B and C). These data support the important roles of the
W464 and W465 residues in mediating the DNMT1-H3K9me3/
H3Ub interaction and the consequent enzymatic activation of
DNMT1.
Given that H3Ub is reportedly a transient mark in cells (36),

we have focused on examining the requirement of the
DNMT1RFTS domain for H3K9me3 binding in cells. To this end,
we used the Dnmt1-knockout mouse embryonic stem cells (1KO-
ESC) (37) and generated multiple 1KO-ESC lines with compa-
rable, stable expression of exogenous DNMT1, either wild-type
(DNMT1WT) or an H3K9me3-binding–defective mutant
(DNMT1W465A or DNMT1W464A/W465A) (Fig. 3H). By coimmu-
noprecipitation (CoIP), we found that both the W465A and
W464A/W465A mutations interfere with efficient binding of
DNMT1 to H3K9me3, but not H4K20me3, in cells (Fig. 3I).
Furthermore, in the ES cells synchronized at S phase, confocal
immunofluorescence microscopy showed punctate nuclear foci
of DNMT1WT that overlapped with the H3K9me3-marked,
DAPI-dense regions of chromatin (Fig. 3J), whereas the RFTS-
mutant DNMT1 proteins show a more diffuse distribution in the
nucleus and lose their colocalization with H3K9me3 (Fig. 3J).
Together, these data support that the histone-engaging activity
of the RFTS domain is critical for both the enzymatic stimulation
and chromatin occupancy of DNMT1.

The RFTS Domain of DNMT1 Is Crucial for Global DNA Methylation in
Cells. Next, we sought to examine the role of the DNMT1 RFTS
domain in maintenance DNA methylation in cells. First, we used
liquid chromatography–mass spectrometry (LC-MS) to quantify
global levels of methylated cytosine (5mC) in 1KO-ESC cells
reconstituted with DNMT1WT or the RFTS-defective mutant. As
expected, stable transduction of DNMT1WT led to an increase in
overall 5mC level (Fig. 4A, WT vs. 1KO). However, such an
increase was found compromised by the W465A or W464A/
W465A mutation, with the latter exhibiting a more severe DNA
methylation defect, lacking significant methylation-stimulating
effect relative to 1KO-ESC cells (Fig. 4A). Further, we carried
out genome-wide methylation profiling with enhanced reduced
representation bisulfite sequencing (eRRBS). Our eRRBS data
showed the desired high bisulfite conversion rates (SI Appendix,
Fig. S4A, 99.79–99.83%; and Dataset S1), with at least fivefold
coverage for ∼5–8 million of CpG sites in all samples. Relative to
1KO-ESCs reconstituted with DNMT1WT, those with
DNMT1W465A or DNMT1W464A/W465A showed a marked de-
crease in overall CpG methylation, with a complete loss of most
heavily methylated CpG sites that are typically seen at hetero-
chromatic repetitive elements (38) (Fig. 4B, red; and SI Appen-
dix, Fig. S4 B and C). In particular, there is a significantly
decreased level of CpG methylation at the H3K9me3-decorated
genomic regions in cells reconstituted with either DNMT1W465A

or DNMT1W464A/W465A, relative to DNMT1WT controls
(Fig. 4C), as demonstrated by subtelomeric regions located in
chromosomes 1 and X (Fig. 4D and SI Appendix, Fig. S4D).
Again, these cellular assays show that the double RFTS mutant

(DNMT1W464A/W465A) produced more severe CpG methylation
defects, relative to DNMT1W465A (Fig. 4 A–D and SI Appendix,
Fig. S4 A–D), which is consistent with our in vitro biochemical
and enzymatic observations. Collectively, we have demonstrated
an essential role of the histone-engaging RFTS domain in
maintenance of CpG methylation at the H3K9me3-associated
heterochromatin in cells.
Maintenance of proper DNA methylation levels in cells is

crucial for genome stability (39). To investigate the role of
DNMT1-mediated DNA methylation in genome stabilization,
we further challenged 1KO-ESC cells, reconstituted with WT or
mutant DNMT1, with ionizing radiation (IR) treatment. By us-
ing the neutral comet assay (Fig. 4E), a surrogate method for
scoring DNA double-strand break (DSB) lesions, we found that
loss of DNMT1 rendered ESC cells hypersensitivity to IR
treatment, reflecting a possible change in chromatin structure or
impairment in DSB repair (Fig. 4 E and F), a phenotype that can
be rescued by complementation with WT DNMT1. Importantly,
cells with the RFTS single mutant (DNMT1W465A) and double
mutant (DNMT1W464A/W465A) exhibited modest and severe im-
pairment of IR resistance (Fig. 4 E and F), respectively, con-
firming the role of DNMT1-mediated DNA methylation in
genomic stability maintenance.
Together, the above results strongly indicated that the recog-

nition of H3K9 trimethylation by DNMT1 is important for
maintenance DNA methylation, and also genome stability and
radiation resistance of ES cells.

Discussion
The crosstalk between H3K9 methylation and DNA methylation,
two of the major epigenetic silencing mechanisms, critically in-
fluences gene silencing and heterochromatin formation (17, 18).
For instance, previous studies have demonstrated that Suv39h-
mediated H3K9-trimethylation promotes the enrichment of
DNA methylation at major satellite repeats of pericentromeric
heterochromatin (40), which is essential for maintaining het-
erochromatic assembly and genome stability (41). Whereas the
mechanism by which H3K9 methylation and DNA methylation
crosstalk has been established in fungi and plants (19, 20), how
H3K9me3 is translated into DNA methylation in mammals re-
mains elusive. Through a set of structural, biochemical, and
cellular analyses, this study shows that the RFTS domain of
DNMT1 specifically recognizes H3K9me3 over H3K9me0, in
conjunction with the previously identified H3Ub mark. The
readout of H3K9me3 not only enhances the stimulation effect of
H3Ub on DNMT1 activity but also regulates the genome tar-
geting of DNMT1. This study therefore establishes a direct link
between histone H3K9me3 modification and DNMT1-mediated
maintenance DNA methylation, which influences the global
DNA methylation patterns and genome stability.
Previous studies from others and us demonstrated that

DNMT1 assumes autoinhibitory conformations either in the
DNA-free state (10, 11) or in the presence of unmethylated CpG
DNA (8), in which the autoinhibitory linker located between the
CXXC and BAH1 domains serves as a key inhibition-enforcing
element in both regulations (8, 10). This study reveals that the
recognition between the RFTS domain and H3K9me3
strengthens the RFTS interaction with histone H3 tails that carry
either one or two monoubiquitin marks, directly contributing to
the relief of the autoinhibition of DNMT1. The specific recog-
nition of H3K9me3 by the RFTS domains of DNMT1 presum-
ably helps transduce the H3K9me3 signal into DNA methylation,
thereby ensuring the epigenetic fidelity of DNA methylation in
heterochromatin domains.
DNMT1-mediated maintenance DNA methylation is sub-

jected to a cell cycle-dependent regulation by multiple chromatin
regulators, such as UHRF1 (22, 23, 42, 43), Ubiquitin specific
protease 7 (USP7) (36, 42–45), PCNA (46, 47), and PAF15 (29,
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Fig. 4. The effects of RFTS mutations on cellular CpG methylation pattern and IR response. (A) LC-MS analysis of global 5-methyl-2’-deoxycytidine (5-mdC)
levels (calculated as 5-mdC/2’-deoxyguanosine on the y axis) in 1KO-ESC lines after stable transduction of empty vector (1KO) or the indicated DNMT1 (n = 3–6
biological replicates). Data are mean ± SD. (B) Bar plots showing the CpG methylation levels in 1KO-ESC lines with stable expression of the indicated DNMT1.
(C) Box plot shows weighted methylation levels of CpGs located within H3K9me3 peaks in 1KO-ESC lines with stable expression of the indicated DNMT1.
Scores are calculated after aggregating data from three replicated samples per group. Only H3K9me3 peaks with the mapped reads are included (n = 103,603
for WT, 101,791 for W465, and 102,892 for W464A/W465A). In the plot, the box depicts the 25th to 75th percentiles, with the band in the box representing
the median. (D) Representative IGV view shows CpG methylation at an H3K9me3-marked genomic region located in chromosome X among three replicated
1KO-ESC lines with stable expression of the indicated DNMT1. Cytosines covered by at least five reads according to eRRBS data are shown, with each site
designated by a vertical line. (E and F) Neutral comet assays revealing DNA breaks (DNA breaks quantified in F) after IR treatment of 1KO-ESC cells
reconstituted with vector control or the indicated DNMT1. Box-and-whisker plots in F depict 25–75% in the box; whiskers are 10–90%, and median is in-
dicated. Data represent the mean ± SEM from >100 cells (n = 3 biologically independent replicates) (****P < 0.0001, n.s., not significant, Student’s t test).
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30). The RFTS-H3K9me3 interaction reinforces the previously
identified UHRF1-H3K9me3 axis on chromatin targeting of
DNMT1. UHRF1 harbors a tandem TUDOR domain that rec-
ognizes H3K9me3 (48–53) and a RING finger domain that
mediates H3 ubiquitylation for DNMT1 targeting (26–28),
thereby serving as a platform for the functional crosstalk be-
tween H3K9me3 and DNA methylation (54). However, disrup-
tion of the interaction between H3K9me3 and UHRF1 via the
TUDOR domain mutation only leads to a modest (∼10%) re-
duction of DNA methylation. In this regard, the direct readout
of H3K9me3Ub by the RFTS domain of DNMT1 provides a
potentially redundant mechanism in transducing H3K9me3 into
maintenance DNA methylation. Note that the RFTS-H3K9me3Ub
readout does not involve the discrimination of the methylation state
of DNA substrates, therefore providing a mechanism in supporting
the region-specific methylation maintenance by DNMT1, as op-
posed to site-specific methylation maintenance (55, 56). Consis-
tently, impairment of this interaction in cells compromises the
DNMT1-mediated CpG methylation, leading to an aberrant land-
scape of DNA methylation and defects in maintenance of genome
stability. It remains to be determined whether the DNMT1 muta-
tions introduced in this study also affect the interaction of DNMT1
with other regulatory factors, such as PAF15. This targeting-
coupled allosteric stimulation mechanism is reminiscent of the
role of histone H3K4me0 in DNMT3A-mediated de novo DNA
methylation, in which the specific recognition of the DNMT3A
ADD domain with H3K4me0 allosterically stimulates its enzy-
matic activity, thereby providing a mechanism of locus-specific
DNA methylation establishment (57).
The DNMT1 RFTS domain adds to the reader modules that

offer interpretation of specific histone modifications (34), but
deviates from the typical Kme3 readout that depends on aro-
matic or other hydrophobic residues (34): the RFTS domain
presents a single tryptophan to stack against H3K9me3, unlike
the typical Kme3 readout involving a hydrophobic cage com-
posed of multiple aromatic residues (34). These observations

highlight the evolutionary divergence of histone modification-
binding mechanisms.

Materials and Methods
Details of the materials and methods including plasmids, protein expression
and purification, chemical modifications of histones, crystallization and
structure determination, ITC-binding assay, DNA methylation kinetics assay,
electrophoretic mobility shift assay, cell lines and tissue culture, antibodies
and Western blotting, quantification of 5-methyl-2′-deoxycytidine in geno-
mic DNA, confocal immunofluorescence, coimmunoprecipitation, prepara-
tion of eRRBS libraries, eRRBS data processing, eRRBS data analysis, and
neutral comet assay are provided in SI Appendix. The two-tailed Student
t tests were performed to compare distributions between different groups.
The P value lower than 0.01 was considered to be statistically significant.
Coordinates and structure factors for the bDNMT1RFTS-H3K9me3-Ub2 com-
plex have been deposited in the Protein Data Bank under accession code
6PZV (58), while the data collection and structure refinement statistics are
provided in SI Appendix. The eRRBS data have been deposited in Gene Ex-
pression Omnibus under accession code GSE145698 (59).
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