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Xenopus laevis tadpoles can completely regenerate their appendages, such as tail and limbs, and

therefore provide a unique model to decipher the molecular mechanisms of organ regeneration

in vertebrates. Epigenetic modifications are likely to be involved in this remarkable regenera-

tion capacity, but they remain largely unknown. To examine the involvement of histone modi-

fication during organ regeneration, we generated transgenic X. laevis ubiquitously expressing a

fluorescent modification-specific intracellular antibody (Mintbody) that is able to track histone

H3 lysine 9 acetylation (H3K9ac) in vivo through nuclear enhanced green fluorescent protein

(EGFP) fluorescence. In embryos ubiquitously expressing H3K9ac-Mintbody, robust fluores-

cence was observed in the nuclei of somites. Interestingly, H3K9ac-Mintbody signals predomi-

nantly accumulated in nuclei of regenerating notochord at 24 h postamputation following

activation of reactive oxygen species (ROS). Moreover, apocynin (APO), an inhibitor of ROS

production, attenuated H3K9ac-Mintbody signals in regenerating notochord. Our results sug-

gest that ROS production is involved in acetylation of H3K9 in regenerating notochord at the

onset of tail regeneration. We also show this transgenic Xenopus to be a useful tool to investigate

epigenetic modification, not only in organogenesis but also in organ regeneration.

Introduction

Xenopus laevis larvae can functionally and morpholog-
ically regenerate their organs, such as limb, tail and
brain; however, tadpoles lose regeneration compe-
tence as metamorphosis progresses and froglets show
defective limb regeneration (Dent 1962; reviewed by
Suzuki et al. 2006) and completely fail to regenerate
their brain (Yoshino & Tochinai 2004; reviewed by

Endo et al. 2007). Appendage regeneration, in partic-
ular forelimb and hindlimb regeneration, have been
extensively studied to decipher the molecular mecha-
nisms underlying the remarkable capability of organ
regeneration in Xenopus (reviewed by Suzuki et al.
2006; Beck et al. 2009; Yakushiji et al. 2009).

Recently, Xenopus tadpole tail regeneration has
also emerged as a new model for studying the molec-
ular basis of appendage regeneration in vertebrates
because the tail has a simple structure and is com-
posed mainly of spinal cord, notochord, muscle and
skin (reviewed by Mochii et al. 2007; Slack et al.
2008; Tseng & Levin 2008; Beck et al. 2009). Slack
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and colleagues have extensively studied multiple sig-
naling pathways that are required for tail regenera-
tion, including bone morphogenetic protein (Bmp)
(Beck et al. 2003, 2006), Notch (Beck et al. 2003),
fibroblast growth factor (Fgf) and Wnt pathways (Lin
& Slack 2008; Lin et al. 2012). Moreover, Taniguchi
et al. (2014) have also showed the requirement for
Hedgehog signaling, a key factor for organ develop-
ment, in tail regeneration. Reactivation of these
molecular pathways might make it possible to recapit-
ulate the developmental process in tail regeneration
after organogenesis; however, it remains unclear
how reactivation of these pathways and genes is
controlled.

Involvement of epigenetic regulation in amphibian
regeneration has been investigated owing to its
importance in general gene regulation; CpG methyla-
tion and histone acetylation are two major epigenetic
modifications that control gene inactivation and acti-
vation, respectively. For instance, sonic hedgehog
(shh) is thought to be required for complete limb
regeneration in Xenopus (Endo et al. 1997, 2000).
Intriguingly, reactivation of shh is suppressed and its
limb-specific enhancer region (MFCS1) is hyperme-
thylated in the blastema of froglets but not tadpoles
(Yakushiji et al. 2007). Moreover, inhibition of his-
tone deacetylases (HDACs) that generally induce
gene inactivation causes failure of tail and hindlimb
regeneration (Tseng et al. 2011; Taylor & Beck
2012). Involvement of epigenetic regulation in organ
regeneration was also reported in invertebrates. In
cricket leg regeneration, knockdown of enhancer of
zeste (E(z)) and Utx causes down- and up-regulation
of histone H3K27 methylation (H3K27me), respec-
tively (Hamada et al. 2015). The perturbation of
H3K27me results in abnormal leg regeneration
(Hamada et al. 2015).

Epigenetic regulation in organ regeneration is an
issue to be solved; however, spatiotemporal and cell-
specific changes of epigenetic modifications in regener-
ating organs have not been well examined because of a
lack of molecular methods for analyzing epigenetic
modifications in vivo. Recently, Sato et al. (2013)
established a technique to track in vivo acetylation of
lysine 9 in histone H3 (H3K9ac) using a fluorescent
protein, H3K9ac-Mintbody (modification-specific
intracellular antibody) based on antigen–antibody
interaction. H3K9ac-Mintbody consists of a single-
chain variable fragment (scFv) antibody against
H3K9ac and enhanced green fluorescent protein
(EGFP). H3K9ac-Mintbody specifically binds to
H3K9ac and consequently accumulates in nuclei. The

dynamics of acetylation and active chromatin status can
therefore be observed in vivo as intensity of nuclear
EGFP fluorescence. In fruit fly and zebrafish, studies of
transgenic embryos stably expressing H3K9ac-Mint-
body have showed dynamic changes in H3K9ac levels
during embryogenesis (Sato et al. 2013).

In the present study, we generated transgenic X. lae-
vis ubiquitously expressing H3K9ac-Mintbody to track
H3K9ac in vivo. Transgenic embryos showed a unique
spatiotemporal nuclear fluorescence pattern that
revealed the dynamics of H3K9ac in early embryogen-
esis and tail regeneration. We also show correlation
between reactive oxygen species (ROS) production
and H3K9ac at the onset of tail regeneration.

Results

Tracking H3K9ac dynamics during early

embryogenesis

First, to examine whether H3K9ac-Mintbody can
track an active histone mark, H3K9ac, in vivo in
X. laevis, we injected Mintbody mRNA into fertil-
ized eggs and observed its EGFP fluorescence signal.
Although injected mRNA should uniformly disperse
throughout the whole egg, Mintbody mRNA-
injected embryos showed a unique fluorescence pat-
tern (Fig. 1A,B): Fluorescence signal is detectable in
somites at NF stage 32, and was sustained there until
NF stage 41. However, the intensity of the Mintbody
signal declined as development progressed, and finally
became undetectable by 10 days after fertilization.
Thus, Mintbody signal from injected mRNA could
no longer track H3K9ac after the swimming tadpole
stage.

Next, to track H3K9ac in vivo throughout early
embryogenesis and postembryonic events such as
regeneration, we made transgenic X. laevis ubiqui-
tously expressing H3K9ac-Mintbody using the micro-
homology-mediated end-joining (MMEJ)-dependent
knock-in technique (Nakade et al. 2014). This method
is explained briefly as follows. Transcription activator-
like effector nucleases (TALENs) mRNAs targeting tyr
exon 1 (xltyrTALENs) and donor vector containing
CMV promoter/Mintbody cDNA were co-injected
into fertilized eggs. The donor vector also had xl-
tyrTALENs target sites that contained a modified
spacer sequence, in which the anterior and posterior
halves are switched. xltyrTALENs induce double-
strand breaks in their target loci and linearize the donor
vector with the modified microhomologous sequences,
and consequently, the CMV promoter/Mintbody
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cDNA was integrated into the tyr locus via MMEJ
repair (Fig. S1A in Supporting Information). Successful
transgenic phenotypes were characterized by both
albinism and robust fluorescence signal in the nuclei of
somites, in a similar pattern to that seen in mRNA-
injected embryos (Fig. 1C–F). Mintbody signal was
ubiquitously observed in founder (F0) embryos at the
swimming stage (Fig. 1E,F). Approximately 30% of
embryos exhibited normal development possessing
EGFP fluorescence in somites (Fig. S1B,C in Support-
ing Information).

Tracking H3K9ac dynamics during tail

regeneration

To investigate H3K9ac dynamics in vivo during
organ regeneration, we observed amputated tails of
CMV:Mintbody F0 embryos at NF41 (Fig. 2A–G).
Although the nuclear fluorescence signal was faint
just after tail amputation, it became strong and its
level reached a peak in regenerating notochord at 1
or 2 days postamputation (dpa) (Fig. 2C–E,I).
Immunohistochemical analysis confirmed that the
fluorescence signals were clearly enriched in nuclei
of regenerating notochord (Fig. 2H). Besides, Mint-
body signal was seen in neural ampulla (Fig. 2D0).
In five independent experiments, 26 of 32 (81%) F0
embryos showed strong nuclear Mintbody signal in
regenerating notochord at 1 dpa (Table 1). To con-
firm the reproducibility of the results, we also gen-
erated Mintbody F0 embryos using more ubiquitous

promoter, elongation factor 1-alpha (EF1a) promoter,
and the I-SceI transgenic method (Ogino et al.
2006). In good agreement with results from the
CMV:Mintbody F0 embryos, a similar fluorescence
pattern during embryogenesis and in the regenerat-
ing tail at 1 dpa was observed in EF1a:Mintbody F0
embryos (Fig. S2 in Supporting Information). More-
over, we observed similar patterns of Mintbody sig-
nal in the notochord of CMV:Mintbody F1
embryos at 1 dpa from F0 generated by a restriction
enzyme-mediated integration (REMI) method
(Fig. S3 in Supporting Information). Besides, Mint-
body signal was seen in neural ampulla and wound
epithelium (Fig. S3H in Supporting Information). In
F1 growing tadpoles, the nuclear fluorescence signal
was not observed just after tail amputation. It
became strong and its level reached a peak in regen-
erating notochord at 1 or 2 dpa as with the results
of embryos (Fig. S3I–L0 in Supporting Information).
These data suggest that H3K9ac induction in regen-
erating tail occurs in common between embryogene-
sis and the later tadpole stage.

To examine whether the Mintbody signal faith-
fully tracked the dynamics of histone acetylation
in vivo, we treated F1 transgenic embryos with
TSA, an inhibitor of HDACs. As expected,
enhancement of Mintbody signal was seen in all
TSA-treated embryos but not in solvent-treated
embryos (n = 3 each; Fig. S4 in Supporting Infor-
mation) suggesting that CMV:Mintbody embryos
were able to track H3K9ac dynamics in vivo. It is,
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Figure 1 H3K9ac-Mintbody enhanced green fluorescent protein (EGFP) fluorescence pattern during early embryogenesis. (A, B)

EGFP fluorescence pattern of Mintbody mRNA-injected embryos during early embryogenesis. EGFP Fluorescence images at NF

stage 32 (A) and 41 (B) were captured using a fluorescence stereomicroscope. S, somite. (C–F) CMV:Mintbody F0 embryos

during early embryogenesis. EGFP fluorescence images at NF stage 31 (C), 41 (D), 45 (E) and 48 (F). S, somite; O, olfactory

epithelium.
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however, important to validate the effect of TSA
on Mintbody signal using different F1 transgenic
line in a future study.

To trace the notochord cells showing a strong
Mintbody signal, we carried out time-course observa-
tion of tail regeneration in F0 embryos (Fig. 3).
Strong Mintbody signals appeared in the notochord
proximal region (curly brackets in Fig. 3) and regen-
erating notochord (square brackets in Fig. 3) by 25 h
postamputation (hpa). Interestingly, the proximal
notochord cells remained in this position during
regeneration, whereas the regenerating notochord

cells migrated from the amputation site to the tip of
the tail to reconstruct the notochord. We also con-
firmed this phenomenon in F1 embryos (Table 1;
Fig. S5 in Supporting Information).

ROS inhibition impairs the increase of H3K9ac

during tail regeneration

As described above, the increase of Mintbody signal
occurs in regenerating notochord at an early phase of
regeneration. To further show early events in tail
regeneration, we focused on the involvement of

0 dpa 1 dpa 2 dpa 3 dpa 5 dpa
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Notochord
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Figure 2 Enhanced green fluorescent protein (EGFP) fluorescence pattern of CMV:H3K9ac-Mintbody F0 embryos during tail

regeneration. EGFP fluorescence (A) and bright-field (B) images of a representative embryo just before tail amputation at NF stage

41. Continuous EGFP fluorescence images at 0 dpa (C), 1 dpa (D), 2 dpa (E), 3 dpa (F) and 5 dpa (G). Dotted lines trace the

shapes of tails. Arrowheads indicate amputation sites. Dorsal side is oriented at the top of each panel. (D0) Merged EGFP fluores-

cence and bright-field images of (D), high magnification. (H) Localization and tissue distribution of Mintbody in the regenerating

tail. Immunohistochemistry was carried out using anti-EGFP-antibody (green) in the sagittal section of an F0 embryo at 1 dpa.

Nuclei were counterstained with DAPI (blue). Dorsal side is oriented at the top of the panel. Note that nuclear accumulation of

Mintbody is dominantly seen in regenerating notochord. NC, notochord; NA, neural ampulla; WE, wound epithelium. (I) A

schematic illustration of regeneration bud during Xenopus tail regeneration at 1 dpa in lateral view. Dorsal side is oriented at the

top. At 1–2 dpa, regenerating notochord has a bullet-shaped structure.
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ROS production in the increase of H3K9ac levels in
tail regeneration. ROS are produced immediately
after amputation and their inhibition impairs tail
regeneration in Xenopus (Love et al. 2013). A time-
course observation of ROS production using
H2DCFDA showed that ROS production occurred
at the tail amputation site at 1 hpa and was sustained
until 6 hpa or later (Fig. 4), raising the possibility
that ROS production precedes H3K9ac in tail regen-
eration.

To examine whether ROS signaling is involved
in increased H3K9ac levels, CMV:Mintbody F1
embryos were treated with APO, an NADH oxi-
dase inhibitor. We first determined the APO con-
centration that was sufficient to impair tail
regeneration; most 1 mM APO-treated embryos
failed to regenerate tail (Fig. S6 in Supporting
Information). Dimethyl sulfoxide (DMSO) treat-
ment did not affect the increase of Mintbody signal
in the notochord after amputation, whereas APO
treatment clearly blocked the increase in 42 of 47
embryos at 1 dpa (Fig. 5). Unexpectedly, increase
of Mintbody signal was observed in the wound
epithelium in most APO-treated embryos (Table S2
in Supporting Information). The reproducibility of
this phenomenon was confirmed by two indepen-
dent experiments using embryos from three trans-
genic F0 parents.

Discussion

Epigenetic regulation by DNA methylation and
histone modification is likely to be involved in the

control of the recapitulation of developmental pro-
cesses during amphibian regeneration (Yakushiji et al.
2007; Hayashi et al. 2015). However, thus far, there
has been no means for the in vivo analysis of the
dynamics of epigenetic modifications in amphibian
regeneration. To address this, we show here that
H3K9ac-Mintbody transgenic Xenopus can track
H3K9ac dynamics in vivo during tail regeneration.

H3K9ac dynamics can be tracked in vivo in

Mintbody transgenic Xenopus

Mintbody transgenic embryos showed a unique fluo-
rescence pattern during early embryogenesis.
Although Mintbody mRNA was ubiquitously
expressed, its fluorescence signal was distinctly
observed in somite nuclei throughout early embryo-
genesis. Somite nuclei showing robust Mintbody sig-
nal may possess unique chromatin dynamics or
nuclear architecture during early embryogenesis. In
addition, TSA, a well-known HDAC inhibitor,
enhanced the Mintbody signal in the transgenic
embryos, indicating that Mintbody has the ability to
track H3K9ac dynamics in vivo in X. laevis, as it does
in fruit fly and zebrafish (Sato et al. 2013).

Histone acetylation in tail regeneration

Previously, it was shown that treatment with HDAC
inhibitors, valproic acid (VPA) and TSA (Tseng et al.
2011), or TSA only (Taylor & Beck 2012), impairs
tail regeneration. Complete inhibition of tail regener-
ation requires treatment with VPA by 48 hpa.
Indeed, significant changes in H4 acetylation level do
not occur in the regenerating tail until at least 24 hpa
(Tseng et al. 2011), whereas Mintbody transgenic ani-
mals showed a clear increase of H3K9ac in regenerat-
ing notochord from 16 to 24 hpa. Consistent with
these findings, H3 and H4 acetylation have opposite
functions for nucleosome reconstitution and chro-
matin remodeling (Kurdistani et al. 2004; Agricola
et al. 2006; Gansen et al. 2015). Acetylation of H3
enhances the opening of the DNA ends and nucleo-
some disassembly during transcription, whereas, in
contrast, acetylation of H4 tends to maintain stable
chromatin states. These reports support the hypothesis
that bivalent hypoacetylated H4 and hyperacetylated
H3 synergistically promote an increase of DNA
accessibility at regeneration-related gene loci and
consequently reactivate their transcription during tail
regeneration.

Table 1 Increases of H3K9ac-Mintbody signal in the

regenerating notochord

Positive Negative

F0 embryos generated

by TALEN-mediated

transgenesis

26/32 (81%) 6/32 (19%)

F1 embryos generated

by REMI transgenesis

28/28 (100%) 0/28 (0%)

We examined increases of Mintbody signal in regenerating

notochord of F0 and F1 embryos at 1 dpa. F0 and F1 embryos

were generated by TALEN-mediated transgenesis and REMI

transgenesis, respectively. The data were collected from five

independent experiments for F0 embryos and from two inde-

pendent experiments for F1 embryos. TALEN, transcription

activator-like effector nucleases; REMI, restriction enzyme-

mediated integration.
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Possible role of notochord H3K9ac-positive cells

during tail regeneration

Notochord is thought to be a vital tissue in Xenopus
tail regeneration because shh, an essential factor for
appendage formation (St-Jacques et al. 1998; Kraus
et al. 2001), is activated there. Indeed, cyclopamine, a
chemical inhibitor of Hedgehog signaling, impairs tail
regeneration in X. laevis (Taniguchi et al. 2014).
Interestingly, Mintbody signal increased in the regen-
erating notochord where shh is also activated. Robust
nuclear fluorescence signal was observed in the

regenerating notochord at 1 dpa, and then, cells
showing a high level of H3K9ac entered into the
regenerating notochord. Moreover, fgf20 and Wnt
signaling also appear to be expressed or activated in
regenerating notochord (Love et al. 2013). From
these observations, we speculate that H3K9ac con-
tributes to reactivation of regeneration-related genes
in regenerating notochord and constitute a signaling
center to orchestrate tail formation.

Our observations also provided insight into cell
lineage during tail regeneration. We observed that
regenerating notochord cells showing strong nuclear

EGFP

0 hpa

12 hpa

6 hpa

25 hpa

36 hpa

49 hpa

61 hpa

73 hpa

Bright

Figure 3 Regenerating notochord cells possessing robust H3K9ac-Mintbody signals migrate and reconstruct notochord. Continu-

ous images of tail regeneration were captured from just after amputation to 73 hpa at the indicated time. Straight lines indicate the

amputation site. Curly and square brackets show the proximal notochord and regenerating notochord cells, respectively. Left and

right panels show Enhanced green fluorescent protein fluorescence and bright-field images at each indicated time, respectively.

Dorsal side is oriented at the top of each panel.
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Figure 4 Reactive oxygen species (ROS) production and the increase of H3K9ac-Mintbody signal at the onset of tail regenera-

tion. To visualize ROS production, wild-type embryos were exposed to H2DCFDA 2 h before observation at each indicated

time. Mintbody signals in F1 embryos were observed from 0 to 24 hpa at each time point. Dotted lines trace the shapes of tails.

NC, notochord. Dorsal side is oriented at the top of each panel.
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EGFP fluorescence appear to migrate and rebuild the
notochord itself during tail regeneration. This obser-
vation is in good agreement with the following com-
mon view. Although a blastema (defined as a mass of
dedifferentiated proliferating cells) appears in regener-
ating appendages including limbs, it is not observed
in regenerating tail. In other words, each cell in
muscle, spinal cord and notochord retains its initial
cell fate in regenerating tail (Gargioli & Slack 2004;
Chen et al. 2006; Mochii et al. 2007).

Involvement of ROS production in the increase of

H3K9ac levels during tail regeneration

The inhibition of ROS signaling by chemical com-
pounds impairs tail regeneration (Love et al. 2013).
In this study, we observed that ROS production
occurred immediately after tail amputation before
the increase in H3K9ac levels. Intriguingly, inhibi-
tion of ROS production by APO attenuated the

increase of H3K9ac levels in regenerating
notochord at 1 dpa, suggesting that amputation-
induced ROS signaling precedes the acetylation of
H3K9 (Fig. 6). Pre-treatment with ROS inhibitors,
such as APO, significantly reduces ethanol-induced
H3K9ac in rat hepatocytes (Choudhury et al. 2010),
supporting the involvement of ROS in increasing
H3K9ac levels.

Beck et al. (2003) first reported that regeneration
capability of tail is drastically decreased at NF stage
45–47, so-called the refractory period. Interestingly,
activation of immune response is involved in loss of
tail regeneration during the refractory period (Fuka-
zawa et al. 2009; Naora et al. 2013). ROS induction
occurs before the accumulation of inflammatory cells
(Love et al. 2013); therefore, H3K9ac in the noto-
chord would not be directly induced by immune
response at the early phase of tail regeneration.

Unexpectedly, inhibition of ROS production
caused an increase of Mintbody signal in wound

APO

2 h
Pre-treatment

Tail amputation

APO

1 day
treatment

Observation

APODMSO

n = 22/28 (79%) n = 5/47 (11%)

(A)

(B) (C)

NC
NC

Mintbody F1

WE
WE

Figure 5 Reactive oxygen species (ROS) inhibition impairs the increase of H3K9ac-Mintbody signal in tail regeneration. (A) A

scheme of ROS inhibition in tail regeneration. F1 embryos at NF stage 41 were pre-treated with apocynin (APO), an inhibitor of

ROS production, for 2 h before amputation; then, tails were amputated. Mintbody signal was observed at 1 dpa. Xenopus images

from Nieuwkoop & Faber (1994) were modified. (B, C) Representative images of dimethyl sulfoxide (DMSO)- and APO-treated

embryos. Mintbody signals were seen in the notochord of control DMSO-treated embryos (B; n = 22 positive in notochord/28

total, 79%), whereas no or faint signal was seen in the notochord of APO-treated embryos (C; n = 5 positive in notochord/47

total, 11%). The data were obtained from two independent experiments using three different F0 parents. Dotted lines trace the

shapes of tails. NC, notochord; WE, wound epithelium. Dorsal side is oriented at the top of each panel.
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epithelium. In limb regeneration, wound epithelium
eventually thickens into regeneration-permissive
wound epithelium, called apical epithelial cap (AEC)
(Satoh et al. 2008; Stocum 2011), and formation and
elongation of a blastema occur under the influence of
AEC. Presumably it is also necessary in tail regenera-
tion. Besides, mitochondrial ROS facilitates epider-
mal differentiation and hair follicle development via
beta-catenin activation and Notch signaling in mouse
(Hamanaka et al. 2013). Therefore, we speculate that
hyperacetylation of H3K9 by low level of ROS
blocks wound epithelium to differentiate into AEC
via inhibition of Wnt signaling, which results in fail-
ure of tail regeneration. Actually, hyperacetylation of
H4 in wound epithelium seems to block tail regener-
ation in Xenopus (Tseng et al. 2011). We are cur-
rently exploring this question.

Multiple signaling pathways are reported to be
crucial for tail regeneration; Hedgehog signaling
(Taniguchi et al. 2014), Wnt and Fgf pathways (Lin
& Slack 2008; Love et al. 2011, 2013; Lin et al.
2012). ROS inhibition also decreases the activation
of Wnt signaling and fgf20 expression during tail
regeneration (Love et al. 2013; Chen et al. 2014).
Therefore, given that H3K9ac is generally involved
in gene activation, we speculate that ROS signaling
facilitates the reactivation of shh, wnt and fgf genes
through the increase of H3K9ac levels in notochord
at the onset of tail regeneration. Involvement of
ROS in regeneration has also been reported in zebra-
fish and planaria (Gauron et al. 2013; Pirotte et al.
2015); therefore, the relationship between ROS and

epigenetic modifications may be a conserved principle
of regeneration in various organisms.

Histone modifications in Xenopus regeneration

In X. laevis, the mechanisms underlying loss of regen-
eration capability during metamorphosis (Dent 1962)
or the refractory period (Beck et al. 2003; Fukazawa
et al. 2009) are still unsolved riddles. A key to unravel
the riddles is further comprehension of histone modi-
fications in organ regeneration. For example, Hayashi
et al. (2015) reported that an inhibitor of histone
methyltransferase EZH2 that catalyzes H3K27
trimethylation reduces limb regeneration in Xenopus
tadpole, suggesting that inactive chromatin marks are
also involved in organ regeneration. They also
reported that H3K27 and H3K4 trimethylation are
unchanged in limb bud regeneration using chromatin
immunoprecipitation sequencing (ChIP-Seq). Further
analysis of histone modifications in the refractory per-
iod, metamorphosis and adulthood is required for
understanding of decrease of regeneration capability
throughout ontogeny using useful tools such as
ChIP-Seq and Mintbody transgenic Xenopus.

Experimental procedures

Animal manipulation and microinjection

Xenopus laevis adults were purchased from Hamamatsu Seibutsu

Kyouzai, Japan. Fertilized eggs were obtained from sexually

mature females and males by injecting human chorionic gona-

dotropin (Aska Pharmaceutical). To provide testes for in vitro

fertilization, males were deeply anesthetized and killed by

injecting 400 lL of 10% MS-222 (Tricaine; Sigma). Eggs were

dejellied using 2% cysteine in 0.19 Marc’s modified ringer

(MMR) adjusted to pH 7.8 with NaOH, washed with 0.19

MMR and transferred into 5% Ficoll (Sigma-Aldrich) in 0.39

MMR. Microinjection was carried out using a Nanoject II

(Drummond), and injected embryos were reared in 0.19

MMR containing 50 lg/mL gentamicin at 18 °C (Suzuki

et al. 2013). Developmental staging was carried out according

to Nieuwkoop and Faber (NF stage; Nieuwkoop & Faber

1994). For anesthetic before tail amputation, MS-222 was used

at the final concentration of 0.01%–0.05%. To confirm

changes in levels of H3K9ac, Mintbody transgenic embryos at

NF stage 41 were individually incubated in 5 mL of 0.19

MMR containing 100 nM trichostatin A (TSA; Calbiochem)

in a 6-well plate for 45 h. TSA was dissolved in 100% EtOH

at a stock concentration of 100 lM. This TSA-containing

MMR was changed every 24 h. Animal rearing and treatment

were approved and carried out to according to the Hiroshima

University and National Institute for Basic Biology guidelines

for the use and care of experimental animals.

ROS H3K9ac

16 24 hpa0 12

Regenerating notochord

Epigenetic ROS

Figure 6 Schematic model of reactive oxygen species (ROS)

production and H3K9ac modification at the onset of tail

regeneration. After amputation, ROS are immediately pro-

duced near the amputation site and its production is sustained

during tail regeneration. Acetylation of H3K9 is subsequently

induced at the amputation site, in particular, in the notochord

from 16 to 24 hpa.
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mRNA injection

Amino acid sequences of histone H3 between human and

X. laevis are 100% identical; therefore, H3K9ac-Mintbody

must recognize Xenopus H3K9ac. Mintbody cDNA was PCR

amplified from pEGFP-N2/H3K9ac-Mintbody and subcloned

into the BamHI and XbaI sites of pCS2+ (Turner & Wein-

traub 1994; Sato et al. 2013). mRNA was transcribed in vitro

using an mMESSAGE mMACHINE SP6 Transcription Kit

(Life Technologies) from linearized pCS2+/Mintbody. Five

hundred pg of Mintbody mRNA was injected into fertilized

eggs at the one-cell stage.

Transgenesis

Platinum TALENs were designed to target X. laevis tyr exon 1

(xltyrTALEN) (Previously described in Sakuma et al. 2013;

Sakane et al. 2014). xltyrTALEN mRNA was transcribed

in vitro using an mMESSAGE mMACHINE T7 ULTRA

Transcription Kit (Life Technologies). A modified xl-

tyrTALEN recognition site for target integration (TACTT

CTTGCTGCACTGGGAATTCAGAAACATGAGCTCAC

GGGAGATGAGA) was added upstream of the CMV pro-

moter of pEGFP-N2/H3K9ac-Mintbody (Sato et al. 2013) or

pCS2+/Mintbody using inverse PCR with specific primer sets

(Table S1 in Supporting Information) and the resultant plas-

mids were used as a donor vector. Approximately 250 pg of

each right and left xltyrTALEN mRNA and 100 pg of donor

vector were co-injected into eggs at the one-cell stage. This

TALEN-based transgenic method was based on Nakade et al.

(2014; Fig. S1 in Supporting Information). For I-SceI transge-

nesis, IS-pXeX was used as the donor plasmid (Johnson &

Krieg 1994; a kind gift from Dr. Haruki Ochi and NBRP

‘Xenopus tropicalis’). Mintbody cDNA was subcloned into

BamHI and XbaI sites of IS-pXeX. Transgenesis was carried

out according to Ogino et al. (2006). The REMI transgenic

method was carried out according to Kroll & Amaya (1996)

and Takagi et al. (2013). F1 embryos were obtained from nat-

ural mating and in vitro fertilization using F0 transgenic females

or males generated by REMI transgenesis.

Tail regeneration assay

Transgenic embryos possessing EGFP fluorescence in somite

nuclei were screened at NF stage 41. Embryos were then

anesthetized using MS-222 and approximately 1 mm of tail tip

was amputated with a surgical scalpel. The embryos were

incubated in 0.19 MMR at 18 °C for 4–5 days. Fluorescence

images were taken every day.

ROS detection and inhibitor treatment

The compound 20,70-dichlorodihydrofluorescein diacetate

(H2DCFDA; Life Technologies) was used to monitor ROS

production in regenerating tail. Fluorescent carboxy-DCF was

produced through ROS oxidation. Embryos were incubated

with 25 lM H2DCFDA for 2 h before observation. For inhi-

bitor treatment, a stock solution of 1 M APO (Sigma-Aldrich)

was dissolved in DMSO (Sigma-Aldrich). DMSO (0.1%) was

used as a solvent control. Embryos were incubated with 1 mM

APO from 2 h before to 1 day after amputation. Five embryos

were incubated with 5 mL of 0.19 MMR containing

APO or DMSO in each well of a 6-well plate. Regeneration

rate was evaluated according to previously reported criteria

(regeneration index; Tseng et al. 2007).

Imaging

To track H3K9ac in vivo during embryogenesis and tail regen-

eration, Mintbody signal was observed using fluorescence stere-

omicroscopes (Leica MZ10F, M205FA and Olympus SZX16)

and digital cameras (Nikon DS-Vi1, Olympus DP71, Leica

DFC360 FX and Hamamatsu Photonics ORCA-FLASH 4.0).

Immunohistochemistry

Embryos were deeply anesthetized with 0.01%–0.05% MS-222

and fixed with 4% paraformaldehyde in phosphate-buffered

saline (PBS) for 2 h at room temperature. Tissues were pro-

cessed for paraffin embedding and then sectioned at 8 lm.

Sections were deparaffinized, rehydrated and treated with

5 lg/mL proteinase K (Life Technologies) in Tris-buffered

saline (TBS) for 25 min at RT. After the antigen retrieval

step, sections were washed and blocked with Blocking One

Histo (Nacalai Tesque) for 10 min at RT and incubated with

rabbit anti-GFP antibody (ROCKLAND, diluted 1 : 400) for

1 h at 37 °C. After washing in TBS containing 0.1% Tween-

20, sections were incubated with Alexa488-labeled secondary

antibody (Life Technologies, diluted 1 : 400) and counter-

stained with DAPI or Hoechst 33342 (Life Technologies).
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Xenopus laevis using the microhomology-mediated end-joining

(MMEJ)-dependent knock-in technique.

Figure S2 EGFP fluorescence pattern of EF1a:Mintbody F0

embryo during tail regeneration.

Figure S3 EGFP fluorescence pattern of CMV:Mintbody F1

embryos and tadpoles during tail regeneration.
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ment in F1 embryos.
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Figure S6 Regeneration rate following treatment with various

concentrations of APO.
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