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Background. Newts have impressive regenerative capabilities, but it remains unclear about the role of epigenetic regulation in
regeneration process. We herein investigated histone modifications in newt tail tissue cells following amputation. Methods and
Results. Iberian ribbed male newts (6-8 months old) were suffered to about 1.5cm length of amputation of their tails for
initiating regeneration process, and the residual stump of tail tissues was collected for immunohistochemical analysis 3 days
later. Compared to the tissue cells of intact tails, c-kit-positive stem cells and PCNA-positive proliferating cells were significantly
higher in tails suffered to amputation (P < 0.001). Amputation also significantly induced the acetylation of H3K9, H3K14, and
H3K27 in cells of the tails with amputation (P < 0.001), but did not significantly change the methylation of H3K27 (P =0.063).
Conclusion. These results suggest that epigenetic regulation likely involves in newt tail regeneration following amputation.

1. Introduction

Tissue regeneration capabilities are of great importance in
many organisms; however, different organisms have different
tissue regeneration abilities [1]. Differed from mammalians,
amphibians remain significant regenerative abilities [2]. For
example, newts can completely regenerate the tail and limbs
after amputation.

Regeneration is a very complex process, including the
proliferation, migration, dedifferentiation, and transdifferen-
tiation of tissue cells, as well as the proliferation, differentia-
tion, and maturation of resident tissue stem/progenitor
cells. It is still poorly understood the molecular mechanisms
underlying the regeneration process in newts [3, 4], especially
the role of epigenetic modifications of histone and
chromatin.

Epigenetic modifications include acetylation, methyla-
tion, phosphorylation, ubiquitylation, and sumoylation. His-

tone acetylation, one of the most popular epigenetic events,
has been demonstrated to involve in diverse biological pro-
cesses, including the regeneration of injured tissues [5]. His-
tone H3 is one of the most extensively modified histone out
of the five primary histone proteins. In most species, histone
H3 is primarily acetylated at lysines 9 (H3K9), 14 (H3K14),
and 27 (H3K27). It has been reported that the acetylated
H3K9, H3K14, and H3K27 are enriched near the transcrip-
tion start sites [6]. Acetylated H3K9 has been observed in
actively transcribed promoters, which associated with active
transcription [7]. Acetylated H3K27 has also been defined
as an active enhancer during nuclear reprogramming [8].
However, it has been reported the decreased expression of
acetylated H3K9 in newt during lens regeneration [4]. There-
fore, it keeps unclear on the reality and potential role of his-
tone modifications during regenerative process in newt.
Using a tail amputation model for initiating the regenera-
tive process, we herein investigated the histone modifications
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in tissue cells of adult newts. We confirmed a significant
increase of acetylated H3K9, H3K14, and H3K27 in tail tissue
cells at 3 days after amputation.

2. Materials and Methods

2.1. Newts, Tail Amputation, and Tissue Preparation. Iberian
ribbed newts were obtained from the Tottori University [9].
Nine male adult newts (6-8 months old, 28.4 + 1.7 g) were
used for the experiment. This study was approved by the
Institutional Animal Care and Use Committee of Atomic
Bomb Disease Research Institute, Nagasaki University
(#2017-1). All animal procedures were performed in accor-
dance with the institutional and national guidelines.

Newts were anesthetized by soaking in 0.2% MS-222
(Tokyo Chemical Industry, Japan) for 15min, followed by
amputating about 1.5cm length of the tails (Supplemental
Figure 1). All male newts bleed in a room with serve
temperature control (25 + 1.5°C). Soon after amputation, we
returned these newts back to their daily living water bath.

The regenerating tissues were harvested from the residual
stump of distal part of tails 3 days after amputation (ampu-
tated group, n=9). As an intact control, we also collected
the resected tail tissues of proximal part (intact group, n=9
). The tissues were immediately fixed in 4% paraformalde-
hyde for 24h and embedded in paraffin (Supplemental
Figure 1). Sections of 5um thick were used for
immunohistochemical analysis.

2.2. Immunohistochemical Analysis. Paraffin sections were
deparaffinized and then incubated with blocking solution
(1% BSA in PBS) at room temperature for 30 min. After
blocking, the sections were incubated with rabbit anti-
Histone H3 (acetyl K9) monoclonal antibody (Abcam;
1:1000 dilution), rabbit anti-Histone H3 (acetyl K14) mono-
clonal antibody (Abcam; 1: 500 dilution), rabbit anti-Histone
H3 (acetyl K27) monoclonal antibody (Abcam; 1:1000 dilu-
tion), mouse anti-Histone H3 (di methyl K27, tri methyl
K27) monoclonal antibody (Abcam; 1:500 dilution), rat
anti-mouse PCNA monoclonal antibody (Santa Cruz Bio-
technology; 1:100 dilution), and rat anti-mouse CD117/c-
kit monoclonal antibody (R&D Systems; 1:100 dilution),
respectively, for overnight at 4°C. The sections were washed
three times with PBS and then incubated with the appropri-
ate secondary antibodies conjugated with Alexa Fluor® 488,
Alexa Fluor® 546, or Alexa Fluor® 594 for 60 min at room
temperature. The specificity of all primary antibodies was
confirmed by either positive control (mouse bone marrow
and liver tissues) or negative control (with second antibodies
alone). After washing three times with PBS, the nuclei were
labelled with DAPI (Invitrogen).

Positively stained cells were detected under the confocal
laser scanning microscopy (FV10i-LIV, Olympus), and digi-
tal images were acquired using FV10-ASW software (Olym-
pus) with a 60-fold magnification lens. Two sections from
each tissue sample were stained for every primary antibodies.
Ten images were randomly acquired from the two stained
slides of each tissue sample for quantitative analysis. The
PCNA- and c-kit-positive cells were counted by the same
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threshold (Max. 255, Min.106). However, histone modifica-
tions were evaluated by measuring the signal intensities of
immunostainings and normalized by DAPI using Image ]
(ver1.8.0, NIH). To reduce the technical variation, we tried
our best to standardize each experimental step.

2.3. Statistical Analysis. All the results are presented as the
mean + SD. Unpaired two-tailed ¢-test was used for statistical
analyses. All analyses were carried out with the SPSS19.0 sta-
tistical software (IBM SPSS Co., USA). P < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Increased Number of PCNA-Positive Proliferating Cells
and c-Kit-Positive Stem Cells around the Residual Stump of
Tail after Amputation. To confirm the initiation of regenera-
tion, we investigated the PCNA-positive proliferating cells
and c-kit-positive stem cells around the residual stump of tail
tissues 3 days after amputation by immunohistochemistry
staining (Supplemental Figure 1). The majority (up to 70%)
of cells in tail tissues were positively stained by PCNA at 3
days after amputation (Figure 1). Compared with the intact
tail tissues, the percentage of PCNA-positive cells were
dramatically increased around the residual stump of tail
tissues 3 days after amputation (5.63+5.40 vs. 76.80 +

18.79, P<0.001, Figure 1). Moreover, the c-kit-positive
stem cells were rarely detected in the intact tail tissues, but
more frequently detected around the residual stump of tail
tissues 3 days after amputation (Figure 2). Quantitative data
showed that the percentage of c-kit-positive stem cells was
significantly higher in the amputated group than that of the
intact group (5.57+4.97 vs. 14.87+13.81, P<0.001,
Figure 2). In contrast to the wide distribution of PCNA-
positive cells in epidermis, these c-kit-positive cells were
almost found in the stratum basale epidermis.

3.2. Amputation Significantly Induced the Acetylation of
H3K9, H3KI14, and H3K27, but Did Not Significantly
Change the Methylation of H3K27. Histone modifications in
tail tissue cells were also evaluated by immunohistochemistry
staining. The acetylated H3K9, H3K14, and H3K27 could be
detected in the nuclear of cells in either intact tails or ampu-
tated tails (Figures 3-5, Supplemental Figure 2-4).
Compared with the intact group, extensive positive staining
was detected in the amputated group. Quantitative data
showed that the signal intensity of staining on the
acetylated H3K9 (41.00 + 18.59 vs. 91.40 + 7.60, P < 0.001),
H3K14 (44.97 +12.77 vs. 70.67 +£24.70, P <0.001), and
H3K27 (54.87 £15.11 vs. 73.70 +25.37, P<0.001) was
significantly higher in the amputated group than the intact
group (Figures 3-5; Supplemental Figure 2-4).

In contrast to the enhanced expression of acetylated
H3K27 around the residual stump of tail tissues 3 days after
amputation, the methylation of H3K27 was indicated no sig-
nificant difference in tissue cells between the intact group and
the amputated group (39.63 + 15.45 vs. 52.40 £ 26.33, P=
0.063, Figure 6; Supplemental Figure 5).
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F1Gure 1: Immunohistochemical analysis on the PCNA-positive proliferating cells in tails 3 days after amputation. Representative images (a)
and quantitative data (b) show the PCNA-positive cells in intact tails and amputated tails. Scale bar: 20 ym.
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FIGURE 2: Immunohistochemical analysis on the c-kit-positive stem cells in tails 3 days after amputation. Representative images (a) and
quantitative data (b) show the c-kit-positive stem cells in intact tails and amputated tails. Scale bar: 20 ym.

4. Discussion understood the underlying mechanisms on the remarkable
regeneration of injured tissues/organs in newt. As epigenetic
Differs from the limited regenerative potency in vertebrates, ~ modifications are known to regulate the proliferation and

amphibians, especially the newt, display a more remarkable ~ dedifferentiation of tissue cells, we speculate that histone
regenerative potency. However, it has not yet been fully = modifications may also involve in the regenerative process
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F1GURE 3: Immunohistochemical analysis on the acetylation of H3K9 in tissue cells 3 days after amputation. Representative images (a) and
quantitative data (b) show the expression of acetylated H3K9 (AcH3K9) in intact tails and amputated tails. Quantitative data was
normalized by DAPI. Scale bar: 20 ym.
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F1GURE 4: Immunohistochemical analysis on the acetylation of H3K14 in tissue cells 3 days after amputation. Representative images (a) and
quantitative data (b) show the expression of acetylated H3K14 (AcH3K14) in intact tails and amputated tails. Quantitative data was
normalized by DAPI. Scale bar: 20 ym.

in newts. Using a model of tail amputation, we observed a  confirming the robust regeneration of amputated tails. The
dramatically increasing of PCNA-positive proliferating cells ~ c-kit-positive stem cells were also significantly increased
around the residual stump of tail 3 days after amputation,  around the residual stump of amputated tails, suggesting a
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F1GURE 5: Immunohistochemical analysis on the acetylation of H3K27 in tissue cells 3 days after amputation. Representative images (a) and
quantitative data (b) show the expression of acetylated H3K27 (AcH3K27) in intact tails and amputated tails. Quantitative data was
normalized by DAPI. Scale bar: 20 ym.
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F1GURE 6: Immunohistochemical analysis on the methylation of H3K27 in tissue cells 3 days after amputation. Representative images (a) and
quantitative data (b) show the expression with methylated H3K27 (MeH3K27) in intact tails and amputated tails. Quantitative data was

normalized by DAPI. Scale bar: 20 ym.



probable event of dedifferentiation. As expected, immuno-
histochemical analysis showed that the amputation induced
the acetylation of H3K9, H3K14, and H3K27, but did not sig-
nificantly change the methylation of H3K27.

Regeneration of injured tissues/organs is complex pro-
cesses [10, 11], including the proliferation and dedifferentia-
tion of remaining tissue cells and the differentiation and
maturation of resident stem/progenitor cells. The dramati-
cally increase of PCNA-positive cells indicated the prolifera-
tive activity might mainly contribute the regeneration of
amputated tails in newts. Dedifferentiation, a biological con-
version of differentiated/maturated cells into undifferentiate-
d/immaturated cells, is also known to contribute the
regeneration of injured tissues/organs in various species of
animals [12, 13]. Although mammalian cells also have the
ability to dedifferentiate if given the appropriate triggers
[14], dedifferentiation is very commonly found in amphib-
ians. Therefore, dedifferentiation might be induced in the
maturated tissue cells to contribute mainly the regeneration
of amputated tails.

Previous studies have reported the induction of pluripo-
tent factors during regeneration in newts [15], but it is still
kept controversy on the number, origination, and potential
role of stem cells in newts [16]. Using a common stem cell
marker of c-kit, we could find a few of c-kit-positive cells
around the stratum basale epidermis of the intact tail skin tis-
sues suggests there has resident stem cells in newts. However,
doubled number of c-kit-positive stem cells were detected
around the residual stump of amputated tails comparing to
intact tail tissues, and these c-kit-positive stem cells were also
mostly detected in the stratum basale epidermis. Therefore,
we thought that the increased number of c-kit-positive stem
cells could be resulted from the proliferation of resident stem
cells. Although there is increased number of stem cells, exten-
sive dedifferentiation of the maturated tissue cells was not
observed in amputated tails in this study.

An epigenetic trait is a stably heritable phenotype result-
ing from changes in a chromosome without alteration in the
DNA sequence [17]. Histone acetylation, one of the best
characterized epigenetic modifications, is known to increase
the expression of gene through transcriptional activation
[18]. The epigenetic modifications of histone H3 are known
to regulate cellular dedifferentiation and individual develop-
ment [4], and the acetylation is a good candidate marker to
distinguish between active and poised enhancer states [8].
Histone acetylation is generally known to activate the tran-
scription of genes, and the acetylations of H3K9 and
H3K27 have been previously demonstrated to correlate with
transcriptional activation of chromatin [19, 20]. In this study,
we also found more extensive expression of the acetylated
H3K9, H3K14, and H3K27 around the residual stump of
amputated tails, indicating the potential role of epigenetic
modifications in regulating the regeneration process.

Histone methylation is the modification of certain amino
acids in a histone protein by the addition of one, two, or three
methyl groups. The methylation of H3K27 is usually linked
to transcriptional repression [21, 22]. It has been reported
that intact zebrafish silenced developmental regulatory genes,
but the silenced genes are converted to an active state by los-
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ing MeH3K27 modification during fin generation [4]. In
contrast to the enhanced expression of acetylated H3K27,
our data showed that the methylation of H3K27 was not sig-
nificantly induced around the residual stump of amputated
tails within 3 days. Therefore, we speculated that the methyl-
ation of H3K27 unlikely played critical role in initiating the
regeneration process in newts soon after injury.

Disagreed with our data, a previous study has reported
the increased expression of methylated H3K27 and the
decreased expression of acetylated H3K9 for initiating the
transdifferentiation of iris cells after lentectomy in newt
[23]. It has also reported that DNA methylation ensures gene
expression programs for controlling Muller glia cell repro-
gramming into neurons in zebrafish during retina regenera-
tion [24]. The reason on these different findings among
studies keeps unclear because of the high flexibility of epige-
netic regulation depending on the systemic and local condi-
tions. Actually, it has reported about dual roles of
acetylated H3K9 in stem cell differentiation [25].

There has several limitations on this study. The first,
as this study was designed for proof-of-concept, we only
performed all investigations at 3 days after amputation.
Although it will be largely varied among the species of
animals, histone acetylation of resident cells can be quickly
induced to initiate the regenerative process after injury.
Therefore, the histone acetylation may be induced in the
newt tail tissue cells very soon after amputation. Indeed,
histone acetylation has been previously reported to be
increased within 24 hours in Xenopus tadpole tail after
amputation [26]. As we analysed the histone acetylation
at only 3 days after amputation, further studies are highly
required to uncover the dynamic changes of histone acet-
ylation in the tail tissue cells following amputation in the
future. The second, we used immunohistochemistry analy-
sis in this study. That is because we wondered whether
histone modification predominantly observed around the
marginal regions after amputation. However, other
methods, such as Western blot will be better for the quan-
tification of histone modification. Otherwise, it was diffi-
cult for us to exactly define the special cell types in the
tail tissues for analysis. Although most of the cells posi-
tively stained with PCNA, AcH3K9, AcH3K14, and
AcH3K27 were uniformly detected at the epidermis of
the skin tissue, we failed to confirm the relationship
between proliferating cells and histone acetylation by dou-
ble staining.

In summary, preliminary data from our in vivo experi-
ment indicated an enhanced expression of acetylated H3K9,
H3K14, and H3K27 in tissue cells around the residual stump
of amputated tails. Although in the absence of direct evi-
dence, epigenetic modifications likely involve in regenerating
the amputated tails of newts.

Data Availability

All the data supporting the findings of this study are available
within the paper and also are available from the correspond-
ing author upon reasonable request.
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