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Abstract

Background: Epigenetic modifications have a central role in transcriptional regulation. While several studies using
next-generation sequencing have revealed genome-wide associations between epigenetic modifications and tran-
scriptional states, a direct causal relationship at specific genomic loci has not been fully demonstrated, due to a lack of
technology for targeted manipulation of epigenetic modifications. Recently, epigenome editing techniques based on
the CRISPR-Cas9 system have been reported to directly manipulate specific modifications at precise genomic regions.
However, the number of editable modifications as well as studies applying these techniques in vivo is still limited.

Results: Here, we report direct modification of the epigenome in medaka (Japanese killifish, Oryzias latipes) embryos.
Specifically, we developed a method to ectopically induce the repressive histone modification, H3K27me3 in a locus-
specific manner, using a fusion construct of Oryzias latipes H3K27 methyltransferase Ezh2 (olEzh2) and dCas9 (dCas9-
0lEzh?2). Co-injection of dCas9-olEzh2 mRNA with single guide RNAs (sgRNAs) into one-cell-stage embryos induced
specific H3K27me3 accumulation at the targeted loci and induced downregulation of gene expression.

Conclusion: In this study, we established the in vivo epigenome editing of H3K27me3 using medaka embryos. The
locus-specific manipulation of the epigenome in living organisms will lead to a previously inaccessible understanding

of the role of epigenetic modifications in development and disease.
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Background
Epigenetic modifications, such as histone modifications
and DNA methylation, alter gene transcriptional states,
thereby regulating various biological processes (e.g.,
development, cell differentiation and diseases) [1-3].
Recent studies using next-generation sequencing tech-
niques have revealed genome-wide associations between
epigenetic modifications and transcriptional states [4].
However, a lack of technologies for targeted manipula-
tion of histone modifications at individual genomic loci
hindered the progress toward demonstrating a causal
relationship between specific modifications and their
effect on transcriptional regulation.

H3K27me3 is a repressive histone modification and
thought to be important for long-term transcriptional

*Correspondence: htakeda@bs.s.u-tokyo.ac.jp;
rynakamura@bs.s.u-tokyo.acjp

Department of Biological Sciences, Graduate School of Science, The
University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan

B BMC

repression [1]. In the proposed model of transcriptional
repression by H3K27me3, polycomb repressive complex 2
(PRC2) is first recruited to its target sites, and the H3K27
methyltransferase Ezh2 catalyzes H3K27me3. Subse-
quently, PRC1 binds to H3K27me3 and silences the chro-
matin [5, 6]. On the other hand, histone acetyltransferase
p300 induces H3K27ac, which is associated with open
chromatin and transcription factor binding to DNA [7].
Indeed, next-generation sequencing data are generally
consistent with these models; H3K27ac is mainly associ-
ated with active enhancers, promoters and transcription
start sites, while H3K27me3 correlates with repressed or
poised promoters and enhancers [4]. The proposed mod-
els were based on results from in vitro biochemistry stud-
ies, in vivo overexpression, knock-out and knock-down
experiments of epigenetic modifying enzymes. However,
many of these studies could not exclude the possibility of
indirect secondary effects, because such manipulations
alter the epigenome globally. Furthermore, recent stud-
ies suggested that H3K27me3 could be a consequence
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of transcriptional repression [8, 9]; PRC1 recruitment
can subsequently cause PRC2 protein binding in certain
genomic regions [10, 11], and at previously active genes,
inhibition of transcription results in the recruitment of
PRC2 and accumulation of H3K27me3 [12]. Thus, it is
still unclear whether H3K27me3 alone is sufficient to
repress gene transcription. H3K27me3 has also been pro-
posed to function as epigenetic memory, which enables
the maintenance of a cell-type specific transcriptional
state in normal development conditions [2]. However, it
is unknown whether histone modifications themselves
can be inherited and function as epigenetic memory.
Therefore, direct manipulation of H3K27me3 at indi-
vidual genomic loci is required to fully understand the
mechanism of H3K27me3-associated repression.

Targeted manipulation of DNA sequences is one prom-
ising approach. Polycomb repressive elements (PREs)
were discovered in Drosophila [3, 6, 9, 13] and Arabi-
dopsis thaliana [14] and are well studied as consensus
recruiter sequences that bind PRC2 through interaction
with other DNA binding factors. Thus, in such organ-
isms, the deletion or addition of the PRE results in the
site-specific reduction or accumulation of H3K27me3
[15, 16]. However, a consensus recruiter sequence like
PREs has not been discovered in other organisms such
as vertebrates [3]. In addition, in vivo manipulation of
DNA sequence requires the establishment of transgenic
animals, which remains a time-consuming process. Thus,
an alternative technique for in vivo targeted epigenome
editing of H3K27me3 is required.

CRISPR-based dCas9 epigenome editing was recently
developed as another method for targeted epigenetic
manipulation [5]. dCas9 is the nuclease-null deacti-
vated Cas9 which has mutations in the RuvC and HNH
domains [17]. Like the CRISPR-Cas9 system, single guide
RNA (sgRNA) guides modifying enzymes or domains
fused to dCas9 to the targeted genomic locus, which
alters the epigenetic state at the site. In principle, this
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method could be applied to any organism, unlike the
deletion of the consensus recruiter sequence. However,
the number of editable modifications and reports using
the dCas9 system in vivo or in vivo epigenome editing is
still limited [18-26].

In this study, we aimed to develop a robust in vivo epi-
genome manipulation method using medaka (Japanese
killifish, Oryzias latipes) embryos. We generated a new
construct, dCas9-olEzh2 (Oryzias latipes Ezh2 fused to
dCas9), for manipulating H3K27me3 and demonstrated
that dCas9-o0lEzh2 accumulated H3K27me3 at specific
targeted loci and induced gene repression. These in vivo
epigenome editing will help the future studies for epi-
genetic regulation of gene expression and heritability of
epigenetic modification at particular genomic loci.

Results

dCas9-olEzh2 injection in medaka results in site-specific
accumulation of H3K27me3 in vivo

In order to make a new construct for in vivo H3K27me3
manipulation by dCas9 epigenome editing, we first
cloned the Oryzias latipes H3K27 methyltransferase
Ezh2 (0lEzh2) sequence and compared it with human,
mouse and zebrafish Ezh2 sequences. The alignment
revealed that Ezh2 is highly conserved (98%) among the
vertebrate species, especially the CXC domain and the
SET domain (100%), which are required for H3K27 meth-
yltransferase activity (Additional file 1: Fig. S1).

To test the ability of olEzh2 to induce H3K27me3 site
specifically in vivo, full-length olEzh2 was fused to dCas9
with a FLAG tag at the N-terminus (Fig. 1a). To select
target genome regions for H3K27me3 manipulation, we
investigated our published ChIP-seq data from medaka
blastula embryos [27]. We selected promoter regions of 7
genes, Arhgap35, Pfkfb4a, Nanos3, Dcx, Tbx16, Slc41a2a
and Kita as targets, because they showed low H3K27me3
enrichment at the blastula stage (Figs. 1c, g, k, n, 2a, d,
3f). These target promoters do not show any particular

(See figure on next page.)

Fig. 1 H3K27me3 epigenome editing by dCas9-olEzh2 targeting hypomethylated promoters. a Schematic of dCas9, dCas9-olEzh2 and

dCas9-olEzh2(ASET) constructs and H3K27me3 induction caused by dCas9-olEzh2. b Schematic view of the dCas9-olEzh2 epigenome editing and
injection experiments. sgRNA and mRNA were injected at the one-cell stage (stage 2). ChIP-gPCR was performed using the late blastula embryos
(stage 11, 8 h after injection). RT-gPCR was performed using the pre-early gastrula embryos (stage 12, 10 h after injection), because ZGA occurs at
the late blastula (stage 11) in medaka. ¢, g, k, n The epigenetic modification patterns around Arhgap35, Kita, Nanos3 and Dcx, sgRNAs (blue bars)
and ChiIP-gPCR product (black bars) positions. H3K27me3 (red) and H3K27ac (blue) ChiP-seq [27], DNase I-seq (black) [28] and DNA methylation [34]
enrichment at the blastula stage are shown.d, e, h, i, 1, m, o, p The results of ChIP-qPCR using anti-FLAG antibody (d, h, I, 0) and anti-H3K27me3
antibody (e, i, I, m). H3K27me3 negative region (K27me3 NC) and H3K27me3 positive region (K27me3 PC) were used for ChIP control (described in
Additional file 1: Fig. S2). f, j Arhgap35 and Pfkfo4a mRNA expression fold change. After expression levels were normalized to that of beta-actin, fold
changes (sample/no injection) were calculated. Light blue, gray and orange bars in each bar graph represent no injection, sgRNAs/dCas9 injection
and sgRNAs/dCas9-olEzh?2 injection, respectively. (Tukey—Kramer test and only in Fig. 1f, j Student’s t test, *p < 0.1, **p < 0.05, **p < 0.01,n=3
biological replicates and only in Fig. 1f, j n=6 biological replicates, error bars are s.d., p values of each comparison are shown only if the p value is
under 0.1.)
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(See figure on next page.)

comparison are shown only if the p value is under 0.1.)

Fig. 2 H3K27me3 epigenome editing by dCas9-olEzh2 targeting methylated promoters. a, d The epigenetic modification patterns around Tox16
and Slc41a2a, sgRNAs (blue bars) and ChIP-gPCR product (black bars) positions. H3K27me3 (red) and H3K27ac (blue) ChIP-seq [27], DNase I-seq
(black) [28] and DNA methylation enrichment [34] at the blastula stage are shown for comparison. b, ¢, e, f The results of ChIP-gPCR using anti-FLAG
antibody (b, ) and anti-H3K27me3 antibody (c, f). H3K27me3 negative region (K27me3 NC) and H3K27me3 positive region (K27me3 PC) were used
for ChiP control (described in Additional file 1: Fig. S2). Light blue, gray and orange bars represent no injection, sgRNAs/dCas9 injection and sgRNAs/
dCas9-olEzh2 injection, respectively. (Tukey—Kramer test, *p < 0.1, **p < 0.05, ***p < 0.01, n =3 biological replicates, error bars are s.d., p values of each

characteristics in terms of CpG contents compared to
others. sgRNAs were designed to target DNase I hyper-
sensitive sites using DNase I-seq data from medaka blas-
tula [28], because previous genome-wide Cas9 binding
studies showed that chromatin inaccessibility prevents
sgRNA/Cas9 complex binding [29, 30]. We used a set of
sgRNAs targeting a single promoter region because pre-
vious studies showed that multiple sgRNAs at each target
promoter increased the efficiency of epigenome editing
[17, 31, 32].

We injected dCas9 or dCas9-olEzh2 mRNA along with
three or four sgRNAs into medaka, the one-cell-stage
(stage 2) embryos, and to examine the recruitment of
dCas9 or dCas9-olEzh2 and accumulation of H3K27me3
at the target regions, we performed ChIP-qPCR at the
late blastula (stage 11), when histone modifications have
already been accumulated after epigenetic reprogram-
ming [27, 33] (Fig. 1b). For each target promoter, several
primer pairs that overlap with sgRNAs were designed
for ChIP-qPCR. The positive and negative controls for
ChIP experiments are described in Additional file 1: Fig.
S2. The results of ChIP-qPCR using anti-FLAG antibody
confirmed that dCas9-olEzh2 was recruited specifically to
the target sites (Figs. 1d, h, 1, o, 2b, e, 3g). Importantly, at
Arhgap35, Pfkfb4a, Nanos3, Dcx and Kita loci, the level of
H3K27me3 increased in dCas9-olEzh2 injected embryos,
as compared to non-injected and dCas9 injected ones
(Figs. le, i, m, p, 3h), demonstrating that dCas9-olEzh2
is capable of inducing site-specific H3K27me3 in vivo.
On the other hand, at Thx16 and Slc41a2a loci, there was
no significant induction of H3K27me3 (Fig. 2¢, f), even
though dCas9-olEzh2 was recruited to the target site
(Fig. 2b, e). We hypothesized that some factors were pre-
venting the accumulation of H3K27me?3 at these two loci.
Analysis of published whole-genome bisulfite sequenc-
ing data from medaka blastula embryos [34] revealed
that Arhgap3S5, Pfkfb4a, Nanos3, Dcx and Kita promoters
are hypomethylated (Figs. 1c, g, k, n, 3f), whereas Tbx16
and Slc41a2a promoters are highly methylated (Fig. 2a,
d). Antagonism between DNA methylation and H3K27
methylation was previously reported in mouse embry-
onic stem cells [35] and neural stem cells [36] and also
in medaka blastula embryos [27], and therefore, preexist-
ing DNA methylation might have inhibited the induction

of H3K27me3 by dCas9-olEzh2 at Thx16 and Sic4la2a
promoters.

Since the antagonism between H3K27me3 and
H3K27ac has also been reported [37], we further checked
whether the level of H3K27ac was affected by the
dCas9-olEzh2-induced H3K27me3 accumulation. How-
ever, ChIP-qPCR using anti-H3K27ac antibody at the
Arhgap35 promoter in the sgArhgap35/dCas9-olEzh2
injected embryos showed no significant differences
(Additional file 1: Fig. S3), suggesting that the level of
H3K27me3 induced by dCas9-olEzh2 was not sufficient
for a detectable level of H3K27ac reduction.

Induced H3K27me3 strengthens site-specific gene
repression

Next, we examined whether the induction of H3K27me3
by dCas9-o0lEzh2 has the function to repress the expres-
sion of targeted genes, as H3K27me3 induced by Ezh2
is known as a repressive histone modification [6, 13].
To investigate the repression capacity of dCas9-olEzh2,
we chose the zygotically transcribed genes, Arhgap35,
Pfkfb4a and Kita, among the five targets that showed
H3K27me3 induction. We injected dCas9-olEzh2 mRNA
along with sgRNAs targeting the Arhgap35, the Pfkfbda
or the Kita promoter, and performed RT-qPCR at the
pre-early gastrula stage (stage 12) (Fig. 1b), which follows
the zygotic genome activation (ZGA) at the late blas-
tula stage (stage 11) [38]. As a result, both dCas9- and
dCas9-olEzh2-injected embryos showed downregulation
of Arhgap35, Pfkfb4a or Kita compared to non-injected
ones (Figs. 1f, j, 3i), and this agrees with a previous report
indicating that dCas9 itself can interfere with transcrip-
tional elongation, RNA polymerase binding or transcrip-
tion factor binding [17]. Importantly, the expression of
Arhgap35 and Kita in dCas9-olEzh2-injected embryos
was significantly lower than that in dCas9-injected ones
(Figs. 1f, 3i), suggesting that H3K27me3 have strength-
ened the repression. On the other hand, the expres-
sion level of Pfkfb4a did not show significant difference
between dCas9- and dCas9-olEzh2 injected embryos
(Fig. 1j). Thus, the effect of H3K27me3 accumulation to
gene expression may be different between genes or the
levels of H3K27me3 accumulation at Pfkfb4a promoter
was too low (Fig. 1i).
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Fig. 3 H3K27me3 epigenome editing by dCas9-olEzh2(ASET) and higher concentration injection. a—c dCas9-olEzh2(ASET) analyses targeting
Arhgap35 promoter. ChIP-gPCR using anti-FLAG antibody (a), ChIP-gPCR using anti-H3K27me3 antibody (b) and Arhgap35 mRNA expression
fold change (c). d—e Arhgap35 mRNA expression fold change (d) and ChIP-gPCR using anti-H3K27me3 antibody (e) in higher concentration
injection. f The epigenetic modification patterns around Kita, sgRNAs (blue bars) and ChIP-gPCR product (black bars) positions. H3K27me3 (red)
and H3K27ac (blue) ChiP-seq [27], DNase I-seq (black) [28] and DNA methylation enrichment [34] at the blastula stage are shown for comparison.
g-i dCas9-olEzh2(ASET) analyses targeting Kita promoter. ChIP-gPCR using anti-FLAG antibody (g), ChIP-gPCR using anti-H3K27me3 antibody (h)
and Kita mRNA expression fold change (i). In Fig. 4c, e and i, after expression levels were normalized to that of beta-actin, fold changes (sample/no
injection) were calculated. Light blue, gray, orange, red and pink bars in each bar graph represent no injection, sgRNAs/dCas9 injection, sgRNAs/
dCas9-olEzh2 injection, sgRNAs/dCas9-olEzh2(ASET)(350 nM) injection and sgRNAs/dCas9-olEzh2(ASET)(550 nM) injection, respectively. (Tukey—
Kramer test, *p < 0.1, **p <0.05, ***p < 0.01, n =3 biological replicates and only in ¢, d and i n =6 biological replicates, error bars are s.d., p values of
each comparison are shown only if the p value is under 0.1.)

ability to induce H3K27me3 at target sites (Fig. 3a, b, g,
h). Then, we found that the expressions of the two tar-
get genes, Arhgap35 and Kita, were significantly lower
in dCas9-olEzh2 injected embryos than in dCas9 or

To validate that the H3K27me3 deposition is causative
of transcriptional repression of target genes, we gener-
ated a SET domain-deleted mutant dCas9-o0lEzh2(ASET)
(Fig. 1a). First, we confirmed that this construct had no
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dCas9-olEzh2(ASET)-injected ones (Fig. 3c, i). To fur-
ther test the possibility that transcriptional interference
by dCas9 complex caused the H3K27me3 deposition [8,
9], we increased the molecular concentration of dCas9-
olEzh2(ASET) up to 550 nM and inhibited the gene
expression at the same level as dCas9-olEzh2 injec-
tion. (Note that all other experiment in this paper used
350 nM concentration.) Under this condition, dCas9-
olEzh2(ASET) (550 nM)-injected embryos showed
strong reduction in transcription of the targeted gene
(Fig. 3d). However, neither dCas9-olEzh2(ASET)
(350 nM)-injected embryos nor dCas9-olEzh2(ASET)
(550 nM)-injected embryos showed the accumulation of
H3K27me3 at the target region (Fig. 3e). Thus, we con-
cluded that the deposition of H3K27me3 was caused by
the enzymatic activity of dCas9-olEzh2, but not by tran-
scriptional interference.

H3K27me3 epigenome editing by dCas9-olEzh2 is highly
site-specific

Finally, to globally confirm the specificity of H3K27me3
epigenome editing by dCas9-olEzh2, we performed
ChIP-seq of dCas9-olEzh2 mRNA/sgArhgap35 sgRNA-
injected or dCas9-olEzh2(ASET) mRNA/sgArhgap35
sgRNA-injected late blastula (stage 11) embryos using
anti-FLAG antibody and anti-H3K27me3 antibody. First,
we confirmed that two biological replicates showed con-
sistent distribution of dCas9 binding and H3K27me3
(Additional file 1: Fig. S4a, S4b, S4c, S4d). Thus, in the
following analyses, we pooled two replicates. Next, we
confirmed the specificity of dCas9-olEzh2(ASET) and
dCas9-o0lEzh2 recruitment to the target site (Fig. 4a, b,
S4a, S4b, S5a, S5b). Finally, we observed that H3K27me3
was only induced at the sgRNA target region in dCas9-
olEzh2-injected embryos, while there was no deposition
of H3K27me3 in dCas9-0lEzh2(ASET)-injected embryos.
Among all H3K27me3 peaks in dCas9-olEzh2(ASET)-
and dCas9-olEzh2-injected embryos, only H3K27me3
enrichment of the sgRNA target region was signifi-
cantly changed (Fig. 4c, d). These data demonstrate the
high specificity of H3K27me3 epigenome editing by
dCas9-olEzh2.

Discussion

Testing so far, the ability of dCas9-olEzh2 to induce
H3K27me3 was limited to hypomethylated regions. A
previous study using dCas9-PRDM9 (H3K4 methyltrans-
ferase PRDM9 fused to dCas9) suggested that dCas9
itself was not able to bind to highly methylated genomic
regions [20]. However, our dCas9-olEzh2 successfully
bound to methylated target sites. Importantly, we chose
the target sites that are DNase I hypersensitive, as pre-
vious genome-wide Cas9 binding studies showed that
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the binding of sgRNA/Cas9 complex depends on chro-
matin accessibility [29, 30]. Taken together, our results
suggest that dCas9-olEzh2 is able to bind to methyl-
ated sites if the chromatin is accessible, but the induc-
tion of H3K27me3 is prohibited by other inhibitory role
of DNA methylation against Ezh2. However, we can-
not exclude the possibility that the binding efficiency of
sgRNA affected H3K27me3 accumulation to methylated
promoters.

Interestingly, the most recent study using human
cell lines and mouse Ezh2 fused to the N-terminus of
dCas9 (Ezh2-dCas9) reported that H3K27me3 induc-
tion at HER2 promoter did not correlate with tran-
scriptional repression [39]. Also in this study, the two
targets (Arhgap35 and Kita) out of the three showed
significant downregulation of gene expression, whereas
the one (Pfkfb4a) of three targets did not. These results
suggest that the effect of H3K27me3 on transcription
differs among gene loci. Furthermore, the downregula-
tion of target genes (Arhgap35 and Kita), though statis-
tically significant, appeared modest. This suggests that
induced H3K27me3 deposition was not sufficient for
strong repression under our experimental conditions, or
other factors, such as H3K9me or repressor binding, are
further required for complete suppression of gene tran-
scription of these genes. In addition, since the deposi-
tion of H3K27me3 did not induce the detectable change
of H3K27ac level (Additional file 1: Fig. S3), sufficient
repression might require de-acetylation.

Conclusion

In this study, we generated dCas9-olEzh2 for manipulat-
ing H3K27me3 and demonstrated that co-injection of
three or four sgRNAs and dCas9-olEzh2 mRNA into the
one-cell-stage medaka embryos induced accumulation of
H3K27me3 at specific targeted loci and significant reduc-
tion in gene expression.

Thus far, dCas9-based epigenome editing was reported
to site-specifically manipulate H3K27me3 [39], H3K27ac
[18], H3K9me3 [19], H3K4me3 [20], H3K79me2 [20]
and DNA methylation [21-23] under in vitro conditions.
In vivo dCas9-based epigenome editing applications have
been used for site-specific deubiquitylation by injection
in nuclear transferred Xenopus oocyte [25] and targeted
manipulation of DNA methylation in mouse oocyte by
injection [26] and in mouse brain by in vivo electropho-
resis [22, 23]. The present study is the first to site-spe-
cifically manipulate H3K27me3 in vivo and extends the
applicability of the in vivo dCas9-based epigenome edit-
ing. Dysregulation of H3K27me3 has been implicated in
diseases such as cancer [40, 41]. Given that Ezh?2 is highly
conserved among vertebrates including human, our



Fukushima et al. Epigenetics & Chromatin (2019) 12:17

Page 8 of 12

H3K27me3 fold change

a 50 kb i chr14:16711545-16845854 C (dCas9-olEzh2 VS dCas9-0lEzh2(ASET))
myotca liiflf4 T~ 7 DSCAMLI1jy scnanbH s =
arhyap3s I chr14:16752783-16753901
arhlgapss 4 - sgArhgap35 target site
pscAvL1IHHi-HHH4H
47 ¥ sgRNA
DNase | ! | —~
i © 2
| |
I J~—~-- e b E
< | DNAme 5
0J M o 07
e 50 K]
5);]' FLAG | l | ~
< [*))
I peak 0 J_-.I S SOV U 3 2
a 157 I I
[=}
& | K27me3 | |
3 e i b bl e -4
5 peak | | 1 . .
50 v VW
FLAG | | T L T T
0) cm SRR A R Y R P 5 10 50 500 5000 50000
peak | | ChlIP-seq signal
15
K27mc3J | | M
1 i e
peak a [] * [] H3K27me3 fold change
(dCas9-o0lEzh2 VS dCas9-0lEzh2(ASET))
sgRNA target region .
b chr14:16751919-16760574 /
Arhga S{Bi T 2Zp———F -~ - T T T T T T T T 47
Arhgap35_11 arhgap3s [ - 13- H chr14:16752783-16753901
4.| Tl sgrRnA | sgArhgap35 target site
| | [
« | DNase | > 34
= | lh‘ | [
o 0l >
3 il I =
o
o A RRNAD T s
o, |
(o TR (TS | =
= 50 | | o
wl FLAaG 0
g oll I
% peak _| - I - 7____| 1
w 157
<} | |
cau" K27me3 | |
§ peakol g — e | o oo ®o avﬂm o
507 | T T T T T T T T
FLAG f | -8 -6 -4 -2 0 2 4 6
log2 (fold change
pea O ‘ — — 92 ( ge)
1571 |
K27me3 || |
eak ol !
peak NN _ _ _ _ _ _ _ _ _ _ _ _ _ ____ J

Fig. 4 H3K27me3 epigenome editing was highly site specific. a, b Epigenetic modification patterns, sgRNAs (blue bars) and ChIP-gPCR product
(black bars) positions around sgRNA target site. ChIP-seq using anti-FLAG antibody (gray) and anti-H3K27me3 (orange) in dCas9-olEzh2(SET) or
dCas9-olEzh2 injected embryos are shown. In addition, DNase I-seq (black) [28] and DNA methylation [34] pattern of blastula stage are shown. c
MA plot of differential enrichment analysis of ChiP-seq signals of dCas9-olEzh2(SET) injected embryos and dCas9-olEzh2 injected embryos. Each
dot shows H3K27me3 peak. The peak with the p value under 0.01 is indicated as red dot. The peaks with the fold change greater than 5 or less than
— 5 are indicated as triangles. d Volcano plot of differential enrichment analysis of ChIP-seq signals of dCas9-olEzh2(SET) injected embryos and
dCas9-olEzh2 injected embryos. All H3K27me3 peaks are indicated as dots. Only the peak including targeted genomic region is indicated as red dot

dCas9-0lEzh2 system can be a model for in vivo disease
treatment in the future.

Methods

Medaka strain and developmental stages

Medaka d-rR strain was used for all experiments in this
study. Medaka fish were maintained and raised according
to standard protocols. Developmental stages were deter-
mined based on previously published guidelines [42].

Cloning and alignment

Total RNA from 2-day post-fertilization medaka
embryos was reverse-transcribed to a c¢cDNA mix,
using SuperScript® III First-Strand Synthesis Super-
Mix (Invitrogen, 18080400). Medaka Ezh2 (olEzh2)
was amplified from this cDNA mix using cloning prim-
ers (described in Additional file 1: Table S1), and PCR
products were cloned into the pCR2.1-TOPO vector
(pCR2.1-0lEzh2). Human, mouse and zebrafish canoni-
cal Ezh2 coding DNA sequence (CDS) were obtained
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from Ensembl (human: ENSP00000419711, mouse: ENS-
MUSP00000080419, zebrafish: ENSDARP00000023693).
These sequences were aligned using T-Coffee [43],
and the colored alignment figure was made using the
sequence manipulation suite [44].

sgRNA design

sgRNAs were designed using CCtop CRISPR/Cas9 target
online predictor [45] with default parameters except the
target site length. We set the target site length to 18. The
sgRNA target sequences and locations are described in
Additional file 1: Table S1.

Plasmid construct

Cas9 sequence in pMLM3613 (Addgene, #42251) was
modified (D10A and H840A) by PrimeSTAR® Mutagen-
esis Basal Kit (Takara, R0O46A) using mut.1 and mut.2
primers. This dCas9 sequence was amplified by primers
containing FLAG and NLS sequences; then, it was assem-
bled with Xbal-linearized pCS2+ vector (pCS2+-dCas9)
using NEBuilder HiFi DNA Assembly Master Mix (NEB,
E2621). From pCR2.1-0lEzh2, olEzh2 sequence was
amplified and assembled with Xhol-linearized pCS2+-
dCas9 vector (pCS2+-dCas9-olEzh2) using NEBuilder.
To make pCS2+-dCas9-0lEzh2(ASET) plasmids, we
modified olEzh2 sequence in pCS2+-dCas9-olEzh2 by
PrimeSTAR® Mutagenesis Basal Kit (Takara, R046A)
using mut-olEzh2-ASET primers. We constructed the
sgRNA vectors from pDR274 (Addgene, #42250) based
on the method described in previous paper [46]. All
primers used for construction are described in Addi-
tional file 1: Table S2.

In vitro transcription

dCas9, dCas9-0lEzh2 and dCas9-0lEzh2(ASET) mRNA
were generated using PCR products from pCS2+-dCas9,
pCS2+4-dCas9-olEzh2, pCS2+-dCas9-olEzh2(ASET) as
templates, respectively, which contains T7 promoters.
mRNA was synthesized using HiScribe T7 ARCA mRNA
kit (NEB, E2060S). sgRNAs were synthesized using PCR
products of sgRNA vectors as templates and HiScribe "
T7 Quick High Yield RNA Synthesis Kit (NEB, E2050S).
RNeasy mini kit (Qiagen, 74104) was used to purify RNA.
Primers for PCR amplification of the in vitro transcrip-
tion template are described in Additional file 1: Table S2.

RNA injection and ChIP-gPCR

For dCas9-0lEzh2 injection, either dCas9-0lEzh2 mRNA,
dCas9-0lEzh2(ASET) or dCas9 mRNA along with three
or four sgRNAs (120 ng/pL each) were injected into the
one-cell stage (stage 2) embryos. To roughly normalize
the number of molecules per injection (350 nM), dCas9-
olEzh2, dCas9-olEzh2(ASET) and dCas9 mRNA were
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injected at concentration of 750 ng/uL, 710 ng/uL or
500 ng/pL. For higher concentration injection of dCas9-
olEzh2(ASET), dCas9-olEzh2(ASET) mRNA (1100 ng/
uL, 550 nM) and sgRNAs (180 ng/pL) were injected. After
8 h of incubation, the late blastula (stage 11) embryos
were transferred into PBS containing 20 mM sodium
butyrate, 1 mM PMSF and 1 chmpleteTM EDTA-free
Protease Inhibitor Cocktail (Roche, 11873580001), and
cells were gently dissociated using homogenizer (BMBio,
C-3452-2) or gentle pipetting (about 150 embryos for
dCas9-olEzh2 injection ChIP and about 50 embryos for
dCas9-o0lEzh2(ASET) injection ChIP). Subsequently, cells
were cross-linked by adding formaldehyde (1% volume
per volume final) for 8 min at room temperature and
then quenched by adding glycine (200 mM final). After
washing with PBS containing 20 mM sodium butyrate,
1 mM PMSF and 1 x protease inhibitor cocktail, cross-
linked cells were stored in —80 °C as dry pellet. For
dCas9-olEzh2 injection ChIP, all subsequent procedures
were performed as previously described [27]. For dCas9-
olEzh2(ASET) injection ChIP, cross-linked cells were son-
icated in a microTUBE AFA Fiber Snap-Cap 6 x 16 mm
(Covaris, 520045) using Covaris S220 with optimized
parameters (Peak Power : 105, Duty Factor : 4.0, cycles per
burst: 200, duration: 750 s), and all subsequent procedures
were performed as previously described [27]. Anti-FLAG
antibody (Sigma, F3165), anti-histone H3K27ac antibody
(abcam, ab4729) and anti-histone H3K27me3 antibody
(Millipore, 07-449 for sgArhgap35, sgTbx16, sgNanos3
and sgDcx, or Diagenode, c15410069 for sgArhgap35,
sgKita, sgPfkfb4a and sgSlc4la2a) were used for each
experiment. All primers for ChIP-qPCR are described in
Additional file 1: Table S3.

RT-qPCR
For sgArhgap35, sgKita and sgPfkfb4a RT-qPCR, either
dCas9-olEzh2 mRNA (750 ng/uL), dCas9-olEzh2(ASET)
(710 ng/pL) or dCas9 mRNA (500 ng/uL) was injected
along with three or four sgRNAs (120 ng/pL each) into
the one-cell stage (stage 2) embryos. For higher con-
centration, injection of dCas9-olEzh2(ASET), dCas9-
olEzh2(ASET) mRNA (1100 ng/uL, 550 nM) and sgRNAs
(180 ng/pL) were injected. After 10 h of incubation, the
pre-early gastrula (stage 12) embryos (50 embryos) were
homogenized and all subsequent steps were performed
as previously described [27]. All primers for RT-qPCR
are described in Additional file 1: Table S4.

ChIP-seq library preparation and sequencing

We generated two biological replicates for ChIP-seq.
ChIP was performed following the protocol described
above. After ChIP, ChIP-seq libraries were prepared
using KAPA Hyper Prep Kit (KAPA Biosystems,
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KK8504). All ChIP-seq libraries were sequenced using
[lumina HiSeq 1500 system.

ChIP-seq data processing

First, low-quality reads and adapter-derived sequences
were trimmed by Trimmomatic [47]. Second, trimmed
reads were aligned to medaka genome (MEDAKAI)
using BWA [48]. Third, we removed alignments with
mapping quality smaller than 20. Finally, MACS2 [49]
was used to call peaks (g value<0.01) and to generate
signals per million reads tracks.

ChIP-seq analysis

To test the correlation of the two biological replicates,
reads per kilobase per million mapped reads (RPKM)
for each 5 kb bin were calculated and Pearson’s correla-
tion coefficient was calculated.

To check the specificity of dCas9-olEzh2 targeting, we
plotted fold-enrichment of FLAG ChIP-seq signals by
calculating the ratio between the ChIP sample signals
and the local control lambda outputted by MACS2 [49].

To investigate the fold change of H3K27me3 enrich-
ment in peaks in dCas9-olEzh2-injected embryos and
dCas9-0lEzh2(ASET) embryos, we followed the pro-
cedure described in the previous study [19]. We pooled
two replicates, called peaks using MACS2 [49], merged
H3K27me3 peaks of each condition using bedtools merge
[50], calculated the read number overlapping the merged
peaks in each replicates using bedtools intersect [50] and
compared H3K27me3 enrichment and fold change using
DESeq 2 [51].

Statistics

The experiments shown in Figs. 1f, 3¢, d and i had six bio-
logical replicates, ChIP-seq experiments had two biologi-
cal replicates, and all other experiments in this study had
three biological replicates. Student’s ¢ test was used to
compare two groups in Fig. 1f, j. Tukey—Kramer test was
used to compare groups in the ChIP-qPCR and RT-qPCR
analyses of all other experiments. Data are expressed as
mean=+S.D.

Additional file

Additional file 1. Supplementary Figures S1-S5 and Supplementary
Tables S1-S4. Figure S1. Ezh2 alignment comparing human, mouse,
zebrafish and medaka. Figure S2. Location and epigenetic modification
patterns of ChIP-qPCR negative control (NC) and positive control (PC).
Figure S3. H3K27ac ChIP-qPCR ofsgArhgap35 injected embryos. Figure
S4. Comparison between two biological replicates of ChIP-seq. Figure S5.
Genome-wide distribution of FLAG ChIP-seq signal. Table S1. sgRNA tar-
gets. Table S2. Primers and oligos. Table S3. ChIP-gPCR primers. Table S4.
RT-gPCR primers.
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