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Abstract

XLPOU91, a POU-homeobox gene is expressed in a narrow window during earlyXenopusdevelopment. We show that ectopic
expression of XLPOU91 RNA causes severe posterior truncations in embryos without inhibiting the formation of Spemann’s organizer.
Ectopic XLPOU91 expression also inhibits mesoderm induction by fibroblast growth factor (FGF) and activin in animal cap explants. Using
antisense RNA, we depleted endogenous XLPOU91 protein in animal caps. Gastrula-stage animal caps expressing XLPOU91 antisense
RNA do not lose competence to FGF, unlike controls, these animal caps express XBra after FGF treatment. Endogenous XLPOU91 levels
are peaking when FGF mesoderm-inducing competence is lost in animal caps. Thus XLPOU91 protein may act as a competence switch
during early development, as XLPOU91 levels increase in the embryo, the mesoderm response to FGF is lost. 1998 Elsevier Science
Ireland Ltd.
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1. Introduction

The development of vertebrate embryos requires several
inductive interactions to form the three-dimensional body
plan. In Xenopuslaevis embryos, mesoderm forms by a
multi-stepped inductive process, which eventually forms
such tissues as notochord, muscle, heart, mesenchyme and
blood (Kimelman et al., 1992; Sive, 1993; Kessler and Mel-
ton, 1994). Mesoderm is induced in the equatorial region
(marginal zone) by underlying vegetal pole cells (Nieuw-
koop, 1969; Sudwarti and Nieuwkoop, 1971). The most
dorsal mesoderm (Spemann organizer) is induced in the
equatorial region by underlying dorsal vegetal cells (Nieuw-
koop center). Ventral mesoderm (blood, mesenchyme) is
induced in the ventral marginal zone by underlying ventral
vegetal cells. There are several candidate molecules for
endogenous mesoderm inducers (Kimelman and Kirschner,
1987; Green et al., 1990; Sokol et al., 1990; Dale et al.,
1992; Jones et al., 1992; Isaacs et al., 1994) including mem-

bers of the FGF (basic fibroblast growth factor, bFGF, and
eFGF), and TGF-b families (activin/Vg1, BMP-4). The use
of dominant-negative receptors for FGF, activin and BMP-4
suggests that these molecules are essential for proper meso-
derm patterning (Amaya et al., 1991; Hemmati-Brivanlou
and Melton, 1992; Graff et al., 1994). These inducing mole-
cules modulate cell fate throughout the activation of region-
specific transcription factors. FGF activates expression of
the XBra transcription factor, which is necessary for the
formation of posterior mesoderm such as notochord and
muscle (Smith et al., 1991; Cunliffe and Smith, 1992; Isaacs
et al., 1994; Conlon et al., 1996). BMP-4 probably regulates
ventral mesoderm formation by activating the Xvent-1,
Xvent-2, and Mix.1 transcription factors (Gawantka et al.,
1995; Mead et al., 1996; Onichtchouk et al., 1996; Papalo-
pulu and Kintner, 1996; Schmidt et al., 1996). Activin/Vg1
may regulate formation of dorsal mesoderm by activating
organizer-specific transcription factors such as gsc, Xlim-1
and XFKH-1 (Cho et al., 1991; Dirksen and Jamrich, 1992;
Green et al., 1992; Taira et al., 1992).

We focused our studies on understanding the role of
POU-domain genes during early vertebrate development.
POU genes belong to a large family of transcription factors
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which contain a diverged-homeobox and a highly-con-
served POU-specific box of 76–78 amino acids. These
genes regulate cell-fate decisions in many invertebrate and
vertebrate systems. POU genes have been implicated in
regulating differentiation of cells in the central nervous
system, brain, pituitary gland and hemapoetic systems
(revewied by Ryan and Rosenfeld, 1997). We previously
cloned theXenopusPOU-gene, XLPOU91 from a gastrula
stage cDNA library (Frank and Harland, 1992). This gene is
activated in a cell-autonomous manner in all embryonic
cells at the mid-blastula transition. Transcript levels reach
a transient peak at late gastrula stages and the gene under-
goes an inductive-dependent transcriptional shutdown in the
dorsoanterior regions of the embryo. By late neurula stages,
XLPOU91 expression is reduced to the posterior embryo
regions fated for tailbud. This gene is most similar to the
mammalian class V POU-domain gene, Oct3/4 (74% in the
POU-domain, 58% in the homeo domain). Like XLPOU91,
Oct 3/4 is expressed in early embryonic cells and its expres-
sion is downregulated in the embryo at about the time of
gastrulation (Okamoto et al., 1990; Rosner et al., 1990).
While the direct biological role of Oct 3/4 is still unclear,
it has been suggested that this gene may prevent differentia-
tion, and maintain cells in a totipotential state during early
development (Okamoto et al., 1990; Rosner et al., 1990;
Scholer et al., 1990).

We examined the role of XLPOU91 protein during early
development. Ectopic expression of XLPOU91 caused
severe posterior truncations in whole embryos. These
embryos expressed reduced levels of the pan-mesodermal
XBra gene, but normal levels of the Spemann organizer-
specific gsc and Xlim-1 genes. The similarity of this phe-
notype to embryos injected with the dominant-negative FGF
receptor (Amaya et al., 1991, 1993; Isaacs et al., 1994),
suggested that XLPOU91 modulates endogenous FGF sig-
naling within the embryo. Therefore, we examined the
effects of ectopic XLPOU91 expression on FGF mesoderm
induction in animal cap explants. Animal cap explants
failed to differentiate as mesoderm and to express the
XBra transcription factor when overexpressing XLPOU91
protein. FGF induces mesoderm through activation of the
MAP kinase (MAPK) cascade which in turn activates XBra
expression (Graves et al., 1994; Hartley et al., 1994;
LaBonne and Whitman, 1994; Gotoh et al., 1995; LaBonne
et al., 1995; Umbhauer et al., 1995). XLPOU91 did not
inhibit FGF activation-phosphorylation of MAPK in animal
caps, suggesting it acts downstream of this cascade. Using
XLPOU91 antisense RNA, we examined the role of endo-
genous XLPOU91 expression in the animal cap induction
assay. Stage 10.5 animal caps depleted of XLPOU91 protein
respond to bFGF, in contrast to uninjected controls. These
results suggest that XLPOU91 may act as a mesodermal
competence switch during development. As XLPOU91
levels transiently increase during gastrulation, cells lose
their responsiveness to bFGF, which may be important for
regulating the timing of mesoderm induction.

2. Results

2.1. Ectopic XLPOU91 expression perturbs posterior axis
formation

We injected 2 ng of in vitro-synthesized XLPOU91 RNA
into 1-cell fertilized Xenopusembryos. Embryos were
scored at tailbud to tadpole stages for phenotypes. Over-
expression of XLPOU91 caused posterior truncations in
80% of the injected embryos; about 75% of these perturbed
embryos have severe posterior truncations (Fig. 1A; Table
1). In addition, we also injected RNA encoding a mutant
form of XLPOU91, called XLPOU91*. XLPOU91* has an
altered homeobox region (see Section 4), which binds DNA
about three-fold less efficiently than wild type protein (Fig.
2). Ectopic XLPOU91* expression caused a less extreme
gain-of-function phenotype in comparison with wild type
XLPOU91. While 80% of the embryos still have posterior
truncations, only 25% are severely truncated, while 75% of
the embryos have moderate posterior truncations (Fig. 1B;
Table 1).

We could routinely monitor DNA binding of XLPOU91
and XLPOU91* in a DNA electrophoretic mobility shift
assay (EMSA) to an octamer motif (OCT) oligonucleotide
(Fig. 2). Protein was isolated for EMSA from injected and
control embryos at stages 11–12. Ectopic XLPOU91
expression routinely increased the EMSA about 7–15 fold
in comparison with uninjected embryos (Fig. 2). Ectopic
XLPOU91* expression stimulated the EMSA by only 3–5
fold (Fig. 2). As negative controls, embryos were injected
with a truncated version of XLPOU91,DNsi-XLPOU91,
which lacks 164 amino acids spanning most of the POU-
homeobox region (see Section 4).DNsi-XLPOU91-injected
embryos had normal phenotypes (Fig. 1C). TheDNsi-
XLPOU91 protein did not bind the OCT sequence and
thus did not alter the EMSA in extracts from injected
embryos (not shown). Therefore, the penetrance of the pos-
terior truncation phenotype is dependent on the DNA bind-
ing activity of the XLPOU91 protein.

To further characterize these embryos, gastrula stage
mesoderm markers were examined by Northern analysis.
Ectopic expression of XLPOU91 reduced transcription of
the pan-mesodermal marker XBra (Smith et al., 1991) by 3–
5 fold versus control embryos (Fig. 3A). Expression of the
ventral marker, XPO (Amaya et al., 1993) was also reduced
in gastrula stage embryos (not shown). In contrast, the Spe-
mann organizer markers gsc and Xlim-1 (Cho et al., 1991;
Taira et al., 1992) were expressed normally in perturbed
embryos (Fig. 3A). Moreover, expression of muscle and
notochord markers such as muscle-specific actin and col-
lagen type II (Amaya et al., 1993) were also reduced in
posterior-truncated late neurula stage embryos (Fig. 3B).
Expression of the neural marker, XIF-3 (Sharpe et al.,
1989) and the anterior marker XAG-1 (Sive et al., 1989)
were unaffected (Fig. 3B). In addition, blastopore closure in
XLPOU91-injected late gastrula embryos is retarded (Fig.
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Fig. 1. Ectopic expression of XLPOU91 RNA causes posterior truncations inXenopusembryos. (A) Embryos at the 1-cell stage were injected with 2 ng of in
vitro synthesizedXenopusXLPOU91 RNA. Embryos developed until stages 39–41; embryos have normal heads, but a deleted trunk-tail axis. This is not a
cell-toxicity effect, since uninjected control embryos and posterior truncated embryos have the same number of cells as determined by DNA and RNA
content (not shown). (B) Embryos at the 1-cell stage were injected with 2 ng of in vitro synthesizedXenopusXLPOU91* RNA. Embryos developed until
stages 39–41; embryos have normal heads, but a shortened trunk-tail axis. (C) Embryos at the 1-cell stage were injected with either 2 ng of in vitro
synthesizedXenopusDNsi-XLPOU91 RNA or XLPOU91 RNA. Embryos developed until stages 39–41;DNsi-XLPOU91-injected embryos (top) were
normal, like uninjected control embryos (middle) in comparison with posterior-truncated XLPOU91-injected embryos (bottom). (D) Embryos at the 1-cell
stage were injected with 2 ng of in-vitro synthesized XLPOU91 RNA. Embryos developed until late gastrula stage 12.5; XLPOU91-injected embryos (right
panel) have retarded blastopore closure in comparison with control embryos (left panel).
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1D), and it appears that mesoderm tissue spreads laterally
around the blastopore.

Blastopore closure retardation, posterior truncations, and
loss of XBra expression without a loss of Spemann’s orga-
nizer are all phenotypes observed in embryos injected with
the FGF dominant-negative receptor (Amaya et al., 1991,
1993; Isaacs et al., 1994). This striking phenotypic similar-

ity suggested that ectopic XLPOU91 expression may inhibit
endogenous FGF signaling within the embryo.

2.2. Ectopic XLPOU91 expression inhibits mesoderm
induction by bFGF

To address the potential role of XLPOU91 in regulating
mesoderm induction by FGF, we used the animal cap meso-
derm induction assay. Blastula stage animal cap explants,
normally fated to differentiate as epidermal skin, differenti-
ate to mesoderm after treatment with soluble mesoderm-
inducing factors such as bFGF and activin (Green et al.,
1990; Sokol et al., 1990). Using this assay, we could directly
address the role of XLPOU91 in mesoderm induction.
Embryos were injected with 2–4 ng of XLPOU91 RNA at
the 1-cell stage and animal caps were removed at the blas-
tula stage for treatment withXenopusbFGF (XbFGF). Ani-

Table 1

Phenotypes of embryos overexpressing XLPOU91 RNA

Injection Normal/total Intermediate posterior
truncations/total

Severe posterior
truncations/total

% Posterior
truncations

XLPOU91 9/53 10/53 34/53 83
XLPOU91* 10/43 25/43 8/43 77
DNsi-XLPOU91 40/44 4/44 – 0.9

2 ng RNA were injected at the 1-cell stage. Embryos were scored for posterior truncation at stages 39–41. One representative experiment is shown,
experiments were performed at least seven times.DNsi-XLPOU91-injected embryos served as negative controls and resembled uninjected embryos in
frequency of posterior truncation.

Fig. 2. DNA electrophoretic mobility shift assay (EMSA): binding of the
XLPOU91 protein to the OCT-consensus sequence. Embryos at the 1-cell
stage were injected with 2 ng of XLPOU91 or XLPOU91* RNAs.
Embryos developed until stage 11.5 and protein was extracted. After incu-
bation with the radioactive OCT motif oligonucleotide, products were
resolved on an 8% polyacrylamide gel. The arrows mark the mobility
shift bands and the free octamer DNA. XLPOU91 EMSAs are specifically
inhibited by an antibody (anti-91) which recognizes native XLPOU91
protein (right well in each group, Hinkley and Perry, 1992). This shift is
OCT sequence-specific, being inhibited by ten-fold excess of non-radio-
active OCT oligonucleotide; but not inhibited by a ten-fold molar excess of
the SP1 or CREB consensus oligonucleotides (not shown). The upper band
in each well is the Oct-1 mobility shift, which was used as an internal
standard to normalize between different extracts. b, blank, reaction with no
extract.

Fig. 3. Ectopic expression of XLPOU91 inhibits expression of posterior
mesoderm markers but not Spemann organizer and neural markers. (A)
Embryos at the 1-cell stage were injected with 4 ng of XLPOU91 RNA.
Total RNA was isolated from pools of ten gastrula (stage 11) embryos.
One embryo-equivalent of RNA was loaded per well for Northern analysis.
The filters were sequentially hybridized withXenopuscDNA probes for
XBra, Xlim-1, goosecoid (gsc) and SRC. SRC is used as a positive control
to compare RNA levels loaded per well. (B) Embryos at the 1-cell stage
were injected with 1 ng of XLPOU91 RNA. Total RNA was isolated from
pools of ten neurula (stage 18) embryos. One embryo-equivalent of RNA
was loaded per well for Northern analysis. The filters were sequentially
hybridized withXenopuscDNA probes for muscle actin (m-actin), noto-
chord-specific type II collagen (C. Type II), XIF-3, XAG-1 and EF1a.
EF1a is used as a positive control to compare RNA levels loaded per well.
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mal caps were grown to gastrula stages and RNA was iso-
lated for Northern analysis to examine mesoderm marker

gene expression. Animal caps ectopically expressing
XLPOU91 and treated with XbFGF do not express genes

Fig. 4. Ectopic expression of XLPOU91 inhibits mesoderm-inducing activity of bFGF and activin in animal cap explants. (A) Embryos at the 1-cell stage
were injected with 4 ng of XLPOU91 orDNsi-XLPOU91 RNA. Animal cap explants were removed at stages 8–9 and treated with 150 ng/ml XbFGF until
stage 11.5. Total RNA was isolated from pools of 15 gastrula and neurula stage animal cap explants from each treatment. All animal cap RNA was loaded per
well for Northern analysis. The filters were sequentially hybridized withXenopuscDNA probes for the XBra, 1A11 and SRC. These results were observed in
five independent experiments; over 70 animal cap explants were compared in each treatment group. (B) Animal cap explants from XLPOU91-injected (2 ng)
and uninjected embryos were treated with 100 ng/ml XbFGF. At the neurula stage, explants were scored for elongation, characteristic of bFGF induction.
Left panel: animal caps from uninjected embryos+XbFGF, 5/6 elongated; right panel: XLPOU91-injected+XbFGF, 0/6 elongated like untreated control
animal caps (not shown). (C) Embryos at the 1-cell stage were injected with 2 ng of XLPOU91 RNA. Animal cap explants were removed at stages 8–9 and
treated with PIF/Activin until stage 11.5. Total RNA was isolated from pools of 15 gastrula stage animal cap explants from each treatment. All animal cap
RNA was loaded per well for Northern analysis. The filters were sequentially hybridized withXenopuscDNA probes for the XBra, XPO, gsc, XFKH
(XenopusForkhead-1) and SRC.
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normally induced by bFGF (Smith et al., 1991; Greene et
al., 1993; Pownall et al., 1996), such as XBra, 1A11 (Fig.
4A) and XhoxA7 (not shown). Ectopic expression of the
truncatedDNsi-XLPOU91 protein did not inhibit XBra
induction by FGF (Fig. 4A); these animal caps behaved
identically to those taken from uninjected control embryos
(Fig. 4A). Animal caps converted to mesoderm by bFGF
characteristically elongate in response to bFGF treatment
(Symes and Smith, 1987), but XLPOU91-injected caps
did not undergo elongation movements after XbFGF treat-
ment (Fig. 4B). Mesoderm induction by activin is FGF-
dependent (LaBonne and Whitman, 1994; Cornell et al.,
1995). We found that activin failed to induce mesoderm
in animal caps over expressing XLPOU91. Ventroposter-
ior-expressed genes (XBra, XPO) were inhibited more
than dorsoanterior-expressed genes (gsc, XFKH-1) in this
assay (Fig. 4C); a similar observation was seen in activin-
treated animal caps injected with the FGF dominant-nega-
tive receptor (LaBonne and Whitman, 1994). These results
suggest that XLPOU91 can directly interfere with the FGF
signaling pathways during mesoderm induction in animal
cap explants.

2.3. Overexpression of XLPOU91 does not inhibit
activation of the MAPK cascade

We wanted to determine what aspect of the FGF signaling
pathway is inhibited by XLPOU91. FGF mediates meso-
derm induction by activating the MAPK cascade. FGF
induces mesoderm through its tyrosine kinase receptor
which activates the Ras/Raf pathway. Ras/Raf activate the
MAPK kinase (MEK) enzyme which in turn phosphorylates
and activates the MAPK enzyme. Microinjection of RNA
encoding a constuitively-activated form of MAPK suffices
to induce mesoderm by turning on XBra expression in the
absence of exogenous bFGF signaling (LaBonne et al.,
1995; Umbhauer et al., 1995). Thus, MAPK presumably
induces mesoderm by activating XBra gene expression.

We examined the effect of ectopic XLPOU91 in regulat-
ing FGF mediated MAPK activation. Embryos were
injected with XLPOU91 RNA and blastula stage caps
were removed for XbFGF treatment. Half of the animal
cap explants were scored for XBra expression by Northern
blot analysis at mid-gastrula stages; while the other half
were assayed for MAPK activity using a Western blot sys-
tem (PhosphoPlus p44/p42 MAPK kit; New England Bio-
labs) which specifically recognizes the phosphorylated, and
thus activated, MAPK protein. After XbFGF treatment, no
decrease in phosphorylated MAPK protein was observed in
XLPOU91-injected animal caps (Fig. 5A) while a parallel
decrease in XBra expression was always observed (Fig.
4A). In a second system, we co-injected XLPOU91 RNA
along with RNA encoding an activated MEK enzyme. MEK
phosphorylates MAPK which then activates XBra expres-
sion (Gotoh et al., 1995; LaBonne et al., 1995; Umbhauer et
al., 1995). Ectopic XLPOU91 expression inhibits MEK-

mediated XBra expression (Fig. 5B). However, MAPK is
activated to identical levels in both MEK and MEK/
XLPOU91 co-injected animal cap explants (Fig. 5A).
XLPOU91 RNA was also co-injected along with RNA
encoding an activated MAPK enzyme; ectopic XLPOU91
expression inhibited transcriptional activation of XBra by
MAPK (Fig. 5B). These results demonstrate that ectopic
XLPOU91 expression inhibits the animal cap mesoderm
response to FGF without inhibiting phosphorylation of
MAPK. Therefore, XLPOU91 probably inhibits XBra
expression by acting downstream of the MAPK cascade.

2.4. Knockout of endogenous XLPOU91 activity

The best way to determine the function of a protein is to
eliminate its activity from the embryo. We used an antisense
RNA approach to address the role of XLPOU91 in early
Xenopusdevelopment. At the beginning of gastrulation
(stage 10), animal caps lose competence to respond to

Fig. 5. Overexpression of XLPOU91 inhibits mesoderm induction by
MAPK and MEK in animal explants. (A) Embryos at the 1-cell stage
were injected with 4 ng of XLPOU91 RNA. Animal cap explants were
removed at stages 8–9 and treated for 20 min with XbFGF (150 ng/ml).
Protein was isolated from each treatment group for Western blot analysis
using the New England Biolabs PhosphoPlus p44/p42 MAPK Antibody
kit. This antibody specifically recognizes the phosphorylated-activated
MAP kinase enzyme. For examination of the interaction between MEK
and XLPOU91, embryos at the 1-cell stage were injected with 4 ng of
XLPOU91 RNA and 2.5 ng of MEK* RNA (encoding activated MEK
protein). Protein was isolated from each treatment group immediately
after microdissection (see Section 4). Western analysis was performed as
described. (B) Embryos at the 1-cell stage were injected with either 4 ng of
XLPOU91 RNA and 2.5 ng of MEK* RNA or 5 ng of MAPK* RNA
(encoding activated MAPK protein). Total RNA was isolated from pools
of 15 gastrula stage animal cap explants from each treatment. All animal
cap RNA was loaded per well for Northern analysis. The filter was sequen-
tially hybridized withXenopuscDNA probes for XBra and SRC.
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bFGF (Green et al., 1990). This is the developmental win-
dow, when endogenous XLPOU91 transcript levels are
increasing to peak levels in all embryonic cells (Frank and
Harland, 1992; Hinkley et al., 1992). Since ectopic expres-
sion of XLPOU91 inhibits FGF signaling (Figs. 4 and 5), we
thought that XLPOU91 protein could regulate the timing of
mesodermal competence to FGF.

Animal cap explants from XLPOU91 antisense-injected
embryos were removed at stages 8 (blastula) and 10.5 (gas-
trula) and treated with XbFGF; expression of the mesoderm
marker XBra was determined at stage 11.5 (midgastrula).
As controls, embryos were injected with comparable levels
of antisense RNA of the human Kv1.3 potassium channel
(Fig. 6A). We found that mesoderm competence to FGF was

extended in animal caps injected with antisense XLPOU91
RNA. Antisense-injected animal caps removed at stage 10.5
and treated with XbFGF expressed high levels of XBra at
stage 11.5 (Fig. 6A) and high levels of 1A11 and XhoxA7 at
neurula stages (Fig. 6B) in comparison with controls. We
also found that XBra expression was stimulated in anti-
sense-injected animal caps treated with XbFGF at stage 8,
in comparison with the control XbFGF-treated animal caps
(Fig. 6A). Interestingly, MAPK activity was stimulated
identically by XbFGF in both the antisense and control
groups of animal caps (not shown), again supporting our
observation that XLPOU91 acts downstream of MAPK acti-
vation.

Animal caps do not normally express genes induced by
mesoderm inducing factors, yet antisense-injected animal
caps (removed at st. 8 or 10.5) also express XBra and
1A11 mRNAs (Fig. 6A,B) and elongate in the absence of
bFGF (not shown). Thus, depletion of endogenous

Fig. 6. Overexpression of XLPOU91 antisense RNA extends mesoderm
competence in animal cap explants. (A) Embryos at the 1-cell stage were
injected with 5 ng of full-length antisense XLPOU91 RNA. Animal cap
explants were removed at either stage 8 or stage 10.5 and treated with
XbFGF (150 ng/ml). Total RNA was isolated from pools of seven embryos
and 15 stage 11.5 animal cap explants from each treatment. One embryo
equivalent of RNA was loaded per well for Northern analysis; all animal
cap RNA was loaded. The filter was sequentially hybridized withXenopus
cDNA probes for XBra and SRC. As controls for antisense RNA injection,
embryos were injected with antisense RNA of the human Kv1.3 potassium
channel. These results were observed in eight independent experiments;
over 120 animal cap explants were compared in each treatment group. (B)
Embryos at the 1-cell stage were injected with 5 ng of antisense XLPOU91
RNA. Animal cap explants were removed at stage 10.5 and treated with
XbFGF (150 ng/ml) until stage 11.5. Total RNA was isolated from pools
of 15 stage 15 animal cap explants from each treatment. All animal cap
RNA was loaded per well for Northern analysis. The filter was sequentially
hybridized with Xenopus cDNA probes for 1A11,Xenopus HoxA7
(XhoxA7) and SRC. As controls for antisense RNA injection, embryos
were injected with antisense RNA of the human Kv1.3 potassium channel.
(C) Embryos at the 1-cell stage were injected with 5 ng of antisense
XLPOU91 RNA. Embryos developed until stage 12 and protein was
extracted. After incubation with the radioactive OCT consensus oligonu-
cleotide, products were resolved on a 8% polyacrylamide gel. The anti-
sense RNA eliminates the XLPOU91 shift present in uninjected embryos.
The Oct-1 shift is unaffected in antisense-injected embryos serving as an
internal standard to normalize between the different extracts. By not inhi-
biting the Oct-1 EMSA, this demonstrates the XLPOU91 antisense RNA
specifically inhibits the XLPOU91 protein EMSA. The arrows mark the
mobility shift bands and free octamer DNA. In addition, EMSA was also
performed using an SP1-specific oligonucleotide (Promega) and no differ-
ence in the SP1 mobility shift was observed between controls and anti-
sense-injected embryos (not shown). (D) Embryos at the 1-cell stage were
co-injected with 4–5 ng of antisense XLPOU91 RNA and 1.5–2 ng of
sense XLPOU91 RNA. Embryos developed until stage 11 and protein
was extracted. After incubation with the radioactive OCT consensus oli-
gonucleotide, products were resolved on a 8% polyacrylamide gel. The
antisense RNA reduces the stimulation of the XLPOU91 EMSA in co-
injected embryos. As negative controls, embryos were injected with 4–5 ng
of Kv1.3 potassium channel antisense RNA. This RNA does not alter the
XLPOU91 mobility shift. XLPOU91 EMSAs are specifically inhibited by
an antibody (anti-91) which recognizes native XLPOU91 protein (right
well in each group; Hinkley and Perry, 1992).
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XLPOU91 protein permits expression of XBra in animal
cap explants. We have measured the changes in the levels
of endogenous and ectopic XLPOU91 protein after anti-
sense injection by EMSA. EMSAs of endogenous (Fig.
6C) and ectopic (Fig. 6D) XLPOU91 protein are consis-
tently inhibited 2–5 fold by XLPOU91 antisense RNA
injection. These results suggest that antisense XLPOU91
RNA injection depletes XLPOU91 protein levels by inhibit-
ing translation of its mRNA.

3. Discussion

We have shown that overexpression of XLPOU91 and
XLPOU91* RNAs caused posterior truncations in 80% of
the injected embryos (Table 1). Expression of the wild type
XLPOU91 protein caused severe posterior perturbations in
75% of the truncated embryos (Fig. 1A; Table 1). In con-
trast, expression of the XLPOU91* protein with reduced
DNA binding activity caused severe posterior truncations
in only 25% of the perturbed embryos; 75% of these per-
turbed embryos had moderate posterior truncations (Fig.
1B; Table 1). Injection of RNA encoding a non DNA-bind-
ing protein, DNsi-XLPOU91, caused no phenotype (Fig.
1C; Table 1). Thus the posterior truncation phenotype is
dependent on the DNA-binding characteristics of the
XLPOU91 protein. XLPOU91-injected embryos expressed
reduced levels of the pan-mesodermal XBra marker at gas-
trula stages; the muscle-specific actin and notochord-speci-
fic collagen markers were also reduced in injected neurula
stage embryos (Fig. 3). In contrast, gastrula stage marker
genes of the Spemann organizer such as gsc and Xlim-1 are
expressed at normal levels (Fig. 3) in injected embryos; the
anterior/neural markers XAG-1 and XIF-3 are also
expressed normally in posterior-truncated embryos (Fig. 3).

This phenotype is reminiscent of embryos injected with
RNA encoding the FGF dominant-negative receptor or the
XBra dominant-negative protein (Amaya et al., 1991, 1993;
Isaacs et al., 1994; Conlon et al., 1996). Embryos lose
expression of XBra and have similar posterior truncations
in which both muscle and notochord tissues are lost (Figs. 1
and 3). XBra appears to be the major target of FGF signal-
ing, since XBra autonomously induces mesoderm in animal
caps and XBra protein is necessary for formation of poster-
ior mesoderm in whole embryos (Cunliffe and Smith, 1992;
Conlon et al., 1996). On the basis of these similarities, we
investigated the possibility that ectopic XLPOU91 expres-
sion perturbed endogenous FGF signaling within the
embryos. Using animal caps as a model system for meso-
derm induction, we found that ectopic XLPOU91 expres-
sion in animal caps inhibited bFGF activation of XBra,
1A11 and HoxA7 expression and explant elongation move-
ments associated with mesoderm induction (Fig. 4). FGF
induces XBra expression through the activation of MAPK.
We therefore investigated the interaction of XLPOU91 with
members of the MAPK activation cascade. Ectopic

XLPOU91 expression inhibited induction of XBra mRNA
by either bFGF or injection of RNA encoding an activated
MEK enzyme (Figs. 4 and 5). However, XLPOU91 did not
inhibit their activation of the MAPK protein (Fig. 5).
XLPOU91 also inhibited XBra expression induced by a
constuitively-activated MAPK enzyme (Fig. 5). It is not
known how MAPK activates XBra transcription. However,
these results suggest that XLPOU91 acts downstream of the
MAPK cascade, and that it does not suppress FGF signal
transduction by inhibiting MAPK activation.

The role of endogenous XLPOU91 activity in regulating
FGF signaling was examined in animal caps. XLPOU91
protein was depleted in animal caps by injection of anti-
sense RNA. Two striking phenomena were observed in
these animal caps. First, XLPOU91 antisense-injected ani-
mal caps removed at the blastula stage, expressed high
levels of XBra in the absence of FGF in contrast to control
animal caps (Fig. 6). Secondly, animal caps injected with
XLPOU91 antisense RNA had an extended window of
FGF-competence response in comparison with control ani-
mal caps (Fig. 6).

The former observation suggests that XLPOU91 could
act to prevent endogenous FGF mesoderm induction in ani-
mal cap ectoderm. Functional FGF signaling is necessary in
animal caps for mesoderm induction by activin (LaBonne
and Whitman, 1994; Cornell et al., 1995) or neural induc-
tion by noggin (Launay et al., 1996). This residual FGF
activity could be maintained at low levels by endogenous
XLPOU91 in animal cap cells. Too much of this endogen-
ous FGF signaling could possibly activate XBra expression
and cause auto-induction of animal cap ectoderm into meso-
derm. XLPOU91 appears required to prevent spontaneous
XBra expression in animal cap ectoderm since XLPOU91
antisense expressing caps express XBra (Fig. 6) and elon-
gate as mesoderm (not shown). Animal caps removed at
blastula stages are more sensitive to the loss of XLPOU91
activity than caps removed at gastrula stages, since
XLPOU91 antisense-injected gastrula stage animal caps
express less XBra than blastula animal caps. Perhaps latent
FGF signaling within the animal pole is higher in explants
removed at blastula versus gastrula stages.

In an analogous manner, vegetal pole cells also have an
intrinsic capacity to respond to FGF but this potential is
repressed (Cornell et al., 1995). These authors suggest that
this intrinsic inhibition of FGF signaling may maintain
vegetal cells in their proper non-mesodermal fate (Cornell
et al., 1995). In previous studies, we found that XLPOU91
transcript levels were quite high in the vegetal pole (Frank
and Harland, 1992). Therefore, animal cap and vegetal pole
cells may share a similar capacity to suppress residual FGF
signaling, which could be important for maintaining the
unique ectodermal and endodermal lineages of these cells.

These results also suggest that XLPOU91 is an endogen-
ous competence regulator. Classic embryological experi-
ments have shown that ectoderm loses its ability to
respond to mesoderm induction during gastrulation (Jones
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and Woodland, 1987). This occurs through a built-in timing
mechanism in a cell-autonomous manner (Grainger and
Gurdon, 1989). This loss of competence probably limits
the extent of cell types in which ectoderm can be induced.
Increasing or decreasing XLPOU91 levels may determine
whether a cell can respond to FGF and make mesoderm at a
given time during development. This is important, because
there appears to be no strict spatial regulation of either FGF
ligand or receptor expression during development; yet FGF
is known to be involved in regulating specific spatial aspects
of mesoderm and neural induction. Interestingly, when
mesoderm competence to FGF is lost in animal caps at
gastrula stages, FGF still stimulates MAPK activation
(Graves et al., 1994). Thus at later gastrula stages, MAPK
does not suffice to activate XBra expression and mesoderm
induction. This observation suggests that pathways down-
stream of MAPK, such as XLPOU91, may be required for
directing cells to their correct fates in the proper temporal
manner. Thus, XLPOU91, which increases to peak levels at
gastrula stages, could act as a switch to modify FGF meso-
derm-response in the embryo.

This is the first observation of a transcription factor which
can modify the timing of competence duringXenopusdevel-
opment. Little is known about the molecular regulation of
competence.Xenopusnotch protein, and most recently the
Xenopussomatic histone H1 protein, have been shown to be
involved in regulating mesoderm competence for activin in
animal caps (Coffman et al., 1993; Steinbach et al., 1997).
However, in these studies it was not reported whether these
molecules regulate competence to FGF. XLPOU91’s
expression pattern and function fit a number of criteria to
suggest a role in cellular competence. First, XLPOU91
expression is activated a cell-autonomous manner through-
out all cells in the embryo (Frank and Harland, 1992). Sec-
ond, gene expression peaks at the time when mesoderm
induction competence is lost. XLPOU91 could be viewed
as a built-in timer which shuts down FGF responses over a
certain threshold.

In Xenopus, posterior mesoderm formation is dependent
on FGF induction of XBra expression through the MAPK
cascade. It is unclear how MAPK turns on XBra transcrip-
tion the nucleus. It is also unknown how the mesoderm
response to FGF is lost during gastrulation in animal caps,
despite their intrinsic capacity to still activate MAPK. These
observations suggest that mechanisms exist to inhibit XBra
expression in the presence of activated MAPK. In prelimin-
ary studies, we have observed that XLPOU91 represses
transcription from OCT-dependent promoters co-injected
into Xenopusembryos (not shown). In a number of other
systems, POU proteins have been shown to act as transcrip-
tional repressors in addition to acting as differentiation inhi-
bitors (Lillycrop et al., 1994; Weinstein et al., 1995;
Dawson et al., 1996; Wu et al., 1997). Either directly or
indirectly, XLPOU91 protein could repress XBra promoter
transcription. Thus, by expressing a repressor of XBra tran-
scription, it may be possible to eliminate the mesoderm

response to FGF in the animal cap, while perhaps maintain-
ing the MAPK activation by FGF for other non-mesodermal
functions. FGF has been implicated as a potential caudalizer
in the developing nervous system (Cox and Hemmati-Bri-
vanlou, 1995; Doniach, 1995; Kenkgaku and Okamoto,
1995; Lamb and Harland, 1995). It is intriguing to think
that proteins such as XLPOU91 could potentiate a role in
the switch from mesodermal to neural competence by mod-
ulating FGF response in the embryo.

4. Experimental Procedures

4.1. Xenopus embryos, explants and inducing factors

Ovulation, in vitro fertilization, embryo culture and dis-
sections were carried out as described (Re’em-Kalma et al.,
1995). Embryos were staged according to Nieuwkoop and
Faber (1967). XbFGF treated (100–150 ng/ml) animal cap
explants were routinely grown in 1/2× modified Ringer’s
(MR) with 0.1 mg/ml gentamycin and 0.2 mg/ml BSA
from stages 8–9 until stage 11.5. PIF-activin was prepared
from the P338D1 cell line (Sokol et al., 1990), and activin-
treated animal caps were grown in the same conditions as
XbFGF treated explants.

4.2. RNA injections, mutagenesis and plasmids

Different concentrations of capped sense in vitro tran-
scribed full-length XLPOU91 RNA (1.0–4.0 ng in a volume
of 10 nl) were injected into embryos at the 1-cell stage.
Capped antisense XLPOU91 RNA (5.0 ng) was also
injected at the 1-cell stage. In antisense experiments, 5 ng
of capped human potassium channel Kv1.3 antisense RNA
was injected as a negative control (Marom et al., 1993).
Using in vitro site directed mutagenesis (Kunkel, 1985),
the XLPOU91* mutant was generated by deleting two
basic amino acids (a histidine and a lysine residue) in the
highly-conserved basic motif adjacent to the first homeobox
helix domain of the XLPOU91 protein (Frank and Harland,
1992). This region is critical for DNA-binding by POU
proteins (Ingraham et al., 1990; Treacy et al., 1991), and
some studies have reported that this deletion causes
dominant-negative like phenotypes inDrosophila (Treacy
et al., 1991, 1992). Equal molar amounts of in vitro-
translated (reticulocyte lysates) wild type XLPOU91 and
XLPOU91* proteins were used in EMSAs. We found that
the XLPOU91* protein bound DNA about three-fold less
efficiently than wild type XLPOU91 protein. After injection
of equal amounts of these RNAs into embryos, and extrac-
tion of proteins at mid-gastrula stages, the wild type protein
stimulates the EMSA about 15-fold versus uninjected
embryos. XLPOU91* stimulates EMSA about five-fold ver-
sus uninjected embryos, about three-fold lower than the
wild type protein. Thus, XLPOU91* causes a weaker
gain-of-function phenotype and not a dominant-negative
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phenotype in comparison with the wild type protein.
Another deletion of the XLPOU91 protein,DNsi-
XLPOU91 was generated by deleting an internal PstI–Nsi
fragment of 492 bp (164 amino acids). The XLPOU91
POU-homeo domain spans amino acids 202–354, and the
DNsi mutation deletes amino acids 240–403, thus removing
nearly all of the POU-domain region. This mRNA encodes a
protein of 265 amino acids instead of the wild type protein
of 429 amino acids.DNsi-XLPOU91 protein does not bind
DNA as determined by EMSAs and ectopic expression does
not cause posterior truncations or inhibit mesoderm induc-
tion by XbFGF in animal caps. Plasmids containing cDNAs
encoding the constuitively active MAPK (Xp42D324N) and
the constuitively active MEK (MEK1S217E/S221E) proteins
were transcribed in vitro as described (Umbhauer et al.,
1995).

4.3. Northern blot analysis

RNA was extracted from embryos and prepared for
Northern blot analysis as described (Re’em-Kalma et al.,
1995). Electrophoresis, probe preparation, filter hybridiza-
tion and exposure was performed as described (Re’em-
Kalma et al., 1995). Quantitation was performed using a
Fuji phosphor-imaging system. EF1a or SRC was used as
a positive standard for comparing amounts of RNA loaded
per well at any given stage.

4.4. DNA electrophoretic mobility shift assay (EMSA)

Embryos (stages 11–12) were lysed at 10ml/embryo and
extracts prepared according to Taylor et al. (1991). Lysis
buffer contains 50mM Tris-HCl, pH 7.9; 25% glycerol; 50
mM KCl; 0.1 mM EDTA; 0.5 mM PMSF; 25mg/ml Apro-
tinin; 25 mg/ml Leupeptin and 10mg/ml Bestatin. EMSAs
were performed with an octamer motif (OCT) oligonucleo-
tide (Promega) in 25ml total volume (8ml extract/reaction)
and resolved by electrophoresis on 8% polyacrylamide gels
(Hinkley and Perry, 1992; Hinkley et al., 1992). Gels were
dried and quantitation was performed using a Fuji phosphor-
imaging system.

4.5. MAP kinase Western blot analysis

Western blot analysis was performed using the Phospho-
Plus p44/p42 MAPK antibody kit (New England Biolabs).
For XbFGF treated animal caps, blastula stage explants
were immersed in XbFGF for 20 minutes and lysed. Lysis
buffer contains 62.5 mM Tris-HCl, pH 6.8; 2% SDS; 10%
glycerol; 50 mM DTT and 0.1% bromophenol blue. For
animal caps injected with MEK RNA, explants were lysed
immediately after surgical removal. Filters were routinely
incubated first with the phospho-specific MAPK antibody,
stripped and then re-incubated with the control MAPK anti-
body which recognizes both the active and inactive forms of
MAPK. Usually, 12–18 animal caps were lysed per sample

and approximately 12 animal cap equivalents (approxi-
mately 6mg of protein extract) were loaded per well for
electrophoresis.
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