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ABSTRACT

Radial glia cells are the first distinguishable glial population derived from neural
epithelial cells and serve as guides for migrating neurons and as neural progenitor cells
in the developing brain. Despite their functional importance during neural development,
the determination and differentiation of these cells remains poorly understood at the
molecular level. Ets-1 and Ets-2, Ets (E26 transformation-specific) transcription factors, are
vertebrate homologues of Drosophila pointed, which is expressed in a subset of glia cells
and promotes different aspects of Drosophila glia cell differentiation. However, it remains
unsolved that the function of Ets genes is conserved in vertebrate glia development.
Here we report that Ets-1 but not Ets-2 is necessary for Xenopus radial glia formation
and the activity of Ets-1 is sufficient for radial glia formation prior to neural tube closure.
Furthermore, we show that Ras-MAPK (mitogen activated protein kinase) signaling, which
acts as an upstream activator of Ets-1 in other biological processes, also regulates radial
glia formation. A mutant form of Ets-1, which is not responsive to RassMAPK signaling,
inhibits radial glia formation promoted by Ras-MAPK signaling. Together, our results
show that Ets-1 activated by Ras-MAPK signaling promotes radial glia formation during
Xenopus embryogenesis.

INTRODUCTION

In the developing central nervous system (CNS), most neurons and glia are generated
from common neuroepithelial progenitor cells in the ventricular zone.!"> Radial glia cells
are the first glial population that can be distinguished from neuroepithelial cells and are
identifiable by morphological and molecular characteristics. They contain a long basal
process that extends from the cell body in the ventricular zone through the parenchyma
toward the brain surface,3 have endfeet on blood vessels, express glial specific intermediate
filaments and contain glycogen granules.*> These latter features are shared with cells of
the astrocytic lineage. Radial glia cells also express Nestin, RC2, vimentin, glial fibrillary
acidic protein (GFAP) and astrocyte-specific glutamate transporter (GLAST)®7 in
common with neuroepithelial cells and astrocytes. In mammals, radial glia cells are
observed at early stages of neural tube formation and exist only in the developing CNS.%?
While Xenopus radial glia cells are also initially detected during the period of neural tube
formation, they persist throughout life.!0-12

Radial glia in the developing CNS have been shown to guide neuronal migration
and to serve as progenitor cells.”#15-2 Importantly, abnormalities in radial glia have been
implicated in several distinct human syndromes in which patients often present with
epilepsy and mental retardation?! and radial glia have also been suggested as a candidate
cancer stem cell for ependymoma.?? Therefore, the molecular characterization of radial
glia development is important for understanding the mechanisms of normal neural
development as well as a number of neuropathological disorders.

The Ets transcription factor family is characterized by a variant of the winged
helix-turn-helix DNA binding motif which recognizes a conserved GGA core sequence.
Ets factors are important regulators of development in both invertebrates and
vertebrates.?>?” In Drosophila, the pointed gene, an Ets transcription factor, produces
two isoforms (P1 and P2) by alternative splicing and directs glia cell differentiation.?8-2
In the embryonic CNS, pointedP1 is expressed by lateral glia cells whereas pointedP2
is expressed by midline glia cells.”® In addition to differential expression, these two
pointed proteins, P1 and P2, differ with respect to the responsiveness to Ras-MAPK
signaling. While pointedP1 behaves as a constitutive activator, pointedP2 seems to
be activated by the downstream effecters of Sevenless such as D-Rasl or ERK-A.3°
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Indeed, pointedP2 is directly phosphorylated by ERK-A on threo-
nine 151 in the pointed domain in vitro.?%3! The closest vertebrate
homologues of pointed gene are Ets-1 and Ets-2 genes?®323% and
the functions of these Ets genes are conserved between vertebrates
and Drosophila.34 pointedP2 efficiently binds to an optimized
Ets-binding site and transactivates Ets-1/Ets-2 responsive elements
in vertebrate cells. Chicken Ets-1 or Ets-2 is capable of rescuing the
Drosophila pointed mutant phenotype in midline glia development.
Interestingly, the phosphorylation of the threonine residue
homologous to pointedP2 threonine 151 also appears essential for
the transactivating function of Ets-l and Ets-2 by the Ras-MAPK
signal 3> Ets-1 and Ets-2 are widely expressed in many tissues,
including the developing nervous system, during murine embryo-
genesis.’® Ets-1 deficient mice contain decreased the numbers of
splenic Natural Killer (NK) cells and displayed severely reduced or
absent NK cell function.?? In contrast, Ets-2 deficient mice are lethal
before day 8.5 of embryonic development due to defective tropho-
blast function.“C However, the function of vertebrate Ets genes in
radial glia formation still remains unclear.

Here we show that the function of Ets-1 but not Ets-2 is involved
in Xenopus radial glia formation. The activation of Ets-1 is sufficient
for radial glia formation prior to neural tube closure when radial
glia cells appear as reported previously.!"!? Loss-of-function studies
by antisense Morpholino Oligonucleotides against Ets genes and a
dominant negative form of Ets-1 indicate that only Ets-1 is necessary
for radial glia formation. Mutation of threonine 36 of Ets-1, a known
target of phosphorylation by Ras-MAPK signaling in other systems,
leads to the inhibition of radial glia formation. A constitutively active
form of MAPK kinase leads to an increase in the number of radial
glia processes and this effect can be reduced by co-injection of this
mutant Ets-1. This suggests that Ets-1 is a downstream mediator
of Ras-MAPK signaling during radial glia formation. Together, our
results suggest that Ets-1 directly regulates radial glia formation as
a downstream mediator of Ras-MAPK signaling during Xenopus
embryogenesis.

MATERIALS AND METHODS

Embryo manipulations. Unfertilized eggs were obtained by
subcutaneous injection of gonadotropic hormone (Sigma) into
Xenopus laevis females. Eggs were artificially fertilized by using testis
homogenate and chemically de-jellied with 3% cysteine-hydro-
chloride solution (pH 8.0) and cultivated in 0.1x Marc’s Modified
Ringer’s solution (MMR). 4! Embryos were staged according to
Nieuwkoop and Faber.#?

DNA constructs. Xenopus Ets-1 (clone ID: X1.200e22) were
provided by Dr. Ueno, National Institute for Basic Biology (NIBB)
and Ets-2 (IMAGE ID: 6631306) cDNAs were purchased from
Open Biosystems. To produce Ets1-GR and Ets2-GR constructs,
the human glucocorticoid receptor ligand binding domain (gift
from Dr. Sive) was subcloned into the Xhol and Xbal sites of
pCS2+% using PCR with the primers: 5'-GGCGCCGCTCGA
GCCTCTGAAAATCCTGGT-3' and 5'-GGCGGGCATCTAGA
ACTTTTGATGAAAC-3' (pCS2+GR), then cDNA of Ets-1 or
Ets-2 was subcloned into Clal and Xhol sites of pCS2+GR using
PCR with the primers: 5'-ATTTAGGTGACACTATA-3' (SP6) and
5'-GAATCTCGAGATTCATCAGTGTCTGGTT-3"'
(EtsIGR-D), or 5-GAATCTCGAGATTCGTCTGTGTCGGGC
T-3" (Ets2GR-D), respectively. To create dn-Ets1-GR construct,
cDNA of Ets-1 was subcloned into EcoRI and Xhol sites of
pCS2+MT  (with myc-tag) using PCR with the
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primers: 5'-CTGAATTCAGACTATGTAAGGGAC-3'
and 5'-GGATCTCGAGATCCCAGAAGACTTTG-3',
then the GR domain was subcloned into Xhol and Xbal. To
generate  the pCS2+HAEts1-GRAATG  (Ews1-GRAATG
in text) and pCS2+HAEts2-GR_AATG (Ets2-
GRAATG in text) constructs, the coding sequence of Ets-1
or Ets-2 lacking the translation initiation site was subcloned
into the Clal and Xhol sites of pCS2+GR by PCR with the
primers: 5'-GGTAATCGATTACCGACATTAAGCATCA-3' and
Ets1GR-D, or 5'-CGAAATCGATTTCGAAACATGGACCAAG-3'
and Ets2GR-D. The QuikChange Site-Directed Mutagenesis
Kit II (Stratagene) was used to create pCS2+Ets1-GRT36A
(Ets1-GRT36A  in  text), using the following primers:
5'-GTCCCGCTTCTGGCACCCAGTAGTAAAG-3' and
5'-CTTTACTACTGGGTGCCAGAAGCGGGAC-3', and
pCS2+Ets1-GR as a template. The EcoRI/HindIIl fragment of
¢DNA vimentinl (IMAGE ID: 4888155), which was purchased
from Open Biosystems, was subcloned into the same sites of pBlue-
scriptKS+ (Stratagene). nrpla ¢cDNA (IMAGE ID: 6944933) was
also obtained from Open Biosystems. pSP64TdnRas (dn-Ras in text,
gift from Dr. Whitman) and pSP64T SESEMAPKK (at-MAPKK in
text, gift from Dr. Gotoh) have been described previously. 444>
Microinjection of synthetic RNA and morpholino antisense
oligonucleotides. Capped synthetic mRNAs were generated by
in vitro transcription with SP6 polymerase, using the mMessage
mMachine kit (Ambion, Inc.) as described by the manufacture’s
instructions. Antisense Morpholino Oligonucleotides (MOs) were
designed and produced by Gene Tools, LLC. EtsIMO and Ets2MO
were designed to target the following sequences: 5'-GATCTAGC
GCAGCTTTCATGGCT-3' (For Ets-la), 5'-TTAAGGTCTAGT
GCAGCTTTCATG-3" (For Ets-1b) and 5'-ATTCCAAACTCTG
TCATTGGCCCTG-3' (For Ets-2a and Ets-2b), respectively. The
control Morpholino Oligonucleotides (ConMO) has the following
sequences: 5'-CCTCTTACCTCAGTTACAATTTATA-3'". For
microinjections, 8-cell stage embryos were transferred to 3% Ficoll
400 in 0.1x MMR and injected with 5-10 nl of the specified
amount of RNA and/or MO. After an hour of injection, embryos
were transferred into 0.1x MMR and cultured until the desired
stage. For the activation of GR-fused protein, dexamethasone
(DEX: final concentration 10 uM) was added to the medium.
DEX was added at stage 18 except where indicated in the figures.
[-Galactosidase staining and whole-mount in situ hybridiza-
tion. Embryos were fixed with MEMFA [0.1 M MOPS, 2 mM
EGTA (pH 8.0), 1 mM MgSO,, and 3.7% formaldehyde] for
15 minutes, followed by washing in phosphate-buffered saline
(PBS) twice. Then, galactosidase activity was visualized with the
RedGal substrate (Research Organics) in 5 mM Kj;[Fe(CN)],
5 mM K,[Fe(CN),], 2 mM MgCl,/ PBS. After staining, embryos
were re-fixed with MEMFA for several hours. Whole-mount in
situ hybridization was performed essentially as described“®47 using
DIG (Digoxigenin, Roche Applied Science)-labeled or Fluorescein
(Roche Applied Science)-labeled antisense RNA probes and BCIP
or BM purple (Roche Applied Science) for chromogenic reaction.
Following chromogenic reaction, pigmented embryos were bleached
with 10% H,O, in methanol for several days. After whole mount
in situ hybridization, embryos were re-fixed in 4% paraformal-
dehyde overnight at 4°C and embedded in 3% agarose. One-hundred
micrometer sections were prepared on a microtome.
Immunohistochemistry. RNA or MO was co-injected with
green fluorescent protein (GFP) RNA (gift from Drs. Chang and
Habas) into one dorsal-animal blastomere of Xenopus embryos at
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Figure 1. The expression profiles of Ets-1, Ets-2 and radial glia marker, vimentin in Xenopus hindbrain. (A-l) The expressions of Ets-1 (A-C), Ets-2 (D-F),
and vimentin (G-) in Xenopus embryos were shown. All pictures of whole embryos are dorsal views, anterior toward left. (A, D, G) stage 17, late neurula.
(B, E and H) stage 25, early tailbud. (C, F and I} stage30, tailbud. (a—f) transversal section cut at the level of prospective hindbrain or hindbrain in (A-F),
respectively. Sections were prepared from double whole mount in situ hybridization with Ets-1 or Ets-2 (purple) and vimentin (turquoise blue). Arrow heads
in (o-f) indicated the overlapping expression of Ets-1 or Ets-2 and vimentin. a, anterior; p, posterior; e, eye; hb, hindbrain. The original figure contains

color pictures.

8-cell stage and embryos, in whose hindbrain GFP was observed,
were used for further analysis. Brains isolated from those embryos
were fixed with 2% paraformaldehyde in PBS (pH 7.4) for 15
minutes on ice. After rinsing with PBS several times, they were
immersed in 30% sucrose in PBS, embedded in Tissue Freezing
Medium (Triangle Biomedical Sciences, Inc.) and 16 um sections
were prepared on a cryostat at -19 °C. The cryosections were blocked
in PBS with 5% goat serum and 0.3% Triton X-100 for one hour
to prevent non-specific staining. After incubation with vimentin
14h7 monoclonal antibody (The Developmental Studies Hybridoma
Bank, University of Iowa) and Xenopus intermediate filament
protein 3 (XIF3) polyclonal antibody (gift from Dr. Szaro)'? or GFAP
polyclonal antibody (DAKO) overnight at 4°C, the sections were
washed three times in PBS with 0.3% Triton X-100 for 15 minutes
each. After treatment with a Texas red-labeled F(ab), fragment of
goat anti-mouse IgG and FITC-labeled F(ab), fragment of goat
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) for
an additional one hour, the sections were washed three times in PBS,
for 10 minutes each time. The sections were mounted with
GEL/MOUNT™ (Biomedia), and observed on a Leica confocal
laser microscopy. We could not observe GFP in the sections after
immunostaining. For statistic analysis, data were obtained from
12 sections (three samples each from four animals), stained by anti-
vimentin antibody, per each injection experiment. To compare the
means of the ratio of radial processes, one-way ANOVA (analysis
of variance) was used for statistic analysis and the Newman-Keuls
test was followed.

Immunoblotting. Immunoblotting was performed with anti-
Ets-1 antibody (N-276), anti-Ets-1/-2 antibody (C-275), anti-GR
antibody (P-20) or anti-o-tubulin antibody (H-300) (Santa Cruz
Biotechnology, Inc.) as a primary antibody and HRP-conjugated
goat anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Inc.) as
a secondary antibody. Embryonic lysates were prepared from
10 embryos for each experiment in 200 ul of 10 mM sodium
phosphate pH 7.5, 135 mM KCI, 0.1% Triton X-100, 1 mM DTT,
1 mg/ml Leupeptin, 0.1 mM PMSE, and 5 mM MgCl,.

RESULTS
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Ets-1 and Ets-2 are expressed in the central nervous system.
While pointed promotes glia differentiation in Drosophila,82?
Ets-1 and Ets-2, vertebrate homologues of pointed, have not been
previously shown to be involved in radial glia formation. To deter-
mine the possible roles of Ets-1 and Ets-2 in Xenopus radial glia
formation, we examined the expression of Ets-1, Ets-2 and the
radial glial marker, vimentin, at different developmental stages by
whole-mount in situ hybridization. The expression of vimentin
protein, an intermediate filament protein, is first found in radial glia
cells at the time of neural tube closure (st. 19) and is also detected
in other tissues such as optic vesicle and mesenchymal cells of the
somites and head at later stages during Xenopus embryogenesis.'!
Previous data reported that Xenopus Ets-1 and Ets-2 were mater-
nally expressed and their transcripts were localized to the animal
pole and the intermediate zone during early embryogenesis.*3 At late
neurula stage (st. 17), Ets-1 was expressed in neural crest and the
lateral edge of neural plate at the level of prospective hindbrain, and
Ets-2 was broadly expressed in the neural plate (Fig. 1A and D).
The expression of vimentin was observed as two stripes on both
sides of midline in neural plate (Fig. 1G). To examine the co-
localization of Ets-1 or Ets-2 and vimentin, we performed double
whole mount in situ hybridization and embryos were transversally
sectioned at the level of prospective hindbrain (Fig. la and d).
The expression of Ets-1 or Ets-2 overlapped with lateral or inferior
edge of vimentin expression indicated by arrow heads in (Fig. la
and d), respectively. At early tailbud stage (st. 25), both Ets-1 and
Ets-2 expression were found in the CNS (Fig. 1B and E). At the level
of hindbrain, Ets-1 was expressed in the inferior edge of neural tube
and Ets-2 overlapped with vimentin expression in the neural tube
(indicated by arrow heads in Fig. 1b and e). At late tailbud stages
(st. 30), Ets-1 and Ets-2 were still expressed in the CNS (Fig. 1C
and F). At the level of hindbrain, Ets-1 was expressed in lateral and
inferior edge of neural tube while the expression of Ets-2 overlapped
with that of vimentin (indicated by arrow heads in Fig. 1c and f).
These results suggest that Ets-1 may play a spatially and temporally
limited role in the formation of radial glia cells while the expression
of Ets-2 is more broadly consistent as a candidate for regulating radial
glia formation during Xenopus embryogenesis.
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Figure 2. The activities of Ets-1 and Ets-2 are sufficient for promoting radial glia formation prior to neural tube closure. (A) DNA constructs used in this
paper. PNT, pointed domain; ETS, Ets-DNA-binding domain; hGR, human glucocorticoid receptor ligand binding domain; MT, myc-tag. (B) nucf-Gal (nuclear
B-Galactosidase)-injected stage 42 Xenopus hindbrain stained by anti-vimentin antibody. All of the high magnification images presented in this paper were
taken from a similar part surrounded by a white square in this panel. Scale bar: 100 um. (C) High magnification view of the hindbrain indicated in (B).
Arrow heads indicates a radial process, which can be traced from the ventricular zone to the brain surface. (D and E) High magnification images of the
injected and uninjected side of the hindbrain stained by anti-vimentin antibody in 100 pg Ets1-GR-injected (D) and 100 pg Ets2-GR-injected (E) embryos with
DEX treatment at stage 18. Scale bar: 25 um. (F and H) The ratio of radial processes (RP,;.) between the injected and uninjected side of the same hind-
brain. Gray bars or white bars indicate with DEX treatment or without DEX treatment, respectively. The numbers of X-axis indicate the developmental stages
when DEX was added. *p < 0.001 compared with the ration of Ets1-GR-injected (F) or Ets2-GR-injected (H) embryos without DEX treatment, respectively.
Each value represents the average of 12 independent measurements. (G and I) The expression of Ets1-GR and Ets2-GR proteins without DEX at 18, 20
and 22. The level of tubulin protein was used for the normalization of samples. The original figure contains color pictures.

Overexpression of Ets-1 and Ets-2 promotes radial glia
formation in Xenopus hindbrain. To examine whether Ets-1 and
Ets-2 regulates radial glia formation during Xenopus embryogenesis,
we generated hormone-inducible forms of Ets-1 (Ets1-GR) and
Ets-2 (Ets2-GR), which are fused to the human glucocorticoid
receptor ligand binding domain (GR) (Fig. 2A). The activity of
these transcription factors can be regulated temporally by the
addition of dexamethasone (DEX).4° Preliminary studies revealed
that radial glia cells could be induced through stage 18 while
similar treatments at later stages had no discernable effect on glial
cell numbers (Kiyota et al.,, unpublished data). We therefore
sought to determine the ability of Ets-1 and Ets-2 to effect radial
glial formation as well as whether this effect was temporally
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controlled. In vitro synthesized RNA encoding Etsl-GR or
Ets2-GR was injected into one dorsal-animal blastomere of 8-cell
stage embryos, which was fated to differentiate into the brain,>°
and DEX was added at several different developmental stages.
Embryos injected with Ets1-GR or Ets2-GR were cultured until
tadpole stage (st. 42), and brains were isolated manually and fixed.
Cryosections were prepared and examined by immunostaining with
anti-vimentin antibody, and the number of radial processes in the
hindbrain was evaluated. We focused on radial glia in the hindbrain
at stage 42 (Fig. 2B), as they were well-characterized in a previous
study’! and the expression of Ets-1 and Ets-2 overlapped with
vimentin expression in the prospective hindbrain at stage 17 and
25 (Fig. 1). As the cell body of each radial glia cell has one radial
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process,'®1? all vimentin positive radial processes were counted on

both the injected and uninjected control half of the hindbrain for
each brain section imaged by confocal microscopy. We limited the
analysis to radial processes in the image which could be traced from
the ventricular zone (the upper side in Fig. 2C) to the brain surface
(the lower side of Fig. 2C) while processes which could not be
completely traced were excluded. To quantitatively compare different
treatments, we determined the ratio of radial processes (RP_ . )
which is defined as the average ratio of fully traced radial processes on
the injected side divided by the number of fully traced processes
observed on the uninjected side of the brain. Each value represents
the average of 12 independent measurements (three sections each
from four animals). Figure 2D and E shows part of the hindbrain
of an Etsl-GR-injected or Ets2-GR-injected embryo following
DEX treatment at stage 18. The injected side of radial processes
was increased by Etsl-GR or Ets2-GR in comparison with the
uninjected side, respectively. As shown in Figure 2F and H,
overexpression of Ets-1 or Ets-2 could increase the ratio of radial
processes when embryos were treated with DEX prior to neural
tube closure (st.18) by about 40%. As controls, the protein levels
of Ets1-GR and Ets2-GR at stage 18, 20 and 22 were confirmed by
immunoblotting with anti-GR antibody (Fig. 2G and I) and DEX
itself did not affect radial glia formation (data not shown). These
data demonstrate that the activities of both Ets genes are sufficient
for radial glia formation prior to neural tube closure and coincided
with the period when radial glia cells appear during Xenopus
embryogenesis as reported previously.!!>12

Ets-1 is required for radial glia formation in Xenopus
hind-brain. To test whether Ets genes are required for radial glia
formation, loss-of-function studies were performed with Morpholino
Oligonucleotides (MO), which bind to the translation initiation
site of targeted transcripts and inhibits protein translation. Thus the
overall levels of endogenous targeted protein are decreased as newly
synthesized protein production is blocked.>? To confirm the efficacy
of morpholino oligonucleotides targeted against Ets-1 (Ets1IMO)
and Ets-2 (Ets2MO), we performed immunoblotting analysis on
embryonic extracts following microinjection of either EtsIMO or
Ets2MO using either anti-Ets-1 antibody or anti-Ets-1/-2 antibody
which recognizes both Ets-1 and Ets-2 proteins (Fig. 3A). EtsIMO
or Ets2MO was injected into all four blastomeres of four cell stage
embryos and embryonic lysates prepared at stage 18. EtsIMO or
Ets2MO reduced the level of endogenous Ets proteins significantly,
while Control MO (ConMO), which targets a human p-globin
intron mutation and doesn’t recognize Xenopus Ets transcripts,
had no effect on the level of Ets proteins (Fig. 3A). To assess the
effect of Ets loss of function on radial glia formation, EtsIMO,
Ets2MO or ConMO was injected into one dorsal-animal blastomere
of 8-cell stage embryos and the ratio of radial processes (RP_ . )
was determined as described above. Injection of EtsIMO and
Ets2MO but not ConMO reduced the number of radial processes in
the injected side of the hindbrain at stage 42 (Fig. 3B-D’). The ratio
of radial process (RP_ . ) in EtsIMO-injected or Ets2MO-injected
embryos was determined using the number of vimentin-positive
radial glia processes and was 0.62 (p < 0.001) or 0.58 (p < 0.001),
respectively (Fig. 3G). Importantly, visual inspection of the injected
versus uninjected side in Figure 3C, C’, D and D’ suggests a
significantly greater effect of these constructs on radial process
formation. This is due to a non homogeneous level of the injected
MO within the hindbrain which leads to an underestimation of the
effect on radial process formation when the entire hindbrain region
is used to calculate the ratio of radial processes. As the obtained
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values are statistically significant, the inclusion of the entire hind-
brain region avoided the difficulties which might arise in a subjective
selection of any sub region of the brain for further analysis.
In contrast, EtsIMO injection into the prospective trunk region
did not change the number of radial glia processes in the spinal
cord (RP_. = 1.02) (Fig. 3D), as Ets-1 is not expressed in the
trunk region at stage 17 (Fig. 1A). To examine the specificity of
loss-function experiments, we mutated Ets1-GR (Ets1-GRAATG)
or Ets2-GR (Ets2-GRAATG), and replaced the translation
initiation site with sequences encoding the hemaglutanin (HA)
epitope tag and which would no longer be recognized by MO. RNA
encoding these tagged constructs was co-injected with EtsIMO or
Ets2MO respectively and DEX was added soon after the injection
(st.5) or prior to neural tube closure (st.18). Radial process numbers
were restored to near untreated levels by co-injection of Etsl-
GRAATG and DEX activation at both stage 5 (RP_. = 0.86,
p < 0.001) and stage 18 (RP_ . =0.98, p < 0.001) (Fig. 3E and G).
In addition, EtsIMO-injection into the prospective trunk region
did not change radial process numbers in the spinal cord (RP_ .
= 1.02, Fig. 3G).In contrast, co-injection of Ets2-GRAATG was
able to restore the RP_ . to near untreated levels when DEX was
added at stage 5 (RP_, = 0.93, p < 0.001) while having no effect at
stage 18 (Fig. 3F and G). These results demonstrate that Ets-1
is directly required for radial glia formation and suggest that the
depletion of Ets-2 inhibited radial glia formation secondarily.

The activity of Ets-1 is required for radial glia formation prior
to neural tube closure. To verify whether the activity of Ets-1 is
required for radial glia formation prior to neural tube closure, we
generated a hormone inducible dominant-negative form of Ets-1
(dn-Ets1-GR), which includes only the Ets-DNA-binding domain®3
(Fig. 2A). This dominant negative Ets1-GR, sharing 87.6% similarity
with the homologous domain of Ets-2, can also inhibit the activity of
Ets-2 (data not shown). Synthetic RNA of dn-Ets1-GR was injected
into one dorsal-animal blastomere of 8-cell stage embryos and
DEX was added at stage 18. Injected embryos were cultured until
tadpole stage (st.42), and immunostaining with anti-vimentin and
anti-XIF3 antibodies was performed. The injection of dn-Ets1-GR
reduced the number of radial processes in the injected side of the
hindbrain (compare the injected and uninjected side in Fig. 3H) and
the ratio of radial process number (RP_ . ) for dn-Ets1-GR-injected
embryos was 0.50 (p < 0.001) (Fig. 3]). To demonstrate specificity
in this loss-of-function study, both the dominant negative Ets1-GR
constructs and Ets1-GR or Ets2-GR were coinjected and treated
with DEX at stage 18. Following culture to stage 42, the number
of radial processes was determined as before. As shown in Figure
3land ] and quantified in Figure 3K, Ets-1 (RP_ . =0.97, p <0.001)
but not Ets-2 (RP_ .= 0.45) could restore the number of radial
process to near untreated control levels. These results indicate that
Ets-1 but not Ets-2 is required for radial glia formation at the time
when radial glial cells appear during Xenopus embryogenesis.!!>12

The depletion of Ets-2 but not Ets-1 affected early neural
development. As noted above, the ability to rescue the Ets2MO
phenotype was dependent on the time of Ets-2GR activation and
was distinct from the results obtained for Ets-1. To examine more
closely this potential temporal control, co-injection of Ets2MO
and Ets2-GRAATG was performed followed by DEX addition at
different stages (Fig. 4A). The ratio of radial processes (RP_ . )
was calculated as described above. The reduction of radial process
number by Ets2MO was only rescued by Ets2-GRAATG when
DEX was added prior to early neurula stage (st.14) but not at later
stages (Fig. 4A), suggesting that the depletion of Ets-2 affected early
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neural development rather than radial glia formation. As Ets-2 is
weakly expressed in the part of the neural plate and in neural crest
at stage 12 (Fig. 4C), we performed loss-of-function studies using
Ets2MO at an early developmental stage. To assess the hypothesis
that the observed effects of Ets-2 correspond to defects in neural
tissue formation, Ets2MO, EtsIMO or ConMO were injected
into one dorsal-animal blastomere of 8-cell stage embryos and
the expression of nrpl, a pan-neural marker,’* was examined by
whole-mount in situ hybridization. As predicted, the expression
of nrpl was inhibited by Ets2MO but not EtsIMO and ConMO
(Fig. 4D-F). As a control, we confirmed that the level of both
endogenous Ets proteins are significantly reduced at stage 14
(Fig. 4G). These data support that Ets-2 affects early neural
development and is not directly involved in radial glia formation.
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Ras-MAPK signaling is upstream of Ets-1 during radial glia
formation. In other biological processes, Ets-1 is phosphorylated
and activated by Ras-MAPK signaling.>>>> We therefore tested
whether Ras-MAPK signaling was also involved in the process of
radial glia formation. We used a constitutive active form of MAPKK
(at-MAPKK)# for gain-of-function studies which we predicted
would increase the number of radial glia processes and a dominant
negative form of Ras (dn-Ras)# for loss-of-function study that we
predicted would decrease radial glia process numbers. All injections
and analysis were performed as previously described. As expected,
the number of radial processes was reduced in the dn-Ras-injected
side of the hindbrain when compared with the uninjected side
(Fig. 5A and A’), and the ratio of radial process number (RP_ . )
was 0.61 (p < 0.001) (Fig. 5F). In contrast, injection of at-MAPKK
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contains color pictures.

increased the number of radial processes in the injected side of the
hindbrain when compared with the uninjected side (Fig. 5B) and
the ratio of radial process number (RP_ . ) in at--MAPKK-injected
embryos was 1.35 (p < 0.001) (Fig. 5F). Furthermore, co-injection
with at-MAPK restored the number of observed radial processes
and RP . in dn-Ras-injected embryos to levels found in untreated
hindbrain (Fig. 5C and F). These results suggest that Ras-MAPK
signaling is both necessary and sufficient for radial glia formation.

Previous studies not only predicted the involvement of
Ras-MAPK signaling in radial glia formation through Ets-1, these
studies suggested that threonine 36 would play a critical and essential
role during Ets-1 mediated radial glia formation.?®> To address this
possibility, we prepared a mutant Ets1-GR (Ets1-GRT36A) whose
threonine in the position 36 was changed to alanine (Fig. 2A).
Synthesized RNA of Ets1-GRT36A was injected and analyzed as
described above. The number of radial processes in Etsl-
GRT36A-injected hindbrain was reduced when compared with the
uninjected side (Fig. 5D) and the ratio of radial process number
(RP_.)) was 0.73 (p < 0.001) (Fig. 5F), indicating 36-threonine
of Ets-1 is crucial for the function of Ets-1 in radial glia formation
and that loss of this critical residue is inhibitory. We co-injected
at-MAPKK with Ets1-GRT36A and the number of radial processes
was determined as described above. The increase of RP_. by
at-MAPKK itself (RP_ . =1.35, p <0.001) was reduced to 0.81
(p < 0.001) by co-injection of Ets1-GRT36A (Fig. 5E and F).
Therefore, the effect of radial glia formation observed in at--MAP-
KK-injected embryos seems not to be secondary to mesoderm
induction by at-MAPKK at early developmental stage. All together,
our results suggest that Ets-1 is a downstream effector of Ras-MAPK
signaling and promotes radial glia formation.

DISCUSSION
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In the developing CNS, radial glia cells function as scaffolding
cells for neuronal migraltion,13’14 and as progenitor cells for neurons
and glia cells.”»®15-20 While pointed, an Ets transcription factor,
is required for glia cell differentiation in Drosophila,zs’29 the
function of vertebrate homologues of pointed, Ets-1 and Ets-2,
in vertebrate radial glia formation remains poorly understood.
We have demonstrated that the overexpression of Ets-1 or Ets-2
increases the number of radial processes in the hindbrain and that
either activity is sufficient for radial glia formation prior to neural
tube closure during Xenopus embryonic development. In contrast,
although Morpholino Oligonucleotides (MO) against Ets-1 and
Ets-2 both inhibited radial glia formation, the reduction of radial
processes by Ets1-MO could be rescued by mutant Ets-1 activated
at stage 18 while rescue of the Ets-2-MO injected embryos required
the activation of Ets-2 by stage 14. In addition, the inhibition
of radial glia formation by a dominant negative form of Ets-1, which
can inhibit the activity of both Ets-1 and Ets-2, was rescued by
only co-injection of Ets-1. These results have shown that Ets-1 but
not Ets-2 regulates radial glia formation, suggesting that Ets-2 affects
radial glia formation indirectly. In fact, the formation of neural
tissues from neural ectoderm represented by nrpl expression was
inhibited by MO against Ets-2 but not Ets-1 (Fig. 4). These data
support that the function of Ets-2 has an effect on early neural
development and Ets-2 indirectly regulates radial glia formation.
However, it is not known how Ets-2 affects the expression of
nrpl and neural development, while previous studies showed that
Ets-2 plays an essential role in mesoderm patterning during early
Xenopus development.’® The further analysis is necessary to
investigate the function of Ets-2 during neural development.

Radial glia appear right after neural tube closure during Xenopus
embryogenesis' 12 and we have shown that the activity of Ets-1
is required for radial glia formation prior to neural tube closure
(Figs. 2 and 3). This indicates that Ets-1 may play a significant role
in the process of radial glia cell fate determination. On the other
hand, the expression of Ets-1 at late neurula stage overlaps with
the lateral edge of vimentin expression in the prospective hindbrain
but not other region of the central nervous system (Fig. 1 and data
not shown). Thus, Ets-1 may be involved in radial glia cell fate
determination in a limited region of developing Xenopus hind-
brain. Interestingly, all radial glia cells in mammalian brain are
not homogeneous, as evidenced by the expression of Pax-6 in
radial glia of the developing cortex but not of the basal telence-
phalon.>” Xenopus radial glia cells may also have heterogeneous
characteristics and Ets-1 may regulate the cell fate determination
of some sort of radial glia cells. While Ets-1 is also expressed in
the inferior or lateral edge of neural tube at stage 25 or 30 and
share borders with vimentin expression (Fig. 1), it remains unresolved
whether Ets-1 is involved in radial glia development in hindbrain at
later stages.

Ets-1 is phosphorylated at threonine 38, which is identical to
Xenopus Ets-1 threonine 36, and activated by Ras-MAPK signaling
to activate the transcription of downstream target genes.>” Our
data have shown that changing the threonine 36 to alanine in
Ets-1 inhibits radial glia formation, suggesting that the phosphory-
lation of this threonine residue must be important for activating
Ets-1 in radial glia formation. Consistent with the role of Ets-1
and the importance of threonine 36, we have shown that a
dominant negative form of Ras inhibits radial glia formation and
a constitutive active form of MAPK kinase (MAPKK) increases
the number of radial processes. This enhancement of radial glia

99



at-MAPKK /
Ets1-GRT36A/+DEX Ets1-GRT36A/+DEX
inj. uninj. inj. uninj.

at-MAPKK
uninj.

inj.

vimentin

dn-Ras / at-MAPKK
inj.

uninj.

-

5

a=14
23
ggm
10
35 e
5708 e
8~ *
=3 06
0% 04
2502
00 3 SR ¥ 4DEX -DEX +DEX -DEX
8 3E E e teremn
T 5 3 3 meonmea
' L]
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The original figure contains color pictures.

formation by a constitutive active form of MAPKK was inhibited
by threonine 36 mutated Ets-1 (Ets1-GRT36A in Results). These
data suggest that Ets-1 lies downstream of Ras-MAPK signaling
in the promotion of radial glia cell fates. FGF and Neuregulin-
ErbB signalings have been shown to be involved in mammalian
radial glia development.’8-%2 While FGF signal promotes radial
glial character in vivo, it lacks the signaling capacity to promote
proliferation in vitro.3® Neuregulin signal promotes the maintenance
and elongation of radial glia cells.’*%> Since FGF and Neuregulin
signalingactivate Ras—MAPKsignaling,63 05 Fs-1 maybeadownstream
component for FGF or Neuregulin during radial glia development.
However, how Ras-MAPK-Ets-1 signaling is activated in radial glia
formation is not understood completely.

Ets-1 is known to form complexes with other transcription factors
and co-factors, and activate the transactivation of target genes.®0-68
Those partners interact with Ets-1 through Ets-1 DNA binding
domain.%”:%8 On the other hand, the PNT domain of Ets-1 regulates
Ets-1 phosphorylation by serving as a MAPK (ERK2) docking site®?
and enhances the activity of the Ets-1 transactivation domain.”® The
phosphorylation of threonine 38 of mammalian Ets-1 is required for
the interaction with CBP/p300, a co-activator, and this interaction
enhances the transactivation of target genes.”! In our study, threonine
36 mutated Xenopus Ets-1 inhibited radial glia formation promoted
by a constitutive active form of MAPKK. Therefore, overexpressed
mutated Ets-1 may replace endogenous Ets-1 on the promoter of
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target genes and block recruitment of transcriptional partners and
co-activators such as CBP/p300.

Taken together, Ets-1 but not Ets-2 is required for radial glia
formation in the hindbrain during Xenopus embryogenesis and
Ets-1 is also a downstream effector of Ras-MAPK signaling in radial
glia formation. Our data suggest that Ets-1 is phosphorylated and
activated by Ras-MAPK signaling prior to neural tube closure.
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