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Abstract

The Zinc finger and SCAN domain containing 4 (ZSCAN4) protein, expressed transiently in pluripotent stem cells, gametes, and early embryos,
extends telomeres, enhances genome stability, and improves karyotypes in mouse embryonic stem (mES) cells. To gain insights into the mech-
anism of ZSCAN4 function, we identified genome-wide binding sites of endogenous ZSCAN4 protein using ChlP-seq technology in mouse and
human ES cells, where the expression of endogenous ZSCAN4 was induced by treating cells with retinoic acids or by overexpressing DUX4. We
revealed that both mouse and human ZSCAN4 bind to the TGCACAC motif located in CA/TG microsatellite repeats, which are known to form
unstable left-handed duplexes called Z-DNA that can induce double-strand DNA breaks and mutations. These ZSCAN4 binding sites are mostly
located in intergenic and intronic regions of the genomes. By generating ZSCAN4 knockout in human ES cells, we showed that ZSCAN4 does
not seem to be involved in transcriptional regulation. We also found that ectopic expression of mouse ZSCAN4 enhances the suppression of
chromatin at ZSCAN4-binding sites. These results together suggest that some of the ZSCAN4 functions are mediated by binding to the error

prone regions in mouse and human genomes.

Key words: ZSCAN4, genome stability, CA/TG microsatellite, mouse ES cells, human ES cells

1. Introduction

Zinc finger and SCAN domain containing 4 (Zscan4 for
mouse, ZSCAN4 for human gene symbols) gene expres-
sion was originally observed in two-cell embryos but can
also be detected in 1-5% of mouse embryonic stem (mES)
cells.! The mouse genome contains six expressed genes
(Zscan4a—Zscandf, also referred to as the Zscan4 gene or
mZscan4 gene and ZSCAN4 protein or mZSCAN4 protein
as a group in this paper) and three pseudogenes (Zscan4-ps1—
Zscan4-ps3), whereas the human genome contains only one
gene (ZSCANH4, also referred to as the hZSCAN4 gene and
hZSCAN4 protein in this paper to distinguish from mZscan4
gene mZSCAN4 protein).! In mES cells, mZSCAN4 expres-
sion is transient and reversible, resulting in 1-5% ZSCAN4(+)
cells and ZSCAN4(-) cells at a given time.> Both normal
and ectopic expression of mZSCAN4 decreases spontan-
eous sister chromatic exchange (SCE) but increases telomere
SCE, thereby extending telomeres in mES cells.? As elevated
SCE indicates genome instability, the suppression of SCE by

mZSCAN4 suggests that ZSCAN4 enhances genome sta-
bility.” Furthermore, ectopic mZSCAN4 expression protects
mES cells from DNA-damaging agents, such as mitomycin C.?
However, the mechanism by which mZSCAN4 contributes to
genome stability and protection is not fully understood.

The regulation of mZscan4 is associated with global
chromatin changes.** It is, fittingly, upregulated by histone
deacetylase inhibitor treatment,’ the deletion of Trim28 (aka
Kap1) chromatin repressor,® histone demethylase Kdmla
(aka Lsd1),” and chromatin assembly factor Caf-1."° Both
mZSCAN4 and hZSCAN4 are also induced by mouse DUX
and human DUX4, known for global transcriptional acti-
vation, including genes in heterochromatin regions'' and as
the causative gene for facioscapulohumeral muscular dys-
trophy.'>* mZSCAN4 expression is accompanied by hetero-
chromatin decondensation, gene activation, and activation
of retrotransposons that are selectively transcribed in mouse
two-cell embryos.®%!5 While the chromatins are in a highly
active state, ZSCAN4 forms a complex with select chromatin
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repressors, including TRIM28, LSD1, and HDAC1,%!¢ sug-
gesting that mZSCAN4 enhances genome stability through
repressing chromatin. However, it is not clear whether these
mZSCAN4 and hZSCAN4 functions are mediated through
direct binding to DNA, ZSCAN#4’s association with other
proteins involved in chromatin regulation, or both.

The evidence for direct binding of hZSCAN4 to DNA
and binding motifs have been presented for the hZSCAN4
by the systematic evolution of ligands by exponential enrich-
ment (SELEX).'” However, chromatin immunoprecipitation
sequencing (ChIP-Seq) studies have not been performed for
hZSCAN4, and therefore, hZSCAN4 binding sites on the
human genome are not known. On the other hand, ChIP-Seq
has been performed for the mZSCAN4 on mouse genomic
DNA.'$-2° These ChIP-Seq studies for mZSCAN4 used a pep-
tide tag such as FLAG to do ChIP-seq to search for binding
sequences, which requires the expression of a tag-fused
mZSCAN4 protein.'$2° Although it is a common practice to
use a tag-fused protein to do ChIP-seq, it is highly inform-
ative to perform ChIP-seq using an antibody against a protein
itself so that the binding sites of endogenous protein can be
detected. Interestingly, one study that analysed endogenous
mZSCAN4 binding sites also revealed that mZSCAN4 pro-
tects the genome from DNA damage in mouse two-cell em-
bryos by binding to subsets of CA/TG microsatellites.?

In this study, we performed ChIP-seq analyses of en-
dogenous mZSCAN4 using an antibody against mZSCAN4.
Furthermore, we also performed ChIP-seq analyses of en-
dogenous hZSCAN4 using antibodies against hZSCAN4.
To this end, we raised antibodies against hZSCAN4. One
of the challenges was that the endogenous mZSCAN4 and
hZSCAN4 are not constitutively expressed, and thus, we in-
duced the expression of ZSCAN4 by treating cells with ret-
inoic acid (RA)s in mES cells or by the overexpression of
DUX4 in human embryonic stem (hES) cells. We revealed that
mZSCAN4 and hZSCAN4 commonly bind to the TGCACAC
motif enriched in CA/TG microsatellites.

2. Materials and methods

2.1. Culture of mES cells and mouse embryonic
fibroblast

MC1 mES cells (129S6/SvEv)*' were cultured on gelatine-
coated feeder-free plates in DMEM (Gibco) with 15% fetal
bovine serum (FBS) (Atlanta Biologicals), 1,000 U/ml leu-
kemia inhibitory factor (ESGRO, Chemicon), 1 mM so-
dium pyruvate, 0.1 mM non-essential amino acids, 2 mM
GlutaMAX, 0.1 mM beta-mercaptoethanol, and penicillin/
streptomycin (50 U/50 pg/ml). The medium was changed
daily, and cells were routinely split every 2-3 days. To in-
crease mZSCAN4 positive cells, all-trans-RA was added to
the medium at a final concentration of 1 uM. Mouse embry-
onic fibroblast (MEF) cells were cultured in DMEM (Gibco)
with 15% FBS (Atlanta Biologicals), 1 mM sodium pyru-
vate, 0.1 mM non-essential amino acids, 2 mM GlutaMAX,
0.1 mM beta-mercaptoethanol, and penicillin/streptomycin
(50 U/50 pg/ml).

2.2. hES cell culture

SEES3 hES cells?> were obtained from the Center for
Regenerative Medicine, National Research Institute for
Child Health and Development, Japan. The cells were cul-
tured in StemFit AK-02 medium (Ajinomoto) on iMatrix-511

ZSCAN4 binding sites in mouse and human genome

(Nippi)-coated plates. The medium was changed daily, and
cells were routinely split every 4-5 days. ES cells were trans-
fected with synthetic mRNA encoding DUX4, as previ-
ously described, >’ to induce hZSCAN4 expression. Briefly,
DUX4 ¢cDNA!" was subcloned into a plasmid containing a
T7 promoter. DUX4 mRNA was synthesized following a
previously described in vitro transcription protocol.¢ The
synthesized RNA was then transfected with Lipofectamine
MessengerMAX (Invitrogen) according to the instructions.

2.3. Generation of hZSCAN4-Emerald knock-in hES
cells

The targeting vector was designed to replace exon 3-5 of the
hZSCAN4 genomic locus with Emerald-green-fluorescent-
protein (Emerald)-polyA followed by a neomycin-resistant
(Neo) gene cassette. Targeting arms of 1,295 bp (5') and
1,210 bp (3") fragments to the hZSCAN4 gene were gener-
ated by PCR from hES cell genomic DNA and directionally
cloned in pKOII plasmid, flanking a pGK-Neo-polyA and a
DT-A cassette. The homologous recombinant cells were iso-
lated using hES cells after transfection of the targeting vector
together with CRISPR/Cas9 pX330-U6-Chimeric_BB-CBh-
hSpCas9 vector (Addgene #42230) encoding specific guide
RNA which directs 5'-cacagtcagttagagttgtc -3' at 3' down-
stream of exon 3 of the hZSCAN4 genomic locus. The
G418-resistant hES clones were screened for homologous re-
combination in the hZSCAN4 locus by PCR using primers,
hZ4-Wt-15257F  (5'-gattcagggagtacatgtgcatgtttg-3')  and
hZscan4-EM-R  (5'-cagctectegeecttgetcaccat-3') for 5'-arm
(2036 bp); and hZscan4-Neo-F (5'-ACGGTATCGCCGCTC
CCGATTCGC-3') and hZscan4-21853R (5'-ttgttcctcageagg
taaagtgce-3') for 3'-arm (1755 bp). The hZSCAN4-Emerald
knock-in allele was verified to be heterozygous by Southern
blotting after HindIII digestion using 5' probe.

2.4. Generation of hZSCAN4-knockout hES cells

In the hZSCAN4-Emerald knock-in ES cells, one allele of
hZSCAN4 is replaced by Emerald, and the other allele is
intact. To target the intact allele, the hZSCAN4-Emerald
knock-in hES cells were transfected with CRISPR/Cas9
pX330-U6-Chimeric_BB-CBh-hSpCas9 vector encoding spe-
cific guide RNA, which directs 5'-gaaccatccgagaataatct-3'
at 31 bp downstream from the start codon sequence (ATG)
of the hZSCAN4 genomic locus. Fourteen colonies were
picked and screened for indel mutations, which resulted in
frameshifts leading to premature stop codons. PCR amplifi-
cation and Sanger sequencing analysis were performed using
primers, hZSCAN4-genomic-s2 (5'-gaagtgctgacctcagtaac-3')
and hZSCAN4-genomic-a2 (5'-cagccatgagtgaaagatcc-3').

Deletion of the protein was confirmed by immunostaining
using a specific antibody, as shown in Fig. 6.

2.5. Generation of hZSCAN4 antibodies

The cDNA fragment encoding hZSCAN4 (a.a.1-432) protein
was inserted in-frame into pET19b plasmid (Novagen), and
the hZSCAN4 protein was produced in the Escherichia coli
strain BL21-CodonPlus (DE3). His-tagged recombinant
proteins were solubilized in a denaturing buffer (6 M HCI-
Guanidine, 20 mM Tris—HCI [pH 7.5]) from the inclusion
body and purified by Ni-NTA (QIAGEN) under denaturing
conditions. After dialysing against phosphate-buffered saline
(PBS), the purified protein was used to immunize mice, rats,
and rabbits. The polyclonal antibodies were affinity-purified
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from the immunized crude serum with immobilized antigen
on CNBr-activated Sepharose (GE Healthcare).

2.6. ChlIP-seq for mZSCAN4 and hZSCAN4

ChIP experiments were performed with minor modifica-
tions according to a previously established protocol.?” Cells
were cross-linked with 2 mM disuccinimidyl glutarate in
PBS/1 mM MgCl, for 40 min at room temperature, followed
by 1% formaldehyde in PBS for 15 min at room tempera-
ture. The reaction was stopped by 125 mM glycine. The
cells were washed with PBS and stored at —80°C prior to
use. The cells were lysed in lysis buffer (10 mM Tris—=HCI,
pHS8.0, 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 0.1%
Na-Deoxycholate, 0.5% N-lauroyl sarcosine) containing pro-
teinase inhibitor cocktail (Roche). Sonication was conducted
with the Handy Sonic UR-21P (Tomy) to generate DNA
fragments of approximately 150-450 bp. The sonicated lys-
ates from approximately 2 x 10° cells were diluted in ChIP
dilution buffer (10 mM HEPES, pH 7.4, 50 mM NaCl, 1%
IGEPAL-CA-630, 10% glycerol) containing proteinase in-
hibitor cocktail and incubated overnight at 4°C with 50 pl of
protein G magnetic beads (Invitrogen) that were preincubated
with ~2 pg of mZSCAN4 and hZSCAN4 antibodies. The
precipitants were washed once with high salt wash buffer
(20 mM Tris—HCI, pH 8.0, 400 mM NaCl, 2 mM EDTA,
0.1% SDS, 0.2% Triton-X), three times with LiCl wash buffer
(10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 250 mM LiCl, 1%
NP40, 1% Na-deoxycholate), and once with 10 mM Tris—
HCI, pH 8.0, 5 mM EDTA, 10 mM NaCl. Bound chromatin
was eluted in elution buffer (90 mM NaHCO,, 1% SDS), fol-
lowed by RNase treatment at 37°C for 30 min and cross-link
reversal with a decross-linking mixture (2 M NaCl, 0.1 M
EDTA, 0.4 M Tris-HCI, pH 6.8) containing proteinase K
at 65°C for 3 h. DNA was purified by phenol-chloroform-
isoamyl alcohol extraction and ethanol precipitation.

2.7. Processing and analysis of ChlP-seq data

ChIP DNA libraries were prepared with the NEBNext ChIP-
Seq Library Prep Kit for Illumina (New England BioLabs) and
sequenced on an Illumina HiSeq 2500 using 50-nucleotide
read length single-end sequencing at Macrogen. Fastq files
from the Illumina pipeline were processed and analysed on
the Biowardrobe platform.?® Sequence reads were aligned to
the mouse (mm10) or human genome (hg19) using bowtie
(version 1.2.0)* with a maximum of one error in a sequence
and one hit. MACS2 (version 2.1.1.20160309)*° was used
to estimate fragment size and to find islands of enrichment
with a g-value threshold less than 0.2. The data were up-
loaded to the UCSC genome browser for visualization, and
fragment coverage was used with estimated fragment size
from the MACS2 output. MAnorm?' was used to compare
ChIP peaks between ZSCAN4 positive cells and control cells
to identify ZSCAN4 specific peaks. Heat maps and average
signal profiles were generated by Easeq®* or deepTools.*
BigWig, BAM, or BED files of sequence reads were uploaded
as datasets. Doublet reads were excluded, and only one read
at each position was allowed to map at each strand. Reads
were normalized per million per 1 kbp. Heat maps show sig-
nals segmented in 200 bins. The X-axis represents regions
surrounding the centre of the peaks. The regions were sorted
on the Y-axis according to signals quantified within Easeq or
deepTools. Signal profiles show average signals segmented
into 400 bins with 1 bin smoothing at the regions surrounding

the centre of the peaks. Motif discovery and enrichment
analyses were performed by MEME-ChIP* using Galaxy.?
FASTA files were created within Galaxy. All mZSCAN4 and
hZSCAN4 binding regions were used as input for the ana-
lysis. The input was shuffled to create the negative set. Lists of
mouse and human (CA/TG), repeats were downloaded from
RepeatMasker®® annotation track on the Mouse (mm10) and
Human (hg19) UCSC genome browser. Overlap analysis of
ZSCAN4 binding sites and simple repeats were performed
using Galaxy. Identification of the ZSCAN4 binding motif
(TGCACAC/GTGTGCA) in the (CA/TG), repeats was per-
formed using FIMO (version 5.1.1).”” The (CA/TG), with
more than 100 bp was used for this analysis.

2.8. RNA-sequencing analysis

Total RNA was extracted using TRIzol solution (Roche) ac-
cording to the manufacturer’s instructions. cDNA libraries
were prepared from 500 ng of each total RNA sample for
massive parallel sequencing using the NEBNext Poly(A)
mRNA Magnetic Isolation Module and an Ultra Directional
RNA Library Prep Kit for Illumina (New England BioLabs).
The ¢DNA library contained DNA ranging from 400 to
1000 bp, including the adaptor sequences. RNA-seq was
performed on an Illumina HiSeq 2500 using 50-nucleotide
read length single-end sequencing at Macrogen. The sequence
reads were mapped to the human genome (hg19), and the
expression values for genes were calculated as reads per kilo-
base of exon per million mapped reads (RPKM) using the
Biowardrobe platform. Heatmaps were generated using the
Morpheus software developed by the Broad Institute.

2.9. Datasets from publicly available sources

Previously published datasets were downloaded from
the Gene Expression Omnibus (GEO) database: ATAC-
seq (GSE85624),> H3K27ac ChIP-seq (GSE51682),°
ZSCAN4-OE H3K27ac and H3K4mel ChIP-seq data
(GSE125238), DUX/DUX4 ChIP-seq (GSE85632).12

2.10. Data availability

All sequencing data have been deposited in the GEO database
under series accession number GSE243628.

3. Results

3.1. Genome-wide analysis of endogenous
mZSCAN4 binding sites in mES cells

Due to the infrequent expression of endogenous mZSCAN4
in mES cells (1-5% of cells),"> we® and others?® have FACS-
sorted ZSCAN4(+) cells using mZscan4c promoter sequence
identified previously.? However, to take advantage of anti-
mZSCAN4 antibodies to capture endogenous mZSCAN4,
we first performed, without the enrichment of ZSCAN4(+)
cells, chromatin immunoprecipitation with polyclonal anti-
bodies against mZSCAN4,!%3 followed by sequencing ana-
lysis (ChIP-seq) and identified genome-wide binding sites
of mZSCAN4 (Fig. 1A). We also performed ChIP-seq ana-
lyses of mES cells after treating with RA, because the RA
treatment increased the percentage of ZSCAN4(+) cells to
20-30%.'%3* MEF, which does not express mZSCAN4, were
used as negative controls. We identified 213 and 4,825 ChIP-
seq peaks as mZSCAN4 binding sites in untreated mES cells
and RA-treated mES cells, respectively (Fig. 1B). Binding sites
were identified with weak signals in untreated mES cells but
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Figure 1. Genome-wide profiles of mMZSCAN4 binding sites. (A) Experimental scheme for mZSCAN4 ChIP-seq. mES + RA, mES cells after treatment
with RA for 48 h. mES, mES cells without treatment of RA. MEF, mouse embryonic fibroblasts. (B) The number of mZSCAN4 bound sites identified in
mES and mES + RA. (C) Heatmaps showing mZSCAN4 ChlP-seq signals at the mZSCAN4-bound sites in MEF, mES, and mES + RA cells. (D) Sequence
motif enriched in mZSCAN4 binding regions. (E) Genomic distribution of mZSCAN4 binding sites (N = 4,825). (F) Analysis of gene expression and
mZSCAN4 binding site relationships. Genes associated with mZSCAN4 binding sites are genes containing mZSCAN4 binding sites within 5,000 bp
upstream, 1,000 bp downstream, and 20,000 bp max extension. GREAT tool (version 4.0.4)% was used for this analysis. Upregulated genes are derived
from previous RNA-seq data® (Upregulation fold change > 2. P-value < 0.01). Example genes for each category are shown. For genes upregulated

in Zscan4 (+) cells and associated with Zscan4 binding sites, all 24 gene symbols are shown. Among these 24 genes, only C130026121Rik was
upregulated, and only Gpd1 was downregulated when mZSCAN4 was overexpressed in mES cells.

with strong signals in RA-treated mES cells (Fig. 1C). This sug-
gests that RA treatment increased the number of ZSCAN4(+)
cells and that ZSCAN4 binds to the same regions as untreated
mES cells.

Motif discovery and enrichment analysis identified binding
sites that were significantly enriched with a specific sequence
motif: TGCACAC (Fig. 1D). This motif was essentially the

same as the motifs identified by the SELEX for hZSCAN4 in
vitro previously (JASPER ID, MA1155.1)"7 and by the ChIP-
seq for mZSCAN4."%20 Genomic distribution analysis re-
vealed that mZSCAN4 binding sites accumulate in intronic
(40%) and intergenic (42%) regions of the genome (Fig. 1E),
indicating that mZscan4 may bind in enhancer regions. The
binding to the enhancer region suggests that mZSCAN4
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Figure 2. Analysis of mZSCAN4 binding sites enriched with (CA/TG), repeats. (A) Percentages of mZSCAN4 bound sites overlapping with the whole

simple sequence repeats and (CA/TG)  repeats. mZSCAN4 bound repeats other than simple repeats (28%) are subclassified into transposable elements
and satellite repeats. (B) Representative mZSCAN4 ChlP-seq signals detected at the simple repeat sequences containing the mZSCAN4 binding motif

(TGCACAC). mES + RA, mES cells treated with RA; mES, untreated mES cells. MEF, mouse embryonic fibroblast cells. (C) Percentages of (CA/TG),

repeats containing mZSCAN4 binding motif (TGCACAC). All, whole (CA/TG)  repeats; mZSCAN4 BS, (CA/TG)  overlapped with mZSCAN4 bound sites;
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Figure 3. Genome-wide profiles of hZSCAN4 binding sites. (A) Specificity of mouse anti-human ZSCAN4 antibodies. Whole-cell lysates of hES

cells transfected with (+) or without (-) synthetic RNA encoding hZSCAN4-3xFLAG-HA were probed with anti-hZSCAN4 antibodies raised in mice.
Expression of ZSCAN4-3xFLAG-HA was probed by an anti-HA antibody as a positive control. (B) Rabbit anti-hZSCAN4 antibodies were examined, as in
A. (C) hES cells were transfected with (+) or without (=) synthetic mRNA encoding for DUX4. Immunostaining analysis was performed using hZSCAN4
antibodies at 20 h post-transfection. DNA was counterstained with DAPI. Bar, 20 um. (D) Experimental scheme for hZSCAN4 ChlIP-seq. ChIP-seq
experiments were conducted using mouse antibody (mAb) and rabbit antibody (rAb) against hZSCAN4 in hES cells overexpressed with DUX4

(hES + DUX) and non-treated hES cells. (E) The number of hZSCAN4 ChIP peaks in hES and hES +DUX identified by mAb and rAb ChIP-seq. (F)
Heatmaps showing hZSCAN4 ChlP-seq signals at the hZSCAN4 binding sites identified by mAb and rAb in hES and hES+DUX cells. (G) Sequence
motifs enriched in hZSCAN4 binding regions identified by mAb and rAb ChIP-seq. (H) Genomic distribution of hZSCAN4 binding sites (N = 18,770).

increases the expression of downstream genes by binding
these sites; however, we did not find significant correlations
between mZSCAN4 binding sites and gene expression (Fig. 1F,
Supplementary Tables S1-S3). Instead, we found that
mZSCAN4 binding sites overlap with simple sequence repeats,
especially repeats in (CA/TG), repeating regions (Fig. 2A).
Of 4,825 identified mZSCAN4 binding sites, 61% overlap
with simple sequence repeats and 55% overlap with (CA/TG),
regions (Fig. 2A). The rest of mZSCAN4 binding sites are en-
riched with LTR/ERVK transposable elements (~13% [i.e.
48% of 28%]) (Fig. 2A). Among the ~300,000 regions that
contain (CA/TG) repeats in the mouse genome, mZSCAN4
binds to 4,825 specific regions within them. These results
confirm the findings of Srinivasan et al.?® and suggest that
mZSCAN4 is not primarily a transcription factor, as has been

assumed previously, but rather regulates genome stability by
binding to DNAs.

We also wondered whether mZSCAN4 binds preferentially
to (CA/TG), repeats or to the mZSCAN4-binding motif,
TGCACAC, whichisburiedinsome (CA/TG), repeats (Fig. 2B).
Indeed, among all the (CA/TG), repeats, ~30% contains more
than one TGCACAC motif. However, among the subset of
(CA/TG), repeats where mZSCAN4 binds, more than half
(55%) contain TGCACAC motif (Fig. 2C). These results in-
dicate that mZSCAN4 binds primarily to TGCACAC motif,
which is enriched in the (CA/TG), repeats.

The (CA/TG), repeats are known to form a left-handed
helix structure that contributes to genome instability and
human diseases.*** This prompted us to analyse the sec-

ondary structure of mZSCAN4-binding regions using the
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Figure 4. Analysis of hZSCAN4 binding sites enriched with (CA/TG), repeats. (A) Percentages of hZSCAN4 binding sites overlapping with the whole
simple sequence repeats and (CA/TG)  repeats. hZSCAN4 bound repeats other than simple repeats (6%) are subclassified into transposable elements
and satellite repeats. They are enriched with ERVL, MaLR, and LINE. (B) Representative hZSCAN4 ChlP-seq signals detected at the simple repeat
sequences. (C) Percentages of (CA/TG) repeats containing hZSCAN4 binding motif (TGCACAC) compared with percentages of repeats overlapping
with hZSCAN4 binding sites (+) and without hZSCAN4 binding sites (-). 0, repeats without the motif; 1, repeat with a single motif; and >1, repeat with
multiple motifs. (D and E). UCSC genome browser snapshots of hZSCAN4 ChlIP-seq in DUX4 treated hES cells (+DUX4) and non-treated hES cells
(-DUX4). hZSCAN4 peaks were detected in intron 1 of EGFR and intron 13 of eNOS (NOS3).

bioinformatics tool.** We found that mZSCAN4-binding re-
gions form tandemly repeated stem-loop structures (Fig. 2D).
Such DNA structures contribute to genome instability and
human diseases.*~’

3.2. Genome-wide analysis of endogenous
hZSCAN4 binding sites in hES cells

We next performed a ChIP-seq analysis of hZSCAN4 in the
human genome. To this end, we generated and tested two
antibodies against hZSCAN4: one produced in mice (mAb)
(Fig. 3A, Supplementary Fig. S1) and another in rabbits (rAb)
(Fig. 3B, Supplementary Fig. S1). To validate these antibodies,

we transfected hES cells with or without a synthetic mRNA
(synRNA) encoding for hZSCAN4 conjugated with the
3x FLAG and haemagglutinin peptide tags (ZSCAN4-
3xFLAG-HA). Western blots showed that both mouse and
rabbit polyclonal antibodies raised against hZSCAN4 protein
recognized a unique protein of correct size in a synRNA-
ZSCAN4-specific manner, successfully validating both
antibodies.

Unlike mZSCAN4 expression in mES cell cultures,
hZSCAN4(+) cells are not usually observed in hES cell cul-
tures. We, therefore, expressed DUX4 ectopically in hES cells
(SEES3 line),?* as it is known that overexpression of DUX4
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induces hZSCAN4 expression in hES cells."*'* Following
DUX4 induction, most cells expressed hZSCAN4 proteins
(Fig. 3C).

ChIP-seq experiments used DUX4-overexpressed (+DUX4)
or control wildtype (-DUX4) hES cells and the mAb and rAb
hZSCAN4 antibodies to identify hZSCAN4 binding sites
(Fig. 3D). The peak identification analysis demonstrated that
both antibodies could detect a more than a 10-fold increased
number of hZSCAN4 peaks in +DUX4 cells compared to
-DUX4 cells (Fig. 3E). The number of peaks identified in
+DUX4 cells using the rAb (18,770 peaks) was larger than
the number identified by the mAb (9,934 peaks). Still, most
of the mAb-detected signals with non-peaks were localized to
sites also identified by rAb (Fig. 3F). This result indicates that
both antibodies detect hZSCAN4 binding sites, but that rAb
is more sensitive than mAb.

hZSCAN4-binding sites identified by both antibodies are
enriched with the same DNA motif as the mZSCAN4 binding
motif (TGCACAGC; Fig. 3G). Several other characteristics of
hZSCAN4 binding sites were also similar to mZSCAN4. For
instance, hZSCAN4 occupies intronic (40%) and intergenic
(45%) regions, which was similar to the proportions ob-
served in mZSCAN4 (Fig. 3H). Additionally, hZSCAN4
binding sites correspond to (CA/TG), repeats (Fig. 4A and B),

and multiple hZSCAN4 motifs are contained in hZSCAN4-
binding (CA/TG), repeats (Fig. 4C). Nearly 60% of (CA/TG),
repeats bound by hZSCAN4 were abundant with hZSCAN4
consensus motif, whereas only 30% of hZSCAN4 unbound
repeats are categorized in repeats with multiple motifs
(Fig. 4C). Exemplary hZSCAN4-binding sites and sequences
are shown for eNOS intron and EGFR intron (Fig. 4D and E).
From these results, we concluded that both mZSCAN4 and
hZSCAN4 bind to the TGCACAC motif in (CA/TG), repeats.
Interestingly, compared to mZSCAN4, hZSCAN4 binds more
exclusively to (CA/TG), repeats.

3.3. Comparison of ZSCAN4-binding sites between
mouse and human

The results thus far suggest that mouse and hZSCAN4-
binding sites are not directly linked to the function of genes
but rather the structure of genomic DNAs. In general, the
location of microsatellites in the genome is not evolutionary
conserved among species, and only about 7% are conserved
between human and mouse.*® If the locations of (CA/TG),
microsatellites are not well conserved between mouse and
human, ZSCAN4-binding sites may also not be conserved.
To test this notion, we first compared ZSCAN4-binding
sites of introns that can be assigned to each gene between
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mouse and human genomes (Fig. 5, Supplementary Tables
S4 and S35). For the human data set, ChIP-seq data from two
hZSCAN4 antibodies (rabbit and mouse) were used: 4,619
genes were found by rabbit ab, and 2,981 genes were found
by mouse ab. For the mouse data set, 1,371 genes were used.
Among the intronic mZSCAN4-binding sites, 677 (49.4%)
genes were overlapped with hZSCAN4 (rabbit Ab), and 498
(36.2%) genes were overlapped with hZSCAN4 (mouse
Ab). However, a closer look at the aligned genomic re-
gions of overlapped genes revealed that the microsatellites
were not located in the same locations, and the binding sites
were not overlapped between mouse and human genomes
(Supplementary Fig. S2). Furthermore, the average size of the
overlapped genes was much larger than the average size of
all the genes: for human, 322,755 bp (the average size of the
overlapped genes) versus 45,631 bp (the average size of all
human genes); for mouse, 220,824 bp (the average size of
the overlapped genes) versus 40,833 bp (the average size of
all mouse genes). Thus, the overlapped genes identified in this
analysis are most likely due to the higher chance of having at
least one intronic ZSCAN4-binding microsatellite sequence
in large genes. These results further support the notion that
the function of both mouse and human ZSCAN4 is associ-
ated with genomic DNAs but not specific genes and their
transcriptional regulation.

3.4. hZSCAN4 knockout does not affect
transcriptome burst induced by DUX4 in hES cells

The results thus far suggest that ZSCAN4 does not function
as a transcription factor but is involved in genome regu-
lation. However, several reports, including ours, showed
that mZSCAN4 is involved in the transcriptional regula-
tion of two-cell embryos and germ cells in mice.'®* Also,
mZSCAN4(+) cells are accompanied by the activation of
hundreds of genes and transposable elements, including
MERVL.*$1518  hZSCAN4 overexpression in hES cells
upregulated 201 genes and downregulated 477 genes (FDR
< 0.05 and fold change < 2).!° On the other hand, these are
a relatively small number of genes, especially compared to
DUX4, whose overexpression upregulated 11,733 genes and
downregulated 1,517 genes (FDR < 0.05 and fold change <
2)." DUX4 is a transcription factor, and its overexpression
induces hZSCAN4 expression in hES cells.!>4

To investigate whether ZSCAN4 acts as a transcription
factor in DUX4 transcriptional regulation, we generated
hES cells, in which one ZSCAN#4 allele was replaced by an
emerald-green fluorescent-protein (Emerald), and the other
ZSCAN4 allele was either intact (ZSCAN4+/-) or disrupted
by CRISPR/Cas9 (ZSCAN4-/-) (Fig. 6A, Supplementary Fig.
S3). We then expressed DUX4 ectopically and performed the
transcriptome analyses (Fig. 6B and C). The results showed
that hZSCAN4 knockout did not affect transcriptome changes
induced by DUX4 in hES cells (Fig. 6C). Furthermore, DUX
binding sites and mZSCAN4 binding sites did not overlap in
the mouse (Fig. 6D) and human genomes (Fig. 6E).

Taken together, the massive transcriptome changes induced
by DUX4 are not mediated by hZSCAN4, further suggesting
that hZSCAN4 is not primarily a transcription factor but
regulates genome functions by binding to microsatellite DNA.

3.5. Histone modifications and chromatin
accessibility at the mZSCAN4-binding sites

We have previously shown that mZSCAN4 complexes
with chromatin repressive factors—KDM1A (aka LSD1),

a demethylase of mono- or di-methylation of H3K4
(H3K4mel/2),’" and HDACI1, a deacetylase of histone H3/
H4.51652 To investigate the association of ZSCAN4-binding
sites and chromatin regulation in mES cells, we examined
the chromatin status of mZSCAN4-binding sites in previ-
ously published ChIP-seq data, in which histone modifica-
tions were analysed with or without the forced expression
of mZSCAN4."8 The levels of active histone mark H3K27ac
(acetylated histone H3 lysine 27°) in mZSCAN4-binding sites
were low even without mZSCAN4 overexpression (Fig. 6A).
However, they were further reduced by mZSCAN4
overexpression (Fig. 7A), whereas those in non-mZSCAN4-
binding sites (e.g. 100 kb away from the mZSCAN4-binding
sites) were not changed by mZSCAN4 overexpression (Fig. 7B).
Similarly, the levels of another active histone mark, H3K4me1l
in mZSCAN4-binding sites, were slightly reduced by
mZSCAN4 overexpression (Fig. 7C), whereas those in non-
mZSCAN4-binding sites were not changed by mZSCAN4
overexpression (Fig. 7D). By contrast, both H3K27ac and
H3K4mel in DUX-binding sites were high, but not changed
by mZSCAN4 overexpression (Fig. 7E and G), whereas those
in non-DUX-bindings sites were low and not changed by
mZSCAN4 overexpression (Fig. 7F and H). These results
suggest that when mZSCAN4 is overexpressed, mZSCAN4
binds to mZSCAN4-binding sites and (CA/TG), repeats, re-
cruits chromatin repressors to the sites, and changes the chro-
matin to a further closed state. On the other hand, when
mZSCAN4 is overexpressed, mZSCAN4 does not bind to the
DUX binding site.

Next, we investigated whether a naturally occurring tran-
sient expression of endogenous mZSCAN4 is associated with
the changes in chromatin states in mES cells. ChIP-seq data
of active histone mark H3K27ac showed that H3K27ac level
of DUX binding site was high in ZSCAN4 (+) cells compared
to ZSCAN4 (-) cells, whereas H3K27 level of mZSCAN4
binding site was low in both ZSCAN4 (+) cells and ZSCAN4
(=) cells (Fig. 7 and J). Similarly, chromatin accessibility
examined by the previously published ATAC-seq analyses!'?
showed that DUX binding sites were high in MERVL (+) cells
compared to MERVL (-) cells (Fig. 7K), as previously dem-
onstrated.'® On the other hand, chromatin accessibility of the
mZSCAN4 binding sites was low in both MERVL (+) and
MERVL (-) cells (Fig. 7L). ZSCAN4 (+) cells and MERVL
(+) cells are considered the same, as MERVL is usually
co-expressed with mZSCAN4 in mES cells.*

These results indicate that in ZSCAN4 (+) mES cells (also
MERVL (+) mES cells), chromatins of DUX binding sites
were open, whereas chromatin of mZSCAN4 binding sites
were closed. Unlike the mZSCAN4-overexpressing situation,
the naturally occurring transient ZSCAN4 (+) state did not
seem to further suppress the chromatin state of ZSCAN4-
binding sites. This may be due to the transient nature of en-
dogenous mZSCAN4 expression in mES cells. In mES cells,
the ZSCAN4 (+) state is estimated to last for a short time,”
and thus, the suppression of chromatin may not be observed
during the ZSCAN4 (+) state. Alternatively, the chromatin
of the ZSCAN4-binding sites is already suppressed in the
ZSCAN4 (-) state, and therefore, the further suppression of
the chromatin state in ZSCAN4 (+) cells may not be observed.

4. Discussion

Since the initial identification of mZscan4 as a late two-
cell embryo-specific gene,' a variety of functions have been
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Figure 6. hZSCAN4 deletion does not affect gene expression changes induced by DUX4. (A) Schematic illustrations of the hZSCAN4 wildtype allele, the
ZSCAN4-Emerald knock-in allele and the targeting vector. Coding exon 3 is followed by Emerald and polyA signal. 5' probe for Southern blotting is shown.
(B) Experimental scheme for generating hZSCAN4 (+/-) and (/=) hES cells, in which Emerald GFP replaces one allele of hZSCAN4, and the other allele is
either intact (+/-) or disrupted by CRISPR-Cas9 (-/-). Those cells were transfected with synthetic mRNA of DUX4 to induce DUX4-regulated transcriptional
burst, including hZSCAN4 expression. Immunostaining confirmed that hZSCAN4 was expressed in hZSCAN4 (+/-) cells but not in hZSCAN4 (—/-) cells.
Emerald GFP was expressed in both cell lines. Nuclei were stained with DAPI (Blue). (C) RNA-sequencing analysis showed that transcriptional burst was
similarly detected in hZSCAN4 (+/-) cells and hZSCAN4 (—/-) cells. Three hundred and sixty-four genes are upregulated by DUX4 induction in hZSCAN4
(+/-) cells (fold change > 2 compared with non-transfected cells). The data from two biological replicates are shown. The colour scale bar shows z-score
values. (D) Density heatmaps showing enrichment levels of mZSCAN4 (this study) and DUX (GSE95517_mDUX-HA-rep1.bw)™ within a 4 kb window
centred at mZSCAN4 and DUX binding sites. (E) Density heatmaps showing enrichment levels of hZSCAN4 (this study) and DUX4 (GSM2515762_DUX4-
rep2.bw)'? within a 4 kb window centred at hZSCAN4 and DUX4 binding sites.
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Figure 7. Histone modifications and chromatin accessibility at the
mZSCAN4-binding sites. (A) Average H3K27ac ChIP-seq profiles around
mZSCAN4 binding sites (N = 4,825) in wildtype mES cells (WT) and mES
cells overexpressing ZSCAN4 (ZSCAN4 overexpression). (B) Average
H3K27ac ChlP-seq profiles around mZSCAN4 binding sites + 100 kb

(N = 4,825) for controls. (C) Average H3K4me1 ChlIP-seq profiles around
mZSCAN4 binding sites (N = 4,825) in WT and mZSCAN4 overexpressing
mES cells. (D) Average H3K4me1 ChlP-seq profiles around mZSCAN4
binding sites + 100 kb for controls. ChlP-seq data were reanalysed from
previously published data.® (E) Average H3K27ac ChlP-seq profiles
around DUX binding sites (N = 18,985) in wildtype mES cells (WT) and
mES cells overexpressing ZSCAN4 (ZSCAN4 overexpression).

(F) Average H3K27ac ChlIP-seq profiles around DUX binding sites + 100 kb

1

assigned to ZSCAN4, including telomere elongation,? stabil-
ization of genomes,? karyotype corrections,’” DNA methyla-
tion inhibitors,’ enhanced generation of iPS cells with high
quality.*»*3 Because the ZSCAN4 protein has four zinc fin-
gers and a SCAN domain, it was initially thought to be a
transcription factor that binds to enhancer/promoter regions
and is involved in the transcriptional regulation of two-cell
embryos and germ cells in mice.'® On the other hand, it
has also been demonstrated that ZSCAN4 forms protein
complexes of various sizes, including chromatin remodellers
and epigenetic regulators.® Therefore, whether these ZSCAN4
functions are mediated primarily by direct binding to DNA,
by association with other proteins involved in chromatin
regulation, or both is unclear. Also, it was not clear whether
ZSCAN4 indeed worked as a transcription factor. Our results
show that the ZSCAN4 binding sites do not correlate with
the expression of ZSCAN4-induced genes but are mostly lo-
cated in intergenic and intronic regions of the genomes. Also,
while there are many genomic sites that ZSCAN4 bind to, the
ZSCAN4 overexpression alters the expression levels of a rela-
tively small number of genes. We also showed that hZSCAN4
knockout does not affect transcriptome burst induced by
DUX4 in hES cells.!" These results, together with previously
published data, now support that ZSCAN4 indeed binds to
the DNA but may not be directly involved in the transcrip-
tional regulation.

The first evidence of ZSCAN4 binding to DNA was re-
ported as a part of a large-scale identification of DNA binding
motifs of transcription factors by SELEX.!" The SELEX
in vitro method identified TGCACACACTGAAA as an
hZSCAN4 binding motif but did not identify the location of
ZSCAN4-binding sites in the genome. Zhang et al. expressed
a mZSCAN4C-FLAG protein in mouse J1 ES cells, per-
formed ChIP-seq using an anti-FLAG antibody, and identified
GCACACACA as a mZSCAN4-binding motif.!® Srinivasan
et al. expressed an mZSCAN4C-GFP fusion protein in mES
cells, performed ChIP-seq using an anti-GFP antibody, and
then identified TGCACACA as a mZSCAN4-binding motif.?°
They also performed ChIP-seq using an anti-mZSCAN4
antibody and identified the same motif for an endogenous
mZSCAN4.2° Cheng et al. expressed FLAG-mZSCAN4F
protein in MEF cells during their conversion to iPS cells, per-
formed ChIP-seq using an anti-FLAG antibody, and identified
CCGCSGCB as mZSCAN4F-binding motif."

In contrast to these earlier studies, we used an anti-ZSCAN4
antibody raised against mZSCAN4C to perform ChiP-seq
for endogenous mZSCAN4 in mES cells. We also used two
anti-hZSCAN4 antibodies (mouse and rabbit) raised against
hZSCAN4 to perform ChIP-seq for endogenous hZSCAN4
in hES cells. In both mouse and human DNA, we identified

(N = 18,985) for controls. (G) Average H3K4me1 ChlIP-seq profiles around
DUX binding sites (N = 18,985) in WT and mZSCAN4 overexpressing
mES cells. (H) Average H3K4me1 ChlP-seq profiles around DUX binding
sites + 100 kb (N =18,985) for controls. ChIP-seq data were reanalysed
from previously published data. (I) Average H3K27ac ChlP-seq profiles
around DUX binding sites (N = 18,990) in ZSCAN4 (=) and ZSCAN4 (+)
cells. (J) Average H3K27ac ChlP-seq profiles around mZSCAN4 binding
sites (N = 4,825) in ZSCAN4 (-) and ZSCAN4 (+) cells. Previously
generated ATAC-seq data'? were reanalysed for A and B, and previously
generated H3K27ac ChlIP-seq data® were reanalysed for C and D.

(K) Average ATAC-seq profiles around DUX binding sites (N = 18,990) in
MERVL (-) and MERVL (+) cells. (L) Average ATAC-seq profiles around
mZSCAN4 binding sites (N = 4,825) in MERVL (=) and MERVL (+) cells.
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TGCACAC as a ZSCAN4-binding motif, consistent with the mo-
tifs identified by several others'”'*2° but different from the motif
identified by Cheng et al."” It is unknown why the motif identified
by Cheng et al. differs from all other studies, including ours, but
it is the only study that used mouse MEF cells, whereas the others
used mouse and hES cells. It is also possible that the use of MEF
cells undergoing conversion from MEFs to iPS cells may have
provided a different cellular environment for ZSCAN4 binding.

The study by Srinivasan et al. also revealed that mZSCAN4
binds to the mZSCAN4-binding motif enriched in CA/TG
microsatellites.”® Our results confirmed the results of
Srinivasan et al. and demonstrated that mZSCAN4 binds
to mZSCAN4-binding motifs enriched in CA/TG micro-
satellites. Additionally, we show that hZSCAN4 binds to
hZSCAN4-binding motifs enriched in CA/TG microsatellites.
The CA/TG microsatellites are known for their formation of
unstable left-handed duplexes called Z-DNA,*»**% which can
induce double-strand DNA breaks and mutations**=* and
are also associated with chromosome breakpoints in human
leukemias and lymphomas.’*-¢' The CA/TG microsatellites
are frequently recombined and are a source of genome in-
stability.*** Srinivasan et al. further demonstrated that in
mice, mZSCAN4’s binding to CA/TG microsatellites is ac-
tive in protecting the two-cell embryo genome from damage
caused by zygotic genome activation (massive transcription
upregulation).?’ Using bioinformatic analyses, Burden et al.
identified subsets of CA/TG microsatellites as a shared ‘vul-
nerability code’ for various types of DNA damage in mouse
spermatocytes and early embryos, suggesting that mZSCAN4
binding protects those regions from DNA damage.*

This mode of action is consistent with the expression pat-
tern of ZSCAN4, which is not expressed ubiquitously but
expressed transiently during zygotic genome activation in
mouse two-cell embryos,! human 4-8-cell embryos,* 1-5%
of mES cells,>% at pachytene-diplotene stage during mouse
oogenesis and spermatogenesis,®® and in a rare population of
human tissue stem cells, which is activated by inflammation
and tissue damages.®® Thus, the timing of ZSCAN4 induc-
tion coincides with the openings of genome-wide chromatin,
especially heterochromatin regions.® The openings of hetero-
chromatin may open the error-prone CA/TG microsatellites,
which is prevented by the timely presence of ZSCANA4, as sug-
gested by Srinivasan et al.?

Together, these findings are consistent with the earlier re-
ports that normal and ectopic mZSCAN4 expression de-
creases SCE, resulting in the enhancement of genome stability
in mES cells,? and that ectopic mZSCAN4 expression protects
mES cells from DNA-damaging agents, such as mitomycin
C.? Interestingly, a recent report shows that among patients
with urothelial carcinoma of the upper urinary tract and
urinary bladder, patients with high hZSCAN4 expression
have a major survival advantage compared to patients with
low hZSCAN4 expression.®® However, it remains to be seen
whether the ZSCAN4 binding to the CA/TG microsatellites
alone can also explain ZSCAN4’s other functions, such as re-
pairing DNA damage and chromosome abnormalities,!>65¢7
telomere elongation,”> DNA methylation inhibitor,” and en-
hanced generation of iPS cells with high quality.**3
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