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Tcf3 Function Is Required for the Inhibition of
Oligodendroglial Fate Specification in the
Spinal Cord of Zebrafish Embryos

Suhyun Kim, Ah-Young Chung, Dohyun Kim, Young-Seop Kim', Hyung-Seok Kim', Hyung-Wook Kwon?,

Tae-Lin Huh', and Hae-Chul Park*

The generation of various subtypes of neurons and glial
cells at the right time and place is crucial for the proper
development of the vertebrate CNS. Although the mecha-
nisms and factors for the regulation of neuronal diversity
in the CNS have been well studied, the mechanisms regu-
lating the sequential production of neuronal and glial cells
from neural precursors remain poorly understood. This
study shows that Tcf3, a member of the Lef/Tcf family of
proteins, is required to inhibit the premature oligodendro-
glial fate specification of spinal cord precursors using the
transgenic zebrafish, which expresses a dominant repres-
sor form of Tcf3 under the control of a heat-shock induc-
ible promoter. In addition, the data revealed that Tcf3 func-
tion in oligodendroglial fate specification is mediated in-
dependently of canonical Wnt signaling. Altogether, these
results show a novel function for Tcf3 in regulating the
timing of oligodendroglial fate specification in the spinal
cord.

INTRODUCTION

A fundamental feature of neural development in the vertebrate
CNS is that different types of neurons and glia are generated in
a precisely regulated temporal sequence: neurons appear first,
followed by glial cells such as oligodendrocytes and astrocytes.
The specification of motor neurons and oligodendrocytes from
the motoneuron precursor (pMN) domain in the ventral spinal
cord is one of the most extensively studied examples of the
sequential production of neurons and glia. In the developing
spinal cord, motor neurons and oligodendrocytes are produced
from precursor cells in the ventral spinal cord. These precursor
cells express the basic-helix-loop-helix transcription factor, olig2,
which is induced by Hedgehog signaling in the pMN domain.
Olig2-expressing precursors initially generate motor neurons
during neurogenesis, followed by oligodendrocyte progenitor
cells (OPCs) once neurogenesis is complete (Lu et al., 2002;
Ono et al., 2009; Park et al., 2002b; 2004; Zhou and Anderson,
2002; Zhou et al., 2001). The precise mechanisms underlying

the sequential production of motor neurons and oligodendro-
cytes from common precursors are not well understood, but are
thought to include changes in both the intrinsic properties of
neural progenitors and their signaling environment.

Canonical Wnt signaling is known to regulate proliferation
and patterning in the developing spinal cord (Chesnutt et al.,
2004; llle et al., 2007; Megason and McMahon, 2002; Muro-
yama et al., 2002; Zechner et al., 2003). In zebrafish, canonical
Wnt signaling is required initially for cellular proliferation
throughout the entire spinal cord, and later for patterning in the
dorsal progenitor domain of the developing spinal cord (Bonner
et al., 2008). Interestingly, the regulation of proliferation and
patterning by Wnt signaling in the developing spinal cord oc-
curs as separate events mediated by Tcf3 and Tcf7, respec-
tively, members of the Lef/Tcf family of transcription factors
(Bonner et al., 2008).

Lef/Tcf transcription factors function as the downstream
components of the canonical Wnt signaling pathway and medi-
ate the transcriptional output of Wnt signaling upon binding with
B-catenin (Hartmann, 2007; van Noort and Clevers, 2002).
Among the Lef/Tcf proteins, Tcf3 functions as a transcriptional
repressor, thus the Tcf3 knockout mouse shows phenotypes
with increased Wnt function (Merrill et al., 2004). However,
several lines of in vivo evidence have shown that Tcf3 acts as a
repressor of target genes that are activated not by Wnt signal-
ing, but by other mechanisms (Korinek et al., 1998; Pereira et
al., 2006), indicating that Tcf3 function can be regulated by
other mechanisms independent of Wnt signaling. A recent
study has shown that Wnt-independent Tcf3 function is re-
quired to inhibit premature neurogenesis in spinal progenitors
by inhibiting Sox4a expression, suggesting that Tcf3 plays a
crucial function in regulating the timing of neurogenesis (Gribble
et al., 2009). In this study, we show that Tcf3 function is also
required for the inhibition of the premature oligodendroglial fate
of the spinal precursors, using transgenic zebrafish expressing
a dominant repressor form of Tcf3 (ATcf3) under the control of
a heat-shock inducible promoter. In addition, we found that Tcf3
function in the regulation of gliogenesis is mediated independ-
ently of canonical Wnt signaling. Collectively, these results,
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together with previous reports (Gribble et al., 2009), suggest a
novel function for Tcf3 in regulating the timing of neurogenesis
and gliogenesis in the spinal cord.

MATERIALS AND METHODS

Fish lines

Wild-type AB, Tg(olig2:egfp)vu12 (Shin et al., 2003), Tg(hsp70:
tcf3-gfp) (Lewis et al., 2004), Tg(hsp70:axin2-egfp), and head-
less (hdl) mutant zebrafish (Kim et al., 2000) were used for this
study.

Generation of Tg(hsp70:axin2-egfp) transgenic fish

To construct hsp70:axin2-egfp recombinant DNA, we first am-
plified a 2.4 kb of zebrafish axin2 cDNA using RT-PCR with
mRNA purified from the 24 h old zebrafish embryos, and
cloned it into pBluescript Il KS plasmid vector. Next, we di-
gested cloned DNA with BamHI and Clal restriction enzymes,
and sub-cloned axin2 cDNA into hsp70-EGFP-pCS2+ vector.
To amplify axin2, we used forward (5'-GGATCCGAGCTGCA
AGAGCCATGAAT-3) and reverse (5'-ATCGATGTCCATTCT
GTCCACTTTGCC-3') PCR primers.

Bromodeoxyuridine (BrdU) labeling and
immunohistochemistry

Manually-dechorionated embryos were labeled with BrdU
(Roche) by incubating them for 20 min on ice in a solution of 10
mM BrdU and 15% DMSO in embryo medium (EM) (15 mM
NaCl, 0.5 mM KCI, 1 mM CaCl,, 1 mM MgSQO,, 0.15 mM
KH,PO,, 0.05 mM NH.PO4, and 0.7 mM NaHCOs;) at 24 hpf.
The embryos were then placed in EM, incubated for 20 min at
28.5°C, and fixed using 4% paraformaldehyde in PBS. Em-
bryos were processed for immunohistochemistry to detect
Sox10 expression, treated for 1 h with 2 M HCI, and were then
processed for anti-BrdU immonohistochemistry. For immuno-
histochemstry, we used the following primary antibodies: a
mouse anti-BrdU [G3G4, 1:1,000, Developmental Studies Hy-
bridoma Bank (DSHB), USA], a rabbit anti-Sox10 (1:1000)
(Park et al., 2005), a mouse anti-Zrf1 (1:400, University of Ore-
gon Monoclonal Antibody Facility), and a mouse anti-HuC/D
antibodies (16A11, 1:20, Molecular Probes).

Heat-induced gene expression

To induce expression of dominant repressor form of Tcf3
(ATcf3), we intercrossed Tg(hsp70:tcf3-GFP) adults, raised
embryos at 28.5°C, transferred tem to EM at 40°C for 30 min at
the desired stage, and continued incubation at 28.5°C until
appropriate stages for fixing.

TUNEL staining

To detect apoptotic cell death, TUNEL assay was performed
using In Situ Cell Death Detection Kit (Roche) according to the
manufacturer's instructions. TUNEL labeling was done with
10mm-thick cryosections.

RESULTS

Forced expression of ATcf3 induces Sox10 expression

in the neural precursors of the spinal cord

Previously, it has been shown that Tcf3 function is required to
inhibit neurogenesis by repressing sox4a expression in the
spinal cord of zebrafish embryos. In this study, Tcf3 loss-of-
function mediated by a morpholino oligonucleotide targeted
against tcf3 (tcf3 MO) caused premature neurogenesis in the
progenitors of the spinal cord. Since Tcf3 functions as a tran-

scriptional repressor in the spinal cord, knock-down of fcf3 by
an MO induces the expression of several fcf3 target genes
including sox4a and sox11, which are normally repressed by
Tcf3 (Gribble et al., 2009). These data suggest that constitutive
repression of fcf3 target gene expression by a dominant-
repressor form of Tcf3 may inhibit normal neurogenesis in the
spinal cord. Since gliogenesis normally occurs after neuro-
genesis, we hypothesized that the inhibition of neurogenesis by
the constitutive repression of Tcf3 function may cause prema-
ture gliogenesis in spinal progenitors. To test this idea, a trans-
genic line, Tg(hsp70:tcf3-GFP), was used in which the N-
terminal domain of Tcf3 was replaced with green fluorescent
protein (GFP), thus eliminating the B-catenin-binding domain
and producing a dominant repressor form of Tcf3, called ATcf3.
This fusion gene was then placed under the control of the ze-
brafish hsp70 promoter for the conditional expression of ATcf3
by heat-shock induction (Lewis et al., 2004).

The expression of Sox10, a marker for the oligodendrocyte
lineage, which includes oligodendrocyte progenitor cells (OPCs)
(Park et al., 2002a; 2005), was first tested after the induction of
ATcf3 in Tg(hsp70:tcf3-GFP) embryos. Normally, OPC specifi-
cation begins at 36 h post fertilization (hpf), and thus there are
no Sox10" cells in the spinal cord of the wild-type embryo at 32
hpf (Fig. 1A) while Sox10 immunoreactivity can be observed at
48 hpf in the wild-type embryo (Fig. 1E). However, in the spinal
cord of Tg(hsp70:tcf3-GFP) embryos, heat-shocked at 24 hpf,
labeling with an anti-Sox10 antibody and an antibody against
Hu, a neuronal marker, at 32 hpf, revealed that ATcf3 expres-
sion can induce premature expression of Sox10 only in Hu
neural precursor cells near the midline ventricle (Figs. 1B and
1B’). Interestingly, heat-shock induction of ATcf3 at the postna-
tal stage did not induce Sox10 expression in Hu™ neural precur-
sors in the spinal cord (Figs. 1C-1D’). At 3.5 days post fertiliza-
tion (dpf), most of the Sox10* oligodendrocyte lineage cells
were located in the white matter of the spinal cord in wild-type
embryos (Fig. 1C, indicated by arrowheads) and in Tg(hsp70:
tcf3-GFP) embryos (Fig. 1D, arrowheads), and even though
tcf3-GFP was expressed in Hu™ precursor cells, Sox10 expres-
sion was not observed in the precursor zone (Fig. 1D’, brack-
eted area). Together, these data indicated that constitutive
repression of fcf3 target genes by ATcf3 induces premature
expression of Sox10, a marker for oligodendrocyte lineage cells,
in spinal precursor cells only during embryonic stages of devel-
opment.

Next, we investigated whether ectopically-induced Sox10*
cells can differentiate into mature oligodendrocytes. To test this,
the expression of olig2, a basic-helix-loop-helix transcription
factor required for oligodendrocyte development (Park et al.,
2002a; 2004), was examined in Sox10* cells induced by ATcf3.
Tg(hsp70:tcf3-GFP); Tg(olig2:egfo) zebrafish were generated by
mating Tg(hsp70:tcf3-GFP) fish with Tg(olig2:egfp) fish, which
express EGFP under the control of the olig2 promoter (Park et
al., 2004; Shin et al., 2003). In the spinal cord of Tg(olig2:egfp)
embryos, all Sox10* OPCs expressed olig2-EGFP (Fig. 1E,
arrows). However, in Tg(hsp70:tcf3-GFP),; Tg(olig2:egfp) em-
bryos, ventrally-located Sox10* cells were olig2-EGFP* (indi-
cated by arrows in Figs. 1F and 1F’), but most of the dorsally-
located Sox10* cells were EGFP" (indicated by arrowheads in
Figs. 1F and 1G). These data indicated that Sox10* cells, ec-
topically induced by ATcf3, did not induce olig2, which is re-
quired for oligodendrocyte development. Consistent with these
results, cells that expressed ATcf3-induced Sox10 failed to
express MBP, a marker for mature oligodendrocytes (Brosamle
and Halpern, 2002) (data not shown). Together, these results
indicated that Sox10* cells induced by ATcf3 failed to generate
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wt ATCF

Fig. 1. Expression of ATcf3 induces Sox10 ex-

32 hpf

3.5 dpf

pression in spinal cord neural precursors. All im-
ages are transverse sections of the spinal cord,
dorsal side up. (A-D’) Labeling of wild-type em-
bryos (A, C) and Tg(hsp70:tcf3-GFP) embryos (B,
B, D, and D) with anti-Hu (blue) and anti-Sox10
antibodies (red) to mark neurons and OPCs, re-
spectively, and with EGFP (green) representing
ATcf3 expression in Tg(hsp70:tcf3-GFP) embryos
(B, D’). White brackets indicate the Hu" precursor
zone near the ventricle of the spinal cord (D, D’).
Arrowheads indicate endogenous Sox10" OPCs
(C-D). (E-F") Labeling of Tg(olig2:egfp) (E) ana
Tg(olig2:egfo); Tg(hsp70:tcf3-gfip) embryos (F, F')
with anti-Sox10 antibody (red) and EGFP (green).
Arrows indicate endogenous Sox10°olig2” OPCs,
arrowheads indicate ectopically-induced Sox10*
olig2" cells (E-F’). Data were obtained from 20
sections from each of five control and five heat-
shocked transgenic embryos for each time point.

Sox10+Hu

Sox10+Hu+EGFP

Scale bar: 20 um.

ATCF;Tg(olig2:egfp)

Tg(olig2:egfp)

2 dpf

d493+01Lx0g

Sox10+EGFP

into mature oligodendrocytes.

Neural precursors stop proliferating and undergo
apoptotic cell death in response to ATcf3 expression
Since spinal precursor cells, expressing Sox10 induced ectopi-
cally by ATcf3, failed to differentiate into mature oligodendro-
cytes, the next step was to investigate the fate of neural precur-
sors following ATcf3 expression. To test the proliferation of
neural precursors after the induction of ATcf3 expression, ATcf3
was induced in Tg(hsp70:tcf3-GFP) embryos at 24 hpf, then the
embryos were treated with the thymidine analog BrdU, and
labeled with an anti-BrdU antibody at 27 hpf, 3 h after ATcf3
induction. In wild-type embryos, most of the precursor cells near
the ventricle of the spinal cord were BrdU" proliferating cells
(Fig. 2A); however, the spinal cord of ATcf3-expressing em-
bryos showed a dramatic reduction in the number of BrdU*
cells (Fig. 2B). Interestingly, although Sox10 immunoreactivity
started to appear in a few cells, there were no Sox10*, BrdU*
cells, suggesting that those cells capable of expressing Sox10
stop proliferating before Sox10 is expressed (Fig. 2B). BrdU
labeling at 32 hpf, 8 hours after ATcf3 induction, revealed only a
few BrdU* cells in ATcf3-expressing embryos, while most of the
cells in the precursor zone were Sox10*, BrdU', indicating that
ATcf3-expressing cells stop proliferating before expressing
Sox10 (Figs. 2C and 2D).

Next, we tested whether ATcf3 expression affected radial
glial precursors using a Zrf-1 antibody, a marker for radial glial

processes. In wild-type embryos, Zrf-1* radial glial processes
extended in an apical to basal orientation and approximately
four Sox10* OPCs per section were visible at 48 hpf (Fig. 2E).
The ATcf3-expressing embryos had increased numbers of
Sox10* cells but showed the expected number of radial glial
processes with normal morphology, indicating that ATcf3 ex-
pression does not affect radial glial precursor cells (Fig. 2F).
Since ATcf3-expressing cells stopped proliferating and ex-
pressed Sox10, but failed to differentiate into mature oligoden-
drocytes, a TUNEL staining assay was performed to test
whether ATcf3-expressing precursor cells undergo apoptotic
cell death. Only one or two TUNEL" cells were visible per sec-
tion of the spinal cord in wild-type embryos (Fig. 2G), while
ATcf3-expressing embryos had about three times the number
of TUNEL" cells in the precursor zone of the spinal cord, indi-
cating that precursors, which express Sox10 in response to
ATcf3, fail to differentiate into oligodendrocytes and finally un-
dergo apoptotic cell death (Fig. 2H).

ATcf3-induced Sox10 expression is independent of

Wnt signaling

Tcf3 is thought to be responsible for mediating the transcrip-
tional output of canonical Wnt signaling by acting as a transcrip-
tional activator upon binding with stabilized B-catenin. Since
ATcf3 functions as a dominant repressor form of Tcf3 and is
known to inhibit canonical Wnt signaling (Lewis et al., 2004),
next we investigated whether the induction of Sox10 expression
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Fig. 2. Spinal precursors stop proliferation and undergo apop-
totic cell death in response to ATcf3 expression. All images are
transverse sections of the spinal cord, dorsal side up. (A-D)
Double labeling of wild-type (A, C) and Tg(hsp70:tcf3-GFP)
embryos (B, D) with anti-BrdU (green) and anti-Sox10 (red)
antibodies. (E, F) Double labeling of wild-type (E) and Tg
(hsp70:tcf3-GFP) embryos (F) with anti-Zrf-1 (green) and anti-
Sox10 (red) antibodies. (G, H) TUNEL staining (red) of wild-type
(G) and Tg(hsp70:tcf3-GFP) embryos (H) to detect apoptotic cell
death. EGFP (green) indicates ATcf3 expression in response to
heat-shock (H). Arrowheads indicate TUNEL" cells (G, H). Data
were obtained from 20 sections from each of five control and
five heat-shocked transgenic embryos for each time point. Scale
bar: 20 um.

Fig. 3. Modulation of Wnt signaling

32 hpf

by ATcf3 is due to an alteration in Wnt signaling. To test this
idea, Sox10 expression was first investigated in the headless
(hdl) mutant, which has a mutation in the tcf3 gene and shows
a Tcf3 loss-of-function phenotype (Kim et al., 2000). Consistent
with this phenotype, no Sox10* cells were seen in the spinal
cord of the hdl mutant embryos (Fig. 3B). Finally, we tested
whether the inhibition of Wnt signaling could induce Sox10

Tg(hsp:axin2-egfp)

does not induce Sox10 expression. All
images are transverse sections of the
spinal cord, dorsal-side up. (A, B) Tg
(hsp70:tcf3-GFP) embryo (A) and head-
less mutant embryo (B) labeled with
anti-Sox10 antibody (red). (C) Labeling
of Tg(hsp:axin2-egfp) embryo with anti-
Sox10 antibody (red). EGFP (green)
expression represents Axin2-EGFP ex-
pression. Scale bar: 20 um.

d493+01X0S

expression in the spinal cord by generating Tg(hsp: axin2-egfp)
zebrafish that expressed Axin2, an inhibitor of Wnt signaling,
fused with EGFP under the control of the zebrafish heat-shock
70 promoter. Thus, the inducible expression of axin2 meant that
Wnt signaling could be inhibited conditionally. However, heat-
shock induction of axin2 in the Tg(hsp:axin2-egfp) embryo
failed to induce premature Sox10 expression in the spinal cord,
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suggesting that the induction of premature Sox10 expression
by ATcf3 occurs independently of Wnt signaling (Fig. 3C).

DISCUSSION

Previous study has shown that loss of Tcf3 function in response
to a Tcf3 MO induced premature neurogenesis in zebrafish
spinal precursors (Gribble et al., 2009). Since Tcf3 functions as
a transcriptional repressor, Tcf3 loss-of-function causes unre-
gulated constitutive activation of Tcf3 target genes, including
Sox4a. Therefore, these data indicate that correct regulation of
target gene expression by Tcf3 is required to regulate the timing
of neurogenesis such that neurons are generated at the appro-
priate time during embryogenesis. The present study has dem-
onstrated that expression of a dominant repressor form of Tcf3
(ATcf3) induced the expression of Sox10, a marker for oli-
godendrocyte lineage cells, in the neural precursors of zebraf-
ish spinal cord (Figs. 1A-1B’). The ATcf3-expressing spinal
precursors then stopped proliferating (Figs. 2A and 2B) and,
instead of differentiating into neurons, exhibited an oligoden-
droglial character by expressing Sox10. Consistent with the
function of ATcf3 as a dominant repressor form of Tcf3, ATcf3
expression constitutively inhibited the expression of Tcf3-target
genes required for neurogenesis, including Sox4a (Gribble et
al., 2009). These data suggested that, in addition to the regula-
tion of the timing of neurogenesis, the correct regulation of Tcf3
function is also required for the inhibition of oligodendroglial fate
specification and for the generation of glial cells at the appropri-
ate time during CNS development.

Although spinal precursor cells expressed Sox10 in response
to ATcf3, Sox10* cells failed to differentiate into mature oli-
godendrocytes (Fig. 2). Previously, it has been shown that
olig2-expressing neural precursor cells in the pMN domain of
the ventral spinal cord sequentially generate motor neurons and
oligodendrocytes. In particular, pMN precursor cells first gener-
ate motor neurons during neurogenesis, and later produce
OPCs after motor neuron formation is complete (Lu et al., 2002;
Park et al., 2002b; Zhou and Anderson, 2002). Interestingly, it
has been shown that a change from neurogenesis to oligoden-
drogenesis is mediated by an increase in the concentration of
Shh, indicating that the modulation of Shh concentration is cru-
cial for the switch of spinal precursor cells from the motor neu-
ron to OPC fate (Danesin et al., 2006). Therefore, we hypothe-
sized that the failure of ATcf3-induced Sox10* cells to differenti-
ate into mature oligodendrocytes is due to a deficiency in the
amount of Shh. Consequently, the lack of a differentiation factor
might cause premature Sox10" cells to undergo apoptotic cell
death (Figs. 2G and 2H).

In canonical Wnt signaling, Tcf3 functions as a repressor of
Wnt target gene expression and as an activator upon binding
with B-catenin. The expression of ATcf3 inhibited Wnt signaling
since the B-catenin-binding site of ATcf3, which is required to
change the transcriptional repressor form of Tcf3 into an activa-
tor, was replaced with GFP (Lewis et al., 2004). A previous
study demonstrated that Wnt signaling, mediated by Tcf3, regu-
lated the proliferation but not patterning of spinal precursor cells
(Bonner et al., 2008). Consistent with this function of Tcf3 in
Wnt signaling, in the current study, the number of BrdU* cells
decreased dramatically in response to ATcf3 (Figs. 2A and 2B),
implying that ATcf3 expression inhibited spinal precursor prolif-
eration. However, the inhibition of Wnt signaling by Axin2 did
not induce Sox10 expression in spinal cord precursors (Fig. 3C),
suggesting that the induction of Sox10 by ATcf3 occurs inde-
pendently of canonical Wnt signaling. These results are consis-
tent with a previous report demonstrating that Tcf3 function in

the inhibition of spinal cord neurogenesis was mediated inde-
pendently of canonical Wnt signaling (Gribble et al., 2009).
Collectively, these results show a novel function for Tcf3 in
regulating the timing of oligodendroglial fate specification in the
spinal cord.
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