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Purpose: Reprogramming of pigmented epithelial cells (PECs) is a decisive process in newt lens regeneration. After lens
removal PECs in dorsal iris dedifferentiate and revert to stem cell-like cells, and transdifferentiate into lens cells. Our
purpose is to know how global histone modifications are regulated in the reprogramming of PECs.
Methods: Iris sections were stained using various histone modification-specific antibodies. The intensity of stained signal
in nucleus of PECs was measured and changes in histone modification during dedifferentiation were evaluated.
Results: During dedifferentiation of PECs histone modifications related to gene activation were differentially regulated.
Although tri-methylated histone H3 lysine 4 (TriMeH3K4) and acetylated histone H4 (AcH4) were increased, acetylated
histone H3 lysine 9 (AcH3K9) was decreased during dedifferentiation. Among all gene repression-related modifications
analyzed only tri-methylated histone H3 lysine 27 (TriMeH3K27) showed a significant change. Although in the dorsal
iris TriMeH3K27 was kept at same levels after lentectomy, in ventral iris it was increased.
Conclusions: Histone modifications are dynamically changed during dedifferentiation of PECs. A coordination of gene
activation-related modifications, increasing of TriMeH3K4 and AcH4 and decreasing of AcH3K9, as well as regulation
of TriMeH3K27, could be a hallmark of chromatin regulation during newt dedifferentiation.

Newts have impressive regenerative capabilities ranging
from tissue repair to replacement of whole organs. Their lens
regenerative capability in adults is a unique feature of newts
when compared to other regenerative animals such as axolotl,
frog [1] and zebrafish [unpublished data]. In newt lens
regeneration lens is regenerated by transdifferentiation of
pigmented epithelial cells (PECs). After lens removal PECs
from the dorsal iris start dedifferentiating, during which they
shed off their pigment granules and re-enter the cell cycle. The
dedifferentiated cells continue to proliferate and finally
differentiate into lens cells. This transdifferentiation has been
also demonstrated by clonal culture experiments [2]. Recently
it was shown that nucleostemin, a nucleolar protein mainly
expressed in stem cells, and three of the four factors necessary
to induced pluripotent stem cells, cellular myelocytomatosis
(c-Myc), Kruppel-like factor 4 (Klf4), and sex determining
region Y-box2 (Sox2), are expressed in the dedifferentiated
PECs [3,4]. This suggests that PECs reprogram to a stem cell-
like state during dedifferentiation.
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In contrast to dorsal iris, ventral iris does not contribute
to lens regeneration even though the shedding of pigment
granules and cell cycle reentry occurs in ventral PECs as well.
It has been shown that inhibition of bone morphogenetic
protein (BMP) signaling [5] and wingless and integration
(Wnt) signaling [6] in dorsal iris after dedifferentiation could
be important to determine lens regeneration from dorsal iris.
However, the mechanism that mediates a dorso-ventral
identity at earlier stage has not been clarified.

Covalent modifications in histone tails are epigenetic
events that regulate a wide variety of biological processes
during cellular differentiation and development [7]. To know
whether histone modifications are involved in
dedifferentiation of PECs and dorso-ventral selectivity of lens
formation, changes in global histone modifications were
analyzed.

METHODS
Animals: Japanese common newts, Cynops pyrrhogaster,
were collected in the northern part of Okayama prefecture,
Japan. For this study, male newts (6.0±0.5 g) were used. All
animal procedures were approved by animal care board in
Center for Developmental Biology, Riken Kobe. Newts were
euthanized by anesthesia (soaking in 0.1% of MS-222; Sigma-
Aldrich, Tokyo, Japan, for 15 min) followed by decapitation.
5-bromo-2’-deoxyuridine administration: To examine cells
re-entering to cell cycle, 5-bromo-2’-deoxyuridine (25 mg/g
bodyweight) was intraperitoneally administrated everyday
from one day before lentectomy.
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Figure 1. Changes in histone modifications related to gene activation during early lens regeneration. A: Quantification of detected signal by
immunohistochemistry using histone modification antibodies. To examine the cells before cell cycle reentry, BrdU was administrated
everyday. Immunohistochemistry was performed and the detected signal intensity of each histone modification in nucleus of PECs without
BrdU incorporation was measured. The signal intensity of histone modification was normalized with that of Hoechst 33528. The value of
normalized signal in dorsal iris on day 0 is represented as 100%. Error bars, standard deviation (n=5–17). Asterisks indicate a significant
difference at p<0.03, Student’s t test (2-tailed) between dorsal and ventral iris at same day. B: Immunohistochemistry. Staining patterns in
dorsal iris are shown at different time points.
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Immunohistochemistry: Eye balls were collected and fixed in
methanol-acetic acid (3:1) at 4 °C for 12 h and embedded in
paraffin. Paraffin sections (20 µm) were deparafinized and
incubated with 2× SSC with 0.05% Triton X-100 and 0.05%
saponin (MP Biomedicals Japan, Tokyo, Japan) for 60 min.
The sections were rinsed with 2× SSC for 15 min 3 times,

blocked in TNB buffer supplied with the TSA kit (Perkin
Elmer, Waltham, MA) for 60 min, and incubated with each
antibody against histone modification and anti-BrdU mouse
monoclonal antibody (MAB3510; Millipore, Billerica, MA)
at 4 °C overnight followed by Alexa-488 conjugated anti-
mouse IgG antibody (Invitrogen, Carlsbad, CA) and Cy3-

Figure 2. Changes in histone modifications related to gene repression during early lens regeneration. Same procedure as in Figure 1. A:
Quantification of detected signal by immunohistochemistry using histone modification antibodies. B: Immunohistochemistry using
TriMeH3K27 antibody, showing patterns in dorsal and ventral iris at different time points.
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conjugated anti-rabbit IgG antibody (Millipore) at room
temperature for 90 min. The nuclei in the sections were
counterstained with Hoechst 33258. Antibodies against
histone modifications, TriMeH3K4 (ab8580; Abcam,
Cambridge, UK), AcH3K9 (ab10812; Abcam), di-methylated
histone H3 lysine 9 (DiMeH3K9, 07–212; Millipore),
TriMeH3K9 (ab8898; Abcam), DiMeH3K27 (ab24684;
Abcam), and TriMeH3K27 (07–449; Millipore), and AcH4
(06–598; Millipore), were used. These antibodies are known
to interact with modified histones in a variety of animals
ranging from yeast to humans.
Image acquisition and signal measurement: The images were
taken on a Axiovert 200M microscope (Zeiss Japan, Tokyo,
Japan) using a 512BFT CCD camera (Nippon Roper
Scientific, Tokyo, Japan). To measure the signal intensities
taken images were saved in TIFF format. The average signal
intensities per pixel of histone modifications and Hoechst
33258 in each nucleus were measured using MetaMorph
software (ver. 7; Molecular Devices, Sunnyvale, CA) without
any image processing. The intensity of each histone
modification was normalized with that of Hoechst 33528.

RESULTS AND DISCUSSION
To examine the cells before cell cycle reentry, BrdU was
administered every day starting the day before lentectomy.
Eye balls were collected at different times thereafter and
double-colored immunohistochemistry using BrdU and
histone modification antibodies was performed. In this
experiment signal intensities of histone modification were
measured against PECs that did not incorporate BrdU. Signal
intensities of each histone modification were normalized with
that of Hoechst 33258 (Figure 1 and Figure 2). In these figures

the mean value of normalized signal in dorsal iris on day 0 is
represented as 100%.

Figure 1 shows changes in histone modifications related
to gene activation [8,9]. After lentectomy global TriMeH3K4
and AcH4 (K5, 8, 12, 16) were increased in both of dorsal and
ventral iris. In contrast AcH3K9 was high level on day 0 and
decreased gradually by day 8. This indicates that each histone
modification related to gene activation is differentially
regulated during dedifferention of PEC. Such a coordination
of decreasing of AcH3K9 and increasing of TriMeH3K4 and
AcH4 could be a hallmark of chromatin regulation during
newt dedifferentiation. This could mean that TriMeH3K4 and
AcH4 modifications activate genes related to
dedifferentiation and cell cycle re-entry. AcH3K9 is
decreased during dedifferentiation meaning that it is probably
involved in maintaining transcription of genes related to the
differentiated state of intact iris. No modification showing
consistency during the time period that we examined
exhibited a clear dorsal/ventral difference.

Changes in histone modifications related to gene
repression are shown in Figure 2. After lens removal the level
of DiMeH3K9 and TriMeH3K9 were almost constant in both
irises. Thus, we believe that these modifications do not play
any significant role in regulating dedifferentiation. However,
a dorso-ventral difference was found in TriMeH3K27.
Although levels were not much changed in dorsal iris, they
increased in ventral iris. Given the fact that this modification
cooperates with polycomb group proteins and functions in
gene silencing during development [10], this strongly
suggests a correlation with inhibition of lens regeneration
from the ventral iris. Another modification, DiMeH3K27,
showed increased levels in the ventral iris at day 2 and 6 after
lentectomy, but the values in the dorsal iris during

Figure 3. Summary of changes in histone modifications during dedifferentiation in lens regeneration. Only modifications, which are changed
during dedifferentiation in relation to intact iris or to dorsal/ventral iris are indicated. D, dorsal iris; V, ventral iris.
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dedifferentiation were not higher than the ones in the intact
dorsal iris. Thus, this modification might not be significant for
the dedifferentiation process. Figure 3 summarizes regulation
of histone modifications during dedifferentiation.

A combination of different modifications, related to
activation and repression of gene expression, seems to be
crucial. In ES cells a similar regulation called bivalent histone
modifications has been reported [11-14]. A vast majority of
genes modified with TriMeH3K27 are co-modified with
TriMeH3K4 in ES cells and the co-modified fraction is
enriched in genes that function in development. The bivalent
histone modifications are thought to poise genes for later
activation while keep them inactivated. Recently it has been
reported that in intact zebrafish silenced developmental
regulatory genes contain bivalent TriMeH3K4 and
TriMeH3K27 modifications and the silenced genes are
converted to an active state by loss of TriMeH3K27
modification during fin regeneration [15]. However, loss of
TriMeH3K27 does not occur in newt dedifferentiation (Figure
2 and Figure 3). Rather, it is suggested that TriMeH3K27
exerts a dorso-ventral selectivity of lens formation by its
increase in ventral iris. The data presented here point to global
modifications and thus do not single out a particular molecular
mechanism or pathway. However, the enzymes that mediate
such modifications are known [16]. Thus, in the future it will
possible to address in more specific ways the genetic pathways
underlying the spectacular event of lens regeneration.

ACKNOWLEDGMENTS
This work was supported by a grant, KAKENHI (17657068),
to N.M., by the Naito Foundation, and Project for Realization
of Regenerative Medicine as well as a Grant-in-Aid for
Creative Research from the Ministry of Education, Culture,
Sports, Science and Technology, Japan (17GS0318), to K.A.,
and by an NIH grant (EY10540) to P.A.T.

REFERENCES
1. Del Rio-Tsonis K, Tsonis PA. Eye regeneration at the molecular

age. Dev Dyn 2003; 226:211-24. [PMID: 12557200]
2. Abe S, Eguchi G. An analysis of differentiative capacity of

pigmented epithelial cells of adult newt iris in clonal cell
culture. Dev Growth Differ 1977; 19:309-17.

3. Maki N, Takechi K, Sano S, Tarui H, Sasai Y, Agata K. Rapid
accumulation of nucleostemin in nucleolus during newt
regeneration. Dev Dyn 2007; 236:941-50. [PMID: 17133523]

4. Maki N, Suetsugu-Maki R, Tarui H, Agata K, Del Rio-Tsonis
K, Tsonis PA. Expression of stem cell pluripotency factors

during regeneration in newts. Dev Dyn 2009; 238:1613-6.
[PMID: 19384853]

5. Grogg MW, Call MK, Okamoto M, Vergara MN, Del Rio-
Tsonis K, Tsonis PA. BMP inhibition-driven regulation of
six-3 underlies induction of newt lens regeneration. Nature
2005; 438:858-62. [PMID: 16341014]

6. Hayashi T, Mizuno N, Takada R, Takada S, Kondoh H.
Determinative role of Wnt signals in dorsal iris-derived lens
regeneration in newt eye. Mech Dev 2006; 123:793-800.
[PMID: 17030116]

7. Li E. Chromatin modification and epigenetic reprogramming in
mammalian development. Nat Rev Genet 2002; 3:662-73.
[PMID: 12209141]

8. Santos-Rosa H, Schneider R, Bannister AJ, Sherriff J, Bernstein
BE, Emre NC, Schreiber SL, Mellor J, Kouzarides T. Active
genes are tri-methylated at K4 of histone H3. Nature 2002;
419:407-11. [PMID: 12353038]

9. Schneider R, Bannister AJ, Myers FA, Thorne AW, Crane-
Robinson C, Kouzarides T. Histone H3 lysine 4 methylation
patterns in higher eukaryotic genes. Nat Cell Biol 2004;
6:73-7. [PMID: 14661024]

10. Martin C, Zhang Y. The diverse functions of histone lysine
methylation. Nat Rev Mol Cell Biol 2005; 6:838-49. [PMID:
16261189]

11. Gan Q, Yoshida T, McDonald OG, Owens GK. Concise review:
epigenetic mechanisms contribute to pluripotency and cell
lineage determination of embryonic stem cells. Stem Cells
2007; 25:2-9. [PMID: 17023513]

12. Pan G, Tian S, Nie J, Yang C, Ruotti V, Wei H, Jonsdottir GA,
Stewart R, Thomson JA. Whole-genome analysis of histone
H3 lysine 4 and lysine 27 methylation in human embryonic
stem cells. Cell Stem Cell 2007; 1:299-312. [PMID:
18371364]

13. Zhao XD, Han X, Chew JL, Liu J, Chiu KP, Choo A, Orlov YL,
Sung WK, Shahab A, Kuznetsov VA, Bourque G, Oh S, Ruan
Y, Ng HH, Wei CL. Whole-genome mapping of histone H3
Lys4 and 27 trimethylations reveals distinct genomic
compartments in human embryonic stem cells. Cell Stem Cell
2007; 1:286-98. [PMID: 18371363]

14. Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E,
Giannoukos G, Alvarez P, Brockman W, Kim TK, Koche RP,
Lee W, Mendenhall E, O'Donovan A, Presser A, Russ C, Xie
X, Meissner A, Wernig M, Jaenisch R, Nusbaum C, Lander
ES, Bernstein BE. Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells. Nature 2007;
448:553-60. [PMID: 17603471]

15. Stewart S, Tsun ZY, Izpisua Belmonte JC. A histone
demethylase is necessary for regeneration in zebrafish. Proc
Natl Acad Sci USA 2009; 106:19889-94. [PMID: 19897725]

16. Li B, Carey M, Workman JL. The role of chromatin during
transcription. Cell 2007; 128:707-19. [PMID: 17320508]

Molecular Vision 2010; 16:1893-1897 <http://www.molvis.org/molvis/v16/a205> © 2010 Molecular Vision

The print version of this article was created on 12 September 2010. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

1897

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12557200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17133523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19384853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19384853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16341014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17030116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17030116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12209141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12209141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12353038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14661024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16261189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16261189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17023513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18371364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18371364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18371363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17603471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19897725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17320508
http://www.molvis.org/molvis/v16/a205

