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The ZBTB24-CDCA7 axis regulates HELLS
enrichment at centromeric satellite repeats
to facilitate DNA methylation

Dear Editor,

Immunodeficiency, centromeric instability, and facial
anomalies (ICF) syndrome is a rare autosomal recessive
disorder characterized by antibody deficiency, facial dys-
morphism, failure to thrive, and mental retardation. Patients
with ICF syndrome suffer from recurrent and often fatal
infections in early childhood. A hallmark of ICF syndrome is
loss of DNA methylation in special genomic regions, most
notably satellite repeats at centromeric regions, which leads
to heterochromatin decondensation and chromosomal
abnormalities in lymphocytes (Ehrlich et al., 2008).

The genetic defects of ICF syndrome are heterogeneous.
Approximately 50% of cases (ICF1) carry mutations in
DNMT3B (DNA methyltransferase 3B) (Hansen et al., 1999;
Okano et al., 1999; Xu et al., 1999), another ~30% of cases
(ICF2) carry mutations in ZBTB24 (zinc finger- and BTB
domain-containing 24) (de Greef et al., 2011), and small
numbers of cases carry mutations in CDCA7 (cell division
cycle associated 7) (ICF3), HELLS (helicase, lymphoid-
specific) (ICF4) or unknown gene(s) (ICFX) (Thijssen et al.,
2015). As a major de novo DNA methyltransferase,
DNMT3B plays an important role in the establishment of
DNA methylation patterns during development (Okano et al.,
1999). HELLS [also known as lymphoid-specific helicase
(LSH)], a SNF2 family DNA helicase involved in chromatin
remodeling, has also been shown to regulate DNA methy-
lation, likely by affecting the accessibility of the DNA
methylation machinery to genomic regions (Dennis et al.,
2001; Ren et al., 2015; Zhu et al., 2006). However, little is
known about the biological functions of ZBTB24 and CDCA7
and, in particular, their links to DNA methylation.

Contrary to a recent report by Thompson et al. that
ZBTB24 and DNMT3B form a complex (Thompson et al.,
2018), we were not able to detect any interaction between
ZBTB24 and DNMT3B or DNMT3A with reciprocal co-im-
munoprecipitation (co-IP) assays using ectopically expres-
sed proteins in HEK293 cells or endogenous proteins in
mouse embryonic stem cells (mESCs) (Fig. S1). As
DNMT3B is tightly associated with chromatin, its “stickiness”
often produces false positive results in protein-protein

interaction experiments. Our data suggest that it is unlikely
that ZBTB24 directly recruits DNMT3B to genomic regions
as Thompson and colleagues proposed. Recently, we and
others demonstrated that ZBTB24, a zinc finger (ZF) tran-
scription factor, positively regulates Cdca7 expression by
directly binding a sequence in the Cdca7 promotor (Ren
et al.,, 2019; Thompson et al., 2018; Wu et al., 2016). We
therefore hypothesized that ZBTB24 indirectly modulates
DNA methylation via CDCAY.

To test the hypothesis, we first generated mESC lines
deficient for Zbtb24 or Cdca7 using CRISPR/Cas9-mediated
gene editing (Figs. S2 and S3). Consistent with its role in
inducing Cdca? transcription, Zbtb24 deficiency resulted in
severe downregulation of Cdca7 without affecting the levels
of HELLS and DNMTs (Fig. S4). Southern blot analysis of
genomic DNA digested with the methylation-sensitive
restriction enzyme Hpall demonstrated that minor satellite
DNA, located at centromeric regions, is substantially
hypomethylated in mESCs deficient for Zbtb24 or Cdca7
(Fig. 1A), recapitulating DNA methylation alterations char-
acteristic of ICF syndrome. The impact of Cdca7 deficiency
on DNA methylation was more severe than that of Zbtb24
deficiency (Fig. 1A), which likely reflected the effects of
complete elimination of Cdca7 function in Cdca7 '~ cells and
downregulation of Cdca7 expression in Zbtb24™~ cells. Dot
blot analysis with a 5mC antibody showed no overt changes
in the total level of 5mC in Zbtb24”'~ and Cdca7’~ mESCs
(Fig. 1B), indicating that ZBTB24 and CDCA7 play no major
roles in the regulation of global DNA methylation. We next
asked whether restoring CDCAY7 level in Zbtb24 '~ mESCs
would be sufficient to rescue DNA methylation. Indeed,
Zbtb24™~ mESCs stably expressing HA-tagged CDCA7 at
levels comparable to endogenous CDCAY7 level in wild-type
(WT) mESCs (Fig. 1C) showed complete recovery of the
methylation level at minor satellite DNA (Fig. 1D). In contrast,
overexpression of Myc-tagged ZBTB24 in Cdca7”~ mESCs
failed to rescue DNA methylation (Fig. S5), indicating that,
although ZBTB24 regulates the expression of multiple genes
(Ren et al.,, 2019; Thompson et al., 2018; Wu et al., 2016), its
effect on DNA methylation is dependent on CDCA?7. Taken

© The Author(s) 2020


http://crossmark.crossref.org/dialog/?doi=10.1007/s13238-019-00682-w&amp;domain=pdf

ZBTB24 and CDCAY in the regulation of DNA methylation LETTER

A B C D
s < . % <
3 & 3 r\ %) %)
S 8 e g g 8 > ®
wn & 8 5 & 3 £ 5 27
— 8 = = I c a8 T c
= o © © = © © = N
= NONNSD = S8 N380 kDa £ N 4 5 clone# 8 z2X4 5
50
o. & & B B - IB: CDCA7 Ab
E @ ® 0 o o 3711.0 0.1 1.2 1.2 |« Relative level
@ . » 50
-HA-CDCA7
<Zf 37 E
50 —
a
-p-Actin =
37 —
-
Minor satellite Minor satellite —
Q
E F G H g
SN S @ % & Pk, c
« « Y\'\(L O % © O < n—
- ¢ aq _— (Sl (<))
o 9 gz g 92 £
CO 8 3 L=< 8, ks a
S e = [ A = E S e =
28 =N = 8 =2 kDa§ﬁ23:clone# z28z=zN2 3
p—p—— - ° 50| |,FIag-CDCA7 R ———
Q -Endo CDCA7
S - v
& 37
1.0 0.1 0.8 5.0 [« Relative level
50
= @ 9 @ — - -A\Ctin
<Z( 371 -
= Z e & ® =
z
e
e S
-

Minor satellite Minor satellite

Figure 1. ZBTB24 regulates methylation of minor satellite DNA in a CDCA7-dependent manner. (A) Southern blot showing
hypomethylation of minor satellite DNA in mESCs deficient for Zbtb24 or Cdca7, with Cdca7 deficiency exhibiting more severe effect.
(B) Dot blot showing no obvious change in total 5mC level in Zbth24™"~ or Cdca7”’~ mESCs. 3a/3b DKO, Dnmt3a/3b double KO
mESCs. (C) Western blot showing the expression of HA-CDCAY in stable clones generated in Zbtb247~ (Z4) mESCs. (D) Southern
blot analysis of the samples in (C) showing that expression of HA-CDCAY in Zbtb24™~ mESCs results in recovery of DNA methylation
at the minor satellite repeats. (E) Southern blot showing hypomethylation of minor satellite DNA in Zbtb24™~ CH12F3 cells. (F) Dot
blot showing comparable 5mC levels in WT and Zbtb24™~ CH12F3 cells. (G) Western blot showing expression of Flag-CDCA?7 in
Zbtb24™'~ CH12F3 cells. Both endogenous (Endo) and Flag-tagged CDCA? are indicated. (H) Southern blot showing that expression
of Flag-CDCAT7 in Zbtb24™'~ CH12F3 cells rescued DNA methylation at the minor satellite repeats. Relative protein levels in (C and G)
were quantified by densitometry using ImageJ, normalized against 3-actin.

together, these data suggest that the ZBTB24-CDCA?7 axis in the murine B lymphocyte cell line CH12F3 (Fig. S6) (at-

regulates the specificity of DNA methylation in mESCs. tempts to disrupt Cdca7 in CH12F3 cells failed to generate
To determine whether the results obtained in mESCs homozygous mutant lines, perhaps because Cdca7 is
could be extrapolated in lymphocytes, we disrupted Zbtb24 essential in these cells). Similar to the effects in mESCs,
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Figure 2. CDCAT7 is required for HELLS enrichment at minor satellite DNA. (A) ChIP-gPCR analysis showing that enrichment of
HELLS at minor satellite DNA is abolished in Cdca7’~ mESCs, significantly reduced in Zbtb24~ mESCs and CH12F3 cells, and
rescued in Zbtb24™"~ cells stably expressing CDCA7. F-CDCA?7, Flag-CDCA7. A Hells”~ mESC line was used as a negative control.
The clone numbers of mutant cell lines used are indicated in parentheses. For each sample, HELLS antibody and IgG were used for
ChlIP, and gPCR was performed with primers specific for minor satellite DNA or a region at the S-Actin locus. Shown is fold enrichment
(HELLS ChlIP over IgG ChlIP) for each sample (mean + SD from two independent experiments). The result of each mutant sample
was compared to that of the corresponding WT sample. *P < 0.05; **P < 0.01. (B) Proposed pathway through which the four known
ICF-associated genes are involved in the regulation of DNA methylation. ZBTB24 directly activates CDCA? transcription, and CDCA7
recruits the HELLS chromatin remodeling complex to centromeric heterochromatin to facilitate DNA methylation by DNMT3B and

perhaps other components of the DNA methylation machinery.

Zbtb24 deficiency in CH12F3 cells resulted in drastic
downregulation of CDCA7 (Cdca7 mRNA showed an ~90%
decrease and its protein product was hardly detectable)
(Fig. S6), DNA hypomethylation at the minor satellite repeats
(Fig. 1E), and no obvious effect on total 5mC level (Fig. 1F).
Loss of DNA methylation in Zbtb24™~ CH12F3 cells was
more severe than that in Zbtb24~'~ mESCs (compare Fig. 1D
and 1E). Indeed, methylation of minor satellite DNA in Zbt-
b247~ CH12F3 cells dropped to levels comparable to those
in Dnmt3a/3b double knockout (DKO) mESCs (Fig. 1E). The
variable effects of Zbtb24 deficiency in these two cell types
were possibly related to different levels of DNMTs and other
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DNA methylation regulators. Compared to mESCs, CH12F3
cells show lower levels of CDCA7, HELLS, DNMT3A and
DNMT3B and also express different DNMT3A and DNMT3B
isoforms (Fig. S6). To validate the role of CDCA7 as a
downstream effector of ZBTB24 in DNA methylation, we
expressed Flag-tagged CDCAT7 in Zbtb24™"~ CH12F3 cells
by lentiviral infection, obtaining clones with expression levels
that were either similar to or higher than endogenous
CDCAY level in WT CH12F3 cells (Fig. 1G). The methylation
levels of minor satellite DNA were largely or fully recovered
in these clones (Fig. 1H). Collectively, our results indicate
that the role of the ZBTB24-CDCA7 axis in modulating DNA
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methylation in specific genomic regions, including cen-
tromeric satellite repeats, is conserved in mESCs and
CH12F3 cells.

While the link between CDCA7 and DNA methylation
remains to be determined, recent work revealed that CDCA7
interacts with HELLS (Jenness et al., 2018; Unoki et al.,
2019). Given that Hells-deficient cells exhibit widespread
hypomethylation throughout the genome (Dennis et al.,
2001), whereas Zbtb24 or Cdca7 deficiency leads to
hypomethylation of centromeric satellite DNA without
affecting global DNA methylation, we tested the hypothesis
that CDCA7 regulates the specificity of the HELLS chro-
matin-remodeling complex. As shown by chromatin
immunoprecipitation (ChIP)-gPCR experiments, HELLS was
enriched at minor satellite DNA, and the enrichment was
abolished in Cdca7 '~ mESCs and significantly decreased in
Zbtb24™"~ mESCs and CH12F3 cells that could be restored
by ectopic expression of CDCA7. As a negative control, no
HELLS enrichment was detected at a region in the B-Actin
locus (Fig. 2A). ChIP failed to pull down minor satellite DNA
from a Hells-deficient mESC line, generated by CRISPR/
Cas9 gene editing (Fig. S7), thus validating the specificity of
the HELLS antibody in this assay (Fig. 2A). Our results
demonstrate that CDCA?7 is required for the recruitment of
HELLS to centromeric heterochromatin.

Loss of DNA methylation in specific genomic regions,
including centromeric satellite repeats, is believed to be a
primary defect that underlies other cellular and clinical fea-
tures of ICF syndrome, including centromeric instability and
antibody deficiency (Ehrlich et al., 2008). Therefore, eluci-
dating the mechanisms by which DNA methylation is dys-
regulated is critically important for understanding the
molecular pathophysiology of the disease. In this study, we
provide genetic evidence that ZBTB24 modulates methyla-
tion of minor satellite DNA in a CDCA7-dependent manner in
murine cells. We also show that CDCA7 is required for
HELLS enrichment at minor satellite DNA. These results
define a regulatory pathway for the specificity of DNA
methylation, whereby ZBTB24 induces the production of
CDCA7, which in turn recruits the HELLS chromatin
remodeling complex to special genomic regions, including
centromeric heterochromatin, to facilitate the accessibility of
the DNA methylation machinery (Fig. 2B). How CDCA7
recruits HELLS to centromeric satellite repeats in a specific
manner remains to be determined. All mutations identified in
ICF3 cases result in substitutions of conserved amino acids
in the CDCA7 C-terminal ZF domain containing four CXXC
motifs (Thijssen et al., 2015), and these substitutions do not
appear to affect CDCA7-HELLS interaction in our co-IP
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assays. It is tempting to speculate that the ZF domain of
CDCAY binds centromeric heterochromatin by recognizing a
specific genomic or chromatin feature.
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