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DNA methylation shows complex correlations with gene
expression, and the role of promoter hypermethylation in
repressing gene transcription has been well addressed.
Emerging evidence indicates that gene body methylation
promotes transcription; however, the underlying mechanisms
remain to be further investigated. Here, using methylated
DNA immunoprecipitation sequencing (MeDIP-seq), bisulfite
genomic sequencing, and immunofluorescent labeling, we
show that gene body methylation is indeed positively corre-
lated with rRNA gene (rDNA) transcription. Mechanistically,
gene body methylation is largely maintained by DNA methyl-
transferase 1 (DNMT1), deficiency or downregulation of which
during myoblast differentiation or nutrient deprivation results
in decreased gene body methylation levels, leading to increased
gene body occupancy of plant homeodomain (PHD) finger
protein 6 (PHF6). PHF6 binds to hypomethylated rDNA gene
bodies where it recruits histone methyltransferase SUV4-20H2
to establish the repressive histone modification, H4K20me3,
ultimately inhibiting rDNA transcription. These findings
demonstrate that DNMT1-mediated gene body methylation
safeguards rDNA transcription by preventing enrichment of
repressive histone modifications, suggesting that gene body
methylation serves to maintain gene expression in response to
developmental and/or environmental stresses.

DNA methylation exists extensively in eukaryotes and is
involved in various physiological processes (1–3). In mammals,
it mainly occurs on the cytosine of CpG dinucleotides and is
catalyzed by three well-known DNA methyltransferases:
DNMT1, DNMT3A, and DNMT3B (4). DNMT1 is respon-
sible for maintaining existing CpG methylation patterns
during DNA replication, while DNMT3A and DNMT3B
function as de novo methyltransferases to establish new DNA
methylation patterns (5–7). Extensive studies have demon-
strated that hypermethylated promoters suppress gene
expression, either by interfering with the binding of tran-
scriptional activators or by recruiting methyl-CpG binding
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proteins that further interact with chromatin remodelers to
establish a repressive chromatin structure (8–10). In recent
years, accumulated evidence has demonstrated that DNA
methylation also occurs in coding regions; thus, this type of
methylation is called gene body (or intragenic) methylation
(11–14). Furthermore, gene body methylation is positively
correlated with gene expression (9, 15–17). In postnatal neural
stem cells, DNMT3A antagonizes the PRC2 complex at gene
bodies to facilitate the expression of neurogenic genes (18). In
the human colorectal carcinoma cell line, HCT116, many
genes implicated in the metabolic activities that are modulated
by c-Myc have been reported to be downregulated following
treatment with the DNA methyltransferase inhibitor, 5-Aza-
CdR (17). In hepatocellular carcinoma (HCC) patient samples,
hypermethylated gene bodies are associated with increased
expression levels of oncogenes (19). Moreover, locus-specific
remethylation of hypomethylated gene body regions of ho-
meobox oncogenes can directly increase their expression (20).
Hence, gene body methylation may function as a positive
regulator of transcription; nevertheless, the molecular mech-
anism underlying its regulation remains to be clarified.

Ribosomal RNA (rRNA) is a crucial component of ribo-
somes and is involved in the control of protein synthesis, of
which transcriptional regulation is responsive to alterations
in physiological and pathological activities (21–23). DNA
methyltransferases and histone-modifying enzymes have
been extensively studied with respect to their regulation of
rDNA expression. In short, methylated promoters abolish
rDNA transcription by inhibiting the assembly of the tran-
scription initiation complex (24). Moreover, cryptic rDNA
transcripts, including long noncoding RNAs and intergenic
spacer (IGS) transcripts, promote the establishment of
H4K20me3, thereby forming a heterochromatin structure
and suppressing rDNA transcription (25, 26). Notably, it was
hypothesized that depletion of DNMTs would enhance
rDNA transcription; however, knockout of DNMTs actually
leads to a reduction in the global methylation status across
rDNA repeats, including promoters and gene bodies,
and inconsistent changes in pre-rRNA synthesis measured
by different methods, prompting us to investigate the rela-
tionship of hypomethylation and rDNA transcription and
underlying mechanisms (27, 28).
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Gene body methylation antagonizes PHF6-mediated H4K20me3
Plant homeodomain (PHD) finger protein 6 (PHF6) is an X-
linked gene encoding a highly conserved protein possessing
two atypical PHD zinc finger domains, in which a variety of
mutations have been identified and shown to be associated
with X-linked mental retardation (XLMR), Börjeson–For-
ssman–Lehmann syndrome (BFLS; OMIM 301900) (29),
T-cell acute lymphoblastic leukemia (T-ALL), and acute
myeloid leukemia (AML) (30, 31). PHF6 bidirectionally mod-
ulates gene expression in leukemic cells, since it maintains
chromatin accessibility at B cell-associated genes but forms a
repressive conformation at T cell-related genes (32, 33).
Additionally, PHF6 is involved in the control of neuronal
migration by physically interacting with the PAF1 transcrip-
tion elongation complex to regulate schizophrenia suscepti-
bility genes (34). Moreover, PHF6 is highly enriched at rDNA
gene bodies compared with promoters and inhibits rDNA
transcription by reducing the levels of upstream binding factor
(UBF) and directly interacting with UBF via its PHD1 domain
to impede its release from the rDNA promoter (35, 36).
However, as a potential chromatin reader protein, the question
of whether PHF6 is able to regulate rDNA transcription by
altering chromatin signatures at rDNA gene body regions re-
mains unanswered.

As previously highlighted, gene body methylation appears to
be correlated with active rDNA transcription, while
H4K20me3 is a well-known histone modification that strongly
inhibits rDNA transcription; therefore, it is of great interest to
investigate the regulatory mechanism of gene body methyl-
ation and its opposite effect to H4K20me3 on rDNA tran-
scription. In the present study, we show that gene body
methylation secures rDNA transcription by preventing the
recruitment of the epigenetic regulator, PHF6, which guides
the histone methyltransferase, SUV4-20H2, to establish
H4K20me3 in gene body regions. Loss of gene body DNA
methylation induces increased occupancy of PHF6 at gene
bodies due to its capability to bind to unmethylated CpG sites.
Coimmunoprecipitation and gain-of-function assays reveal
that PHF6 can interact with SUV4-20H2 and subsequently
establish H4K20me3 marks, which indicate a more compact
chromatin structure in gene body regions, thus suppressing
rDNA transcription. In conclusion, these findings suggest a
gene body methylation-based epigenetic cross talk among
PHF6, SUV4-20H2, and the histone modification, H4K20me3,
in the regulation of rDNA transcription.
Results

Gene body methylation is positively correlated with rDNA
transcription

Previous studies have revealed different effects of hypo-
methylation caused by DNMTs deficiency on rDNA tran-
scription (27, 28). In view of the fact that gene knockout may
lead to side effects by artificial interference with gene expres-
sion and nontargets, the functional correlation between
hypomethylation and rDNA transcription needs to be verified
under physiological conditions. To this end, a C2C12 myoblast
differentiation and serum deprivation system was employed,
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during which rDNA transcription was biologically down-
regulated (26). Myotubes were formed by incubation of myo-
blasts with 2% horse serum for 6 days (Fig. 1A), and a high
level of Myogenin (Myog) expression was detected corre-
spondingly (Fig. 1B). Fluorouridine (FUrd) was used to
pulse-label the nascent rRNA for the detection of pre-rRNA
synthesis. We found that pre-rRNA synthesis markedly
decreased during the differentiation of C2C12 myoblasts into
myotubes (Fig. 1, C and D). Further analysis of the rDNA
methylation status by methylated DNA immunoprecipitation
followed by sequencing (MeDIP-seq) revealed a reduction in
the DNA methylation level in both the rDNA promoter and
gene body regions (Fig. 1, E and F). Despite the decreased
DNA methylation levels in promoter, the pre-rRNA synthesis
was reduced, suggesting a positive correlation between the
gene body methylation status and rDNA transcription. Next,
we further monitored this correlation in cells with serum
deprivation treatment. The pre-rRNA synthesis in serum-
deprived HEK293T cells was measured by real-time quanti-
tative reverse transcription PCR (RT-qPCR) and northern
blotting, and we found that rDNA transcription was markedly
reduced in HEK293T cells following serum deprivation
compared with those cultured under normal conditions (Fig. 1,
G and H). Intriguingly, a dramatic decrease in the level of gene
body methylation was seen in serum-deprived HEK293T cells,
comparing with those cultured under normal conditions
(Fig. 1, I and J). Notably, the promoter methylation level
remained unchanged regardless of the altered nutrient state
(Fig. 1, K and L). These findings indicate that maintenance of
gene body methylation is positively correlated with rDNA
transcription.
DNMT1 mediates rDNA gene body methylation

To dissect the mechanism underlying the positive correla-
tion between gene body methylation and rDNA transcription,
we therefore depleted DNA methyltransferases in HEK293T
cells using the CRISPR/Cas9 genome editing technique to
determine the methyltransferase responsible for rDNA gene
body regions. Previously, the catalytically inactive isoform
DNMT3B3 has been shown to be the dominant isoform, with
little to no expression of catalytically active DNMT3B1 in
somatic cells (37). Loss of DNMT3B does not alter the
methylation status in colorectal cancer cells (27). Indeed, we
found that DNMT3B was undetectable by western blotting in
HEK293T cells (Fig. S1A), and knockout of DNMT3B did not
affect rDNA gene body methylations status (Fig. S1, B and C).
Furthermore, our previous work has proved that there was
almost no change in methylation levels at gene bodies in
DNMT3A KO cells compared with wild-type cells (38).
Considering that DNMT1 deficiency in colorectal cancer
cells causes hypomethylation in rDNA gene bodies, whereas
loss of DNMT3B does not alter the methylation status (27),
we speculated that DNMT1 may also be responsible for
rDNA gene body methylation. Subsequent genome bisulfite
sequencing assays showed that the gene body methylation
level was reduced in DNMT1 KO cells compared with that in



Figure 1. Gene body methylation is positively associated with rDNA transcription. A, morphology of C2C12 myoblasts and myotubes. Scale bar, 50 μm.
B, the Myog gene is expressed in myotubes but not in myoblasts. Reverse transcription PCR assays followed by DNA gel electrophoresis showing Myog
mRNA expression levels. C, Pre-rRNA synthesis is markedly reduced during differentiation of C2C12 myoblasts to myotubes. Immunostaining showing cell
nuclei (blue) and FUrd (green). The pre-rRNA synthesis was measured by FUrd incorporation. Bar graph shows the average FUrd fluorescence intensity per
cell of myoblasts or myotubes (n = 6). A total of 82 cells were subjected to statistics. Data are presented as the mean ± SD. Scale bar, 5 μm. D, northern
blotting shows the level of 45S pre-rRNA during C2C12 myoblasts differentiation. 7S RNA served as a loading control. Relative gray value of 45S band was
measured by the Image J software normalizing to 7S RNA band. E, gene body and promoter methylation levels are markedly decreased upon the dif-
ferentiation of C2C12 myoblasts. MeDIP-Seq profiles in C2C12 myoblasts and differentiated myotubes in rDNA repeats are displayed. The horizontal bar
graph on the bottom left indicates gene body regions for pre-rRNA transcripts, and the black triangle on the bottom right represents the rDNA promoter
region. F, statistical analysis for MeDIP-seq results in (E). *p < 0.1, **p < 0.01, ***p < 0.001, Wilcoxon test. G, RT-qPCR assays showing levels of pre-rRNA in
HEK293T cells cultured in medium containing 10% FBS (normal) and 0.1% FBS (serum-starved). The cycle threshold (Ct) of 45S pre-rRNA was normalized
with GAPDH. Data are presented as the mean ± SD. H, northern blotting shows the level of 45S pre-rRNA upon serum starvation. 7SL RNA served as a
loading control. HEK293T cells cultured in medium containing 10% FBS (normal) and 0.1% FBS (serum-starved). I, rDNA gene body methylation levels
decrease during serum starvation. Bisulfite sequencing showing the rDNA gene body methylation status in HEK293T cells cultured in medium containing
10% FBS (normal) and 0.1% FBS (serum-starved). The black and white circles represent corresponding CpG sites in rDNA gene bodies, denoting methylated
and unmethylated CpG sites, respectively. The average ratio of black sites for all colonies represents the relative DNA methylation level. Corresponding
sequence is shown in Figure S1G. J, analysis for the results in (I) showing the percentage of methylated and unmethylated gene body CpG sites in HEK293T
cells cultured in medium containing 10% FBS (normal) and 0.1% FBS (serum-starved). The relative proportion of unmethylation and methylation was
calculated by counting the numbers of black circles (methylated CpG sites) and white circles (unmethylated CpG sites). K, genomic DNA coupled with
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Gene body methylation antagonizes PHF6-mediated H4K20me3
wild-type cells (Figs. S1D and 2, A and B). These results sug-
gest that DNMT1 is the primary methyltransferase for the
maintenance of rDNA gene body methylation.

To elucidate whether DNMT1 is involved in the regulation
of rDNA transcription, we pulse-labeled cocultured DNMT1
KO and wild-type HEK293T cells with FUrd. As expected,
despite decreases in DNA methylation levels in promoters
(Fig. S1, E and F), DNMT1 deletion led to a marked reduction
in pre-rRNA synthesis (Fig. 2, C and D). Moreover, the
decreased pre-rRNA level in DNMT1 KO cells was rescued
through DNMT1 overexpression (Fig. 2E). These results sug-
gest that DNMT1 is required for rDNA transcription. In
accordance with this result, both the mRNA and protein levels
of DNMT1 were decreased in differentiated myotubes,
comparing with those in myoblasts (Fig. 2F). Subsequently,
chromatin immunoprecipitation assays followed by real-time
quantitative PCR (ChIP-qPCR) showed a decline in the bind-
ing of DNMT1 to gene body regions (Fig. 2G). Similarly, we
found that serum deprivation led to a decrease in both the
mRNA and protein levels of DNMT1 along with its reduced
occupancy at gene bodies (Fig. 2, H and I). And ectopic
expression of DNMT1 in serum-starved HEK293T cells
rescued the previous loss of methylation in rDNA gene body
(Fig. S2). Overall, these results indicate that DNMT1-mediated
rDNA gene body methylation is positively associated with the
regulation of rDNA transcription.

DNMT1 antagonizes H4K20me3 to regulate rDNA
transcription

Next, we explored the mechanism of DNMT1 in rDNA
transcription regulation. In view of the cross talk between
DNA methylation and histone modifications, we assessed the
enrichment of several histone modifications (i.e., H3K9me3,
H3K27me3, H3K36me3, and H4K20me3) at rDNA gene
bodies in DNMT1-depleted cells. The results showed that
DNMT1 deficiency results in significant increase in
H4K20me3 enrichment in rDNA gene body regions while the
occupancy of other histone modifications remains unchanged
(Figs. 3A and S3A), which is consistent with the findings that
H4K20me3 represses rDNA transcription (26, 39, 40). To
further confirm that DNMT1-mediated gene body methylation
opposed the enrichment of H4K20me3 to regulate rDNA
transcription, we then depleted the major methyltransferases
involved with H4K20me3, SUV4-20H1/H2 (designated as
SUV4-20H), in HEK293T cells. Since the efficient antibodies
for human SUV4-20H1/H2 were not commercially available,
H4K20me3 protein levels were used as an indicator for the
knockout of SUV4-20H1/H2. Indeed, knockout of SUV4-20H
led to a marked decrease in both the abundance of the
H4K20me3 protein and its enrichment in rDNA gene body
regions (Fig. 3, B and C). FUrd incorporation followed by
bisulfite sequencing assays were performed to show promoter methylation le
black and white circles represent corresponding CpG sites in rDNA gene bodies,
ratio of black sites for all colonies represents the relative DNA methylation level.
(K) showing the percentage of methylated and unmethylated gene body CpG
0.1% FBS (serum-starved). The relative proportion of unmethylation and meth
CpG sites) and white circles (unmethylated CpG sites). *p < 0.1, **p < 0.01, **
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immunofluorescence microscopy showed that loss of SUV4-
20H increased the fluorescence signal, which is indicative
of upregulated pre-rRNA synthesis (Fig. 3D). Accordingly,
reverse transcription PCR experiments also showed
augmented pre-rRNA synthesis in SUV4-20H knockout cells
(Fig. 3E).

Moreover, we found that depletion of SUV4-20H neither
affected the DNA methylation level (Fig. 3, F and G) nor
changed the occupancy of DNMT1 (Fig. S3B) in gene body
regions. These results demonstrate that DNMT1 opposes
H4K20me3 enrichment in rDNA gene body regions. In addi-
tion, triple knockout of DNMT1, SUV4-20H1, and SUV4-20H2
led to a reduction of pre-rRNA synthesis compared with that
in HEK293T cells (Figs. S3C and 3H), but a significant increase
in rDNA transcription compared with that in DNMT1 KO
cells (Fig. 3I), suggesting that hypomethylation of rDNA gene
bodies leads to rDNA transcriptional silencing, in part, due to
an increase in H4K20me3 enrichment at gene bodies. Taken
together, these results suggest that DNMT1-mediated gene
body methylation is positively associated with rDNA tran-
scription by antagonizing H4K20me3.

PHF6 recruits SUV4-20H2 to establish H4K20me3 at gene
bodies

Previous evidence as well as our findings showed that PHF6
was localized in the nucleolus and inhibited rDNA transcrip-
tion (Fig. S4, A–C) (35, 36). PHF6 has two PHD-like domains,
suggesting that it is a potential histone modification reader. To
test this hypothesis, we performed peptide binding assays
in vitro, the result revealed that PHF6 could bind to repressive
histone modifications, such as H3K9me3, H3K27me3, and
H4K20me3 (Fig. 4A). In addition, PHF6 has also been shown
to physically interact with subunits of the NuRD complex,
such as HDAC1 in the nucleoplasm (41–43), indicating that it
may also regulate the occupancy of histone modifications
in the nucleolus where rDNA transcription occurs. To
explore the regulatory role of PHF6 in histone modifications
enrichments, we first assessed the occupancies of different
histone modifications (i.e., H3K4me3, H3K9me2, H3K9me3,
H3K27me3, and H4K20me3), in PHF6 KO and wild-type cells.
The results showed that PHF6 deficiency resulted in declined
enrichments of repressive histone modifications, including
H4K20me3, at rDNA gene bodies but not in promoter regions,
which is of most interest to us (Fig. 4B, Fig. S4D). Meanwhile,
lack of PHF6 gave rise to increased occupancy of Pol I at gene
bodies (Fig. S4E). Next, we explore the distribution of PHF6 in
rDNA repeat units using four pairs of primers, each of which
was aligned to IGS, promoters, 18S and 28S (Fig. 4C, upper
panel), respectively. In accordance with a previous report (36),
PHF6 was widely distributed throughout rDNA repeat units,
including IGS, promoters, 18S and 28S (Fig. 4C, lower right
vels in control (10% FBS) and serum-starved (0.1% FBS) HEK293T cells. The
denoting methylated and unmethylated CpG sites, respectively. The average
Corresponding sequence is shown in Figure S1H. L, analysis for the results in
sites in HEK293T cells cultured in medium containing 10% FBS (normal) and
ylation was calculated by counting the numbers of black circles (methylated
*p < 0.001, two-tailed unpaired Student’s t test.



Figure 2. DNMT1 mediates rDNA gene body methylation. A, knockout of DNMT1 significantly reduces gene body methylation. Genomic DNA coupled
with bisulfite sequencing assays were performed to show the gene body methylation levels in control and DNMT1 KO cells. The black and white circles
represent corresponding CpG sites in rDNA gene bodies, denoting methylated and unmethylated CpG sites, respectively. The average ratio of black sites for
all colonies represents the relative DNA methylation level. Corresponding sequence is shown in Figure S1G. B, analysis for the results in (A) showing the
percentage of methylated and unmethylated gene body CpG sites in control and DNMT1 KO cells. The relative proportion of unmethylation and
methylation was calculated by counting the numbers of black circles (methylated CpG sites) and white circles (unmethylated CpG sites). C, loss of DNMT1
markedly reduces pre-rRNA synthesis. Immunostaining showing cell nuclei (blue), DNMT1 (red), and FUrd (green). HEK293T and DNMT1 KO cells were
cocultured and the pre-rRNA synthesis was measured by FUrd incorporation. Bar graph shows the average FUrd fluorescence intensity per cell of DNMT1 KO
or HEK293T cells (n = 4 or n = 7). A total of 155 cells were subjected to statistics. Scale bar, 5 μm. D, northern blotting shows the level of 45S pre-rRNA in
DNMT1 KO or HEK293T cells. 7SL RNA served as a loading control. E, RT-qPCR results show the pre-rRNA level in DNMT1 KO and DNMT1-overexpressed
DNMT1 KO cells. The cycle threshold (Ct) of 45S pre-rRNA was normalized with GAPDH. Data are presented as the mean ± SD. F, the mRNA and protein
levels of Dnmt1 were decreased upon differentiation of C2C12 myoblasts as revealed by RNA-seq and western blotting, respectively. The cycle threshold (Ct)
of Dnmt1 was normalized with Gapdh in RT-qPCR. GAPDH served as a loading control in western blotting. G, the occupancy of DNMT1 markedly declines
upon differentiation of C2C12 myoblasts. ChIP experiments were performed using primers coated on the 28S rRNA coding region in C2C12 myoblasts and
myotubes. Data are presented as the mean ± SD. H, the mRNA and protein levels of DNMT1 were reduced upon serum starvation of HEK293T cells as
detected by RT-qPCR and western blotting, respectively. The cycle threshold (Ct) of DNMT1 was normalized with B2M in RT-qPCR. TUBULIN served as a
loading control in western blotting. Data are presented as the mean ± SD. I, the occupancy of DNMT1 reduces in serum-deprived HEK293T cells.
ChIP experiments were performed using primers coated on the 28S rRNA coding region in serum-deprived and control cells. Data are presented as
the mean ± SD. *p < 0.1, **p < 0.01, ***p < 0.001, two-tailed unpaired Student’s t test.

Gene body methylation antagonizes PHF6-mediated H4K20me3
panel), indicating that PHF6 could function at gene bodies. To
further confirm that PHF6 regulates the enrichment of
H4K20me3, we depleted SUV-420H and found that loss of
SUV4-20H did not alter PHF6 binding to gene bodies
(Fig. S4F). These results suggest that PHF6 is involved in
establishing H4K20me3 in gene bodies.
To further elucidate whether PHF6 can directly associate
with the main histone methyltransferase for H4K20me3,
SUV4-20H2, HEK293T cells were transiently transfected with
GFP-tagged SUV4-20H2. Coimmunoprecipitation and west-
ern blotting demonstrated that PHF6 interacted with SUV4-
20H2 directly (Fig. 4D). Subsequently, we found that ectopic
J. Biol. Chem. (2021) 297(4) 101195 5



Figure 3. DNMT1 antagonizes H4K20me3 to regulate rDNA transcription. A, the enrichment of H4K20me3 is elevated in DNMT1 KO cells. ChIP ex-
periments were performed using primers coated on the 28S rRNA coding region in DNMT1 KO and control cells. Data are presented as the mean ± SD. B,
knockout of SUV4-20H1/H2 using the CRISPR/Cas9 system as shown by western blotting. C, loss of SUV4-20H1/H2 leads to a marked reduction in H4K20me3
enrichment at gene bodies as detected by ChIP-qPCR. Data are presented as the mean ± SD. D, depletion of SUV4-20H1/H2 leads to a marked increase in
pre-rRNA synthesis. Immunostaining showing cell nuclei (blue) and FUrd (green). The pre-rRNA synthesis was measured by FUrd incorporation. Bar graph
shows the average FUrd fluorescence intensity per cell of SUV4-20H KO or HEK293T cells (n = 7 or n = 8). A total of 245 cells were subjected to statistics.
Scale bar, 5 μm. E, pre-rRNA synthesis increases significantly upon SUV4-20H depletion compared with that in HEK293T cells. RT-qPCR assays showing levels
of pre-rRNA in SUV4-20H DKO and wild-type HEK293T cells. The cycle threshold (Ct) of 45S pre-rRNA was normalized with GAPDH. Data are presented as the
mean ± SD. F, knockout (KO) of SUV4-20H does not affect the rDNA gene body methylation level. Genomic DNA coupled with bisulfite sequencing assays
were performed to show the gene body methylation level in SUV4-20H DKO and control cells. The black and white circles represent corresponding CpG sites
in rDNA gene bodies, denoting methylated and unmethylated CpG sites, respectively. The average ratio of black sites for all colonies represents the relative
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expression of HA-tagged PHF6 gave rise to increased occu-
pancy of SUV4-20H2 in rDNA gene body regions, leading to
higher enrichment of H4K20me3 (Fig. 4, E and F). To further
verify that PHF6 directly regulates the recruitment of
SUV4-20H2 to rDNA gene body, we transfected GFP-
SUV4-20H2 plasmids into PHF6 KO cells and found that the
occupancy of GFP-SUV4-20H2 was significantly lower in
PHF6 KO cells than that in wild-type cells (Fig. 4, G and H).
Moreover, increased levels of PHF6 occupancy and
H4K20me3 enrichment at gene bodies were exhibited in
serum-deprived HEK293T cells (Fig. 4, I and J) as well as
in differentiated C2C12 cells (Fig. 4, K and L). Collectively,
these results indicate that PHF6 recruits SUV4-20H2 to
establish H4K20me3 at rDNA gene bodies for the inhibition of
rDNA transcription.
PHF6 mediates the DNMT1-dependent antagonism of
H4K20me3

PHF6 has been shown to bind dsDNA via its ePHD2
domain in vitro (42), implying that DNA methylation may
affect PHF6 occupancy. To examine whether DNA binding of
PHF6 depends on the DNA methylation status at rDNA gene
bodies, ChIP assays of PHF6 followed by bisulfite sequencing
analysis were carried out. We found that PHF6 was capable of
binding to unmethylated and methylated regions with meth-
ylated regions accounting for higher proportion (Fig. 5, A and
B). These results suggest that the occupancy of PHF6 in rDNA
repeat units may be regulated by DNMT1. Furthermore, ChIP-
qPCR assays of PHF6 in wild-type and DNMT1 KO cells
showed that knockout of DNMT1 led to a marked increase in
PHF6 binding to gene body regions (Fig. 5C). However,
depletion of PHF6 had no effect on either the rDNA gene body
methylation levels (Fig. 5, D and E) or the binding of DNMT1
to gene body regions (Fig. S5). These results suggest that
DNMT1 inhibits the occupancy of PHF6 in gene body regions.

Subsequently, to explore whether PHF6 mediates increased
H4K20me3 enrichment due to depletion of DNMT1 at gene
bodies, we transfected wild-type and DNMT1 KO cells with
short hairpin RNAs (shRNAs) targeting PHF6 to downregulate
its protein expression level and found that PHF6 depletion did
not affect H4K20me3 abundance in control and DNMT1 KO
cells (Fig. 5F). ChIP-qPCR analysis showed that loss of PHF6
partially suppressed the increase in H4K20me3 enrichment
caused by DNMT1-deficiency (Fig. 5G). Knockdown of PHF6
in DNMT1 KO cells can also rescue pre-rRNA synthesis in
DNMT1 KO cells (Fig. 5H). Together, these results suggest
that PHF6 functions as a mediator in the regulation of
H4K20me3 via DNMT1.
DNA methylation level. Corresponding sequence is shown in Figure S1G. G,
unmethylated gene body CpG sites in SUV4-20H DKO and control cells. The
counting the numbers of black circles (methylated CpG sites) and white circle
DNMT1/SUV4-20H TKO cells. Immunostaining showing cell nuclei (blue), DNM
incorporation. Bar graph shows the average FUrd fluorescence intensity per ce
subjected to statistics. Scale bar, 5 μm. I, pre-rRNA synthesis increases signifi
DNMT1/SUV4-20H−/−) compared with that in DNMT1 KO cells. RT-qPCR assays s
cycle threshold (Ct) of 45S pre-rRNA was normalized with GAPDH. Data are p
unpaired Student’s t test.
Discussion

DNA methylation in promoters is known to repress rDNA
transcription (24). In recent years, genome-wide DNA
methylation analyses have shown that DNA methylation is
more abundant within gene body regions than in promoters
(13, 14). A positive correlation between gene body methylation
and gene expression has been revealed (17, 19); however,
whether this correlation also exists with rDNA transcription,
and the related molecular mechanism, remains to be clarified.
Pre-rRNA synthesis has been shown to be downregulated by
metabolic ([H3]-uridine) labeling when DNA methylation
levels at rDNA loci are reduced by either depletion of DNMT1
and DNMT3B or treatment with aza-dC in the human colo-
rectal carcinoma cell line, HCT116 (28). However, another
group showed that DNMT1 deficiency has no significant effect
on rDNA transcription rate by northern blot analysis and
quantitative RT-qPCR (27). This discrepancy may be explained
by the differences among methods: metabolic and FUrd la-
beling was used to monitor newly synthesized pre-rRNA,
which was more appropriate to measure rDNA transcription.
While northern blot and quantitative RT-qPCR were used to
monitor the pool of pre-rRNA, including newly synthesized
pre-rRNA and accumulated pre-rRNA, if any. Likewise, the
levels of 47S precursor rRNA measured by northern blot
showed an increase in both DNMT1 and DNMT3B KO
HCT116 cells compared with that in wild-type cells (44).
However, this paper has been retracted by the authors in 2018.
In this study, we utilized FUrd labeling to measure new syn-
thesis pre-rRNA in DNMT1 KO cells and found that DNMT1
deficiency led to a significant decrease in pre-rRNA synthesis,
which was consistent with the results measured by metabolic
labeling (28).

Furthermore, we found that decreased DNA methylation
levels in both promoters and gene body regions were accom-
panied by marked decreases in pre-rRNA synthesis upon
growth arrest, i.e., differentiation of C2C12 myoblasts into
myotubes and nutrient deprivation in HEK293T cells. These
results suggest that, in addition to a hypomethylated promoter,
there may be other factors involved in rDNA transcriptional
regulation. Indeed, further exploration revealed that gene body
methylation secures rDNA transcription by antagonizing
H4K20me3 enrichment, which involves interactions between
the histone methyltransferase, SUV-420H2, and the histone
modification reader, PHF6.

In accordance with previous reports (27, 38), we found that
DNMT1 was responsible for rDNA gene body methylation,
while depletion of DNMT3A or DNMT3B did not change the
DNA methylation status in gene body regions. A lack of
DNMT1 has been shown to lead to a reduction in pre-rRNA
analysis for the results in (F) showing the percentage of methylated and
relative proportion of unmethylation and methylation were calculated by
s (unmethylated CpG sites). H, pre-rRNA synthesis is markedly reduced in
T1 (red), and FUrd (green). The pre-rRNA synthesis was measured by FUrd
ll of DNMT1/SUV4-20H TKO or HEK293T cells (n = 6). A total of 227 cells were
cantly upon triple knockout of DNMT1 and SUV4-20H1/H2 (designated as
howing levels of pre-rRNA in DNMT1−/− and DNMT1/SUV4-20H−/− cells. The
resented as the mean ± SD. *p < 0.1, **p < 0.01, ***p < 0.001, two-tailed
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Figure 4. PHF6 recruits SUV4-20H2 to establish H4K20me3 at gene bodies. A, PHF6 interacts with H3K9me2, H3K9me3, H3K27me3, H4K20me3 in vitro.
GST-tag and GST-fused PHF6 were incubated with biotin-labeled peptides including H3, H3K4me3, H3K9me2, H3K9me3, H3K27me3, H3K36me3, H4K20me3
in vitro. Bound proteins were analyzed by the anti-GST antibody. B, the enrichment of H3K4me3, H3K9me2, H3K9me3, H3K27me3, and H4K20me3 was
shown in PHF6 KO and wild-type HEK293T cells. ChIP experiments were performed using primers coated on the 28S rRNA coding region in PHF6 KO and
control cells. Data are presented as the mean ± SD. C, a schematic of the rDNA repeat unit showing the intergenic spacer (IGS), promoter, and coding
regions (upper). The arrows indicate the positions of the primers used for the following amplification. Primer sequences are listed in Table S1. PHF6 binds to
different regions of the rDNA repeat unit (bottom). ChIP assays were performed in HEK293T cells using the previously annotated primers, showing the
occupancies of PHF6 and Pol I (RPA194) on the rDNA repeat unit. Data are presented as the mean ± SD. D, PHF6 directly interacts with SUV4-20H2. GFP-
fused full-length SUV4-20H2 plasmids were overexpressed in HEK293T cells, and whole-cell extracts were subsequently incubated with GFP beads. The
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synthesis (27), which was also observed in the present study.
Mechanistically, we revealed that DNMT1 deficiency led to
enhanced enrichment of the inhibitory histone modification,
H4K20me3, at gene bodies, whereas depletion of SUV420H
did not affect gene body methylation levels or alter the occu-
pancy of DNMT1 in gene body regions, verifying that gene
body methylation opposes H4K20me3 enrichment. Since
H4K20me3 strongly inhibited rDNA transcription, in this way,
gene body methylation prevented H4K20me3 enrichment and
abrogated its role in transcriptional inhibition, which may
partially explain why gene body methylation is beneficial for
rDNA transcription. Although gene body methylation is pre-
sent in actively transcribed regions of both Pol I and Pol II
genes, many studies have demonstrated that Pol I and Pol II
indeed bind to unmethylated DNA, which raises the question
that how Pol I or Pol II overcomes the barrier of gene body
methylation to perform transcription. One possible explana-
tion is that there exists a transient methylation/demethylation
cycle that forms unmethylated chromatin regions to allow Pol
I to bind to actively transcribed gene bodies, as is the case with
transcriptionally active promoters of Pol II genes, in which
DNMTs play dual roles in methylation and demethylation (45,
46). Moreover, the MERM1/DNMT3A complex maintains the
unmethylated window to promote Pol I transcription elonga-
tion (38). Nonetheless, more evidence is required to further
clarify the speculations regarding the mechanism.

In addition, an elevated acetylation level at lysine 16 of
histone H4 (H4K16Ac) in gene bodies has been observed in
DNMT1-deficient HCT116 cells (27, 47). H4K16Ac has been
shown to inhibit the formation of higher-order chromatin
structures in vitro and to be positively correlated with DNA
damage repair, indicating an inhibitory role for H4K16Ac and
a potential synergistic interplay with H4K20me3 (48, 49).
Alternatively, loss of DNA methylation permits cryptic tran-
scription, including antisense RNAs or intergenic spacers,
which subsequently interferes with rRNA synthesis (28). In
accordance, we observed that the expression levels of antisense
RNA coated on 18S, 5.8S, and 28S were elevated in DNMT1
KO cells, which is concomitant with increased occupancy of
Pol II (Fig. S6, A and B), suggesting the possibility that anti-
sense RNAs complementary to gene body regions may recruit
the histone methyltransferase, SUV4-20H2, to establish
H4K20me3 at gene bodies, and implying a versatile role for
gene body methylation in rDNA transcriptional regulation.
Moreover, it cannot be excluded that the hypomethylated
pulled-down proteins were detected by anti-PHF6 and anti-GFP antibodies. E
periments were performed using primers coated on the 28S rDNA coding regio
or control vector. Data are presented as the mean ± SD. F, PHF6 upregulatio
periments were performed using primers coated on the 28S rDNA coding regio
or control vector. Data are presented as the mean ± SD. G, GFP-SUV4-20H2 pl
(PHF6−/−) cells as shown by western blotting. TUBULIN served as a loading cont
PHF6 knockout cells. ChIP assays were performed using primers coated on th
presented as the mean ± SD. I, the gene body occupancy of PHF6 markedly in
coated on the 28S rDNA coding region in HEK293T cells cultured in medium co
as the mean ± SD. J, the gene body enrichment of H4K20me3 markedly rise
coated on the 28S rRNA coding region in HEK293T cells cultured in medium con
as the mean ± SD. K, PHF6 occupancy at gene bodies elevates during C2C12 m
the 28S rDNA coding region in myoblasts and myotubes. Data are presented
during C2C12 myoblast differentiation. ChIP assays were performed using prim
are presented as the mean ± SD. *p < 0.1, **p < 0.01, ***p < 0.001, two-taile
promoter led to the expression of antisense RNA transcribed
inversely, which may function as reported in mouse cells (26).
Therefore, these findings collectively indicate that removal of
DNMT1 represses rDNA transcription by either altering the
chromatin structure to a closed state or disrupting the higher-
order chromatin structure, establishing a more comprehensive
regulatory network for rDNA transcription. Importantly, in
mouse postnatal neural cells, DNMT3A binds to and meth-
ylates intergenic regions and gene bodies of neurogenic genes
to antagonize H3K27me3, promoting gene expression (18).
These data are suggestive of a conserved manner in which
gene body methylation benefits transcription by antagonizing
inhibitory histone modifications. Furthermore, DNMT3B-
dependent intragenic DNA methylation ensures gene tran-
scription initiation by preventing spurious transcripts in
mouse embryonic stem cells (50). It is conceivable that gene
body methylation is catalyzed by different methyltransferases
in a cell-type-dependent manner. Further efforts are warranted
to clarify the cross talk among these cell- and context-specific
scenarios.

In recent years, PHF6 has been reported to reduce the
chromatin accessibility of T cell lineage-specific transcriptional
factor binding motifs (51). Evidence shows that PHF6 physi-
cally interacts with RBBP4, a component of the NuRD com-
plex, in the nucleoplasm, suggesting that it plays a role in the
formation of a repressive chromatin structure for PHF6 and
extending its regulatory functions in gene expression (41–43).
Our findings reveal that PHF6 recruits SUV4-20H2 to rDNA
gene body regions to establish H4K20me3, forming a more
compact chromatin structure and inhibiting rDNA transcrip-
tion, which further implies a potential role for PHF6 in
modulating 3D chromatin architecture. Moreover, PHF6 in-
hibits pre-rRNA synthesis by negatively regulating the protein
levels of UBF (35), providing an extra mechanism for rDNA
transcriptional regulation by PHF6. Concerning the distribu-
tion of PHF6 across rDNA repeat units, albeit at different
abundances (36), we cannot exclude the possibility that
mechanisms mediated by PHF6 at the promoter may also
contribute to rDNA transcription repression. It would be of
great interest to dissect the relationships among PHF6-
associated gene regulatory networks, either by directly
affecting transcription initiation and elongation or by changing
the chromatin structure in a H4K20me3-dependent manner.
In addition, given that PHF6 deficiency leads to the accumu-
lation of DNA damage at the rDNA locus (35), it is exciting to
, PHF6 facilitates the binding of SUV4-20H2 to rDNA gene bodies. ChIP ex-
n in HEK293T cells expressing GFP-tagged SUV4-20H2 and HA-tagged PHF6
n leads to the elevated enrichment of H4K20me3 at gene bodies. ChIP ex-
n in HEK293T cells expressing GFP-tagged SUV4-20H2 and HA-tagged PHF6
asmids were transfected transiently into wild-type (WT) and PHF6 knockout
rol. H, the gene body occupancy of GFP-SUV4-20H2 significantly decreases in
e 28S rDNA coding region in HEK293T and PHF6 knockout cells. Data are
creases upon serum deprivation. ChIP assays were performed using primers
ntaining 10% FBS (normal) and 0.1% FBS (serum-starved). Data are presented
s following serum deprivation. ChIP assays were performed using primers
taining 10% FBS (normal) and 0.1% FBS (serum-starved). Data are presented
yoblast differentiation. ChIP assays were performed using primers coated on
as the mean ± SD. L, H4K20me3 enrichment at gene bodies is augmented
ers coated on the 28S rRNA coding region in myoblasts and myotubes. Data
d unpaired Student’s t test.
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Figure 5. PHF6 mediates the DNMT1-dependent inhibition of H4K20me3. A, PHF6 associates with both methylated and unmethylated DNA, and the
latter account for more proportion. Pol I was used as a control, which binds exclusively to unmethylated CpG sites. ChIP assays, followed by bisulfite
sequencing, showing the methylation status of DNA bound by specific antibodies in HEK293T cells. The black and white circles represent corresponding CpG
sites in rDNA gene bodies, denoting methylated and unmethylated CpG sites, respectively. The average ratio of black sites for all colonies represents the
relative DNA methylation level. Corresponding sequence is shown in Figure S1G. B, analysis for the results in (A) showing the percentage of methylated and
unmethylated gene body CpG sites bound by PHF6 in HEK293T cells. The relative proportion of unmethylation and methylation was calculated by counting
the numbers of black circles (methylated CpG sites) and white circles (unmethylated CpG sites). C, knockout (KO) of DNMT1 facilitates the occupancy of PHF6
at gene bodies. ChIP experiments were performed using primers coated on the 28S rRNA coding region in DNMT1 KO and control cells. Data are presented
as the mean ± SD. D, KO of PHF6 does not alter the rDNA gene body methylation status. Genomic DNA coupled with bisulfite sequencing assays were
performed to show the gene body methylation level in PHF6 KO and control cells. The black and white circles represent corresponding CpG sites in rDNA
gene bodies, denoting methylated and unmethylated CpG sites, respectively. The average ratio of black sites for all colonies represents the relative DNA
methylation level. Corresponding sequence is shown in Figure S1G. E, analysis for the results in (D) showing the percentage of methylated and unme-
thylated gene body CpG sites in PHF6 KO and control cells. The relative proportion of unmethylation and methylation was calculated by counting the
numbers of black circles (methylated CpG sites) and white circles (unmethylated CpG sites). F, knockdown of PHF6 in DNMT1 KO and control cells by short
hairpin RNAs as revealed by western blotting. TUBULIN and H3 served as a loading control. G, depletion of PHF6 partially reduces the H4K20me3 enrichment
regulated by DNMT1 deficiency. ChIP experiments were performed using primers coated on the 28S rRNA coding region in the presence of shCtrl or shRNAs
for PHF6 in DNMT1 KO and control cells. Data are presented as the mean ± SD. H, knockdown of PHF6 leads to increased pre-rRNA levels in DNMT1 KO cells
compared with that in DNMT1 KO cells with shCtrl. RT-qPCR assays showing levels of pre-rRNA in DNMT1 KO cells with shCtrl or shRNAs for PHF6. The cycle
threshold (Ct) of 45S pre-rRNA was normalized with GAPDH. Data are presented as the mean ± SD. *p < 0.1, **p < 0.01, ***p < 0.001, two-tailed unpaired
Student’s t-tests.
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speculate that the tumor suppressor function of PHF6 may be
linked to its roles in the regulation of H4K20me3-dependent
maintenance of genomic stability.

In conclusion, our results may unveil a general mechanism
in growth-arrested cells during developmental or environ-
mental alterations that gene body methylation maintained by
DNMT1 ensures gene expression by preventing the formation
of repressive H4K20me3 marks, which is mediated by PHF6
and SUV4-20H2 (Fig. 6). Further exploration is still warranted
to elucidate whether the mechanism is conserved across
transcriptional regulation of different genes and in response to
different types of stresses.

Experimental procedures

Cell culture and transfection

HEK293T cells and C2C12 myoblasts were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supple-
mented with 10% fetal bovine serum (FBS). Serum-starved
cells were maintained in 0.1% FBS for 48 h. C2C12 myo-
blasts were cultured in the presence of 2% horse serum for
differentiation. Plasmid transfection was performed via cal-
cium phosphate coprecipitation.

C2C12 myoblast differentiation

C2C12 myoblasts were passaged at 40−60% confluence and
split at a ratio of 1:5. For myoblast differentiation, the medium
was replaced at 100% confluence with fresh DMEM supple-
mented with 2% horse serum and incubated for a further
6 days.

Plasmids and antibodies

The PHF6 and SUV4-20H2 genes were amplified with spe-
cific primers using the cDNA of 293T as the template. The
amplicons were ligated into pCMV-3× HA and pEGFP-C1,
respectively, to generate recombinant expression constructs.
Figure 6. Proposed model deciphering the role of gene body methyl-
ation in rDNA transcription regulation. A, gene body methylation
maintains rDNA transcription. Actively transcribed rDNA contains hypo-
methylated (represented as white circles) promoter and methylated (deno-
ted as black circles) gene bodies. B, loss of gene body methylation leads to
more occupancies of PHF6 at gene bodies, which recruits the histone
methyltransferase SUV4-20H2 to establish inhibitory H4K20me3 modifica-
tion, suppressing rDNA transcription.
pcDNA3/Myc-DNMT1 (Addgene plasmid # 36939) and
pcDNA3/Myc-DNMT3A (Addgene plasmid # 35521) were
kind gifts from Arthur Riggs.

The anti-DNMT3A (sc-20703), anti-RPA194 (sc-28714),
anti-UBF (sc-9131 X), and anti-c Myc (sc-40 X) antibodies
were purchased from Santa Cruz. The anti-α-tubulin
(T6199), anti-HA (H9658), and anti-bromodeoxyuridine
(BrdU) (B2531) antibodies were bought from Sigma. The
anti-5-methylcytosine (BI-MECY-0100) antibody was pur-
chased from Eurogentec, and the anti-PHF6 (Bethyl-451A) was
purchased from Bethyl Laboratories. The anti-H4K20me3
(ab9053), anti-DNMT1 (ab13537), anti-GFP (ab290), and
anti-H3 (ab1791) antibodies were bought from Abcam. The
secondary antibodies, IRDye800CW goat anti-mouse IgG
(926-32210) and IRDye800CW goat anti-rabbit IgG (926-
32211) were purchased from LI-COR.

Immunofluorescence staining and FUrd incorporation

Cells grown on coverslips to 80% confluence were washed
twice with ice-cold PBS and fixed in 4% paraformaldehyde at
room temperature for 10 min. After rinsing three times with
PBS, cells were permeabilized in 0.5% Triton X-100 on ice for
15 min. Subsequently, nonspecific sites were blocked with 1%
BSA at room temperature for 30 min, and the cells were
incubated with the appropriate primary antibody at 4 �C
overnight. After rinsing three times with PBST (0.1% Triton
X-100 in PBS), cells were incubated with 150 μl secondary
antibody (anti-rabbit, Alexa Fluor 488; anti-mouse, Alexa
Fluor 594, Life Technologies) at room temperature for 2 h.
After rinsing with 0.1% PBST, cells were stained with DAPI at
room temperature for 3 min. Finally, the coverslips were sealed
with 10 μl Fluoromount-G (Southern Biotech), incubated for
2 h, and images were subsequently taken using a fluorescence
microscope.

For the FUrd incorporation assay, nascent RNA was labeled
by incubating cells with 2 mM FUrd at 37 �C, 5% CO2 for
10 min prior to fixation. Cells were subsequently labeled with
an anti-BrdU antibody (Sigma).

The ratio of fluorescence intensity to cell numbers in each
coverslip was measured by the Image J software, which was
used to generate bar graphs and perform statistical test. The
cell numbers used in FUrd immunofluorescence analysis are
noted in corresponding figure legends.

qPCR analysis and western blotting

At 80% confluence, cells were harvested in TRIzol reagent
(Invitrogen, 10296028). RNA and protein were isolated
following the manufacturer’s protocol. RNA was reverse tran-
scribed by DN6 or a strand-specific primer using the M-MLV
Kit (Invitrogen), and qPCR analysis was performed using the
Light Cycler 450 (Roche). Primers are listed in Table S1.

For western blotting, proteins were separated by SDS-
PAGE, transferred to nitrocellulose membrane using the
semidry method (Bio-Rad), and incubated with the appropriate
primary antibody overnight at 4 �C. After washing three times
in 0.1% PBST, membranes were incubated with secondary
J. Biol. Chem. (2021) 297(4) 101195 11
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antibodies (IRDye800CW, LI-COR) at room temperature for
2 h. Protein bands were detected using the Odyssey infrared
imaging system (Odyssey, LI-COR).

Northern blotting

Total RNA was extracted using TRIzol reagent. Fifteen
microgram of RNA was subjected to 1% formaldehyde dena-
turing gel electrophoresis at 25V, 4 �C overnight. RNA in
denaturing gel was transferred to positively charged nylon
membrane HyBond N+ (Amersham, RPN303B) using upward
capillary method, fixing the membrane at 80 �C for 2 h. Interest
RNA was hybridized and detected using DIG-High Prime DNA
Labeling and Detection Starter Kit II (for chemiluminescent
detection with CSPD) (Roche, 11585614910). Probes for
detecting interest RNA innorthern blottingwere preparedusing
PCR DIG Probe Synthesis Kit (Roche, 11636090910). The
primer sequences for amplifying long DNA probes are listed
below:

For detecting 45S pre rRNA (391 bp): 50 TACTATC
CAGCGAAACCACAGCC 30; 50 CGCCTTAGGACAC
CTGCGTTA 30.
For detecting 7S and 7SL RNA (215 bp): 50 GGGCT
GTAGTGCGCTATGCC 30; 50 ACGGGGTCTCGCTA
TGTTGC 30.
Chromatin immunoprecipitation (ChIP) and quantitative real-
time PCR (qPCR)

ChIP assays were performed as previously described (26).
Cells were cross-linked with a final concentration of 1%
formaldehyde solution (Sigma, F8775) at room temperature
for 5−10 min and subsequently quenched by glycine for 5 min
at a final concentration of 0.125 M. Cross-linked chromatin
was sheared using a Bioruptor Next Gen (Diagenode) to yield
fragments of 300−500 base pairs (bp). The supernatant was
precleared with salmon sperm DNA/Protein A/G sepharose
beads (GE). Subsequently, 10% input was reserved and the
remaining supernatant was divided into several aliquots and
incubated with the respective antibodies overnight. The next
day, the samples were incubated with Protein A/G at 4 �C for
2 h. After washing with a series of wash buffers, the DNA was
purified using Chelex-100 resin or phenol-chloroform
extraction and analyzed by qPCR using the Light Cycler 450
(Roche). Primers are listed in Table S1. The ChIP enrichment
in each sample was calculated by percent of input (input %).

Co-immunoprecipitation assays

Cells grown on 10-cm dishes were washed twice with ice-
cold PBS and collected by scraping into 1.5 ml tubes.
Following centrifugation at 4 �C, cells were lysed in lysis buffer
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5%
NP-40, 1 mM PMSF, protease inhibitors) on ice for 30 min and
recentrifuged at 4 �C, 20,000g for 10 min. The supernatant was
then transferred to a clean tube and incubated with GFP-
trap_A beads (Chromotek) at 4 �C for 1 h; 10% input was
saved for immunoblotting analysis. After incubation, the beads
12 J. Biol. Chem. (2021) 297(4) 101195
were washed twice with low-salt dilution buffer (10 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA) and once with
high-salt dilution buffer (10 mM Tris-HCl, pH 7.5, 500 mM
NaCl, 0.5 mM EDTA). The beads were resuspended in 100 μl
2 × SDS loading buffer (80 mM Tris-HCl, pH 6.8, 10% glycerol,
2% SDS, 20% β-mercaptoethanol) and boiled at 95 �C for
10 min. SDS-PAGE was performed for further analysis.

DNA methylation assays

Genomic DNA or DNA enriched by ChIP was treated with
the EpiTect Bisulfite Kit (Qiagen). Treated DNA was purified
according to the manufacturer’s protocol and amplified using
primers for methylation analysis. Subsequently, amplicons
were purified and ligated into pEasy-T5 Zero (Transgen).
Trans T1 competent cells (Transgen) were transformed with
the recombinant pEasy-T5 constructs and incubated at 37 �C
overnight. At least 20 independent colonies were selected and
sequenced, and the results were analyzed using a BiQ analyzer
(Max Planck Institute Informatik). Primers are listed Table S1.

Methylated DNA immunoprecipitation and next-generation
sequencing (MeDIP-Seq)

MeDIP assays were performed as previously described (38).
In brief, DNA libraries were prepared with the NEB Next DNA
Library Prep Master Mix Set for Illumina (E6040, NEB), ac-
cording to the manufacturer’s instructions. Firstly, fragmented
DNA (200−500 bp) was end-repaired and then purified using
AMPure XP beads (A6380, Beckman). dA-tails were added to
the DNA, which was purified again using AMPure XP beads.
Subsequently, dA-tailed DNA was ligated to adaptors. After
purification, treated DNA was denatured at 99 �C for 10 min
and then placed immediately on ice. DNA was incubated with
a specific antibody against 5 mC (BI-MECY-0100) at 4 �C for
2 h and captured using protein A/G agarose beads at 4 �C for a
further 2 h. After washing three times with IP buffer (140 mM
NaCl, 0.05% Triton X-100, 3.9 mM NaH2PO4, 6.1 mM
Na2HPO4) and digesting with proteinase K, the DNA frag-
ments were extracted twice using phenol-chloroform and
amplified by adaptor-mediated PCR. After purification, the
DNA fragments were sequenced using the Illumina HiSeq
2000 sequencing platform. The sequencing reads were aligned
to the mm9 genome assembly using bowtie2 and the default
parameters, following which duplicated reads were removed by
Picard (MarkDuplicates). Samtools was then used to select
properly mapped reads (samtools view -Sb -h -f 2). Finally,
peaks were detected by macs (–nomodel –nolambda -w
–space=30).

The raw MeDIP-seq data were deposited in NCBI Gene
Expression Omnibus under the accession number, GSE141047
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141
047).

Targeting strategy for the knockout

CRISPR/Cas9 technology was used to knock out genes of
interest in HEK293T cells. HEK293T cells were transfected
with the plasmids, pcDNA3.1-NLS-hCas9-NLS and pUC19,

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141047
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141047
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containing specific guide RNAs, using the calcium phosphate
method. A single clone was selected and cultured. Genomic
DNA was extracted and analyzed by Sanger sequencing. The
guide RNA sequences are provided in Table S1.
Data availability

All data is either provided in this manuscript or will be
provided upon request to Dr Wei Tao, Peking University
(weitao@pku.edu.cn).
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