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ABSTRACT
Chd5 is an essential factor for neuronal differentiation and spermatogenesis and is a known tumor suppressor. H3K27me3 and H3K4un are
modifications recognized by Chd5; however, it remains unclear how Chd5 remodels chromatin structure. We completely disrupted the Chd5
locus using the CRISPR-Cas9 system to generate a 52 kbp long deletion and analyzed Chd5 function in mouse embryonic stem cells. Our
findings show that Chd5 represses murine endogenous retrovirus-L (MuERV-L/MERVL), an endogenous retrovirus-derived retrotransposon,
by regulating H3K27me3 and H3.1/H3.2 function. J. Cell. Biochem. 117: 780–792, 2016. © 2015 Wiley Periodicals, Inc.
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Gene expression is regulated by changes in chromatin
structure due to nucleosome positioning on the genome.

Nucleosomes are the base units of chromatin structure and consist
of two core histones: H2A, H2B, H3, or H4. Each histone has a tail
region and various modifications that functionally correlate to
genomic nucleosome position, in particular, the N-terminal tail
of histone H3 [Strahl and Allis, 2000]. Histone modifications,
including H3K4me3 and H3K27me3, are recognized by chromatin
remodeling enzymes such as the SWI/SNF ATP dependent
chromatin remodeling factors, and are critical for gene-regulated
changes in chromatin structure [de la Serna et al., 2006]. Defects in
SWI/SNF function interrupt gene expression followed by chromatin

remodeling and results in incomplete differentiation or tumori-
genesis [Reisman et al., 2009].

SWI/SNF family members (e.g., Brahma-related gene 1 [Brg1]/
Brahma [Brm]) are expressed ubiquitously in various tissues, except
for the chromodomain helicase DNA-binding protein (Chds) family,
which is preferentially expressed in specific tissues [Marfella and
Imbalzano, 2007]. Essential functions for Chd1 in maintenance of
embryonic stem cell pluripotency [Gaspar-Maia et al., 2009] and
Chd2 in skeletal muscle differentiation [Harada et al., 2012] have
been reported. In addition, Chd5 is essential for neuronal differ-
entiation and spermatogenesis [Egan et al., 2013; Li et al., 2014;
Zhuang et al., 2014].
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Chd5 is also a tumor suppressor [Bagchi et al., 2007; Paul et al., 2013]
and is identified as the corresponding gene of Del 1p36 [Fujita et al.,
2008], a poor prognosis factor in human neuroblastomas. High Chd5
expression has been detected in the nervous system and testis
[Thompson et al., 2003; Zhuang et al., 2014]. Interestingly, loss of
Chd5 function in various cancers with low Chd5 expression has been
reported [Kolla et al., 2014], suggesting that Chd5 plays a critical role
in ubiquitous gene expression.

Gene regulation by Chd5 has been examined in areas of high Chd5
expression [Bagchi et al., 2007; Egan et al., 2013; Paul et al., 2013].
Chd5 function is necessary to recognize H3K4un and H3K27me3,
and disruption of its PHD domain or chromodomain results in tumor
progression or ineffective neural differentiation [Bagchi et al., 2007;
Oliver et al., 2012; Egan et al., 2013; Paul et al., 2013]. Additionally,
Chd5 functions in nucleosome removal in spermatids consistent with
loss of nucleosome conversion to protamine during spermatogenesis
in Chd5 knock-out (KO) mice [Li et al., 2014; Zhuang et al., 2014].
However, which genes Chd5 targets on chromatin or how Chd5
functions to regulate target gene in various tissues remains unclear.

Here, we investigated the direct function of Chd5 on chromatin
structure and show increased expression of two-cell (2C) specific
genes, and a retrotransposon, murine endogenous retrovirus-L
(MuERV-L/MERVL), in Chd5 KO mouse embryonic stem cells
(mESCs). Specifically, Chd5 converts facultative heterochromatin
to euchromatin, which correlates with H3K27me3 and H3.1/H3.2
levels.

MATERIALS AND METHODS

MOUSE EMBRYONIC STEM CELL CULTURE
EB5 [Ogawa et al., 2004], a mESC line, was cultured in Glasgow
minimum essential medium (Sigma–Aldrich, Saint Louis, MO)
supplemented with 10% fetal bovine serum, 1000U/ml recombinant
leukemia inhibitory factor (Nacalai, Japan), 1mM sodium pyruvate,
0.1mM non-essential amino acids (Nacalai), 0.1mM b-mercaptoe-
thanol (Nacalai), and penicillin/streptomycin (50U/50mg/ml; Na-
calai), at 37°C in a 5% CO2 incubator. The medium was changed
daily, and cells routinely passaged every 2–3 days.

GENERATION OF Chd5�/� mESC LINES
To completely disrupt the Chd5 locus, the CRISPR-Cas9 system [Mali
et al., 2013] was used. Target sequences were designed upstream of
the transcription start site (TSS), 50-AAG TGC CTT CGC GGG CAG
GGT GG-30, and downstream of the transcription end site (TES),
50-GTT CTT AGC CTC CGT GAT TTA GG-30. To address off-target
sites, manual alignment using Bowtie [Langmead et al., 2009] with a
two nucleotide (nt) mismatch allowance was performed. No identical
sequences were identified with the above conditions. Thus, these
sequences were inserted into pSpCas9 (BB)-2A-GFP (PX458,
Addgene), which was modified to also express a guide RNA
(gRNA) scaffold. The obtained plasmids were transfected into mESCs
using Xfect (ClonTech, Japan), in accordance with the man-
ufacturer0s instructions. Twenty-four hours after transfection,
GFP-positive cells were sorted into 96-well plates for single-cell
cloning using a cell sorter, SH800 (SONY, Japan). Genotyping PCR
for Chd5�/� mESC selection was performed as described below.

GENOMIC PCR GENOTYPING
DNA from each clone was recovered using DNeasy (Qiagen, The
Netherlands), in accordance with the manufacturer0s instructions.
Primers were designed as follows: PCR region 1F, 50-TCT GTG TTT
CCT CCA TGT TTC TCA GGA ATG-30; PCR region 1R, 50-ATT CTG
CCT CAC AGA AAA CTA GCA TAG GTG-30; PCR region 2F, 50-AGG
CGA TAA CAA AGA TGT AGA CAG CAG-30; PCR region 2R, 50-ACT
GTT CTT GGG GTT CAT GGT TTT AAA GGA-30; PCR region 3F,
50-TGT GGG ACA CAT TTT CTT GGA CTT CTC TTT-30; and PCR
region 3R; 50-TCT ACAGCTAAGGACAAGATGAGAGGAAGG-30;
Intra-Gapdh F, 50-CTT CAGAGTGGAATA CTG TTG CAC CAT AGG-
30; Intra-Gapdh R, 50-GAG ACT TAG AAT GAC TTG GAG GAG GTT
TGC-30. Recovered DNA was amplified for 30 cycles using these
primers and KOD FX Neo (TOYOBO, Japan).

TOTAL RNA ISOLATION AND REVERSE TRANSCRIPTION
Total RNA from each clone was isolated using Sepazol (Nacalai),
precipitated using isopropanol, and then dissolved in RNase-free
H2O. One microgram total RNA and random 6-mer oligonucleotides
were reverse-transcribed using the Prime Script II 1st cDNA
synthesis Kit (Takara, Japan) in 20ml reactions.

REVERSE-TRANSCRIPTION QUANTITATIVE PCR
Appropriate primers for reverse-transcription quantitative polymer-
ase chain reaction (RT-qPCR) were designed: chd5 F; 50-GAC CAG
GAG TGGCAGGATGA-30, chd5 R, 50-CCT CCT GGA TTG TCG TC-30;
pou5f1 F, 50-GAA GCA GAA GAG GAT CAC CTT G-30; pou5f1 R,
50-TTC TTA AGG CTG AGC TGC AAG-30; nanog F, 50-CCT CAG CCT
CCA GCA GAT GC-30; nanog R, 50-CCG CTT GCA CTT CAC CCT TTG-
30; sox2 F, 50-GCG GAG TGG AAA CTT TTG TCC-30; sox2 R, 50-GGG
AAG CGTGTA CTTATC CTT CT-30; klf4 F, 50-ATC CTT TCCAAC TCG
CTA ACC C-30; klf4 R, 50-CGG ATC GGA TAG CTG AAG CTG-30;
gapdh F, 50-ATG AAT ACG GCT ACA GCA ACA GGG-30; and gapdh
R, 50-GTC TGGGATGGAAAT TGTGAGGGA-30. Primers forMERVL
and Zscan4 were obtained from Maksakova et al. [2013] and
Zalzman et al. [2010], respectively. cDNAs for each clone were
amplified for 40 cycles with these primers and the THUNDERBIRD
SYBR qPCR Mix (TOYOBO, Japan), and amplicons detected by
PikoReal (Thermo Scientific, Waltham, MA). For quantification,
Gapdh was used as the internal control.

WESTERN BLOTTING
Each clone was directly lysed in sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis sample buffer (125mM Tris
(pH 6.8), 4% SDS, 20% glycerol, and 0.01% bromophenol blue).
Eluted DNA was sheared by pipetting with a 25G needle syringe.
Next, 10% b-mercaptoethanol was added and incubated for
5min at 95°C. The primary antibodies used were rabbit anti-
Chd5 (1:500) (sc68389; Santa Cruz Biotechnology, Santa Cruz, CA)
and rabbit anti-Hsp90 (1:1000) (H114; Santa Cruz). Membranes
with primary antibodies were incubated for 2 h at room temperature.
The secondary antibody used was horseradish peroxidase-
conjugated anti-rabbit IgG (1:5000) (GE Healthcare, UK), and
membranes with secondary antibody were incubated for 30min
at room temperature. Signals were detected using Chemilumi
Ultra- One (Nacalai).
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CHROMATIN IMMUNOPRECIPITATION
Samples fixed by formaldehyde (0.5%, 5min at room temperature)
were lysed into 1ml chromatin immunoprecipitation (ChIP) buffer
(10mM Tris-HCl (pH 8.0), 200mM KCl, 5mM MgCl2, 1mM CaCl2,
and 0.5% NP40). Sonication was performed using a VCX130
(SONICS, New town, CT). Next, 200U/ml micrococcal nuclease
(MNase) was added to sonicated lysates and incubated for 40min at
37°C. To stop MNase digestion, 10mM EDTA was added. Next, 1ml
modified RIPA buffer (50mM Tris-HCl (pH 8.0), 200mM KCl, 2mM
EDTA, 1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS) was
added to lysates before sonicating again, aiming to finally achieve
approximately 500 bp fragments. A portion of each sample was
stored as input control. For ChIP, samples were then incubated with
antibody-conjugated beads (Dynabeads; VERITAS, Japan) for 6 h at
4°C, the beads washed, and DNA eluted using elution buffer (50mM

Tris-HCl (pH 8.0), 10mM EDTA, and 1% SDS). Input and
immunoprecipitates were incubated overnight at 65°C for reverse
cross-linking, and eluted samples purified using the MinElute
PCR Purification Kit (Qiagen). For immunoprecipitation, the anti-
bodies used were anti-H3K4me3, anti-H3K27me3, anti-H3.1/H3.2,
anti-H3.3 (each produced in house), and anti-Chd5 (sc68389; Santa
Cruz).

mRNASeq LIBRARY PREPARATION
Onemicrogram of total RNAwas purified using the NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB, UK), in accordance with
the manufacturer0s instructions. A messenger RNA sequencing
(mRNA-Seq) library was prepared from polyA-purified RNA using
the NEBNext Ultra Directional RNA Library Prep Kit for Illumina
(NEB), in accordance with the manufacturer0s instructions.

Fig. 1. Complete Chd5 gene disruption in mESCs. A: Schematic of the Chd5 disruption strategy. Target sequence 1 (indicated by gray triangle) is located upstream of Chd5 TSS
(Chr4:151712446-151712469). Target sequence 2 (indicated by white triangle) is located downstream of Chd5 TES (Chr4:151764305-151764327). PCR regions for
genotyping (see B) are also represented. B: Genomic PCR genotyping. PCR regions are indicated in A. In PCR regions 1 and 2, amplicons are detected inWT only (amplicon sizes of
455 and 461 bp, respectively), with no genomic Chd5 sequence in the other two samples. In PCR region 3, an amplicon is detected in the Chd5�/� cells only (amplicon size of
approximately 600 bp, which differs depending on the clone), showing that the DSB loci are connected. Observed bands and sizes are shown by arrows. The Chd5 gene is
completely and homozygously disrupted in both lines. C: An amplicon from PCR region 3 was sequenced by the Sanger method, then connection between target sequence 1 and 2
were detected. In Chd5�/� #1, the DSB locus appears to share one nucleotide and connect directly, while in Chd5�/� #2, there is a two nucleotide insertion (CC) between each
DSB locus.
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ChIPSeq LIBRARY PREPARATION
A chromatin immunoprecipitation sequencing (ChIP-Seq) library
was prepared from the ChIP samples described above using the
NEBNext Ultra DNA Library Prep Kit for Illumina (NEB), in
accordance with the manufacturer0s instructions.

mRNASeq DATA ANALYSIS
We performed two types of transcript abundance quantification
using the mRNA-seq data. Tophat (version 2.0.12) [Kim et al., 2013]
and Cufflinks (version 2.1.1) [Trapnell et al., 2010], with default
parameters were utilized to quantify expression levels of Refseq
genes (mm9) and to detect differentially expressed genes (type I).
Bowtie2 (version 2.2.5) [Langmead and Salzberg, 2012] and
eXpress (version 1.5.1) [Roberts and Pachter, 2013] was utilized
for accurate quantification of closely-similar murine retroviral
sequences (type II). Bowtie2was runwith the option:�a –rdg 6,5–rfg
6,5–score-min L,�.6,�.4, as recommended by eXpress. Moreover,
eXpress was run with the option: �B 10, which performs additional
10 rounds of parameter optimization steps. The expression levels
(TPMs) of mouse retroviral genes were quantified using consensus
FASTA sequences downloaded from Repbase (type II-a) [Bao et al.,
2015], while individual genomic sources of retroviral genes
definition downloaded from UCSC (RepeatMasker track (A.F.A.
Smit, R. Hubley, and P. Green RepeatMasker at http://repeatmasker.
org)) (type II-b). In addition, the simple (naive) count of mapped
reads on the retroviral genes using bowtie2 (default option; select
each best scored candidate in multi-mapped reads) was utilized to
show the improvements of retroviral gene expression estimation by
using eXpress.

ChIPSeq DATA ANALYSIS
The sequenced reads were mapped onto mouse genome (mm9) using
bowtie2 with default options. To compare the intensities of ChIP-seq
signals between different samples prepared from different input (e.g.,
KO vs. WT cells), we performed between-sample normalization after
input normalization. First, log-transformed mapped-read counts on
genomic windows (2 kb upstream of TSSs or gene-body region) were
calculated for all samples. Next, the corresponding input sample for
a (log-transformed) ChIP read counts were subtracted from (log-
transformed) input-read counts with some constant c. The constant c
was determined so that the Pearson0s correlation coefficient between
ChIP and c� Input becomes 0 (using the residuals of linear regression
of Input vs. ChIP counts). Finally, between-sample normalization
utilizing median of ratios of normalized counts to geometric means
of the counts (geometric normalization) [Anders and Huber, 2010]
was applied to correct the different library sizes of the input
normalized ChIP read counts. The aggregation plot of ChIP-seq
signals were generated by agplus [Maehara and Ohkawa, 2015].

DATA ACCESS
The deep-sequencing data were deposited with the accession number
[DDBJ: DRA003957].

RESULTS

COMPLETE Chd5 DISRUPTION
To address the function of Chd5 on gene regulation in mESCs, we
first knocked out Chd5 gene loci in the mouse embryonic stem cell,

Fig. 2. Complete loss of mRNA and protein in Chd5�/�mESCs. A: RT-qPCR shows reduced Chd5 mRNA in Chd5�/� clones. Error bars indicate SD (n¼ 3). Gapdh was used an
internal control. B: Chd5 protein is not detected in Chd5�/� clones. Hsp90 was used as the loading control. C: Complete loss of Chd5 expression in Chd5�/� cells. mRNASeq
signal was calculated by binning whole read-fragments mapped onto coding sequences. Kcnb2 and Nphp4 represent control signals.
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EB5. We used the CRIPSR-Cas9 system [Mali et al., 2013] for
complete disruption of Chd5 since insertional inactivation [Carlson
and Largaespada, 2005] and deletion of partial exons [Carlson and
Largaespada, 2005], which have been effectively used to knock out
certain genes, sometimes leave residual functional transcripts. Thus,
to disrupt the Chd5 locus, two target sequences were designed
upstream of the TSS and downstream of the TES of Chd5 (Fig. 1A).
With proper design of gRNAs, the Cas9 protein causes double-strand
breaks (DSBs) at arbitrary DNA sequences. In the case of two DSBs,
the upstream and downstream margins get re-connected, and the
sequence between both DSBs is eliminated [Fujii et al., 2013].
Genotyping was performed by genomic PCR to determine the
truncated genomic structure (Fig. 1A). The interval between the TSS
and TES of the Chd5 gene was 52 kbp. PCR primer sets 1 and 2 were
designed inside the Chd5 locus and are only amplified in wild-type
(WT) and heterozygous knocked-out KO lines, with amplicon sizes of
455 and 461 bp, respectively. With PCR region 3, the primers were
designed outside of both target sequences and only amplify when
Chd5 is homologously or heterozygously disrupted, producing an
amplicon size of approximately 600 bp, depending on where the
non-homologous end joining (NHEJ) has occurred. Homozygous
Chd5-disrupted lines (Chd5�/� lines) generate an appropriate band
in PCR region 3 only. Internal sequence ofGapdhwas also amplified
as a PCR control (Supplementary Fig. S1A). To confirm where the

NHEJ has occurred, PCR products in PCR region 3 were sequenced
by the Sanger method (Fig. 1C). In Chd5�/� line #1, NHEJ occurred
between overlapping adenines in each target sequence, while in
Chd5�/� line #2, NHEJ occurred after insertion of two cytosines
between each target sequence. Complete disruption of Chd5 was
shown, with RT-qPCR and western blotting signals detected in WT
only (Fig. 2A and B).

To comprehensively determine the functional effect of Chd5
disruption inmESCs, mRNA sequencing (mRNA-Seq) was performed
to examine gene expression in both Chd5�/� lines (#1 and #2). In
Chd5�/� #1 and #2, mRNA-Seq data signals, visualized using
the integrative genomics viewer (IGV), were not observed within
the entire Chd5 locus (Fig. 2C), while WT showed signal along the
gene body. Kcnb2 and Nphp4, genes proximal to Chd5 gene loci,
had consistently low expression in WT, and Chd5�/� #1 and #2.
Therefore, Chd5 genes are substantially expressed in WT compared
to these control signals. These findings show that two independent
Chd5�/� clones lost the entire Chd5 gene loci using the CRISPR-
Cas9 system.

CHD5 DISRUPTION IN mESCs MINIMALLY AFFECTS GENE
EXPRESSION
To identify the gene specifically affected by loss of the Chd5 gene
in mESCs, we identified differentially expressed genes (DEGs)

Fig. 3. Significant changes in gene expression between WT and Chd5�/� mESCs were rarely detected. A: FPKM scatterplots comparing WT and Chd5�/�. Significantly
changed genes are represented by red dots. FPKM of each gene is indicated logarithmically. To avoid log0, 1 was added to FPKM. Radix¼ 2. B: Venn diagram showed overlapping
genes between Chd5�/� #1 and #2, with 15 downregulated and 33 upregulated genes in common. Overlapped genes are listed in Table I. C: FPKM and RT-qPCR confirmation of
pluripotent marker genes and housekeeping genes. There were no significant changes in FPKM. Also in RT-qPCR, no significant changes were detected betweenWT and Chd5�/�
#1. RT-qPCR was performed independently three times, with Gapdh used as an internal control. The traits of each mESC strain were maintained.
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between WT and Chd5�/� mESCs using mRNA-Seq data.
Calculation and analysis of FPKM was performed using Cufflinks
[Trapnell et al., 2010]. FPKM of protein-coding genes in WT versus
Chd5�/� #1 and WT versus Chd5�/� #2 is shown by scatterplots

(Fig. 3A). Both the X- and Y-axes are represented logarithmically,
with 1 added to each FPKM to avoid log0. Red dots indicate DEGs.
There were 64 DEGs between WT and Chd5�/� #1, and 56 DEGs
between WT and Chd5�/� #2. Venn diagrams of overlapping
downregulated and upregulated DEGs in Chd5�/� #1 and #2 are
shown (Fig. 3B). Almost all DEGs overlap between Chd5�/� #1 and
#2 (overlapping genes were listed in Table I), therefore, these
expression changes are consistent and likely due to Chd5 disruption.
Moreover, it suggests that off-target effects should have been
minimized.

To further confirm that both Chd5�/� lines maintain mESC
characteristics, and because the number of DEGs is limited,
expression levels of pluripotent markers (Pou5f1, Nanog, Sox2,
and Klf4) and housekeeping genes (Eef1a1, Actb, and Gapdh) were
compared by mRNA-Seq and RT-qPCR between WT and Chd5�/�
lines (Fig. 3C). No significant expression changes were detected by
either mRNA-Seq or RT-qPCR. Thus, Chd5-/- #1 and #2 maintain
mESC characteristics.

TABLE I. Identified DEGs Between Chd5�/� #1 and #2

Downregulated genes Upregulated genes

Acss1 Abcb5 Skp1a Zscan4a
Fabp3 Anxa3 Spata22 Zscan4d
Fxyd6 Aspa Syna Zscan4e
Grb10 Chchd2 Ly6c1
Gstp2 Cyp26a1 Mageb4
Ldhb Eif3e Mfap1b
Lefty1 Esd Mrpl42
Lefty2 Igf2 Odc1
Ly75 Lmo4 Pmaip
Nlrp1a Rps24 Ppih
Prex2 S100a6 Psme4
Snhg8 Sec61g Rps15a
Stard8 Serpinb9c Tdpoz3
Trh Serpinb9e Tdpoz4
Wfdc2 Sfmbt2 Usp17lc

Fig. 4. Distribution patterns of histone H3 modification and histone H3 variants were rarely changed around genes. A: ChIP-Seq signals of H3K4me3, H3K27me3, H3.1/H3.2,
and H3.3 were clustered in a heat map based on TSS� 5 kbp. Distribution patterns of each signal barely changed between WT and Chd5�/�. B: Line charts showing ChIP-Seq
signal accumulation surrounding TSS for each gene0s expression level (every 10-percentile of gene expression levels in WT mRNA-Seq). Accumulation patterns of each gene0s
expression level barely changed.
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Chd5 DISRUPTION IN mESCs MINIMALLY AFFECTS CHROMATIN
STRUCTURE OF GENE LOCI
Next, to determine if Chd5 disruption changes the chromatin
structure of gene loci, chromatin immunoprecipitation sequencing
(ChIP-Seq) was performed to detect representative histone mod-
ifications. H3K4me3was used to represent the active chromatin state
and H3K27me3 the inactive state. The histone H3 variants H3.1/H3.2
and H3.3 were used to examine histone exchange. Each ChIP-Seq
signal peak around gene was calculated using MACS [Zhang et al.,
2008], a ChIP-Seq peak-caller, and the distance of these peaks from
the TSS determined, followed by clustering (Fig. 4A). We examined
distribution changes in histone modifications and histone H3
variants between WT and Chd5�/�, and found that the distribution
pattern was rarely changed around the TSS. The distribution
tendencies of H3K4me3, H3K27me3, H3.1/H3.2, and H3.3 in WT
were consistent with previous reports [Ray-Gallet et al., 2011; Young
et al., 2011; Won et al., 2015]. To further examine the Chd5
distribution pattern dependency around the TSS of each histone
modification and histone H3 variants, we plotted line charts of ChIP-

Seq signals around TSS for each gene set, categorized into 10 groups
by WT expression levels (expression levels were obtained from
mRNA-Seq data; Fig. 4B). By comparing WT and Chd5�/� cells,
distribution changes for each histone modification and histone H3
variant between WT and Chd5�/� were rarely observed around the
TSS in each gene set. Higher expressed genes in WT were associated
with increased H3K4me3 signal around the TSS in both WT and
Chd5�/� cells (Fig. 4B, upper panels), while lower expressed genes
correlated with reduced H3K27me3 signal around the TSS in both
WT and Chd5�/� cells (Fig. 4B, second panels). Histone H3.1/H3.2
and H3.3 signals showed similar patterns as well (Fig. 4B, third and
lower panels). These findings suggest that Chd5 depletion does not
affect in global histone modification change for transcription.

2C-SPECIFIC GENES ARE UPREGULATED IN Chd5�/� mESCs
A previous report has demonstrated that two-cell (2C)-specific genes
are upregulated inHP1a/b, KAP1, andG9aKOmESCs [Maksakova et
al., 2013]. In Chd5�/�mESCs, 2C-specific genes were also detected
as upregulated genes. Overlapping DEGs between Chd5�/� mESCs

Fig. 5. Two-cell specific genes and theirs proximalMERVLwere increased in Chd5�/�mESCs. A: Venn diagrams representing overlapping upregulated genes between Chd5�/�
and HP1a�/�, HP1b�/�, KAP1�/�, and G9a�/�mESCs. 2C-specific genes such as Tdpoz3/4, Zscan4a/d/e, and Usp17lc were extracted. Overlapped genes are listed in Table II.
B: Left panel: bar plots represent FPKM of Zscan4 paralogs, representative 2C-genes. All paralogs were upregulated, even those not detected as DEGs. Right panel: RT-qPCR
confirmed Zscan4 upregulation. Primers amplifying all Zscan4 paralogs were obtained from those referenced [Zalzman et al., 2010]. PCR was performed independently three
times. C: IGV screenshots showing MERVL expression neighboring Zscan4a/d in Chd5�/� mESCs. Chd5 (and not 2C-genes such as Zscan4) may directly regulate MERVL
expression.
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and these KO mESCs are shown (Fig. 5A, and Table II). Zscan4a/d/e,
Tdpoz3/4, and Usp17lc (known as Dub2a) were detected as
commonly upregulated genes in the mRNA-Seq data sets deposited
in the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.
gov/geo/). These 2C genes were upregulated over threefold by KO of
each factor comparedwith the DEGs identified in this study. 2C genes
are specifically expressed in two-cell embryos, with approximately
1% of the mESC population expressing these genes [Tang et al.,
2011]. In particular, Zscan4 plays a key role inmaintenance of mESC
proliferation [Falco et al., 2007; Zalzman et al., 2010; Amano et al.,
2013]. Thus, we focused on Zscan4 as a representative gene and
confirmed our FPKM results by RT-qPCR (Fig. 5B). FPKM bar graphs
showed upregulation of all Zscan4 transcripts in Chd5�/� mESCs.
Even Zscan4b/c/f, which were not detected as DEGs, were
upregulated at least over fourfold. Upregulation of Zscan4 by
approximately fourfold was confirmed by RT-qPCR. However,
primers that individually distinguish all Zscan4 paralogs were hard
to design because of their high sequence similarity; therefore, we
referenced published primers [Zalzman et al., 2010]. Expression
levels of 2C genes, such as Zscan4, may be affected by Chd5.

Apart from 2C genes, other genes were also identified as DEGs;
therefore, we further screened the molecular pathway involved Chd5
loss in mESCs. Ontology analysis of DEGs was performed using the
Database for Annotation, Visualization and Integrated Discovery
DAVID (https://david.ncicrf.gov/) and the Panther pathway (http://
www.pantherdb.org/pathway/) (data not shown). No significant
ontologies in either downregulated or upregulated genes were
detected, except for Nodal signaling (including Lefty1 and Lefty2).
However, Lefty1 KO mice exhibit severe heart defects [Meno et al.,
1998] and Lefty2 KO mice are embryonic lethal [Meno et al., 1999],

whereas Chd5KOmice have no defects except in spermatogenesis [Li
et al., 2014; Zhuang et al., 2014], therefore, Nodal signaling could
not be the primary defect in Chd5�/� mESCs, and it was omitted
from further analysis.

UPREGULATED MuERV-L/MERVL EXPRESSION IN Chd5�/� mESCs
Zscan4 expression is coupled to expression of MERVL, a long
terminal repeat (LTR) retrotransposon derived from an endogenous
retrovirus (ERV), with its transcript specifically expressed in two-cell
embryos [Svoboda et al., 2004]. MERVL is transcribed as a chimeric
RNA with neighboring genes (e.g., Zscan4) and can substitute its
own LTR with a promoter to regulate expression of those genes
[Schoorlemmer et al., 2014]. A previous study also showed that HP1
a/b, KAP1, and G9a regulate 2C-genes indirectly via direct
regulation of MuERV-L/MERVL [Maksakova et al., 2013]. Therefore,
we next hypothesized that Chd5 functions to regulate retrotrans-
posons such asMERVL, which cannot be detected as gene transcripts
by regular mRNA-Seq. The default settings of Tophat2 [Kim et al.,
2013] and Cufflinks are not appropriate for mapping reads onto
retrotransposons because of the repetitive sequence; therefore, for
MERVL expression level analysis, the obtainedmRNA-Seq fastq files
were mapped to the whole genome using Bowtie2 and the
retrotransposon reference sequence available in UCSC (https://
genome.ucsc.edu/). Additionally, because the reference published in
UCSC shares many identical sequences, the best option in Bowtie2
was used to avoid read abrogation due to excess multi-hit reads.

First, to evaluate if mRNA-Seq data mapped to MERVL, the data
around MERVL near Zscan4 were observed in IGV (Fig. 5C). An
obvious increase in MERVL expression was detected in Chd5�/�
mESCs. To examine expression of other retrotransposons, the ratio of
all retrotransposons registered in UCSC was compared between WT
and Chd5�/� lines (represented as a scatterplot in Fig. 6A). The top
50-most upregulated retrotransposons in Chd5�/� mESCs are
shown, and of all these retrotransposons, MERVL was exceptionally
upregulated. MERVL was upregulated about 35-fold in Chd5�/�
mESCs (FPKM results are shown in Fig. 6B). RT-qPCR also revealed
MERVL upregulation, yet although there is at most twofold
upregulation, significance was detected (n¼ 3, P¼ 0.0021).

We further performed ChIP-Seq analysis for bothWT and Chd5�/
� to identify chromatin structural changes around MERVL. To
examine repetitive elements such as retrotransposons, ChIP-Seq data
were again mapped using the best option, as commonly performed
[Elsasser et al., 2015]. The heat map shows clustered mRNA-Seq data
and H3K4me3 data around/on MERVL (Fig. 6C). Green boxes
indicate increased H3K4me3 signal in Chd5�/� (in accordance with
MERVL upregulation). Red boxes indicate decreased H3K4me3
signal in Chd5�/� (regardless of MERVL upregulation). No
correlation between WT and Chd5�/� is shown in the yellow
boxes. Despite MERVL upregulation, there was no correlation in
distribution changes of H3K4me3 signal betweenWT and Chd5�/�.
To address the cause of this discrepancy, each ChIP-Seq data were
visualized in IGV (Fig. 6D), which showed that the mappability
around MERVL is almost 0. Namely, individual MERVL loci cannot
be determined even with the best option, indicating that corre-
spondence between reasonably expressed MERVL and the sequences
around them is random, and causing this discrepancy. Thesefindings

TABLE II. Identified DEGs Between Chd5�/�mESCs and Chromatin
Factors Involved in 2C-Genes Regulation
Common DEGs between Chd5�/� and HP1a�/�
Tdpoz3
Tdpoz4
Usp17lc
Zscan4a
Zscan4d
Zscan4e

Common DEGs between Chd5�/� and HP1b�/�
Abcb5
Cyp26a1
Ly6c1
Syna
Tdpoz3
Usp17lc
Zscan4a
Zscan4d
Zscan4e

Common DEGs between Chd5�/� and KAP1�/�
Anxa3
Igf2
Tdpoz3
Tdpoz4
Usp17lc
Zscan4a
Zscan4d

Common DEGs between Chd5�/� and G9a�/�
Aspa
Tdpoz4
Usp17lc
Zscan4a
Zscan4d
Zscan4e
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suggest that MERVL is significantly expressed but determination of
individual MERVL loci is required to address MERVL regulation by
Chd5.

INCREASED H3.1/H3.2 AND REDUCED H3K27me3 AROUND MERVL
IN Chd5�/� mESCs
To quantify expression of individual MERVL, we distinguished
multi-hit reads on MERVL by scoring overlapping reads on
individual MERVL. We used eXpress (http://bio.math.berkeley.
edu/eXpress/) to detect commonly upregulated MERVL loci
individually in two Chd5�/� mESCs. Each estimation by eXpress
and Bowtie2 with the best option is shown (Fig. 7A). The X- and
Y-axes represent MERVL expression in Chd5�/� #1 and #2,
respectively. Estimation by eXpress shows high correlation between
Chd5�/� #1 and #2, but few correlations with Bowtie2, indicating
that eXpress can individually detect common upregulated

MERVL between Chd5�/� #1 and #2, i.e., individual MERVL are
detected.

For analysis, the top 10% highest expressed MERVL (over 2 kbp)
were extracted from Figure 7A, because highly upregulated MERVL
in Chd5�/� mESCs are considered to be particularly regulated by
Chd5, andMERVL of longer lengths are functional with transposable
elements and/or LTRs. These MERVL were defined as long MERVL.
Analysis 2 kbp upstream of long MERVL and other retrotransposons
was performed becausemappability was assured in this condition. To
determine if Chd5 affects long MERVL expression specifically, first,
we analyzed Chd5 accumulation around long MERVL, MERVL, and
MMERVK10C (Fig. 7B). MMERVK10C is the same as MERVL, i.e., an
ERV-derived retrotransposon with stable expression between WT
and Chd5�/� mESCs. The representative locus for each retro-
transposon is shown in IGV (Fig. 7B, left panel). Chd5 signals were
abundant around long MERVL. Furthermore, Chd5 accumulation

Fig. 6. Genome-wide increase in MERVL expression in Chd5�/� mESCs. A: Scatterplots comparing fold increase in retrotransposons between WT and Chd5�/� mESCs.
MERVL-int and MERVL_LTR are exclusively upregulated compared with other retrotransposons. B: FPKM of MERVL in each clone, with RT-qPCR confirmation of MERVL
upregulation. MERVL was only but significantly upregulated twofold by RT-qPCR. PCR was performed independently three times. C: Heat map showed clustered mRNA-Seq and
H3K4me3 ChIP-Seq signals around MERVL in WT and Chd5�/� #1. Red boxes indicate H3K4me reduction regardless of MERVL upregulation, green boxes show increased
H3K4me3 in accordance with MERVL upregulation, while yellow boxes show no correlation between MERVL expression and H3K4me3 signal. D: IGV screenshot visualizing
mRNA-Seq and H3K4me3 ChIP-Seq data in WT and Chd5�/� #1 provides a reasons for the discrepancy in (C): MERVL mappability is almost 0, and no read can distinguish an
individual MERVL. Therefore, actual expression of specific MERVL is invalidated. The mappability score track on the mm9 genome, visualized in IGV, was downloaded from UCSC
(ENCODE CrgMappability 40mer).
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around long MERVL was significantly higher than MERVL, and
MMERVK10C (Fig. 7B, right panel).

Next, to investigate changes in chromatin structure in Chd5�/�
compared with WT mESCs, we re-analyzed ChIP-Seq data based on
the MERVL position determined in Figure 7A. A representative long
MERVL locus (shown in IGV) indicates H3.1/H3.2 accumulation
increases in Chd5�/�, in accordance with Chd5 accumulation
(Fig. 8A). To determine if the same pattern is observed at other loci,
ChIP-Seq data of both WT and Chd5�/� were compared around
long MERVL, MERVL, and MMERVK10C (Fig. 8B). To directly
compare WT and Chd5�/� signals, ChIP-Seq data were normalized
to each other, and signal fluctuations in the objective area (2 kbp
upstream of each TSS) examined by Z-score. As expected, increased
H3.1/H3.2 was observed, and additionally, H3K27me3 reduction
also observed with long MERVL. These events only occurred around
long MERVL, which were thought to have functional transposable
elements and/or LTRs, and likely reflect Chd5 function, as suggested
below.

The suggested mechanism is summarized in Figure 8C, taking
together our data in this study and previous reports. Chd5 can
remove H3.1/H3.2 from the chromatin structure, making the
chromatin relatively H3.3-rich. In addition, H3K27me3 modifica-
tions will be preferentially added to histone H3.3, and then MERVL
repressed.

DISCUSSION

In this study, we showed MERVL, one of retrotransposons,
was selectively induced with increased H3.1/H3.2 and decreased
H3K27me3 around MERVL in Chd5�/� mESCs. Conversely,
Chd5 decreases H3.1/H3.2 and increases H3K27me3 around
MERVL, suggesting that Chd5 regulates MERVL in mESCs. Removal
of H3.1/H3.2 around MERVL by Chd5 in mESCs is consistent with
previous reports; Chd5 removes nucleosomes during spermato-
genesis [Li et al., 2014; Zhuang et al., 2014] and remodels
nucleosomes by unwrapping [Quan and Yusufzai, 2014]. Moreover,
Maksakova et al. [2013] demonstrated addition of H3K9me2/3
to chromatin around MERVL, which was followed by MERVL
repression by HP1 a/b, KAP1, and G9a in mESCs [Maksakova et al.,
2013]. Curiously, CAF1 knock-down in mESCs exhibits a similar
phenotype as Chd5�/� mESCs, with regards 2C-genes and MERVL
upregulation [Ishiuchi et al., 2015]. Additionally, CAF1 and HP1
form a heterodimer [Brasher et al., 2000], and both H3K27me3 and
H3K9me3 are preferentially added to H3.3 [Banaszynski et al., 2013;
Elsasser et al., 2015] and are essential for stable binding of HP1 to
chromatin [Boros et al., 2014]. Functional interaction between these
factors and Chd5 for MERVL regulation might be explained as
follows: defective H3.1/H3.2 removal by Chd5 KO causes loss of H3.3
incorporation, H3K27me3 reduction, and loss of H3K9me3 marking

Fig. 7. Chd5 accumulation around long MERVL extracted by eXpress. A: MERVL expression was compared between Chd5�/� #1 and #2. Left panel: compared using eXpress,
with positive correlation. Right panel: compared using Bowtie2 with best option, with no correlations. Thus, eXpress can distinguish individual MERVL. B: Left panel:
representative IGV screenshots showing Chd5 accumulation around each retrotransposon. Right panel: box plot representing Chd5 accumulation around each retrotransposon.
Long MERVL were extracted using eXpress. MMERVK10C shows stable expression levels between WT and Chd5�/�, and is represented as a control. � represents significance
calculated by Welch0s t-test.
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by G9a and KAP1, with subsequent loss of heterochromatin
formation by CAF1 and HP1 around MERVL, and MERVL
upregulation. Thus, Chd5 may function as the most upstream factor
in the MERVL repression cascade.

In contrast, Chd5 recognizes H3K27me3 through its chromodo-
main [Egan et al., 2013], and H3K4un through its PHD domain
[Oliver et al., 2012; Paul et al., 2013]. Although H3K27me3
recognition appears to contradict H3K27me3 reduction in Chd5�/
�mESCs, Chd5may only recognize H3K27me3 and remove histones
recognized by the PHD domain.

The means of which Chd5 plays a key role in tumor suppression is
also suggested by our results. Retrotransposon upregulation is
shown in various cancers [Criscione et al., 2014; Kassiotis, 2014].
Retrotransposons encode transposases and reverse transcriptases
themselves and can replicate into other loci [Dombroski et al., 1994].
Some retrotransposons, such as MERVL, have LTRs at both ends.
Replication to other genes causes insertional inactivation of those
genes and LTRs activate oncogenes by substituting with the original
promoter [Howard et al., 2008]. Thus, Chd5 may function as a tumor
suppressor through MERVL suppression.

Chd5 accumulation and changes in chromatin structure were only
observed with long MERVL extracted from mRNA-Seq data and
calculated by eXpress. Longer MERVL preferentially contains
MERVL_LTR/MT2_Mm, LTR of MERVL with promoter activity
[Schoorlemmer et al., 2014]. Thus, Chd5 may remodel chromatin
structure upstream of MERVL which is long enough and includes
MERVL_LTR/MT2_Mm. Additionally, all MERVL transcripts will be
detected by either ChIPqPCR or RTqPCR because of its highly
repetitive sequence. Regulation of individualMERVL_LTR/MT2_Mm
will be functionally addressed in the future.

We also identified upregulated 2C-genes in Chd5�/� mESCs.
mESCs that highly express 2C-genes and MERVL are in a 2C-like
state, and suggested to be totipotent [Macfarlan et al., 2012].
However, loss of Chd5 function interrupts neural differentiation in
mESC and SH-SH5Y [Egan et al., 2013], and it is possible that 2C-like
state in mESCs induced by Chd5 KO may be in a more
undifferentiated state than ordinary mESCs, but its differentiation
potencymight be lost because the undifferentiated state requires less
heterochromatin. In contrast, heterochromatin is formed upon
differentiation in a tissue-specific manner, and subsequently loss of

Fig. 8. Histone H3.1/H3.2 accumulation and H3K27me3modification around MERVL were changed in Chd5�/�mESCs. A: Representative IGV screenshot indicates H3.1/H3.2
accumulation aroundMERVL (in accordance with Chd5), which was increased in Chd5�/�mESCs. B: Accumulation of each ChIP-Seq signal around longMERVLwas compared by
Z-score. Not only increased H3.1/H3.2, but reduced H3K27me3 was revealed. C: Schematic representation of Chd5 function. Chd5 removes H3.1/H3.2, generating a relatively
H3.3-rich chromatin structure. H3K27me3 is preferentially added to this relatively H3.3-rich chromatin, and MERVL is repressed.
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Chd5 may cause loss of heterochromatin formation according to the
above hypothesis. Thus, the 2C-like state induced in mESCs by Chd5
KO represents the undifferentiated state only. This could be applied
to another tumorigenesis mechanism by Chd5 deficiency, specifi-
cally that loss of Chd5 transforms tumor cells into the undiffer-
entiated state, similar to the 2C-like state in mESCs, and then causes
malignant progression of tumors.

In summary, we have shown that Chd5 regulates MERVL, and also
chromatin structural changes that are caused by Chd5, at least,
around MERVL, to our knowledge, we have shown those for the first
time.
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