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STRUCTURAL BIOLOGY

The ICF syndrome protein CDCA7 harbors a unique
DNA binding domain that recognizes a CpG dyad in the

context of a non-B DNA

Swanand Hardikar't, Ren Ren't, Zhengzhou Ying'+t#, Jujun Zhou't, John R. Horton',
Matthew D. Bramble', Bin Liu'?, Yue Lu', Bigang Liu’, Luis Della Coletta’, Jianjun Shen',
Jiameng Dan'§, Xing Zhang’, Xiaodong Cheng''**, Taiping Chen

CDCA7, encoding a protein with a carboxyl-terminal cysteine-rich domain (CRD), is mutated in immunodeficiency,
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centromeric instability, and facial anomalies (ICF) syndrome, a disease related to hypomethylation of juxtacentro-
meric satellite DNA. How CDCA?7 directs DNA methylation to juxtacentromeric regions is unknown. Here, we show
that the CDCA7 CRD adopts a unique zinc-binding structure that recognizes a CpG dyad in a non-B DNA formed
by two sequence motifs. CDCA7, but not ICF mutants, preferentially binds the non-B DNA with strand-specific CpG
hemi-methylation. The unmethylated sequence motif is highly enriched at centromeres of human chromosomes,
whereas the methylated motif is distributed throughout the genome. At S phase, CDCA7, but not ICF mutants, is
concentrated in constitutive heterochromatin foci, and the formation of such foci can be inhibited by exogenous
hemi-methylated non-B DNA bound by the CRD. Binding of the non-B DNA formed in juxtacentromeric regions
during DNA replication provides a mechanism by which CDCA7 controls the specificity of DNA methylation.

INTRODUCTION
The predominant conformation of DNA in cells is the canonical right-
handed B-form double-stranded helix. However, a variety of nonca-
nonical DNA conformations, such as hairpins, cruciforms, left-handed
double-helical Z-DNA, triple-stranded H-DNA, G-quadruplexes, and
RNA-like four-way junction, have also been recognized (1-8). Non-B-
form structures can affect DNA-dependent processes, including
transcription, replication, recombination, and repair, and have been
implicated in mutagenesis and genetic instability that are associated
with various diseases (1, 9, 10). Recent evidence suggests that non-B-
form DNA is particularly enriched at centromeres in eukaryotes
(11-13), which has led to the hypothesis that non-B DNA structures
contribute to centromere specification (11). Presumably, some of the
biological effects of non-B DNA conformations are mediated by pro-
teins that recognize and/or stabilize them. Numerous non-B DNA
binding proteins have been reported (14-16). However, the molecular
mechanisms by which these proteins interact with their corresponding
non-B DNA substrates, as well as the functional significance of most
such interactions, have not been well characterized.
Immunodeficiency, centromeric instability, and facial anomalies
(ICF) syndrome is a rare autosomal recessive disease characterized
by immunoglobulin deficiency, facial dysmorphism, intellectual
disability, developmental delay, and genomic instability involving
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the juxtacentromeric regions of chromosomes 1, 9, and 16, (17, 18).
These chromosomes have relatively large centromeric and pericen-
tromeric (hereafter peri/centromeric) regions. Patients with ICF
usually suffer from recurrent infections in early childhood (19-21).
Recent evidence suggests the involvement of enhanced CD19 activ-
ity in immunodeficiency in ICF syndrome (22).

A hallmark of ICF syndrome is hypomethylation of specific genomic
regions, most notably classical satellite repeats in peri/centromeric
regions (23). Four ICF-related genes have been identified—DNMT3B
(DNA methyltransferase 3B), ZBTB24 (zinc finger-and BTB domain—
containing 24), CDCA?7 (cell division cycle-associated 7), and HELLS
(helicase, lymphoid-specific, also known as lymphoid-specific heli-
case)—with cases carrying different gene mutations being designated,
respectively, as ICF1 (OMIM #242860, DNMT3B), ICF2 (OMIM
#614069, ZBTB24), ICF3 (OMIM #616910, CDCA?), ICF4 (OMIM
#616911, HELLS), and ICFX (unknown) (24-28). DNMT3B is a de
novo DNA methyltransferase that establishes DNA methylation pat-
terns during development (25). HELLS, a DNA helicase involved in
chromatin remodeling, regulates both de novo and maintenance DNA
methylation in an adenosine triphosphatase-dependent manner
(29-32). Recent studies suggest that ZBTB24 and CDCA?7 function up-
stream of HELLS in a molecular pathway that regulates DNA methylation.
Specifically, ZBTB24, a C2H2-zinc finger transcription factor, induces
CDCA?7 transcription, and CDCA7 recruits HELLS to centromeric sat-
ellite repeats, among other regions, to facilitate DNA methylation
(33-38). Thus, CDCAY plays a key role in determining the specificity of
the ZBTB24-CDCA7-HELLS axis in the regulation of DNA methylation.

CDCA?7 was identified as a c-Myc-responsive gene (39). It is pe-
riodically expressed in the cell cycle and reaches the highest level
between G; and S phase and has been implicated in transcriptional
regulation, tumorigenesis, and hematopoietic stem cell emergence
(40-45). However, the fundamental functions of CDCA7 remain
poorly understood. In addition to several small functional re-
gions, i.e., a leucine zipper motif, a c-Myc/14-3-3 interaction mo-
tif, and a nuclear localization signal, CDCA?7 harbors a C-terminal
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cysteine-rich domain (CRD) including four copies of CXXC motif
(28, 42). Of note, the identified ICF3 missense mutations in CDCA7
alter three residues in the CRD (28), highlighting the functional im-
portance of the domain. Previous studies have shown that ICF3 mu-
tations disrupt the recruitment of the CDCA7-HELLS complex to
chromatin (34, 37). Nevertheless, the precise role of the CDCA7
CRD and the chromatin component and feature being recognized
are unknown.

In this study, we provide structural and DNA binding data dem-
onstratingthatthe CDCA7 CRDadoptsauniquethree-zinc-containing
structure that binds a non-B-form DNA in a CpG-specific manner.
The three ICF3 missense mutations abolish binding by disrupting,
respectively, the interactions with a Zn**, a guanine of a CpG dinu-
cleotide, and a phosphate group of the DNA backbone. The non-B
DNA is formed by two sequence motifs. A 13-mer motif 1 is present
throughout the human genome, and an 11-mer motif 2 is highly
enriched in centromeric alpha satellite (aSat) repeats. Strand-specific
CpG methylation in the non-B DNA exhibits the opposite effects on
CDCA7 binding—positively regulated by motif 1 methylation and
negatively regulated by motif 2 methylation. We also show that wild-
type (WT), but not ICF3-mutant, CDCA?7 is concentrated in consti-
tutive heterochromatin foci during the S phase of the cell cycle. The
hemi-methylated non-B DNA preferentially bound by the CDCA7
CRD, when introduced in cells, can inhibit CDCA?7 foci formation
and induce hypomethylation of centromeric satellite DNA. We pro-
pose that CDCA?7 recruits HELLS and the DNA methylation ma-
chinery to centromeric regions by recognizing the non-B DNA
formed during DNA replication.

RESULTS

WT CDCA7, but not ICF3 mutants, is concentrated in
constitutive heterochromatin foci at S phase

Human (h) and mouse (m) CDCA7 are highly conserved, with
~97% sequence identity in the CRD, where the ICF3 missense muta-
tions are located (Fig. 1A). We previously showed that CDCA?7 re-
cruits HELLS to heterochromatin to facilitate DNA methylation of
the centromeric minor satellite repeats in mouse embryonic stem
cells (mESCs) (38). Mutagenesis and coimmunoprecipitation (Co-
IP) assays indicated that the leucine zipper motif is required for
CDCA?7 to interact with HELLS, whereas an ICF3 missense muta-
tion and even deletion of the entire CRD showed no effect on
CDCA7-HELLS interaction (fig. S1). Our results were consistent
with previous observation that ICF3 missense mutations do not af-
fect the formation of the CDCA7-HELLS complex but prevent the
recruitment of the complex to chromatin (34, 37).

To gain insights into the effect of ICF3 mutations on CDCA7
chromatin association, we examined CDCA7 cellular localization.
Immunofluorescence (IF) analysis revealed that hemagglutinin (HA)-
tagged WT mCDCA7 and the R285H (RH), G305V, and R315H mu-
tants (equivalent to the R274H, G294V, and R304H ICF3 mutants in
hCDCA7; Fig. 1A) alllocalized in the nuclei in transiently transfected
NIH3T3 cells (Fig. 1B). WT mCDCA?7 was highly enriched in consti-
tutive heterochromatin foci (pattern A)—marked by 4’,6-diamidino-
2-phenylindole (DAPI)-bright spots and histone H3 lysine 9 tri-
methyl (H3K9me3) signal—in a considerable fraction (~30%) of trans-
fected cells, although the majority (~70%) of cells showed no such
enrichment (pattern B). In contrast, the ICF3 mutant proteins failed
to be concentrated in heterochromatin foci and exhibited only the
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diffused pattern B (Fig. 1B, right). Similar results were obtained when
HA-tagged hCDCA?7 proteins were expressed in the human cervical
cancer cell line HeLa: concentration of WT hCDCA7, but not the
R274H ICF3 mutant, in constitutive heterochromatin foci (fig. S2).
We also established stable NIH3T3 cell lines expressing HA-
tagged mCDCA?7 or the RH mutant (Fig. 1C). In agreement with the
results of transient transfection (Fig. 1B), IF analysis of the stable
cell lines showed that WT mCDCA?7 exhibited both pattern A and
pattern B, accounting for ~30 and ~70% of the interphase cells, re-
spectively, but the RH mutant exhibited pattern B in all interphase
cells (Fig. 1C). During mitosis, both WT and mutant mCDCA?7 pro-
teins were present throughout the cells, excluding the chromosomes
(Fig. 1C, images on the right). The two stable cell lines (WT and RH
mutant) showed no difference in viability and proliferation, and
flow cytometry analysis revealed similar cell cycle profiles (Fig. 1D).
The presence of CDCA?7 nuclear foci only in a fraction of cells raises
the possibility of CDCA7 localization patterns being regulated during
the cell cycle. Thus, we first synchronized HA-mCDCA7-expressing
NIH3TS3 cells at the Go-G; phase by serum starvation [0.5% fetal bovine
serum (FBS)] for 48 hours, followed by culturing them in regular me-
dium (containing 10% FBS) for 6, 12, 16, and 20 hours, respectively. As
revealed by cell cycle analysis, almost all cells were arrested at Go-G;
phase initially (0-hour time point) and remained at Go-G; phase at the
6-hour time point, small fractions reached S (~15%) and G,-M (~4%)
phases at the 12-hour time point, substantially larger fractions were at S
(~43%) and G,-M (~19%) phases at the 16-hour time point, and most
cells apparently had entered the next G; phase at the 20-hour time point
(Fig. 1E). CDCAY7 nuclear foci (pattern A cells) were not observed at 0
and 6 hours but appeared in ~17, ~52, and ~29% of the cells at 12, 16,
and 20 hours, respectively (Fig. 1, F and G). We conclude that pattern A
cells are mostly at S phase, although the localization pattern may persist
to G; phase in some cells. Together, our results indicate that CDCA?7 is
enriched in constitutive heterochromatin during DNA replication and
that the ICF3 missense mutations in the CRD disrupt such enrichment.

The CDCA7 CRD binds a specific non-B DNA

Our finding suggests that determining how the CRD targets CDCA7
to constitutive heterochromatin is key to understanding the mecha-
nism by which the ZBTB24-CDCA7-HELLS axis specifically regulates
methylation of satellite DNA repeats in juxtacentromeric regions (38).
The CDCA7 CRD has been implicated in DNA binding (34). However,
electrophoretic mobility shift assay (EMSA) showed that the CDCA7
CRD failed to bind DNA sequences containing the repeating units of
several common satellite DNAs in the peri/centromeric regions of hu-
man and mouse genomes (fig. S3A).

One possibility is that the CDCA7 CRD recognizes a specific
DNA motif or structure that is present in heterochromatic regions
of both human and mouse cells. To explore the possibility, we per-
formed systematic evolution of ligands by exponential enrichment
(SELEX) (fig. S3B), a technique for identifying single-stranded (ss)
“aptamers” recognized by sequence-specific binding proteins (46).
By screening a library of 30-mer random ssDNA sequences using a
recombinant glutathione S-transferase (GST) fusion protein com-
prising mCDCA?7 CRD, we identified two highly similar sequences,
named Seq-1 and Seq-2 (Fig. 2A). EMSA verified the binding of
both sequences by the CRD of mCDCA7 and hCDCA?7 and the dis-
ruption of binding by ICF3 missense mutations (Fig. 2, B and C, F
probe = Seq-1; fig. $4, ss-2 = Seq-2). The binding was highly spe-
cific, as the CDCA7 CRD failed to bind the reverse complementary
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Fig. 1. CDCA7, but not ICF3 mutants, is concentrated in heterochromatic foci at S phase. (A) CDCA7 protein with the defined domains: a leucine zipper (LZ) motif, a
c-Myc/14-3-3 interaction motif, a nuclear localization signal (NLS), and a CRD that contains four CXXC motifs (highlighted in cyan). The amino acid sequences from the first
to fourth CXXC motifs in human (h) and mouse (m) CDCA7 are shown, with the Cys and His residues involved in zinc coordination being highlighted in cyan and num-
bered. The ICF3 missense mutations are indicated. (B) IF data showing that HA-tagged mCDCA?7 transiently expressed in NIH3T3 cells exhibits two nuclear localization
patterns, pattern A (enrichment in heterochromatin foci) and pattern B (no enrichment in heterochromatin foci), whereas ICF3 mutant proteins (RH, G305V, and R315H)
exhibit only pattern B. Shown are representative images (left) and percentages (right) of the two patterns. (C) IF data with stable expression of HA-tagged mCDCA7 or the
RH mutant in NIH3T3 cells. Shown are representative images (left) and percentages (right) of the two localization patterns. During mitosis, both WT and mutant mCDCA7
proteins are localized throughout the cell, excluding the chromosomes. (D) Flow cytometry analysis showing that NIH3T3 cells stably expressing WT or mutant mCDCA7
have similar cell cycle profiles. (E to G) Cell cycle synchronization experiments using serum starvation, which suggest mMCDCA7 enrichment in heterochromatin foci during
S phase. Shown are the cell cycle profiles (E), percentages of the two localization patterns (F), and representative images (G) at different time points. The quantification
datain (B, C, and F) represent means + SD from three experiments, with at least 100 interphase cells being counted each time. Statistical analysis was done using one-way
analysis of variance (ANOVA). **P < 0.01; **#P < 0.001. Pattern A cells in (C and G) are indicated by arrows.
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probe (R probe), a double-stranded DNA (dsDNA) probe (annealed
F/R probes) (Fig. 2B, also see fig. S81 below), an RNA probe with the
same sequence as F probe, and an RNA/DNA hybrid probe (an-
nealed RNA F probe and DNA R probe) (Fig. 2D). Pull-down and
enzyme-linked immunosorbent assay (ELISA) experiments verified
that HA-tagged full-length mCDCA?7, but not mnCDCA?7 containing
the RH mutant, binds a DNA probe similar to the F probe (fig. S3,
Cand D).

By testing different fragments in the 30-mer Seq-1, we deter-
mined that the 4 nucleotides (nt) at the beginning (5" end) and 1 nt
at the end (3’ end) are not required for binding by mCDCA7 CRD
(fig. S4, ss-3 to ss-13). The 25-mer CRD-binding sequences of Seq-1
and Seq-2 (Fig. 2E) contain two short dyad symmetries, a pair of
tetranucleotides (CGGT and ACCG) in the middle (highlighted in
red), and a pair of dinucleotides (GC and GC in Seq-1, TC and GA
in Seq-2) at the ends (highlighted in yellow). Two possible non-B

DNA structures could be formed: a hairpin by intra-strand base
pairing, with two stems (S1 and S2) and two bubbles (B1 and B2)
(Fig. 2F) or a more complex structure by inter-strand base pairing,
with two symmetric halves (Fig. 2G). Using dsDNA probes formed
by annealing single-stranded oligos, we found that both the hairpin
(Fig. 2F) and the more complex structure (Fig. 2G) can be bound by
mCDCA7 CRD (Fig. 2H). Binding of the non-B DNA was also veri-
fied with various other probes (fig. S4, ss-14, ss-15, and ss-18).
Extensive mutagenesis of the non-B DNA revealed the following
requirements for CDCA7 binding. First, stem S1 must have at least
2 base pairs (bp) immediately next to bubble B1, and the sequence is
not important (fig. S4, ss-6 to ss-13; fig. S6, ss-49 to ss-51, ss-121 to
ss-125). Second, the number of nucleotides that form bubble B1
(CCTGT and TTT) cannot be changed (fig. S5, ss-20 to ss-45; fig. S6,
$s-52 to ss-54, ss-118 to ss-120), and the TTT sequence is critical
(fig. S6, ss-109 to ss-117), but the CCTGT sequence can be CNNGT
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Fig. 2. The CDCA7 CRD binds a specific non-B DNA. (A) The two sequences, Seg-1 and Seq-2, identified by SELEX (identical bases indicated by *). (B to D) EMSA experi-
ments using GST fusion proteins consisting of the CRD of mCDCA7, hCDCA7, or CRD with ICF3 mutations. The probes used for EMSA were shown: ssDNA probes (F probe,
identical to Seg-1; R probe, reverse complementary to F probe), RNA probe (sequence identical to that of F probe), dsDNA probe (annealed F and R probes), and RNA/DNA
(R/D) hybrid probe (annealed RNA and DNA R probes). (E) The minimal CRD-binding sequence determined by mutagenesis (see fig. S4). (F and G) Possible non-B structures
formed by the CRD-binding sequence of Seq-1, through intra-strand (F) or inter-strand (G) base pairing. (H) EMSA data with ds probes formed by annealing ss oligos,
which showed that the non-B structures shown in (F) and (G) can both be bound by mCDCA7 CRD. Note that the ssDNAs (ss-1F, ss-1R, ss-2F, and ss-2R) used to form ds
probes are not bound by the CRD. (I) The basic structure bound by the CDCA7 CRD, as defined by mutagenesis results shown in figs. S4 to S6, and the two sequence motifs,
motif 1 and motif 2, that form the basic structure. N means any unpaired nucleotide, and X:Y means any base pair.
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(N means any nucleotide) (fig. S6, ss-55 to ss-69). Third, stem S2
must be 4 bp (fig. $4, ss-17; fig. S6, ss-70 to ss-81, ss-97 to ss-108),
and the C:G and G:C base pairs at positions 1 and 2 are essential,
whereas the base pairs at positions 3 and 4 can be formed by any
nucleotides (fig. S6, ss-126 to ss-137). Fourth, bubble B2 must have
at least 2 nt on each strand (fig. S5, ss-46 to ss-48), but the sequence
does not seem to be important (fig. S6, ss-82 to ss-96). Thermal sta-
bility analysis of various probes demonstrated that the non-B struc-
ture is stable, with the melting temperature (Ty,) ranging from 54° to
62° to 75°C, depending on the overall length, in comparison to that
of the B-DNA control (73°C) (fig. S7). While DNA binding was ex-
amined by EMSA, the binding affinities of some probes were mea-
sured by isothermal titration calorimetry (ITC) using the CRD of
mCDCD7 or hCDCA7, which generally confirmed the EMSA re-
sults (figs. S8 to S10). For example, ITC revealed the importance of
the triple-T element for CDCA?7 binding, with the middle T being
the most critical (fig. S8G).

In summary, the basic structure bound by the CDCA7 CRD is a
non-B-form DNA with a stem S1 of at least 2 bp (shown as X:Y and
Y:X, meaning any base pairs), a bubble Bl formed by CNNGT on
one strand and TTT on the other, and a 4-bp stem S2 containing an
essential CpG dyad, followed by a bubble B2 formed by at least two
mismatches (Fig. 2I). The two sequence elements that form the basic
non-B structure are referred to as motif 1 (5’-XYCNNGTCGXYNN-
3’) and motif 2 (5'-NNXYCGTTTXY-3’) with base pairs underlined
(Fig. 2I). Notably, these two motifs can exist on two separate DNA
strands (Fig. 2H, also see fig. S10 below), raising the possibility of
distant motifs coming together to form the non-B DNA structure.

Structural investigations

We used a set of oligonucleotides for co-crystallization trials, with a
length varying from 36 to 26 nt by reducing 1 nt at a time from both
ends. The 24 nt is a minimal length for mCDCA7 CRD to bind, as
further shortened 22 and 20 nt resulted in >20X and >70X reduced
binding affinity, respectively (Fig. 3A and fig. S8A). We determined
five structures of mCDCA?7 CRD in complex with 36 (in two differ-
ent crystallographic cell dimensions), 34, 32, and 26 nt in the resolu-
tion range of 2.6 to 1.6 A (fig. S11 and table S1). The protein-DNA
complexes were all crystallized in space group C2, with varied cell
dimensions of crystal lattices, containing either one or two protein-
ssDNA complexes per crystallographic asymmetric unit. In addi-
tion, we determined mCDCA7 or hCDCA7 CRD in complex with a
hemi-methylated CpG site in the context of 32 nt (see below). Thus,
we describe the structures of complex with the 32 nt determined at
1.9-A resolution. All 32 nt are clearly resolved in the electron
densities.

Non-B-form DNA

Instead of forming a hairpin structure, the two annealed single-
stranded oligos couple to each other and form a non-B DNA confor-
mation with two symmetric halves, and each half is bound by one
CDCA7 CRD (Fig. 3B). This implies that in the crystal, the protein
domain and ssDNA are in equal molar ratio. As expected, the non-B
DNA can be divided into four sections: a 6-bp stem S1, a bubble
formed by a 5-nt bulged loop of the top strand and a 3-nt triple T of
the bottom strand, a 4-bp stem S2, and two purine mismatches. The
6-bp stem S1 was coaxially stacked with the neighboring DNA mol-
ecule, forming a pseudo-continuous duplex between the two DNA
molecules throughout the crystal lattice (Fig. 3C). We numbered the
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DNA sequence as 1 to 13 for the top strand (motif 1) according to
the basic CRD-binding structure (Fig. 2I) and used subscribed T,
T, and T3 for the triple-T element of the bottom strand (motif 2)
(Fig. 3B).

The axes of the two stems, the 6-bp stem S1 and the 4-bp stem S2,
are in an L-shaped ~90° sharp turn (Fig. 3B). The base pairs in the
two stem regions obey the Watson-Crick hydrogen bonding (H-
bond) patterns (Fig. 3, D, E, and N to Q). The sharp turn of the helix
is mediated by the 5-nt bulged loop. The bulge contains an intra-
strand C3:G6 base pair (Fig. 3F), which perfectly stacks with the last
base pair of stem S1 (Fig. 3G). For the 2 nt between C3 and G6, C4
protrudes from the bulge (Fig. 3H) and T5 stacks on the other side
of the C3:G6 base pair (Fig. 3I). DNA binding assays revealed that
the C3:G6 base pair cannot be changed to the three other base pairs
(fig. S5, ss-138 to ss-140; fig. SOD), but the 2 nt (C4 and T5) between
C3 and G6 can be substituted with any nucleotides (fig. S6, ss-58
to ss-63).

The last nucleotide of the bulge, T7, is surrounded by two thy-
mine residues of the triple-T element of the opposite strand: stack-
ing with T (Fig. 3]) and making a single H-bond with T, (Fig. 3K).
The T7 and T, mismatched bases stack with the first base pair of
stem S2 (Fig. 3L). The last thymine residue, T3 of the triple-T ele-
ment, locates in the minor groove side of stem S2 and spans the first
two base pairs of the CGCT tetranucleotide sequence (Fig. 3M). A
single-nucleotide substitution at positions of T;, T, or T3 to cyto-
sine (T > C) led to a substantial reduction in binding affinity by
factors of 11.5%, 58X, or 11X, respectively (fig. S8G). This reduction
can be attributed to the alteration in H-bond potential, which oc-
curs because of the switch in H-bond donor and acceptor roles
along the Watson-Crick edge between the N3 and O4 atoms of thy-
mine and the N3 and N4 atoms of cytosine (fig. S8G).

After the 4-bp stem S2 (Fig. 3, N to Q), the first purine mismatch
at position 12 forms a noncanonical base pair via two hydrogen bonds
(Fig. 3R). Like A:T base pair having two H-bonds, the G:A mismatch
has the same thermal stability (47). The second purine mismatch has
their separate ways, with one (A13) staying stacked with the neigh-
boring bases and the other (G13) flipping out and stacking with the
side chain of Trp*** (Fig. 3S). Subsequently, the inter-strand sugar-
sugar distance decreased to 3.8 A from that of ~10.5 A in the stem
B-DNA. In addition, divalent metal ions (Mg*" used in the crystalli-
zation) bind between the phosphate groups of close apposition of
DNA strands as well as bridge between two unpaired bases (fig. S12,
A to C). The C2’ atoms of deoxyribose rings, particularly those in the
non-base paired regions (Bl and B2), are in van der Waals contacts
with other bases or protein side chains (fig. S12, D to F), suggesting
that relief from the steric repulsion of the ribose 2'-OH group in RNA
can allow non-B DNA to fold on its own and/or interact with CDCA?7.

Three-zinc-containing DNA binding domain

Unlike any other DNA binding domains, the CDCA7 CRD adopts a
“cross-braced” topology of three Zn**-coordinating residues by 11 cys-
teines and one histidine (Fig. 4, A and B; the Zn**-coordinating resi-
dues are highlighted and labeled in Fig. 1A). The first zinc ion (Zn1)
is coordinated by two CXXC motifs, Cp5;HQC;s4 and CszpsGPCsy;.
His*®, immediately following Cys**', points to the opposite direction
and forms a second set of zinc coordination (Zn2) with Cj3X-
C340XXC343. The third zinc ion (Zn3) is organized by Cp9sXXXXCso
and C33;XXCs34. The three sets of zinc coordination residues are in-
terconnected: His*®* connects Znl and Zn2, the three-residue linker
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Fig. 3. The CDCA7-bound DNA adopts a non-B-form conformation. (A) Summary of DNA sequences used for ITC binding measurements and structural information
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quence. The subscribed Ty, T, and Ts are used for the triple-T element of the bottom strand. The 6-bp stem S1, the 4-bp stem S2, bulged region, and 3T are labeled and
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continuous duplex between the two DNA stems. (D) G1:C1 base pair. (E) C2:G2 base pair. (F and G) An intra-strand C3 and G6 base pair (F), which stacks with the last base
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two symmetric halves of the crystalized complexes. Two pairs of deoxyribose C4” atom of G13 and the O3’ atom of G13 from the opposite strand are in close contact. The

DNA omit electron density was contoured at 3¢ above the mean.

between Cys™* and Cys™® links Zn3 to Zn2, and Gly’® is part of the
linker between Cys300 (for Zn3) and Cy3308 (for Znl). Gly305 , an ICF3
mutated residue, sits right next to Zn3, with an interatomic distance of
4.5 A (Fig. 4C). The substitution of Gly3 %5 with valine (G305V) would
result in repulsion and disruption of Zn3 binding. The cross-braced
three-zinc coordination folds the CDCA7 CRD into a globular domain
with five short helices and two short strands (Fig. 4D). The unique zinc
coordination by CDCA?7 differs from the three-zinc-ion-coordinating
histone-binding ADD domain in ATRX and DNMT3 family members
(fig. S13).

DNA base-specific recognition

The triple-T element and the tetranucleotide stem S2 provide most
of the functionally important interactions with CDCA7. We made
the following observations. First, the N3 atom of T, along the
Watson-Crick edge makes an H-bond with Ser®®®, which in turn in-
teracts with the phosphate group between T5 and G6 of the opposite
strand (Fig. 4E). Second, GIn** spans two neighboring stacking
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bases, T, and the Gua of the C:G base pair at position 8 (Fig. 4F).
Like T}, the GIn**®-mediated interaction with T, is via the N3 atom
of the Watson-Crick edge (Fig. 4G), and T, > C substitution reduced
the binding by a factor of 58x (fig. S8G). Third, the CpG dinucleo-
tides of stem S2 have the most extensive interactions in both the ma-
jor and minor grooves. On the major groove side, the C:G base pair
at position 8 has GIn?*® interaction with the O6 atom of Gua and the
main chain carbonyl oxygen atom of Cys*** interaction with the N4
atom of Cyt (Fig. 4H). We note that the side chain of GIn**® has satu-
rated potential of its ability to form H-bonds: its amide nitrogen
atom and carbonyl oxygen atom each having two H-bonds. On the
minor groove side, T; of the triple-T element provides an H-bond
with the N2 atom of Gua (G8). Fourth, the G:C base pair at position
9 has Arg”® on the major groove side, forming the bident H-bonds
with the Gua (via the guanidinium group) and an H-bond with the
04 atom of Cyt (via the main chain carbonyl oxygen) (Fig. 41). The
Arg-Gua interaction is common in specific Gua recognition, but it
is unique to have an Arg residue (involving both side-chain and
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Fig. 4. mCDCA7-DNA interactions. (A) Cross-brace topology of three Zn binding. Bold residues involved in chelating Zn and DNA binding are underlined. (B) Three zinc
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sequence and its numbering are shown again. (E) Ser?® interacts with Tq.(F) GIn?% bridges with T, and G8. (G) GIn*® interacts with T,. (H) The main chain carbonyl oxygen

of Cys®* and GIn%® interact with C:G base pair at DNA position 8. (I) Arg®®®

interacts with G:C base pair at DNA position 9 via both side chain and main chain atoms. T3

provides two additional H-bonds with G9 at the DNA minor groove. (J) Water-mediated interactions with C:G base pair at position 10. (K) Water-mediated interactions with

T:A base pair at position 11. (L) A purine mismatch at DNA position 12. (M) Trp>'

interact with two neighboring DNA phosphate groups.

main-chain atoms) interaction with both bases of a G:C base pair
(fig. S12, G to I). The ICF3 mutation of Arg285 -to-His or -Cys (RH/C)
would certainly disrupt the Gua recognition. On the minor groove
side, T3 provides two additional H-bonds with the N2 and N3 atoms
of Gua (G9). Emphasizing these interactions is the fact that the next
two base pairs of stem S2, C:G at position 10 and T:A at position 11,
as well as the purine mismatch at position 12, do not conduct direct
interactions with CDCA?7, instead forming extensive water-mediated
interactions (particularly C:G at position 10) (Fig. 4, J to L). Last,
Trp>' forms an aromatic stack interaction with the extra helical Gua
at position 13 as well as an H-bond with the associated phosphate
group (Fig. 4M). As shown by the DNA binding assays, an intra-
strand C3:G6 base pair of the bulged loop cannot be altered by the
three other base pairs. We observed a water-mediated interaction
between G6 and Arg®®, which also stacks with T, (fig. S12D).

In addition to the base-specific interactions, CDCA7 contacts 10
phosphate groups, including Arg®" interaction with the phosphate
group between G6 and T7 and Arg”* interaction with the phosphate
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stacks with G13 and forms an H-bond with the phosphate group. (N) Arg

315 344

and Arg

group between T7 and C8 (Fig. 4N). The two long side-chain confor-
mations of arginine residues are further stabilized by Asn**® (Fig. 4N),
enhancing the Arg-DNA phosphate contacts. The ICF3 mutation of
R315H, the substitution of Arg®" by a shorter His side chain, would
be disruptive for DNA binding. In summary, CDCA7 residues associ-
ated with Zn1 binding, Cys™*-Arg’*-QIn**, Arg’"> between Znl
and Zn2 binding, and Zn3-associated Arg>** provide the most func-
tionally important interactions in recognizing the DNA bases of the
CpG dinucleotides as well as DNA phosphate backbone.

One of the two motifs that form the non-B DNA is highly
enriched at the centromeres of human chromosomes

The basic non-B DNA structure bound by the CDCA7 CRD is
formedby two sequence motifs:a 13-mermotif1 (5’-XYCNNGTCGX
YNN-3') and an 11-mer motif 2 (5'-NNXYCGTTTXY-3') (Fig. 2I).
The two motifs that form the structure do not necessarily need to be
continuous or adjacent to each other and, indeed, can exist in two
separate DNA strands (Fig. 2H and fig. $10). Thus, we searched the
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two motifs in the complete human genome assembly T2T-CHM13v2.0
(48, 49), including the recently assembled Y chromosome (50). Mo-
tif 1 was distributed throughout the genome, with modest enrich-
ment toward one or both ends of some chromosomes. Motif 2,
notably, showed a prominent peak on each chromosome at the cen-
tromere, as evidenced by centromere protein A (CENP-A) occupa-
tion (Fig. 5 and fig. S14). Human centromeres are defined by oSat,
an AT-rich repeat family composed of ~171-bp monomers, which
can occur either as large arrays of higher-order repeats (HORs) or
stretches of divergent monomers (49, 51). Annotations of satellite
repeats (49, 50) confirmed that the centromeric peaks were present
in aSat, mostly in active HORs (Fig. 5 and fig. S14), where kineto-
chore proteins bind (52, 53). The CGTTT sequence of motif 2,

which provides most of the functionally important interactions with
CDCA7 (Fig. 4), is present in many aSat sequences deposited in
GenBank. Motif 1 was depleted at motif 2 peaks at centromeres
(Fig. 5 and fig. S14), perhaps due to the highly biased sequence
of the aSat.

In addition to dramatic centromeric enrichment, broad peaks of
motif 2 were observed in the pericentromeric regions of chr 1, 15,
and, less abundantly, chr 16 (Fig. 5, A, C, and D). They were present
in HSat2 (chr 1 and 16) and HSat3 (chr 15), respectively (Fig. 5, A,
C, and D). The broad motif 2 peaks on chr 1 and 15, like centro-
meric peaks, were accompanied by motif 1 depletion (Fig. 5, A and
C), whereas motifs 1 and 2 were both slightly enriched in the peri-
centromeric region of chr 16 (Fig. 5D). A notable exception is HSat3
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Fig. 5. Motif 2 of the non-B DNA is highly enriched at centromeres of human chromosomes. Motifs 1 and 2 that form the non-B DNA (see Fig. 2I) were searched in the
T2T_CHM13v2.0 human genome assembly. Shown are the results of chr 1 (A), chr 9 (B), chr 15 (C), and chr 16 (D). The results of other chromosomes are shown in fig. S14.
Top: chromosome-wide views of motifs 1 and 2 counts (blue). Highlighted in light green are the peri/centromeric regions. X axis, chromosome locations (Mb); y axis on
the left, motif 1 or 2 counts; y axis on the right, CENP-A ChIP signal (orange, x10%). Middle: 5x expansion of the peri/centromeric regions of the motif 2 panel (the y axis is
not proportionally magnified). Bottom: CenSat annotations of satellite types in peri/centromeric regions.
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in the pericentromeric region of chr 9, which is frequently hypo-
methylated in ICF syndrome (23), showed depletion of motif 2
(Fig. 5B).

The five acrocentric chromosomes (chr 13, 14, 15, 21, and 22)
formed a unique group in that each had a major peak of both motifs
1 and 2—with motif 1 being more abundant—at the same location
in the pericentromeric region, which coincides with ribosomal
DNA (rDNA) repeats (Fig. 5C and fig. S14, K, L, Q, and R, indicated
by red arrows). Chr 14 and 22 each had an additional peak of motifs
1 and 2 at the very end of the p arm, present in satellite DNA anno-
tated as “other satellite” (fig. S14, L and R, indicated by blue arrows).
Analysis of the colocalized motifs 1 and 2 peaks on the acrocentric
chromosomes revealed considerable numbers of paired motifs
(table S2), suggesting abundant opportunities for neighboring mo-
tifs 1 and 2 to form the non-B DNA structure in these regions.

On chr Y, both motifs 1 and 2 showed similar distribution pat-
terns—one major peak at the very end of the p arm (indicated by blue
arrows in fig. S14T), two major peaks in the pericentromeric region
(indicated by red arrows), and many peaks in the large heterochro-
matic q12 region—with motif 2 being consistently more abundant
than motif 1. Satellite annotations revealed that they were present in
gamma satellite (ySat) (p-arm end), other satellite (pericentromeric
region), and HSat3 (q12 region), respectively (fig. S14T).

Examination of the 4-bp stem S2 in peri/centromeric regions re-
vealed chromosome-specific sequence preferences. For example,
chr 14 and 16 strongly prefer CGCT and CGAT, respectively, in mo-
tif 1 (table S3), and most chromosomes prefer CCCG, TCCG, and
TTCG in motif 2 (table S4). We note that the CCCGTTT sequence
of motif 2 is identical to part of the 17-bp CENP-B box (CTTC-
GTTGGAAACGGGA) in aSat (54).

Strand-specific CpG methylation in the non-B DNA has
opposite effects on CDCA7 binding

Stem S2 of the non-B DNA contains a CpG dyad that is essential for
CDCA?7 binding (Figs. 2I and 4H and I). Thus, we assessed the
effects of CpG methylation. By annealing two single-stranded oligos
with or without methylated cytosine (depicted as M), we generated
probes that were unmethylated, fully methylated (on both strands), or
hemi-methylated on either the forward strand (motif 1-containing
Hemi-F) or reverse strand (motif 2-containing Hemi-R) (Fig. 6A). As
revealed by EMSA, the mCDCA?7 CRD failed to bind the fully meth-
ylated and Hemi-R probes but showed stronger binding to the Hemi-
F probe, compared to the unmethylated probe (Fig. 6A).

To confirm the effects of methylation, we performed ITC using
mCDCA7 CRD. The binding affinity of Hemi-F [dissociation con-
stant (Kp) 1.6 to 2 nM] was higher than that of the unmethylated
probe (Kp 9 nM) at the condition of 150 mM NaCl, whereas the
binding affinity of Hemi-R (>0.5 pM) decreased by >300-fold com-
pared to the Hemi-F probe, and the fully methylated probe failed to
be bound (Fig. 6B). To further verify the results, we measured the
binding affinities under increased ionic strengths (150 to 450 mM
NaCl). While the binding affinities of the unmethylated probe de-
creased with increases in ionic strengths (Kp went from 9 nM at 150 mM
NaCl to 170 nM at 450 mM NaCl), the binding affinities of the
Hemi-F probe remained unchanged (Kp 2 to 7 nM under the con-
centrations tested) (Fig. 6C and fig. S8E).

Next, we determined the structures of the CRD of mCDCA?7 and
hCDCA?7, respectively, in complex with hemi-methylated DNA in
the context of 32 nt (table S1). Structural data indicated that the
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methyl group of 5-methylcytosine (5mC) at base pair position 8
(Hemi-F) is accommodated by forming a van der Waals contact and
a weak C—HeeeO type H-bond (3.5 A) with the main-chain car-
bonyl oxygen of GIn**’ (Fig. 6D). In addition, the methyl group of
5mC makes a van der Waals contact with Arg*®, which interacts
with the neighboring Gua of the same DNA strand (Fig. 6E). We
also modeled 5mC onto the cytosine of the opposite strand at the
next G:C base pair (Fig. 6F). The methyl group is placed as close as
2.3 A to the main-chain carbonyl oxygen of Arg™®, which is likely to
cause steric obstruction with Arg®® in this conformation, perhaps
explaining the substantial inhibition of binding to cytosine methyla-
tion at base pair position 9 (Hemi-R).

The C-terminal 36 residues of CDCA7 contributes to high
affinity DNA binding

In our study, we observed that the structure extends only up to
Arg’* in mCDCA7 and Arg™> in hCDCA?7 despite our intention to
express the complete C terminus (mouse residues 241 to 382; hu-
man residues 235 to 371). The absence of the final 36 residues at the
C terminus could be due to structural disorder or degradation dur-
ing the purification of the recombinant proteins. Notably, we ob-
served two distinct protein bands during the purification process
(fig. S15A). Initially, our focus was on the shorter band, hCDCA7(S).
However, by implementing a modified protein purification protocol
and using protease inhibitors, we successfully isolated the longer
form of hCDCA?7, which we have designated as hCDCA7(L).

We repeated the binding assays using EMSA with a non-B DNA
composed of two separate strands (fig. S15B). Under conditions of
20 nM DNA probe and 150 mM NaCl, we noted strong binding of
hCDCA7(L) with the Hemi-F and unmethylated DNA probes, fol-
lowed by Hemi-R and fully methylated DNA. This observation aligns
with our findings using the shorter form of hCDCAG6(S) (Fig. 6B).

We further investigated the binding of fully complementary
dsDNA by hCDCA7(L). As anticipated, there was no detectable binding
to either unmethylated or fully methylated DNA probes. However,
unexpectedly, h\CDCA7(L) exhibited binding to the hemi-methylated
top strand and a much weaker binding to the hemi-methylated bot-
tom strand (fig. S15C), although the binding affinities were signifi-
cantly lower than those to the corresponding non-B DNA probes
(fig. S15, compare B and C). These results suggest that hCDCA7(L)
has a higher affinity compared to the short form and that its binding
is dependent on both the DNA structure (non-B versus B-DNA) and
CpG methylation status. Specifically, the order of binding affinity for
hCDCAZ7(L) is as follows: non-B hemi-F > non-B DNA > non-B
hemi-R > B-DNA hemi F > B-DNA hemi-R.

Hemi-F, but not Hemi-R, inhibits CDCA7 foci formation and
induces hypomethylation of centromeric satellite DNA
Collectively, our findings suggest that the CDCA7 CRD would pref-
erentially bind a specific non-B DNA with stem S2 being hemi-
methylated on the forward strand (motif 1), which perhaps
contributes to CDCA?7 enrichment in constitutive heterochromatin.
We asked whether exogenous Hemi-F would affect CDCA7 foci for-
mation. Different amounts of the Hemi-F, Hemi-R, or unmethylated
probe (Fig. 6A) were transfected into NIH3T3 cells stably express-
ing HA-mCDCA?7 (Fig. 1C). IF analysis at 48 hours after transfec-
tion revealed that Hemi-F, but not Hemi-R or unmethylated probe,
inhibited the enrichment of mCDCA?7 in heterochromatin foci (pat-
tern A) in a dose-dependent manner (Fig. 7, A and B).
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the non-B DNA is enhanced by methylation of the forward strand of stem S2 (hemi-F

A model of 5mC at G:C position 9
(based on PDB 8TLJ)

CDCA?7 binding. (A) EMSA data showing that mCDCA7 CRD-mediated binding of
probe) but inhibited by methylation of the reverse strand (hemi-R probe) or both

strands (fully methylated probe). Methylated cytosine (M) is shown in blue. Note that the ss oligos, before annealing, failed to be bound (right). (B) ITC assays with similar
probes, which confirm that mCDCA7 CRD binds the hemi-F probe with higher affinity (Kp = 1.6 to 2.0 nM) compared to that of the unmethylated probe (Kp = 9 nM) but
binds hemi-R weakly and does not bind the fully methylated probe. The mean and error estimate of Kp was derived from individual curve fitting. (C) ITC assays with in-
creased salt concentrations, which show that the binding affinity of the unmethylated probe decreases with increasing concentrations of NaCl, whereas the binding af-
finity of the hemi-F probe is not affected by as high as 450 mM NaCl. (D) Structure of mCDCA?7 in complex with methylated cytosine at position 8 (hemi-F). The methyl

group is recognized by the main chain carbonyl oxygen of GIn?%3,

model of cytosine methylation at position 9 (hemi-R) resulting in repulsion with Arg

We previously showed that disruption of Cdca” in mESCs results
in substantial hypomethylation of the minor satellite repeats in cen-
tromeric regions (38) (Fig. 7C). Thus, we assessed the effects of Hemi-
F and Hemi-R on DNA methylation by repeatedly transfecting the
probes (once every other day) into WT mESCs. As shown in Fig. 7D,
Hemi-E but not Hemi-R, induced detectable loss of methylation at
the minor satellite repeats after two times of transfection (day 4) and
more obvious hypomethylation after three times of transfection
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(E) A methyl-Arg-Gua triad involving the neighboring 5mC and Gua of the same DNA strand. (F) A
285

(day 6). These results support the idea that CRD-mediated recognition
of hemi-methylated non-B DNA formed at centromeres contributes
to the specificity of CDCA?7 in regulating DNA methylation.

HA-mCDCA?7 ChIP-seq analysis reveals enrichment of motif
1-containing reads among unmapped reads

To identify genomic sequences that CDCA7 binds to, we performed
chromatin immunoprecipitation sequencing (ChIP-seq). Facing the
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challenge of not having a ChIP-grade antibody for CDCA?7, we opt-
ed to introduce HA-tagged WT mCDCA7 or the RH mutant into
Cdca7”'~ mESCs (38) (the decision to use murine cells was made
before the release of the completed human genome assembly). To
avoid the complications of overexpression, we selected stable clones
(two per genotype: WT-4 and WT-9, RH-5 and RH-10) that exhib-
ited expression levels of mMCDCA7 comparable to those of endoge-
nous mCDCA?7 in WT mESCs (fig. S16A) for ChIP analysis using
an HA antibody. This method has been successfully applied in our
previous work to uncover a specific ZBTB24-binding motif, estab-
lishing CDCA? as a direct target gene of ZBTB24 (36).

For each sample, we generated approximately 35 to 60 million
reads. Model-based analysis of ChIP-seq (MACS2) (55) revealed ei-
ther no peaks or only a small number of peaks, a result that was
somewhat unexpected but consistent with the notion that CDCA7
predominantly binds to sequences within peri/centromeric satellite
repeats. The ChIP-seq libraries were sequenced in a 50-bp single-
read run. Many reads containing CDCA7-binding sites were too
short to be mapped to unique locations in repetitive regions. Sig-
nificant fractions of reads with motif 1 (CNNGTCGXY) or motif 2
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(XYCGTTT) were either unmapped or multimapped (fig. S16B).
We noticed that motif 1-containing reads were enriched among un-
mapped reads in WT, but not RH, ChIP samples, compared to their
input (fig. S16B, red arrows). Analyzing reads with individual motif
1s revealed that most of the 256 (4N X 4N x 4X X 4Y) instances were
enriched in WT ChIP samples. However, a few high-count motif 1
sequences (e.g., CAAGTCGTC, CAAGTCGTA, and CACGTCGTA)
showed no enrichment or high percentages of reads in input sam-
ples, skewing the data (fig. S17). On average, motif 1-containing
reads were enriched ~12.6-fold among unmapped reads (Fig. 8A).
Grouping motif 1s by different XY combinations on stem S2 showed
substantial enrichment, ~7 to 24-fold, among unmapped reads in all
groups (Fig. 8B). The enrichment was specific, as the RH mutant
showed reduced binding, and reads with “motif 1 control sequences”
showed no enrichment (Fig. 8, A and B). These results suggest that
mCDCA?7 binds motif 1 in murine cells.

It is unclear why motif 2-containing reads were not enriched in
the ChIP-seq dataset (Fig. 8A and fig. S16B). The high percentages
of motif 2-containing reads among multimapped and unmapped
reads in input samples (fig. S16B) might have partially “masked” the
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Fig. 8. ChIP-seq analysis reveals binding of motif 1 by mCDCA7. (A) Fold enrichment [means + 1.96 X SE; 95% Cl (confidence interval)] of reads containing all the 256
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enrichment. In addition, the transient and cell cycle-dependent
binding of CDCA7 to the non-B DNA structure may mean that
standard ChIP protocols are not optimal for capturing all bind-
ing events.

DISCUSSION
Repetitive sequences, which are prone to giving rise to non-B DNA
(56), are major components of eukaryotic genomes, making up, for
instance, over 50% of the human genome (48-50). Thus, the poten-
tial of genomic DNA to form non-B structures is enormous. Despite
decades of investigations, the biological effects of non-B-form DNA,
as well as the molecular mechanisms involved, are not well charac-
terized. In this study, we demonstrate that the CDCA7 CRD forms a
special DNA binding domain that recognizes a CpG-containing
non-B DNA, providing a plausible explanation for the functional
specificity of CDCA7 in the regulation of DNA methylation and
shedding light on the pathogenesis of ICF syndrome. Unlike two
other known methyl-CpG binding domains—the SET and RING-
associated (SRA) domain of UHRFI, which binds specifically hemi-
methylated CpG (57), and the methyl-CpG-binding domain (MBD)
of MeCP2, which binds fully methylated CpG (58)—the CRD of
CDCAY7 preferentially binds strand-specific hemi-methylated CpG
in the context of a non-B DNA. Furthermore, the SRA domain uses
base flipping for binding an extra-helical 5mC in an aromatic cage,
whereas the MBD and the CDCA7 CRD bind the intra-helical 5mC
using an arginine residue in a methyl-Arg-Gua triad (Fig. 6E).
Hypomethylation of satellite repeats, most notably HSat2 on chr 1
and 16, HSat3 on chr 9, and aSat in centromeric regions (23), is con-
sidered the primary defect in ICF syndrome, which presumably
underlies other cellular and clinical features, such as centromeric in-
stability and antibody deficiency. Thus, elucidating the roles of ICF-
related genes—DNMT3B, ZBTB24, CDCA7, and HELLS—in the
regulation of DNA methylation is fundamentally important for un-
derstanding the pathophysiology of the disease. Previous studies sug-
gest that CDCA?7, by recruiting HELLS to heterochromatin, is a key
player that controls DNA methylation at satellite repeats (34, 37, 38).
However, little is known about how CDCA?7 specifically recruits
HELLS to heterochromatin. On the basis of our findings, we propose
that CRD-mediated binding of the CpG-containing non-B DNA con-
fers CDCA?7 the specificity to regulate DNA methylation. First, the
CDCA7 CRD binds the non-B DNA in a highly specific manner and
the identified ICF3 missense mutations—all in the CRD—disrupt the
binding. Second, the peri/centromeric regions in human cells have
great potential to form the specific non-B DNA. Bioinformatic analy-
sis of the two sequence motifs in the complete human genome assem-
bly (48-50) revealed that, while motif 1 is distributed (more or less
evenly) throughout the genome, motif 2 is highly enriched in centro-
meric aSat of all chromosomes and is also abundant in HSat2 in the
pericentromeric regions of chr 1 and 16, two of the chromosomes
most frequently affected in ICF syndrome (Fig. 5 and fig. S14). In-
triguingly, some motif 2s are present in the 17-bp CENP-B box (54).
In vitro evidence suggests that CpG methylation in the CENP-B box
inhibits CENP-B binding (59). It would be interesting to determine
the possible interplay between CDCA?7 and CENP-B in aSat methyla-
tion, as well as centromere formation and functions. Third, ChIP-seq
analysis suggests that mCDCA?7 binds motif 1 in mESCs. Fourth, WT
CDCA?7, but not ICF3 mutants, is concentrated in constitutive hetero-
chromatin foci during DNA replication, when negative supercoiling
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and ssDNA are created, both favoring the formation of non-B DNA
structures (56). Given that the sequences of satellite DNA repeats are
not conserved in the mouse and human genomes and, yet, CDCA7
foci were detected in both mouse and human cells (Fig. 1 and fig. S2),
we speculate that the sequence motifs that form the non-B DNA are
also abundant in heterochromatin regions in the mouse genome. As
an example, we found that a 23-nt sequence on mouse chr 3 could be
bound by mCDCA?7 CRD in vitro (fig. S8F). However, the distribu-
tion of the two motifs in peri/centromeric regions in the mouse ge-
nome remains to be determined, as many repetitive sequences have
yet to be assembled. Last, when introduced in cells, a hemi-methylated
non-B DNA (Hemi-F) that is preferentially bound by the CRD can
inhibit the formation of CDCA?7 foci and induce hypomethylation of
centromeric satellite repeats, whereas a similar non-B DNA (Hemi-R)
that cannot be bound by CDCA?7 shows no effects (Fig. 7). The results
support the notion that CRD-mediated binding of the specific hemi-
methylated non-B DNA contributes to the concentration of CDCA7
in constitutive heterochromatin during DNA replication.

Our observation that CDCA7 CRD-mediated binding of the
non-B DNA is differentially affected by strand-specific asymmetric
CpG methylation (Fig. 6) provides insights into the mechanism in-
volved in methylation of peri/centromeric satellite repeats. On the
basis of our results, CDCA7 would preferentially bind the non-B
DNA structure formed with methylated motif 1 and unmethylated
motif 2. One scenario is that, during DNA replication, when motif
1, from neighboring and/or distant genomic regions, and motif 2
form the non-B DNA structure, the motif-1 CpG methylation marks
(on parental strands) would serve as templates for the methylation
of motif 2 (on newly synthesized daughter strands) in peri/centro-
meric regions. We envisage two related roles for CDCA7: i) tempo-
rarily stabilizing the non-B structure; and ii) recruiting HELLS to
peri/centromeric regions, where it performs chromatin remodeling
and/or recruits components of the DNA methylation machinery to
facilitate DNA methylation (29-32). As fully methylated non-B
DNA would disrupt the binding by CDCA?7, the 5mC templates in
motif 1 and the methylation machinery could be propagated to
neighboring motif 2s. Conceivably, the methylation marks deposit-
ed in motif 2s may also spread to neighboring CpG sites, further
contributing to the efficiency in methylating satellite repeats. This
proliferated process would be severely compromised in ICF syn-
drome because of DNMT3B inactivation (in ICF1), inhibition of
CDCA7 expression (in ICF2 due to ZBTB24 mutations), alterations
in the CDCA7 CRD (in ICF3), or disruption of HELLS (in ICF4).
While our results can explain the loss of methylation in most peri/
centromeric satellite repeats in ICF syndrome, it is worth noting
that motifs 1 and 2 are not enriched in HSat3 on chr 9 (Fig. 5B),
which is also hypomethylated in ICF syndrome, albeit to a lesser
extent compared to other satellite repeats (23). Given that different
types of ICF syndrome show both common and distinct changes in
DNA methylation patterns (23, 60, 61), it is possible that different
mechanisms are involved in methylating different regions.

MATERIALS AND METHODS

Plasmid constructs

The HA-mCDCA?7 construct was described previously (38). The
HA-hCDCA?7 and HA-mHELLS constructs were generated by cloning
synthesized human CDCA7 cDNA (accession: NP_665809.1) and
polymerase chain reaction (PCR)-amplified mouse Hells cDNA
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(Accession: NM_008234.3), respectively, into the pCAG-HA-IRESBlast
vector (62). The green fluorescent protein (GFP)-mCDCA?7 construct
was generated by cloning mouse Cdca7 ¢cDNA into the pEGFP-CI
vector (Clontech). The GST-mCDCA7 CRD (pXC2025) and GST-
hCDCA?7 CRD (pXC2205) constructs were generated by cloning the
corresponding CRD fragments (mouse: residues 241 to 382; human:
residues 235 to 371) into the pGEX-6P-1 vector (Amersham). Muta-
tions and deletions in mCDCA7 or hCDCA7 were introduced by
PCR-based mutagenesis. The primers used and the synthesized human
CDCA?7 cDNA are listed in table S5. All constructs were verified by
DNA sequencing.

Cell culture, transfection, and generation of stable cell lines
NIH3T3, HeLa and human embryonic kidney (HEK) 293 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 2 mM L-glutamine (Gibco), penicillin (50 U/ml),
and streptomycin (50 pg/ml). WT and Cdca7~ /=71 mESCs (38) were
maintained on gelatin-coated petri dishes in serum-containing me-
dium [DMEM supplemented with 15% FBS, 0.1 mM nonessential
amino acids, 0.1 mM p-mercaptoethanol, penicillin (50 U/ml),
streptomycin (50 pg/ml), and leukemia inhibitory factor (10° U/
ml)]. Transfection was performed using Lipofectamine 2000 (Invit-
rogen). Stable NIH3T3 cell lines expressing HA-tagged mCDCA7
or the RH mutant were generated by transfecting the correspond-
ing construct, followed by 7 days of selection with Blasticidin S
HCI (Gibco).

Co-IP and IF

Co-IP and IF were performed as described previously (63). To map
the CDCA7 domain that mediates the interaction with HELLS, HA-
mHELLS, and GFP-mCDCA?7 proteins (full-length, the R315H mu-
tation, and the ALZ and ACRD deletions) were coexpressed in
HEK293 cells, the cell lysates were immunoprecipitated with GFP
antibody (Abcam, ab1218), and the precipitated proteins were im-
munoblotted with HA antibody [Cell Signaling Technology (CST),
#3724]. The localization patterns of WT and mutant mCDCA?7 and
hCDCA7 were determined by IF analysis of NIH3T3 and HeLa
cells, respectively, that expressed HA-tagged CDCA?7 proteins. Con-
stitutive heterochromatin foci were marked by DAPI-bright spots
and/or stained with H3K9me3 antibody (CST, #13969). Statistical
analysis of CDCA?7 localization patterns was done using one-way
analysis of variance (ANOVA).

Cell synchronization and cell cycle analysis

To assess CDCA7 localization patterns during the cell cycle, NI-
H3T3 cells stably expressing HA-mCDCA7 were synchronized as
described previously (64). Briefly, cells were first arrested at the Go-
G; phase by culturing them in DMEM medium with 0.5% FBS for
48 hours, then 10% FBS was added to induce the cells to reenter the
cell cycle, and, at different time points (6 to 20 hours) following se-
rum induction, some cells were stained with propidium iodide for
cell cycle analysis by flow cytometry and other cells were analyzed
for CDCA?7 localization by IF with HA antibody.

DNA methylation analysis

Methylation of minor satellite DNA in mESCs was analyzed by Southern
blotting after digestion of genomic DNA with the methylation-
sensitive enzyme Hpall, as described previously (65, 66).
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GST-CDCA7 CRD protein expression and purification
Recombinant GST fusion proteins were expressed and purified as
described previously (36). Plasmids expressing mCDCA?7 or hCD-
CA7 CRD fragments were transformed into Escherichia coli strain
BL21-codon-plus (DE3)-RIL. Bacteria were grown in LB broth at
37°C until the log phase [optical density at 600 nm (ODgqo) = 0.4 to
0.5], when the temperature was lowered to 16°C and 25 pM ZnCl,
was added. When ODggp reached 0.8, 0.2 mM isopropylthio-f-
galactoside was added, followed by continuing growth for 20 hours
at 16°C. Cells were lysed by sonication in lysis buffer [20 mM tris-
HCI(pH7.5),250 mM NaCl, 5% glycerol, 0.5 mM tris (2-carboxyethl)
phosphine (TCEP), and 25 pM ZnCl,]. The lysate was further treat-
ed with polyethylenimine solution (Sigma-Aldrich), added drop-
by-drop into the lysate to a final concentration of 0.3% (v/v) while
stirring on an ice bath. After removal of the debris by centrifugation,
the supernatant was loaded onto a 5-ml GSTrap column (GE Health-
care). The resin was washed by lysis buffer, and the bound protein
was eluted in 100 mM tris-HCl (pH 8.0), 250 mM NaCl, 5% glycerol,
0.5 mM TCEP, and 20 mM glutathione (reduced form). For SELEX
and EMSA, the GST-CRD fusion proteins were used.

Protein purification was further carried out at 4°C through a
multi-column chromatography protocol for ITC and crystallogra-
phy. The GST tag was removed by digestion with PreScission prote-
ase (produced in-house). The cleaved proteins were dialyzed in a
buffer consisting of 20 mM Hepes (pH 7.0), 0.1 M NaCl, 0.5% glyc-
erol, and 0.5 mM TCEP and then loaded onto columns of HiTrap Q
HP (5 ml) and HiTrap Heparin HP (5 ml) (GE Healthcare) con-
nected in tandem. After washing with the same buffer, the Q column
was disconnected, and the target protein was eluted from the Hepa-
rin column by 0.1 to 1 M NaCl gradient. For each protein, the peak
fractions eluted from the Heparin column were pooled and loaded
onto a second GSTrap column, from which the flow-through was
collected, concentrated, and loaded onto a HiLoad 16/60 Superdex
S200 column (GE Healthcare) equilibrated with 20 mM tris-HCI
(pH 7.5), 150 mM NacCl, 5% glycerol, and 0.5 mM TCEP. The pro-
tein fractions were pooled, concentrated, and stored at —80°C be-
fore use. We observed that purifying the protein without protease
inhibitors resulted in a degraded, shorter form of hCDCA7, referred
to as hCDCA7(S).

To prevent degradation, cells were lysed via sonication in a lysis
buffer that was fortified with 0.1 M phenylmethylsulfonyl fluoride
and Pierce protease inhibitor tablets. The supernatant obtained
from centrifuging the cell lysates was then loaded onto a 5-ml
GSTrap column (GE Healthcare). Following this, the eluted GST-
fusion protein was cleaved using PreScission protease. The protein
was further purified using a tandem column setup, which included
both HiTrap Q HP (5 ml) and HiTrap Heparin HP (5 ml) columns
(GE Healthcare). Elution from the HiTrap Q column was achieved
using a gradient ranging from 0.1 to 1 M NaCl. Subsequently, a sub-
tract GSTrap column was used to remove residual GST and any un-
cleaved fusion protein. The flow-through, containing hCDCA7(L),
underwent further purification via a sizing exclusion column, as
previously described.

Systematic evolution of ligands by exponential enrichment

To identify potential DNA sequences recognized by the CDCA7
CRD, SELEX was performed according to the originally reported
procedures (67, 68), with modifications. GST-mCRD conjugated on
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glutathione Sepharose 4B beads and a synthetic ssDNA library
(Thermo Fisher Scientific, NC1108024) of random 30-mer sequenc-
es flanked by 23 nt at each end (5-TAG GGA AGA GAA GGA CAT
ATG AT-3' and 5-TTG ACT AGT ACA TGA CCA CTT GA-3')
were incubated in binding buffer [50 mM tris-HCI (pH 7.4), 150 mM
NaCl, bovine serum albumin (BSA, 0.1 mg/ml), 3 mM dithioth-
reitol (DTT), 20 pM ZnSO4, and salmon sperm DNA (5 pg/ml)]
for 1 hour at room temperature (RT). The beads were washed with
binding buffer for three times, and bound ssDNA was eluted in wa-
ter by boiling for 5 min, followed by snap cooling on ice for 3 min.
The DNA was extracted by phenol/chloroform (25:24) and used as
the template for PCR amplification—with primers complementary
to the 23-nt flanking sequences (see table S5)—to obtain the ssDNA
pool for the next round of selection. The PCR products were ex-
tracted by phenol/chloroform (25:24), heated at 95°C for 5 min,
and then snap-cooled on ice. To minimize nonspecific binding of
DNA species, we applied the counter-selection step using GST-
mCRD:RH mutant before GST-mCRD was used in each cycle. Af-
ter six rounds of selection, the PCR products were subcloned into
the pCR2.1-TOPO TA cloning vector (Thermo Fisher Scientific,
#450641), and 30 clones were sequenced.

Electrophoretic mobility shift assay

GST-CRD fusion proteins (20 nM) were incubated with DNA
probes (10 nM) in binding buffer [2.5% glycerol, 1 mM MgCl,, 0.5 mM
EDTA, 0.5 mM DTT, BSA (0.1 mg/ml), 20 pM ZnSOy, 50 mM
NaCl, and 10 mM tris-HCI (pH7.5)] for 30 min at RT. Then, the
samples were subjected to electrophoresis through 5% native poly-
acrylamide gel in 0.5X tris-borate-EDTA (TBE) buffer and imaged
with 9410 Typhoon variable mode imager (GE Healthcare).

In a separate experimental setup, we investigated the interaction
between DNA and the two forms of hCDCA?7, namely hCDCA7(L)
and hCDCA7(S). For this purpose, 20 nM of DNA was incubated
with a series of twofold dilutions of the hCDCA7 protein, starting at
a concentration of 320 nM. This incubation took place in a buffer
containing 150 mM NaCl, 20 mM tris-HCI at pH 7.5, 1 mM DTT,
10% glycerol, and 0.05% NP-40, and was conducted on ice for 30 min.
Following the incubation, the samples were subjected to electro-
phoresis using an 8% native polyacrylamide gel. The electropho-
resis was run at a constant voltage of 150 V in an ice-cold 0.5xX TBE
buffer, and this process lasted for 40 min. After electrophoresis, the
gel was stained using Sytox Green nucleic acid stain (catalog no.:
§7020) at a 1:20,000 dilution in water. This staining procedure was
carried out at RT for 10 min. The gel was imaged using a 9410 Ty-
phoon variable mode imager (GE Healthcare) on the Cy2 channel to
visualize the results.

Isothermal titration calorimetry

The ITC experiments were performed on a Microcal PEAQ-ITC in-
strument (Malvern) at 25°C. The protein was diluted to 40 to 50 pM
and dialyzed in a buffer consisting of 20 mM tris-HCI (pH 7.5) and
150 mM NaCl. In some cases, 5% glycerol and 0.5 mM TCEP were
included in the buffer. Then, 150 pl of protein sample was loaded
into syringe. DNA was diluted to 5 pM using the same buffer, and
300 pl of DNA sample was loaded into the sample cell. The titration
protocol was the same for all the measurements, which was com-
posed of a single initial injection of 0.2 pl of protein, followed by 19
injections of 2 pl protein into DNA samples, the intervals between
injections was set to 300 s and a reference power is 8 pical s . Curve
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fitting to a single-site binding model was performed by Mico-
Cal PEAQ-ITC.

DNA binding by pull-down and ELISA

To demonstrate binding of the non-B DNA by full-length CDCA?7,
we performed pull-down and ELISA experiments using biotinylated
DNA and HA-tagged full-length mCDCA?7 or the RH mutant stably
expressed in NIH3T3 cells. The cells were lysed (4 X 10° cells/ml) in
lysis buffer [50 mM tris HCI (pH 7.5), 150 mM NaCl, 0.1% NP-40,
5mM EDTA, 5 mM EGTA, and 15 mM MgCl,] containing protease
inhibitor cocktail, sonicated, and, after centrifugation, the superna-
tants were collected.

Pull-down experiments were performed by incubating cell ly-
sates (2 hour at 4°C) either with biotinylated DNA probes that had
been preconjugated to streptavidin agarose beads (Millipore, #16-
126) (method 1) or with unconjugated biotinylated DNA probes,
followed by incubation (1 hour at 4°C) with streptavidin agarose
beads (method 2). The beads were washed three times with lysis buf-
fer, and the pulled-down proteins were immunoblotted with HA
antibody (CST, #3724).

ELISA was performed in the following steps, with three times of
washing with tris-buffered saline containing 0.05% v/v Tween-20
(TBST) after each step: i) coating 96-well ELISA plate wells with
neutravidin [10 mg/liter in phosphate-buffered saline (PBS), 100 pl
per well, 1 hour at RT]; ii) coating the same wells with biotinylated
DNA (10 mg/liter in PBS, 100 pl per well, 1 hour at RT); iii) incubat-
ing with cell lysates (100 pl per well, 2 hour at RT); iv) blocking with
blocking buffer (1% BSA in TBST, 100 pl per well, 1 hour at RT); v)
incubating with mouse monoclonal HA antibody (Abclonal, AE00S,
1:3000 in blocking buffer, 100 pl per well, overnight at 4°C); vi) in-
cubating with horseradish peroxidase-conjugated goat anti-mouse
IgG (SouthernBiotech, #1030-05, 1:5,000 in blocking buffer, 100 pl
per well, 1 hour at RT); and vii) adding 1-Step Ultra TMB-ELISA
substrate solutions (Thermo Fisher Scientific, #34028, 100 pl per
well) and, after 30 min in the dark at RT, stopping the reactions with
ELISA stop solution (Thermo Fisher Scientific, SS03, 100 ul per
well) and measuring absorbance at 450 nm using a microplate read-
er (BioTek Synergy H1).

Thermal stability assay

The stability of the non-B structure was tested by a thermal stability
assay. In brief, various non-B DNA probes, as well as ssDNA and
dsDNA (B DNA) controls, were mixed with iTaq Universal SYBR
Green Supermix (Bio-Rad, #1725120, 10 pl 2X Supermix +10 pl
DNA at 1 pM) at RT. The reactions were incubated in a thermal cy-
cler at temperatures ranging from 25° to 95°C, with 0.5°C incre-
ments (5 s at each temperature), and fluorescence was monitored.
The melting temperature (Ty,) of each probe was determined on the
basis of the melt curve.

Crystallography

The protein-DNA complex was prepared by mixing the purified
mCDCA7 CRD (residues 244 to 382) with the 36-mer, 34-mer,
32-mer, 26-mer, or 32-mer 5mC oligonucleotides [annealed in 10 mM
tris-HCI (pH 7.5), 50 mM NaCl] in a 1:1.2 ratio following by 1 hour
incubation on ice. An Art Robbins Gryphon Crystallization Robot
was used to set up screens of the sitting drop of 0.4 pl at ~19°C via
vapor diffusion. The complex crystal with 36-mer oligonucleotides
[Protein Data Bank (PDB) 8TLE and 8TLF] were obtained under
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the condition of 0.2 M MgCl,, 0.1 M tris-HCI (pH 8.5), and 25%
polyethylene glycol (PEG) 3350. The complex crystal with 34-mer
(PDB 8TLG) or 32-mer (PDB 8TLH) oligonucleotides were grown
under the condition of 0.1 M MgCl,, 0.1 M tris-HCI (pH 8.5), and
25% PEG3350. The complex crystal with 26-mer oligonucleotides
(PDB 8TLL) were obtained under the condition of 0.1 M MgCl,,
0.1 M tris-HCI (pH 8.5), and 23% PEG3350. The complex crystal with
32-mer 5mC oligonucleotides (PDB 8TL]J) were obtained under the
condition of 0.1 M MgCl,, 0.1 M bis-tris (pH 6.2), and 25%
PGE3350. The complex crystal of hCDCA7 CRD with 32-mer 5mC
oligonucleotides (PDB 8TLK) were grown under the condition of
0.2 M MgCl,, 0.1 M bis-tris (pH 6.0), and 25% PEG3350.

Crystals were flash frozen using 20% (v/v) ethylene glycol as the
cryoprotectant. Resulting crystallographic datasets were processed
with HKL2000 (69). Two scaled files were output with one file com-
bining Bijvoet pairs and the other keeping them separate. The dataset
for the first structure (PDB 8TLE) was examined for single-wavelength
anomalous dispersion phasing using the PHENIX Xtriage module,
which reported severe anisotropy but also a good anomalous signal
to ~4 A. The PHENIX AutoSol module (70) readily found three zinc
atom positions to give an interpretable map with initial figure of mer-
it of 0.31 and gave a density-modified map with an R-factor of 0.42
(table S1). The initial electron density showed recognizable molecu-
lar features of the p strands and a helices and DNA bases and back-
bone. Reinserting the zinc positions into AutoSol and using the full
resolution of the dataset gave a better map allowing for our initial
model build. This resulting structure was used for molecular replace-
ment in the PHENIX PHASER module (71) for the other structures.
All structure refinements were performed by PHENIX Refine (72),
with 5% randomly chosen reflections for validation by R-free values.
Manual (re)building with COOT (73) was conducted carefully be-
tween refinement cycles. Structure quality was analyzed during
PHENIX refinements and validated by the PDB validation server
(74). Molecular graphics were generated using open-source PyMOL
(http://pymol.org/pymol).

Chromatin immunoprecipitation sequencing

To identify genome-wide CDCA?7-binding sites, ChIP-seq analysis
was performed with HA antibody using Cdca7~~ mESCs reconsti-
tuted with HA-tagged WT mCDCA?7 or the RH mutant (two bio-
logical replicates per genotype). For each sample, ~5 million mESCs
were used for ChIP. ChIP-seq libraries were constructed using a
KAPA HyperPrep kit (Roche) and sequenced in a 50-bp single-read
run on Illumina HiSeq2500 instrument (Illumina).

ChIP and input fastq files were processed using Trim Galore! (ver-
sion 0.4.1) (https://github.com/FelixKrueger/TrimGalore/issues/25)
and cutadapt (version 1.6) (75) to remove low-quality reads and trim
IMumina adapter sequences. Reads mapping to Phix, Mycoplasma,
and human (hg38) genomes were then excluded from analysis to
eliminate potential contamination. The Phix sequence was download-
ed from Illumina iGenomes (https://support.illumina.com/sequencing/
sequencing_software/igenome.html), and sequences of diverse
Mycoplasma species were obtained from the NCBI genome database
(https://ncbi.nlm.nih.gov/datasets/genome/). The remaining reads
were mapped to the mouse genome mm10 and divided into mm10-
mapped, mm10-multimapped, and mm10-unmapped read sets. All
the mappings were done using Bowtie (version 1.1.2) (76) with the
following parameters: “-v 2 -m 1 --best --strata”. Uniquely mapped
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reads, after deduplication, were used for peak calling with MACS2
(version V2.1.1.20160309) (55).

We compared the enrichment of motif 1 (CNNGTCGXY, with
256 possible instances due to the 4 possible nucleotides at positions
N, X, and Y) and motif 2 (XYCGTT'T, with 16 possible instances due
to the 4 possible nucleotides at positions X and Y) in WT versus
RH. In addition, we compared motif 1 against control sequences
where the CG dinucleotide critical for CDCA?7 binding was replaced
by non-CG dinucleotides, resulting in 2304 possible instances (256
multiplied by 9 possible dinucleotide replacements). Motif 1 and
motif 2, as well as motif 1 control sequences, were mapped to the
read groups (mapped, multimapped, and unmapped) for each sam-
ple. The percentage of reads containing a motif/control sequence in
the corresponding read group was calculated. ChIP/input ratios
were then determined as the percentage ratios, and mean values
were found for the various sets of sequences indicated in Fig. 8 and
fig. S16. The Wilcoxon rank sum test (one-sided) was used to calcu-
late P values. The ChIP-seq data have been deposited in the GEO
database (accession number: GSE255395; token: sfobuieyznivzkp).

Bioinformatics analysis of motifs 1 and 2 in the

human genome

The CENP-A ChIP-seq dataset (SRR766736) was downloaded from
the GenBank Short Read Archive. T2T centromere/satellite (CenSat)
data (chm13v2.0_censat_v2.0.bed) were accessed from the Telomere-
to-Telomere (T2T) Consortium CHMI13 project site (https://github.
com/marbl/CHM13). Motifs 1 and 2 sequences and the CENP-A
ChIP sequences were aligned to the T2T genome (T2T-CHM13v2.0),
and the aligned counts on both strands were binned at 100 kb to gen-
erate the coverage plots showing chromosome-wide motif alignments
and CENP-A ChIP fragment alignments. The CenSat annotation map
was produced using the CenSat bed file and assigning the color of the
annotation to each 25-kb bin region across the peri/centromere re-
gions, except for chr Y where the bins spanned the entire chromosome.

Supplementary Materials
The PDF file includes:

Figs.S1to S17

Tables S1and S5

Legends for tables S2 to S4

Other Supplementary Material for this manuscript includes the following:
Tables S2 to S4
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