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PATTERNS & PHENOTYPES

Expression of Stem Cell Pluripotency Factors
During Regeneration in Newts

Nobuyasu Maki,'” Rinako Suetsugu-Maki,!” Hiroshi Tarui,” Kiyokazu Agata,® Katia Del Rio-Tsonis,*

and Panagiotis A. Tsonis'*

In this study, we present data indicating that mammalian stem cell pluripotency-inducing factors are
expressed during lens and limb regeneration in newts. The apparent expression even in intact tissues and
the ensued regulation during regeneration raises the possibility that these factors might regulate tissue-
specific reprogramming and regeneration. Furthermore, these factors should enable us to understand the
similarities and differences between animal regeneration in the newt and stem cell strategies in mammals.
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INTRODUCTION

Some amphibians and especially adult
newts can regenerate several tissues,
organs, or even body parts. Newts
achieve this remarkable process by
transdifferentiation of the terminally
differentiated tissues at the site of tis-
sue removal (Sanchez Alvarado and
Tsonis, 2006). Obviously, the newt
cells have to be reprogrammed and
then differentiate to cells that consti-
tute the lost tissue. One of the most
clear-cut cases is that of lens regener-
ation where after lentectomy the pig-
ment epithelial cells (PECs) of the tip
of the dorsal iris dedifferentiate and
then form the lost lens. Importantly,
the ventral iris PECs are not able to
contribute to regeneration (Del Rio-
Tsonis and Tsonis, 2003). Recently, it

has been shown that differentiated
mammalian cells, including human,
can be also reprogrammed to become
induced pluripotent stem cells (iPSCs)
that can subsequently differentiate to
different tissues. This reprogramming
is mediated by inducing the expres-
sion of four factors, Oct4, Sox-2, c-myec,
and KIf4. Another factor, nanog,
seems to be also important (Taka-
hashi and Yamanaka, 2006; Taka-
hashi et al.,, 2007; Yu et al., 2007;
Okita et al., 2007; Wernig et al., 2007).
All these are transcriptional factors
expressed in embryonic stem cells.
The critical question that arises from
these studies is: Does reprogramming
that mediates the formation iPSCs
share any similarities to reprogram-
ming during regeneration in newts?

There is no evidence indicating that
newt cells reprogram to pluripotency,
but ample evidence exists indicating
that differentiated newt cells do
change their genetic activity to trans-
differentiate to another cell type. To
further investigate this process, we
cloned and examined the expression of
the above-mentioned factors during
lens and limb regeneration in newts.

RESULTS AND DISCUSSION

Phylogenetic tree analysis confirmed
the identity of all five genes (Fig. 1).
Based on this and the extensive se-
quence similarities (Supp. Fig. S1,
which is available online), we are
quite confident that these are true or-
thologs (Supp. Fig. S1). However, lack
of whole newt genome sequence can-
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Fig. 2. Expression of Oct-4 and nanog de-
tected by means of polymerase chain reaction
in newt ovaries. The expected size for Oct4 was
139 bp and for nanog 237 bp.
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Phylogenetic tree analysis of all cloned cDNAs, indicating their identity with orthologs from other species.

not rule out the existence of other pos-
sible paralogs. For expression studies,
we removed lenses or amputated hind
limbs and collected tissues at different
times after tissue removal. For lens
regeneration, dorsal and ventral irises
were collected at days 0 (intact tissue),
2, 4, 6, 8, and 10 post-lentectomy. By
day 10, an undifferentiated vesicle
forms devoid of lens-specific markers.
After day 10, the cells in the vesicle
begin to differentiate into a lens. For
limb regeneration, we collected tis-
sues at day 0 (immediately after am-
putation; intact tissue) and 7 and 15
after amputation. Because we wished
to examine stages before differentia-
tion occurred, we chose days 7 and 15
post-amputation, as these mark the

Fig. 3. Quantitative polymerase chain reaction
(gPCR) analysis of expression of Sox2, Kif4,
and c-myc during lens regeneration. For each
time point, we collected 20 irises, that were
pooled for the analysis.
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appearance of the early and late blast-
ema, respectively. Of interest, there
was significant regulation of three of
the factors that we examined, Sox-2,
Klif4, and c-myc. Oct4 and nanog were
not detected in these tissues beyond
the levels of negative control (—RT);
however, they were expressed in ovary
(Fig. 2).

During lens regeneration, Sox2 and
Klif4 were up-regulated during the
very early stages of regeneration (Fig.
3, day 2), while c-myc showed a peak
of expression at day 8. Day 2 marks an
early response to lens removal and is
expected to be characterized by events
that may prepare pre-existing tissues
for reprogramming and cell cycle re-
entry. In fact, cell proliferation is not
detected until day 4. Those rapid re-
sponses to lens removal before cell cy-
cle re-entry are similar to those ob-
served for nucleostemin, a stem cell
and cancer cell marker (Maki et al.,
2007). c-myc showed quite opposite
patterns to Sox2 and Klf4. It was
highly expressed at day 8, which cor-
related with the establishment of the
vesicle, but without major differences
between dorsal and ventral iris. It
should be noted here that the regen-
eration-incompetent ventral iris does
show activity such as cell cycle re-en-
try and gene expression, which must
be suppressed later (Grogg et al.,
2005; Madhavan et al., 2006). There-
fore, expression differences between
dorsal and ventral iris might be corre-
lated with these events. Statistics be-
tween the values of dorsal and ventral
iris or between different times in dor-
sal or ventral iris are presented in
Supp. Table S1.

After limb amputation, blastema
cells are produced by all tissues of the
stump, such as muscle, cartilage, bone,
dermis, and so on (Tsonis, 1996). All
three factors were strongly up-regu-
lated with the emergence of the undif-
ferentiated blastema cells. Sox2 and Kif
4 showed similar patterns with high ex-
pression at day 15, while c-myc was
higher at day 7 (Fig. 4). Statistics are
presented in Supp. Table S1.

Even though beyond the scope of the
present study, it will be of interest to
extend these studies to single cells and
find out whether all these three genes
are present in the same cell. Such stud-
ies, however, will be possible only when
appropriate markers (providing that

they are not regulated during dediffer-
entiation) for contributing cells can be
used to sort them out and study their
properties in detail.

These expression patterns may bear
significance to the field of reprogram-
ming, stem cells, and regeneration in
general. While the newt does not re-
program its adult differentiated cells
to form pluripotent progenitors, it
does reprogram them to specific pro-
genitor stem cell state according to
their origin and to their contribution,
as evidenced by their ability to regen-
erate with precision only those parts
lost to injury. Indeed, aggregates from
dorsal iris PECs will transdifferenti-
ate only to lens even if transplanted to
regenerating limb (Ito et al., 1999;
Tsonis, 2000). Our data might suggest
a possible mechanism for this prop-
erty in the newt. The specific stage-
related regulation of Sox2, Klf4, and
c-myc, and the absence of Oct4 and
nanog expression might indicate why
the newt cells do not become pluripo-
tent. Manipulating these factors in
the newt will open new avenues in the
field and should be of enormous im-
portance to compare or contrast the
biology of regeneration in classic mod-
els and in stem cells.

EXPERIMENTAL
PROCEDURES

Animals

Adult newts (Notophthalmus viride-
scens) were purchased from Charles
D. Sullivan Co., Inc.

cDNA Cloning

Partial ¢cDNAs for stem cell factors
from Notophthalmus viridescens were
cloned using degenerate polymerase
chain reaction (PCR) and rapid ampli-
fication of cDNA ends. Accession num-
bers of the cloned genes were
AB476740, FJ617548, AB476741,
FJ617547, and FJ622934 for Oct4,
Sox2, c-myc, Klf4, and Nanog, respec-
tively.

Phylogenetic Analysis

Phylogenetic analysis of cloned cD-
NAs was carried out using Genetyx-
mac version 13.1.4 (Genetyx Corp.).
Sequences of cloned ¢cDNA, homo-
logues and outgroups were aligned to-
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Fig. 4. Quantitative polymerase chain reaction
(gPCR) analysis of expression of Sox2, Kif4,
and c-myc during regenerating limb blastema
formation. For each time point we selected six
limb stumps or blastemas that were pooled for
the analysis.

gether and the end regions that did
not corresponding to cloned ¢cDNA se-
quence were trimmed off. Using only
the corresponding regions, phyloge-
netic trees were made with UPGMA
method.

Quantitative PCR

Apical halves of dorsal and ventral 90°
sector-iris (20 each from 10 animals
for each time point) were collected at
each time point of lens regeneration.
For analysis during limb regenera-
tion, hind limbs were amputated at
the middle stylopodium level and
stumps, approximately 2 mm in thick-
ness from the edge, were collected (6
samples per time point). For day 0,
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limb stumps were collected immedi-
ately after the amputation. Early and
late blastema were observed on day 7
and 15 day, respectively. Total RNA
was extracted from pooled samples
and reverse transcription (RT) for
Sox2, c-Myc, Klf4, Nanog, and ribo-
somal protein L27 (RPL27) was car-
ried out with a first-strand cDNA syn-
thesis kit (Amersham Bioscience)
using an oligo(dT) primer and for Oct4
using the iScript ¢cDNA Synthesis
Kit (Bio-Rad), in which RT reaction
was primed by both of an oligo(dT)
and random primers. Quantitative
PCR (qPCR) was performed using iQ
SYBR Green super mix (Bio-Rad)
and the following gene specific prim-
ers, Oct4-F, 5 -GAGCAAGAGA-
CCTGCCTCAC-3’; Oct4-R, 5'-TCCT-
TGGAGAGGAGAACTGC-3’; Sox2-F,
5-ATGCACCGCTACGACGTCA-3’';
Sox2-R, 5'-CGGAGGGATTCATGG-
AGTTGT-3’; c¢-Myc-F, 5'-ACTCA-
CAATGTTCTGGAGCGC-3'; c-Myc-R,
5'- GGTGCTTTTTCATTGTCCGC-3';
Kif4-F, 5-AGATACACTGCCATCC-
CCACAT-3’; KIf4-R, 5'-CATGCT-
GAACTGTCCGTGAAAC-3'; Nanog-F,
5'-TATCTGAGTCCCCTGCAGATCC-
3’; Nanog-R, TGGCCCAACAGCACT-
TTTTT-3’; RPL27-F, 5-ATTTAT-
GAAACCCGGGAAGG-3'; RPL27-R, 5'-
CCAGGGCATGACTGTAAGGT-3". To

quantitate the expression of each gene,
Ct values were compared with a stan-
dard curve generated using a series of
dilutions of cloned cDNAs. The amount
of mRNA was normalized to that of
RPL27, a gene that shows no variation
between dorsal and ventral iris
(Makarev et al., 2007). The specificity of
gqPCR was checked by melting curve
analysis.
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