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Abstract

The WNT signaling system plays an important but paradoxical role in the regulation of pluripo-
tency. In the cow, IWR-1, which inhibits canonical WNT activation and has WNT-independent
actions, promotes the derivation of primed pluripotent embryonic stem cells from the blastocyst.
Here, we describe a series of experiments to determine whether derivation of embryonic stem cells
could be generated by replacing IWR-1 with other inhibitors of WNT signaling. Results confirm
the importance of inhibition of canonical WNT signaling for the establishment of pluripotent
embryonic stem cells in cattle and indicate that the actions of IWR-1 can be mimicked by the
WNT secretion inhibitor IWP2 but not by the tankyrase inhibitor XAV939 or WNT inhibitory
protein dickkopf 1. The role of Janus kinase-mediated signaling pathways for the maintenance
of pluripotency of embryonic stem cells was also evaluated. Maintenance of pluripotency of
embryonic stem cells lines was blocked by a broad inhibitor of Janus kinase, even though the cells
did not express phosphorylated signal transducer and activator of transcription 3 (pSTAT3). Further
studies with blastocysts indicated that IWR-1 blocks the activation of pSTAT3. A likely explanation
is that IWR-1 blocks differentiation of embryonic stem cells into a pSTAT3+ lineage. In conclusion,
results presented here indicate the importance of inhibition of WNT signaling for the derivation
of pluripotent bovine embryonic stem cells, the role of Janus kinase signaling for maintenance of
pluripotency, and the participation of IWR-1 in the inhibition of activation of STAT3.

© The Author(s) 2021. Published by Oxford University Press on behalf of Society for the Study of Reproduction.
52 All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Summary sentence

Derivation of pluripotent embryonic stem cells from bovine blastocysts depends upon blocking
WNT signaling; maintenance of pluripotency depends upon JAK signaling in a STAT3-independent

manner.
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Introduction

Success in the derivation of pluripotent embryonic stem cells (ESCs)
from embryos reflects the species-specific mechanisms for the self-
renewal of pluripotent cells. Discovery of the 2i derivation method,
which involves the inhibition of glycogen synthase kinase-3 (GSK3)
and mitogen-activated protein kinase (MAPK) kinase, allowed for
the derivation of ESCs in the naive state of pluripotency from
rodent embryos [1-3]. These conditions were not sufficient for the
derivation of naive human ESC (hESC), and additional inhibition of
c-Jun N-terminal kinase (JNK) and p38 MAPK was required [4]. Use
of the same inhibitors has not been successful for the derivation of
putative ESCs from other species, such as cattle [5, 6], pigs [7], and
zebrafish [8]. The resultant cells either displayed limited features of
pluripotency or failed to survive after a few passages. Accordingly,
preservation of the naive state of the inner cell mass (ICM) has not
been achieved in species other than rodents and humans.

Recently, stable pluripotent ESC lines were efficiently derived
from bovine and porcine embryos under serum-free conditions [9,
10]. These cells could self-renew for over 40 passages, displayed
a gene expression profile characteristic of the primed pluripotency
state, and could be differentiated into cell types of each of the
three germ layers. Pluripotent ESCs such as these provide models
to understand the control of pluripotency but also have promise
for realizing schemes for in vitro breeding and cellular agriculture
[11,12].

The WNT signaling system plays an important but paradoxical
role in the regulation of pluripotency in ESCs. Activation of WNT
signaling has been a requirement for the generation of naive mouse
ESC (mESC) and hESC that maintain ICM ground state under
serum-free conditions [3, 4, 13]. Blocking WNT signals by the
addition of the WNT secretion inhibitor IWP2 caused both mESC
and hESC to shift from the naive to the primed state [13, 14].
Furthermore, treatment with the WNT inhibitor XAV939 made

naive hESCs more responsive for differentiation signals [15]. WNT
signaling also participates in the modulation of primed pluripo-
tency. WNT agonists promoted hESCs’ self-renewal in the presence
of feeder cell-conditioned medium and fibroblast growth factor 2
(FGF2) [16, 17] but reduced the expression of pluripotency markers
when hESCs were cultured on feeder cells [18]. Addition of IWR-
1, a canonical WNT antagonist, to the culture medium boosted
the efficiency of derivation of mouse epiblast stem cells (mEpiSC,
usually considered as primed pluripotent cells) [19-21]. Treatment
with IWR-1 also allowed the development of ESCs with primed
pluripotency in human, chimpanzee, cattle, and pig [9, 10, 21].
Simultaneous treatment with the WNT agonist CHIR99021
[an inhibitor of GSK3 that promotes destruction of B-catenin
(CTNNB1)] and the WNT antagonist IWR-1 maintained the self-
renewal of mEpiSC, hESC, and pig ESC [10, 22, 23]. WNT signaling
is a complex process, with 19 ligands, 13 receptors, several signaling
pathways, and a variety of proteins, such as dickkopf 1 (DKK1)
and R-spondins, that modulate signaling [24]. One explanation
for the synergistic actions of WNT agonists and antagonists is
that specific components of WNT signaling promote pluripotency,
whereas other components inhibit it. Alternatively, IWR-1 may
affect multiple cellular pathways besides WNT signaling. ITWR-1
was first identified as an inhibitor of the canonical, CTNNB1-
mediated pathway for WNT signaling from an in vitro chemical
screen of 200 000 compounds [25]. Reduction in CTNNBI is
achieved by the stabilization of AXIN2, one of the members
of the CTNNB1 destruction complex [25]. IWR-1 can interact
directly with AXIN2 [25] and presumably stabilizes AXIN2 protein
conformation. However, [IWR-1 is a tankyrase inhibitor and protects
AXIN2 from ubiquitination and degradation caused by tankyrase-
mediated poly-ADP-ribosylation (PARylation) [26]. Both IWR-1 and
another tankyrase inhibitor, XAV939, have been broadly used to
maintain ESCs at primed, naive, and extended pluripotency states in
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various species [9, 10, 22, 27-30]. These actions may involve WNT-
independent effects because tankyrases can cause post-translational
modifications to a diverse array of molecules, including components
of the HIPPO and NOTCH signaling pathways, and can modulate
autophagy, RNA biogenesis, telomere length, cell metabolism, cell
proliferation, and survival through PARylation-dependent and -
independent mechanisms [31].

As mentioned previously, derivation of stable primed ESCs from
bovine blastocysts can be routinely achieved using a culture system
based on the presence of IWR-1 [9]. Here, it was tested whether
primed bovine embryonic stem cells (bESCs) could be generated by
replacing IWR-1 with other inhibitors of WNT signaling, including
XAV939 [22, 26], dickkopf WNT signaling pathway inhibitor 1
(DKK1) [32-34], and IWP2 [25]. Maintenance of expression of the
pluripotency factor, SRY-box transcription factor 2 (SOX2), was
used as a marker of pluripotency. SOX2 was chosen rather than
other core pluripotency factors, POU class 5 homeobox 1 (POUSF1)
(also known as OCT4) and NANOG homeobox (NANOG), because
POUSF1 is not exclusively limited to the ICM of bovine blastocysts
[35-37] and NANOG is not highly transcribed in the pluripotent
bovine ESCs [9]. Another objective was to determine whether, as in
the mouse [38], Janus kinase (JAK)-mediated signaling pathways are
important for the maintenance of the pluripotency of ESCs, and if
so, whether the regulation of JAK signal transducer and activator
of transcription (STAT) signaling is involved in the actions of IWR-
1 to promote the generation of primed bESCs. Results confirm the
importance of inhibition of WNT signaling for the establishment
of pluripotent ESCs in cattle and indicate that the actions of IWR-
1 can be mimicked by the WNT secretion inhibitor IWP2 but not
by the tankyrase inhibitor XAV939 or WNT inhibitory protein
DKK1. Data also indicate a role for JAK in the maintenance of
pluripotency and a previously unknown role for IWR-1 in the inhi-
bition of signal transducer and activator of transcription 3 (STAT3)
phosphorylation.

Materials and methods

Materials
Details and references for the chemicals and growth factors used
in the experiments are listed in Supplementary Table S1. Rab-
bit immunoglobulin G (IgG) monoclonal anti-human SOX2 (clone
EP103) was from Biogenex (Fremont, CA, USA), rabbit IgG poly-
clonal anti-human CTNNB1 (clone E247) was from Abcam (Cam-
bridge, MA, USA), and rabbit monoclonal anti-human phospho-
STAT3 (Tyr705) (clone D3A7) was from Cell Signaling Technology
(Danvers, MA, USA). Secondary antibodies (all cross-absorbed) were
purchased from Thermo Fisher and were goat polyclonal IgG anti-
rabbit IgG (H + L) coupled to Alexa Fluor 488 (catalog number
A-11008), goat polyclonal IgG anti-mouse IgG (H + L) coupled to
Alexa Fluor 488 (catalog number A-11001), goat polyclonal IgG
anti-rabbit IgG (H + L) coupled to Alexa Fluor555 (catalog number
A-21428), and goat polyclonal IgG anti-mouse IgG (H + L) coupled
to Alexa Fluor 647 (catalog number A-21236).

Other chemicals were purchased from Thermo Fisher Scientific
or Sigma-Aldrich unless otherwise stated.

Embryo production

Bovine embryos were produced in vitro as described in detail else-
where [39]. In brief, cumulus—oocyte complexes were recovered from
bovine ovaries (Bos taurus, Bos indicus or admixtures of the two

genotypes) collected from an abattoir, matured for 22 h in matura-
tion medium either supplied by IVF Bioscience (Falmouth, UK) or
produced in the laboratory as Tissue Culture Medium 199 contain-
ing 10% (v/v) fetal bovine serum, 0.2 mM sodium pyruvate, 1% (v/v)
alanyl-glutamine (GlutaMAX; Thermo Fisher), 50 ng/ml epidermal
growth factor, 5 pg/ml follicle stimulating hormone, 100 units/ml
penicillin, and 0.1 mg/ml streptomycin. Fertilization was carried
out with spermatozoa pooled from three bulls in a medium termed
in vitro fertilization-Tyrode’s albumin lactate pyruvate (TALP) for
16-18 h. The initiation of fertilization was considered as day 0.
Putative zygotes (i.e., oocytes exposed to sperm) were subjected to
cumulus cell removal by hyaluronidase digestion and then cultured
in groups of up to 30 in 50 pl microdrops of synthetic oviduct fluid
bovine embryo 2 medium covered with mineral oil at 38.5°C in
an atmosphere of 5% (v/v) oxygen and 5% CO; in a humidified
atmosphere until day 7.5.

Derivation and maintenance of ESCs

Procedures followed the protocol for the establishment of stable
primed pluripotent bovine ESC lines [9]. The basal medium was
a custom mTeSR1 medium without transforming growth factor-
B that has been used for hESC and mEpiSC culture [21, 40].
Blastocysts of all stages except for early blastocysts (including non-
expanded, expanded, hatching, and hatched) were harvested from
culture drops at day 7.5 of development, rinsed in HEPES-TALP
medium [39] four times, and subjected to zona pellucida removal by
dissection with two 30-Ga needles in HEPES-TALP medium under a
stereomicroscope. For each experiment, blastocysts were randomly
assigned to treatment after blocking by the blastocyst stage. Each
zona pellucida-free blastocyst was individually transferred into a
well that was plated 16~36 h earlier with irradiated CF1 mouse
embryonic fibroblasts (MEFs) (Thermo Fisher) in Nunc four-well
dishes (Thermo Fisher). The feeder cells were cultured in Dul-
becco Modified Eagle Medium supplemented with 10% (v/v) fetal
bovine serum, 1% (v/v) alanyl-glutamine, 100 units/ml penicillin,
and 0.1 mg/ml streptomycin. On the day of seeding the blastocysts,
the feeder cells were rinsed with Dulbecco phosphate-buffered saline
(DPBS), and the medium was replaced with the ESC culture medium
prior to blastocyst seeding. The standard ESC culture medium was
the custom mTeSR1 medium supplemented with 20 ng/ml recom-
binant human FGF2, 2.5 pM IWR-1, 100 units/ml penicillin, and
0.1 mg/ml streptomycin. This medium was modified for some treat-
ments as described for each experiment. For all treatments, a Rho-
associated coiled-coil containing protein kinase (ROCK) inhibitor Y-
27632 (10 pM) was added to the ESC culture medium on the day of
blastocyst seeding and was replaced by medium without Y-27632
the day after. The ROCK inhibitor was also added for 24 h each
time the cells were passaged. At 24 h after seeding, blastocysts that
had not attached to the bottom of the well were manually assisted to
attach by positioning them using a 30-gauge needle. Culture medium
was refreshed each day. On day 7 after blastocyst seeding, cells
were passaged onto 24-well plates with new feeder cells that were
prepared a day in advance. All cultures were passaged regardless of
the observed emergence of outgrowth from the blastocyst. A second
passage was performed 7 days later. Subsequently, passages were
performed every 3-6 days depending on the degree of confluency.
For cell passage, wells were rinsed with calcium- and magnesium-
free DPBS, treated with 1X TrypLE Select Enzyme (Thermo Fisher)
for 2-5 min in a cell culture incubator followed by centrifugation
and resuspension into single cells for plating.
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Immunolabeling

Procedures for immunolabeling of blastocysts were performed as
described elsewhere [41]. Blastocysts were harvested at day 7.5,
rinsed in DPBS containing 0.2% (w/v) polyvinyl alcohol (PVA), and
then fixed in DPBS containing 4% (w/v) paraformaldehyde at room
temperature for 15 min. For pSTAT3 labeling only, blastocysts were
permeabilized in ice-cold methanol for 10 min at —20°C and then
rinsed in DPBS between the fixation and blocking steps. Blastocysts
were then permeabilized for 30 min in 0.25% (v/v) Triton X-100
in DPBS-PVA, incubated in a blocking buffer consisting of DPBS
containing 5% (w/v) bovine serum albumin (BSA) for 1 h at room
temperature. Primary antibody incubation was performed at 4°C
overnight. Primary antibodies used were rabbit IgG monoclonal anti-
human SOX2 diluted at 1:300 (v/v), 1 pg/ml rabbit IgG polyclonal
anti-human CTNNB1, and rabbit monoclonal anti-human phospho-
STAT3 (Tyr705) diluted at 1:100 (v/v). After washing, blastocysts
were incubated with a solution of 2 pg/ml Alexa-labeled secondary
antibody and Hoechst 33343 (10 pg/ml). Both primary and sec-
ondary antibodies were diluted in blocking buffer except for the
labeling for pSTAT3 in which case the buffer was DPBS containing
1% (w/v) BSA and 0.3% (v/v) Triton-X 100. Following washing,
blastocysts were mounted on glass slides with a coverslip using anti-
fade medium (Thermo Fisher).

Immunolabeling of cells was carried out on cells that were seeded
onto a Nunc Lab-Tek II Chamber Slide (Thermo Fisher) that was
plated with feeder cells a day before. Steps for immunocytochemistry
were followed as previously reported [9]. For pSTAT3 labeling only,
cells were permeabilized in ice-cold methanol for 10 min at —20°C
and then rinsed in DPBS after fixation. Cells were fixed in 4%
(w/v) paraformaldehyde in DPBS for 15 min and incubated in DPBS
containing 3% (v/v) normal goat serum and 0.3% (v/v) Triton X-
100 for 1 h. Primary antibody incubation was for 2 h at room
temperature and secondary antibody was incubated for 1 h. Primary
and secondary antibodies were used at the concentrations described
for blastocysts. Hoechst 33342 was added at 10 pg/ml during the
1 h secondary antibody incubation. The buffer for dilution of all
antibodies was DPBS containing 1% (v/v) normal goat serum and
0.3% (v/v) Triton X-100. Cells were covered with a glass coverslip
using anti-fade medium after rinsing in DPBS.

Images of immunolabeled blastocysts and cells were obtained
using either an epifluorescent microscope (Axioplan2 imaging, Zeiss,
White Plains, NY, USA) with AxioVision software (Ver. 4.7.1) or with
a spinning disk (Andor DSD2, Oxford Instruments, Tubney Woods,
Abingdon, UK) confocal microscope (Axioobserver.Z1, Zeiss) con-
trolled by Andor IQ3 software (Oxford Instruments). The epifluo-
rescent microscope was equipped with Plan Neo-fluor 20X/0.5 and
40X/0.75 lens and a CCD camera (AxioCam MR, Zeiss). The confo-
cal microscope was equipped with a Plan-APOCHROMAT 20X/0.8
objective (Zeiss) and an Andor Zyla sCMOS camera (Oxford Instru-
ments). Z-stack images were taken at 1-pm intervals. Uniform expo-
sure times, light intensities, and gains were used to observe the
samples for an individual experiment.

Image analysis

Image] software (Ver. 1.52a, Wayne Rasband, NIH, Bethesda, MD,
USA) was used for image analysis. Cell counting was achieved by the
use of the multi-point tool and manual counting. Quantification of
intensity of labeling for SOX2 in confocal images of blastocysts was
performed with maximum projections generated from z-stack images
of the SOX2 and Hoechst channels. The area corresponding to the
blastocyst was selected using the freehand tool, and the threshold

feature for the Hoechst channel was used to select nuclei only. The
selected areas were then applied to the images for the SOX2 channels
to measure the fluorescent intensity of the nuclei. Intensity was
corrected by subtracting the local background signals.

Experimental design and statistical analysis

A summary of the design of each experiment is included in the
Results section. Statistical analysis of data was performed using
the Statistical Analysis System (Ver. 9.4, SAS Institute, Cary, NC).
Data on blastocyst characteristics were analyzed by analysis of
variance using PROC GLM with treatment and replicate as fixed
effects in the model. Effects of blastocyst stage on the efficiency
of ESC derivation were determined by logistic regression using the
GLIMMIX procedure of SAS and with the distribution set to binary.

Results

The canonical WNT inhibitor DKK1 was not able to
replace IWR-1 for establishment of bovine ESCs

One function of DKK1 is to block canonical WNT signaling by
internalizing the Frizzled co-receptors LDL receptor-related pro-
tein 5§ (LRPS) and LRP6 [32-34]. Accordingly, it was hypothe-
sized that IWR-1 could be replaced by DKK1 for the derivation
of ESCs. Cell lines were derived from bovine blastocysts by the
culture on feeder cells in the presence of 100 ng/ml DKK1, 2.5 pM
IWR-1 (positive control), or vehicle (negative control) (Figure 1A).
The concentration of DKK1 used has been shown to inhibit the
actions of a WNT agonist on embryonic development and to reduce
immunoreactive CTNNB1 in the blastocyst [42, 43]. Cell lines that
displayed robust growth after 5~6 passages could be derived from
the embryos in DKK1 and vehicle conditions with similar derivation
efficiencies as for IWR-1-treated cells (Figure 1B). Island-like cell
colonies with defined borders were observed in all treatments at
passages 1 and 2. Subsequently, however, cells treated with DKK1
or vehicle spread over the plate and the boundaries defining spe-
cific colonies were lost after several more passages (Figure 1C).
Expression of the pluripotency marker SOX2 was assessed as an
indication of pluripotency. Cells treated with DKK1 or vehicle failed
to maintain SOX2 expression (Figure 1D), although cells treated
with TWR-1 were positive for SOX2. Interestingly, CTNNB1 was
localized at the plasma membrane of IWR-1-treated cells (Figure 1E),
which closely resembles the pattern for mESC and hESC [17, 44].
Cells treated with DKK1 or vehicle had much lower abundance of
CTNNBI1 (Figure 1E). Collectively, results indicate that replacement
of IWR-1 with DKK1 was not able to maintain bovine pluripotency
in vitro.

Derivation of bESCs could not be achieved by
treatment with the tankyrase inhibitor XAV939 but
could be with IWP2, an inhibitor of WNT secretion
It was next tested whether IWR-1 could be replaced with XAV939,
which like TWR-1, can attenuate the tankyrase activity and stabilize
AXIN to interrupt WNT signaling mediated by CTNNB1 [22, 26].
An additional question was whether TWP2, which blocks WNT
secretion and thereby abrogates canonical and non-canonical WNT
signaling from the endogenous sources of WNT [25], would allow
derivation of cells with pluripotent features.

The design of the experiment involved derivation of ESC lines
from blastocysts on feeder cells with either 2.5 pM ITWR-1 (pos-
itive control), 2 pM XAV939, or 2 pM IWP2 (Figure 2A). The
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Figure 1. The WNT inhibitor DKK1 was not able to replace IWR-1 for the establishment of bovine ESC. (A) Experimental design. Zona-free blastocysts were
seeded onto MEF with the culture medium consisting of base medium mTeSR, FGF2 and with additional treatments of 2.5 yM IWR-1, 100 ng/ml recombinant
human DKK1, or vehicle. Outgrowths were passaged on day 7 and the subculture was performed at least five times before the immunolabeling of cells grown in
glass slide chambers. The total number of blastocysts analyzed is given in (B). Blastocysts were produced in four embryo production replicates. (B) Efficiency of
derivation of cell lines. There was no significant difference among treatments. Subsequent observations were carried out on the number of cell lines indicated. (C)
Morphological characteristics of cells at passages 5~6 on week 5. (D, E) Immunolabeling for SOX2 and CTNNB1 after 5-6 weeks of treatment. Scale bar = 100 um.

efficiency of cell line derivation was highest for IWR-1 and similar were also negative for immunoreactive SOX2 and CTNNB1 for
for XAV939 and IWP2 (Figure 2B). After four passages, cells derived 9 of 11 cell lines (Figure 2D and E). For the other two cell lines,
and maintained in the presence of XAV939 grew out of colonies SOX2 expression was lost in a subset of cells at the endpoint of the

and spread into the space between colonies (Figure 2C). These cells experiment. The differentiation of XAV939-treated cells suggested
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Figure 2. Derivation of pluripotent bESC could not be achieved by treatment with the WNT and tankyrase inhibitor XAV939 but could by with an inhibitor of
WNT secretion. (A) Experimental design. Zona-free blastocysts were seeded onto MEF cells with the culture medium consisting of base medium mTeSR, FGF2
and with additional treatments of 2.5 yM IWR-1, 2.0 yM XAV939, or 2.0 uM IWP2. Outgrowths were passaged on day 7 and the subculture was performed at
least five times before the immunolabeling of cells grown in glass slide chambers. The total number of blastocysts analyzed is given in (B). Blastocysts were
produced in two embryo production replicates. (B) Efficiency of derivation of cell lines. There was no significant difference among treatments. Subsequent
observations were carried out on the number of cell lines indicated. (C) Morphological characteristics of cells at passages 5~6 on week 5. (D, E) Immunolabeling
for SOX2 and CTNNB1 after 5-6 weeks of treatment. Scale bar = 100 pm.
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that IWR-1 could not be replaced by another tankyrase inhibitor
XAV939.

In contrast to the results with XAV939, treatment with IWP2
resulted in the derivation of cells that were similar in key aspects
to those derived from the culture with TWR-1. Cells cultured with
IWP2 showed clear boundaries between colonies and feeder cells
(Figure 2C). Cells treated with IWP2 appeared to be more flattened
than cells from IWR-1-treated cultures (Figure 2C). Labeling for
immunoreactive SOX2 and CTNNB1 resembled that for IWR-1 for
6 of 8 of the cell lines derived with TWP2 (Figure 2D and E). A
minority of cells in one IWP2 line eventually lost SOX2 expression.
These results indicate that suppressing endogenous WNT production
could preserve some pluripotency features during ESC derivation.

Maintenance of pluripotency in established ESCs
depends on a JAK-dependent mechanism, but IWR-1
suppresses STAT3 phosphorylation

Besides regulating the transcription of WNT target genes, CTNNB1
is a component of the cadherin—catenin complex that can promote
the pluripotency of ESCs through modulation of cell-cell adhe-
sion complexes in a JAK-/STAT3-dependent mechanism [45]. Given
that IWR-1 causes accumulation of membrane-associated CTNNB1
(Figures 1E and 2E), it is possible that the pluripotency-promoting
actions of IWR-1 involve the activation of JAK/STAT3 signaling.
Accordingly, it was tested whether the inhibition of JAK/STAT sig-
naling blocked the ability of IWR-1 to maintain ESCs in a pluripotent
state.

The design of the experiment involved treatment of three estab-
lished bovine ESC lines with 2.5 pM IWR-1, 2.5 pM IWR-1, and
JAK inhibitor I (JAKIi), or vehicle for 7 weeks (Figure 3A). The JAKi
was used at 2 pM because cells degenerated at higher concentrations
(results not shown). Culture of ESCs with 2 pM JAKi slowed cell
growth (data not shown) and changed the morphology of ESCs
to an appearance similar to that of cells cultured with vehicle
(Figure 3B). Labeling for SOX2, which was abundant for TWR-1
treated cells, was absent or low for cells treated with IWR-1 + JAKi
and for cells treated with vehicle (Figure 3C). Thus, JAK signaling
was required for the maintenance of pluripotency in the presence of
IWR-1. Surprisingly, IWR-1-treated cells were negative for pSTAT3,
while some cells treated with vehicle exhibited a moderate pSTAT3
signal within the nuclear region (Figure 3D). The pSTAT3* cells
were unlikely MEF because their homogenic nuclear counterstaining
(Figure 3D) was different from that of MEF [46, 47]. Thus, phospho-
rylation of STAT3 was blocked in ESCs cultured with IWR-1, and
the withdrawal of IWR-1 led to differentiation into lineages with
activated STAT3. Results are consistent with the primed pluripotent
state of bovine ESCs [9] because primed ESCs are not responsive to
stimulation with JAK/STAT [48].

One interpretation of the above results was that IWR-1 had direct
effects on the phosphorylation of STAT3. This idea was tested by
treating bovine embryos with IWR-1 from day 4 to day 7.5 post-
fertilization. Treatment with 2.5 pM IWR-1 decreased the number
of pSTAT3™ cells in the resultant blastocysts by 37% (18.4 £2.2 vs.
11.5 £ 1.6, P = 0.0159), the percent of cells in the blastocyst that
were pSTAT3™ by 42% (19.4 £ 2.3 vs. 11.3 &+ 1.7, P = 0.0062),
and the pSTAT3 fluorescent intensity by 30% (518.4 + 51.3 vs.
362.9 + 37.6, P = 0.0176) without affecting the total cell number of
the embryos (Figure 4). Thus, IWR-1 can inhibit the phosphorylation
of STATS3.

Effect of stage of blastocyst on derivation of ESC

Using data from all the above-mentioned experiments, it was eval-
uated whether the morphological characteristics of the blastocyst
affected the efficiency of ESC derivation under standard conditions
(with IWR-1, but without experimental treatments). A greater pro-
portion of expanded blastocysts (P < 0.05) yielded ESC (63%,
n = 54) than non-expanded blastocysts (47%, n = 15) or blastocysts
that were hatching or hatched (33%, n = 18).

Discussion

A primary focus of this research was to evaluate the role of WNT
signaling in the derivation of primed pluripotent ESC in cattle.
A second objective was to assess the role of JAK/STAT signaling
in the maintenance of pluripotency. Results support the idea that
canonical WNT signaling is antagonistic to pluripotency under the
conditions used and that derivation of pluripotent ESC in the cow
requires inhibition of WNT signaling. Nonetheless, not all WNT
inhibitors allow the derivation of pluripotent ESC, with IWR-1 and
IWP2 being effective and XAV939 and DKK1 being ineffective.
Results also indicate that the activation of JAK-mediated pathways is
also important for the derivation of ESC. IWR-1 showed inhibitory
effects on STAT3 activation so that actions of JAK to maintain
pluripotency are STAT3-independent.

The culture system in which ESCs were generated contains a vari-
ety of WNT signaling ligands. Canonical and non-canonical WNT
ligands are transcribed by ICM and TE of bovine blastocysts [49],
and the MEFs used as feeder cells also express multiple WNT genes
[17]. The earlier finding that the addition of the WNT antagonist
IWR-1 was required for the generation of primed pluripotent ESC
from the cow [9] is suggestive that the inhibition of canonical WNT
signaling is a requirement for the derivation of ESC in the cow.
The importance of IWR-1 for ESC derivation was confirmed in the
present experiments. It was also shown that IWR-1 is required for the
maintenance of pluripotency in established ESC lines. These findings
by themselves are not conclusive about the role of WNT signaling in
pluripotency of embryonic cells, however. IWR-1 inhibits canonical
WNT signaling by stabilizing AXIN2 of the CTNNB1 destruction
complex through its actions as a tankyrase inhibitor [26]. Tankyrases
can exert many effects on cells by catalyzing PARylation of proteins
and have been implicated in the regulation of a large number of
cellular functions [31].

The approach taken to address the question of whether it was
the WNT-inhibitory or WNT-independent actions of IWR-1 that
allow the establishment of ESC was to test whether IWR-1 could be
replaced with other WNT inhibitors. Neither DKK1, which inhibits
WNT signaling and the concomitant accumulation of CTNNB1 by
blocking the recruitment of the co-receptor LRP5/6 to the WNT
receptor Frizzled [33, 49], nor the tankyrase inhibitor XAV939,
which also leads to the degradation of CTNNB1 [26] and can
promote the derivation of pluripotent cells in other species [20, 21,
501, could be used in place of IWR-1. By contrast, ESCs that were
largely similar in characteristics to those that developed in TWR-
1-treated cultures could be derived in the presence of the WNT
secretion inhibitor IWP2. IWP2 attenuates the secretion of both
canonical and non-canonical WNT by blocking palmitoylation [25],
which is important for preventing the differentiation of mEpiSC and
hESC [51, 52].

The most likely interpretation of findings is that the inhibition
of WNT signaling is required for the derivation of ESC. This can
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be achieved by IWR-1 and TWP2 but not by XAV939 and DKK1 to the ESC derivation. In fact, DKK1 and XAV939 can affect cell
either because they do not inhibit specific WNT signaling important function in a canonical WNT-independent manner. DKK1 can either
for differentiation or they have additional actions that are inhibitory activate or inhibit the non-canonical planar cell polarity pathway
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of WNT signaling [53, 54] and can inhibit Ca**-dependent WNT
signaling [54]. In addition, DKK1 regulates the proliferation of
cancer cells by binding to the cell surface cytoskeleton-associated
protein 4 [55] and blocks apoptosis in the developing neural plate by
binding and inactivating its receptor Kremen1 [56]. XAV939 is more
potent than IWR-1, acts on different parts of the tankyrase molecule,
and has inhibitory activity toward a broader range of poly(ADP-
ribose) polymerases than IWR-1 [26, 57-59].

It was surprising that XAV939 did not replace IWR-1 for the
derivation of bovine ESC. Both IWR-1 and XAV939 have been used
for the derivation of mEpiSC [20, 21, 50] and showed nearly iden-
tical effects in other processes such as somatic cell reprogramming
[60] and cardiomyocyte differentiation [61, 62]. Perhaps pathways
that are regulated by XAV939 and IWR-1 have different actions

on pluripotency in cattle than in other species. It could also be
possible that 2 pM XAV939 was not sufficient to maintain bovine
pluripotency, although the same or lower concentration of XAV939
was used previously in mouse, human, and bovine cells [22, 26, 63].
There are also other studies that used higher concentrations during
the derivation of mEpiSC [20, 21, 50].

Although IWP2 allowed the derivation of bESC with nuclear
localization of SOX2, it is possible that the WNT secretion inhibitor
does not completely recapitulate the phenotype of bESC caused by
being cultured with IWR-1. In particular, two of eight cell lines
produced with IWP2 exhibited labeling patterns for immunoreactive
SOX2 and CTNNBI1 which were distinct from that of IWR-1, and
one cell line derived with TWP2 experienced partial loss of SOX2
expression. It may be, therefore, that IWR-1 exerts actions important
for maintaining pluripotency independent of WNT signaling.

The current experiment demonstrated that, like naive mESC and
hESC [4, 38, 64] but different from mEpiSC and primed hESC [4,
65-67], JAK-mediated signaling pathways are important for the
maintenance of pluripotency of bovine ESC. In particular, treatment
of established ESC lines with a JAK inhibitor caused the cells to
differentiate as evaluated by the morphological appearance and loss
of SOX2 labeling. In experiments where JAK was not required for
the maintenance of pluripotency [4, 65-67], JAKIi treatments were
applied for 1-2 weeks, whereas JAKi treatment in the present study
was prolonged for at least 1 month.

The JAK inhibitor used in the current experiment and that of
Ozawa et al. [38] can block JAK1, JAK2, JAK3, and tyrosine kinase
2 with high affinity [68], and therefore, the specific JAK involved
in pluripotency is not known. The most likely activator of JAK in
the culture system was FGF2 because this growth factor signals via
the JAK/STAT signaling pathway [69, 70]. Similarly, addition of JAK
inhibitor reduced the expression of pluripotency markers by mESC
cultured with FGF2 in the absence of IWR-1 [38]. The involvement of
JAK in the maintenance of pluripotency is presumably independent
of STAT3 because nuclear pSTAT3 was not detected in the ESC lines.
Inhibition of STAT3 phosphorylation is likely a result of actions
of TWR-1 because labeling for pSTAT3 was more extensive for
established ESC cultured without IWR-1 and because treatment of
the preimplantation embryo with IWR-1 reduced pSTAT3 labeling
in the blastocyst. Signaling by FGFs can involve the activation of
STAT1 as well as STAT3 [71, 72], and it is possible that JAK acts to
promote pluripotency in bESCs through STAT1. Alternatively, JAK
functions through a pathway independent of STATs as shown for
other cell types [73].

The IWR-1/FGF2 system used to produce bESCs in this study
results in cells with characteristics of the primed pluripotent state
[9]. It is possible that the achievement of a naive state requires some
activation of WNT pathways, at least based on studies in the mouse
and human [3, 4, 13]. In the presence of FGF2, addition of a WNT
agonist allowed the establishment of pluripotent stem cells in the
mouse, human, and horse which were at an intermediate state close
to the naive state and were germ-line competent [67, 74]. Activation
of WNT signaling in the presence of FGF2 was successful in inducing
ESCs in the buffalo [75] but not in the bovine [76], so species
differences in requirements for pluripotency exist. Further work is
warranted in studying the actions of WNT signaling in the bESCs in
the absence of FGF2 signaling.

In conclusion, results presented here indicate the importance of
WNT signaling for the differentiation of the bovine embryo and
the requirement for inhibition of that pathway for derivation of
bESC. In addition, JAK signaling is important for the maintenance
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of pluripotency, and IWR-1 can interact with that signaling pathway
by suppressing the differentiation of ESC into a pSTAT3* lineage.
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