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Many amphibians can regenerate limbs, even in adulthood. If a limb is amputated, the stump generates a
blastema that makes a complete, new limb in a process similar to developmental morphogenesis. The
blastema is thought to inherit its limb-patterning properties from cells in the stump, and it retains the
information despite changes in morphology, gene expression, and differentiation states required by limb
regeneration. We hypothesized that these cellular properties are maintained as epigenetic memory
through histone modifications. To test this hypothesis, we analyzed genome-wide histone modifications
in Xenopus limb bud regeneration. The trimethylation of histone H3 at lysine 4 (H3K4me3) is closely
related to an open chromatin structure that allows transcription factors access to genes, whereas the
trimethylation of histone H3 at lysine 27 (H3K27me3) is related to a closed chromatin state that blocks
the access of transcription factors. We compared these two modification profiles by high-throughput
sequencing of samples prepared from the intact limb bud and the regenerative blastema by chromatin
immunoprecipitation. For many developmental genes, histone modifications at the transcription start
site were the same in the limb bud and the blastema, were stable during regeneration, and corresponded
well to limb properties. These results support our hypothesis that histone modifications function as a
heritable cellular memory to maintain limb cell properties, despite dynamic changes in gene expression
during limb bud regeneration in Xenopus.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Regenerative ability varies widely among vertebrate species.
Amphibians have stronger regenerative abilities than do other
vertebrates, and various species can regenerate the brain, spinal
cord, lens, jaw, tail, and limb (Bonfanti, 2011; Brockes, 1997; Ta-
naka and Ferretti, 2009). The limb is a complex organ formed of
skin, bone, muscle, nerves, and blood vessels, and the regenerative
process integrates and reorganizes these various tissues to form a
new limb of the same size and shape as those of the original. Key
genes expressed in limb morphogenesis in the developing animal
are also expressed in the regenerating blastema. Hox genes, which
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govern the pattern, shape, and number of bones in the limb (Tabin,
1992; Yano and Tamura, 2013), are upregulated in limb develop-
ment and in the regenerative blastema (Carlson et al., 2001; Gar-
diner et al., 1995). The paired-type homeobox gene prrx1 (also
called prx1) is a reliable marker for limb bud mesenchyme (Martin
and Olson, 2000). In amphibians, prrx1 is re-expressed in the early
blastema after limb amputation (Martin and Olson, 2000; Satoh
et al., 2011; Suzuki et al., 2005, 2007). Gene expression of shh,
which is essential in determining the identity of posterior digits in
limb development (Riddle et al., 1993), is recapitulated in the
posterior region of the blastema (Endo et al., 1997; Imokawa and
Yoshizato, 1997; Torok et al., 1999). Fgf signaling from the epi-
dermis regulates mesenchyme growth in both development and
regeneration of the limb (Christen and Slack, 1997; Han et al.,
2001); this signaling is transduced to express downstream target
genes such as dusp6 (mkp3), a negative feedback regulator for Fgf
signaling (Kawakami et al., 2003).
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In addition, we recently demonstrated that the transcriptional
regulator Yap1 is required for limb bud regeneration in Xenopus
(Hayashi et al., 2014b). Yap1, which is conserved in the Hippo-
signaling pathway, is negatively regulated by Mst1/2 and Lats1/2
(Halder and Johnson, 2011). Yap1 is activated in the blastema at
both transcription and protein levels, and inhibition of Yap1
function causes defective limb bud regeneration in Xenopus
(Hayashi et al., 2014b).

These signaling pathways and developmental genes participate
in limb morphogenesis and regeneration. Although expression
sometimes differs slightly in limb development (Christen et al.,
2003; Gardiner et al., 1995) and limb regeneration, numerous
developmental genes are expressed in a similar pattern and se-
quence in the limb bud and blastema (Carlson et al., 2001; Han
et al., 2001; McEwan et al., 2011; Torok et al., 1999).

Gene expression profiles shift dynamically, moment by mo-
ment, as the limb develops. After acute injury, expression profiles
are initialized to restart these dynamic sequences as regeneration
begins. Even after being de-differentiated to form the blastema,
limb cells will only make new limb cells. The blastema has self-
organizing properties in morphogenesis; axial polarity and other
characteristics are inherited from parent limb cells (Stocum, 1984).
Limb cells do not appear to stray from the limb-cell lineage, and
they are able to repeat limb-specific gene expression (Stocum,
1984). This indicates that these cells retain a memory of their
limb-cell characteristics, even though their gene expression pro-
files are profoundly altered after injury. This memory cannot be
carried through a simple accumulation of mRNA and proteins,
since these gene products are reduced by physiological degrada-
tion and are diluted as cells divide.

There is growing evidence that cells are equipped with epige-
netic memory (Halley-Stott and Gurdon, 2013; Sarkies and Sale,
2012). DNA methylation in the cis-regulatory region of the gen-
ome, which prevents gene expression, is maintained by DNA
methyltransferase even after cells divide (Bird, 2002). Histone
proteins that pack genomic DNA into compact coils are regulated
by modifications such as methylation and acetylation (Nottke
et al., 2009; Seidel et al., 2012). Trimethylation in histone H3 at
lysine 4 (H3K4me3) or lysine 27 (H3K27me3) is tightly linked to
gene expression: transcription is activated if H3K4 is methylated
by Trithorax-group proteins but is repressed if H3K27 is methy-
lated by Polycomb-group proteins (Schuettengruber et al., 2007).
Daughter cells retain their parent's histone-modification status
after cell division, and several models have been proposed to ex-
plain histone-modification inheritance (Halley-Stott and Gurdon,
2013; Sarkies and Sale, 2012).

Histone methylation and acetylation are involved in the func-
tion of developmental genes during limb development. The limb
bud acquires a region-specific epigenetic profile at an early stage
(Andrey et al., 2013). Numerous limb-specific enhancers are acti-
vated by H3K27 acetylation or repressed by H3K27me3, and these
two modifications are mutually exclusive (Cotney et al., 2012; Visel
et al., 2009). The DNA methylation status of the mammals-fishes-
conserved-sequence 1 (MFCS1) long-range, limb-specific shh en-
hancer, which is associated with shh expression in the posterior
limb bud (Sagai et al., 2005), coincides with shh expression levels
in limb development or regeneration (Yakushiji et al., 2007).
In vitro manipulations of epigenetic regulations in blastema cells
suggest that, in addition to DNA methylation of a limb-specific shh
enhancer, histone modification is important for shh expression
(Yakushiji et al., 2009). These findings led us to consider whether
the histone-modification profiles underlying the recapitulation of
gene expression serve to carry intrinsic cellular memory after an
acute injury.

Although the ability of Xenopus to regenerate limbs is strong
only in the early tadpole stages (Muneoka et al., 1986), Xenopus
laevis is useful for dissecting the morphological and molecular
mechanisms of regeneration (Beck et al., 2009; Slack et al., 2004,
2008). Xenopus tropicalis is particularly useful for genomic studies
because the entire genome has been sequenced (Hellsten et al.,
2010). In this study, we investigated epigenetic cell memory in
limb bud regeneration by analyzing genetic expression in Xenopus
laevis and genome-wide histone modifications in X. tropicalis. Our
results indicate that histone-modification states are maintained in
the regenerating blastema in Xenopus and that histone modifica-
tion acts as epigenetic memory to maintain the cellular char-
acteristics of limb cells.
2. Materials and methods

2.1. Ethical treatment of animals

All of animal experiments were done exclusively at Tohoku
University. All of the authors who are involved in animal experi-
ments have received institutional lectures and training for animal
experiments. Based on the law (Act on Welfare and Management
of Animals) in Japan, Tohoku University exempts study using X.
laevis and X. tropicalis (amphibians) from requiring IRB approval.
However, all surgery was performed under ethyl-3-aminobenzoate
anesthesia, and all efforts were made to minimize suffering. When
tadpoles and froglets needed to be euthanized, they were im-
mersed in 0.05% ethyl-3-aminobenzoate (Tokyo Chemical Industry,
886-86-2). After they became completely unconscious, their limb
buds or blastemas were excised with ophthalmologic scissors for
further experiments, and then the unconscious animals were put
in a freezer for euthanization. When adult male frogs (X. laevis)
were sacrificed to excise their testes for I-SceI meganuclease-
mediated transgenesis, 2% ethyl-3-aminobenzoate dissolved in
pure water was injected into the intracardiac cavity (400 mg of
ethyl-3-aminobenzoate/1 g of animal). After the male frog was
confirmed to be completely unconscious, its testes were excised
with a blade, and then the unconscious frog was put in a freezer
for euthanization.

2.2. Animal rearing and limb amputation

X. laevis frogs were purchased from Hamamatsu Seibutsu
Kyozai (http://www.h-seibutsu.co.jp/index.html) and Watanabe
Zosyoku (http://www5d.biglobe.ne.jp/�zoushoku/top.htm). Fe-
male frogs were primed with 60 units of pregnant mare serum
gonadotropin 3�5 days before fertilization, and ovulation was
induced with 500 units of human chorionic gonadotropin 1 day
before fertilization. Male frogs were injected with 250 units of hCG
2 days before fertilization. Tadpoles were raised in tap water
containing barley-leaf powder at 22�23 °C. After metamorphosis,
the froglets were fed with tubifex.

X. tropicalis (Nigerian N9-1) frogs were provided by the Asa-
shima Laboratory at the University of Tokyo (National Bio-Re-
source Project). The Nigerian N9-1 line was used for limb ampu-
tation and ChIP experiments. X. tropicalis (Nigerian H) frogs were
provided by Dr. Akihiko Kashiwagi at Hiroshima University with
support in part by the National Bio-Resource Project of the MEXT,
Japan. The Nigerian H line was used to clone the X. tropicalis
genomic sequence of the dusp6 gene upstream region by genomic
PCR. Female and male frogs were injected with 40 units of PMSG
2�5 days before mating and with 10 units of hCG 12�18 h before
fertilization. Ovulation and fertilization were induced by injecting
100 units of hCG 3�4 h before mating. Tadpoles were raised as
described for X. laevis but at 25 °C. Tadpoles were staged according
to Nieuwkoop and Faber (Nieuwkoop and Faber, 1994).

X. laevis was used for histological and transgenic analysis, and
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Fig. 1. X. laevis and X. tropicalis exhibit comparable regenerative abilities. (A) Regeneration experiments. The left limb bud was amputated at a level corresponding to the
knee or ankle in tadpoles at stages 52 or 53, respectively, and the digits on regenerated (left) hindlimbs were counted to establish regenerative ratios. (B) and (C). Graphs
show regenerative ratios for (B) the X. laevis hindlimb after amputation at stages 52 or 53 (n¼26, 16) and (C) the X. tropicalis hindlimb after amputation at stages 52 or 53
(n¼12, 17.) Colors indicate the number of digits on the regenerated limb. (D) Ventral view of a completely regenerated hindlimb in a stage 58 X. tropicalis tadpole after
amputation of the left hindlimb at the putative knee level at stage 52. The morphology of the regenerated hindlimb (left) and that of the intact hindlimb (right) were similar.
Scale bar: 5 mm.
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X. tropicalis was used for ChIP analysis. To obtain tadpole blas-
temas, tadpoles were anesthetized with 0.025% ethyl-3-amino-
benzoate and hindlimb buds were amputated using ophthalmo-
logic scissors at a point corresponding to knee level or ankle level
(according to the outside view and a fate map by Tschumi (1957).
The resultant regeneration of amputated limb buds was scored at
stage 57 or at later stage since the amputated limb buds complete
their regeneration by stage 57. To obtain froglet blastemas, frogltes
were anesthetized with 0.05% ethyl-3-aminobenzoate and then
forelimbs were amputated through the distal zeugopodium with
ophthalmologic scissors and the amputation surface was trimmed
to be flat.

2.3. 3-Deazaneplanocin A treatment

A 15 mM stock solution of 3-deazaneplanocin A (DZNep; Cay-
man 13828) dissolved in dimethyl sulfoxide (DMSO; SIGMA
D8418) was stored in the dark at �20 °C. The procedure for DZNep
treatment is shown in Fig. 2A. The left hindlimb bud was ampu-
tated at a level corresponding to the knee in tadpoles at stage 52.
Tadpoles soon after amputation were raised for 9 h in de-
chlorinated tap water with 15 μM DZNep solution (experimental)
or with the same amount of a solvent, DMSO (control). During
DZNep or DMSO treatment, tadpoles were not fed to avoid un-
expected inactivation of DZNep by the food, barley-leaf powder.
Subsequently, tadpoles were fed for 15 h in dechlorinated tap
water. Thus, for 5 days, tadpoles were reared in 15 μM DZNep or
the same amount of DMSO for 9 h and then fed in just de-
chlorinated tap water for 15 h each day. The DZNep or DMSO
treatment was terminated at 5 dpa, and tadpoles were further
raised in dechlorinated tap water containing barley-leaf powder as
usual for 4 days.

2.4. Immunofluorescence labeling and in situ hybridization

For immunofluorescence labeling, limb bud and limb blastema
samples were fixed with 4% PFA for 15 min at room temperature
(RT). The solution was then replaced with 30% sucrose/PBS until
the samples were permeated. Tissues were embedded in OCT
compound and maintained at �80 °C. Frozen OCT blocks were
sectioned using a Cryostat (10 mm in thickness) and air-dried at
45 °C overnight.

Sections cells were washed three times with 0.2% FBS/PBS for
5 min at RT between protocol steps. Samples were treated with
0.2% Triton TX-100/PBS for 20 min at RT, blocked with 2% FBS/PBS
(blocking solution) for 1 h at RT, and then incubated at 4 °C
overnight in blocking solution with the following primary anti-
bodies: anti-H3K4me3 (Abcam, ab8580), anti-H3K27me3 (Milli-
pore, #07-449), anti-H3K9ac (Abcam, ab4441), anti-H4ac (Milli-
pore, 06-866), and anti-Flag M2 (Sigma, F3165), diluted 1/300 for
sections and 1/500 for cultured cells. The samples were washed
and incubated with Alexa594-conjugated anti-Rabbit IgG antibody
(1/500) in blocking solution for 2 h at RT. For nuclear staining,
samples were treated with DAPI/PBS (400 ng/ml) for 20 min at RT.
Slide glasses were mounted with Vectashield (Vector Labolatory,
H-1000).

For in situ hybridization, samples were fixed in MEMFA, em-
bedded in OCT compound, and serially sectioned at 10 mm in
thickness. To detect transcripts on sectioned samples, in situ hy-
bridization on frozen sections was carried out as previously de-
scribed (Ohgo et al., 2010) with slight modification. To synthesize
an antisense RNA probe for gfp, CMV-GFP5 plasmid (Yokoyama
et al., 2007) was linearized with BamHI and transcribed with T7
RNA polymerase (Roche). Probes for prrx1 (Suzuki et al., 2005) and
dusp6 (Gomez et al., 2005) were synthesized as previously
described.

2.5. Chromatin immunoprecipitation (ChIP)

For ChIP, we used the protocol recommended by CosmoBio
with a slight modification. Limb buds (autopod) or blastemas
(corresponding to the autopod region) were collected from at least
10 tadpoles for ChIP-qPCR and from at least 50 tadpoles for ChIP-
seq. Tissues were fixed with 1% formaldehyde in 1x MBS for
30 min at RT, washed three times for 5 min each time with 1x
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MBS, and incubated with 2% FBS/PBS for 10 min at 4 °C. Tissues
were lysed with 200 ml SDS lysis buffer (50 mM Tris–HCl pH 8.0,
10 mM EDTA, and 1% SDS) in a 1/100 concentration of Proteinase
Inhibitor Cocktail (Nacalai, 04080-11). Cell lysates were sonicated
with a bioruptor (CosmoBio, UCD-300) on high power for 10 cycles
of 30 s treatment/rest intervals. Cell lysates were diluted to a 1/10
concentration with dilution buffer (50 mM Tris–HCl pH 8.0,
167 mM NaCl, 1.1% Triton X-100, and 0.11% sodium deoxycholate)
containing a 1/100 concentration of proteinase inhibitor cocktail
and were precleared with 60 ml Protein G Plus Agarose im-
munoprecipitation reagent (Santa Cruz, sc-2002) for more than 3 h
at 4 °C. Cell lysates were incubated with antibodies (ChIP-qPCR:
1 mg anti-H3K4me3 and 1 mg anti-H3K27me3; ChIP-seq: 10 mg
anti-H3K27me3 and 5 mg anti-H3K4me3) overnight at 4 °C. Fifty
microliters Protein G Plus Agarose was added to each sample, and
the samples were incubated for at least 3 h at 4 °C and samples
were then washed with Protein G Plus Agarose and a series of
buffers: RIPA buffer 1 (50 mM Tris–HCl pH 8.0, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deox-
ycholate), RIPA buffer 2 (50 mM Tris–HCl pH 8.0, 500 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deox-
ycholate), LiCl buffer (10 mM Tris–HCl pH 8.0, 0.25 M LiCl, 1 mM
EDTA, 0.5% NP40, and 0.5% sodium deoxycholate), and TE buffer
(10 mM Tris–HCl pH 8.0 and 1 mM EDTA [washed twice]). The
samples were centrifuged (10,000 rpm for 10 s at 4 °C) between
steps.

To elute the immunoprecipitates and remove the cross-linking,
elution buffer (10 mM Tris–HCl pH 8.0, 300 mM NaCl, 5 mM EDTA,
and 0.5% SDS) was added to the Protein G Plus Agarose-histone
complex, and the solution was incubated at 65 °C for 4 h. The
samples were then purified by treatment with 1 ml RNase GS
(4 mg/ml, Nippon gene, 312-01931) for 30 min at 37 °C and with
1 ml proteinase K (10 mg/ml, Invitrogen, 935347) for 1 h at 55 °C.
One microliter of glycogen (20 mg/ml, Roche, 10901393001) was
added to each sample, and the samples were centrifuged
(10,000 rpm, 10 s, 4 °C). The supernatant was recovered from the
Protein G Plus Agarose pellet. Fragmented DNA was purified with
PCI followed by ethanol precipitation. Salmon sperm DNA, nor-
mally used for blocking, was omitted from all steps to avoid con-
fusion in the sequencing step.

2.6. Quantitative PCR

qPCR was performed as previously described (Hayashi et al.,
2014a) using the following primers: MFCS1 forward primer (5′-
ATT CGT ATC AGG CCT CCA TC-3′), MFCS1 reverse primer (5′-TTA
TGG ATG ATC AGT GGC AAA-3′), shh TSS forward primer (5′-GCA
GAG GCT CCT CTC ACA G-3′) and shh TSS reverse primer (5′-GAG
GCG ACA CAG CAA TTA AA-3′).
Fig. 2. Trimethylation of lysine 27 on histone H3 (H3K27me3) is required for
proper regeneration and development of limb buds. (A) Experimental schedule. To
inhibit the trimethylation of H3K27, X. laevis tadpoles were reared in 15 μM DZNep
(experimental) or DMSO (control) for 9 h without food and were subsequently fed
for 15 h in dechlorinated tap water each day for 5 days. After 5 dpa, tadpoles were
reared and fed as usual. (B) and (C) Regenerating limb buds at 5 dpa treated with
DZNep (B) and DMSO (C). The green line indicates the amputation plane. Scale
bar¼500 μm. (D) and (E). Measured daily growth in lengths of the blastema (D) and
stump (E). The distance from the base of the limb bud to the amputation plane and
the distance from the amputation plane to the distal tip of the blastema were
measured as the “stump” and the “blastema” lengths, respectively. Δlength re-
presents the difference in length between “X” dpa and “X�1” dpa. An asterisk
indicates a statistically significant difference at po0.05 (Welch’s t-test). Error bar
indicates s.e.m (n¼10 and 8 for DMSO and DZNep, respectively).
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2.7. Sequence data generation

ChIPed DNA samples were fragmented to 250�400 bp using
Covaris S2. ChIP-Seq libraries were constructed using NEB Next
ChIP-Seq Library Prep Master Mix Set for Illumina (New England
Biolabs) and NEB Next Multiplex Oligo for Illumina (New England
Biolabs) as directed. Samples were sequenced on a HiSeq2000
with a 50-base single read. Casava 1.8.2 or later (Illumina) was
used for base calling. The raw sequence data have been deposited
in DDBJ Sequence Read Archive (DRA) under the BioProject ID
PRJDB3856.

2.8. Sequence data analysis

Adaptor sequences were trimmed from the sequenced reads
using Cutadapt (ver. 1.4.1) software (Martin, 2011) with the fol-
lowing parameters: –a GAT CGG AAG AGC ACA CGT CTG AAC TCC
AGT C –m 30 –q 20 –O 5. The trimmed reads were mapped onto
the X. tropicalis genome sequence assembly (ver. 4.1) (Hellsten
et al., 2010), obtained from the JGI ftp site, using the Bowtie2
program (ver. 2.2.3) (Langmead and Salzberg, 2012) with default
parameters. Mapped reads with a MAPQ value o30 were re-
moved, and the remaining reads were counted within the
71000 bp window around the 5′ end of the transcription start site
of the gene models (filtered models ver. 4.1, also obtained from the
JGI site) using the windowBed program in the BEDTools package
(Quinlan and Hall, 2010). To evaluate the statistical significance of
the difference in read counts in different samples, we conducted
analysis based on peak detection. Peaks were first extracted from
the mapped read data using the MACS program (ver. 1.4.2) (Zhang
et al., 2008), and the resulting peaks in different samples were
compared using the MAnorm program (Shao et al., 2012). To
evaluate the statistical significance, we calculated false discovery
rate (FDR) from the p-value in the MAnorm output. In addition, we
used the rescaled M value, corresponding to the base 2 logarithm
of fold change (logFC), to evaluate significance level. We set the
cut-off for significance level as FDRo0.005 and |log FC|4 1.

2.9. Plasmid construct and transgenesis

The I-SceI/pBluescript II SK(þ) vector plasmid was provided by
Dr. H. Ogino of Nagahama Institute of Bio-Science and Technology
(Ogino et al., 2006b; Thermes et al., 2002). The X. tropicalis
genomic sequence of the dusp6 gene upstream region was am-
plified by PCR using the following primers: forward primer 5′-ATA
AAC AGC AAC TGA GCC TAC AGA CAA GTC C-3′ and reverse primer
5′-GTA CAA GGG GTA AAG ATT GGG TGA TAC ACG-3′. Then by
using the obtained sequence as a template, we cloned predicted
dusp6 promoter sequences (Ekerot et al., 2008) located within the
3520-bp region upstream from the ATG initiation codon by hemi-
nested PCR with a primer set incorporating an SalI or EcoRI re-
striction site into the 5′ end of the gene-specific primer (forward
primer: 5′-GCG TCG ACA TAA ACA GCA ACT GAG CCT ACA GAC AAG
TCC-3′ and reverse primer: 5′-CGG AAT TCT GAG GAG AGA ACA
GGG GGC GAG GCC GGG CGG AGT G-3′). X. tropicalis dusp6-EGFP-I-
SceI/pBluescript II SK(þ) plasmid was generated by insertion of
the dusp6 promoter cassette and the enhanced green fluorescent
protein (EGFP) cassette into the I-SceI/pBluescript II SK(þ) vector
plasmid.

We prepared dusp6-GFP F0 transgenic X. laevis by I-SceI
meganuclease-mediated transgenesis as described previously
(Ogino et al., 2006a, b; Pan et al., 2006). We established stable F1
Tg lines, which were reproduced by crossing sexually mature F0 Tg
male frogs with wild-type (WT) females. We used previously es-
tablished prrx1-GFP transgenic X. laevis lines containing a 2.4-kb
genomic sequence upstream of mouse prrx1 (Suzuki et al., 2007);
prrx1-GFP F2 Tg male frogs were crossed with WT females.
3. Results

3.1. Genome-wide histone modifications are maintained in limb
regeneration

We first examined the spatial pattern of histone modifications
in Xenopus limb bud regeneration, detected by immunofluorescent
labeling. We focused on the trimethylation of H3K4 (H3K4me3,
active modification) and H3K27 (H3K27me3, inactive modifica-
tion); these modifications have been studied extensively in the
whole genome of the X. tropicalis gastrula-stage embryo (Akkers
et al., 2009, 2010). In our study, tadpole hindlimb buds were
amputated at stage 52 (staging according to Nieuwkoop and Fa-
ber) (Nieuwkoop and Faber, 1994) at a point corresponding to the
knee level, and the tadpoles were reared until 7 days post-am-
putation (dpa). Immunostaining revealed that there is no clear
polarized pattern of histone modifications in mesenchymal cell
nuclei in the developing hindlimb bud at stages 50�52, with no
dynamic change in H3K4me3 (Fig. S1A) or H3K4me27 (Fig. S1B).
After limb bud amputation, histone modifications at H3K4me3 and
H3K27me3 in the blastema at 1, 3, 5, and 7 dpa were unchanged
from those in the intact limb bud or stump (Fig. S1A, B). Almost all
of the cell nuclei in both the limb bud and blastema were stained
positive for these histone modifications.

These results led us to analyze histone modifications across the
whole genome. We compared the regenerative ability of X. laevis,
which has been extensively investigated (Beck et al., 2009; Slack
et al., 2004, 2008), with that of X. tropicalis, for which the genome
has been sequenced and annotated (Hellsten et al., 2010). We
amputated the left hindlimbs of stage 52 X. laevis and X. tropicalis
tadpoles at the putative knee level and of stage 53 tadpoles at the
putative ankle level, and we compared the numbers of digits in the
intact and regenerated limbs to obtain the regeneration ratio
(Fig. 1A). In X. laevis, the regeneration ratio was high after ampu-
tation at stage 52 and slightly reduced after amputation at stage
53 (Fig. 1B). Results for X. tropicalis were comparable (Fig. 1C, D),
indicating that these two species have similar regenerative
abilities.

To examine whether limb regeneration is inhibited when his-
tone modification is perturbed, we treated regenerating X. laevis
tadpoles with an inhibitor of trimethylation of H3K27, 3-deaza-
neplanocin A (DZNep), from 0 dpa (immediately after limb bud
amputation) to 5 dpa (Fig. 2A). We confirmed by Western blotting
that the application of DZNep at the same concentration (15 μM)
could sufficiently reduce the trimethylation level of H3K27 in the
regenerating tails of X. laevis tadpoles (A. Kawaguchi and HO,
unpublished results). At 5 dpa, limb bud regeneration of tadpoles
was inhibited by DZNep treatment (Compare Figs. 2B and C.). In
fact, the daily growth of blastema length was reduced by DZNep
treatment (Fig. 2D). When DZNep treatment was terminated at
5 dpa, the daily growth of blastema length became almost the
same in DZNep-treated tadpoles (experimental) and DMSO-trea-
ted tadpoles (control) after 6 dpa (Fig. 2D). Therefore, the progress
of limb regeneration was inhibited only when the tadpole was
treated with DZNep, suggesting that histone modification is re-
quired for proper limb bud regeneration. However, trimethylation
of H3K27 also seems to be required for limb development since
daily growth of limb stump length was also reduced by DZNep
treatment (Fig. 2E). Taken together, the results suggest that histone
modification has an important role(s) in limb regeneration as well
as in limb development.

To validate the epigenetic regulation of the whole genome
during limb bud regeneration, we collected limb buds at stage 53



Fig. 3. Genome-wide histone modifications in X. tropicalis limb bud regeneration. (A) Left (diagram): Samples were collected from stage 53 tadpoles by amputating the limb
bud at the putative ankle level (0 dpa), and the blastema was collected at 7 dpa. Right (diagram): Histone modifications and read-count range. H3K4me3 and H3K27me3 are
tightly linked to the activation and inactivation, respectively, of gene expression. Reads were counted in gene loci from �1000 bp to þ1000 bp around the transcription start
site (0 bp). (B)�(E) Scatter plots comparing (B) H3K4me3 and (C) H3K27me3 in the X. tropicalis limb bud and blastema; histone-modification profiles were similar in (D) the
limb bud and (E) blastema. Black dots show arbitrarily selected genes. (F) and (G) Distributions of the mapped read counts cumulated over all genes show high H3K4me3 and
low H3K27me3 around the gene model transcription start sites in both the (F) limb bud and (G) blastema; these profiles indicate epigenetic regulation to an active state.
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and blastema at 7 dpa as previously reported (Yakushiji et al.,
2007) and analyzed the genome-wide histone-modification profile
by chromatin immunoprecipitation sequencing (ChIP-seq). Reads
were counted around the transcription start site of all gene
models, from bases �1000 to þ1000 (Fig. 3A). We identified
transcription start sites for all genes (26,457 genes) by gene an-
notations in the X. tropicalis genome information (tropicalis gen-
ome v4.1 gene model). We plotted histone-modification read peaks
(H3K4me3 and H3K27me3) for limb bud (stage 53) or blastema
(7 dpa) samples (Fig. 3B, C). Using the same data, we also com-
pared H3K4me3 versus H3K27me3 peaks in the limb bud or
blastema separately (Fig. 3D, E). Individual genes were plotted at
similar positions in the limb bud and blastema (Fig. 3D, E), sug-
gesting that histone-modification profiles in the cellular mass of
the limb bud and the blastema did not change during limb bud
regeneration.

To evaluate the statistical significance of the difference be-
tween limb bud and blastema samples we first extracted peaks of
the mapped read counts using the MACS program (76,446 peaks
and 87,001 peaks were identified as the sum total of both samples
from H3K4me3 and H4K27me3 ChIP-seq data, respectively) and
compared the peaks in different samples using the MAnorm pro-
gram. We considered the peaks satisfying the condition
FDRo0.005 and |log FC|41.0 as statistically significant. As a result,
we found that 277 peaks and 332 peaks were significantly
different between the limb bud and blastema samples in the
H3K4me3 and H3K27me3 ChIP-seq data, respectively (Table S1),
Among them, only 40 peaks and 12 peaks in the H3K4me3 and
H3K27me3 ChIP-seq data, respectively, were located close to the
transcription start site of an annotated gene model, but in most of
the cases the difference between samples was marginal (Table S1).
Thus, we concluded from these statistical analyzes that there is no
notable difference between the ChiP-seq data of the limb bud and
blastema samples.

Distributions of the mapped read counts around the tran-
scription start sites cumulated over all genes showed that
H3K4me3 was highly enriched around transcription start sites of
gene models in both 0 dpa and 7 dpa samples and that H3K27me3
was less enriched (Fig. 3F, G). This accumulation of H3K4me3
implied that the genomic status of limb cells is comprehensively
open for gene expression and that this status is maintained in
regenerating blastema cells.

3.2. Histone modifications underlie the cellular features of the limb

We next examined the epigenetic modifications of key genes
that are responsible for limb properties. Expression of 5′ hox genes
is related to limb morphology (Yano and Tamura, 2013); we fo-
cused on hoxa13 and hoxa11 (Fig. 4A) because their expression in
Xenopus is strictly regulated and is restricted to specific regions



Fig. 4. Histone modification of morphogenetic genes in X. tropicalis hindlimb bud
regeneration. (A) Read mapping shows epigenetic regulation of the hoxa cluster. K4
trimethylation peaked from hoxa5 to hoxa13, while K27 trimethylation peaked at
hoxa1, indicating strong expression of 5′ hox genes. Modification profiles were si-
milar in the stage 53 limb bud (0 dpa) and blastema amputated at the ankle level
(7 dpa). The genome sequence is indicated in 140 kb. Read mapping range: 0�60.
(B) and (C) For tbx5, which is specifically expressed in the forelimb, a high peak of
H3K27me3 but not H3K4me3 indicated epigenetic repression of tbx5 in the hin-
dlimb bud. In (C), a high peak of H3K4me3 but not H3K27me3 at tbx4, which is
specifically expressed in the hindlimb, indicates chromatin regulation to an active
state. Thus, ChIP-seq analysis reflected intrinsic hindlimb features. Limb bud
(0 dpa) and blastema (7 dpa) histone-modification profiles are similar in each pa-
nel. Transcription start sites are indicated by a vertical dotted line. The genome
sequence is shown in 50 kb. Read mapping range: 0�60.

S. Hayashi et al. / Developmental Biology 406 (2015) 271–282 277
corresponding to the autopod and zeugopod, respectively (Ohgo
et al., 2010). H3K4 was highly trimethylated at gene loci from
hoxa5 to hoxa13, while H3K27 was highly trimethylated at hoxa1.
This is consistent with the high expression levels of 5′ hox genes in
the limb bud.

We next examined hindlimb and blastema samples for epige-
netic modifications at gene loci of hindlimb-specific tbx4 and
forelimb-specific tbx5 (Takabatake et al., 2000). The genomic re-
gion corresponding to the tbx5 transcription start site was en-
riched in H3K27me3 but contained less H3K4me3 (Fig. 4B); the
region corresponding to tbx4 accumulated H3K4me3 but not
H3K27me3 (Fig. 4C). This suggests an open chromatin state at the
tbx4 gene locus that allows the gene to be transcribed in the
hindlimb bud. The epigenetic signature of a hindlimb bud shows
open chromatin conformation at gene loci from hoxa5 to hoxa13
and tbx4, while hoxa1 and tbx5 exhibit closed chromatin states
(Fig. 4). These results are consistent with hindlimb features, in-
dicating that our ChIP-seq results accurately reflect limb-cell fea-
tures at the epigenetic level.

Our results suggest that histone modifications are stably
maintained in limb cells regardless of cellular conditions (Fig. 3),
while gene expression is dynamically changed during limb bud
regeneration (Endo et al., 2000; Ohgo et al., 2010; Suzuki et al.,
2005). To validate the relationship between histone modification
and re-expression of limb-specific gene, we analyzed the limb-
specific marker prrx1 (also called prx1), which contains a 2.4-kb
enhancer sequence that is widely used to drive limb-specific ex-
pression in transgenic mice (Logan et al., 2002; Martin and Olson,
2000). The expression of prrx1 has been reported in the blastema
and in the stump proximal to the amputation plane in the X. laevis
froglet forelimb (Suzuki et al., 2007). We found a high H3K4me3
peak at the prrx1 locus in the limb bud and blastema (Fig. 5A),
suggesting that chromatin regulates an active state at prrx1. We
previously established a Tg X. laevis line that carries a GFP reporter
under control of the 2.4-kb upstream sequence of mouse prrx1 and
reflects endogenous gene expression in the limb bud and blastema
(Suzuki et al., 2007). We observed reporter expression in prrx1-
GFP tadpoles before and after hindlimb amputation, and we ob-
served GFP fluorescence throughout the limb bud (Fig. 5B) and
blastema at 3 dpa and 7 dpa (Fig. 5C, D). However, prrx1 mRNA
expression was regionally restricted (Fig. 5E): at 5 dpa, prrx1 was
expressed only in the stump region, not in the blastema, although
its broad expression in the early-phase blastema has been re-
ported (Suzuki et al., 2005, 2007).

Despite dynamic changes in gene transcription during limb
morphogenesis and regeneration, the histone modifications were
unchanged. The dusp6 gene, which is both a target and a negative
regulator of Fgf signaling, is expressed in the mesenchyme un-
derneath the apical ectoderm ridge in the limb bud (Kawakami
et al., 2003). We found a high H3K4me3 peak at dusp6 in both the
intact limb bud and blastema (Fig. 5F), suggesting an active
chromatin-regulated state. A Tg zebrafish line carrying GFP con-
trolled by a genomic sequence upstream of dusp6 has been used as
an Fgf-signaling reporter line (Molina et al., 2007). We established
a dusp6-GFP Tg X. laevis line with endogenous dusp6 expression in
the limb bud confirmed by in situ hybridization (Fig. S2). No dusp6
or gfp expression was detected in the tail of the dusp6-GFP Tg X.
laevis tadpole at stage 53 by in situ hybridization (data not shown),
while weak GFP fluorescence was seen in the tail of this Tg tad-
pole. We detected the dusp6-GFP reporter throughout the limb
bud and blastema (Fig. 5G–I), but dusp6 mRNA was detected only
in the mesenchyme underneath the apical epithelial cap in the
regenerating limb bud at 5 dpa (Fig. 5J).

GFP retention by protein stability showed that all cells either
expressed or had expressed morphogenetic genes. Although the
transcription of morphogenetic genes is thought to change dyna-
mically and to be restricted to specific regions during regeneration
(Fig. 5E, J)(Suzuki et al., 2007), we found that cells throughout the
limb bud and blastema had the potential to express these genes
(Fig. 5B–D, G–I). It seems likely that the potential for gene ex-
pression is controlled by histone modification to enable the re-
expression of morphogenetic genes on demand. Our results sup-
port the idea that epigenetic histone-modification patterns are
acquired when progenitor cells commit to a limb fate and that
these patterns are maintained in limb cells even when limb bud
cells are converted to regenerating blastema cells.

3.3. Limb-specific histone modifications of morphogens and signal-
ing components

DNA methylation accumulates in the shh limb enhancer MFCS1
as a tadpole grows into a froglet. The DNA methylation status is
negatively correlated with shh expression and is likely to be cor-
related with regenerative ability (Yakushiji et al., 2007). We com-
pared DNA methylation and histone modifications in limb re-
generation (Fig. 6A). ChIP-qPCR showed few modifications in
MFCS1 in the tadpole limb bud or froglet limb, or even in the
blastema (Fig. 6B). However, histone H3 was highly modified
around the shh transcription start site (Fig. 6C). In MFCS1 samples,



Fig. 5. Histone modification of a limb-specific/FGF-dependent gene and its potential expression. (A) ChIP-sequence analysis of limb-specific gene in the X. tropicalis stage 53
hindlimb bud or blastema amputated at the ankle level at stage 53. Read mapping of prrx1, a blastema marker, showed a high peak for H3K4me3 but not H4K27me3. (B)–
(D) A prrx1-GFP reporter assay in X. laevis stage 53 tadpoles. The hindlimb bud was amputated at a point corresponding to the ankle. The GFP reporter was expressed
throughout the limb bud and blastema at 3 and 7 dpa. (E) In situ hybridization of prrx1 mRNA in X. laevis stage 52 tadpoles. The hindlimb bud was amputated at a point
corresponding to the knee; prrx1 expression was sustained in the stump region at 5 dpa, although it had disappeared in the early blastema. (F) Read mapping of Fgf signaling
downstream; dusp6 was highly enriched in H3K4me3. (G)–(I) A dusp6-GFP reporter was detected throughout the limb bud and blastema. (J) In situ hybridization of dusp6
mRNA was done as (E) dusp6 expression was detected in the mesenchyme underlying the epidermis at 5 dpa. The vertical dotted line indicates the transcription start site.
The genome sequence is indicated in 50 kb. Read-mapping range: 0�60. The red line indicates the amputation plane. Scale bar: 500 mm in (B)–(D) and (G)–(I); 100 mm in
(E) and (J). Up, posterior; right, distal.
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we detected low levels of H3K4me3 and higher levels of
H3K27me3; this pattern was observed in both intact and re-
generating tissues, at both the tadpole and froglet stages.

To determine whether epigenetic regulation of the shh gene
locus is limb-specific or ubiquitous, we examined histone mod-
ifications in the whole embryo at the gastrula stage. Histone H3
was less modified at MFCS1 and at the shh transcription start site
(Fig. 6D, E). We also examined histone modifications in the brain
and heart (Fig. S3). In brain samples, H3K4me3 and H3K27me3
accumulated similarly at the shh transcription start site, whereas
in heart tissue, H3K27me3 levels were much higher than those of
H3K4me3.

Histone modification profiles were similar in the heart and
limb, but the brain's histone modification profile was slightly dif-
ferent. Histone modifications in the shh limb enhancer were lower
in the brain and heart. In contrast, DNA methylation of the shh
limb enhancer increases significantly as a tadpole grows (Yakushiji
et al., 2007). Although histone modifications and DNA methylation
are closely correlated (Yakushiji et al., 2009), they regulate gene
expression differently. ChIP-seq read mapping showed similar
histone-modification patterns in intact and regenerating limb
buds (Fig. 6F, G). These results indicated that shh gene
epigenetic histone-modification patterns were not changed
during regeneration. Genes that function in other important sig-
naling pathways for limb morphogenesis, such as the Fgf-signaling
components fgf8, mapk1, and sprouty4 and the Wnt-signaling
components wnt3a, fzd1, and lef1, showed similar modification
patterns in the intact limb and blastema (Fig. S4).
4. Discussion

4.1. Epigenetic memory of limb cells

A genome-wide, comprehensive analysis of histone modifica-
tions indicated that histone-modification profiles were almost the



Fig. 6. Histone modification of shh in X. tropicalis limb bud regeneration. (A) A gene model of the limb-specific shh enhancer MFCS1. The horizontal bar indicates the qPCR
amplification region. (B) and (C). ChIP-qPCR analysis of the shh gene locus. Limb buds (stage 53), tadpole blastemas at 7 dpa (amputated at stage 53, ankle level), froglet
forelimbs and froglet forelimb blastemas at 10 dpa were collected and lysed, and limb properties were compared with the shh limb enhancer (MFCS1). Quantities were
normalized to IgG. (B) No histone modifications were detected in the shh limb enhancer. (C) H3K4 and H3K27 trimethylation was detected at shh transition start sites (TSS),
with higher levels of H3K27 trimethylation in all samples. (D) and (E). In the gastrula stage, in contrast, neither (D) the limb enhancer region nor the (E) transcription start
site was enriched in histone modifications. ChIP-qPCR was repeated three times with similar results; representative data are shown in (B)–(E). Error bars indicate the SEM of
triplicates. (F) and (G). ChIP-sequence analysis for the shh limb enhancer region and gene locus. The limb bud and blastema were collected as for ChIP-qPCR. (F) Read
mapping at the shh limb enhancer showed low trimethylation at K4 and K27 of H3. (G) As with the qPCR results, ChIP-seq read mapping showed that trimethylation was
slight at K4 but higher at K27 at the shh gene locus. No mapping region is shown due to lack of sequence information in the genome. The vertical dotted line indicates the
transcription start site. The genome sequence is indicated as 30 kb. Read-mapping range: 0�60.
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same in the intact limb bud and the regenerating blastema. Our
results suggest that histone modification underlies cell character-
istics that remain constant regardless of whether cells were
generated before or after amputation, while the expression of gene
products (mRNA and protein) may fluctuate moment by moment
during regeneration. Although it is possible for the epigenetic



Fig. 7. Model showing maintenance of cellular limb-lineage features during regeneration. Progenitor cells commit to a limb lineage and cell fate (upper panel). The limb bud
expands and differentiates to form the limb as a motile organ. After amputation, limb cells re-express morphogenic genes to recapitulate limb development. Cellular memory
in limb cells allows morphogenesis to start again. Expression patterns of gene products (mRNAs and proteins) change dynamically over time and by region during re-
generation. Therefore, gene products cannot carry the memory for intrinsic cell features, such as commitment to a limb-cell lineage. Histone-modification patterns
(H3K4me3 and H3K27me3) in the limb bud are maintained in the blastema during limb reconstruction. Studies in cell biology have shown that daughter cells inherit
parental histone modifications. These modifications may serve as the cellular memory of limb lineage, enabling surviving cells to reconstruct a limb just like the original after
an injury (lower panel).
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profile to be reorganized during regeneration, histone-modifica-
tion inheritance is a reasonable explanation for the considerable
overlap of modification profiles between the intact limb and
blastema. Thus, we propose that histone modifications, especially
H3K4me3 and H3K27me3, are involved in maintenance of limb-
specific cellular features as cellular memory (Fig. 7).

Xenopus organ regeneration requires histone deacetylase
(Hdac) activity: hdac1 is upregulated (Tseng et al., 2011) in tail
regeneration, and pharmacological inhibition of Hdac activity
disturbs tail and limb bud regeneration (Taylor and Beck, 2012;
Tseng et al., 2011). Upregulation of histone-modifying enzymes
would be related to copy histone modifications during DNA re-
plication, especially at the high mitosis rate that occurs in re-
generation (Suzuki et al., 2007). Inhibition of the activity of his-
tone-modifying enzymes should disrupt regeneration, because
without the ability to copy the histone modification pattern to
daughter cells during DNA replication at cell division, the blastema
would not be able to re-express morphogenetic genes that are
required for limb morphogenesis. In fact, inhibition of the lysine
methyltransferase EZH2, which catalyzes trimethylation of H3K27,
by 3-deazaneplanocin A (DZNep) treatment reduced limb bud
regeneration of X. laevis tadpoles (Fig. 2).

Morphogens are closely involved in limb morphogenesis, al-
though they must be rigorously regulated and their expression
must be restricted to specific domains in order to avoid abnormal
morphogenesis. The morphogen shh creates a polarizing zone in
limb morphogenesis (Riddle et al., 1993), and shh misexpression
creates unusual morphologies due to extraskeletal elements
(Dunn et al., 2011). Transcription factors, e.g., hand2 and hox genes
(Galli et al., 2010), and histone modifications (Fig. 6C) restrict ab-
normal shh expression and prevent deformity. We found both
active-state and inactive-state histone modifications co-existing at
shh transcription start sites (Fig. 6). This apparent inconsistency
may indicate differential epigenetic regulation of cells in different
regions. Similar to the DNA methylation status of MFCS1 (Yakushiji
et al., 2007), epigenetic regulation of histone modifications in the
shh gene locus may be different in the posterior limb region,
where shh is expressed strongly, and the anterior limb region,
where shh is not expressed. Alternatively, this finding may reflect a
bivalent domain that is flexibly modified by both H3K4me3 and
H3K27me3 and that can commit to either an active or inactive
state as cell fate progresses (Nottke et al., 2009). Active (H3K4me3)
and inactive (H3K27me3) modifications also co-existed at fgf8 and
wnt3a (Fig. S4). The epigenetic regulation of morphogens tends to
be complex because their expression must be carefully controlled
on both the spatial and temporal axes.

DNA methylation and histone modifications are mutually ex-
clusive in the shh limb enhancer region (Fig. 6) (Yakushiji et al.,
2007). Although DNA methyl transferase and histone methyl
transferase for H3K27me3 interact cooperatively to silence genes
in cultured cells (Reynolds et al., 2006; Vire et al., 2006), DNA
methylation and histone modifications are mutually exclusive in
gastrula-stage Xenopus embryos (Bogdanovic et al., 2011). The
relationship between DNA methylation and histone modifications
in the shh limb enhancer was similar to that in gastrula-stage
Xenopus embryos. Taken together, the findings suggest different
roles for the two types of modification Histone modifications
around transcription start sites appear to regulate the potential for
expressing various genes, and they remained unchanged after limb
formation in Xenopus. In contrast, DNA methylation in the shh limb
enhancer region appears to regulate stage-dependent shh silen-
cing independent of histone modification. It would be intriguing to
do a genome-wide comparison of histone modification between
regeneration-competent tadpoles and less competent froglets in
the near future in order to determine whether there are any epi-
genetic differences at specific limb gene loci between tadpoles and
froglets.

4.2. Epigenetic regulations and concept of cellular memories in limb
regeneration

The concept of cellular "positional memory" has been proposed
to explain the biology of regeneration: newly formed cells are
thought to acquire epigenetic marks according to their position in
the limb, the autopod, zeugopod or stylopod (French et al., 1976;
Tamura et al., 2010). This positional memory results in a re-
generated limb with the same shape and cellular make-up as those
of the original, regardless of the level at which the limb is am-
putated. That is, a forelimb blastema keeps its forelimb identity
even if moved to a hindlimb stump, and a hindlimb blastema
keeps its identity even if moved to a forelimb stump (Stocum,
1980). It was recently reported that expression of the hindlimb
marker tbx4 fluctuated in forelimb-derived blastemas engrafted to
a host hindlimb (McCusker and Gardiner, 2013). The early blas-
tema, however, is capable of self-organization, although gene ex-
pression in an engrafted early blastema can be affected by its re-
lationships with neighboring cells, when they are resorbed in the
host tissues (Stocum, 1984). Thus, cellular identity appears to be
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maintained in the regenerative blastema. Gene expression ap-
propriate to forelimb or hindlimb identity, such as expression of
tbx5 or tbx4, is maintained during regeneration, and unless arti-
ficially manipulated, these genes are not expressed ectopically. Our
findings regarding tbx5 and tbx4 regulation support the theory
that histone modifications form the basis for the blastema's unique
gene expression profile by preserving cellular identity during re-
generation (Fig. 4). Disruption of histone modification at limb-
specific gene loci such as tbx5 and tbx4 may result in the loss of
limb identity of blastemal cells during regeneration. Okada (1945)
reported that a homeosis-like phenomenon spontaneously oc-
curred in amputated hindlimbs of a Japanese lizard, Takydromus
tachydromoides: a few hindlimb stumps regenerated not a hin-
dlimb but a tail-like structure (Okada, 1945). Similarly, artificial
disruption of histone modification at tbx5, tbx4 or other limb-
specific genes in limb regeneration of an amphibian may lead to
loss of limb identity of blastema cells and may result in re-
generation of an organ other than a limb (e.g., a tail).

A tissue type-specific memory was recently proposed (Kragl
et al., 2009). De-differentiated blastema cells retain features of
their parental-cell lineage and assist in regenerating the same
lineage. Histone modifications in limb bud cells are maintained
when blastema cells are regenerated in bulk. Although further
analysis is needed to reveal the exact molecular relationships,
epigenetic regulation might be related to positional or tissue type-
specific memory.

Evidence from extensive studies on limb regeneration of am-
phibians indicates that blastema cells, though partially de-differ-
entiated, do not naturally regenerate any cells other than limb
cells. Our results suggested that epigenetic modification is in-
volved in this restriction of regenerating cells to the limb-cell
lineage. Our findings provide an insight into the molecular me-
chanism of general appendage regeneration.
Acknowledgments

We thank Drs. Makoto Asashima, Shuji Takahashi and Akihiko
Kashiwagi for providing X. tropicalis. This work was supported by
the National Bio-Resource Project (NBRP) of the MEXT, Japan. We
thank Dr. Jose F. de Celis for providing mkp3 (dusp6) cDNA, and Dr.
Hirohumi Huruhashi for valuable advice on anti-H3K4me3 and
H3K27me3 antibodies. We thank Dr. David L. Stocum for valuable
discussion about positional memory. We thank Drs. Masakado
Kawata, Takashi Maruyama and Tatsushi Muta for cooperation in
use of a sonicator for ChIP. We thank Yoshiko Yoshizawa-Ohuchi
for excellent care of the experimental animals and Natsume Sa-
gawa for maintaining the frog facility. Genome-wide analysis with
a next-generation sequencer in this study was supported by the
Great East Japan Earthquake Reconstruction Support Project of the
RIKEN Omics Science Center (currently RIKEN Center for Life Sci-
ence Technologies), the RIKEN Genome Analysis Service (GeNAS),
Illumina Co. and CLC Bio Co. This study was carried out under the
NIBB Cooperative Research Program (12-386, 13-361, 14-360).
Computational resources were provided by the Data Integration
and Analysis Facility, National Institute for Basic Biology, Okazaki,
Japan. This work was supported by MEXT and JSPS KAKENHI Grant
nos. 22124005 to HY, 22124002 to KA, JSPS KAKENHI Grant nos.
25870058 to HY, 15K07082 to HO, “Funding Program for Next
Generation World-Leading Researchers” [LS007] from the Cabinet
Office, Government of Japan to KT, the Kurata Memorial Hitachi
Science and Technology Foundation to HY, and the Asahi Glass
Foundation to HY.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2015.08.013.
References

Akkers, R.C., van Heeringen, S.J., Jacobi, U.G., Janssen-Megens, E.M., Francoijs, K.J.,
Stunnenberg, H.G., Veenstra, G.J., 2009. A hierarchy of H3K4me3 and
H3K27me3 acquisition in spatial gene regulation in Xenopus embryos. Dev. Cell
17, 425–434.

Akkers, R.C., van Heeringen, S.J., Manak, J.R., Green, R.D., Stunnenberg, H.G.,
Veenstra, G.J., 2010. ChIP-chip designs to interrogate the genome of Xenopus
embryos for transcription factor binding and epigenetic regulation. PloS One 5,
e8820.

Andrey, G., Montavon, T., Mascrez, B., Gonzalez, F., Noordermeer, D., Leleu, M.,
Trono, D., Spitz, F., Duboule, D., 2013. A switch between topological domains
underlies HoxD genes collinearity in mouse limbs. Science 340, 1234167.

Beck, C.W., Izpisua Belmonte, J.C., Christen, B., 2009. Beyond early development:
Xenopus as an emerging model for the study of regenerative mechanisms. Dev.
Dyn.: Off. Publi. Am. Assoc. Anat. 238, 1226–1248.

Bird, A., 2002. DNA methylation patterns and epigenetic memory. Genes Dev. 16,
6–21.

Bogdanovic, O., Long, S.W., van Heeringen, S.J., Brinkman, A.B., Gomez-Skarmeta, J.
L., Stunnenberg, H.G., Jones, P.L., Veenstra, G.J., 2011. Temporal uncoupling of
the DNA methylome and transcriptional repression during embryogenesis.
Genome Res. 21, 1313–1327.

Bonfanti, L., 2011. From hydra regeneration to human brain structural plasticity: a
long trip through narrowing roads. Sci. World J. 11, 1270–1299.

Brockes, J.P., 1997. Amphibian limb regeneration: rebuilding a complex structure.
Science 276, 81–87.

Carlson, M.R., Komine, Y., Bryant, S.V., Gardiner, D.M., 2001. Expression of Hoxb13
and Hoxc10 in developing and regenerating Axolotl limbs and tails. Dev. Biol.
229, 396–406.

Christen, B., Beck, C.W., Lombardo, A., Slack, J.M., 2003. Regeneration-specific ex-
pression pattern of three posterior Hox genes. Dev. Dyn.: Off. Publ. Am. Assoc.
Anat. 226, 349–355.

Christen, B., Slack, J.M., 1997. FGF-8 is associated with anteroposterior patterning
and limb regeneration in Xenopus. Dev. Biol. 192, 455–466.

Cotney, J., Leng, J., Oh, S., DeMare, L.E., Reilly, S.K., Gerstein, M.B., Noonan, J.P., 2012.
Chromatin state signatures associated with tissue-specific gene expression and
enhancer activity in the embryonic limb. Genome Res. 22, 1069–1080.

Dunn, I.C., Paton, I.R., Clelland, A.K., Sebastian, S., Johnson, E.J., McTeir, L., Windsor,
D., Sherman, A., Sang, H., Burt, D.W., Tickle, C., Davey, M.G., 2011. The chicken
polydactyly (Po) locus causes allelic imbalance and ectopic expression of Shh
during limb development. Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 240,
1163–1172.

Ekerot, M., Stavridis, M.P., Delavaine, L., Mitchell, M.P., Staples, C., Owens, D.M.,
Keenan, I.D., Dickinson, R.J., Storey, K.G., Keyse, S.M., 2008. Negative-feedback
regulation of FGF signalling by DUSP6/MKP-3 is driven by ERK1/2 and mediated
by Ets factor binding to a conserved site within the DUSP6/MKP-3 gene pro-
moter. Biochem. J. 412, 287–298.

Endo, T., Tamura, K., Ide, H., 2000. Analysis of gene expressions during Xenopus
forelimb regeneration. Dev. Biol. 220, 296–306.

Endo, T., Yokoyama, H., Tamura, K., Ide, H., 1997. Shh expression in developing and
regenerating limb buds of Xenopus laevis. Dev. Dyn.: Off. Publ. Am. Assoc. Anat.
209, 227–232.

French, V., Bryant, P.J., Bryant, S.V., 1976. Pattern regulation in epimorphic fields.
Science 193, 969–981.

Galli, A., Robay, D., Osterwalder, M., Bao, X., Benazet, J.D., Tariq, M., Paro, R.,
Mackem, S., Zeller, R., 2010. Distinct roles of Hand2 in initiating polarity and
posterior Shh expression during the onset of mouse limb bud development.
PLoS Genet. 6, e1000901.

Gardiner, D.M., Blumberg, B., Komine, Y., Bryant, S.V., 1995. Regulation of HoxA
expression in developing and regenerating axolotl limbs. Development 121,
1731–1741.

Gomez, A.R., Lopez-Varea, A., Molnar, C., de la Calle-Mustienes, E., Ruiz-Gomez, M.,
Gomez-Skarmeta, J.L., de Celis, J.F., 2005. Conserved cross-interactions in Dro-
sophila and Xenopus between Ras/MAPK signaling and the dual-specificity
phosphatase MKP3. Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 232, 695–708.

Halder, G., Johnson, R.L., 2011. Hippo signaling: growth control and beyond. De-
velopment 138, 9–22.

Halley-Stott, R.P., Gurdon, J.B., 2013. Epigenetic memory in the context of nuclear
reprogramming and cancer. Brief. Funct. Genomics 12, 164–173.

Han, M.J., An, J.Y., Kim, W.S., 2001. Expression patterns of Fgf-8 during development
and limb regeneration of the axolotl. Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 220,
40–48.

Hayashi, S., Ochi, H., Ogino, H., Kawasumi, A., Kamei, Y., Tamura, K., Yokoyama, H.,
2014a. Transcriptional regulators in the Hippo signaling pathway control organ
growth in Xenopus tadpole tail regeneration. Dev. Biol. 396, 31–41.

Hayashi, S., Tamura, K., Yokoyama, H., 2014b. Yap1, transcription regulator in the
Hippo signaling pathway, is required for Xenopus limb bud regeneration. Dev.

http://dx.doi.org/10.1016/j.ydbio.2015.08.013
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref1
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref1
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref1
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref1
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref1
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref2
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref2
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref2
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref2
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref3
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref3
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref3
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref4
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref4
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref4
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref4
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref5
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref5
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref5
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref6
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref6
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref6
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref6
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref6
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref7
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref7
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref7
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref8
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref8
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref8
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref9
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref9
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref9
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref9
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref10
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref10
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref10
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref10
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref11
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref11
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref11
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref12
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref12
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref12
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref12
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref13
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref14
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref15
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref15
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref15
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref16
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref16
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref16
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref16
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref17
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref17
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref17
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref18
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref18
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref18
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref18
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref19
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref19
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref19
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref19
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref20
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref20
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref20
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref20
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref20
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref21
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref21
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref21
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref22
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref22
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref22
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref23
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref23
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref23
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref23
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref24
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref24
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref24
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref24
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref25
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref25


S. Hayashi et al. / Developmental Biology 406 (2015) 271–282282
Biol. 388, 57–67.
Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V., Ov-

charenko, I., Putnam, N.H., Shu, S., Taher, L., Blitz, I.L., Blumberg, B., Dichmann,
D.S., Dubchak, I., Amaya, E., Detter, J.C., Fletcher, R., Gerhard, D.S., Goodstein, D.,
Graves, T., Grigoriev, I.V., Grimwood, J., Kawashima, T., Lindquist, E., Lucas, S.M.,
Mead, P.E., Mitros, T., Ogino, H., Ohta, Y., Poliakov, A.V., Pollet, N., Robert, J.,
Salamov, A., Sater, A.K., Schmutz, J., Terry, A., Vize, P.D., Warren, W.C., Wells, D.,
Wills, A., Wilson, R.K., Zimmerman, L.B., Zorn, A.M., Grainger, R., Grammer, T.,
Khokha, M.K., Richardson, P.M., Rokhsar, D.S., 2010. The genome of the Western
clawed frog Xenopus tropicalis. Science 328, 633–636.

Imokawa, Y., Yoshizato, K., 1997. Expression of Sonic hedgehog gene in regenerating
newt limb blastemas recapitulates that in developing limb buds. Proc. Natl.
Acad. Sci. USA 94, 9159–9164.

Kawakami, Y., Rodriguez-Leon, J., Koth, C.M., Buscher, D., Itoh, T., Raya, A., Ng, J.K.,
Esteban, C.R., Takahashi, S., Henrique, D., Schwarz, M.F., Asahara, H., Izpisua
Belmonte, J.C., 2003. MKP3 mediates the cellular response to FGF8 signalling in
the vertebrate limb. Nat. Cell Biol. 5, 513–519.

Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein, H.H., Tanaka, E.M.,
2009. Cells keep a memory of their tissue origin during axolotl limb re-
generation. Nature 460, 60–65.

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359.

Logan, M., Martin, J.F., Nagy, A., Lobe, C., Olson, E.N., Tabin, C.J., 2002. Expression of
Cre Recombinase in the developing mouse limb bud driven by a Prxl enhancer.
Genesis 33, 77–80.

Martin, J.F., Olson, E.N., 2000. Identification of a prx1 limb enhancer. Genesis 26,
225–229.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput se-
quencing reads. EMBnet J. 17, 10–12.

McCusker, C.D., Gardiner, D.M., 2013. Positional information is reprogrammed in
blastema cells of the regenerating limb of the axolotl (Ambystoma mexicanum).
PloS One 8, e77064.

McEwan, J., Lynch, J., Beck, C.W., 2011. Expression of key retinoic acid modulating
genes suggests active regulation during development and regeneration of the
amphibian limb. Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 240, 1259–1270.

Molina, G.A., Watkins, S.C., Tsang, M., 2007. Generation of FGF reporter transgenic
zebrafish and their utility in chemical screens. BMC Dev. Biol. 7, 62.

Muneoka, K., Holler-Dinsmore, G., Bryant, S.V., 1986. Intrinsic control of re-
generative loss in Xenopus laevis limbs. J. Exp. Zool. 240, 47–54.

Nieuwkoop, P.D., Faber, J., 1994. Normal Table of Xenopus laevis (Daudin). Garland
Publishing, NewYork.

Nottke, A., Colaiacovo, M.P., Shi, Y., 2009. Developmental roles of the histone lysine
demethylases. Development 136, 879–889.

Ogino, H., McConnell, W.B., Grainger, R.M., 2006a. High-throughput transgenesis in
Xenopus using I-SceI meganuclease. Nat. Protoc. 1, 1703–1710.

Ogino, H., McConnell, W.B., Grainger, R.M., 2006b. Highly efficient transgenesis in
Xenopus tropicalis using I-SceI meganuclease. Mech. Dev. 123, 103–113.

Ohgo, S., Itoh, A., Suzuki, M., Satoh, A., Yokoyama, H., Tamura, K., 2010. Analysis of
hoxa11 and hoxa13 expression during patternless limb regeneration in Xeno-
pus. Dev. Biol. 338, 148–157.

Okada, Y.K., 1945. Tail-Like regeneration of the hind limb in the lizard takydromus
tachydromoides. Annot. Zool. Jpn. 23, 13–22.

Pan, F.C., Chen, Y., Loeber, J., Henningfeld, K., Pieler, T., 2006. I-SceI meganuclease-
mediated transgenesis in Xenopus. Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 235,
247–252.

Quinlan, A.R., Hall, I.M., 2010. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 26, 841–842.

Reynolds, P.A., Sigaroudinia, M., Zardo, G., Wilson, M.B., Benton, G.M., Miller, C.J.,
Hong, C., Fridlyand, J., Costello, J.F., Tlsty, T.D., 2006. Tumor suppressor
p16INK4A regulates polycomb-mediated DNA hypermethylation in human
mammary epithelial cells. J. Biol. Chem. 281, 24790–24802.

Riddle, R.D., Johnson, R.L., Laufer, E., Tabin, C., 1993. Sonic hedgehog mediates the
polarizing activity of the ZPA. Cell 75, 1401–1416.

Sagai, T., Hosoya, M., Mizushina, Y., Tamura, M., Shiroishi, T., 2005. Elimination of a
long-range cis-regulatory module causes complete loss of limb-specific Shh
expression and truncation of the mouse limb. Development 132, 797–803.

Sarkies, P., Sale, J.E., 2012. Propagation of histone marks and epigenetic memory
during normal and interrupted DNA replication. Cell. Mol. Life Sci. 69, 697–716.

Satoh, A., Makanae, A., Hirata, A., Satou, Y., 2011. Blastema induction in aneurogenic
state and Prrx-1 regulation by MMPs and FGFs in Ambystoma mexicanum limb
regeneration. Dev. Biol. 355, 263–274.

Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., Cavalli, G., 2007.
Genome regulation by polycomb and trithorax proteins. Cell 128, 735–745.

Seidel, C., Schnekenburger, M., Dicato, M., Diederich, M., 2012. Histone deacetylase
modulators provided by mother nature. Genes Nutr. 7, 357–367.

Shao, Z., Zhang, Y., Yuan, G.C., Orkin, S.H., Waxman, D.J., 2012. MAnorm: a robust
model for quantitative comparison of ChIP-Seq data sets. Genome Biol. 13, R16.

Slack, J.M., Beck, C.W., Gargioli, C., Christen, B., 2004. Cellular and molecular me-
chanisms of regeneration in Xenopus. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.
359, 745–751.

Slack, J.M., Lin, G., Chen, Y., 2008. The Xenopus tadpole: a new model for re-
generation research. Cell. Mol. Life Sci. 65, 54–63.

Stocum, D.L., 1980. Autonomous development of reciprocally exchanged re-
generation blastemas of normal forelimbs and symmetrical himdlimbs. J. Exp.
Zool. 212, 361–371.

Stocum, D.L., 1984. The urodele limb regeneration blastema. Determination and
organization of the morphogenetic field. Differentiation 27, 13–28 (ISSN: 0301-
4681).

Suzuki, M., Satoh, A., Ide, H., Tamura, K., 2005. Nerve-dependent and -independent
events in blastema formation during Xenopus froglet limb regeneration. Dev.
Biol. 286, 361–375.

Suzuki, M., Satoh, A., Ide, H., Tamura, K., 2007. Transgenic Xenopus with prx1 limb
enhancer reveals crucial contribution of MEK/ERK and PI3K/AKT pathways in
blastema formation during limb regeneration. Dev. Biol. 304, 675–686.

Tabin, C.J., 1992. Why we have (only) five fingers per hand: hox genes and the
evolution of paired limbs. Development 116, 289–296.

Takabatake, Y., Takabatake, T., Takeshima, K., 2000. Conserved and divergent ex-
pression of T-box genes Tbx2-Tbx5 in Xenopus. Mech. Dev. 91, 433–437.

Tamura, K., Ohgo, S., Yokoyama, H., 2010. Limb blastema cell: a stem cell for mor-
phological regeneration. Dev. Growth Differ. 52, 89–99.

Tanaka, E.M., Ferretti, P., 2009. Considering the evolution of regeneration in the
central nervous system. Nat. Rev. Neurosci. 10, 713–723.

Taylor, A.J., Beck, C.W., 2012. Histone deacetylases are required for amphibian tail
and limb regeneration but not development. Mech. Dev. 129, 208–218.

Thermes, V., Grabher, C., Ristoratore, F., Bourrat, F., Choulika, A., Wittbrodt, J., Joly, J.
S., 2002. I-SceI meganuclease mediates highly efficient transgenesis in fish.
Mech. Dev. 118, 91–98.

Torok, M.A., Gardiner, D.M., Izpisua-Belmonte, J.C., Bryant, S.V., 1999. Sonic
hedgehog (shh) expression in developing and regenerating axolotl limbs. J. Exp.
Zool. 284, 197–206.

Tschumi, P.A., 1957. The growth of the hindlimb bud of Xenopus laevis and its de-
pendence upon the epidermis. J. Anat. 91, 149–173.

Tseng, A.S., Carneiro, K., Lemire, J.M., Levin, M., 2011. HDAC activity is required
during Xenopus tail regeneration. PloS One 6, e26382.

Vire, E., Brenner, C., Deplus, R., Blanchon, L., Fraga, M., Didelot, C., Morey, L., Van
Eynde, A., Bernard, D., Vanderwinden, J.M., Bollen, M., Esteller, M., Di Croce, L.,
de Launoit, Y., Fuks, F., 2006. The polycomb group protein EZH2 directly con-
trols DNA methylation. Nature 439, 871–874.

Visel, A., Blow, M.J., Li, Z., Zhang, T., Akiyama, J.A., Holt, A., Plajzer-Frick, I., Shoukry,
M., Wright, C., Chen, F., Afzal, V., Ren, B., Rubin, E.M., Pennacchio, L.A., 2009.
ChIP-seq accurately predicts tissue-specific activity of enhancers. Nature 457,
854–858.

Yakushiji, N., Suzuki, M., Satoh, A., Sagai, T., Shiroishi, T., Kobayashi, H., Sasaki, H.,
Ide, H., Tamura, K., 2007. Correlation between Shh expression and DNA me-
thylation status of the limb-specific Shh enhancer region during limb re-
generation in amphibians. Dev. Biol. 312, 171–182.

Yakushiji, N., Yokoyama, H., Tamura, K., 2009. Repatterning in amphibian limb re-
generation: a model for study of genetic and epigenetic control of organ re-
generation. Semin. Cell Dev. Biol. 20, 565–574.

Yano, T., Tamura, K., 2013. The making of differences between fins and limbs. J.
Anat. 222, 100–113.

Yokoyama, H., Ogino, H., Stoick-Cooper, C.L., Grainger, R.M., Moon, R.T., 2007. Wnt/
beta-catenin signaling has an essential role in the initiation of limb regenera-
tion. Dev. Biol. 306, 170–178.

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum,
C., Myers, R.M., Brown, M., Li, W., Liu, X.S., 2008. Model-based analysis of ChIP-
Seq (MACS). Genome Biol. 9, R137.

http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref25
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref25
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref26
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref27
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref27
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref27
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref27
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref28
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref28
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref28
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref28
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref28
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref29
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref29
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref29
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref29
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref30
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref30
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref30
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref31
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref31
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref31
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref31
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref32
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref32
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref32
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref33
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref33
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref33
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref34
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref34
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref34
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref35
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref35
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref35
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref35
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref36
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref36
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref37
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref37
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref37
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref38
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref38
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref39
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref39
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref39
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref40
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref40
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref40
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref41
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref41
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref41
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref42
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref42
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref42
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref42
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref43
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref43
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref43
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref44
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref44
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref44
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref44
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref45
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref45
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref45
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref46
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref46
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref46
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref46
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref46
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref47
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref47
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref47
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref48
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref48
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref48
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref48
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref49
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref49
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref49
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref50
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref50
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref50
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref50
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref51
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref51
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref51
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref52
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref52
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref52
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref53
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref53
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref54
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref54
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref54
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref54
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref55
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref55
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref55
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref56
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref56
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref56
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref56
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref57
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref57
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref57
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref57
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref58
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref58
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref58
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref58
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref59
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref59
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref59
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref59
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref60
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref60
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref60
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref61
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref61
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref61
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref62
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref62
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref62
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref63
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref63
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref63
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref64
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref64
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref64
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref65
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref65
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref65
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref65
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref66
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref66
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref66
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref66
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref67
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref67
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref67
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref68
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref68
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref69
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref69
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref69
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref69
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref69
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref70
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref70
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref70
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref70
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref70
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref71
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref71
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref71
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref71
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref71
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref72
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref72
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref72
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref72
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref73
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref73
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref73
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref74
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref74
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref74
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref74
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref75
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref75
http://refhub.elsevier.com/S0012-1606(15)30130-5/sbref75

	Epigenetic modification maintains intrinsic limb-cell identity in Xenopus limb bud regeneration
	Introduction
	Materials and methods
	Ethical treatment of animals
	Animal rearing and limb amputation
	3-Deazaneplanocin A treatment
	Immunofluorescence labeling and in situ hybridization
	Chromatin immunoprecipitation (ChIP)
	Quantitative PCR
	Sequence data generation
	Sequence data analysis
	Plasmid construct and transgenesis

	Results
	Genome-wide histone modifications are maintained in limb regeneration
	Histone modifications underlie the cellular features of the limb
	Limb-specific histone modifications of morphogens and signaling components

	Discussion
	Epigenetic memory of limb cells
	Epigenetic regulations and concept of cellular memories in limb regeneration

	Acknowledgments
	Supplementary material
	References




