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Abstract As a model to examine cellular multipotency in
fish, we established a medaka transgenic (Tg) Tru.oct4:egfp
line carrying the green fluorescence protein (GFP) cDNA un-
der control of the Takifugu rubripes oct4 promoter. In this Tg
line, GFP could be used to examine both maternal and zygotic
oct4 expression during embryogenesis. In addition, while
adult Tg fish did not express GFP in any somatic cells, acti-
vation of GFP expression was initiated in regenerating fins
after amputation. In vitro, some of the cell populations that
migrated from fin explants expressed GFP, implying that GFP
could be used to monitor oct4 expression in both embryos and
in regenerating tissues in the Tru.oct4:egfp Tg line. Next,
crossing with β-actin:DsRed Tg line in which all cells emit
red fluorescence by expression of red fluorescent protein
(RFP) under the β-actin promoter, we prepared a
Tru.oct4:egfp /β-actin:DsRed double Tg line. In the double
Tg line, early embryonic cells were +GFP/+RFP double pos-
itive. In vitro fin cell culture, a small number of +GFP/+RFP
double positive cells could be discriminated from other
−GFP/+RFP cells. Thus, when transplanted into wild-type
medaka, this double Tg line can be used to trace the fate of
the transplanted cells using RFP fluorescence after the loss of
GFP expression.

Keywords Transgenic fish .Medaka . oct4 . GFP . RFP .

Embryo . Fin regeneration

Introduction

In the field of animal husbandry, induced pluripotent stem cell
(iPSCs) technology could potentially be used to develop new
cryopreservation techniques for specific strains, and also to
perform precise genome editing for producing new knockout
or transgenic strains (Cao et al. 2012). Cryopreservation of
strains is particularly useful in aquaculture, since the threat
of episodes of mass mortality due to red tide and diseases is
very high in fishes reared in net cages, and power failures can
result in the sudden loss of fish maintained in tanks. Since the
finding that ectopic expression of the four Yamanaka tran-
scription factors (Oct4, Sox2, Klf4, cMyc) (Takahashi and
Yamanaka 2006) induced somatic cells to mulitpotency in
zebrafish (Danio rerio) (Rossello et al. 2013), efforts focusing
on the establishment of iPSCs in fish by improving induction
conditions have become more feasible. Given the extensive
genomic and biological databases that already exist for
zebrafish and medaka (Oryzias latipes), use of these two mod-
el organisms in studies of iPSC technology in fish is consid-
ered to be more advantageous than using aquaculture fish.

Transgenic (Tg) lines that report cellular multipotency by
GFP fluorescence are useful in studies on cellular
multipotency (Yoshimizu et al. 1999; Ohbo et al. 2003). We
established a zebrafish Tru.oct4:egfp-Tg line that emits GFP
fluorescence under the regulation of the Takifugu oct4 pro-
moter; the line is useful because endogenous oct4 mRNA
expression during embryogenesis can be monitored (Kato
et al. 2015). In this report, we first prepared a medaka
Tru.oct4:egfp-Tg line using same transgene. We used
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conventional egfp but not degenerated egfp to gain stronger
GFP fluorescence owing to accumulation in the cytoplasm.

In zebrafish and medaka, expression pattern of oct4 has
been described in detail (Marlow and Mullins 2008; Parvin
et al. 2008; Sanchez-Sanchez et al. 2010; Rodriguez-Mari
et al. 2013). According to the reports, oct4 mRNA is present
in oocytes asmaternal expression, and zygotic oct4 expression
starts at the mid-blastula transition, where after oct4mRNA is
expressed ubiquitously in all embryonic cells until the late
gastrula stage (80% epiboly in zebrafish; stage 16 in medaka).
The multipotency of embryonic cells is thus correlated with
maternal and early zygotic oct4 expression. As tissue differ-
entiation occurs, oct4 expression suddenly becomes restricted
to regions of rhombomeres 2 and 4 and the caudal spinal cord,
before stopping at the time of hatching. We compared GFP
fluorescent expression in embryos of medaka Tru.oct4:egfp-
Tg line with reported endogenous oct4 mRNA expression
profile.

In addition, given the strong regeneration capacity of am-
putated fins in fish species including medaka (Nakatani et al.
2007), we examined GFP expression in regenerating fins
using the prepared Tg medaka lines, finding out that blastema
cells start emitting GFP after amputation in medaka
Tru.oct4:egfp-Tg line.

In medaka, a β-actin:DsRed Tg line has been established
in which all cells emit RFP fluorescence under the regula-
tion of the β-actin promoter (Yoshinari et al. 2012). Here,
we also describe a system for selecting oct4-expressing cells
by GFP fluorescence and then tracing the fate of those cells
after transplantation into wild-type host medaka by RFP
fluorescence by preparing a Tru.oct4:egfp- /β-actin:DsRed
double Tg line.

Materials and Methods

Medaka The d-rRmedaka line used for Tg establishment was
kindly provided by the National BioResource Project
(NBRP)-Medaka (http://www.shigen.nig.ac.jp/medaka/).
Fish were maintained at 26°C in standard tanks equipped
with a circulation system optimized for medaka and
zebrafish culture. Fertilized eggs were obtained by natural
mating and used for transgene microinjection, and staging of
embryogenesis followed Iwamatsu (Iwamatsu 1994). Fish
maintenance and experiments have been approved by the
Tohoku University Institutional Animal Care and Use
Committee.

Establishment of the medaka oct4:egfp-Tg line An expres-
sion vector prepared in a previous paper was used to prepare
the medaka Tg line (Kato et al. 2015); the vector consists of
the Takifugu oct4-promoter upstream of enhanced green fluo-
rescent protein (egfp) cDNA flanked by I-SceI meganuclease

recognition sites (Thermes et al. 2002). The vector was co-
injected with I-SceI meganuclease (New England Biolabs)
into one-cell stage embryos (Thermes et al. 2002) (Rembold
et al. 2006). Embryos (F0) exhibiting GFP fluorescence at the
shield stage in a mosaic manner were selected for subsequent
crosses. Selected F0 individuals were crossed with wild-type
medaka, and embryos exhibiting strong GFP fluorescence at
the shield stage were selected for the F1 fish. F1 fish were
again crossed with wild-type medaka to obtain the F2 fish,
which maintained as the oct4:egfp-Tg line, Tg(Tru.oct4:egfp).

Crossing with β-actin:DsRed-Tg medaka The β-
actin:DsRed-Tg medaka line (Yoshinari et al. 2012) was also
obtained from the NBRP-Medaka, where it is registered as d-
rR-Tg(β-actin-lox-p-DsRed2) (line ID: TG131). Double Tg
(Tru.oct4:egfp /β-actin:DsRed) embryos were prepared by
crossing the oct4:egfp-Tg line with the β-actin:DsRed-Tg
line.

Fin amputation Three-month-old oct4:egfp-Tg medaka were
anesthetized withMS222 and the tail fin was cut approximate-
ly 2 mm from the fin margin using scissors. GFP fluorescence
in the regenerating fin was monitored for 7 days after
amputation.

Tissue cultureAfter anesthetization withMS222, fin explants
were dissected from adult oct4:egfp-Tg fish, incubated in dis-
tilled water with 0.005% sodium hydroxide for 3 min, and
washed three times in embryonic solution for zebrafish
(Kimmel et al. 1995). The fin tissue was then minced to give
approximately 0.5 mm2 explants using a scalpel before being
cultured at 28°C in Advanced DMEM/F12 medium (Gibco)
containing 1% L-glutamine, 20% fetal bovine serum and
penicillin/streptomycin in a Collagen-Coated Dish (Collagen
type I, Iwaki). Dispersed cells were obtained by digesting the
cells that had migrated from the fin explants with trypsin at 6 d
of culture. The cells were washed with culture medium and
then plated on the Collagen-Coated Dish.

Transplantation of cells Cultured fin cells from the β-
actin:DsRed-Tg line were digested with trypsin and washed
with Hank’s balanced salt solution. After centrifugation, ap-
proximately ten fin cells were drawn into a GD-1 glass
micropipett (Narishige) and transplanted into non-Tg medaka
embryos of stage 11 (late blastula) using an MMN-8 micro-
manipulator (Narishige) and CellTram microinjector
(Eppendorf).

Microscopy and image processing Photomicrographs were
taken using digital cameras (Leica DFC500 and 450C, Leica,
Wetzlar, Germany) attached to a stereomicroscope (Leica
MZ16F) and microscopes (Leica DM2500 and Leica DM
IRB). The captured images were processed using a
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commercially available software package (Photoshop CS5,
Adobe Systems).

In situ hybridization An antisense riboporobe labeled with
digoxigenin for medaka oct4was prepared using medaka oct4
cDNA (NM_001104869). In situ hybridization (ISH) was per-
formed according to Jowett and Yan (Jowett and Yan 1996).

RT-PCR Total RNAwas extracted from tail fin clippings be-
fore amputation and also from the regenerating portion of the
tail fin at 3 days post amputation (dpa) using an ISOGENwith
Spin Column kit (Nippon Gene, Japan). The obtained total
RNA (1 μg) was then reverse-transcribed to first-strand
cDNA using ReveTra Ace (TOYOBO) with using random
hexamer primer. The sequences of the RT-PCR primers are
shown in Table 1. RT-PCR was performed with annealing
temperature of 58°C with 40 cycles, except for β-actin (30
cycles).

Results

GFP fluorescence in oct4:egfp-Tg embryos We here
established the medaka oct4:egfp-Tg line, Tg(Tru.oct4:egfp),
using a transgene of egfp driven by the Takifugu oct4 promot-
er (Kato et al. 2015). The oocytes of this Tg line exhibited
strong GFP fluorescence, which could be observed on the
lateral side of the body (Fig. 1A, B). When crossing a Tg
female with non-transgenic male, the obtained embryos pos-
sessed strong maternal GFP fluorescence from the cytoplasm
at one-cell stage; early cleavage of the embryo at stage 7 is
shown in Fig. 1C, D.

Conversely, when crossing a Tg male with a wild-type
female, GFP fluorescence was undetectable during early
cleavage, only turning on at stage 12 (germ ring) (Fig. 1I, J).
Thus, in the oct4:egfp-Tg line, GFP is expressed maternally in
oocytes, with zygotic GFP expression starting from the mid-
blastula transition. Such expression pattern of GFP well coin-
cides with endogenous oct4 mRNA expression (Fig. 1L, M).

In both crosses, GFP fluorescence decreased to undetect-
able levels at stage 22 (9-somite stage), when oct4 mRNA is
expressed at the tailbud (Fig. 1H, K, N). Hindbrain and tailbud

of Tg medaka did not emit any GFP at any embryonic stage,.
Thus, GFP fluorescence in this Tg line could be used to mon-
itor maternal and early embryonic oct4 expression, but not late
embryonic oct4 expression in the hindbrain and tail.

GFP fluorescence in regenerating fin and in vitro No GFP
fluorescencewas detected in any somatic cells in oct4:egfp-Tg
adults, and an immunohistochemical analysis revealed that
anti-GFP antibody gave no positive signals in any tissue sec-
tion (data not shown). However, GFP expression is activated
in the regenerating fin after amputation (Fig. 2A–D). GFP
fluorescence starts at fracture of fin rays at 1 dpa (Fig. 2B),
GFP fluorescence positive (+GFP) cells increase in number at
1–2 dpa, forming cellular aggregates at 2–3 dpa (Fig. 2B–D).
Then, +GFP cells formed fin rays, and GFP fluorescence de-
creased to undetectable levels by 6 dpa (Fig. 2E, F). Thus,
adult somatic cells did not express GFP, but +GFP cells ap-
peared during fin regeneration in the oct4:egfp-Tg medaka
line.

When we examined whether +GFP cells appear in vitro
when fin explants are cultured, +GFP cells were observed to
appear in approximately 0.5% of the fin cells that migrated
from the fin explants (Fig. 2G).

We also examined whether Yamanaka factors (oct4, sox2,
klf4, c-myc) (Takahashi and Yamanaka 2006), and lin28 and
nanog, which also induce iPSCs by co-expression with oct4
and sox2 (Yu et al. 2007), were expressed in the regenerating
fin (Fig. 3). RT-PCR showed that expression of both oct4 and
lin28b were induced in the regenerating fin from undetectable
levels before amputation. sox2, klf4 and c-myc were all
expressed at low levels, even in non-operated fin, and were
further activated during regeneration. nanog expression was
undetectable in both regenerating and non-operated fins. We
ascertained that nanog primers used here work for PCR, as
they gave PCR product from medaka oocyte cDNA (data not
shown). Thus, it was shown that among the six factors exam-
ined, expression of all Yamanaka factors, as well as lin28b,
were activated in regenerating fin. These results support the
finding that GFP activated in a fin after amputation can be
used to monitor the activation of oct4 expression during tissue
regeneration. ISH signals against oct4 and sox2 riboprobes
were undetectable from regenerating fin (data not shown).

Table 1. Primer sequences used
for RT-PCR gene expression
analysis

Gene 5′ primer 3′ primer

oct4 GCTTTCTTTGGCGTAAACTCGTC TCATCCTGTCAGGTGACCTACC

sox2 ACCTTTCATCGACGAGGCTAAGAGG TCTGGGAGCTGGTCATGGAGTTGTA

klf4 CATCCTCTCACCCAGATGC TCATAAGTGCCTCTTCATGTGG

c-myc AGCAGCTGTTCTGAGTCAGACTGAG GATGTGAGAAGCGTTTGAGGACCAGA

lin28b TCTGCAAGTGGTTCAACGTC GTGGGACTTTCCCTTTTGGT

nanog CTCCACATGTCCCCCCTTATC AGGATAGAATAGTCACATCAC

β-actin AGCTACGTAGGTGATGAAGC CACAGAGGCAAATACGTGTC
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We suppose that mRNA expression level of these two genes
during fin regeneration is lower than the sensitivity level of
ISH.

Production of oct4:egfp/β-actin:DsRed double Tg Prior to
crossing the oct4:egfp-Tg and β-actin:DsRed-Tg lines, we
examined whe the r RFP f luorescence in the β -
actin:DsRed-Tg line is strong enough for identifying individ-
ual cells. The β-actin:DsRed-Tg line emits strong RFP fluo-
rescence whole-body from the embryonic to the adult stages

(Fig. 4A, B). RFP fluorescence is strong enough for detecting
single fin cells in vitro (Fig. 4C, D). In addition, when
transplanting fin cell cultures into non-Tg embryos at stage
11 (late blastula), the transplanted cells can easily be discrim-
inated from host cells by RFP fluorescence (Fig. 4E).
Transplanted cells are detectable until the host embryo de-
velops to stage 21 (6-somite stage) (Fig. 4F).

Next, we crossed an oct4:egfp-Tg female with a β-
actin:DsRed-Tg male, and observed fluorescence during em-
bryogenesis and in the cultured fin cells. The findings showed
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Figure 1. GFP fluorescence in
the medaka oct4:egfp-Tg line. (A,
B) Mature Tg female. The white
arrowhead marks GFP
fluorescence from the oocytes.
(C–H) Embryos obtained by
crossing Tg female and wild-type
male. (I–K) Embryos obtained by
crossing Tg male and wild-type
female. (L–N) Endogenous oct4
mRNA expression revealed by
ISH. Arrow indicates signal in the
tailbud (N). Scale bars: 5 mm in
A, B; 500 μm in C.
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that both GFP and RFP fluorescence could be successfully
detected in early embryos (Fig. 5A–F). In cultured fin explants
from Tru.oct4:egfp /β-actin:DsRed double Tg medaka,
+GFP/+RFP double positive cells could easily be distinguished
from the surrounding −GFP/+RFP cells (Fig. 5G, H).

Furthermore, when the cells are dispersed, +GFP/+RFP double
positive cells could be discriminated from −GFP/+RFP cells at
the single-cell level (Fig. 5I). These findings showed that +GFP
cells in both embryos and regenerating fins could be selected
based on oct4 expression and that the fate of these cells could
be traced after transplantation into non-Tg medaka by RFP by
using the Tru.oct4:egfp /β-actin:DsRed double Tg line.

Discussion

GFP expression in medaka oct4:egfp-Tg line Among
domains of oct4 expression, which are maternal and zygotic
expression in early embryo, hindbrain, and tailbud
expressions in late embryo (Marlow and Mullins 2008;
Parvin et al. 2008; Sanchez-Sanchez et al. 2010; Rodriguez-
Mari et al. 2013), the potential of the medaka oct4:egfp-Tg
line established here for monitoring maternal and zygotic oct4
mRNA expression during early embryogenesis by GFP
fluorescence was demonstrated. This Tg line cannot be used
to monitor oct4 expression in the brain and tail. The
egfp expression vector used for preparing the Tg line contains
the 2.0-kb Takifugu oct4 promoter sequence (Kato et al.
2015). It is possible that the promoter sequence also includes
consensus sequences that are essential for oct4 expression
related to cellular multipotency in early embryo, but
lacks the sequences required for oct4 expression in medaka
brain and tail.

Taken together, we consider that the established medaka
oct4:egfp-Tg line is well suited for use as a model for
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Figure 2. GFP fluorescence in
regenerating tail fin and in vitro in
cells of oct4:egfp-Tg line. (A) Fin
before amputation. (B–F)
Regenerating fin at 1, 2, 3, 4, and
6 dpa. (E) Fin cells at day 5 of
culture. Arrowheads mark GFP
fluorescence. Scale bars: 500 μm
in B; 50 μm in E.
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Figure 3. RT-PCR analysis of Yamanaka factor (oct4, sox2, klf4, c-myc),
lin28b, and nanog expression in regenerating (3 dpa) and non-treated tail
fins. ß-actin was used as a control. RT+ reverse transcribed cDNA, RT−
not-reverse transcribed RNA.
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developing iPSC technologies in fish. In particular, the
Tru.oct4:egfp /β-actin:DsRed double Tg line is useful for
evaluating the cellular multipotency of GFP-positive cells be-
cause this Tg line allows us to trace the differentiation fate of
GFP-positive cells after transplantation into non-Tg medaka
by RFP, even after GFP expression has ceased. In this Tg line,
it should be, however, noted that although initiation of oct4
expression can be monitored by GFP fluorescence, but long
half-life of GFP prohibits monitoring cessation of oct4
expression.

GFP fluorescence in fin regeneration Fish fins have a strong
regeneration capacity; in medaka, the caudal fin regenerates to
its original form within 10–14 days after being amputated
(Nakatani et al. 2007). Fin rays, which are calcified bones,
have a proximal-distal orientation in fish fins, and cell aggre-
gates called blastemas appear at the site of fin ray amputation
where the bones are regenerating (Nakatani et al. 2007). The
blastemas are formed by dedifferentiation and then active pro-
liferation of cells, with the descendant cells of the blastema
differentiating mainly into osteoblasts for regenerating the fin
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Figure 4. RFP fluorescence in
the β-actin:DsRed-Tg line. (A, B)
Embryos and adult, respectively.
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fluorescence merged with a
bright-field image, respectively.
(E, F) RFP fluorescence from
transplanted Tg line cells
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Cultured fin cells from Tg line
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rays (Poss et al. 2000; Stewart et al. 2014; Wehner et al.
2014). Importantly, the blastema cells in the regenerating fin
rays of the medaka oct4:egfp-Tg line emit GFP fluorescence.
Activation of oct4 in the regenerating fin, as described here,
indicates that GFP is monitoring oct4 expression, which starts
by dedifferentiation of fin cells during tissue regeneration.

Unlike the medaka Tg lines, regeneration of the fin in the
zebrafish oct4:egfp-Tg line that was established using the
same transgene described here was not associated with GFP
fluorescence (data not shown); we prepared plural Tg lines in
both medaka and zebrafish and obtained the same results. In
zebrafish, activation of oct4 expression does not occur during
fin regeneration. Instead, oct4 is expressed continuously at a
low level by the fin cells, and it is this basal oct4 expression
that is critical for fin regeneration (Christen et al. 2010). Thus,
oct4 is involved in fin regeneration in both medaka and
zebrafish, but its expression profile differs considerably be-
tween the two species. So, it is considered that this difference
in expression profiles may explain why GFP fluorescence
does not appear in the regenerating fin of oct4:egfp-Tg
zebrafish, even though the same transgene was used.

The Yamanaka factors are all transcription factors, and the
efficiency of iPSC induction is high in those somatic cells that
endogenously express some of the four factors (Kim et al.
2009). In mice, the Wnt and Bmp secretory signals enhance
somatic cell reprograming (Hawkins et al. 2014). We ob-
served here that the Yamanaka factors are all expressed and
activated during medaka fin regeneration. In the regenerating
fin, Wnt and Bmp are secreted in the epidermis of the wound
and in the distal part of the blastema itself, inducing dediffer-
entiation and growth of the blastema cells (Poss et al. 2000;
Stewart et al. 2014; Wehner et al. 2014). The occurrence of
dedifferentiation of fin cells, and activation of Yamanaka fac-
tors together with Wnt and Bmp signals, all indicate that, in
fish, regenerating fin cells are well suited for preparing iPSCs.
Tg lines established here would work as a good model in the
research of cellular multipotency using medaka.
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