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SUMMARY
The transition of oxidized 5-methylcytosine (5mC) intermediates into the base excision repair (BER) pipeline
to complete DNA demethylation remains enigmatic. We report here that UHRF2, the only paralog of UHRF1 in
mammals that fails to rescue Uhrf1�/� phenotype, is physically and functionally associated with BER com-
plex. We show that UHRF2 is allosterically activated by 5-hydroxymethylcytosine (5hmC) and acts as a ubiq-
uitin E3 ligase to catalyze K33-linked polyubiquitination of XRCC1. This nonproteolytic action stimulates
XRCC1’s interaction with the ubiquitin binding domain-bearing RAD23B, leading to the incorporation of
TDG into BER complex. Integrative epigenomic analysis in mouse embryonic stem cells reveals that
Uhrf2-fostered TDG-RAD23B-BER complex is functionally linked to the completion of DNA demethylation
at active promoters and that Uhrf2 ablation impedes DNA demethylation on latent enhancers that undergo
poised-to-active transition during neuronal commitment. Together, these observations highlight an essenti-
ality of 5hmC-switched UHRF2 E3 ligase activity in commissioning the accomplishment of active DNA deme-
thylation.
INTRODUCTION

Extensive efforts in recent years in understanding the plasticity

and dynamics of cytosine methylation (5-methylcytosine

[5mC]) led to the revelation of the existence of 5-hydroxymethyl-

cytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine

(5caC), resulting from successive oxidation of 5mC by the ten-

eleven translocation (TET) family of DNA dioxygenases (Ito

et al., 2010; Kriaucionis and Heintz, 2009; Tahiliani et al., 2009).

It is believed that TETs, together with thymine DNA glycosylase

(TDG)-mediated excision of oxidized 5mC intermediates and

base excision repair (BER)-mediated replenishment of unmodi-

fied cytosine, constitute the whole DNA demethylation system

in a highly coordinated fashion (Weber et al., 2016), while the

BER complex is composed of DNA polymerase b (POLB), DNA

ligase 3 (LIG3), and the essential scaffold X-ray repair cross-

complementing protein 1 (XRCC1) (Caldecott et al., 1994; Ku-

bota et al., 1996).
UHRF2, as one of the specific 5hmC readers in neuronal pro-

genitor cells (Spruijt et al., 2013), contains a characteristic SET/

RING-associated (SRA) domain that forms a pocket optimized

for 5hmC binding (Zhou et al., 2014). Additionally, UHRF2 has

a ubiquitin-like domain (UBL), a plant homeodomain (PHD),

and a RING domain with potential ubiquitin ligase (E3) activity

(Mori et al., 2012). It has been reported that the other member

of the SRA-containing proteins, UHRF1, functions to stabilize

5mC after replication through chromatin loading of DNMT1 on

replication forks (Bostick et al., 2007; Sharif et al., 2007), and

this regulation is rooted on explicit binding of UHRF1’s SRA

domain to hemi-methylated CpG (Arita et al., 2008; Avvakumov

et al., 2008; Hashimoto et al., 2008). Subsequent studies re-

vealed UHRF1-dependent ubiquitination of histone H3 lysine

18 (H3K18) and/or H3K23 as the molecular docking site for

DNMT1 (Nishiyama et al., 2013; Qin et al., 2015). Intriguingly,

consistent with its distinctive binding preference for 5hmC,

UHRF2 was neither required for the maintenance of 5mC nor
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capable of rescuing the phenotype of Uhrf1 ablation (Jia et al.,

2016; Pichler et al., 2011; Zhang et al., 2011), suggesting a differ-

ential functionality for UHRF2 in epigenetic regulation.

In the present study, we explored the epigenetic regulatory

role of the 5hmC reader UHRF2. We found that UHRF2 is phys-

ically associated with the BER complex. We showed that UHRF2

acts as a ubiquitin E3 to promote K33-linked polyubiquitination

of the BER component XRCC1. We demonstrated that the enzy-

matic activity of UHRF2 is allosterically stimulated by its binding

to 5hmC. Through integrative epigenomic approaches, we found

that UHRF2-catalyzed XRCC1 ubiquitination is implemented in

the completion of DNA demethylation on active promoters and

poised enhancers, thereby affecting transcriptional programs

and neuronal differentiation.

RESULTS

UHRF2 interacts with the BER complex
In an effort to further explore the mechanistic action of UHRF2 in

epigenetic regulation, we first employed affinity immunopurifica-

tion combinedwith mass spectrometry to interrogate the UHRF2

interactome in vivo. In these experiments, UHRF2-containing

protein complexes were affinity-purified from cellular extracts

of HEK293T cells stably expressing FLAG-UHRF2 with an anti-

body against FLAG that was immobilized on FLAG-M2 resin. Af-

ter extensive washing, resin-retained proteins were eluted with

excess FLAG peptides, resolved on SDS-PAGE, and visualized

by silver staining. Three independent experiments were con-

ducted to ensure the reproducibility. Subsequent mass spec-

trometry analysis of the recovered protein bands showed that

UHRF2 was co-purified with XRCC1 and LIG3, subunits of the

BER complex, KU70/KU80 and DNA-PKcs, components of the

double-strand break (DSB) repair complex, as well as with

PARP1, a common factor implicated in both the BER and DSB

complexes (Figure 1A). The presence of the BER complex com-

ponents including XRCC1, LIG3, and POLB in the UHRF2-con-

taining complex was confirmed by immunoblotting of the itera-

tive elutes from FLAG-M2 resin (Figure 1B). The detailed

results from mass spectrometry are provided in Tables S1, S2,

and S3.

Immunoprecipitation (IP) in HEK293T cells with antibodies

against UHRF2 followed by immunoblotting with antibodies

against XRCC1, LIG3, or POLB further demonstrated that all

these proteins were efficiently co-immunoprecipitated with

UHRF2 (Figure 1C). Reciprocal IP showed that UHRF2 was

also efficiently co-immunoprecipitated with XRCC1, whereas

UHRF1, the only paralog of UHRF2 in mammals, was not co-

immunoprecipitated with the BER complex (Figure 1C). The

interaction between UHRF2 and the BER complex was also de-

tected in human breast adenocarcinoma MCF-7 cells, human

cervical carcinoma HeLa cells, and mouse embryonic stem R1

cells (Figure 1C).

To further verify the existence of the UHRF2/BER complex

in vivo, nuclear proteins from HEK293T cells were fractionated

using fast protein liquid chromatography (FPLC) on Superose 6

columns with a high salt extraction and size exclusion approach.

Immunoblotting analysis of the chromatographic fractions

showed that native UHRF2 was eluted with an apparent molec-
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ular mass much greater than that of the monomeric protein and

that the chromatographic profile of UHRF2 largely overlapped

with that of XRCC1, LIG3, and POLB, but not KU80 and KU70,

proteins required for DSB repair (Figure 1D). In addition, analysis

of FLAG-UHRF2 affinity elutes from FPLC after Superose 6 gel

filtration chromatography reinforced the existence of a multi-

protein complex containing UHRF2 and BER (Figure 1E).

Molecular interaction between UHRF2 and the BER
complex
To further understand themolecular basis underlying the interac-

tion between UHRF2 and the BER complex, a series of truncated

mutants of UHRF2, including UHRF2DUBL lacking UBL,

UHRF2DTTD-PHD lacking the tandem Tudor and PHD domains,

UHRF2DSRA lacking the SRA domain, and UHRF2DRING lack-

ing the RING finger domain, were constructed (Figure 2A). Wild-

type or the truncated mutants of UHRF2 were then transiently

expressed in HEK293T cells for immunopurification and mass

spectrometry (Figure 2B). Evidently, whereas UHRF2DUBL,

UHRF2DTTD-PHD, and UHRF2DRING retained a similar co-pu-

rified protein profile to that of the full-length protein,

UHRF2DSRA lost nearly all the interacting partners (Figure 2B).

Immunoblotting analysis confirmed that the SRA domain was

required for the interaction of UHRF2 with the BER complex

(Figure 2B).

Glutathione S-transferase (GST) pull-down experiments were

then performed using bacterially purified GST-UHRF2 and HIS-

tagged XRCC1, LIG3, and POLB. The results showed that

UHRF2 directly interacted with XRCC1, but not with LIG3 or

POLB (Figure 2C), suggesting that XRCC1 is the molecular inter-

face between UHRF2 and the BER complex. Further GST pull-

down assays with bacterially purified full-length GST-UHRF2

and HIS-tagged XRCC1 truncation mutants XRCC1N (N-termi-

nal, 1–335 aa), XRCC1C (C-terminal, 313–633 aa), XRCC1NTD

(NTD domain, 1–208 aa), XRCC1B1 (BRCT domain 1, 300–415

aa), or XRCC1B2 (BRCT domain 2, 516–633 aa) revealed that

the BRCT2 domain of XRCC1 was responsible for its interaction

with UHRF2 (Figure 2D). Importantly, consistent with the dimin-

ished interaction between UHRF2DSRA and the BER complex,

GST pull-down assays did not detect the interaction between

GST-tagged UHRF2DSRA and HIS-tagged full-length XRCC1

(Figure 2E), while the SRA domain was sufficient to interact

with XRCC1 (Figure S1).

UHRF2 is allosterically activated by 5hmC to promote
polyubiquitination of XRCC1
Previous studies showed that UHRF2 possesses a ubiquitin E3

ligase activity attributable to the C-terminal RING finger domain

(Jia et al., 2016; Mori et al., 2011). Our observation that UHRF2

interacts with XRCC1 thus raises a possibility that UHRF2 acts

as a ubiquitin E3 ligase toward XRCC1. To test this, we first

examined whether XRCC1 is conjugated with ubiquitin chains.

HEK293T cells were co-transfected with FLAG-UHRF2, MYC-

XRCC1, and HIS-tagged ubiquitin. Purification of ubiquitinated

proteins using Ni-NTA resin and analysis of the resin-bound pro-

teins using western blotting detected XRCC1 polyubiquitination,

which was strongly enhanced upon UHRF2 overexpression

(Figure 3A), whereas similar experiments did not detect



Figure 1. UHRF2 interacts with the BER complex

(A) Immunopurification and mass spectrometry analysis of UHRF2-associated proteins. The experiment was repeated three times, and results from two ex-

periments are shown.

(B) Immunoblotting analysis of the purified eluates using antibodies against the indicated tag or proteins.

(C) Co-immunoprecipitation in the indicated cell lines with antibodies against the indicated proteins followed by immunoblotting with antibodies against the

indicated proteins.

(D) Nuclear extracts fromHEK293T cells were fractionated on Superose 6 size exclusion columns. Chromatographic elution profiles and immunoblotting analysis

of the chromatographic fractions are shown. The elution positions of calibration proteins with known molecular mass are indicated at the top.

(E) Cellular extracts from HEK293T cells stably expressing FLAG-UHRF2 were immunoprecipitated with FLAG-M2 resin, eluted with FLAG peptides, and

fractionated on Superose 6 size exclusion columns before immunoblotting analysis as in (D).

The red boxes in (D) and (E) highlight the overlapping fractions for components of the UHRF2-associated complex. mAU, milli-absorption units.

See also Tables S1, S2, and S3.
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Figure 2. Molecular interaction between

UHRF2 and the BER complex

(A) Schematic diagram of human UHRF2 protein.

TTD, tandem Tudor domain; RING, RING finger

domain.

(B) Mapping the molecular interface between

UHRF2 and the BER complex. Full-length (FL) or

truncated mutants of UHRF2 lacking the indicated

domains was transfected into HEK293T cells. The

cell lysates were then subjected to affinity im-

munopurification followed by mass spectrometry

analysis (upper) and immunoblotting analysis (bot-

tom).

(C) GST pull-down experiments with bacterially pu-

rified GST-UHRF2 and HIS-tagged XRCC1, LIG3,

and POLB.

(D) GST pull-down experiments with bacterially pu-

rified GST-tagged proteins and HIS-tagged XRCC1

truncation mutants followed by immunoblotting with

anti-HIS.

(E) GST pull-down experiments with bacterially pu-

rified HIS-tagged XRCC1 and GST-tagged full-

length or truncated mutants of UHRF2 followed by

immunoblotting as in (D).

See also Figure S1.
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SUMOylation of XRCC1 (Figure 3B), indicating that UHRF2 does

not function as a SUMO E3 ligase for XRCC1 as it does for

ZNF131 (Oh and Chung, 2013).

In vitro ubiquitination assays were then performed using com-

mercial ubiquitin-activating enzyme (E1), ubiquitin-conjugating

enzyme (E2), and ubiquitin (Boston Biochemical), together with

eukaryotically purified FLAG-UHRF2 and bacterially expressed

HIS-XRCC1. Surprisingly, UHRF2 had a very marginal effect on

XRCC1 polyubiquitination in this defined reaction system (Fig-

ure 3C). To explain this observation, we used the modular mu-

tants of UHRF2 and asked whether additional factors are

required for UHRF2-catalyzed XRCC1 polyubiquitination. Inter-

estingly, in addition to the expected defect of UHRF2DRING in

E3 ligase activity, UHRF2DSRA also lacked an evident effect

on XRCC1 polyubiquitination (Figure 3D), implying that the

SRA domain of UHRF2 is also required for the E3 ligase activity

of UHRF2. Considering the preference of the SRA domain of

UHRF2 in 5hmC recognition (Spruijt et al., 2013; Zhou et al.,

2014), it is possible that an allosteric effect induced by the

engagement of SRA domain with 5hmC triggers the ubiquitin

E3 activity of UHRF2. To test this hypothesis, HEK293T

cells were co-transfected with the catalytic domain of TET2

(TET2-CD) and UHRF2. Analysis of the enzymatic activities of

TET2-CD and UHRF2 in these cells using western blotting and

dot blotting, respectively, showed a TET2-CD dose-dependent
4 Molecular Cell 81, 1–15, July 15, 2021
increase in XRCC1 polyubiquitination,

along with an increased 5hmC abundance

(Figure 3E), while these effects were not

detected when the catalytically defective

TET2-CD (TET2-CDm) (Hu et al., 2013)

was co-transfected (Figure 3F). Moreover,

co-transfection of TET2-CD with a catalyt-

ically inactive UHRF2 mutant with cysteine
at 735 substituted by serine in the RING domain (UHRF2C735S)

(Iwata et al., 2009) also failed to promote XRCC1 poly-

ubiquitination (Figure 3F), despite a comparable level of 5hmC.

Strikingly, simple inclusion of 5hmC greatly potentiated

UHRF2-catalyzed XRCC1 polyubiquitination in vitro without

affecting their interaction (Figures 3G and 3H). The critical role

of 5hmC in the activation of UHRF2’s E3 ligase activity toward

XRCC1 was further strengthened by the observation that

UHRF2G477D lacking DNA binding activity (Vaughan et al.,

2018; Zhou et al., 2014) had a negligible effect in ubiquitination

assays (Figures 3I and 3J).

UHRF2 catalyzes K33-linked nonproteolytic
polyubiquitination of XRCC1
Given XRCC1 polyubiquitination by UHRF2, we next sought to

determine whether the stability of XRCC1 as well as other BER

subunits is regulated by UHRF2 through the ubiquitin-protea-

some pathway. Gain-of-function and loss-of-function experi-

ments of UHRF2 in HEK293T cells followed by probing the

protein level of the BER components did not support an inverse

relationship in the level between UHRF2 and BER, as typically

seen in proteasomal degradation-associated E3s, as UHRF2

overexpression did not result in discernible decreases in the

level of XRCC1, LIG3, and POLB, nor did its depletion led to

increases in the levels of these proteins (Figure 4A). Moreover,



Figure 3. UHRF2 is allosterically activated by 5hmC to promote polyubiquitination of XRCC1

(A) In vivo ubiquitination analysis in HEK293T cells co-transfected with the indicated plasmids. Ubiquitinated proteins were purified using Ni-NTA resin.

(B) Immunoprecipitation followed by immunoblotting analysis in HEK293T cells transfected with the indicated plasmids.

(C) FLAG-UHRF2 purified fromHEK293T cells was incubatedwith bacterially expressedHIS-XRCC1 and commercial E1 and E2 for in vitro ubiquitination analysis.

The reaction mixture was resolved on SDS-PAGE followed by immunoblotting with anti-XRCC1.

(D) In vivo ubiquitination analysis in HEK293T cells co-transfected with the indicated plasmids.

(E) In vivo ubiquitination analysis in HEK293T cells co-transfected with the indicated plasmids. 5hmC abundance was determined using dot blotting with 2-fold

serial dilution. Methylene blue staining serves as loading control.

(legend continued on next page)

ll
Article

Molecular Cell 81, 1–15, July 15, 2021 5

Please cite this article in press as: Liu et al., UHRF2 commissions the completion of DNA demethylation through allosteric activation by 5hmC and K33-
linked ubiquitination of XRCC1, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.05.022



ll
Article

Please cite this article in press as: Liu et al., UHRF2 commissions the completion of DNA demethylation through allosteric activation by 5hmC and K33-
linked ubiquitination of XRCC1, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.05.022
overexpression of TET2-CD and UHRF2 had little effect on

XRCC1 protein level (Figure 4B), despite the greatly potentiated

XRCC1 polyubiquitination (Figure 3).

The stability of XRCC1 was not affected by UHRF2 points to a

nonproteolytic route for UHRF2-mediated XRCC1 poly-

ubiquitination. Indeed, co-transfection of HEK293T cells with

ubiquitin mutants with the lysine at either 48 or 63 replaced by

arginine (K48R or K63R) did not affect XRCC1 polyubiquitination,

whereas co-transfection with a ubiquitin mutant with all lysine

residues substituted with arginine (K0) led to a diminished detec-

tion of XRCC1 polyubiquitination (Figure 4C). We thus created

ubiquitin mutants with all lysine residues individually mutated

to arginine (K6R, K11R, K27R, K29R, K33R, K48R, and K63R).

Interestingly, co-transfection of UHRF2 and TET2-CD together

with these ubiquitin mutants revealed that all the ubiquitin mu-

tants, except for K33R, were associated with a substantial in-

crease in XRCC1 polyubiquitination (Figure 4D), suggesting a

K33-linked ubiquitin chain assembly on XRCC1 catalyzed by

UHRF2. Importantly, comparison of the polyubiquitination

pattern of XRCC1 in cells co-transfected with wild-type, K0, or

K33-only ubiquitin (K33O) showed that UHRF2 and TET2-CD-

potentiated XRCC1 polyubiquitination was nearly abolished

with K0 but largely preserved with K33O (Figure 4E). Further-

more, mass spectrometry analysis of K33-only ubiquitin

attached substrates in cells co-transfected with HIS-tagged

K33O together with UHRF2 and TET2-CD revealed tryptic

peptides derived from endogenous XRCC1 and a specific K-

GG-modified peptide characterizing the K33-linked ubiquitin

polymers (Figure S2). Together, these observations support the

notion that 5hmC-activated UHRF2 polyubiquitinates XRCC1

via K33 linkage of ubiquitin molecules.

UHRF2-catalyzed nonproteolytic polyubiquitination of
XRCC1 promotes the incorporation of TDG into BER
complex
To understand the biological significance of UHRF2-triggered

XRCC1 polyubiquitination, nuclear lysates from HEK293T cells

were prepared and incubated with vehicle or Oligo hmC to allow

the formation of the UHRF2-BER enzyme-substrate complex

before biochemical separation on Superose 6 columns (Fig-

ure 4F). We reasoned that 5hmC-enabled UHRF2 E3 activity

would alter the molecular composition of BER if it affected the

physical interaction between XRCC1 and its partners. Western

blotting showed that inclusion of 5hmC resulted in a shift of the

chromatographic profile of UHRF2 and BER to positions with

higher, rather than lower, molecular weight (Figure 4F). Semi-

quantitative IP analysis of XRCC1-bound proteins, however, re-

vealed that co-transfection of UHRF2 and TET2-CD did not

affect the association of XRCC1 with POLB or LIG3 (Figure 4G),
(F) Polyubiquitination of XRCC1was determined using immunoblotting analysis in

TET2-CD, TET2-CDm, UHRF2, and UHRF2C735S are shown.

(G) Purified FLAG-UHRF2 (eukaryotic) was incubated with HIS-XRCC1 (prokaryo

gonucleotides containing unmodified cytosine (Oligo C), methylated cytosine (O

ubiquitination analysis.

(H) Bacterially purified GST-UHRF2 and HIS-XRCC1 were incubated in the prese

(I) In vivo ubiquitination analysis in HEK293T cells co-transfected with the indicat

(J) In vitro ubiquitination analysis with eukaryotically purified UHRF2G477D prote
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implying that the molecular composition of core BER was not

altered by XRCC1 ubiquitination. We thus asked whether addi-

tional proteins were enlisted to cause the expansion of BER.

Because of the functional coordination between glycosylases

and repair factors in BER, it is reasonable to test the possible

implication of TDG given its established role in 5hmC- and

BER-dependent DNA demethylation. Indeed, the interaction

between XRCC1 and TDG was greatly enhanced upon overex-

pression of UHRF2 and TET2-CD (Figure 4G), indicating that

UHRF2-catalyzed nonproteolytic XRCC1 polyubiquitination fa-

cilitates the assembly of the TDG-BER complex, key compo-

nents of the active DNA demethylation pipeline.

RAD23B is a molecular linker of UHRF2-ubiquinated
XRCC1 and TDG
TDG is a glycosylase that catalyzes the removal of thymine moi-

eties from G/T mismatches occurring in DNA demethylation pro-

cess. Structurally, this enzyme lacks a recognizable ubiquitin

reading module. To understand the molecular basis of UHRF2-

catalyzed XRCC1 polyubiquitination in fostering the assembly

of the TDG-BER complex, we next sought to identify the molec-

ular linker that might bridge ubiquitinated-XRCC1 and TDG. For

this purpose, FLAG-tagged XRCC1 together with HA-UHRF2

and TET2-CD were transfected into HEK293T cells. XRCC1

was then immunopurified with a mild buffer to enrich effector

proteins capable of interacting with polyubiquitinated XRCC1.

Silver staining followed by mass spectrometry analysis showed

a different interaction profile for ubiquitinated-XRCC1 co-trans-

fected with UHRF2 and TET2-CD (Figure 5A). Notably, among

the interacting partners, RAD23B, a protein capable of recog-

nizing DNA lesions to initialize nucleotide excision repair

(R€uthemann et al., 2016; Schauber et al., 1998), possesses two

ubiquitin binding domains (Raasi and Pickart, 2003).

We next test whether RAD23B is involved in the assembly of

the TDG-BER complex through binding to polyubiquitinated

XRCC1. To this end, HEK293T cells treated with small interfering

RNA (siRNA) against RAD23B and co-transfected with MYC-

UHRF2, TET2-CD, FLAG-XRCC1, and HA-ubiquitin were sub-

jected to a two-step purification strategy to enrich ubiquitinated

XRCC1 and its interacting partners. Immunoblotting analysis

indicated that RAD23B depletion led to a greatly reduced reten-

tion of TDG (Figure 5B), supporting the notion that RAD23B is

required for TDG incorporation into BER. This point was further

consolidated by the reciprocal IP results (Figure S3). Meanwhile,

the total protein levels of BER components and TDG were not

affected by RAD23B depletion (Figure 5B), arguing against the

possibility that the decreased binding of TDG to XRCC1 upon

RAD23B knockdown was due to a perturbed stoichiometry of

the BER complex or reduced TDG stability. Collectively, these
HEK293T cells transfectedwith the indicated plasmids. Schematic diagrams of

tic) and commercially obtained E1 and E2 in the presence or absence of oli-

ligo mC), or hydroxymethylated cytosine (Oligo hmC) for 1 h before in vitro

nce of indicated oligonucleotides before GST pull-down assays.

ed plasmids.

ins as in (G).



Figure 4. UHRF2 catalyzes K33-linked nonproteolytic polyubiquitination of XRCC1

(A) Western blotting analysis in HEK293T cells transfected with FLAG-UHRF2 (left) or treated with siRNA against UHRF2 (right).

(B) Immunoblotting analysis in HEK293T cells co-transfected with the indicated plasmids.

(C) Analysis of XRCC1 ubiquitination through immunoprecipitation was performed in HEK293T cells co-transfected with the indicated plasmids.

(D) HEK293T cells were co-transfected with a variety of ubiquitin mutants and other indicated plasmids for ubiquitination analysis.

(E) HEK293T cells were co-transfected with UbK0 or UbK33-only and other indicated plasmids for XRCC1 polyubiquitination analysis.

(F) Fractionation analysis of endogenous UHRF2-associated protein complex pre-incubated with vehicle or Oligo hmC before applied to Superose 6 size

exclusion columns.

(G) Co-immunoprecipitation analysis was performed in HEK293T cells co-transfected with the indicated plasmids, and lane pairs with comparable precipitated

MYC-XRCC1 are shown.

See also Figure S2.
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Figure 5. UHRF2-catalyzed nonproteolytic polyubiquitination of XRCC1 is engaged in active DNA demethylation

(A) Immunopurification and mass spectrometry analysis of XRCC1-associated proteins in HEK293T transfected with the indicated plasmids.

(B) A two-step purification strategy to enrich ubiquitinated XRCC1 in HEK293T cells with the indicated transfections. Immunoblotting of whole-cell lysates (bottom

left) and immunoprecipitated samples (bottom right) was shown.

(C) Abundance of 5mC and 5hmC in HEK293T cells with the indicated transfections was determined using dot blotting with 2-fold serial dilution. Methylene blue

staining serves as loading control.

(D) Abundance of 5mC and 5hmC in HEK293T cells with the indicated transfections was determined using dot blotting. rUHRF2, siRNA-resistant UHRF2.

(E) Abundance of 5mC and 5hmC in HEK293T cells transfected with wild-type or K33R ubiquitin together with other indicated plasmids was determined using dot

blotting.

(F) Abundance of 5mC and 5hmC in HEK293T cells transfected with siNS or siRAD23B together with other indicated plasmids was determined using dot blotting.

(G) Generation of Uhrf2-knockout (Uhrf2-KO) R1 mESCs using CRISPR-Cas9. Western blotting and DNA sequencing results validated this Uhrf2-ablated clone

with edited genomic DNA at both alleles.

(H) The abundance of 5hmC and 5mC in wild-type (WT) and Uhrf2-KO cells was determined using dot blotting.

(I) Cell lysates of WT or Uhrf2-KO cells were collected followed by immunoblotting analysis of the indicated proteins.

See also Figures S3 and S4 and Tables S4 and S5.
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results indicate that UHRF2-catalyzed K33-linked poly-

ubiquitination of XRCC1 is a platform for RAD23B recruitment

and subsequent formation of the TDG-RAD23B-BER complex.

UHRF2 is required for active DNA demethylation by the
TET-TDG-BER complex
Given the evidence that efficient removal of 5mC is accom-

plished by the DNA demethylation machinery involving TET,

TDG, and BER in a tightly coordinated fashion (Weber et al.,

2016), it is highly expected that 5hmC and UHRF2-dependent

regulation of the formation of the TDG-RAD23B-BER complex

is functionally implicated in active DNA demethylation. We thus

used dot blotting assays with antibodies against 5mC or 5hmC

to probe global DNA methylation level changes caused by ma-

nipulations of TDG-RAD23B-BER complex. TET2-CD overex-

pression resulted in a substantial increase in 5hmC abundance

and a decrease in 5mC abundance (Figure 5C), indicative of an

efficient TET-elicited active DNA demethylation in our system.

We found that depletion of endogenousUHRF2 in HEK293T cells

led to impaired DNA demethylation, as evidenced by the accu-

mulation of 5mCand elevation of 5hmC levels (Figure 5D). Impor-

tantly, this demethylation defect could be rescued by a UHRF2

variant resistant to UHRF2 siRNA molecules, whereas

UHRF2DSRA and UHRF2DRING failed to do so (Figure 5D),

consistent with themodular dependency of UHRF2 for its target-

ing of XRCC1 ubiquitination (Figure 3D). This point was

consolidated by quantitative methylation analysis using liquid

chromatography-electrospray ionization tandem mass spec-

trometry (LC-MS/MS) (Figures S4A and S4B).

To further support the importance of UHRF2-mediated K33-

linked XRCC1 polyubiquitination in DNA demethylation,

HEK293T cells were co-transfected with UHRF2 and TET2-CD,

together with wild-type or K33R ubiquitin. Comparison of the

levels of 5mC and 5hmC in these cells revealed that overexpres-

sion of K33R ubiquitin led to a decrease in UHRF2-associated

DNA demethylation (Figures 5E and S4C), supporting an essential

functionality of K33-dependent ubiquitin chain assembly on

XRCC1 for UHRF2-commissionedDNAdemethylation. This point

was further strengthened by the compromised DNA demethyla-

tion in RAD23B-depleted cells, as indicated by their higher levels

of 5mC and 5hmC relative to control cells (Figures 5F and S4D).
Figure 6. Uhrf2 promotes the completion of DNA demethylation at act

(A) Heatmap of Uhrf2 ChIP-seq reads density (log2 transformed) and input at the

sorted by the density of Uhrf2 signals.

(B) Distribution of the whole set or subsets of Uhrf2-binding peaks that were clas

(C) The abundance of 5hmCand histonemodification enrichment in wild-type (WT

the indicated subsets of Uhrf2 binding sites. Kmeans clusteringwas performed us

groups with moderate H3K4me1 enrichment (H3K4me1m), relatively high H3K4m

signal), respectively, were identified.

(D) Violin plot of the distribution of ChIP-seq reads density (log2 transformed) of Uh

set of randomly shuffled control sites.

(E) Average 5hmC abundance at H3K4me1m or H3K4me3h/H3K4me1l subset of

(F) Boxplot of 5hmC abundance at the indicated subsets as in (E) in WT, Tet1�/�

(G) Level plotting of the distribution of H3K4me1m or H3K4me3h/H3K4me1l subg

sites, with respect to their 5mC and 5hmC abundance in WT mESCs (Hon et al.,

(H) The abundance of 5mC at the indicated representative Uhrf2 binding peaks fro

was examined using MeDIP-coupled quantitative PCR analysis. Data are present

t test.

See also Figures S5–S7.
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To extend our observation that UHRF2 commissions DNA

methylation to a physiologically relevant context, Uhrf2 was

knocked out (Uhrf2-KO) using the CRISPR-Cas9 system (Fig-

ure 5G) in mouse embryonic stem cells (mESCs), which are

known to have abundant 5hmC and relatively high level of

Uhrf2 (Choi et al., 2014; Ficz et al., 2011; Pichler et al., 2011;

Spruijt et al., 2013). Methylation analysis in Uhrf2-KO mESCs

showed thatUhrf2 ablation resulted in a significant accumulation

of 5mC (Figures 5H and S4E), although the expression of Tet2,

Tdg, and BER was essentially unchanged (Figure 5I). Together,

these results indicate that UHRF2-promoted formation of the

TDG-RAD23B-BER complex is important for the completion of

active DNA demethylation (Figures 5 and S4).

Uhrf2 promotes the completion of DNA demethylation at
active promoters
To understand the biological significance of UHRF2-commis-

sioned active DNA demethylation and to explore the epigenomic

landscape affected by 5hmC-induced, UHRF2-catalyzed

XRCC1 polyubiquitination, we next performed chromatin IP-

coupled deep sequencing (ChIP-seq) with a specific antibody

against Uhrf2 suitable for this assay (Lai et al., 2016) to profile

the genomic residence of Uhrf2 in mESCs (Figure S5). To in-

crease the statistical power of downstream analyses, we used

a less stringent cutoff of 1e-4 to call Uhrf2 binding peaks and

identified a total of 5,884 Uhrf2-bound loci (Figure 6A). This

peak enrichment was not seen in Uhrf2-KO cells (Figures 6A

and S5). Genic feature assignment revealed that Uhrf2 is distrib-

uted in introns (21%) and distal intergenic regions (26%), with a

particular enrichment in promoters (40%). Comparison of Uhrf2

distribution to genomic background indicated, however, a rela-

tive paucity of Uhrf2 in gene bodies and distal regulatory ele-

ments (Figure 6B).

We next investigated the co-variability of the genomic enrich-

ment of Uhrf2 and 5hmC in mESCs on the basis of several key

epigenetic signatures. Among the major groups of epigenetic

marks for repressed, poised, and active regulatory elements,

classifications using epigenetic signatures H3K4me3 and

H3K4me1 deposited at active promoters or distal enhancers,

respectively, yielded the best categorization of the co-variation

between Uhrf2 and 5hmC (Figure 6C). We found a specific
ive promoters

equivalent genomic region in a window of ±5 kb. The total 5,884 peaks were

sified by the indicated epigenomic features over the indicated genic features.

), Tet1�/�, or Tet2�/�mESCs is plotted as heatmap to show their distributions at

ing H3K4me1 andH3K4me3 enrichment data at Uhrf2 binding peaks, and three

e3 enrichment (H3K4me3h/H3K4me1l), or low enrichment for both marks (low

rf2 or the indicated histonemodifications at each subset from (C) in addition to a

Uhrf2-binding sites in WT, Tet1�/�, or Tet2�/� cells. rep., replicate.

, or Tet2�/� cells. *p < 1.0 3 10�5, Wilcoxon rank-sum test.

roups of Uhrf2 binding peaks, in addition to a set of randomly shuffled control

2014).

mH3K4me1m or H3K4me3h/H3K4me1l subgroups inWT andUhrf2-KOmESCs

ed as mean ± SD for triplicate experiments. *p < 0.05 and **p < 0.01, Student’s
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enrichment of 5hmC at the center of Uhrf2 binding peaks along

the largest subset (66%) with a moderate level of H3K4me1

(H3K4me1m) (Figure 6C), indicative of a less complete status of

DNA demethylation. Strikingly, an overt scarcity of 5hmC at the

center of Uhrf2 binding summits relative to the peripheral regions

was found in H3K4me3-enriched subset (H3K4me3h/me1l; 25%)

(Figure 6C), pointing to an efficient removal of 5hmC in this set in

a Uhrf2-confined manner. Heatmap analysis showed a clear

quantitative relationship between the enrichment density of

these epigenetic signatures and 5hmC in these two subsets,

with a positive correlation in the H3K4me1m group and a nega-

tive correlation in the H3K4me3h/me1l group (Figure 6C). Genic

annotations further confirmed the enrichment of Uhrf2 in gene

bodies or distal enhancers in H3K4me1m group, contrary to its

predominant enrichment in promoters in H3K4me3h/me1l group

(Figure 6B). Importantly, Uhrf2 peaks in H3K4me3h/me1l group

also exhibited a high level of H3K27ac (Figure 6D), reinforcing

their identities as active promoters (Creyghton et al., 2010).

Tet1 and Tet2 are the major Tet enzymes expressed in mESCs

(Wu et al., 2011). To further support the importance of UHRF2 in

active DNA demethylation, integrative analysis was performed

using the data generated in Tet1�/� or Tet2�/� mESCs (Hon

et al., 2014). We found a significant decrease in 5hmC levels in

H3K4me1m group of Uhrf2 peaks in both Tet1�/� and Tet2�/�

mESCs (Figures 6E and 6F). Interestingly, in the H3K4me3h/

me1l group of Uhrf2 binding sites, there were no gross changes

of 5hmC abundance at the trough, whereas the peripheral 5hmC

was totally absent in Tet1�/� or Tet2�/� mESCs (Figures 6E and

6F), implying a localized and complete DNA demethylation asso-

ciated with Uhrf2 in contrast to the low yet discernible retention

of Tet-catalyzed DNA oxidation at adjacent sites. Consistent

with a complete transition of 5hmC into unmodified cytosine, a

scatterplot of 5mC and 5hmC levels on the same CpG sites re-

vealed the enrichment of both types of modified cytosines in

the H3K4me1m group of Uhrf2 peaks, in contrast to a predomi-

nant enrichment of unmodified cytosines in the H3K4me3h/

H3K4me1l group (Figure 6G). Concordantly, pairwise compari-

son of 5fC or 5caC levels in control versus Tdg-depleted mESCs

(Shen et al., 2013; Song et al., 2013) showed a significant in-

crease in 5fC and 5caC abundances at both H3K4me1m and

H3K4me1l/H3K4me3h groups of Uhrf2-bound elements upon

Tdg depletion (Figure S6).

To support a causal role of Uhrf2 in the completion of DNA de-

methylation at active promoters, we examined site-specific

abundance of 5mCwith methylated DNA IP coupled quantitative
Figure 7. Uhrf2 ablation is associated with incomplete demethylation,

(A) Functional annotation of Uhrf2 target genes. Binom, binomial test. FDR, false

(B) Schematic diagram of in vitro neural differentiation. EB, embryoid body; RA,

(C) Bright-field capture of WT and Uhrf2-KO ESCs at the indicated days of neural

was performed at day 0. PC, phase-contrast microscopy.

(D) Western blotting analysis of the indicated proteins in WT and Uhrf2-KO mES

(E) Dot blotting analysis of 5mC and 5hmC abundance in WT and Uhrf2-KO mES

(F) Level plotting of the distribution of H3K4me1m or H3K4me3h/H3K4me1l subg

sites, with respect to their 5hmC abundance in WT mESCs (Hon et al., 2014) and

(G) The abundance of 5mC and 5hmC at the indicated Uhrf2-bound enhancers i

MeDIP- and hMeDIP-coupled quantitative PCR analysis, respectively. Data are pre

0.0001, Student’s t test.

See also Figure S7.
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PCR (MeDIP-qPCR) assays in Uhrf2 loss-of-function models.

Uhrf2 depletion resulted in increased methylations at all of the

five randomly selected Uhrf2-bound promoters from the

H3K4me3h/H3K4me1l group (Figure 6H), compared with nearly

unchanged enrichment of 5mC at Uhrf2 binding sites in the

H3K4me1m group or background control sites (Figure 6H). This

point was further supported by results from bisulfite sequencing

(Figures S7A and S7B). Collectively, these observations support

a specific contribution of Uhrf2 to the completion of DNA deme-

thylation at active promoters.

Uhrf2 ablation is associated with incomplete
demethylation, poised enhancer activation, and
impaired neuronal differentiation
Functional annotation (McLean et al., 2010) for the cellular pro-

cesses that are potentially regulated by Uhrf2 inmESCs revealed

that apart from several fundamental homeostasis programs

implicated in stress responses, gene transcription, and signal

transduction, the top enriched terms included the development

of cerebellum, metencephalon, hindbrain, and cerebral cortex

(Figure 7A), consistent with the reported roles of UHRF2 in neural

development (Chen et al., 2018; Liu et al., 2017; Yang et al.,

2017). We thus determined the biological function of Uhrf2 in

neural commitment using Uhrf2-KO mESCs (Figure 7B). Molec-

ular characterization and morphological analysis showed that

although Uhrf2-KO mESCs exhibited comparable alkaline phos-

phatase (AP) staining, colonization, embryoid body (EB) induc-

tion, and the expression of the pluripotency marker gene Nanog,

Uhrf2 ablation was associated with a defect in neural progenitor

cell (NPC) differentiation intomature neurons (Figures 5I and 7C),

suggesting an unaffected pluripotency but compromised neural

lineage commitment. This was further strengthened by western

blotting analysis demonstrating that although the level of the

NPC marker Sox1 was fairly low, the pluripotency markers

Nanog and Oct4 remained strongly expressed in Uhrf2-KO

mESCs during neural differentiation (Figure 7D). Importantly, in

contrast to a substantial decrease in DNA methylation in control

mESCs, DNA demethylation was overtly compromised in Uhrf2-

KO mESCs, as the abundance of 5mC and other oxidized deriv-

atives was higher than control mESCs along the time course of

the induced differentiation (Figures 7E and S7C), suggesting

that the impaired differentiation upon Uhrf2 depletion in these

cells is associated with incomplete DNA demethylation.

The failure to induce the expression of key neural genes in

Uhrf2-ablated mESCs might be a result of the loss of
poised enhancer activation, and impaired neuronal differentiation

discovery rate.

all-trans retinoic acid.

differentiation. Alkaline phosphatase (AP) staining of WT and Uhrf2-KO clones

Cs from (C).

Cs from (C).

roups of Uhrf2 binding peaks, in addition to a set of randomly shuffled control

fetal or young adult mouse frontal cortex (Lister et al., 2013).

n WT and Uhrf2-KO mESCs during neural differentiation was examined using

sented asmean ±SD for triplicate experiments. *p < 0.05, **p < 0.01, and ***p <
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transcription upon removal of Uhrf2-commissioned completion

of DNA demethylation by Tet-Tdg-BER during neural differentia-

tion. In agreement with this, analysis of epigenomic signatures

during neural commitment revealed a resolution of poised

weak enhancers into active enhancers, evidenced by a robust

elevation of H3K27ac in H3K4me1m group of Uhrf2 peaks in

NPCs, compared with that in mESCs (Figure 7F). This poised-

to-active transition suggests a possible potentiation of Uhrf2-

dependent DNA demethylation at maturing enhancers by a

permissive chromatin microenvironment during differentiation,

analogous to the action of activated Uhrf2 at H3K27ac-enriched

promoters in mESCs (Figure 6). Indeed, examination of DNA

methylation and hydroxymethylation levels at the Uhrf2-bound

poised enhancers of neural differentiation-related Neurod4,

Faim2, Mafb, Sim2, and Gsx2 revealed that these enhancers

have higher levels of DNA methylation and hydroxymethylation,

especially in NPCs induced from Uhrf2-KO mESCs, suggesting

that Uhrf2 ablation blocks the resolution of 5mC and 5hmC

into unmodified cytosine at these poised elements thus impairs

their activation during neural commitment (Figures 7G and

S7D). Together, these results indicate thatUhrf2 depletion-asso-

ciated defects in neural differentiation are mechanistically linked

to incompetent DNA demethylation at maturing enhancers.

DISCUSSION

In this study, we report that 5hmC-triggered UHRF2 catalyzation

of XRCC1 polyubiquitination is implemented in the process of

DNA demethylation for efficient erasure of 5hmC intermediates,

pointing to differential functionalities for UHRF1 and UHRF2 in

DNA methylation dynamics. We further showed that the 5hmC

reading and ubiquitin E3 activity of UHRF2 are functionally

linked, providing a molecular and biochemically cooperative

mechanism between the SRA and RING domains. Considering

the proximity of these two modules, their cooperation might be

stemmed from an allosteric effect upon 5hmC docking into SRA.

Initially thought only to be a scaffold protein in the BER com-

plex, recent studies indicate that XRCC1 plays important roles

in coordinating multiple steps in base pruning and replacement

through recruitment of additional enzymes (London, 2015), sug-

gesting an organizing role for this protein in TDG-BER. Indeed,

a recent report using in vitro biochemical reconstitution of

the full DNA demethylation complex demonstrated a highly coor-

dinated action of the TET1-TDG-BER complex to resolve the

oxidative intermediates (Weber et al., 2016). Our proposal that

UHRF2-catalyzed nonproteolytic K33-linked polyubiquitination

of XRCC1 fosters its physical association with the ubiquitin bind-

ing domain-containing RAD23B adaptor thus presents a mecha-

nistic explanation for this functional coordination. Although

RAD23B-mediated XPC protection from proteasomal degrada-

tion is implicated in the XPC/RAD23B complex-associated

recognition of DNA damages and initiation of global nucleotide

excision repair (R€uthemann et al., 2016; Schauber et al., 1998),

our study suggests that neither nucleotide excision repair (NER)

nor proteasome was implicated in RAD23B-bridged TDG-BER

assembly. In addition, in agreement with our observation that

RAD23B matchmakes TDG and the BER complex, previous

studies indicate that the XPC/RAD23B complex directly interacts
with TDG and stimulate its glycosylase activity (Shimizu et al.,

2003, 2010). As TDG tightly binds to guanine opposite to abasic

site and its inefficient removal interferes with subsequent BER

process (Barrett et al., 1998; Waters and Swann, 1998), molecu-

lar actions facilitating its dislodging from abasic site are believed

to facilitate the full cycling of BER in DNA repair and demethyla-

tion (Hardeland et al., 2002; Shimizu et al., 2003, 2010; Steinacher

et al., 2019). It is possible that UHRF2-mediated K33-linked poly-

ubiquitination of XRCC1 promotes RAD23-bridged TDG-BER

formation with additional XRCC1 interactor(s) acting like XPC to

stimulate TDG dissociation and TDG SUMOylation in a synergis-

tic way to gear up the enzymatic coordination within the TDG-

RAD23-BER complex.

Our epigenomic analysis indicates that the complete DNA de-

methylation, evidenced by removal of 5hmC surrounding Uhrf2

binding peaks, took place exclusively on active promoters

bearing high levels of H3K4me3 and H3K27ac in mESCs. In

contrast, Uhrf2-bound regulatory elements in the poised en-

hancers with moderate level of H3K4me1 and low level of

H3K27ac showed enrichment of 5hmC. The functional diver-

gence of UHRF2 at distinct epigenomic domains is noteworthy

not simply because of their correlations with 5hmC abundance

but more importantly because of the potential allosteric effect

conferred by histone tail recognition as demonstrated for

UHRF1 (Fang et al., 2016). In line with this, UHRF2 is reported

to directly interact with H3K9me3 through its tandem Tudor

and PHD (Zhang et al., 2011). A tantalizing explanation for the

distinct actions of UHRF2 at poised enhancers versus active pro-

moters is the differential epigenetic mark-dependent allosteric

regulation of ubiquitin E3 activity of UHRF2 toward XRCC1.

Indeed, this UHRF2-associated DNA demethylation regulation

was not stereotypical, as Uhrf2-bound and H3K4me1-marked

latent enhancers were reprogrammed into active ones during

neuronal commitment, with a significantly increased H3K27ac

enrichment, and Uhrf2 ablation impaired epigenetic transitions

and rendered incomplete DNA demethylation at poised en-

hancers, implying a mutual or active chromatin context-enabled

regulation of UHRF2-associated epigenetic dynamics.

Limitations of the study
The structural rearrangement of UHRF2 in 5hmC-associated

allosteric activation of RING domain by binding to SRA is

currently unknown, and the overall biological significance of

K33-linked ubiquitination of XRCC1 is unclear unless a knockin

model is created with the ubiquitination acceptor site mutated.

Therefore, future structural and animal-based functional studies

will provide clearer mechanistic and phenotypical pictures of the

TET-UHRF2-RAD23B-BER axis.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG (clone M2) Sigma-Aldrich Cat#F3165; RRID: AB_259529

Rabbit polyclonal anti-UHRF2 Lai et al., 2016 N/A

Rabbit polyclonal anti-XRCC1 Active Motif Cat#61371; RRID: AB_2793610

Rabbit polyclonal anti-5hmC Active Motif Cat#39791; RRID: AB_2630381

Rabbit polyclonal anti-5fC Active Motif Cat#61224; RRID: AB_2687953

Rabbit polyclonal anti-5caC Active Motif Cat#61226; RRID: AB_2793557

Mouse monoclonal anti-TET2 Active Motif Cat#61390; RRID: AB_2736901

Rabbit polyclonal anti-TDG GeneTex Cat#GTX110473; RRID: AB_10720524

Goat polyclonal anti-6 3 HIS GeneTex Cat#GTX30506; RRID: AB_385694

Mouse monoclonal anti-LIG3 Abcam Cat#ab587; RRID: AB_305148

Mouse monoclonal anti-POLB Abcam Cat#ab3181; RRID: AB_2252566

Rabbit polyclonal anti-UHRF2 Abclonal Cat#A2344; RRID: AB_2764305

Rabbit polyclonal anti-UHRF1 Abclonal Cat#A2343; RRID: AB_2764304

Rabbit polyclonal anti-SUMO1 Abclonal Cat#A2130; RRID: AB_2764149

Rabbit polyclonal anti-RAD23B Abclonal Cat#A1034; RRID: AB_2757885

Rabbit polyclonal anti-Nanog Bethyl Cat#A300-397A; RRID: AB_386108

Mouse monoclonal anti-5mC (D3S2Z) Cell Signaling Technology Cat#28692; RRID:AB_2798962

Rabbit polyclonal anti-Sox1 Cell Signaling Technology Cat#4194; RRID: AB_1904140

Rabbit polyclonal anti-Oct4 Cell Signaling Technology Cat#2750; RRID: AB_823583

Goat anti-Rat IgG, light-chain

specific antibody

Cell Signaling Technology Cat#98164

Rabbit polyclonal anti-MYC MBL Cat#562-5; RRID: AB_591116

Mouse monoclonal anti-HA MBL Cat#M180-3; RRID: AB_10951811

Rabbit polyclonal anti-Tubulin MBL Cat#PM054; RRID: AB_10598496

Rabbit polyclonal anti-b-actin Proteintech Cat#20536-1-AP; RRID: AB_10700003

Mouse monoclonal anti-KU70 Santa Cruz Biotechnology Cat#sc-12729; RRID: AB_628452

Goat polyclonal anti-KU80 Santa Cruz Biotechnology Cat#sc-1485; RRID: AB_2288756

Bacterial and virus strains

Trans5a Chemically Competent Cell Transgen Biotech Cat#CD201

Trans1-T1 Phage Resistant

Chemically Competent Cell

Transgen Biotech Cat#CD501

BL21 Chemically Competent Cell Transgen Biotech Cat#CD901

Chemicals, peptides, and recombinant proteins

Lipofectamine RNAiMAX

Transfection Reagent

Invitrogen Ca#13778030

Lipofectamine 3000 Transfection Reagent Invitrogen Ca#L3000015

Plyethylenimine Polysciences Ca#23966-1

Polybrene Infection/Transfection Reagent Millipore Ca#TR-1003-G

MG132 Selleck Chemicals Cat#S2619

NEM Sigma-Aldrich Cat#04260

FLAG� Peptide Sigma Aldrich Ca#F3290

All-trans retinoic acid Sigma-Aldrich Cat#R2625

Thymidine Sigma Aldrich Cat#T9250

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant mouse LIF protein Millipore Cat#ESG1107

RNase A Thermo Scientific Cat#EN0531

Proteinase K NEB Cat#P8107S

Puromycin Amresco Cat#97064-280

Critical commercial assays

Pierce Silver Stain Kit Thermo Scientific Ca#24612

Pierce BCA Protein Assay Kit Thermo Scientific Ca#23225

Western Blotting Luminol reagent Santa Cruz Biotechnology Cat#sc-2048

Immobilon� Western HRP

Substrate Peroxide Solution

Millipore Cat# WBKLS0500

QuikChange Lighting Site-Directed

Mutagenesis Kit

Agilent Cat#210519

Ubiquitination Conjugation Kit Boston Biochem Cat#K-960

QIAquick PCR Purification Kit QIAGEN Cat#28106

EpiTect Bisulfite Kit QIAGEN Cat#59104

EpiMark� Hot Start Taq DNA Polymerase NEB Cat#M0490S

Nucleoside Digestion Mix NEB Cat#M0649S

pEASY�-T1 Simple Cloning Kit Transgene Cat#CT111

Alkaline Phosphatase Detection Kit Sigma-Aldrich Cat#SCR004

Deposited data

Raw and analyzed ChIP sequencing data This paper GEO: GSE141297

Source data This paper https://dx.doi.org/10.17632/

dsm3zzwpzn.1

Experimental models: Cell lines

Human: HEK293T ATCC ATCC CRL-3216

Human: MCF-7 ATCC ATCC HTB-22

Mouse: R1 ATCC ATCC SCRC-1011

Oligonucleotides

siRNA targeting sequence: UHRF2 #1:

GGAAGAAGCCUAAAGGACA

This paper N/A

siRNA targeting sequence: UHRF2 #2:

GAUCCUGGCUUUGGAAUAU

This paper N/A

siRNA targeting sequence: UHRF1:

GCCUUUGAUUCGUUCCUUCUU

This paper N/A

siRNA targeting sequence: RAD23B:

AAUUGCAGCCCUGAGAGCCAG

This paper N/A

Control siRNA: UUCUCCG

AACGUGUCACGU

This paper N/A

sgRNA targeting sequence: Uhrf2:

CGCACTTGTCTTATTGACCC

This paper N/A

Oligo C sequence (50-30):
CAGAAGTTGGATTTGGTAGT

Takara Bio N/A

Oligo mC sequence (50-30): (5mC)

AGAAGTTGGATTTGGTAGT

Takara Bio N/A

Oligo hmC sequence (50-30): (5hmC)

AGAAGTTGGATTTGGTAGT

Takara Bio N/A

Primers used for ChIP-qPCR, see Table S6 This paper N/A

Primers used for (h)MeDIP-qPCR,

see Table S6

This paper N/A

Primers used for BSP-PCR, see Table S7 This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pcDNA3.1(+)-FLAG-UHRF2 This paper N/A

pcDNA3.1(+)-FLAG-UHRF2DUBL This paper N/A

pcDNA3.1(+)-FLAG-UHRF2DTTD-PHD This paper N/A

pcDNA3.1(+)-FLAG-UHRF2DSRA This paper N/A

pcDNA3.1(+)-FLAG-UHRF2DRING This paper N/A

pcDNA3.1(+)-FLAG-XRCC1 This paper N/A

pGEX-6P-1-UHRF2 This paper N/A

pET-28a(+)-XRCC1 This paper N/A

pET-28a(+)-LIG3 This paper N/A

pET-28a(+)-POLB This paper N/A

pcDNA3.1(+)-MYC-XRCC1 This paper N/A

pcDNA3.1(+)-HIS-Ub This paper N/A

pCMV-Tag 2B-TET2-CD Hu et al., 2013 N/A

pCMV-Tag 2B-TET2-CDm Hu et al., 2013 N/A

pcDNA3.1(+)-FLAG-UHRF2C735C This paper N/A

pcDNA3.1(+)-FLAG-UHRF2G477D This paper N/A

pcDNA3.1(-)-HA-Ub This paper N/A

pcDNA3.1(-)-HA-UbK48R This paper N/A

pcDNA3.1(-)-HA-UbK63R This paper N/A

pcDNA3.1(-)-HA-UbK0 This paper N/A

pcDNA3.1(-)-HA-UbK6R This paper N/A

pcDNA3.1(-)-HA-UbK11R This paper N/A

pcDNA3.1(-)-HA-UbK27R This paper N/A

pcDNA3.1(-)-HA-UbK29R This paper N/A

pcDNA3.1(-)-HA-UbK33R This paper N/A

pcDNA3.1(-)-HA-UbK33O This paper N/A

pcDNA3.1(+)-HIS-UbK33O This paper N/A

pcDNA3.1(-)-FLAG-RAD23B This paper N/A

pcDNA3.1(-)-FLAG-TDG This paper N/A

pcDNA3.1(-)-TDG This paper N/A

Software and algorithms

MACS v2 Zhang et al., 2008 https://github.com/macs3-project/MACS

GenomicRanges v1.42.0 Lawrence et al., 2013 https://bioconductor.org/packages/

release/bioc/html/GenomicRanges.html

R v3.6.3 R Core Team http://www.R-project.org

ggplot2 v3.3.2 Wickham, 2016 https://ggplot2.tidyverse.org/

MethPrimer https://www.urogene.org/methprimer/ N/A

QUMA http://quma.cdb.riken.jp/top/index.html N/A

IGV http://www.igv.org/ N/A

GraphPad Prism 7.03 Prism N/A

FlowJo v10.0.7 Tree Star N/A

Other

Anti-FLAG M2 resin Sigma-Aldrich Cat#A2220

Protein A Sepharose CL-4B GE Healthcare Cat#17-0780-01

Protein G Sepharose 4 Fast Flow GE Healthcare Cat#17-0618-01

Glutathione Sepharose 4B GE Healthcare Cat#17-0756-01

Dynabeads Protein A Invitrogen Cat#10008D

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Dynabeads Protein G Invitrogen Cat#10009D

Anti-HA magnetic beads Thermo Scientific Cat# 88836

Ni-NTA agarose beads QIAGEN Cat#30250

Potease inhibitor cocktail Roche Cat#4693132001
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Yong-

feng Shang (yshang@hsc.pku.edu.cn).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability
ChIP-seq data were deposited at the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) with acces-

sion number GSE141297. Original data for gel blots is available at Mendeley Data (https://dx.doi.org/10.17632/dsm3zzwpzn.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells were from ATCC and maintained at 37�C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen)

supplemented with 10% (v/v) FBS (Hyclone), 100 U/mL penicillin (Invitrogen), and 100 mg/mL streptomycin (Invitrogen). R1 mESCs

were maintained on gelatin-coated plates in KnockOut-DMEM (Invitrogen) supplemented with 10% (v/v) heat-inactivated FBS (Hy-

clone), 1,000 U/ml of leukemia inhibitory factor (Millipore), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 0.1 mM MEM nonessential

amino acids, 2 mM GlutaMAX, 100 U/mL penicillin, and 100 mg/mL streptomycin (all from Invitrogen).

METHOD DETAILS

Plasmids, antibodies, and reagents
The cDNA for wild-type UHRF2 was from Dr. Jiemin Wong (East Normal China University). Deletion mutants of UHRF2 were gener-

ated by subcloning corresponding fragments of UHRF2 cDNA. UHRF2 mutants including UHRF2C735S and synonymous muta-

tion at 364-372 bp were generated using QuikChange Lighting Site-Directed Mutagenesis Kit. All subclones were confirmed by

DNA sequencing. TET2-CD and TET2-CDm plasmids were kindly gifted by Dr. Yanhui Xu (Fudan University). Rabbit polyclonal

antibodies against UHRF2 kindly gifted by Dr. Jun Qin (National Center for Protein Sciences) were made using a recombinant frag-

ment of UHRF2 (N-terminal 351aa), followed by purification and verification accordingly (Lai et al., 2016). Transfection of plasmid

DNA was carried out using polyethylenimine (Polysciences) or Lipofectamine 2000 (Invitrogen) following the manufacturer’s

recommendation. Transfection of siRNA oligonucleotides was carried out using RNAiMAX (Invitrogen) according to the manufac-

turer’s recommendation.

Lentiviral production and infection
HEK293T cells were transfected with pLVX-IRES-Puro vector encoding UHRF2 and two other helper plasmids (psPAX2 and

pMD2.G). Forty-eight hours later, the supernatant of transfectants was collected and filtered through a 0.45-mm cellulose acetate

filter (Millipore). HEK293T cells at 40%–50% confluence were infected with viruses supplemented with 5 mg/ml polybrene (Millipore).

Infected cells were selected with 1 mg/ml puromycin (Amresco).

Immunopurification and mass spectrometry
Cell lysates were obtained from 5 3 108 cells in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 0.3% NP-40)

containing protease inhibitor cocktail (Roche) and applied to an equilibrated FLAG-M2 resin (Sigma-Aldrich) of 200 mL bed volume

to allow for binding of FLAG-tagged target protein and associated partners. After extensive washing, bound proteins were eluted

with excess FLAG peptides (Sigma-Aldrich) in cold PBS plus 0.1% NP-40. The eluted proteins were resolved on NuPAGE 4%–

12% Bis-Tris gel (Invitrogen), silver stained using Pierce silver staining Kit (Invitrogen), and subjected to LC-MS/MS (Agilent

6340) sequencing.
Molecular Cell 81, 1–15.e1–e7, July 15, 2021 e4
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Immunoprecipitation and western blotting
Cell lysates were prepared by incubating the cells in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mMNaCl, 1 mM EDTA, and 0.3% NP-

40) containing protease inhibitor cocktail (Roche) for 40 min at 4�C, followed by centrifugation at 14,000 g for 15 min. For immuno-

precipitation, 750 mg of protein lysates was incubated with 2 mg of antibodies against the indicated tag or proteins for 12 h at 4�C
with constant rotation, followed by addition of 50 mL of 50% protein A/G agarose beads or 15 mL of protein A/G magnetic beads

and incubation for another 2 h. Beads were then washed five times using the lysis buffer. The precipitated proteins were eluted

from the beads by resuspending the beads in 2 3 SDS-PAGE loading buffer and boiling for 10 min. The resultant materials from

immunoprecipitation or cell lysates were resolved using 8% SDS-PAGE gels and transferred onto nitrocellulose membranes. For

western blotting, membranes were incubated with appropriate antibodies for 1h at room temperature or overnight at 4�C followed

by incubation with a secondary antibody. Immunoreactive bands were visualized using western blotting Luminol reagent (Santa

Cruz) according to the manufacturer’s recommendation.

Fast protein liquid chromatography (FPLC)
For FPLC analysis, nuclear lysates or FLAG-UHRF2 affinity elutes were concentrated to 500 mL volume via Millipore Ultrafree cen-

trifugal filter apparatus (3 kDa nominal molecular mass limit) and applied to an 850 3 20 mm Superose 6 size exclusion column

(GE Healthcare) that was equilibrated with PBS and calibrated with protein standards (blue dextran, 2000 kDa; thyroglobulin,

669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; ovalbumin, 43 kDa; all from GE Healthcare). The column was then eluted at a flow

rate of 0.5 ml/min, and the fractions were separately collected for immunoblotting analysis. To explore the effect of 5hmC incorpo-

ration on UHRF2 interactome, nuclear lysates from 23 108 HEK293T cells were prepared and incubated with vehicle or Oligo hmC at

37�C for 90 min before applied to FPLC analysis.

GST pull-down assay
GST-tagged or HIS-tagged proteins were expressed and purified in BL21 Escherichia coli cells. For GST pull-down assays, 2 mg of

the purified GST fusion proteins was mixed with 2 mg of the indicated HIS-tagged proteins and further incubated in binding buffer

(50mMHEPES [pH 7.9], 75mMNaCl, 3mMMgCl2, 100mMKCl, 5mMEDTA, and 5%glycerol) for 30min in the presence of protease

inhibitor mixture. About 50 mL of Glutathione Sepharose beads were then added and the binding reaction was continued at 4�C for 2

h. The beads were washed, resuspended in 2 3 SDS-PAGE loading buffer, and subjected to immunoblotting.

Eukaryotic expression and purification
Proteins were eukaryotically purified as described previously (Schwickart et al., 2010) with some optimization. Briefly, HEK293T cells

expressing full-length FLAG-UHRF2 were collected and lysed in lysis buffer (50mM Tris-HCl [pH 7.4], 300mM NaCl, 1% Nonidet P-

40, 1mM EDTA, 10% glycerol, and 1mM dithiothreitol) containing protease inhibitor cocktail (Roche). The protein lysates were incu-

bated with FLAG-M2 resin for 2 h and the beads were washed five times using the lysis buffer. The immobilized proteins was eluted

with FLAG peptides (Sigma-Aldrich) and used in in vitro ubiquitination assays as described below.

In vivo and in vitro ubiquitination assay
In vivo ubiquitination assay was performed as previously described (Li et al., 2003) with subtle modifications. Briefly, the cells were

lysed with ubiquitination lysis buffer (10 mM Tris-HCl [pH 8.0], 6 M guanidine HCl, 0.1 M Na2HPO4, 0.1 M NaH2PO4, and 0.2% Triton

X-100, freshly added with 10 mM b-mercaptoethanol and 5 mM imidazole), sonicated, and subjected to Ni-NTA (QIAGEN) pull-down

overnight at 4�C. The resin was washed extensively with ubiquitination washing buffer (50 mMNaH2PO4, 100 mMKCl, 20% glycerol,

and 0.2% NP-40), and boiled in 23 SDS-PAGE loading buffer before immunoblotting analysis. For in vitro ubiquitination, 300 ng pu-

rified UHRF2 and 1 mg XRCC1 proteins were incubated in 30 mL ubiquitination reaction buffer (50 mM Tris-HCl [pH 7.5] and 0.5 mM

dithiothreitol) system containing 200 nM E1 activating enzyme, 500 nM E2 conjugase, 5 mg ubiquitin, and 1 mMMgCl2-ATP (all from

Boston Biochem) at 30�C for 90 min. The reaction was stopped by boiling in 2 3 SDS-PAGE loading buffer before immunoblotting

analysis.

Purification of K33 ubiquitinated proteins
K33 ubiquitinated proteins were purified as described (Huang et al., 2010) with subtle modifications. Briefly, HEK293T cells (23 108)

co-transfected with HIS-Ub K33O, FLAG-UHRF2, and TET2-CD were lysed with denaturing buffer (8 M Urea [pH 8.0], 50 mM

NaH2PO4, 300 mM NaCl, 10 mM imidazole, and 0.5% NP-40), sonicated, and subjected to Ni-NTA (QIAGEN) pull-down at 4�C for

2 h. Beads were washed extensively with washing buffer (8M Urea [pH 8.0], 50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole).

Bound Ub conjugages were eluted by elution buffer (8M Urea [pH 8.0], 50 mMNaH2PO4, 300 mMNaCl, and 100 mM imidazole). The

samples were then subjected to NuPAGE 4%–12% Bis-Tris gel (Invitrogen), excised, and preceded for trypsin digestion and mass

spectrometry analysis (PTM Biolabs, China).

Enrichment of ubiquitinated XRCC1
Cell lysates from 53 107 HEK293T cells co-transfected with FLAG-XRCC1, HA-ubiquitin and the indicated plasmids were prepared

by incubating the cells in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 0.3% NP-40) containing 10 mMNEM
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(Sigma-Aldrich) and protease inhibitor cocktail (Roche) for 40 min at 4�C, followed by centrifugation at 14,000 g for 15 min. FLAG-

tagged XRCC1 and associated partners were enriched using adequate FLAG-M2 resin (Sigma-Aldrich). After extensive washing,

bound proteins were eluted with excess FLAG peptides (Sigma-Aldrich) in cold PBS plus 0.1%NP-40. The eluted proteins were sub-

jected to a secondary purification with an antibody against HA that was immobilized on anti-HA magnetic beads (Invitrogen). The

precipitated proteins were eluted from the beads by resuspending the beads in 2 3 SDS-PAGE loading buffer and boiling for

10min. The resultant materials from elutes or cell lysates were resolved using 8%SDS-PAGE gels and transferred onto nitrocellulose

membranes for immunoblotting.

Dot blotting assay
Genomic DNAwas prepared using phenol-chloroform extraction protocol. The DNAwas denatured and dotted on Hybond-N+ nitro-

cellulose membrane (Amersham Pharmacia Biotech). After ultraviolet cross-linking, membranes were blocked overnight with 10%

non-fat milk in TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, and 0.1% Tween20) at 4�C followed by 1 h incubation with antibodies

against either 5mC or 5hmC at room temperature. Membranes were washed five times with TBST, incubated with a secondary anti-

body, washed with TBST, and developed using western blotting Luminol reagent (Santa Cruz) according to the manufacturer’s

recommendation. Membrane were stained with 0.02% methylene blue in 0.3 M sodium acetate [pH 5.2] to ensure equal loading

of input DNA.

LC-MS/MS analysis of 5mC and 5hmC
Genomic DNA was digested using Nucleoside Digestion Mix (NEB) according to the manufacturer’s recommendation. Briefly, dena-

tured genomic DNA (�5 mg in 17 mL H2O) was mixed with 1 mL Nucleoside Digestion Mix and 2 mL 10 3 Nucleoside Digestion Mix

Buffer. The mixture (20 mL) was then incubated at 37�C for 5 h, after which samples were subjected to the LC-MS/MS system con-

sisting of a Triple Quad 5500mass spectrometer (Brea, CA, USA) with an ESI source (Turbo Ionspray) and a Thermo Scientific Dionex

Ultimate 3000 HPLC (Thermo, USA). The concentrations of the nucleosides including 5mC, 5hmC, and dGwere calculated using the

calibration curves obtainedwith a series of gradient dilution of standard nucleoside solutions. Then, the 5mC/dG and 5hmC/dG ratios

were calculated for each sample.

Generation of Uhrf2-KO mESC R1 cells
To generate Uhrf2-KO mESC, R1 cells were infected with lentiviruses carrying both Cas9 and sgRNA targeting the Uhrf2 locus with

guide sequence: 50-CGCACTTGTCTTATTGACCC-30. After 48 h, GFP positive cells were selected by flow cytometry. The resultant

single cells were subsequently seeded into 96-well plate individually for further selection and expansion. Genomic DNA was then

isolated from these single cell-derived colonies. PCR products amplifying the regions encompassing sgRNA target site were

sequenced for gene targeting verification. TA cloning and sequencing were conducted to verify the sequences of both chromosomes

in Uhrf2 ablated clones.

Neural differentiation
R1 mESCs were cultured on mitomycin C-inactivated mouse embryo fibroblasts for at least two passages and further plated on

gelatin-coated plates for another two passages. For neural differentiation, R1 cells were dissociated and plated on ultra-low attach-

ment 60mm dishes at 83 105 cells/dish in ESC cultural medium without leukemia inhibitory factor for 4-6 days. All-trans retinoic acid

(Sigma-Aldrich; 1 mM) was then added to induce neural differentiation. Efficiency of differentiation was monitored by both morpho-

logical and molecular mark inspections.

MeDIP- and hMeDIP- qPCR
Genomic DNA was prepared using phenol-chloroform extraction protocol. The DNA was sonicated to produce fragments with size

ranging from 300-1,000 bp. After denaturing by boiling at 95�C for 10 min, the genomic DNA was then subjected to immunoprecip-

itation using 5 mg antibodies against 5mC or 5hmC immobilized on protein A magnetic beads. After extensive washes, DNA frag-

ments enriched by antibodies were eluted from the beads and purified through QIAquick columns. Quantitative real-time PCR

(qPCR) was then performed to measure DNA methylation or hydroxymethylation levels using the primers described in Table S6.

Bisulfite sequencing PCR (BSP)
Bisulfite conversion was performed using the EpiTect Bisulfite Kit (QIAGEN) following themanufacturer’s recommendation. PCRwas

then performed with the primers described in Table S7. PCR amplicons of the appropriate size were excised from agarose gel and

cloned into the pEASY-T1 vector (Transgene) for subsequent sequencing. DNA methylation status were analyzed using the web-

based software QUMA (Kumaki et al., 2008).

ChIP-seq and computational analysis
Genomic DNA for ChIP sequencing was prepared as described (Schmidt et al., 2009). Briefly, the cross-linked DNA of R1 cells was

fragmented to a mean size of approximately 300 bp by Bioruptor (Diagenode, Belgium). The sheared chromatin was then enriched

with 5 mg antibodies against Uhrf2, followed by washing extensively in a stepwise manner with the following buffers: TSE I (20 mM
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Tris-HCl [pH 8.0], 150 mMNaCl, 0.1%SDS, 1% Triton X-100, and 2 mMEDTA); TSE II (20 mM Tris-HCl [pH 8.0], 500 mMNaCl, 0.1%

SDS, 1% Triton X-100, and 2mMEDTA); TSE III (10 mMTris-HCl [pH 8.0], 250mMLiCl, 1%Nonidet P-40, 1% sodium deoxycholate,

and 1 mM EDTA) and TE (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA). For ChIP-qPCR, enriched DNA fragments were eluted by newly

prepared Elution buffer (0.1MNaHCO3 and 1%SDS) for 10 min at room temperature and incubated with RNase A at 37�C for 1 h and

then with Proteinase K at 55�C for 4 h. Samples were decrosslinked overnight at 65�C, phenol/chloroform purified and quantified by

qPCR using the primers described in Table S6. The data was presented as percentages of the input DNA and anti-rabbit IgG was

used as a negative control. For ChIP-seq, enriched DNA fragments were eluted for sequencing library construction through blunt-

ending, dA addition to 30 end, and adaptor ligation. In-depth whole genome DNA sequencing was performed by the Beijing Genome

Institute (BGI). Sequencing reads were aligned to Genome Reference Consortium mm10 of mouse genome through bowtie (Lang-

mead et al., 2009). Uhrf2 peaks were called using MACS (Zhang et al., 2008) with the p value cutoff of 1e-4. To normalize ChIP-seq

reads density, the reads coverage at each base was calculated, followed by normalization to total number of mappable reads in the

relevant ChIP-seq library. To classify Uhrf2 binding peaks according to their epigenomic features, kmeans clustering (Hon et al.,

2014) was utilized for analyzing H3K4me1 and H3K4me3 enrichments surrounding Uhrf2 summits that were further grouped into

three subsets. GenomicRanges package (Lawrence et al., 2013) in R (http://www.R-project.org) was utilized to handle annotated

genomic ranges. R was utilized to perform kmeans clustering, and ggplot2 packages (https://ggplot2.tidyverse.org) were used to

produce heatmaps and other statistical plots. Functional annotation of Uhrf2 binding sites was performed using GREAT (Genomic

Regions Enrichment of Annotations Tool) (McLean et al., 2010) with default settings. We used MEDIPS package to process DNA

immunoprecipitation (DIP) sequencing data (Lienhard et al., 2014). High-throughput sequencing data from the Gene Expression

Omnibus database for 5hmC (GSM1180306, GSM1180307, GSM1180308, GSM1180309, GSM1180310, GSM1180311,

GSM1180312, GSM1180313, and GSM1180314) in mESCs and NPCs (Hon et al., 2014), 5mC (GSM1180315) in mESCs (Hon

et al., 2014), histone modifications (GSM1180178, GSM1180179, GSM1180180, GSM1180181, GSM1180182, GSM1180183,

GSM1507442, and GSM1507443) in mESCs (Hon et al., 2014), 5hmC (GSM1173794, GSM1173795) in fetal and young adult mouse

frontal cortex (Lister et al., 2013), and 5fC and 5caCDIP data (GSE46111) in control and Tdg-depletedmESCs (Shen et al., 2013) were

referenced for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments could be found in corresponding figure legends. The data were analyzed by using Student’s t

test (GraphPad Prism software, version 7.03) and expressed asmean ± SD unless otherwise indicated. p < 0.05was considered to be

statistically significant.
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