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ABSTRACT

LSH, a SNF2 family DNA helicase, is a key regulator
of DNA methylation in mammals. How LSH facilitates
DNA methylation is not well defined. While previous
studies with mouse embryonic stem cells (mESc) and
fibroblasts (MEFs) derived from Lsh knockout mice
have revealed a role of Lsh in de novo DNA methy-
lation by Dnmt3a/3b, here we report that LSH con-
tributes to DNA methylation in various cell lines pri-
marily by promoting DNA methylation by DNMT1. We
show that loss of LSH has a much bigger effect in
DNA methylation than loss of DNMT3A and DNMT3B.
Mechanistically, we demonstrate that LSH interacts
with UHRF1 but not DNMT1 and facilitates UHRF1
chromatin association and UHRF1-catalyzed histone
H3 ubiquitination in an ATPase activity-dependent
manner, which in turn promotes DNMT1 recruitment
to replication fork and DNA methylation. Notably,
UHRF1 also enhances LSH association with the repli-
cation fork. Thus, our study identifies LSH as an es-
sential factor for DNA methylation by DNMT1 and pro-
vides novel insight into how a feed-forward loop be-
tween LSH and UHRF1 facilitates DNMT1-mediated
maintenance of DNA methylation in chromatin.

INTRODUCTION

DNA methylation in cytosine is a conserved epigenetic
modification essential for embryonic development and cell
differentiation in mammals (1-4). While all three active
DNA methyltransferases, namely DNMT3A, DNMT3B
and DNMT1 act cooperatively to set up patterns of DNA
methylation during embryonic development, DNMTTI is
generally considered as the primary enzyme responsible for
maintenance of DNA methylation patterns in somatic cells
(5-7). Consistent with a role in maintaining patterns of
DNA methylation upon DNA replication, DNMT1 is re-
cruited to DNA replication fork and preferentially converts
hemi-methylated CpGs generated during DNA replication
to fully methylated sites. Studies over the last decade or so
have established UHRF1 as an essential accessory factor re-
quired for targeting DNMT]1 to replication fork (8,9).
UHRFT1 is a multi-functional domain protein. It binds
to newly replicated DNA in S phase by specific recognition
of hemi-methylated CpG and histone tails (10-17). Multi-
ple lines of evidence support that UHRF1 in turn ubiquiti-
nates histone H3 and recruits DNMT1 to replication fork at
least in part through an interaction between ubiquitinated
H3 and DNMT1 (18,19). The binding of ubiquitinated H3
also stimulates DNMT]1 enzymatic activity (20). Although
early studies suggest that DNA maintenance methylation is
arapid process and thus may occur before chromatin assem-
bly, the dependence of DNMT1 recruitment and activation
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on ubiquitinated histones, together with recent findings that
there is a global delay in nascent strand DNA methylation
(21), indicates that DNA methylation by DNMTI takes
place at least in part in chromatin. In its default state, chro-
matin structure limits DNA methylation by DNMT1. How
UHRF1/DNMT]1 gains access to chromatin in S phase is
presently unknown.

ATPase chromatin remodeling proteins can mobilize and
restructure nucleosomes through the energy of ATP hydrol-
ysis and thus promote chromatin DNA accessibility (22,23).
LSH (also known as Hells, PASG and SMARCAG6) and
its plant homolog DDM are the SNF2 family DNA he-
licases that play a critical role in global DNA methyla-
tion both in mammals and plants (24,25). Targeted dele-
tion of Lsh in mice results in perinatal lethality and sub-
stantial loss of DNA methylation throughout the genome
(24,26-28). Consistent with its helicase activity, LSH has
been shown to promote DNA methylation depending on
its ATPase activity (29,30). LSH has also been shown to
interact with DNMT3A and DNMT3B but not DNMT1
and promote de novo but not the maintenance of pre-
existed DNA methylation in an episomal DNA based as-
say (26,31). Thus, the current prevailing view is that LSH
contributes to DNA methylation in mammals by promoting
de novo methylation by DNMT3A /3B. However, we noted
that nearly all these mechanistic studies were carried out
by using Lsh™/~ embryonic stem (ES) cells or embryonic
fibroblast (MEF) cells derived from Lsh knockout mice,
whose DNA methylation pattern has gone through drastic
demethylation and remethylation reprogramming in early
embryonic development and the remethylation process is in
fact determined by a coordinated function of all three DNA
methyltransferases. [t remains to be vigorously tested if and
how LSH is involved in DNA maintenance methylation by
UHRF1/DNMT]1 axis.

In this study, we have generated multiple LSH-null cell
lines by using CRISPR /Cas9 technology. We show that loss
of LSH has a much bigger effect in DNA methylation than
that of both DNMT3A and DNMTS3B, suggesting that
LSH also plays a role in DNA methylation by DNMT1. Al-
though LSH does not interact with DNMTT1, we show that
it interacts with UHRF1 and enhances UHRF1 chromatin
association and activity for H3 ubiquitination, and conse-
quently promotes DNMT1 recruitment in the S phase of
cell cycle. Interestingly, we find that UHRF1 is also required
for efficient targeting of LSH to replication fork. Our study
thus not only reveals a critical role of LSH in DNA methy-
lation by DNMT1 but also provides novel insight into the
underlying mechanisms.

MATERIALS AND METHODS
Cell culture

Human embryonic kidney 293T cell line (HEK293T), hu-
man cervical cancer cell line (HeLa) and mouse embryo
fibroblast cell line (NIH3T3) were maintained in DMEM
medium (Gibco) containing 10% fetal calf serum (Gemini),
100 U/ml penicillin and 100 wg/ml streptomycin (Milli-
pore). Human HCT116 colon cancer cells were maintained
in McCoy’s SA medium (Gibco) containing 10% fetal calf
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serum (Gemini), 100 U/ml penicillin, and 100 pwg/ml strep-
tomycin (Millipore). The cultured cells were maintained at
37°C in a humidified incubator with 5% CO,.

Knockdown by shRNA

For knockdown of target genes by shRNAs, shRNA lentivi-
ral particles were packaged and transduced into the indi-
cated cells according to the manufacturer’s guidelines.

The sequences of UHRF1 shRNA were listed below:

shUHRF1-#1, - GCCTTTGAT TCGTTCCTTCTT-3';
shUHRF1-#2, 5- ATGTGGGATGAGACGGAATTG-3'.

The sequences of LSH shRNA were listed below:

shLSH-#1, 5- GATCAAGAGAGAAGGTCATTA-3';
shLSH-#2, 5'- GAACAAAGAAGTATCCATATT -3'.

Generation of LSH KO, DNMT3A/3B DKO and
DNMT3A/3B/LSH TKO cells by the CRISPR-Cas9

The LSH KO, DNMT3A/DNMT3B DKO and LSH/
DNMT3A /DNMT3B TKO cell lines were obtained by the
CRISPR-Cas9 system essentially as described (32) with the
following guide RNAs:

CAGTTAGGAAGTGTAGACAA for LSH;
GCTACCACGCCTGAGCCCGT for DNMT3A;
AGACTCGATCCTCGTC AACG for DNMT3B.

The same guide RNA sequence was used for knockout
of human LSH gene in HeLa, HCT116 and MCF7 cells
and mouse Lsh gene in NIH3T3 cells since the targeting se-
quence selected is identical between human LSH and mouse
Lsh genes.

Generation of LSH-KO HeLa cell lines re-expressing wild-
type LSH and mutants

The LSH-KO HeLa cell lines were transfected with con-
structs encoding wild-type and LSH mutants as indicated.
The stable transfected cells were obtained by selection in
culture medium with 50 wg/ml hygromycin (Sigma) for
about 2 weeks.

Western blot analysis

Cells were directly lysed by 1 x SDS loading buffer (62.5
mM Tris—HCI, pH 6.8; 2% w/v SDS; 10% glycerol; 1%
v/v B-mercaptoethanol; 0.01% w/v bromophenol blue).
Lysates were boiled at 95°C for 15 min and then subjected
to gel separation by SDS-PAGE. Proteins were transferred
to the nitrocellulose membrane (GE Healthcare Life Sci-
ence), and the membranes were blocked with 8% milk for
1 h at room temperature. After overnight incubation at
4°C with primary antibodies, the membranes were washed
three times with PBST buffer (0.1% Tween-20 in 1 x PBS),
followed by incubation with Alexa Fluor® 680 goat anti-
rabbit or Alexa Fluor® 790 goat anti-mouse antibody
(Jackson ImmunoResearch, dilution: 1:10 000) for 1 h at
room temperature. The membranes were visualized by the
Odyssey CLx Imaging System (LI-COR Bioscience). Quan-
tification was performed by using ImageJ software and the
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value of UHRF1 or ub-H3 in the control sample was set as
1.

Immunofluorescence staining assay

Cells grown on slides were washed with 1x PBS and fixed
with 4% paraformaldehyde for 20 min at 4°C. After fixa-
tion, the cells were permeabilized with 1% Triton X-100 in
1x PBS for 20 min at 4°C and then the cells were blocked
with 5% bovine serum albumin (BSA) (Sigma) in 1x PBS
for 1 hr at 37°C and incubated with primary antibodies
overnight at 4°C. After washing three times with 1 x PBS,
the cells were incubated with Alexa Fluor® 594 goat anti-
rabbit IgG (Jackson ImmunoResearch, 111-585-003, 1:500)
and Alexa Fluor® 488 goat anti-mouse IgG (Jackson Im-
munoResearch, 115-545-003, 1:500) at 37°C for 1 h. Finally,
the nuclei were stained by Hoechst 33342 (Sigma). After
washing three times with 1x PBS, the images were acquired
with a Leica SP8 confocal microscope.

Co-immunoprecipitation assay

For co-immunoprecipitation of exogenous proteins, the in-
dicated plasmid(s) were transfected into HEK 293T or
HCT116 cells. The cells were collected 48 hr after transfec-
tion and lysed in IP Lysis buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 8% glyc-
erol, 1x protease inhibitor cocktail (MCE), and 1 mM
DTT (Amresco)). The lysates were cleared by centrifuga-
tion at 12 000 rpm for 20 min at 4°C. The supernatant
was directly incubated with anti-Flag M2-affinity beads
(Biotool) or antibodies as indicated for 3 h at 4°C. For
co-immunoprecipitation of endogenous proteins, antibod-
ies were added at a concentration of 1 wg/mg of lysates and
incubated overnight at 4°C, followed by antibody-protein
complex capture with Protein G/ Protein A Sepharose
beads (Santa Cruz). After extensive washing, complexes
were boiled in 1x SDS loading buffer, separated by SDS-
PAGE, and analyzed by western blotting.

In vitro pulldown assay

To express UHRF1 in bacteria, PCR products encoding
UHRF1 were ligated into pGEX4T-1 vector. GST-UHRF1
fusion protein was expressed and purified from E. coli.
To purify FLAG-tagged LSH protein from mammalian
cells, the 293T cells were transfected with plasmid encod-
ing FLAG-LSH for 48 h. The cells were collected and
lysed in high salt Lysis buffer (25 mM Tris—HCI, pH 8.0,
500 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1x pro-
tease inhibitor cocktail, 1 mM DTT). FLAG-LSH pro-
tein was then captured with anti-FLAG M2-affinity beads
and eluted with FLAG-peptide elution buffer (100 pg/ml
FLAG-peptides, 50 mM Tris-HCI, pH 8.0, 10% glycerol, 1
mM EDTA, 1x protease inhibitor cocktail, 1 mM DTT).
For pulldown assay to test in vitro binding of UHRF1 and
LSH, 1 pg of purified FLAG-LSH and 2p.g of bead-bound
GST-UHRF1 beads were incubated in pulldown binding
buffer (50 mM Tris—=HCI pH 7.5, 150 mM NacCl, 0. 1% Tri-
ton X-100, 1 mM EDTA, 8% glycerol, 1 x protease inhibitor
cocktail (MCE), and 1 mM DTT (Amresco)) for 6 h at 4°C.

The resulting beads were washed three times with ice-cold
pulldown wash buffer (50 mM Tris—-HCI pH 7.5, 150 mM
NaCl, 0. 1% Triton X-100, I mM EDTA, 1x protease in-
hibitor cocktail (MCE) and | mM DTT (Amresco)). After
extensive washing, complexes were boiled in 1 x SDS load-
ing buffer and analyzed by western blotting and Coomassie
blue staining.

Histone acid extraction

Histone acid extraction was performed as described (18).

In vitro ubiquitination assay

Recombinant polynucleosomes (H3.1) were obtained com-
mercially (Active Motif, 31466). Human UHRF1 was
cloned into pGEX4T1 plasmid as N-terminal GST-tagged
fusion protein. GST-UHRFI1 protein was expressed in E.
coli BL21 cells and purified by GST affinity column and
full-length UHRF1 proteins were obtained after throm-
bin cleavage. Recombinant UHRF1 proteins were concen-
trated using the Amicon Ultra 50K Centrifuge Filter De-
vices (Millipore). Ubiquitination assays were performed
in 10 wl reactions containing 50 nM His6-UBEI1 (Boston
Biochem, E-304), 500 nM E2 GST-UBE2DI1 (UbcH5a,
Boston Biochem, E2-615), 1 wg ubiquitin, 0.5 pg UHRF]I,
0.5 pg FLAG-LSH, 1 g polynucleosomes, 50 mM Tris—
HCI pH 7.5, 5 mM MgCl, and 2 mM ATP. Assays were
performed at 37°C for the indicated time. Reactions were
stopped by adding 10 pl 2x SDS loading buffer and re-
solved by SDS-PAGE followed by western blotting.

Total RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells using RNAiso Plus
Reagent (Takara) according to the manufacturer’s in-
structions. For RT-qPCR analysis, 2 pg total RNA were
reverse-transcribed with TransScript® One-Step gDNA Re-
moval and cDNA Synthesis SuperMix (TransGen Biotech
Co., Ltd). Gene expression levels were determined using
qPCR with the CFX96 Real-Time System (Bio-Rad) using
TransStart Green gPCR SuperMix (TransGen Biotech Co.,
Ltd) and normalized to GAPDH expression. The data rep-
resent mean £ STD for three repeats. Primers for RT-PCR
are listed below.

5-TCACATGGTAAGCGGGATGTC-3' (forward)

5'-CGCACTATTGGCCACACATTC-3' (reverse) for ERV
#1;

5'- AGCAGGTCAGGTGCCTGTAACATT-3 (forward)

5-TGGTGCCGTAGGATTAAGTCTCCT-3 (reverse) for
ERV #2;

5'-GGCCA TCAGAGTCTAAACCACG-3' (forward)

S-CTGACTTTCTGGGGGTGGCCG-3" (reverse) for
ERV #3;

5-CAACATAGTGAAACCCCGTCTCT-3 (forward)

5'-GCCTCAGCCTCCCGAGTAG-3' (reverse) for Alu #1;

5-CATGGTGAAACC CCGTCTCTA-3 (forward)

5-GCCTCAGCCTCCCGAGTAG-3 (reverse) for Alu #2;

5-TAACCAATACAGAGAAGTGC-3 (forward)

5-GATAATATCCT GCAGAGTGT-3' (reverse) for Linel.



HPLC analysis of SmC

To prepare genomic DNA, cells were resuspended with cell
lysis buffer (10 mM Tris—=HCI pH 7.5, 10 mM EDTA, 10
mM NaCl, 0.5% sarcosyl, 0.1 mg/ml RNase (CWBIO))
and incubated at 37°C overnight. Then, protease K was
added to a final concentration of 0.2 mg/ml and incubated
at 65°C for 24 h. Genomic DNA was then extracted by
phenol/chloroform and ethanol precipitated. DNA sam-
ples were dissolved in ddH,O. To hydrolyze the genomic
DNA, 25 pg of denatured genomic DNA were incubated
overnight in 133 p; of the hydrolysis solution (40 mM NaAc
pH 5.3, 1 mM ZnSOy, 1.5 U/ml nuclease P1 (Wako)) at
37°C overnight and 20 U CIP (NEB) and 15 pl CutSmart
buffer (NEB) was then added and incubated for additional 4
h at 37°C. 50 pl of hydrolyzates were then analyzed using an
HPLC system (Agilent Technologies, 1100 Series) equipped
with an Agilent Eclipse XDB-C18 column (5 pm, 4.6 x 250
mm, Agilent Technologies Inc.). The levels of dC and SmdC
were detected by UV-detector at 280 nm wavelength.

Dot-blot analysis of ShmC

Genomic DNA was denatured by heating at 95°C, immedi-
ately cooled on ice and loaded on nitrocellulose membrane
(GE Healthcare Life Science). After UV cross-linking, the
membrane was blocked with 8% milk for 1 h at room tem-
perature. After overnight incubation at 4°C with ShmC an-
tibody (Active Motif, 39769), the membranes were washed
three times with PBST buffer (0.1% Tween-20 in 1 x
PBS), followed by incubation with Alexa Fluor® 680 goat
anti-rabbit antibody (Jackson ImmunoResearch, dilution:
1:10 000) for 1 h at room temperature. The membranes were
visualized by the Odyssey CLx Imaging System (LI-COR
Bioscience).

Bisulfite DNA sequencing analysis

Bisulfite conversion was performed using the EZ DNA
Methylation-GoldTM Kit (ZYMO Research) according to
the Instruction manual. Bisulfite converted DNA was used
in PCR amplification by TaKaRa Ex Taq HS (Takara).
The PCR products were purified by gel extraction for I1-
lumina®) (ND102-0102) high-throughput sequencing. The
primers for PCR amplification are listed below.

S'-GAGATTATATTTTATATTTGGTTTAGAGGG-3'
(forward)

5'-AACTATAATAAACTCCACCCAATTC-3
for human LINE-1I;

5-ATATTAAGGGAATTTAGAGGTTGG-3 (forward)

5-CCCCTACACACCTATAAATATTTC-3 (reverse) for
human HERV-K.

(reverse)

RRBS data analysis

RRBS analysis is essentially as described (33). RRBS reads
were mapped to human genome hg38 by bismark (v0.19.0)
(34). Only unique mapped reads were kept and CpGs
with >5 reads mapped were used for further analysis. The
mean profiles around genes were generated by deepTools
(35). The genomic locations of down regulated (diff > 30)
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CpGs and target repeats (with the enrichment score) were
annotated by annotatePeak.pl from HOMER package (36).
Repeat annotations were carried out by RepeatMasker (37)
for human were downloaded from UCSC. The CpG island
annotations for hg38 were also downloaded from UCSC.
Correlation of CpG methylation changes and gene expres-
sion were carried out for gene’s transcription start site up-
stream 2 kb and downstream 2 kb, requiring the more than
five CpGs in the TSS region, and the change of methylation
is mean of the CpGs in the TSS region.

RNA-seq data analysis

Duplicates of RNA samples from control and LSH KO cells
were carried out for RNA-seq. Paired-end RNA-seq reads
for replicates of parental HeLa and LSH-KO cells were
mapped to hg38 by STAR (v2.4.0d) (38) and then quanti-
fied by Cuffdiff (v2.2.1) (39). Differentially expressed genes
(DEGs) were required P-value <le-2 and fold change >2 as
reported by Cuffdiff. The enriched GO terms for the DEGs
were called by findGO.pl in HOMER package.

EdU staining assay

The EdU staining assay was performed according to the
RiBoBio (C10310) Cell-Light™ EdU Fluorescent Detec-
tion Kit with a slight modification. In brief, cells grown
on 48 wells were labeled with 20 uM EdU (5-ethynyl-2’-
deoxyuridine) for ~30 min at 37°C, washed with 1x PBS
twice and fixed with 4% paraformaldehyde for 20 min at 4°C
before neutralization with glycine (2 mg/ml). The cells were
then permeabilized, blocked and incubated with antibod-
ies as described above. Finally, the EAU incorporated into
DNA was stained in Apollo reaction buffer at 37°C for 30
min. Slides were washed by methanol once and PBS twice
and then for fluorescent detection with a Leica SP8 confocal
microscope.

Modified eSPAN assay

To assay the association of UHRF1 or LSH with newly
replicated DNA, the cells were grown in medium with ad-
dition of BrdU under experimental conditions for 30 min.
For the first step ChIP, the cells were crosslinked with 1%
formaldehyde for 15 min before neutralization with 0.125
M glycine. The cells were lysed by sonication in ChIP Ly-
sis buffer (25 mM Tris—HCI pH 8.0, 0.1% SDS, 1 mM
EDTA, 1x protease inhibitor cocktail (MCE)), and solu-
ble cell extracts were recovered after centrifugation at 12
000 rpm and 4°C for 20 min. The indicated antibodies were
added, followed by overnight incubation at 4°C on a rotator.
Chromatin-antibody complexes were isolated with 20 wl of
Protein-A Sepharose beads (Santa Cruz) blocked by sperm
DNA and bovine serum albumin. After extensive wash-
ing, protein/DNA complexes were eluted from the beads
in Elution buffer (50 mM Tris—-HCI pH 8.0, 1% SDS, 10
mM EDTA) at 65°C. Immunoprecipitated DNA was pu-
rified by phenol/chloroform extraction and dissolved in TE
buffer. The newly replicated, BrdU-containing DNA was
then isolated by BrdU immunoprecipitation (BrdU-IP) (40)
and analyzed by real-time quantitative PCR. The primers
used were listed below.
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5'- AAGGTCAATGGCAGAAAAGAA-3' (forward)

5’- CAACGAAGGCCACAA GATGTC-3 (reverse) for a-
sat-#1;

5-TCATTCCCACAAACTGCGTTG-3' (forward)

5-TCCAACGAAGGCCACAAGA-3 (reverse) for a-sat-
#2;

5-CAGCCTGGGTGATAGAGCAAG-3' (forward)

5-AGAGAAAGAGGAAACACAAGGAGC-3' (reverse)
for Alu;

5-AGAGGAAGGAATGCCTCTTGCAGT-3' (forward)

5S-TTACAAAGCAGTATTGCTGCCCGC-3 (reverse) for
ERYV;

5-AGCCTAACTGGGAGGCACCC-3 (forward)

5'-GATGATGGTGATGTACAGATGGG-3' (reverse) for
Linel.

Biochemical fractionation of chromatin-associated proteins

To assay the association of protein of interest with chro-
matin in S phase of cells, the cells were synchronized to
S phase by aphidicolin treatment followed by release into
fresh medium for 2 h. Fractionation of cytosol, nuclear and
chromatin fractions were performed essentially as described
(41).

Statistical analysis

All quantified data represent mean + STD for repeats, as
referenced in figure legend. HPLC/RT-PCR /Cell Growth
Curve analyses were performed at least in three biological
replicates (n = 3). P-values <0.05 was considered signifi-
cant. ***P < 0.001, **P < 0.01, *P < 0.05.

RESULTS

Knockout of LSH results in substantial loss of DNA methy-
lation in multiple cell lines

To investigate the role of LSH in DNA methylation, we gen-
erated LSH knockout (KO) cell lines from HeLa, HCT116,
MCEF7 and NIH3T3 cells as outlined in Supplemental Fig-
ure S1A and S1B. As the selected targeting sequence in hu-
man LSH and mouse Lsh genes is identical, the same guide
RNA construct was used for knockout of LSH/Lsh in both
human and mouse cell lines. The successful disruption of
LSH alleles was confirmed by genomic DNA sequencing,
as evident by short insertion and/or deletion of LSH se-
quences around the targeting region (Supplemental Figure
S1C). We further validated the knockout status by western
blotting analysis using two different LSH-specific antibod-
ies, showing the lack of LSH protein in these selected knock-
out cell clones (Supplemental Figure S1D). Multiple LSH
KO clones were generated for each cell line and all LSH KO
cells showed a reduced proliferation (representative results
for HeLa and HCT116 in Supplemental Figure S2).

To analyze the effect of loss of LSH on DNA methylation,
we first analyzed if loss of LSH affects the expression of pro-
teins involved in DNA methylation in HeLa and HCT116
cells. As shown in Figure 1A, loss of LSH did not signifi-
cantly affect the levels of DNMT1, DNMT3A, DNMT3B
and UHRF1 proteins. We then prepared genomic DNA

from control and two individual KO clones for each cell type
and quantitatively determined the level of DNA methyla-
tion (5-mC) by High-Performance Liquid Chromatography
(HPLC). As shown in Figure 1B, LSH knockout resulted in
a substantial reduction of global DNA methylation in both
HeLa (an average of 18.2% reduction) and HCT116 cells
(an average of 28.7% reduction). Similarly, we found that
LSH knockout also led to substantial reduction of global
DNA methylation in MCF7 (an average of 13.1% reduc-
tion) and NIH3T3 cells (an average of 21.2% reduction)
(Supplemental Figure S1E). Consistent with the marked re-
duction of global DNA methylation measured by HPLC,
bisulfite DNA sequencing analysis revealed strong reduc-
tion of DNA methylation in LINE-1 repetitive sequences
in LSH-KO HeLa cells (Supplemental Figure S3). On the
other hand, loss of LSH had not significantly effect on
DNA methylation of HERV-K sequences, suggesting that
LSH is not equally required for DNA methylation in all
sites.

Notably, the reduced level of DNA methylation in LSH
KO cells could be stably maintained upon a long-term
consecutive culture (Figure 1C and D). This observation
was confirmed by using shRNA-mediated LSH knockdown
cells (Figure 1E). Together, these data indicate that LSH
is generally required for maintaining global DNA methyla-
tion in mammalian cells. However, a reduced but new home-
ostasis in DNA methylation can be reached in the absence
of LSH.

To ensure that the observed reduction in global DNA
methylation is indeed due to loss of LSH, we reintroduced
wild-type and mutant LSH into a LSH-KO HelLa cell line
as detailed in Materials and Methods (Figure 1F). Sub-
sequent DNA methylation analysis demonstrated that re-
expression of wild-type LSH was able to restore the DNA
methylation to the level in control Hela cells (Figure 1G).
However, re-expression of either an ATPase-deficient mu-
tant or a mutant with deletion of DEAH domain failed to
rescue DNA methylation defect (Figure 1G). Thus, consis-
tent with previous reports observed in Lsh-KO mES cells
(29,31), chromatin-remodeling activity is required for LSH
to promote DNA methylation in cultured cells.

LSH primarily promotes DNA methylation by DNMT1

Having demonstrated that loss of LSH leads to substan-
tial reduction of DNA methylation, we next tested if LSH
contributes to DNA methylation by promoting de novo
methylation by DNMT3A/DNMT?3B and/or maintenance
methylation by DNMTI1. To this end, we first generated
DNMT3A/DNMT3B double knockout (DKO) HeLa cells
by CRISPR/Cas9 (Supplemental Figure S4A). The dis-
ruption of both DNMT3A and DNMT3B genes and lack
of DNMT3A and DNMTS3B proteins in two independent
clones were confirmed by DNA sequencing (Supplemental
Figure S4B) and Western blot analysis (Figure 2A), respec-
tively. Consistent with our recent observation (42), we found
that double knockout of DNMT3A and DNMT3Bin HeLa
cells only led to ~4% reduction of DNA methylation (Fig-
ure 2B), substantially less than what was observed in LSH-
KO HeLa cells (down by 18.2%). Like LSH-KO cells,
DNMT3A/3B-DKO cells could stably maintain a reduced



Nucleic Acids Research, 2020, Vol. 48, No. 21 12121

A HCT116 B Global DNA methylation Global DNA methylation

% down 16.9% %% down 25.0%
30y —— —— 4.0 %% down 32.4%
100-

x% down 19.4%
3.5
170 == ol (B3 B9 B DNMTL 2.0

g . Hela '
===k - f
) 0.5
1oo-i' - -| |- - -I . 0.0- 0.0-
4

130 "" = -H- .- -“ DNMT3A 1.5+
™ & |g == ==| DNMT3B
0| e 5 —= == Actin Ctrl KO-#1KO-#2 Cirl KO.#1KO4D

1.04
C Global DNA methylation D Global DNA methylation F Helicases Domains
«% down 16.5% %% down 32.4% LSH 1 DEAH 838aa

ST —wxx down 31.1% ) 237 K "A
3.0- ** down 15.0% 4.0 yxx down311% LSH-AATP

*x down 16.5%
2.51 Hela 3.51 LSH-ADEAH  325-342 deletion
— e e 3.04 HCT116 -
20 2.5- LSH-KO-#2
1.5 2.0-
1.0 1.54
1.0+
0.5+
0-5" KDa ]
0.0/ 0.0- 100 S = o] 151

NI
S S S S & 00| ™= e riag
& O ¢ & & o

LSH-KO-#1| &
%)

LSH-KO-#2
LSH-KO-#1
LSH-KO-#2

E e HCT116
KDa 3 3.04 -
= = Ju 25|

5mC/ (5mC+C) %
5mC / (5mC+C) %

o = a NN
e e e 9

5mC / (5mC+C) %
5mC/ (5mC+C) %

LSH/ADEAH

LSHAATP
Hela

LSH

E 3.0 Global DNA methylation G Global DNA methylation
7] NS ek % down 14.8%
2.5 [] g it snns NS NS NS NS NS 3.0, i
® B/ 5 % % — % down 15.2%
~ 2.0 T T T o 2.5 .
Q $ 43 X =
‘E) 1.51 S % 5 ':_) 2.0
Iy KDa o
< 1.0- 100-|:|"SH & 1.5l
b 40-E Z
"’E" 0.5 O 1.0
GAPDH UE_.
0-0_ T T T T T T T T T | T T 0-5_
53TV 0T T T T T T T T DT
Sowvwowowowoo o o
5 rNA®mmIILONS 0.0- SN N
) T O I QO T
> -l Y 0N = <
= shLSH :f:’ 4 < g

Figure 1. LSH is required for DNA methylation in various cells. (A) Western blots showing that knockout of LSH did not affect the levels of DNMTI,
DNMT3A, DNMT3B and UHRF]1 proteins in HeLa and HCT116 cells. (B) Quantification of the levels of SmC in genomic DNA derived from control and
LSH-KO cells by HPLC. The levels of SmC were shown as SmC/(5mC + C)%. *P < 0.05; **P < 0, 005, ***P < 0. 0005, n = 3, error bar represents SEM
in all SmC measurement. (C) The levels of SmC in genomic DNA derived from HeLa LSH-KO#?2 cells consecutively cultured for various days determined
by HPLC. The culture was regularly splited every three days. ** P < 0.005, n = 3, error bar represents SEM in all 5SmC measurement. (D) The levels of
SmC in genomic DNA derived from HCT116 LSH-KO#1 cells consecutively cultured for various days determined by HPLC. ***P < 0. 0005, n = 3, error
bar represents SEM in all SmC measurement. (E) The levels of 5SmC in genomic DNA derived from LSH-knockdown HeLa cells cultured for various times
determined by HPLC. *P < 0.05; ** P < 0.005, ***P < 0. 0005, n = 3, error bar represents SEM in all SmC measurement. (F) Western blots showing
re-expression of wild-type and mutant LSH in stable culture derived from HeLa LSH-KO#2. Also shown at top are schematic drawings of wild-type and
mutant LSH. (G) DNA methylation measurement by HPLC showing re-expression of wild-type but not mutant LSH restored DNA methylation in HeLa
LSH-KO#2 cells. *P < 0.05, n = 3, error bar represents SEM in all 5SmC measurement.
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level of DNA methylation upon a long-term culture (Figure
2C). In this regard, minor reduction of DNA methylation
was also observed in DNMT3A-KO, DNMT3B-KO and
DNMT3A/3B-DKO HCT116 cells (43). Thus, DNMT3A
and DNMT?3B contribute only modestly to the global levels
of DNA methylation in HeLa and HCT116 cells, revealing
that LSH regulates DNA methylation far beyond its poten-
tial effect on de novo methylation by DNMT3A/3B.

To test that LSH indeed contributes to DNA methy-
lation by DNMTI, we further knocked out LSH in
the DNMT3A/3B-DKO HeLa cells. The resulting
DNMT3A/3B/LSH-TKO cells were obtained and verified
by DNA sequencing (Supplemental Figure S4C) and
western blot analysis (Figure 2D), respectively. Subsequent
quantitative DNA methylation analysis by HPLC showed
that knockout of LSH in DNMT3A/3B-DKO HelLa cells
led to a marked reduction of DNA methylation (down
by 22.8% versus control, compared to down by 19.0%
in LSH-KO and 3.3% in DNMT3A/3B-DKO) (Figure
2E). Again, this markedly reduced DNA methylation level
could be stably maintained in TKO cells in culture (Figure
2F). As triple knockout of DNMT3A/3B/LSH led to a
reduction of DNA methylation that is nearly the sum of
DNA methylation reduction in DNMT3A/3B TKO cells
and LSH KO cells, LSH and DNMT3A /3B appear to inde-
pendently and additively control global DNA methylation.
Given that knockout of both DNMT3A/3B in HeLa and
HCT116 cells only led to mild reduction of DNA methyla-
tion, whereas loss of LSH inevitably resulted in much more
severe reduction of global DNA methylation in all cell lines
we tested, our data thus suggest that LSH promotes DNA
methylation in these cells primarily through enhancing
DNA methylation by DNMT 1. Consistent with this idea as
well as previous observation in HCT116 cells, we found that
knockout of DNMTT1 in HeLa cells essentially abolished
DNA methylation as revealed by immunostaining using
anti-SmC antibody (Supplemental Figure S5). Unlike the
case of LSH, we could not generate DNMT1-KO HeLa cell
line, presumably due to cell death instigated by DNMT1
knockout, as observed in DNMTI1-KO HCTI116 cells.
Thus, DNMTT1 is responsible for bulk DNA methylation
in these cultured cells and required for cell viability, as
expected.

In theory, reduced DNA methylation in LSH-KO cells
could be due to increased DNA demethylation via TET
family proteins. If this were the case, we would expect to
see increased level of 5-hydroxylmethyl-C (ShmC). How-
ever, by dot-blot analysis using an anti-ShmC specific an-
tibody, we failed to detect any significant increase of ShmC
in genomic DNA prepared from LSH-KO HeLa, HCT116
and NIH3T3 cells (Figure 2G, left panel). However, the level
of ShmC was drastically increased in genomic DNA pre-
pared from HeLa cells ectopically expressing TET1 proteins
(Figure 2G, right panel), thus validating our dot-blot assay
for ShmC. As no increased ShmC was detected in all LSH-
KO cell lines, we exclude increased DNA demethylation as
the potential explanation for the substantial reduction of
DNA methylation in LSH-KO cells.

Taken together, our data suggest that LSH contributes
to global DNA methylation primarily by promoting DNA
methylation by DNMT]1.
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Loss of LSH broadly affects DNA methylation

To elucidate further the role of LSH in DNA methyla-
tion, we analyzed the DNA methylation landscape in con-
trol HelLa and HelLLa LSH-KO#2, and control HCT116
and HCT116 LSH-KO#2 cells by reduced representative
bisulfite sequencing (RRBS) analysis (33). Although two
sets of data differ in the levels of DNA methylation reduc-
tion, the general features are the same and thus we present
the data from HelLa cells, whereas the data for HCT116
cells were shown in Supplemental Figure S6. As summa-
rized in Figure 3A, while 47.1% uniquely sequenced CpG
sites were methylated in control HeLa cells, it dropped to
39.2% in LSH-KO cells, representing a 16.8% reduction in
DNA methylation, a number very close to 16.9% reduction
measured by HPLC (Figure 1B). By defining differentially
methylated CpGs at false discovery rate (FDR) <0.05, we
identified 1.28 million differentially methylated CpG sites
that were covered with at least 5 reads for both control and
LSH-KO samples (Figure 3A). When each CpG site was
plotted according to their methylation rate, loss of LSH
clearly led to a substantial reduction of DNA methylation
(Figure 3B). When differentially methylated CpG sites were
plotted according to their distribution in genomic elements,
reduced methylation is relatively enriched in intergenic than
genic regions (Figure 3C). Within the genic region, differen-
tially methylated CpG sites were under-represented in the
promoter and 3’ UTR (Figure 3C and D), consistent with
a lower DNA methylation in TSS and 3’ UTR. Among
the transposable elements (TEs), differentially methylated
CpGs were relatively enriched in ERV1 and SVA (Figure
3E). When CpG sites were divided into sites in TEs and not
in TEs, a slight enrichment for differentially methylated sites
in TEs was observed (Figure 3F). In contrast, differentially
methylated CpGs were less enriched in CpG islands versus
non-CpG islands (Figure 3G), suggesting that LSH is prone
to promote maintenance of DNA methylation in non-CpG
island regions. Similar changes in DNA methylation were
observed for LSH-KO HCT116 cells (Supplemental Figure
S6). These results indicate that, although loss of LSH has a
slightly severe effect on DNA methylation in the heterochro-
matic regions enriched of transposons and repeats, it down-
regulates genome-wide DNA methylation. These results are
reminiscent of DNA methylation changes in Lsh™/~ mES
and MEF cells (27,28), although to a lesser extent.

It is noteworthy that, although loss of LSH led to a
marked reduction of global DNA methylation, a small frac-
tion of differentially methylated CpGs actually exhibited an
increased DNA methylation (Figure 3H). The CpG sites
with increased DNA methylation were distributed in all ele-
ments (Figure 31). A recent study demonstrates that DDM1
and LSH allow methylation of DNA wrapped in nucleo-
somes and inactivation of DDM1/LSH biases DNA methy-
lation toward nucleosome-free linker DNA (30). We suggest
the observed gain of methylation could reflect this methy-
lation redistribution in nucleosome-free linker DNA in the
absence of LSH.

As DNA maintenance methylation by DNMTT is influ-
enced by CpG density, we also analyzed if CpG density af-
fects the degree of DNA methylation reduction. As shown
in Figure 3J, loss of DNA methylation is more severe in dis-
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Figure 3. Genome-wide DNA methylation analysis reveals a widespread role of LSH in DNA methylation. (A) Summary of RRBS data for control HeLa
and LSH KO cells. Only uniquely mapped reads were kept and CpGs with > 5 reads mapped were used for further analysis. (B) Global distribution and
median levels of CpG methylation in control HeLa and LSH KO cells. (C) Genomic distribution of CpGs with highly reduced methylation in LSH-KO
HeLa cells (WT-KO > 30%, 276 513 CpGs). (D) Average CpG methylation levels for all genes and flanking 1kb regions in control HeLa and LSH-KO cells.
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transposable elements. (F) Comparison of methylation differences of CpG sites located within and not in transposable elements regions between control
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percentage of CpG sites in each category with a total of 100%. (I) CpG methylation changes between control and LSH-KO cells at different genomic
regions. (J) CpG methylation changes at consecutive CpG sites and dispersed sites. Consecutive CpGs were defined as more than one CpG located in 100
bp (left) and 200 bp (right).



persed CpG sites. This result also supports a role of LSH in
promoting DNA maintenance methylation by DNMTT.

Reduction in DNA methylation correlates better with up-
regulation of transcription

Previous studies indicate that there is no clear correlation
between changes in DNA methylation and gene expression
in Lsh=/~ ES and MEF cells (27), possibly due to complex
epigenetic compensation aroused during embryonic devel-
opment upon loss of Lsh. Knockout of LSH in cultured
cells is unlikely to evoke complex epigenetic compensation
and thus provides a model to investigate how loss of LSH
and its associated reduction of DNA methylation affects
gene expression. To this end, we carried out RNA-seq anal-
ysis in control and LSH-KO HeLa cells. Using biological
duplicates, 761 genes were identified as down-regulated and
609 genes as up-regulated upon loss of LSH in LSH-KO
cells (Figure 4A and B). Gene ontology analysis revealed
that down-regulated genes were enriched in pathways in
cancer and neurogenesis, whereas up-regulated genes were
skewed toward pluripotency of stem cells and pathways in
cancer (Figure 4C). We also analyzed the correlation be-
tween changes in DNA methylation and gene expression.
As shown in Figure 4D, reduced DNA methylation in pro-
moter showed a better correlation with up-regulated ex-
pression (PCC —0. 425) than with down-regulated gene ex-
pression (PCC 0. 228). For examples, significant reduction
of DNA methylation were observed at the CpG islands of
multiple HOXD and FAM genes in LSH-KO cells, which
were associated with elevated levels of corresponding tran-
scripts (Figure 4E). Also consistent with a severe reduction
of DNA methylation in ERV1 and SVA elements, RNA-seq
data revealed increased transcripts for both TE elements,
although no significant difference was observed if all TEs
were taken in count (Figure 4F). We further confirmed by
quantitative RT-PCR analysis that loss of LSH led to in-
creased levels of ERVs, Alu and Line-1 transcripts (Fig-
ure 4G). This analysis supports a role of DNA methylation
in regulation of gene expression and repression of trans-
posons.

LSH interacts with UHRF1

We next investigated the underlying mechanism by which
LSH facilitates DNA methylation by DNMT]I1. To this
end, we first analyzed the interaction of LSH with all
three DNA methyltransferases and UHRF1 in HeLa cells
by co-immunoprecipitation (co-IP) assay. Although LSH
was reported to interact with DNMT3A and DNMT3B
(26) or DNMT3B (44) but not DNMTI1, we failed to
detect the presence of all three DNMTs when LSH was
immunoprecipitated from HeLa cellular extracts (Figure
5A). However, UHRF1 was readily detected in IP of
LSH (Figure 5A). Furthermore, LSH was also readily
detected in IP of UHRFI1 (Figure 5A). While DNMT1
was not detected in IP of LSH, it co-immunoprecipitated
with UHRFI, a result consistent with previous publica-
tions (13,45). In support of a specific interaction between
LSH and UHRF1, we observed that ectopically expressed
FLAG-tagged LSH co-immunoprecipitated with endoge-
nous UHRF1 but not DNMT1, DNMT3A and DNMT3B

Nucleic Acids Research, 2020, Vol. 48, No. 21 12125

(Figure 5B). We further validated the protein-protein in-
teraction between UHRF1 and LSH by reciprocal IP of
ectopically expressed proteins (Figure SC and D). Note
that, although we failed to detect an interaction between
LSH and endogenous DNMT3A /3B under our experimen-
tal conditions, we did observe co-IP between ectopically
expressed LSH and DNMT3A/3B, but not with DNMT 1
(Supplemental Figure S7A), in line with previous publica-
tions (26,44), suggesting that LSH could interact weakly
with DNMT3A and DNMT3B. Co-IP experiments with
HCT116 cellular extracts confirmed that endogenous LSH
interacted with UHRF1 but not DNMT1 (Supplemental
Figure S7B, upper panel). Co-IP with ectopically expressed
FLAG-LSH in HCT116 further confirmed a robust interac-
tion between LSH and UHRF1 (Supplemental Figure S7B,
lower panel). A weak DNMT]1 signal was also detected,
but this could be due to the interaction between UHRF1
and DNMTT1. By using purified recombinant FLAG-tagged
LSH and GST-UHRF1 (Supplemental Figure S7C), we ob-
served efficient pulldown of FLAG-LSH by GST-UHRF1,
supporting the direct protein-protein interaction between
LSH and UHRF1 (Figure 5E). By using cellular extracts
derived from LSH-KO HeLa cells, we found loss of LSH did
not affect the interaction between UHRF1 and DNMT1
(Figure 5F). Taken together, our data reveal a specific in-
teraction between LSH and UHRF1 and no interaction be-
tween LSH and DNMT1, suggesting that LSH is likely to
promote DNA methylation by DNMT]1 through its inter-
action with UHRF1.

We next determined the region in UHRF1 that is respon-
sible for interaction with LSH. Using a series of mutants
with deletion of each individual structural/functional do-
main (Figure 5G), we found that deletion of the N-terminal
UBL domain, but not other regions, impaired the interac-
tion between UHRF1 and LSH (Figure SH). This region
has recently been shown to be important for UHRF1’s func-
tion in DNA methylation (46,47). However, the UBL do-
main itself is not sufficient for binding, as the interaction
was observed for the UHRF1 fragment containing amino
acids 1-300 but not 1-133 (Figure 5I). Using a series of C-
terminal truncated UHRF1 mutants (45), we confirmed the
UHRF1 1-300 fragment is sufficient for interaction with
LSH (Supplemental Figure S7D).

LSH enhances histone H3 ubiquitination by UHRF1

Recent studies have led to a working model that in S phase
of cell cycle UHRF1-catalyzed histone H3 ubiquitination
is critical for recruitment of DNMT] to replication foci
and subsequent DNA maintenance methylation (18-20).
To elucidate how loss of LSH impairs DNA methylation
by DNMTI, we examined if LSH regulates histone H3
ubiquitination by UHRF1. To this end, we synchronized
both control and LSH-KO HeLa, HCT116 and NIH3T3
cells to S phase by aphidicolin treatment followed by re-
leasing cells into fresh medium for 2 h. Subsequent cell
cycle analysis by FACS indicated that this treatment syn-
chronized more than 80% cells to the S phase, whereas in
the control untreated cells the S phase cells ranged from
22.41% in HeLa to 6.47% in NIH3T3 cells (Supplemen-
tal Figure S8). We then examined the levels of ubiquiti-
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Figure 5. LSH specifically interacts with UHRF1. (A) Western blots showing reciprocal co-IP of endogenous LSH and UHRF1 in HeLa cell extracts. Note
DNMT3A, DNMT3B and DNMT!1 were not detected in IP of LSH, whereas DNMT1 was detected in IP of UHRF1. (B) Western blots showing ectopically
expressed FLAG-LSH co-immunoprecipitated with endogenous UHRF1 but not DNMT3A, DNMT3B and DNMTI. (C) Western blots showing co-IP
of ectopically expressed HA-UHRF1 and FLAG-LSH. (D) Western blots showing co-IP of ectopically expressed FLAG-LSH with HA-UHRF1 but not
HA-DNMTI. (E) In vitro GST pulldown assay showing purified FLAG-LSH bound to recombinant GST-UHRF1 but not control GST proteins. (F)
Western blots showing knockout of LSH did not affect the interaction between UHRF1 and DNMT1. (G) Schematic illustration of UHRF1 structural
and functional domains. (H) Western blots showing deletion of UBL domain impaired interaction between UHRF1 and LSH. (I) Western blots showing

the UBL domain is not sufficient for interaction with

LSH.
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nated H3 by western blotting analysis. As shown in Fig-
ure 6A, a marked reduction of ubiquitinated H3 was ob-
served for all LSH-KO cells when compared to that in con-
trol cells, suggesting that LSH is required for effective H3
ubiquitination by UHRF1 in S phase. In support of this
idea, we observed that co-expression of LSH markedly en-
hanced H3 ubiquitination by UHRF1 (Figure 6B). Further-
more, LSH enhanced UHRF1’s H3 ubiquitination activity
in an ATPase-dependent manner (Figure 6B), suggesting
that LSH enhances H3 ubiquitination by UHRF1 through
its chromatin-remodeling activity.

We next tested if LSH promotes H3 ubiquitination by
UHRF1 in chromatin in vitro. To this end, we ectopi-
cally expressed FLAG-LSH in HEK293T cells and purified
FLAG-LSH by using anti-FLAG M2 agarose beads (Fig-
ure 6C). We also prepared recombinant full-length UHRF1
from E.coli (Figure 6C). We then carried out in vitro ubiq-
uitination reactions with recombinant polynucleosomes as
substrate. As shown in a representative time-course experi-
ment in Figure 6D, addition of LSH enhanced H3 ubiquiti-
nation by UHRF1. Thus, our in vitro and cell-based exper-
iments demonstrated for the first time that LSH promotes
histone H3 ubiquitination by UHRFI1.

LSH enhances UHRF1 and DNMT1 chromatin association
in S phase of cell cycle

To understand how loss of LSH impairs UHRF1-catalyzed
H3 ubiquitination, we examined whether LSH regulates
UHRF1 chromatin association in S phase of cell cycle.
As shown in Figure 6E, biochemical fractionation revealed
that loss of LSH markedly reduced the level of chromatin-
associated UHRF1 in S phase of cell cycle. Loss of LSH did
not affect the overall level of UHRF1 (Figure 6E and Figure
1A), excluding the possibility that LSH affects H3 ubiqui-
tination by control the level of UHRF1. Moreover, we ob-
served that loss of LSH also reduced the level of chromatin-
associated DNMT1 (Figure 6E). However, loss of LSH had
no effect on the association of DNMT3A and DNMT3B
with chromatin (Figure 6E). The same results were observed
when control and LSH-KO HCT116 cells were analyzed
(Supplemental Figure S9A). Thus, loss of LSH impairs
UHRF1 binding of chromatin and subsequent DNMT]1 re-
cruitment in S phase.

To ascertain the impaired chromatin association of
UHRF1 is due to loss of LSH, we examined UHRF1 chro-
matin association in LSH-KO HeLa cells that were com-
plemented with either wild-type or mutant LSH. As shown
in Figure 6F, re-expression of wild-type but not ATPase-
deficient or DEAH domain deletion mutant restored chro-
matin association of UHRFT1 in S phase. Thus, LSH and its
chromatin remodeler activity is required for efficient access
of UHRF1 to chromatin in S phase.

To directly demonstrate that LSH indeed enhances
UHRF1 binding of newly replicated DNA, we used a
modified eSPAN (enrichment and sequencing of protein-
associated nascent DNA) assay (48), in which unsynchro-
nized cells were cultured in the presence of nucleotide ana-
log BrdU for 30 min to label the newly replicated DNA.
The cells were then treated with formaldehyde to cross-
link chromatin-associated proteins with DNA, and after

sonication, the UHRF1-assocaited chromatin fragments
were immunoprecipitated with anti-UHRF1 antibody. The
UHRF1 associated, BrdU-labeled nascent DNA was then
recovered by using anti-BrdU antibody and quantified by
gPCR analysis. As shown in Figure 6G, we consistently ob-
served that loss of LSH resulted in reduced association of
UHRF1 with pericentromeric heterochromatin «-satellite
sequences and Alu repetitive sequences, both of which are
known to be hypermethylated, but not the unmethylated
GAPDH locus. We thus conclude that loss of LSH impairs
UHRFT association with replication fork containing hemi-
methylated DNA.

During mid to late S phase, both UHRFI1 and DNMT1
are characteristically enriched at pericentromeric hete-
rochromatin regions and can be visualized as clear foci
in immunostaining (13,45,49,50). We thus briefly labeled
S phase cells by nucleotide analog EdU (5-ethynyl-2’-
deoxyuridine) and carried out double immunostaining for
EdU and DNMT1 in both control and LSH-KO cells. While
in control cells clear DNMTT foci were observed and found
to co-localize with EdU-labeled spots (late replicated peri-
centromeric heterochromatin regions), the DNMT1 foci
were much weaker in LSH-KO cells (Figure 6H), consistent
with a reduced DNMT1 chromatin association in LSH-KO
cells as revealed by chromatin fractionation (Figure 6E) and
eSPAN assay (Figure 6G). Similar experiments for UHRF1
were not successful, due to a lack of specific UHRF1 an-
tibody suitable for detection of endogenous UHRF1 by
immunostaining (data not shown). By using GFP-tagged
UHRF1, we did observe co-localization of GFP-UHRF1
and LSH with bright DAPI spots during S phase of cell cy-
cle (Supplemental Figure S9B) and that loss of LSH sub-
stantially reduced the percentage of S phase cells with bright
GFP-UHRF]1 foci (Supplemental Figure S9C, D). Alto-
gether, these results provide compelling evidence that LSH
is required for efficient chromatin association of UHRF1
and subsequent DNMT1 recruitment in S phase of cell cy-
cle.

UHRFT1 has a role in targeting LSH to replication fork

Using ectopically expressed LSH, a previous study observed
colocalization of LSH with Dnmtl in pericentromeric re-
gions only in late S phase NIH3T3 and MEF cells (51),
providing evidence that LSH is present in DNA replication
fork. However, how LSH is recruited to pericentromeric re-
gionsin late S phase is not known. Our finding that UHRF1
interacts with LSH raises the possibility whether UHRF1
plays a role in recruiting LSH to DNA replication fork.
To test this idea, we first established experimental condi-
tion to knock down UHRFI1 in HeLa cells by two dis-
tinct shRNAs (Figure 7A). We then synchronized control
and shUHRF1-treated cells to S phase by aphidicolin treat-
ment followed by releasing cells into fresh culture medium
for 2 h. Subsequent cellular fractionation analysis revealed
that knockdown of UHRF1 reduced the level of chromatin-
associated LSH and a concomitant increase of LSH in sol-
uble nuclear fraction (Figure 7B). Note that knockdown
of UHRF]1 also reduced the level of chromatin-associated
DNMTI, but had no effect on binding of chromatin by
DNMT3A and DNMT?3B (Figure 7B). This result provides
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Figure 6. LSH promotes histone H3 ubiquitination, UHRF1 association with chromatin and DNMT1 recruitment in S phase of cell cycle. (A) Western
blots showing significantly reduced H3 ubiquitination in LSH-KO HeLa, HCT116 and NIH3T3 cells synchronized to S phase of cell cycle. (B) Western blots
showing co-expression of wild-type but not LSH mutants enhanced UHRF1-catalyzed H3 ubiquitination. Image J was used for quantitation of western
blots. (C) Coomassie blue staining showing FLAG-LSH expressed and purified from HEK293T cells and full-length UHRF1 from E.coli. GST-UHRFI
was expressed and purified from E.coli by using glutathione agarose beads, and UHRF1 was then eluted from beads by thrombin cleavage. (D) In vitro
ubiquitination assay showing LSH enhanced histone H3 ubiquitination by UHRF1. Recombinant polynucleosomes were used for substrate. Reactions
were carried out for various times, with addition of E1 (6xHis-UBE1), E2 (GST-UBCHJ5a) and Ub, together with UHRF1 and or FLAG-LSH as indicated.
(E) Cellular fractionation followed by western blot analysis showing LSH knockout reduced UHRF1 and DNMT]1 chromatin association in S phase. The
cells were synchronized to S phase by aphidicolin treatment followed by culture in fresh medium for 2 h. (F) Western blots showing re-expression of wild-
type but not LSH mutants restored UHRF1 and DNMT 1 chromatin association in S phase. The cells were synchronized to S phase as above. (G) Modified
eSPAN assay showing reduced association of UHRF1 with newly replicated repetitive sequences. ** P < 0.005. (H) IF analysis showing reduced DNMT|1
enrichment in EQU labeled pericentromeric heterochromatin foci in LSH-KO HeLa cells. Note these cells were within mid-later S phase according to EAU
labeling of pericentromeric heterochromatin. Scale bar, 10 pm.
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first evidence that UHRF1 is required for LSH binding to
chromatin in S phase of cell cycle.

To further test the role of UHRF1 in LSH recruitment,
we also knocked down UHRF1 in NIH3T3 cells by two
distinct shRNAs (Figure 7C) and examined LSH pericen-
tromeric heterochromatin association by immunostaining.
To mark cells in S phase, we pulse-labeled NIH3T3 cells
with EdU. Consistent with the previous observation (51),
we observed that, in the majority of late S phase control cells
with characteristic large, DAPI-colocalized EAU foci, there
were LSH foci that showed colocalization with both EAU
and DAPI foci (75%). However, knockdown of UHRF1
substantially reduced the number of cells with colocalized
LSH and EDU foci (Figure 7D) (33%), in agreement with
a role of UHRFTI in recruiting LSH to replication forks.

To test directly a role of UHRFI in targeting LSH to
replicating DNA, we resorted again using our modified
eSPAN assay as described above to compare the associa-
tion of LSH with nascent DNA in control and UHRFI1-
knockdown HEK?293T cells (Figure 7E). As shown in Fig-
ure 7F, knockdown of UHRF1 variably reduced the associ-
ation of LSH with replicating ERV, LINE1 and «-satellite,
but not GAPDH. Taken together, these results indicate that
UHRFT1 is also required for efficient association of LSH
with replicating heterochromatin.

DISCUSSION

Besides three DNMTs, LSH and UHRFI1 are well rec-
ognized for their crucial roles in DNA methylation
(10,13,24,25,27). Lsh knockout mice die shortly after birth
and its genomic DNA is severely hypomethylated in repet-
itive elements and single copy genes (24). Similarly, DNA
hypomethylation in Lsh™/~ ES and MEF cells also occur
genome-wide (26-28,52). By using an episomal DNA-based
assay, Zhu et al. reported that the acquisition of DNA
methylation, but not the maintenance of pre-methylated
episomes, is impaired in Lsh™/~ MEF cells. LSH was
found to interact with both DNMT3A and DNMT3B
but not DNMT]I, leading to the conclusion that LSH is
directly involved in the control of de novo methylation
by DNMT3A/3B but not maintenance methylation by
DNMTI (26). Termanis et al. reported that re-expression
of LSH was able to reestablish DNA methylation and si-
lencing of misregulated genes in Lsh~/~ MEF cells, possi-
bly through an interaction with DNMT3B (31). Thus, the
current view is that LSH is crucial for DNA methylation
due to its role in promoting de novo DNA methylation by
DNMT3A/3B. In contrast to this prevailing view, our data
indicate that LSH facilitates DNA methylation primarily
through enhancing methylation by DNMT1. This is evident
as a much severe loss of DNA methylation was observed in
LSH KO cells than that in DNMT3A /3B DKO cells (Figure
2) and loss of LSH did not elevate DNA demethylation via
TET family proteins (Figure 2G and data not shown). A mi-
nor contribution of DNMT3A/3B to global DNA methy-
lation in cultured cells is unlikely unique to HelLa cells, as
it is also observed in HCT116 cells (43). A critical role for
LSH in DNA methylation by DNMT1 can be explained by
a previously unrecognized molecular link between LSH and
UHRF1. While we confirmed a lack of interaction between

Nucleic Acids Research, 2020, Vol. 48, No. 21 12131

LSH and DNMT1, we found that LSH interacts strongly
and directly with UHRF1 (Figure 5). We believe this in-
teraction is functionally relevant, because LSH promotes
UHRF1 chromatin association and H3 ubiquitination in S
phase as well as in vitro (Figure 6). The interaction between
UHRF1 and LSH also provides an explanation of their mu-
tual stimulation on chromatin association in S phase and
why LSH is enriched in pericentromeric heterochromatins
in late S phase (51). Altogether, our study reveals for the
first time a role of and mechanism by which LSH facilitates
DNA methylation through the UHRF1/DNMT]1 axis.

While our study has provided clear evidence that LSH
has a role in promoting DNA methylation by DNMT],
our study does not exclude the possibility that LSH can
also facilitate methylation by DNMT3A/3B. In this re-
gard, we noticed that reduction of DNA methylation in
Lsh~/~ embryos and Lsh™/~ MEFs is more extensive than
what we have observed in all four types of LSH-KO cells
(24,27,28,53). As early embryonic development undergoes
an extensive DNA demethylation process (54-56), the more
broader DNA hypomethylation in Lsh™/~ embryos and
MEFs likely reflects an impaired re-establishment of DNA
methylation that is dependent on a coordinated function
of all thee active DNMTs. Nevertheless, to define precisely
the role of LSH in de novo methylation by DNMT3A/3B,
one has to resort to DNMT]1 knockout cells. As DNMT]1
knockout is lethal in cells such as HCT116 (57) and HeLa
(data not shown), it is of interest in the future to exam-
ine if Lsh indeed promotes DNA methylation by Dnmt3a
and Dnmt3b in Dnmt1~/~ mouse ES cells, which are viable
(58,59).

Immunodeficiency, centromeric instability, and facial
anomalies (ICF) syndrome is a rare autosomal recessive
disorder characterized by reduced immunoglobulin levels
in the serum and recurrent infection. Mutations in four
genes, namely DNMT3B, ZBTB24, CDCA7 and LSH,
have been causally linked to ICF syndrome (60), provid-
ing a strong evidence for the functional link between LSH
and DNMT3B. Interestingly, by analyzing and comparing
methylomes of ICF patients from all four genotypes, Ve-
lasco et al. found that DNMT3B mutations affect distinct
genomic context of DNA methylation from the other three
gene mutations. For example, they found preferential hy-
pomethylation of CpG islands in ICF1 (DNMT3B muta-
tion) patients, whereas perturbations of DNA methylation
at genomic loci with heterochromatin hallmarks are ob-
served in ICF2 (ZBTB24), ICF3 (CDCA7) and ICF4 (LSH)
patients. They also showed that DNA hypomethylation is
much less extensive in ICF1 (DNMT3B mutation) than that
in ICF2, ICF3 and ICF4. This is reminiscent of our data
that loss of DNMT3B has a much weak effect on DNA
methylation than loss of LSH. Furthermore, a recent study
has revealed a role of CDCA7 and LSH in classical non-
homologous end joining (C-NHEJ) and conclude that the
defect in C-NHEJ may account for some common features
of ICF cells, including centromeric instability, abnormal
chromosome segregation and apoptosis (61). Although less
prominent, cells with mutations in DNMT3B and ZBTB24
also showed similar defects. Thus, ICF syndrome may be
due to defect in DNA repair, not necessarily DNA methy-
lation.
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Our finding that reduced levels of DNA methylation
can be stably maintained in DNMT3A/3B DKO and
DNMT3A/3B/LSH TKO cells is in support of a minor de
novo activity for DNMTI1 (62-64). Given the existence of
active demethylation by TET family proteins and <100%
maintenance efficiency (56,62,65), one would expect to see
progressive reduction of DNA methylation if DNMT]1 has
no de novo activity. Consistent with this idea, a recent study
provides compelling evidence for DNMTT de novo activity
during oogenesis and in somatic cells (66).

Our RRBS analysis revealed that, although loss of LSH
led to substantial reduction of global DNA methylation, a
fraction of CpG sites was actually found to gain in DNA
methylation. Previous in vitro studies demonstrated that
DNMT]1 lacks the ability to methylate nucleosomal CpG
sites (67,68). In accord with the recent report that DDMI
and LSH are required for DNA methylation in wrapped
nucleosomes through nucleosome reconfiguration and/or
sliding and that DDM1/LSH may reflect the evolution di-
vergence in nucleosomal or linker DNA methylation (30),
we propose that the sites with gain of DNA methylation
may localize in the linker regions and reflect skewed methy-
lation toward nucleosomal linker regions in the absence of
LSH. This shift in DNA methylation may also contribute to
the observed new homeostasis of DNA methylation in each
type of LSH-KO cells. Future work is needed to validate this
predication.

Although DNA methylation is well accepted as a mecha-
nism for transcription repression and genome integrity, pre-
vious studies with Lsh~/~ mouse ES and MEF cells showed
that global loss of DNA methylation correlates with aber-
rant expression of a subset of repetitive sequences but has
little effect on unique gene expression (27). This is likely due
to epigenetic compensation evoked during embryonic devel-
opment. We surmised that epigenetic compensation is less
likely to occur when LSH is directly disrupted in cultured
cells. Consistent with this idea, we observed that loss of LSH
in HelLa cells has a broad effect on steady state expression
levels of repetitive sequences as well as unique genes (Figure
4). Furthermore, loss of DNA methylation in promoter cor-
relates better with up-regulated than down-regulated tran-
scripts, which is not observed in Lsh™/~ MEF cells. Never-
theless, the loss of LSH on gene expression is likely com-
plicated, as LSH has been shown to affect not only DNA
methylation but also histone modification and participate
in transcription, DNA repairs and possibly other processes
(44,69-71).

Our finding that LSH promotes UHRF1 chromatin ac-
cessibility also provides a solution to an emerging issue
in DNA maintenance methylation by DNMT]1. Although
DNA maintenance methylation is long believed to be a
rapid process coupled with DNA replication, the findings
that histone tail and ubiquitination play critical roles in tar-
geting UHRF1 and DNMTI to DNA replication fork all
suggest that DNMTT1 is likely to carry out DNA methy-
lation at least in part in the context of chromatin (18-
20,49,72). In further support of this idea, recent studies have
revealed a global delay for a subset of CpGs in nascent
strand DNA methylation (21,73). As maintenance methy-
lation by DNMT1 is initiated by binding of UHRFI1 to
hemi-methylated CpGs, how UHRF1 gains access to hemi-

methylated CpGs in chromatin is previously unknown. Our
study demonstrates that LSH promotes UHRF1 associa-
tion with chromatin and newly replicated DNA in S phase
in an ATPase-dependent manner (Figure 6), thus iden-
tifying LSH as a crucial chromatin remodeler that pro-
motes UHRF1 access to chromatin, most likely through nu-
cleosome reconfiguration and/or sliding. Consistent with
this idea, we found that LSH also promotes UHRF1-
dependent H3 ubiquitination and DNMT]1 recruitment.
Altogether, we propose that LSH and UHRF1 work coop-
eratively to promote DNA methylation by DNMT1 (Fig-
ure 7G). Through protein-protein interaction between LSH
and UHRFI1, LSH and UHRFI1 mutually facilitate each
other’s association with replication fork. This enhances H3
ubiquitination by UHRF1 and subsequent recruitment and
DNA methylation by DNMT]1.
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