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Abstract

Targeted genomic manipulation using embryonic stem (ES) cells has not yet been achieved in zebrafish, although
methods for zebrafish ES cell culture has been described in literature. The knowledge of pluripotency markers in
this species is almost nonexistent and this is a very limiting factor in the definition of the ideal culture conditions
for ES cells. Here, we studied the expression of several genes associated with pluripotency in zebrafish embryonic
cells versus differentiated cells and the expression of some of these genes is recorded throughout embryonic
development. Some of the commonly accepted pluripotency markers are also tested in embryonic cells, transient
embryonic cell cultures, and differentiated cells. Our results support the hypothesis that stage-specific embryonic
antigen 1 (SSEA1) is a marker that precedes the expression of pluripotency genes in a zebrafish embryonic cell
colony, in the same way that SOX2 precedes nestin expression in those colonies that have already started
differentiation toward neurons. We consider this study a step forward in the knowledge of zebrafish pluripotency

markers and, therefore, an important tool for the monitoring of zebrafish embryonic cell cultures.

Introduction

N RECENT YEARS, zebrafish have become an important

model system for science. New mutant and transgenic lines
are constantly emerging and publications using this biological
model are increasing exponentially. In this scenario, zebrafish
may possibly be on the same level as mice in the near future.
However, there are still some deficiencies that need to be
overcome, particularly the establishment of real embryonic
stem (ES) cell cultures that will enable knockout and knockin
technologies to be used in this species. Zinc finger nucleases
have been successfully used for targeting gene inactivation in
zebrafish,'? and targeted insertions are being explored using
this technology. However, despite all the efforts made to es-
tablish zebrafish ES cell cultures,? cell-mediated gene target-
ing has not been achieved. It has been published that some of
these cultures remain pluripotent and germline competent for
some passages’ and homologous recombination has also been
carried out, demonstrating the potential of using these cul-
tures in a cell-mediated gene targeting approach.” However,
despite these great advances, only zebrafish blastula cell lines
have been established rather than ES cell lines.® One of the
main issues at the root of these unsuccessful trials is the lack of
knowledge of zebrafish pluripotency markers. It is common

practice to assume that markers associated with pluripotency
in other species can be directly extrapolated to zebrafish.
However, it is well known that this is not necessarily true.
As an example, stage-specific embryonic antigen 1 (SSEA1)
is a pluripotency marker in mouse cells, but in humans, it
is a differentiation marker.”® There are some recent studies
that address pluripotency similarities and transcrip-
tional networks in zebrafish blastomeres and mouse ES cells.
Onichtchouk et al.” studied the similarity of Pou5fl trasn-
criptional targets in zebrafish and mice, and Okuda et al."
also reported that Bl sox functions are central to coordinate
diverse embryonic processes. However, nothing is known
about the behavior of the pluripotency markers in the tran-
sient zebrafish embryonic cultures. More detailed knowledge
of the specific markers that can be used to determine plur-
ipotency is crucial to successfully establish ES cell cultures in
this species.

Here, we describe the expression of several pluripotency-
associated genes in zebrafish embryonic cells (at the devel-
opmental stage at which transient embryonic cell cultures are
deriveds) versus differentiated cells. Also, the expression
of some of these genes is recorded throughout embryonic de-
velopment, and some common pluripotency markers are also
tested in embryonic cells, differentiated cells, and embryonic
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cells that have been cultured using LDF media (50% Libow-
itz’s L15, 35% Dulbecco’s Modified Eagle’s, 15% Ham'’s
F12) supplemented with B27 and N2 serum-free supplements
with two inhibitors GHIR99021 and PD184352. Immuno-
histochemistry has been used to check for the presence of the
protein in the embryo and cell cultures. We have observed
that pou5f1 (the homolog of mammalian oct4) showed 14-fold
higher expression in blastomeres than in adult somatic cells
and seems to have an important role in pluripotency; how-
ever, the protein OCT4 has been detected in the embryo, but it
was not detected in the cultures. On the other hand, sox2 plays
an important role in neuronal differentiation, but not in
pluripotency. We consider this study a basic pillar for the
future establishment of stable zebrafish ES cell cultures.

Materials and Methods
Zebrafish maintenance

Zebrafish (Danio rerio), AB strain (one of the common wild-
type strains in zebrafish), were maintained in 10-L aquaria
with a recirculating water system (Aquatic Habitats) under
standard conditions. The fish were fed twice daily with dry
food and live artemia.

Embryo collection and transient embryonic cell culture

For embryo collection, males and females were transferred
to a 1.5-L breeding tank (Aquatic Habitats) with a ratio of one
male to two females and kept separated until the next morning
when the barrier was removed. Once the embryos were col-
lected, in the cleavage period, they were washed for 2 min with
a 0.5% solution of bleach, rinsed twice with embryo medium
(EM; 7.5mM NaCl, 0.25mM KCl, 0.5mM MgSO,, 0.7mM
KH,PO,4, 0.02mM NaHPO,4 0.5mM CaCly, and 0.35mM
NaHCO3), and kept in fresh EM at 28°C until they reached the
appropriate stage for the experiments (oblong stage [3h 40
min]'! for cell culture, and 16-cell, 256-cell, oblong, 50% epib-
oly, or 24 h postfertilization stage for gene expression).

For blastoderm recovery, embryos were dechorionized
using 2mg/mL pronase E (Sigma) in EM. After 5min, they
were gently swirled in a Petri dish to separate them from the
chorion and then were placed in fresh EM. Blastoderms were
carefully separated from the yolk with sterile fine forceps and
were then placed in sterile L15 medium until plated.

The blastoderms were plated over Matrigel (to retard dif-
ferentiation) or laminin (to induce neuronal differentiation)-
coated dishes in LDF media supplemented (1:300, v/v) with
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B27 and N2 serum-free supplements (Invitrogen) with two
inhibitors, glycogen synthase kinase 3 (GSK3) (CHIR99021)
and MEK-1 (PD184352) (kindly provided by A. Smith), at
concentrations 3 and 0.5 uM, respectively.

RNA extraction and cDNA synthesis

Total RNA was extracted from zebrafish embryos using
TRIZOL® according to the manufacturer’s guidelines. RNA
concentration was measured using a NanoDrop spectropho-
tometer (ND-1000; Thermo Scientific) and 0.2 ug total RNA
was used for reverse transcription in a 20 uL. mixture con-
taining 1 uL of 50 uM Oligo(dT) primer, 2 uL of 10 mM dNTP
Mix, 4 uL of 5xcDNA synthesis buffer, 1 uL of 0.1 M DTT, 1 uLL
RNAseOUT, 1 uL. cloned AMV RT (15 units/ uL) (Invitrogen),
and diethylene pyrocarbonate (DEPC)-treated water to 20 uL.
The reverse transcription was conducted at 50°C for 50 min
and 85°C for 5min, and the samples were stored at —20°C
until use. A pool of 100 embryos was used for each replicate.
Four replicates were made.

Real-time quantitative polymerase chain reaction

Polymerase chain reaction (PCR) products were detected
by measuring the increase in fluorescence caused by the
binding of SYBR GREEN dye to dsDNA in the reaction tube.
Ten microliters of SYBR® GreenER™ qPCR SuperMix (In-
vitrogen; 11760-500) containing hot-start Tag DNA polymer-
ase, SYBR® GreenER™ fluorescent dye, 1 uM ROX Reference
Dye, MgCl,, dNTPs (with dUTP instead of dTTP), UDG, and
stabilizers were added to 6 uL. water, 2 L. sample, and 1 uL of
each primer (10 uM). The primers were designed using the
Primer Express Software from Applied Biosystems. Primer
pairs were chosen to minimize dimerization and were tested
prior to the experiments. Relative expression of the PCR
products was determined using the AACt method'* using
rpl13A as housekeeping gene. Each sample was run in tripli-
cate and the mean Ct was used in the equation. The primer
sets used are shown in Table 1.

Flow cytometry analysis

Cells were incubated for 30 min with 1:100 anti-SSEA1
mouse IgM antibody (Iowa) followed by 30 min of incubation
with a second antibody, 1:100 goat anti-mouse-FITC. The cells
were then washed twice in PBS/0.5% BSA/5mM EDTA. As
negative control, cells were incubated only with the second-

TABLE 1. FORWARD AND REVERSE PRIMERS USED IN THE QUANTIFICATION OF RELATIVE EXPRESSION
BY QUANTITATIVE POLYMERASE CHAIN REACTION OF ZEBRAFISH GENES

Gene Accession no. Primer F Primer R

poudfl NM1311121 GGTTCGGAAGCCCAGGATT TGAGCTGAGGGAATGTTTTGC
s0x2 NM213118,1 ACCCCGGAGGAAAACCAA CCCGGCAGGGTGTACTTG

zic3 NM001001950,2 CCCTGGGCTGGGACTCA CTTGAAGGCAGCCGAGTGA

kif4 NM131723 GAACCACTGCGGGCAAAT GATGGTGGAGTCAGCATCACA
c-myc L11710 CGTCAACGCGGCATGA GATTGTTGCTAGCCTCAAGTCGTA
sall4 NMO001080609 CTCCCAGAGACCTTCTTCATCAG GACCGAACATGCCAGAAGAAA
tert NMO001083866 CGACAGCAAACCGAAAAAACTT CGACTGAATAGCGGCACCAT
hsp60 NM_181330 GGTGAGGACGGCACTGCTA TTCAGCGGTGGACAAGAGAGA
hsp90al NM_131328 TGAACTGATCCCAGACCAGAAA CAATGCCGGTGTCGATGAT

Gene names and accession numbers are specified.
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ary antibody. Immediately after, samples were processed in a
Moflo cell sorter (DakoCytomation) and adjusted for the de-
tection of FITC fluorescence (Ex 494nm/Em 518 nm). All
analyses were performed by applying Summit software.

Alkaline phosphatase assay

Alkaline phosphatase activity was detected in embryos
using an Alkaline Phosphatase Detection Kit (Chemicon) ac-
cording to the manufacturer’s instructions.

Immunohistochemistry

For immunohistochemistry analysis, samples were fixed in
4% paraformaldehyde (PFA) at 4°C overnight (for zebrafish
embryos) or 1h (for cells) and then washed in Tris-buffered
saline (TBS). After fixation, they were mechanically dechor-
ionized, and antigen retrieval with citrate buffer was done at
60°C (pH 8.5) for 30 min in the embryo samples only. Then,
the samples were washed in TBS and incubated in blocking
buffer (TBS with 0.5% triton and 6% donkey serum) for 30 min
at room temperature and washed three times in TBS. The
samples were exposed to primary antibodies: SSEA1 mouse
IgM antibody (Iowa MC-480), alpha tubulin mouse IgG an-
tibody (Sigma T6074), phospho histone H3 rat IgG antibody
(Sigma H9908), OCT4 goat IgG (Santa Cruz sc8628), cyto-
queratin rabbit IgG (Dako Z0662), SOX2 (Chemicon AB5603),
and nestin rabbit IgG (Chemicon AB5922) in TBS with 6%
serum for 24 h at 4°C in a humid chamber and then washed
three times in TBS followed by incubation with the secondary
antibody at 37°C in a humid chamber (2 h for embryos and 1 h
for cells) as well as an anti-goat IgG-FITC (Jackson) for the
embryos. Finally, the samples were washed in TBS three
times, and incubation with anti-FITC-Alexa488 goat IgG-
Alexa488 (Invitrogen) for 1h at 37°C was done with zebrafish
embryos. After the washing steps, the samples were exposed
to DAPI 1:10,000 for 15min. Immunostained samples were
examined by confocal microscopy (Leica SP5 AOBS).

Statistical analysis

Results were expressed as mean=+SD. To evaluate the
statistically significant differences between the groups
(p <0.05), a one-way analysis of variance was used, followed
by a post hoc Student-Newman-Keuls (SNK) test. Student’s
t-test was used to compare the expression of adult somatic
cells with the expression of blastomeres for each marker.

Results

Relative gene expression of pluripotency-associated
markers in zebrafish blastomeres and throughout
embryo development

To determine the possible candidate genes to be considered
pluripotency markers in zebrafish, we analyzed the relative
expression of a set of genes, commonly used to characterize
mouse and human ES cells, in zebrafish oblong-staged em-
bryo blastomeres. This developmental stage has been con-
sidered the optimal range to derive ES cell-like cultures.’ The
panel of genes that has been chosen includes the four repro-
gramming factors oct4 (POU class 5 homoeobox1, also called
poubfl), sox2 (sex-determining region Y box 2), kIf4 (Kruppel-
like factor 4), and c-myc (proto-oncogene myc) as well as zic3,
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sal-like 4 (sall4), the homolog of telomerase reverse tran-
scriptase, fert, and two heat shock proteins hsp60 and hsp90a1,
which are associated with pluripotency (Table 1). Four of
these genes, pou5fl, kif4, sall4, and hsp60, showed higher ex-
pression (ranging from 4-fold for kif4 to 14-fold for pou5fI) in
blastomeres than in adult differentiated somatic cells (Fig.
1A). Intriguingly, some others such as sox2 and zic3 showed
the opposite tendency. When the expression of these genes
(poudf1, sox2, and zic3) was analyzed throughout develop-
ment, it was clearly seen that pou5f1 expression was higher
than sox2 and zic3 expression in all the developmental stages
analyzed (16-cell embryo, 256-cell embryo, oblong stage, 50%
epiboly, and 24h postfertilization), reaching a peak in the
oblong stage (Figs. 1B and 2). However, the sox2 and zic3
relative expression levels in the oblong stage are minimal,
undergoing a slight increase in 50% epiboly embryos (Fig. 1B).
On the other hand, zic3 reached similar levels of expression to
poubfl at 24 h postfertilization (Fig. 1B).
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FIG. 1. (A) Relative gene expression for pluripotency-

associated markers in zebrafish blastomeres from oblong-
staged embryos (black) and adult somatic cells (gray). Rpl13
was the reference gene. Results are expressed as mean 4 SD
(n=23). Significant upregulation of pluripotency markers in
embryonic cells are shown with asterisks. (B) The relative
gene expression for the pluripotency-associated markers sox2
(rhombus), poudfl (squares), and zic3 (triangles) throughout
embryonic development. Significant differences in gene ex-
pression in the different developmental stages are shown
with asterisks.
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FIG. 2. POUS in zebrafish oblong-staged embryos (POUS5, green; DAPI, blue; cytokeratin, red; phosphohistone H3, yellow).

Color images available online at www .liebertonline.com/zeb

Expression pattern of pluripotency-associated
markers in zebrafish embryos and transient
embryonic cell cultures

We have tested the validity of some of the markers asso-
ciated with mammalian ES cells and employed them in the
characterization of zebrafish embryonic cells. Zebrafish em-
bryos were evaluated for the presence of alkaline phosphatase
activity, SSEA1, as well as the homolog of the mammalian oct
4 (poubfl). Our results demonstrated that differentiated em-
bryonic cells that do not retain pluripotency ability are clearly
positive for alkaline phosphatase activity (Fig. 3), and there-
fore, this assay is not suitable for pluripotency evaluation
purposes.

Regarding SSEA1, the protein was not detected by immu-
nohistochemistry in zebrafish embryos at the oblong stage
(when transient embryonic cell cultures were derived). To
detect whether only a small percentage of blastomeres were
positive for SSEA1 and they were simply not properly de-
tected, we performed a FACS analysis using mouse ES cells as
a positive control (Fig. 4). Our results showed, once again, the
absence of this protein in the embryos (Fig. 4). However, after
10 days in culture (Fig. 5), some of these cells started to express
SSEA1 (Fig. 6). Poubf1 was clearly detected in zebrafish em-
bryos at the oblong stage (Fig. 2), although no detection was
observed in transient ES cell cultures (Fig. 6A). Sox2 was de-
tected in neither embryos nor embryonic cells in culture, al-
though it could be detected once some of the cells in these
cultures started differentiating to neuronal precursors (Fig.
6B), followed by the expression of nestin (Fig. 6C), and after
few more days, neurites were present in those cells (Fig. 6D).

Discussion

Zebrafish are emerging as one of the most useful animal
models in science; however, zebrafish ES cell culture is not yet
fully established. Some authors have tried to establish these
cultures,®® and despite the publications on this matter, it is
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highly probable that these lines, which are referred to as ES
cells, are in fact only blastula-derived lines.® Here, we define a
simple media for transient zebrafish embryonic cell culture, to
use these cultures as a tool to study how pluripotency evolves
when pluripotent embryonic cells are plated and cultured. It
is known that ES cells can be kept in a ground state by addi-
tion of small molecule inhibitors for GSK3 and an inhibitor of
the Fgf pathway.'* Inhibiting these two pathways also effi-
ciently converts partially reprogrammed cell lines into fully
reprogrammed iPS cells."> We used these two inhibitors and
achieved a transient equilibrium allowing cell proliferation
without differentiation (Fig. 5). Indeed, we have observed that
Mek i produces a blockade of differentiation, but affects cell
growth and viability, and the addition of GSK3 i provides
better conditions for ES cell self-renewal. However, this
equilibrium is very unstable and it is commonly observed that
pluripotency is inversely proportional to growth and viabil-
ity. The successful establishment of these transient cultures,
together with the use of embryonic cells, allowed us to study
the pluripotency markers that are expressed in these cells and
hypothesize their significance in this species. We consider that
one of the problems in the establishment of zebrafish em-
bryonic cell cultures is the lack of knowledge about these
pluripotency markers, which necessitates the use of mam-
malian embryonic cell markers as zebrafish markers.

First, we studied the expression of pluripotency-associated
markers in zebrafish blastomeres and adult somatic cells by
quantitative PCR. Only 4 of the 9 studied genes (pou5f1, kif4,
sall 4, and hsp60) showed higher expression in blastomeres
than in adult somatic cells. Two of these genes (poubfl and
kif4) are commonly used in reprogramming experiments'®
and their upregulation in zebrafish embryonic cells was an
expected result. It has been shown that the function of pou5f1
proteins is conserved between mouse and Xenopus and they
regulate similar genes in ES cells and Xenopus embryos.'” It is
thought that the ability of oct4 to maintain ES cell pluripotency
is derived from the ancestral function of this class of proteins

FIG. 3. Alkaline phosphatase activity at different zebrafish embryo developmental stages: blastula (A), gastrula (B), and
larvae (C). Embryonic cells are alkaline phosphatase positive throughout development, regardless of their differentiation
status. Color images available online at www liebertonline.com/zeb
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FIG. 4. Stage-specific embryonic antigen 1 (SSEA1) analyzed by FACS in mouse embryonic stem (ES) cells (A, B) and
zebrafish blastomeres (C, D). Positive cells are present inside the marked area. Negative controls show no positive cells inside
the area (A, C). Mouse ES cells are SSEA positive (B), but zebrafish blastomeres are negative (D). Color images available

online at www.liebertonline.com/zeb

to maintain multipotency during early vertebrate develop-
ment.'” Regarding hsp60, Qin and colleagues'® demonstrated
that it was upregulated in regenerating retina. This gene, like
hspa9 (heat shock 70-kDa protein 9), could possibly be re-
quired for rapid cell proliferation as a molecular chaperone.'’

However, it is interesting that sox2, one of the key players in
reprogramming, was expressed in adult somatic cells rather
than in embryonic cells. In previous studies, we demonstrated
by knockdown experiments in the zebrafish regenerating fin
that sox2 is only needed for outgrowth of the blastema after 3
days, contrary to pou5f1, which is required for very early
stages of fin blastema regeneration. As outgrowth requires
innervation to proliferate and replace structures, we specu-

lated a possible role for sox2 in specifying early neural pre-
cursor cells that contribute to the innervation of the
regenerate.”” A role for sox2 in neurogenesis has been already
described in other species and in mouse ES cells.?! Further, in
the present study, we have observed that sox2 is expressed in
blastula cell colonies that subsequently give rise to neuronal
precursors (Fig. 6B-D). Therefore, we can conclude that in this
case, the role of sox2 in neurogenesis is more important than
its implication in pluripotency, and it cannot be used as a
pluripotency marker in zebrafish.

Regarding the relative gene expression throughout develop-
ment (Fig. 1B), we also observed that only pou5f1 has a peak of
expression at the oblong stage. This stage is commonly used to

FIG.5. Seven-day transient cultures of zebrafish embryonic cells using two inhibitors (MEK and glycogen synthase kinase 3).
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FIG. 6.

(A) SSEAT1-positive cells (green) in transient ES cell cultures. All the cells are negative for OCT4 (red) and SOX2 (light

blue). Cell nuclei are shown in blue (DAPI). (B) SOX2-positive cell colonies (DAPI, blue; SOX2, green; merged image). (C)
Nestin-positive colonies (DAPI, blue; nestin, light blue). (D) Neuronal precursors. Nuclei are shown in blue (DAPI) and
neurites in red (merged image). (E) Diagram showing markers that define the transition between blastomeres, ES cells, and
neuronal precursors. Color images available online at www liebertonline.com/zeb

derive transient embryonic cell cultures and it has been dem-
onstrated that these blastula-derived cells are pluripotent be-
cause they are able to contribute toward a chimeric animal and
the germline.* The presence of the protein in zebrafish blasto-
meres at the oblong stage (when zygotic expression has already
started) was confirmed by immunohistochemistry (Fig. 2).
SSEA1 is a mouse cell pluripotency marker that has also
been used in zebrafish.® In the present study, we observed
that blastomeres are negative for this marker (Fig. 4). How-
ever, once in culture, some cells in the colonies become SSEA1
positive (Fig. 6A). On the other hand, we have observed that
in zebrafish, sox2 plays an important role in neuronal differ-
entiation, but not in pluripotency. We have observed that sox2
expression precedes nestin expression (Fig. 6B, C), a well-
known neuronal precursor marker. Neurite formation was
observed when these nestin-positive cells were kept in culture
(Fig. 6D). These observations are in concordance with our
gene expression studies, which did not show sox2 expression
in embryonic cells (Fig. 1A). With all these data, it would be
interesting to test whether SSEA1 is a marker that precedes
expression of pluripotency genes in a zebrafish embryonic cell
colony in the same way that sox2 precedes nestin expression in

those colonies that have started differentiating to neurons
(Fig. 6E). This phenomenon observed in zebrafish is parallel to
mammalian cell reprogramming. In the reprogramming
process, which could take 1-2 weeks, one of the upregulated
early markers is sseal. The sseal-expressing cells then activate
other pluripotency-associated genes, such as oct4, sox2, nanog,
and tert, only late in the process.22

We have tried to go a step further in understanding zeb-
rafish pluripotency markers by identifying markers that de-
fine cell populations prior to and during transition periods
(blastomeres/embryonic cell cultures/differentiated cells),
which we consider to be a crucial matter in the establishment
of bona fide zebrafish ES cell cultures. Further studies about the
sequence in which zebrafish genes are switched on and off
during transient embryonic culture conditions and during
differentiation could shed more light on these processes and
also be a powerful tool for the monitoring of these cultures.
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