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ABSTRACT Activation of Wnt/B-catenin signaling
supports the self-renewal of mouse embryonic stem
cells. We aimed to understand the effects of Wnt signal-
ing activation or inhibition on chicken embryonic stem
cells (chESCs), as these effects are largely unknown.
When the glycogen synthase kinase-3 B inhibitor
CHIR99021—which activates Wnt signaling—was
added to chESC cultures, the colony shape flattened,
and the expression levels of pluripotency-related
(NANOG, SOX2, SOX3, OCT}, LIN28A, DNMTS3B,
and PRDM14) and germ cell (CVH and DAZL)
markers showed a decreasing trend, and the growth of
chESCs was inhibited after approximately 7 d. By

contrast, when the Wnt signaling inhibitor XAV939
was added to the culture, dense and compact multipo-
tent colonies (morphologically similar to mouse embry-
onic stem cell colonies) showing stable expression of
pluripotency-related and germline markers were
formed. The addition of XAV939 stabilized the prolif-
eration of chESCs in the early stages of culture and pro-
moted their establishment. Furthermore, these chESCs
formed chimeras. In conclusion, functional chESCs can
be stably cultured using Wnt signaling inhibitors.
These findings suggest the importance of Wnt/B-cate-
nin signaling in avian stem cells, offering valuable
insights for applied research using chESCs.
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INTRODUCTION

Embryonic stem cells (ESCs) can differentiate into 3
germ layers and exhibit self-renewal capacity. Mouse
embryonic stem cells (mESCs) were the first ESCs to
be established in 1981 using the inner cell mass of mice
(Evans and Kaufman, 1981). Leukemia inhibitory factor
(LIF) is an important factor that maintains undifferen-
tiated mESCs in vitro (Williams et al., 1988). LIF is a
member of the interleukin-6 (IL-6) cytokine family and
binds to the LIF receptor-8 (LIFRB) and glycoprotein
130 (gp130) heterodimer (Taga and Kishimoto, 1997).
When ligands bind to receptors, Janus kinase (JAK)—
a tyrosine kinase—is activated, which supports the
maintenance of mESC pluripotency and self-renewal
capacity via the phosphorylation of signal transducer
and activator of transcription 3 (STAT3; Niwa et al.,
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1998). In 2008, a culture system involving the inhibition
of mitogen-activated protein kinase (MAPK)-mediated
differentiation signals and glycogen synthase kinase-3 8
(GSK3p) was reported to strongly support mESC cul-
ture (Ying et al., 2008).

ESCs have been established in various mammals,
including humans, through advances in regenerative med-
icine and animal genetics. However, the proliferative sig-
nals of ESCs in rodents, including mice, rats, and other
animal species, are different. In rodents, JAK/STAT sig-
naling is important for ESC self-renewal, whereas fibro-
blast growth factor 2 (FGF2), a member of the FGF
family, is important for human ESCs (Amit et al., 2000).

Research on chicken embryonic stem cells (chESCs)
has progressed. Embryogenesis differs between chickens
and mammals because no stage corresponding to that of
the inner cell mass of the blastocyst has been observed in
chickens. Transplantation experiments conducted using
blastoderms have demonstrated that blastoderms can dif-
ferentiate into somatic and germ cells (Petitte et al.,
1990), and chESCs have been established by collecting
blastoderms and culturing them in vitro (Pain et al.,
1996). In 2004, the chicken LIF (chLIF) was cloned
(Horiuchi et al., 2004), and STAT3 phosphorylation by
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chLLIF was reported to be important for maintaining
chESCs (Yamashita et al., 2006). Interestingly, chESCs
maintain pluripotency by activating JAK/STAT signal-
ing (Nakanoh et al., 2017) and form chimeras upon trans-
fer to early embryos (Nakano et al., 2011). Furthermore,
RNA-seq analysis has revealed a higher degree of similar-
ity between chESCs and mESCs (Jean et al., 2015) than
between mouse epiblast stem cells (mEpiSCs; Tesar
et al., 2007). However, germline transmission, which is a
characteristic of mESCs, has rarely been observed in
chESCs (Van De Lavoir et al., 2006a). Moreover, PouV, a
gene homologous to OCT/—a central pluripotency factor
in mammalian ESCs—may not be associated with the
maintenance of pluripotency in chickens (Nakanoh et al.,
2015). Based on these findings, chESCs are considered to
possess unique characteristics.

To further understand chESCs, we focused on Wnt
signaling, a representative signaling pathway that sup-
ports the proliferation of mESCs. The Wnt gene family
encodes glycoproteins that regulate embryonic develop-
ment (Moon, 2005). When Wnt/B-catenin signaling is
activated, B-catenin migrates to the nucleus, binds to
the T-cell factor (TCF') and lymphoid enhancer-binding
factor (LEF) families, and functions as a transcription
factor. The activation of Wnt/S-catenin signaling
reportedly maintains undifferentiated mESCs (Sato
et al., 2004; Hao et al., 2006). However, various studies
have reported different functions of Wnt/B-catenin sig-
naling in human ESCs (hESCs; Sato et al., 2004;
Davidson et al., 2012).

Many studies have been conducted in mammals to deter-
mine the effect of Wnt/B-catenin signaling on mammalian
ESCs. However, the effect of Wnt/B-catenin signaling on
chESCs, which play an important role in mammalian
ESCs, remains unknown. In this study, we investigated the
effects of Wnt/B-catenin signaling on chESCs. The knowl-
edge gained from our findings will be useful for applied
research on pluripotent chicken stem cells.

MATERIALS AND METHODS
Experimental Animals

White Leghorn chickens were used in this study. Fer-
tilized white leghorn eggs were purchased from Akita
Foods (Fukuyama, Japan). Chicken blastodermal cells
(chBCs) were collected from fertilized eggs at embry-
onic stage X, as described by Eyal-Giladi and Kochav
(1976), following a previously reported protocol (Horiu-
chi et al., 2006).

The animal experiments conducted in this study were
approved by the Animal Experimentation Committee of
Hiroshima University (approval number: C21-45-4) and
were conducted in accordance with Hiroshima Univer-
sity guidelines.

Culture of Chicken Embryonic Stem Cells

The chESCs used in this study were established from
individual fertilized eggs. Three types of chESCs

established from different fertilized eggs were tested for
culture conditions to account for individual differences
in fertilized eggs. chBCs were cultured in 6-well plates
(Corning Inc., Corning, NY) or 60-mm dishes (Corning)
seeded with feeder cells at 38°C, 5% CO,, and 3% Os.
Sandoz inbred mouse-derived thioguanine- and ouabain-
resistant (STO) cells (American Type Culture Collec-
tion, Manassas, VA) were used as feeder cells. STO cells
were cultured in Dulbecco’s modified Eagle medium
(Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% fetal bovine serum (Sartorius AG,
Gottingen, Germany) at 37°C and 5% CO,. Cultured
STO cells were treated with 10 wg/mL mitomycin C
(Sigma-Aldrich, St. Louis, MO) and used as feeder cells.
Feeder cells were seeded at a density of 1.5 x 10* cells/
cm? in 6-well plates or 60-mm dishes coated with 0.1%
gelatin (Nacalai Tesque, Kyoto, Japan)-distilled water.

The chESCs were cultured in chicken embryonic stem
cell medium supplemented with 20% Knockout Serum
Replacement, 2% chicken serum, 1 x sodium pyruvate,
1 x modified Eagle’s medium nonessential amino acid
solution (all from Thermo Fisher Scientific),
1 x EmbryoMax nucleosides (Merck, Darmstadt, Ger-
many), 1 x GlutaMAX (Thermo Fisher Scientific),
1 x antibiotic-antimycotic mixed stock solution (Naca-
lai Tesque), and 1 x monothioglycerol (Fujifilm Wako
Pure Chemical, Osaka, Japan). In the passaging,
chESCs were washed twice with PBS and incubated
with TrypLE Express (Thermo Fisher Scientific) for 3
to 5 min at 37°C. XAV939-added chESCs were then sep-
arated into single cells by pipetting and pelleted by cen-
trifugation at 200 x ¢ for 3 min. However, chESCs to
which XAV939 was not added were not amenable to sin-
gle-cell passage and were passaged via clamp passage.
The chESCs were transferred at 1/3 to 1/2 passaging
ratio to plates seeded with feeder cells. Half of the
medium was replaced daily with a fresh medium. Cryo-
preservation of chESCs was performed according to
standard protocols using a STEM-CELLBANKER
GMP grade (TaKaRa Bio, Shiga, Japan).

Other additives included 20 ng/mL chLIF (Horiuchi
et al., 2004), 1 uM PD0325901 (Axon Medchem, Gro-
ningen, the Netherlands), 10 uM Y-27632 (Fujifilm
Wako Pure Chemical), 3 uM CHIR99021 (Focus Bio-
molecules, Plymouth Meeting, PA), 5 uM XAV939
(Fujifilm Wako Pure Chemical), 5 uM IWP-2 (Fujifilm
Wako Pure Chemical), and 2 uM G66983 (Fujifilm
Wako Pure Chemical).

Counting of Small Colonies

A colony formation assay was performed to determine
the percentage of high-density colonies (Nakanoh et al.,
2013). ChESCs were cultured under various conditions.
After colony formation, 10 random fields of view were
captured using an IX71 microscope (Olympus, Tokyo,
Japan). Compact colonies with a high density in the field
of view (approximately 2.2 mm?®) were counted, and the
total colony count (percentage) was calculated.
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Alkaline Phosphatase Staining

ChESCs cultured in 6-well plates were subjected to
alkaline phosphatase (AP) staining. At the time of
staining, the culture medium was removed, and the
chESCs were washed with phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde (PFA;
Fujifilm Wako Pure Chemical). The fixed chESCs were
stained using a Stemgent AP Staining Kit IT (ReproC-
ELL, Kanagawa, Japan) according to the manufac-
turer’s instructions.

Proliferation Assay of chESCs

To examine the growth efficiency of chESCs under
each culture condition, the collected chBCs were seeded
onto 12-well plates at a density of approximately
3.0 x 10° cells/well (approximately half of one epiblast).
Upon reaching confluency, cells were counted using a
blood cell counter. For each culture condition, chESCs
were cultured in 3 different wells, and cell counts were
determined by the average of the 3 wells. chESCs cul-
tured for more than 30 d were seeded into 12-well plates
at approximately 1.5 x 10° cells/well, and cell counts
were determined at each passaging point. Doubling time
was calculated using the online algorithm “Doubling
Time” (www.doubling-time.com/).

Reverse Transcriptase Quantitative PCR

Total RNA was extracted from the chESCs using a
FastGene RNA Premium Kit (Nippon Genetics Co.,
Ltd., Tokyo, Japan). The extracted RNA was rapidly
transcribed into ¢cDNA using SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific). Reverse tran-
scriptase quantitative PCR (RT-gPCR) was per-
formed using the KOD SYBR qPCR Mix (TOYOBO,
Osaka, Japan). The PCR conditions were as follows: ini-
tial denaturation step: 98°C for 2 min; amplification
steps: 98°C for 10 s, 65°C for 10 s, and 68°C for 30 s for
40 cycles; and melting curve analysis: 95°C for 15 s, 60°C
for 1 min, and 99°C for 15 s. The target genes were
B-actin and pluripotency-related (NANOG, SOX2,
SOX3, OCT4, LIN28A, DNMT3B, and PRDM1/) and
germ cell (CVH and DAZL) markers. The primer
sequences are shown in Table S1. Gene expression levels
were normalized to the expression level of 8-actin.

Immunofluorescence of chESCs

The expression of pluripotency markers in chESCs
was analyzed using immunofluorescence. chESCs were
fixed with 4% PFA-PBS at 20°C to 25°C for 30 min and
washed with PBS. Subsequently, 0.1% TritonX-100-
PBS was added and chESCs were incubated at 20°C to
25°C for 5 min. After washing with PBS, the chESCs
were blocked with 3% bovine serum albumin (BSA)-
PBS for 15 min at 20°C to 25°C. After washing with 0.1
% BSA-PBS, the chESCs were incubated with primary

antibody (anti-NANOG; Nakano et al., 2011, diluted
1:25 using 1% BSA-PBS), an anti-stage-specific embry-
onic antigen-1 (SSEA-1) antibody (sc-21702; Santa
Cruz Biotechnology, Dallas, TX; diluted 1:100 using 1%
BSA-PBS) for 40 min at 37°C. After washing with 0.1%
BSA-PBS, the chESCs were incubated with secondary
antibodies (Alexa Fluor 488 goat anti-mouse immuno-
globulin M [IgM; u chain|; Ref: A21042; Thermo Fisher
Scientific; diluted 1:200 using 1% BSA-PBS), goat anti-
rabbit IgG (Alexa Fluor 594 goat anti-rabbit immuno-
globulin G [IgG; H + L]; Ref: A11037; Thermo Fisher
Scientific; diluted 1:200 using 1% BSA-PBS) for 40 min
at 37°C. After washing, the samples were sealed with
4’ 6-diamidino-2-phenylindole (DAPI) in VECTA-
SHIELD Mounting Medium (Vector Laboratories, Bur-
lingame, CA). Fluorescence was observed using a
fluorescence microscope (BX53; Olympus, Tokyo,
Japan).

Measurement of Stage-Specific Embryonic
Antigen-1-Positive Cell Ratio Using Flow
Cytometry

The percentage of SSEA-1-positive cells among the
chESCs cultured under various conditions was deter-
mined using a MA900 cell sorter (Sony Biotechnology,
San Jose, CA). The chESCs were separated into single
cells using TrypLE Express and washed with a wash
buffer (0.5% BSA and 0.1% N3Na-PBS). After washing,
the chESCs were incubated with SSEA-1 (480) Alexa
Fluor 488 (sc-21702 AF488; Santa Cruz Biotechnology;
diluted 1:100 with wash buffer) for 40 min on ice. After
incubation, the samples were washed with wash buffer
and fixed with 1% PFA-PBS. The cells were washed
twice with wash buffer before the assay.

Western Blot

Western blotting was performed to analyze the Wnt/
B-catenin signal. Samples included chBCs treated with
CHIR99021, XAV939, and IWP-2 at concentrations of
1, 5, and 10 uM. Control samples were supplemented
with DMSO. chBCs were collected from fertilized eggs
and seeded onto 12 well plates at a density of approxi-
mately 3.0 x 10° cells/well (approximately half of one
epiblast). After 72 h, cytoplasmic/nuclear extracts were
prepared using the Nuclear/Cytosol Fractionation Kit
(ab289882; Abcam, Cambridge, UK). The cytoplasmic/
nuclear extracts were then subjected to protein concen-
tration estimation using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Each sample was heat-
treated at 70°C for 10 min after the addition of 2-mer-
captoethanol at a concentration of 2.5%. Five hundred
ng/lane was subjected to SDS-PAGE to separate the
contained proteins. Separated proteins were transferred
onto a membrane (Immun-BlotPVDF Membrane for
Protein Blotting 0.2 mm; Bio-Rad Laboratories, Hercu-
les, CA). The membrane was blocked with PVDF Block-
ing Reagent for Can Get Signal (TOYOBO) at 4°C for
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approximately 10 h. Primary antibodies were anti-8-cat-
enin antibody (GTX101435; beta-Catenin antibody
[N1IN2-2], N-term; dilution 1:3501 GeneTex, Irvine, CA),
anti- -Tublin (ab4074; anti-alpha Tublin antibody
(pAb); dilution 1:1,000; Abcam), anti-Histon H3
(39064; Histon H3 antibody (mAb); dilution 1:1,000;
Active Motif, Carlsbad, CA) and anti-Axinl (16541-1-
AP; AXINI polyclonal antibody; dilution 1:600; Pro-
teintech, Rosemount, IL) were used. These primary anti-
bodies were diluted with Solutionl (Can GetSignal
Immunoreaction Enhancer Solution, TOYOBO). The
primary antibody reaction was performed at 20°C to
25°C for 1 h. After washing with 0.1% PBST, the
secondary antibody reaction was performed. Secondary
antibodies included HRP-labeled anti-mouse IgG
(474-1806; Affinity Purified Antibody Peroxidase
Labeled Goat anti-mouse IgG (H + L); Kirkegaard &
Perry Laboratories, Gaithersburg, MD) and HRP-
labeled anti-rabbit IgG (474-1516; Affinity Purified
Antibody Peroxidase Labeled Goat anti-rabbit IgG
(H + L); Kirkegaard & Perry Laboratories). These sec-
ondary antibodies were diluted at 1:100,000 with Solu-
tion2 (Can GetSignal Immunoreaction Enhancer
Solution, TOYOBO). Secondary antibody reactions
were performed at 20°C to 25°C for 1 h. SuperSignal
West Atto Ultimate Sensitivity Substrate (Thermo
Fisher Scientific) was used as the chemiluminescence
detection reagent. Chemiluminescence was detected by
Amersham Imager 680 (GE Healthcare, Chicago, IL).

Preparation of Enhanced Green Fluorescent
Protein-Expressing chESCs

Enhanced green fluorescent protein (EGFP)-express-
ing chESCs were generated using the PiggyBac system.
The PiggyBac donor vector contained an elongation fac-
tor-la (EF1la)-EGFP cassette. Two types of vectors
expressing PiggyBac transposase (PBase) and EFla-
EGFP (VectorBuilder Japan, Inc., Kanagawa, Japan)
were constructed and transferred into chESCs
(Figure S1). Lipofectamine 3000 (Thermo Fisher Scien-
tific) was used for gene transfer. Seven d after the gene
transfer, EGFP-expressing chESCs were sorted using
the cell sorter.

Generation of Chimeric Chickens Using
EGFP-Expressing chESCs

Established EGFP-expressing chESCs (2.0 x 10*
cells) were injected into the subgerminal cavity of
White Leghorn stage X-fertilized eggs. The recipient
embryos were then filled with egg whites and sealed
with clear plastic wrap. After 5 d, the embryos were
separated from the yolk, washed with PBS, and
observed using a fluorescence stereomicroscope (Leica
M165 FC; Leica Microsystems GmbH, Wetzlar, Ger-
many).

Statistics

Statistical analyses were performed, and some graphi-
cal depictions were created using GraphPad Prism 10
software. Welch’s ¢ test was used to compare results
obtained for the 2 groups, and Tukey’s test was used for
multiple comparisons (ns: not significant; *P < 0.05,
P <0.01, ***P < 0.001, and **** P < 0.0001).

RESULTS

Culture of chESCs Using chLIF and 2
Inhibitors

The feasibility of stably culturing chESCs under the
conditions reported in previous studies was investigated.
As the activation of JAK/STAT signaling and the inhi-
bition of MAPK kinase are useful for the culture of
chESCs (Horiuchi et al., 2004; Farzaneh et al., 2018),
chBCs collected from fertilized eggs at stage X were cul-
tured in the presence of chLIF and 2 small-molecule
inhibitors (PD0325901 and Y-27632; 2i + LIF condition;
Figure 1A). Notable, under the 2i + LIF condition,
chESCs formed 2 types of colonies (Figure 1B): compact
colonies with a high cell density similar to that of
mESCs (black arrows), and flat colonies with distinct
individual cells (white arrows). AP staining of the
chESCs revealed that the small colonies were strongly
stained, whereas the flat colonies were weakly stained
(Figure 1C). This suggests that small colonies retained a
higher degree of pluripotency than flat colonies. After
the first passage (P1), the number of compact colonies
decreased rapidly (Figure 1D). Depending on the fertil-
ized eggs from which the chBCs were collected, differen-
ces in proliferative ability were observed after P1, with
some chBCs losing their proliferative ability and dying.
In contrast, chBCs that continued to proliferate after P1
showed stable growth. After the third passage (P3), the
percentage of small colonies increased compared with
that observed after P1 and stable growth and 2 colony
morphologies (small and flat) were observed (Figure 1D
and E). These results indicate that chBCs cultured
under the 2i + LIF condition can establish chESCs,
although they exhibit instability.

Effect of the Wnt Signal Activator on chESCs

To activate Wnt signaling, a small-molecule inhibitor,
CHIR99021, was added to the cultures. CHIR99021 is
an aminopyrimidine derivative that inhibits GSK3« and
GSK38. In the primary culture, chESCs formed compact
colonies similar to those observed under the 2i + LIF
condition (Figure 2A, black arrows). However, the num-
ber of compact colonies decreased significantly after P1,
as each cell formed flat colonies with distinct individual
cells. Thereafter, compact colonies rarely formed, and
most chESCs formed flat colonies. The chESCs to which
CHIR99021 was added actively proliferated at around
3 d of incubation (Figure 2B, P < 0.05) compared to
those under the 2i + LIF condition. However, the
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Figure 1. Culture of chicken embryonic stem cells (chESCs) under the 2i + leukemia inhibitory factor (LIF) condition. (A) Collection of the
blastoderms from fertilized eggs and culture of chESCs. The defined passage number of chESCs is shown. (B) 2 colony morphologies of chESCs are
shown: compact colonies with high density (black arrows) and flat colonies (white arrows). (C) Alkaline phosphatase (AP) staining of chESCs on
d 4 of culture after chicken blastodermal cells (chBCs) collection. (D) Examination of compact colonies. Percentages of compact colonies were calcu-
lated at primary culture stage, first passage (P1), and third passage (P3) after chBCs collection. The line indicates the mean value (n = 10). Com-
pact colonies are indicated by black arrows. (E) Growth curve of chESCs under the 2i + LIF condition. Error bars represent SDs of the mean values.

2i 4+ LIF condition: PD0325901 + Y27632 + chicken LIF (chLIF).

proliferative ability of chESCs decreased around 7 d of
incubation, eventually leading to a complete cessation of
proliferation.

To determine whether the addition of CHIR99021
effectively maintained the pluripotency of chESCs, the
expression levels of pluripotency-related (NANOG,
S0X2, S0X3, 0CT4, PRDM14, DNMT3B, and
LIN28A) and germ cell (CVH and DAZL) markers were
examined. The expression of these markers showed a
decreasing trend over time from d 5 to 9 after the addi-
tion of CHIR99021 (Figure 2C). The chESCs cultured
with CHIR99021 were negative for AP staining

(Figure 2D), which was consistent with the RT-qPCR
results. These results suggested that the continuous acti-
vation of Wnt signaling did not promote the mainte-
nance of pluripotency in chESCs.

Effects of Wnt Signaling Inhibitors on
chESCs

We attempted to inhibit Wnt signaling because the
expression levels of pluripotency-related and germ cell
markers decreased after the addition of CHIR99021; we
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Figure 2. The activation of Wnt signaling by CHIR99021. (A) Colony morphology of chESCs cultured in the presence of CHIR99021. The
chESCs are shown at primary culture stage, first passage (P1), and second passage (P2) after chBCs collection. Compact colonies with high density
are indicated using black arrows. (B) Growth curves of chESCs in the presence or absence of CHIR99021. Error bars represent SDs of the mean val-
ues. Statistical analysis was performed using Welch’s ¢ test. *P < 0.05 (n = 3). (C) The relative expression levels of pluripotency-related (NANOG,
S0X2, SOX3, OCTY4, LIN28A, DNMT3B, and PRDM1/) and germ cell markers (CVH and DAZL). The gene expression levels were normalized
based on the expression levels of B-actin. Error bars represent standard errors (SEs) of the mean values. (D) AP staining of chESCs on d 7 after addi-

tion of CHIR99021.

used XAV939, a Wnt signaling inhibitor. Furthermore,
to optimize the chESC culture conditions, we added the
protein kinase C (PKC) inhibitor G66983. ChESCs
were cultured in the presence of 4 inhibitors
(PD0329501, Y-27632, XAV939, and G66983) and
chLIF (4i + LIF). XAV939 increased the percentage of
SSEA-1-positive cells at 2.5 to 10 uM concentrations
(Figure S2). The higher the concentration of XAV939,
the faster the increase in SSEA-1 positivity, but the dif-
ference in positivity became smaller as the duration of
incubation increased. In the current experiment, a con-
centration of 5 uM was employed, which more stably
increased SSEA-1 positivity. In the primary culture of
chBCs, approximately 40% of the colonies were of the

compact type (Figure 3A). Several flat colonies were
observed after P1. However, after P1, the chESCs
formed more compact colonies than those observed
under 2i + LIF conditions (P < 0.0001). Furthermore,
after P3, >80% of the chESCs formed compact colonies.
The chESCs cultured under the 4i + LIF condition
exhibited stable proliferation, with significantly higher
cell numbers at around 7 d of culture compared to those
under the 2i + LIF condition (Figure 3B; P < 0.05). Fur-
thermore, the instability of chESCs under the 2i + LIF
condition was not observed, and most chESCs exhibited
stable growth. This result suggests that the 4i + LIF
condition supports the establishment of chESCs by sta-
bilizing their growth of chESCs in the early phase of
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Figure 3. The inhibition of Wnt signaling by XAV939. (A) Colony morphology of chESCs under the 4i + LIF condition. Compact colonies with
high densities are indicated using black arrows. The percentages of compact colonies were calculated at primary culture stage, first passage (P1),
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culture, particularly when the culture of chESCs tends = chESCs maintained pluripotency under 4i + LIF condi-
to become unstable. In addition, ChESCs cultured under  tions, the expression levels of pluripotency-related
2i + LIF conditions were not able to undergo single-cell (NANOG, SOX2, SOX3, OCT4, PRDM1j, DNMT3B,
passage, whereas those under 4i + LIF conditions were  and LIN28A) and germ cell (CVH and DAZL) markers
capable of single-cell passage. To determine whether the  were analyzed; the expression levels of some these
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markers showed an increasing trend over time from d 5
to 9 (Figure 3C). AP staining results showed that most
chESCs were strongly positive for AP staining, in con-
trast to when CHIR99021 was added (Figure 3D). In
addition, the expression of SSEA-1 and NANOG,
markers of pluripotency, was examined using immuno-
fluorescence staining. The results showed that SSEA-1
and NANOG were localized on the membrane and
nucleus, respectively, confirming the expression of pluri-
potency markers (Figure 3E). These results suggest that
XAV939, a Wnt signaling inhibitor, and G668983, a
PKC inhibitor, helped maintain the pluripotency of
chESCs.

Examination of Cytokines and Small-
Molecule Inhibitors in the Culture

To identify the factors necessary for maintaining the
pluripotency of chESCs under 4i + LIF conditions, the
chESCs were cultured in the absence of each factor. In
the absence of chLIF, compact colonies formed after the
second passage (d 9). However, after the fourth passage
(d 14) some colonies differentiated into fibroblast-like
cells (Figure 4A). In the absence of PD0325901, the
chESCs formed compact colonies and showed stable pro-
liferation. Interestingly, the absence of G66983, a PKC
inhibitor, promoted the formation of flat colonies with
distinct individual cells. Importantly, in the absence of
XAV939, compact colonies were rarely observed, and
the cells eventually ceased to proliferate and died. The
positivity rate of SSEA-1, a pluripotency marker, was
analyzed using flow cytometry. The percentage of
SSEA-1-positive cells increased significantly after the
addition of XAV939 (P < 0.0001; Figure 4B). Figure 4A
and B shows that XAV939, an inhibitor of Wnt signal-
ing, promoted the maintenance of pluripotency in
chESCs. The chESCs cultured without PD0325901
exhibited stable growth after more than 10 passages
(Figure 4C). Following cryopreservation, chESCs main-
tained compact colony morphology, although differenti-
ated cell morphology was observed in some of these cells.
The chESCs cultured for more than 30 d showed stable
proliferation akin to that during the initial culture, with
a doubling time of 33.15 + 1.57 h (Figure 4D). The cul-
ture conditions for chLIF, XAV939, G66983, and Y-
27632 were selected as the culture conditions for chESCs
because they supported stable growth of chESCs for
more than 30 d.

Subsequently, an assessment was conducted to ascer-
tain whether chESC pluripotency was maintained by
other Wnt signaling inhibitors. We used IWP-2, a Wnt
signaling inhibitor with a different target of action from
that of XAV939, after conducting inhibition studies
using different concentrations of IWP-2 (Figure S3).
Compact colonies were formed by chESCs cultured in
the presence of IWP-2 instead of XAV939, and these col-
onies were similar to those formed by chESCs cultured in
the presence of XAV939 (Figures 5A). However, the per-
centage of compact colonies was lower in the ITWP-2

group than in the XAV939 group (P < 0.0001). Flow
cytometric analysis revealed a significantly higher per-
centage of SSEA-1-positive cells in the IWP-2 group
than in the control group (treated with dimethyl sulfox-
ide; P < 0.05; Figure 5B). However, the percentage of
SSEA-1-positive cells was lower in the IWP-2 group
than in the XAV939 group (P < 0.05). These results sug-
gested that the inhibition of Wnt signaling promoted the
maintenance of pluripotency in chESCs, and the extent
of pluripotency maintenance varied depending on the
type of inhibitor used.

In addition, the effect of small molecule inhibitors
used (CHIR99021, XAV939, and IWP-2) on the levels of
B-catenin a mediator of Wnt/B-catenin signaling, was
investigated. The results suggest that the addition of
CHIR99021 stabilized B-catenin levels, while the addi-
tion of XAV939 and IWP-2 decreased B-catenin levels
(Figure S4A). In addition, XAV939, which relatively
strongly supported the pluripotency of chESCs com-
pared to IWP-2, contributed to the stabilization of axis
inhibition protein 1 (Axinl) (Figure S4B). Therefore,
XAV939 may contribute to the regulation of Wnt/
B-catenin signaling through the stabilization of Axinl.

Evaluation of the Differentiation Potential of
chESCs

The in vivo differentiation potential of chESCs cul-
tured in the presence of Wnt signaling activators and
inhibitors was analyzed (Figure 6A). The chESCs were
fluorescently labeled (Figure 6B). EGFP-chESCs
(2.0 x 10" cells) were transferred into the subgerminal
cavity of stage X-fertilized eggs and incubated for 5 d.
EGFP fluorescence was observed in embryos harboring
transferred-EGFP-chESCs cultured in XAV939 medium
(Figure 6C). Some embryos exhibited EGFP fluores-
cence in over half of the body, whereas some embryos
displayed almost no fluorescence. This discrepancy may
be attributed to the chimera formation ability of the
chESCs and the success rate of transfer to early
embryos. In contrast, minimal EGFP fluorescence was
observed in embryos harboring transferred-EGFP-
chESCs cultured in the CHIR99021 medium, suggesting
a loss of chimeric formation ability.

DISCUSSION

In this study, the effect of Wnt/B-catenin signaling on
chESCs was analyzed and the inhibition of Wnt/B-cate-
nin signaling was shown to promote the maintenance of
pluripotency in chESCs. In contrast, the activation of
Wnt signaling over several days decreased pluripotency.
Activation of Wnt signaling via inhibition of GSK3p8
promotes self-renewal in mice (Sato et al., 2004; Hao
et al., 2006). In humans, the effect of Wnt signaling is
not clearly known, and differing effects of Wnt signaling
on hESCs have been observed in various studies (David-
son et al., 2012). Recent research has indicated that
Wnt signaling has various effects that are regulated over
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time and does not have a specific effect (Huang et al.,
2015). Overall, Wnt signaling is closely related to the
regulation of development, and elucidation of its mecha-
nism is important for advancing stem cell research.

The Wnt/B-catenin pathway is evolutionarily con-
served. Tt controls development in chickens (Marvin
et al., 2001) and promotes the proliferation of primordial
germ cells (PGCs), a type of chicken stem cell (Lee
et al., 2016). Wnt signaling activated flat colony forma-
tion and reduced pluripotency markers in chESCs, possi-
bly due to differentiation. In this study, we examined the
effect of Wnt signaling activation over several days.
However, we could not examine the effects of short-term
activation and stimulus at low concentration on Wnt
signaling. In human ESCs, the short time (within 24 h)
activation of Wnt signaling (Huang et al., 2015) and the
addition of the Wnt signaling activator at low concen-
trations (Guo et al., 2017) promoted the proliferation of
human pluripotent stem cells (PSCs). Therefore, Wnt
signaling may have various functions in chESCs in time-
and concentration-dependent manners. In the future, a
more detailed examination may provide a better under-
standing of Wnt signaling in chESCs.

The chESCs exhibited 2 colony morphologies, and the
ratio of cells exhibiting these morphologies varied. A
previous study reported that chESCs exhibit multiple
types of colony morphology (Nakanoh et al., 2015). In
that study, different colonies formed from the epiblast
and hypoblast layers. Only highly dense and compact

colonies, derived from the epiblast layer, expressed
NANOG. Consistent with this observation, our findings
indicate that highly dense, compact colonies retain a
high degree of pluripotency. Interestingly, regulation of
Wnt signaling resulted in the formation of different
types of colonies. Inhibition and activation of Wnt sig-
naling resulted in the formation of compact and flat col-
onies, respectively. This was presumably due to the
effects of E-cadherin and -catenin. E-cadherin interacts
with B-catenin, which functions as a central factor in
Wnt/B-catenin signaling. mESCs form compact colonies
via cell adhesion mediated by the E-cadherin—g-catenin
complex (Pieters and van Roy, 2014). The morphology
of chESCs, like that of mESCs, may be affected by the
action of the E-cadherin— 8-catenin complex.

B-Catenin not only promotes intercellular adhesion,
but also functions as a transcription factor (Daniels and
Weis, 2005). Therefore, Western blot analysis suggests
that the regulation of Wnt signaling may have affected
the maintenance of pluripotency in chESCs via the
action of B-catenin. The phosphorylation of B-catenin
by GSK3p is inhibited by CHIR99021, which induces
the activation of Wnt signaling. As a result, S-catenin is
not degraded and accumulates. XAV939, which inhibits
Wnt signaling, is a tankyrase inhibitor that promotes
B-catenin degradation by stabilizing the axin proteins
(Huang et al., 2009). This mechanism may be similar in
chESCs. Although the mechanism of action of IWP-2
was not analyzed in this study, a decreasing trend in
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B-catenin levels was observed. In mammals, TWP-2
inhibits Wnt signaling by suppressing B-catenin accu-
mulation via inhibition of Porcupine (Chen et al., 2009).
The small-molecule inhibitors used in this study may
have altered the pluripotency of chESCs by regulating
gene expression downstream of Wnt signaling via the
accumulation and degradation of -catenin. In contrast,
stabilization of B-catenin by the activation of Wnt sig-
naling is important for the proliferation of chicken
PGCs (chPGCs) in vitro (Lee et al., 2016). These find-
ings suggest that the regulation of Wnt signaling is
important for research on chicken stem cells.

In chickens, chPGCs and chESCs are representative
stem cells, each with distinct applications. chPGCs pro-
liferate stably in vitro (Whyte et al., 2015) and contrib-
ute to the germ line in vivo (Van de Lavoir et al.,
2006b), and are, therefore, actively used for the genera-
tion of genetically modified chickens. In contrast,
chESCs are highly differentiated into somatic cells by
transplantation into fertilized eggs (Van De Lavoir
et al., 2006a). However, their germline differentiation is
limited, and there is no precedent for obtaining offspring
derived from ESCs cultured over an extended period.
Therefore, ESCs are utilized for research on early devel-
opment in birds (Nakanoh et al., 2017) and for the eval-
uation of the production of useful proteins (Zhu et al.,
2005). Although we could not investigate germ line

transmission in chESCs in the present study, it is note-
worthy that the mRNA expression levels of germ cell
markers were increased. Further analysis of the ability
of chESCs cultured in optimized media to differentiate
into germ cells may provide new insights.

Mammalian PSCs can either be in the “naive” or
“prime” state (Nichols and Smith, 2009). The naive type
is defined as an undifferentiated state, whereas the prime
type is defined as an advanced stage of development.
Therefore, research on the establishment of naive PSCs
for use in regenerative medicine and genetic engineering
has been actively conducted in several animal species
(Gafni et al., 2013; Chen et al., 2015; Kawaguchi et al.,
2015). Several recent studies have suggested that naive
and primed states may also exist in birds. The develop-
mental stages of fertilized eggs during oviposition differ
between bird species. Zebra finches lay eggs at an earlier
developmental stage than chickens at stages VI to VIL
Finch blastoderms express more naive-specific marker
genes than do chicken blastoderms (Mak et al., 2015). In
a comprehensive study of gene expression conducted
using mESCs, mEpiSCs, and chESCs, the expression
profile of chESCs was observed to be more similar to
that of mESCs than mEpiSCs (Jean et al., 2015). In a
recent study on avian-induced pluripotent stem cells
(iPSCs), iPSCs from various bird species were found to
exhibit different properties; in particular, Japanese
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ptarmigan-derived iPSCs showed properties similar to
those of mESCs (Katayama et al., 2022). In our study,
chESCs cultured in the presence of Wnt signaling inhibi-
tors showed several characteristics similar to those of
naive mESCs (Nichols and Smith, 2009), including col-
ony morphology, dependence on LIF signaling, chimera-
formation ability, and high clonogenicity. However, it
was not possible to define the status of chESCs due to
the different developmental patterns between mammals
and birds and the lack of clear markers known to define
naive and prime states in birds. Further detailed analy-
ses may help clearly define the characteristics of avian
ESCs.

In conclusion, we investigated the effects of Wnt/
B-catenin signaling on chESCs. Using Wnt signaling
inhibitors, we found that chESCs could be stably main-
tained in an undifferentiated state. This result indicates
that Wnt/B-catenin signaling plays an important role in
stem cell research not only in mammals but also in birds.
Based on these findings, further progress in avian stem
cell research is expected.
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