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Abstract

Foxi1e is a zygotic transcription factor that is essential for the expression of early ectodermal genes. It is expressed in a
highly specific pattern, only in the deep cell layers of the animal hemisphere, and in a mosaic pattern in which expressing
cells are interspersed with non-expressing cells. Previous work has shown that several signals in the blastula control this
expression pattern, including nodals, the TGFb family member Vg1, and Notch. However, these are all inhibitory, which
raises the question of what activates Foxi1e. In this work, we show that a related Forkhead family protein, Foxi2, is a
maternal activator of Foxi1e. Foxi2 mRNA is maternally encoded, and highly enriched in animal hemisphere cells of the
blastula. ChIP assays show that it acts directly on upstream regulatory elements of Foxi1e. Its effect is specific, since animal
cells depleted of Foxi2 are able to respond normally to mesoderm inducing signals from vegetal cells. Foxi2 thus acts as a
link between the oocyte and the early pathway to ectoderm, in a similar fashion to the vegetally localized VegT acts to
initiate endoderm and mesoderm formation.
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Introduction

One of the first, and major, patterning events in all triploblastic

embryos is the formation of the three primary germ layers. In the

early Xenopus embryo, the endoderm germ layer is specified by

maternally encoded VegT [1] a T-box transcription factor that is

localized to the vegetal cytoplasm in the oocyte, and inherited by

the vegetal cells of the blastula [2,3,4]. As well as activating

endoderm-specifying genes, VegT also activates expression of

members of the nodal family of signaling ligands, that induce

mesoderm to form in the adjacent equatorial region of the blastula

[5,6]. Thus, a single transcription factor can play an essential role

in the initiation of two primary germ layers.

Much less is known about the formation of the ectoderm, which

arises from the most animally located cells of the blastula [7,8]. At

the mid-blastula stage, these cells are pluripotent, as defined by

their ability to form derivatives of different germ layers when

transplanted to other regions of the blastula [9], and their ability to

form mesoderm when cultured in combination with vegetal cells

[10,11] or by added soluble mesoderm inducers [12]. However, by

the early gastrula stage, some three hours later at 21uC, animal

cells no longer enter other lineages when transplanted [9], and no

longer respond to mesoderm inducing signals [13,14].

Once specified, the ectoderm cells spread to cover the entire

surface of the embryo during gastrulation, before segregating into

neural ectoderm that invaginates to form the central nervous

system (CNS) and non-neural ectoderm that spreads over the

entire surface of the embryo and differentiates into epidermis.

Little is known about the initiation of this process, and we set out

to test the hypothesis that the ectoderm is initially specified by

maternal activator(s), as previously shown for the endoderm. In an

effort to identify early zygotic genes whose expression might be

activated throughout the ectoderm (both neural and non-neural),

and thus targets of putative maternal activator(s), we compared

array databases made from control embryos and embryos depleted

of VegT, and from animal and vegetal cells at the early gastrula

stage. The early zygotic gene whose expression was most up-

regulated in both comparisons was Foxi1e, an i-class Forkhead type

transcription factor [15]. This gene was already known to be

expressed in animal cells [16], and its function was thought to be

to repress mesoderm formation. We showed by both gain and loss

of function, that, in fact, Foxi1e is an activator of both neural and

epidermal genes, and is thus the first known early zygotic pan-

ectoderm activating gene [15].

Expression of Foxi1e occurs in the animal hemisphere during

the time of ectoderm specification; the mid blastula to mid-gastrula

stage, and its expression pattern is complex. Foxi1e mRNA

appears first dorsally, and spreads to the whole animal hemisphere

by the mid-gastrula stage. Expression is then lost dorsally, so that

by the early neurula stage, Foxi1e expression is confined to the

non-neural ectoderm (the presumptive epidermis). Throughout its

expression, Foxi1e mRNA is enriched in deep, compared to

superficial cells of the ectoderm, and is mosaic; with Foxi1e-

expressing cells interspersed with non-expressing cells [17]. Both

long and short range signals control the complex expression

pattern of Foxi1e. Loss of signaling through the Notch pathway,
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the nodals downstream of VegT, or through the maternal TGF-b
family member Vg1, all cause up-regulation of Foxi1e mRNA, and

loss of its mosaic pattern of expression. However, expression does

not spread into the superficial cells, nor into the vegetal

hemisphere. Clearly there are more controls remaining to be

identified, particularly as all of the signals so far identified in the

blastula that control expression of Foxi1e are repressors. This

raises the major question of what activates its expression in the

animal hemisphere. We hypothesized that the final expression

pattern of Foxi1e is determined by a combination of maternally

encoded activators and regional repressors in the blastula. To test

this, and to identify putative maternal activators of Foxi1e, we

analyzed the 5 kb upstream sequence of Xenopus tropicalis Foxi1e

from the JGI (Joint Genome Institute) sequencing project, cloned

and sequenced the 3.5 kb upstream sequence of the Xenopus laevis

Foxi1e gene, and compared and scanned the sequences for

common transcription factor binding sites. We then assayed

EST databases for candidate transcription factors that are

maternal, and whose mRNAs are concentrated in the animal

hemisphere of the oocyte, and are therefore inherited at highest

concentration by animal cells. We report here that another

Forkhead family member, Foxi2, whose mRNA is inherited from

the egg [18], is highly enriched in animal cells of the blastula, and

is an essential activator of Foxi1e. Foxi2 thus provides the link

between the maternal mRNA stockpile and the formation of the

ectoderm, as does VegT for the endoderm.

Results

Foxi2 mRNA and protein are expressed maternally and
localized to the animal half of the Xenopus oocyte and
embryo

Depletion of VegT was previously shown to cause a dramatic

up-regulation of Foxi1e expression in the animal hemisphere, and

a much smaller one in the vegetal mass [15]. This suggested the

existence of a maternal activator(s) of ectoderm formation that is

enriched in the animal hemisphere. Figure 1 shows by real-time

RT-PCR (Figure 1A) and in situ hybridization (Figure 1B) that

Foxi2 mRNA is expressed in the oocyte, enriched in the animal

hemisphere, and is expressed in all cells of the animal hemisphere

at the late blastula stage (the period of ectoderm specification). It is

interesting to note that the mRNA has a gradient of concentration

from the animal pole to the equator of the embryo. Figure 1C
shows the temporal expression of Foxi2 during early Xenopus

development. mRNA levels decrease dramatically after gastrula-

tion, showing that there is no zygotic expression, and therefore the

major function of this mRNA must be in the initiation of zygotic

transcription. In order to perform loss-of-function experiments for

Foxi2, we screened antisense oligos to target both pseudoallelic

maternal mRNAs in oocytes. Figure 1D shows the depletion of

Foxi2 mRNA using the KO7 oligo, which is complementary to

nucleotides 191–208 of Foxi2a (AJ868112) and nucleotides 313–

330 of Foxi2b (BC082945) of these maternal mRNAs. Approxi-

mately 80% of the mRNA was removed by a single 3 ng dose of

KO7 oligo. The primers used to detect Foxi2 in real-time RT PCR

detected both Foxi2a and Foxi2b. After fertilization of Foxi2-

depleted oocytes, the mRNA was not replaced at the onset of

zygotic transcription (not shown), indicating that there is no

zygotic activation of Foxi2 in the embryo. In order to determine

the effect of maternal mRNA depletion on Foxi2 protein levels at

the blastula stage, a rabbit antibody (AB50) was raised against the

C-terminal peptide CTSVMNPFGLNHLYSREGEV. This se-

quence is encoded by both pseudoalleles. Figure 1E shows by

western blotting the degree of reduction of the Foxi2 protein at the

late blastula and early gastrula stages. In the wild type, Foxi2

protein was present in matured Xenopus oocytes, and levels

decreased slightly by the late blastula stage and more dramatically

by the early gastrula stage. Foxi2-depleted oocytes and embryos

show significant reductions of Foxi2 protein. Immunocytochem-

istry at the late blastula stage showed that Foxi2 protein was

concentrated in cell nuclei, and enriched animally, as suggested by

the distribution of the mRNA. In late blastulae derived from

Foxi2-depleted oocytes there was a significant reduction in Foxi2

protein in cell nuclei, which are counterstained with DAPI in

Figure 1F.

Foxi1e Expression is reduced in Foxi2 depleted embryos
and explants

We next tested whether Foxi2 is a maternal activator of Foxi1e

expression. Figure 2A shows real-time RT-PCR analysis of

control and Foxi2 depleted late blastula and early gastrula stage

embryos. Foxi1e expression is reduced to 40% of control levels. In

order to assay the effects on Foxi1e protein levels, we raised an

antibody (AB98) against the N-terminal peptide sequence

CESFLHPQTMPSPQRPSNFETGD in Foxi1e. The specificity

of the antibody was verified by western blotting of embryos

injected with 100 pg Foxi1e mRNA (Figure 2A, lower panel).
This panel also shows the reduction in both Foxi2 protein, and

Foxi1e protein, in Foxi2-depleted late blastulae. Figure 2B shows

by immunostaining the degree of reduction of Foxi1e protein in

blastula. The uninjected sibling embryos show the mosaic staining

pattern corresponding to the previously documented mRNA

expression pattern [6]. These sections were also stained with an

antibody against phospho-histone H3(PH3), to identify dividing

cells, in order to test the possibility that the mosaic pattern of

Foxi1e expression is due to its presence only during (or between)

cell divisions. Analysis of Foxi1e and PH3 staining patterns showed

the presence of cells with either or both of the proteins present

(28% of Foxi1e positive cells were also positive for PH3 at late

blastula stage (98 cells from 12 individual sections were scored at

the late blastula stage), indicating that the expression of Foxi1e in a

mosaic pattern is not due to cell cycle-dependent expression. We

then assayed the levels of expression of other markers of primary

germ layer formation by real-time RT-PCR. Figure 2C shows

expression of the neural marker Sox2, the epidermal markers,

Xlim5, E-cadherin and Cytokeratin which are expressed in the animal

hemisphere. These markers are highly up-regulated in VegT-

depleted embryos. Expressions of Sox2, E-cadherin and Cytokeratin

were reduced at the late-blastula and gastrula stages in Foxi2

depleted embryos. However, another ectodermal marker KLFn

(Xenopus Neptune) was not affected, indicating that Foxi2 is not a

pan-ectodermal activator (Figure 2D). We also looked at

expression of markers of mesoderm and endoderm formation,

Figure 2D shows that expression of both the general mesoderm

marker Xbra and the endoderm marker Sox17 were unaffected.

The effect of Foxi2 oligo was specifically due to Foxi2 mRNA

depletion, as levels of expression of Foxi1e and E-cad were partially

rescued, both in whole embryos (Figure 2E) and in isolated

animal caps (Figure 2F) by injecting Xenopus Foxi2 mRNA (10 pg)

into Foxi2-depleted oocytes before maturation.

Foxi2-depleted animal caps maintain their competence
for mesoderm induction

In addition to the reduction of expression of ectodermal genes at

the late blastula stage, Foxi2 depletion also caused delayed

gastrulation movements, and subsequent major abnormalities to

the embryo (Figure 3A and B). These were not investigated in
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detail here. However, we wished to assay the ability of the animal

tissues of the blastula to form other germ layer derivatives if

provided with appropriate signals, in order to exclude the

possibility that Foxi2 depletion had a general transcriptional effect

on animal cells. We therefore tested the ability of dissected animal

caps to respond to mesoderm induction signals from the vegetal

mass using Nieuwkoop recombinants. Animal caps from Foxi2-

depleted embryos showed almost same expression levels of

mesodermal markers as animal caps from uninjected embryos

(Figure 3C and 3D), and Foxi2 depleted vegetal masses induced

the same levels of mesoderm markers in control animal caps as did

control vegetal masses (Figure 3D). These data show that the

effect of Foxi2 depletion is specifically on ectoderm gene

expression, and a general effect on animal cell transcription.

Figure 1. The spatial and temporal expression pattern of Foxi2 and its depletion at blastula stage. (A) RT-PCR to show relative
expression levels of Foxi2 and VegT in either whole oocytes or dissected animal and vegetal halves. Foxi2 and VegT have reciprocal expression
domains, with Foxi2 being highly enriched in the animal hemisphere. (B) In situ hybridization of tissue section at the late blastula stage to show
distribution of Foxi2 mRNA. (C) RT-PCR analysis of developmental time course to show absence of early zygotic expression of Foxi2. (D) RT-PCR to
show degree of depletion of Foxi2 mRNA by antisense oligo. (E–F) Degree of depletion of Foxi2 protein by mRNA depletion; a western blot of oocytes
and early stages is shown in (E), and by immunostaining at the late blastula stage in (F). Scale bar in (F) = 50 mm. High magnification Foxi2
immunostaining images from Uninjected (F9) and Foxi2 depleted (F0) embryos. Scale bars in F9 and F0 = 20 mm.
doi:10.1371/journal.pone.0041782.g001
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Figure 2. Expression of Foxi1e, as well as early ectodermal markers, requires Foxi2. (A–C) Show effect of Foxi2 depletion of Foxi1e mRNA
levels at the late blastula and early gastrula stages (A), and on Foxi1e protein levels by western and by densitometric analysis of the western blot (A:
middle panels) and immunostaining (B). (A) also shows by western blotting that the anti-Foxi1e antibody cross-reacts with Xenopus Foxi1e protein

Foxi2 Is a Maternal Ectoderm Activator
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Foxi2 is a direct maternal activator of Foxi1e expression,
and binds the Foxi1e promoter

First, we cloned a 5 kb region identified in silico upstream of the

transcription initiation site of Xenopus tropicalis Foxi1e. TRANSFAC

analysis identified 4 good matches for Foxi class (HFH3/XFD2)

binding sites in this 5 kb region ([19,20,21]. We subcloned the

5 kb sequence into pGL3 basic luciferase vector, and asked

whether Foxi2 could activate luciferase activity driven by this

promoter. Figure 4A shows that injection into animal cells of the

8-cell stage embryo caused a 9-fold increase in expression of the

reporter construct, compared to vegetal injection, showing the

presence of endogenous activators of the Foxi1e promoter that are

enriched in the animal hemisphere. We then asked what effect

Foxi2 loss-of-function had on luciferase expression driven by this

promoter. Figure 4B shows the result of injecting the Foxi1e 5 kb

luciferase promoter into the animal hemispheres of control and

Foxi2-depleted embryos. Depletion of Foxi2 caused a 6-fold

decrease in expression of luciferase driven by the Foxi1e 5 kb

promoter at the early gastrula stage. We also tested whether this

reported could be repressed by previously identified influences on

Foxi1e [17]. Figure S1 shows that the reporter construct is

responsive to the influence of Notch signaling but is not responsive

to perturbations in nodal signaling. To test which region of the

promoter had the greatest activity, we performed a stepwise

deletion series from the 59end of the construct (data not shown).

We identified a region containing repressive elements at 24000 to

25000 from the initiation of transcription, and a strong activating

domain at 21500 to 23000. (Figure 4C, A schematic diagram of

Xenopus tropicalis Foxi1e promoter shows potential Foxi2 binding

sites and ChIP primers’ amplicons). To test whether Foxi2 binds

directly to the upstream 5 kb sequence of Foxi1e, we performed

chromatin immunoprecipitation experiments using Xenopus tropi-

calis embryos at the late blastula stage. In these experiments, we

injected a sub-phenotypic dose of myc-tagged Foxi2 mRNA (6-

mycs, tandemly repeated) into the animal hemispheres of 2-cell

stage embryos. We then immunoprecipitated the embryo lysates,

using an antibody against myc, and analyzed the precipitated

DNA by real-time PCR with primers specific to regions of Xenopus

tropicalis Foxi1e 5 kb upstream sequence that contained predicted

Foxi binding sites. The uninjected embryos served as a control.

The strongest signal was seen in region 21982:21735 at 0.27% of

input (Figure 4C). This was a 10-fold increase over the signal seen

(lower panel). (C) Shows by RT-PCR the reduced levels of expression of ectodermal genes including Xlim5, E-cadherin, Sox2 and Cytokeratin in control
and Foxi2-depleted embryos at the late blastula and early gastrula stages. (D) RT-PCR shows that expression levels of the mesodermal marker Xbra,
endodermal marker Xsox17a and ectodermal marker, KLFn are unaffected by Foxi2 depletion. (E–F) show that reduction in expression of the ectoderm
marker genes E-cadherin (E-cad), Foxi1e, FoxJ1, and grainyhead-like 3 (GHL3) caused by Foxi2 depletion are rescued by subsequent injection of Foxi2
mRNA (10 pg dose) in both whole embryos (E) and animal caps (F). Scale bar in (B) = 50 mm.
doi:10.1371/journal.pone.0041782.g002

Figure 3. The phenotype of Foxi2-depleted (Foxi2 KO7) embryos. (A) Foxi2-depleted embryos were normal at the blastula stage (left panel)
but showed highly delayed and incomplete gastrulation and 37/45 embryos showed major defects at the tail bud stage compared with controls, of
which 25/26 were normal (right panel). (C) In Nieuwkoop recombinant assays, Foxi2-depleted animal caps expressed reduced levels of ectodermal
markers. (D) Animal caps from Foxi2-depleted embryos express mesodermal markers in response to signals from vegetal masses.
doi:10.1371/journal.pone.0041782.g003
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in ChIP DNA from uninjected embryos. An amplicon for an

adjacent region, between nt 22276:22118 gave a weak signal by

ChIP (0.1% of input). All other regions tested from this promoter

gave signals less than or equal to background levels (21287:21058

is shown). To further test whether Foxi2 could directly bind to the

Foxi1e promoter, we cloned the Foxi1e promoter from Xenopus

laevis. We compared the Xenopus laevis and Xenopus tropicalis

promoters using CONSITE software and identified regions of

strong conservation as well as potential Foxi binding sites.

Chromatin precipitation experiments were performed identically

as above. Real-time PCR was performed on ChIP DNA using

primers flanking the potential Foxi binding sites. The region of the

Xenopus laevis Foxi1e promoter that was orthologous to the ChIP

positive region of Xenopus tropicalis Foxi1e gave a positive signal at

0.85% of input DNA (Figure 4D). All other regions of the

promoter gave only background levels of signal by real-time PCR.

We then asked if removal of the Foxi2 binding region would

eliminate activity of the full-length Foxi1e promoter. A deletion of

the Chip positive region (21982:21735) was made in the Xt

Foxi1e-Luc construct. The result of this deletion was the abrogation

of 90% of the luciferase activity of the control construct in

gastrulae derived from embryos injected into animal blastomeres

of 4-cell stage embryos (Figure 4E). We also tested whether Foxi2

overexpression could activate expression from the deletion

construct. Either the full-length or the deletion Foxi1e-luc construct

was injected into vegetal cells of 8-cell stage embryos 6 Foxi2

RNA. Whereas Foxi2 RNA activated luciferase expression from

the full-length construct by about 2 fold, no activation was seen

from the deletion construct (Figure 4F).

Foxi2 is essential for other major signaling inputs on
Foxi1e expression

We have shown previously that intercellular signals in the

blastula, including Notch, nodal, and Vg1, all repress Foxi1e

expression, and removal of these signals causes Foxi1e expression

in all cells of its expression domain (the deep cells of the animal

hemisphere), instead of in the normal mosaic pattern [17]. To test

the role of Foxi2 in this up-regulation, we dissected animal caps

from control and Foxi2-depleted mid-blastulae. These were either

cultured intact, or separated into deep cells (which normally

express Foxi1e) and superficial cells (which do not). These two cell

populations were dissociated in calcium/magnesium-free saline.

The effect of this is to remove both long range signals from other

regions of the embryo, and short range (for example Notch) signals

from adjacent cells. We hypothesized that if Foxi2 is a maternal

activator of Foxi1e, then its depletion should block the resulting

increase in Foxi1e expression. This proved to be the case.

Figure 5A shows the real-time RT-PCR analysis of this

experiment. There was a dramatic rise in Foxi1e expression in

both superficial and deep animal cells when they were dissociated,

which was completely blocked by Foxi2 mRNA depletion.

This experiment eliminated all intercellular signals. To test each

pathway directly, we blockaded Wnt signaling by depletion of

maternal Dvl2 (Figure 5B), Vg1 signaling by depleting maternal

Vg1 (Figure 5C), and Notch signaling by depletion of maternal

mastermind (NM_001087458) (Figure 5D, upper panel) or by

injection of a mutated SuH mRNA (Figure 5D, lower panel).
In each case the up-regulation of Foxi1e expression caused by a

blockade of these repressors was abrogated by depletion of

maternal Foxi2 mRNA. These data show that Foxi2 is an essential

activator of Foxi1e, and that this activation is repressed by

intercellular signaling in the blastula, which confines expression of

Foxi1e to its mosaic expression in the deep animal cells.

Discussion

Forkhead genes, originally identified in Drosophila [22], are

represented in the genomes of animal species (though not plants),

from yeast to man. The DNA-binding Forkhead domain is highly

conserved, but there is wide sequence divergence outside this

domain, giving rise to 35 families of Fox genes in humans and

mice. Fox genes play essential roles in development and

differentiation, the immune system, the cell cycle and cancer, in

species longevity, and metabolism. Mutations in Fox genes cause

many human congenital disorders [23].

The Foxi class is still poorly understood. So far only identified in

deutostomes, expression patterns, and some functional data have

been published for Ciona [24], Xenopus [18,25,26,27], Zebrafish

[28], and mouse [29,30]. All Foxi genes for which expression

patterns have been published show some expression in the

ectoderm, as well as other tissues, although early expression

patterns corresponding to the times described here for Xenopus

have not been well-studied. In the mouse and Zebrafish, Foxi1 is

expressed in the otic placodes and structures derived from them

(the endolymphatic duct in the mouse for example), and mutations

of Foxi1 in both species cause defects in sensory structures derived

from the otic placodes [28,29]. Foxi2 in the mouse is also expressed

in ectodermal structures, including olfactory epithelium, whiskers,

dental epithelium and otic placode [23,31]. Foxi3 in the mouse is

expressed in an ectodermal region defined as pan-placodal, as well

as hair follicles and dental epithelium [31,32]. Furthermore, it has

recently been shown that the loss of hair and teeth in Mexican and

Peruvan hairless dogs (canine ectodermal dysplasia) is caused by a

mutation in the Foxi3 gene [32], confirming a role for this gene in

ectodermal differentiation. In Zebrafish, Foxi3a and b are

expressed in early ectoderm (Solomon et al. 2003). In Ciona,

three Foxi class genes have been identified (FoxIa-c), derived from

duplications independent of those identified in vertebrates [33].

Two Foxi class members; Foxi2 and Foxm1 are expressed

maternally in Xenopus [34], whilst Foxi1e has been shown to be

expressed zygotically in the animal hemisphere at the blastula

stage [15,16]. Foxi1e represses the response to mesoderm

induction in animal cells [16] and activates transcription of

ectodermal genes [15]. Foxi1e expression during the late blastula

and early gastrula stages is highly dynamic and becomes localized

by the mid-gastrula stage to a mosaic pattern in which expressing

cells are mixed with non-expressing cells in the deep cell layers of

the animal hemisphere. This expression domain is apparently

controlled by long and short-range signals, including Notch,

nodals, and the TGFb family member Vg1 [17]. Here we show

that Foxi2, expressed in the egg, where it is enriched in the animal

hemisphere, is a direct activator of Foxi1e expression at the

blastula stage.

It is interesting that Foxi2 is expressed as an apparent gradient

of mRNA from the animal pole to the equator of the blastula. It

was not possible to tell from immunostaining whether the protein

concentration is also patterned similarly. This will have to await a

more sensitive immunocytochemical assay. It is also difficult to

generate, by mRNA depletion and replacement by different doses

of injected mRNA, functionally different physiologically relevant

levels of Foxi2 mRNA. It has to be remembered also, that the

amount of yolk-free cytoplasm decreases from animal to vegetal, so

all mRNAs will decrease in apparent concentration along this axis,

unless they are (like Veg1 and VegT) specifically localized

vegetally.

This work shows that, with respect to maternal transcriptional

activators, the Xenopus egg is bipolar, with VegT concentrated

vegetally and Foxi2 concentrated animally. Although these two

Foxi2 Is a Maternal Ectoderm Activator
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Figure 4. Foxi2 protein directly binds to the Foxi1e promoter. (A) Luciferase activity in blastulae after injecting Xenopus tropicalis Foxi1e
promoter-luciferase construct into either animal or vegetal blastomeres at 8-cell stage embryos. (B) Foxi1e promoter activity was measured in
blastulae derived from control (uninj) or Foxi2-depleted (4 ng and 5 ng) oocytes. (C,D) Chromatin immunoprecipitation assay. (C) A schematic
diagram of Xenopus tropicalis Foxi1e promoter shows potential Foxi2 binding sites and ChIP PCR primer amplicons. Real-time PCR shows significantly
higher signal on primer pair 21982:21734 after immunoprecipation by 6-myc-tagged Foxi2 protein. (D) A schematic diagram of Xenopus laevis
Foxi1e promoter shows potential Foxi2 binding sites and ChIP PCR primer amplicons. Real-time PCR shows significantly higher signal on primer pair
21540:21391 after immunoprecipation by myc-tagged Foxi2 protein. (E) Luciferase activity in blastulae after injecting either wild-type (WT) Xenopus
tropicalis Foxi1e promoter constructs or a construct lacking the Foxi2 binding region (Deletion). While wild-type promoter showed its activity (WT
Ani), the construct lacking the Foxi2 binding site mutated promoter showed a basal level of promoter activity (Deletion Ani). (F) Luciferase activity in

Foxi2 Is a Maternal Ectoderm Activator
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blastulae after injecting Wild-type and Deletion Xenopus tropicalis Foxi1e promoter constructs into vegetal blastomeres. Foxi1e promoter construct
lacking the Foxi2 binding site showed a basal level of promoter activity (Deletion Veg 8) while Foxi2 overexpression in vegetal blastomeres had no
effect on this mutated construct (Deletion+Foxi2 Veg 8) while wild-type promoter showed increased luciferase activity upon overexpression of Foxi2
(WT+Foxi2 Veg 8).
doi:10.1371/journal.pone.0041782.g004

Figure 5. Spatial expression of Foxi1e is dependent on Foxi2. (A) The level of expression of Foxi1e is reduced in Foxi2-depleted animal caps
(Foxi2 depleted caps) compared to the caps from control siblings (Uninj caps st.10) at the gastrula stage. Both dissociated superficial and deep cells
from Foxi2-depleted embryos expressed reduced levels of Foxi1e mRNA. Note that the expression level of Foxi1e in dissociated superficial cells is
much higher than in intact animal caps (Uninj superficial cells). (B) Maternal depletion of Dishevelled2 (Dvl22) showed upregulation of Foxi1e
expression. Double depletion of Foxi2 and Dvl2 (Foxi22/Dvl22) showed similar level of expression to Foxi2-depleted embryos (Foxi22). (C) Maternal
depletion of Vg1 (Vg12) showed upregulation of Foxi1e expression. Double depletion of Foxi2 and Vg1 (Foxi22/Vg12) showed a level of expression
similar to Foxi2-depleted embryos (Foxi22). (D) Upper panel; Maternal depletion of transcription factor Mastermind1 (Mam12) caused upregulation
of Foxi1e expression. Double depletion of Foxi2 and Mastermind1 (Foxi22/Mam12) showed a similar level of expression as Foxi2 depleted embryos
(Foxi22). Lower panel; The overexpression of Supressor of Hairless (SuH) DNA binding mutant (SuH DBM) mRNA caused upregulation of Foxi1e
expression. Foxi1e expression in Foxi2 depleted+1.2 ng of SuH DBM mRNA injected embryos showed similar level of expression as Foxi2 depleted
embryos (Foxi22).
doi:10.1371/journal.pone.0041782.g005
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transcription factors do not, as far as is known, repress each others’

action directly, they do so by proxy. VegT initiates expression of

nodals, which activate mesoderm and inhibit Foxi1e expression,

whilst Foxi2 initiates expression of Foxi1e, which activates

ectoderm genes and represses mesoderm. Although these are,

almost certainly, not all of the maternal primary germ layer

determinants, they show how the formation of three germ layers

can be generated along the animal-vegetal axis of the blastula.

Ethics Statement
All Xenopus laevis experiments in this study have been conducted

under protocol # 2D02014, approved by the Cincinnati

Children’s Research Foundation’s Institutional Animal Care and

Use Committee.

Materials and Methods

Oocytes and embryos
All Xenopus animals were purchased from Nasco (Fort Akinson,

WI). Host transfer experiments were done following the protocol

described previously [35]. All antisense oligos were injected into

isolated oocytes in the equatorial region and cultured for at least

48 hours before injecting various mRNA constructs as described

in the text. In general, embryos were cultured in 0.16MMR.

DNA constructs and mRNA
Full-length Xenopus tropicalis Foxi2 cDNA was acquired from the

X. tropicalis unigene library (clone TGas144f13) in pCS107 vector.

Foxi2 mRNA was synthesized after linearizing with Asp718

digestion using the SP6 mMESSAGE mMACHINE kit (Ambion).

6-myc tagged Xl. Foxi2 was cloned by addition of a 59 EcoR1 site

by proofreading PCR amplification. This site allowed us to

subclone the CDS of Foxi2 in-frame with 6 N-terminal myc tags

from pCS2 26 myc. 6-myc-Foxi2 mRNA was synthesized after

linearizing with NotI digestion using the SP6 mMESSAGE

mMACHINE kit (Ambion). This Su(H) DBM mRNA The plasmid

for synthesizing the Su(H)DBM RNA was a gift from Chris

Kintner [36]. pCS2 Xl Su(H)DBM was linearized with NotI and

transcribed using the SP6 mMEESAGE mMACHINE kit

(Ambion).

Oligonucleotides
Anti-sense oligos are the following: Foxi2 KO7, 59

G*A*G*CTGCTGGTCGCT*G*A*G 39 was used at 3.5 ng per

oocyte. Mam1 AS-2, 59 C*G*C*GTGCATCCGCTC*C*T*C 39

was used at 5 ng per oocyte. *Indicates a phosphorothiate

modified bond. Vg1 and Dvl oligos used as previously described

[37,38].

Quantitative RT-PCR and in situ hybridization
Total RNA from oocytes, explants and early embryos was

isolated using the protocol of Mir et al. (2007). Real-time RT-PCR

was performed using a LightCycler (Roche). Water-blank and RT-

minus controls were included in all runs. All RT-PCR results are

presented as percentage compared with the level in uninjected

embryos after normalization to the expression of ornithine

decarboxylase (ODC). The graphs in figures show means 6

S.D. Statistical analysis has been performed on all RT-PCR data

and marked on the graphs with asterisk (*) when p-valve is less

than 0.05 when comparing control and experimental groups by

two-tailed student’s t-test. Whole-mount in situ hybridization was

as described [38].

Western blot
Western blots were carried out as described previously [38].

Antibody concentrations were: rabbit anti-Foxi2 (1:1000 dilution),

guinea pig anti-Foxi1e (1:500 dilution) and mouse anti-tubulin

(DM1A, Neomarker), in 1:5000 dilution. For quantitation of

protein bands, ImageJ software was used.

Tissue manipulation
For Nieuwkoop recombinant assay, Xenopus embryos obtained

by host transfer method were maintained in 0.16MMR medium.

At stage 8, vegetal explants were dissected in 16MMR medium

and allowed to heal for 10 minutes. Animal caps were cut and

placed on top of vegetal explants in 2% Agarose dish for 2 hours

before being processed by RT-PCR.

For animal cap dissociation experiments, Animal caps were

removed from blastulae at about stage 8.5, and their cells

dissociated by incubation in phosphate buffer for 2 mins and

transfer to CMFM for 10 minutes. Deep Cells were dispersed by

gentle pipetting and the pigmented superficial layer transferred

back in phosphate buffer for 10 mins to achieve its complete

dissociation. Dissociated pigmented cells were collected and

transferred to CMFM for further incubation. After 2 hrs

incubation, cells were collected for RT-PCR.

Luciferase assay
Various Foxi1e promoter constructs were injected together with

25 pg pRLTK DNA as described in text. Three replicate samples

each of three embryos were frozen for each group at the early

blastula stage and assayed using Promega Dual-luciferase assay

system.

ChIP assay
Chromatin immunoprecipitation (ChIP) was carried out with

Xenopus embryonic tissues essentially as in [39]. Groups of 50

embryos were fixed at stage 10 in 1% formaldehyde in 16PBS for

10 minutes. The fixation reaction was quenched with ice-cold

125 mM glycine in 16 PBS for 10 minutes. Embryos were then

homogenized in ice-cold nuclear lysis buffer (20 mM Tris-

HCl[pH 8.0], 60 mM KCl, 13 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1 mM DTT, 0.5 mM PMSF, 1 mM Benzamidine, 5 mg/

mL antipain, 5 mg/mL leupeptin, 5 mg/mL trypsin inhibitor).

Lysates were flash-frozen in liquid nitrogen and stored at 280uC.

Lysates were cleared and sonicated to fragment the genomic DNA

into average size of 500 bp. Sonicated DNA was incubated with a

rabbit anti-myc antibody (Sigma C3956) and immunoprecipitated

with protein A beads. Crosslinking was reversed, and DNA was

purified by phenol/chloroform extraction followed by precipita-

tion. Real-time PCR was performed on this DNA with primers

from multiple regions of the Xenopus tropicalis and laevis Foxi1e

promoters.

Xt primer pair 22276:22118 22276-U-59-TGAG-

GAAAGGGTCTGAGAGAA-39, -2118-D-CAGCAATCCAT-

TATGCCTCA-39

Xt primer pair 21982:21734 21982-U-59-GGAGGCTGGA-

GACGTTGATA-39, -1734-D-GCTATTCATGCAGGGACCAG

Xt primer pair 21287:21058 21287-59-TAACGGGTTTC-

CGGATAAGA-39, -1058-U-59-TACATCCCTGTGTTGCC-

TGT-39

Xl primer pair 23557:23322 23557-59-U-CTTCCCAG-

CAATACCCCATA-39, -3322-D-59- ATGTCATCCATCC-

CACCTGT-39
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Xl primer pair 21540:21391 21540-U-59-CAGGCAG-

CACTCTTCATTCA-39, -1391-D-59-GCTGAGGGTAGTG-

CTTGTGC-39

Supporting Information

Figure S1 Foxi1e promoter construct is responsive to
perturbations of Notch signaling but is not responsive to
the influence of Nodal signaling. Either control (FL) or a

construct lacking the Foxi2 binding region (Mut) Xenopus tropicalis

Foxi1e promoter-luciferase constructs were injected into animal

blastomeres of 8-cell stage embryos. When reporter-injected

embryos are co-injected with mRNA encoding the Notch

intracellular domain (NICD) to activate Notch signaling, there is

a 5-fold reduction in luciferase activity of the wild-type promoter

construct. Ectopic activation of Notch signaling also gives a 2.5-

fold reduction in the activity of the promoter construct that lacks

the Foxi2 binding domain (Mut). Foxi1e luciferase activity is

unaffected by perturbing Nodal signaling via injection of Cerberus

Short (CerS) mRNA.

(JPG)

Author Contributions

Conceived and designed the experiments: SWC CW MK. Performed the

experiments: SWC MM JK MK. Analyzed the data: SWC JK CW MK.

Wrote the paper: SWC MK CW.

References

1. Zhang J, Houston DW, King ML, Payne C, Wylie C, et al. (1998) The role of

maternal VegT in establishing the primary germ layers in Xenopus embryos. Cell
94: 515–524.

2. Lustig KD, Kroll KL, Sun EE, Kirschner MW (1996) Expression cloning of a

Xenopus T-related gene (Xombi) involved in mesodermal patterning and
blastopore lip formation. Development 122: 4001–4012.

3. Stennard F, Carnac G, Gurdon JB (1996) The Xenopus T-box gene, Antipodean,
encodes a vegetally localised maternal mRNA and can trigger mesoderm

formation. Development 122: 4179–4188.

4. Zhang J, King ML (1996) Xenopus VegT RNA is localized to the vegetal cortex
during oogenesis and encodes a novel T-box transcription factor involved in

mesodermal patterning. Development 122: 4119–4129.
5. Kofron M, Demel T, Xanthos J, Lohr J, Sun B, et al. (1999) Mesoderm

induction in Xenopus is a zygotic event regulated by maternal VegT via TGFbeta
growth factors. Development 126: 5759–5770.

6. Xanthos JB, Kofron M, Wylie C, Heasman J (2001) Maternal VegT is the

initiator of a molecular network specifying endoderm in Xenopus laevis.
Development 128: 167–180.

7. Dale L, Slack JM (1987) Fate map for the 32-cell stage of Xenopus laevis.
Development 99: 527–551.

8. Moody SA (1987) Fates of the blastomeres of the 32-cell-stage Xenopus embryo.

Dev Biol 122: 300–319.
9. Snape A, Wylie CC, Smith JC, Heasman J (1987) Changes in states of

commitment of single animal pole blastomeres of Xenopus laevis. Dev Biol 119:
503–510.

10. Boterenbrood EC, Nieuwkoop PD (1973) The formation of the mesoderm in

urodelean amphibians. Willhelm Roux’ Archiv 173: 319–332.
11. Dale L, Smith JC, Slack JM (1985) Mesoderm induction in Xenopus laevis: a

quantitative study using a cell lineage label and tissue-specific antibodies.
J Embryol Exp Morphol 89: 289–312.

12. Smith JC (1987) A mesoderm-inducing factor is produced by Xenopus cell line.
Development 99: 3–14.

13. Grainger RM, Gurdon JB (1989) Loss of competence in amphibian induction

can take place in single nondividing cells. Proc Natl Acad Sci U S A 86: 1900–
1904.

14. Jones EA, Woodland HR (1986) Development of the ectoderm in Xenopus: tissue
specification and the role of cell association and division. Cell 44: 345–355.

15. Mir A, Kofron M, Zorn AM, Bajzer M, Haque M, et al. (2007) FoxI1e activates

ectoderm formation and controls cell position in the Xenopus blastula.
Development 134: 779–788.

16. Suri C, Haremaki T, Weinstein DC (2005) Xema, a foxi-class gene expressed in
the gastrula stage Xenopus ectoderm, is required for the suppression of

mesendoderm. Development 132: 2733–2742.
17. Mir A, Kofron M, Heasman J, Mogle M, Lang S, et al. (2008) Long- and short-

range signals control the dynamic expression of an animal hemisphere-specific

gene in Xenopus. Dev Biol 315: 161–172.
18. Pohl BS, Knochel W (2002) Temporal and spatial expression patterns of FoxD2

during the early development of Xenopus laevis. Mech Dev 111: 181–184.
19. Matys V, Fricke E, Geffers R, Gossling E, Haubrock M, et al. (2003)

TRANSFAC: transcriptional regulation, from patterns to profiles. Nucleic Acids

Res 31: 374–378.

20. Zeng M, Zhang Y, Bhat I, Wazer DE, Band H, et al. (2006) The human

kallikrein 10 promoter contains a functional retinoid response element. Biol

Chem 387: 741–747.

21. Knochel W, Kaufmann E (1997) Transcription factors and induction in Xenopus

laevis embryos. Cell Mol Life Sci 53: 362–381.

22. Weigel D, Jackle H (1990) The fork head domain: a novel DNA binding motif of

eukaryotic transcription factors? Cell 63: 455–456.

23. Wijchers PJ, Burbach JP, Smidt MP (2006) In control of biology: of mice, men

and Foxes. Biochem J 397: 233–246.

24. Mazet F, Shimeld SM (2005) Molecular evidence from ascidians for the

evolutionary origin of vertebrate cranial sensory placodes. J Exp Zool B Mol Dev

Evol 304: 340–346.

25. Lef J, Clement JH, Oschwald R, Koster M, Knochel W (1994) Spatial and

temporal transcription patterns of the forkhead related XFD-2/XFD-29 genes in

Xenopus laevis embryos. Mech Dev 45: 117–126.

26. Pohl BS, Knochel W (2004) Isolation and developmental expression of Xenopus

FoxJ1 and FoxK1. Dev Genes Evol 214: 200–205.

27. Pohl BS, Knochel W (2005) Of Fox and Frogs: Fox (fork head/winged helix)

transcription factors in Xenopus development. Gene 344: 21–32.

28. Solomon KS, Logsdon JM, Fritz A (2003) Expression and phylogenetic analyses

of three zebrafish FoxI class genes. Dev Dyn 228: 301–307.

29. Hulander M, Wurst W, Carlsson P, Enerback S (1998) The winged helix

transcription factor Fkh10 is required for normal development of the inner ear.

Nat Genet 20: 374–376.

30. Wijchers PJ, Hoekman MF, Burbach JP, Smidt MP (2005) Cloning and analysis

of the murine Foxi2 transcription factor. Biochim Biophys Acta 1731: 133–138.

31. Ohyama T, Groves AK (2004) Expression of mouse Foxi class genes in early

craniofacial development. Dev Dyn 231: 640–646.

32. Drogemuller C, Karlsson EK, Hytonen MK, Perloski M, Dolf G, et al. (2008) A

mutation in hairless dogs implicates FOXI3 in ectodermal development. Science

321: 1462.

33. Mazet F, Hutt JA, Milloz J, Millard J, Graham A, et al. (2005) Molecular

evidence from Ciona intestinalis for the evolutionary origin of vertebrate sensory

placodes. Dev Biol 282: 494–508.

34. Pohl BS, Rossner A, Knochel W (2005) The Fox gene family in Xenopus

laevis:FoxI2, FoxM1 and FoxP1 in early development. Int J Dev Biol 49: 53–58.

35. Mir A, Heasman J (2008) How the mother can help: studying maternal Wnt

signaling by anti-sense-mediated depletion of maternal mRNAs and the host

transfer technique. Methods Mol Biol 469: 417–429.

36. Wettstein DA, Turner DL, Kintner C (1997) The Xenopus homolog of

Drosophila Suppressor of Hairless mediates Notch signaling during primary

neurogenesis. Development 124: 693–702.

37. Birsoy B, Kofron M, Schaible K, Wylie C, Heasman J (2006) Vg 1 is an essential

signaling molecule in Xenopus development. Development 133: 15–20.

38. Tadjuidje E, Cha SW, Louza M, Wylie C, Heasman J The functions of maternal

Dishevelled 2 and 3 in the early Xenopus embryo. Dev Dyn 240: 1727–1736.

39. Blythe SA, Reid CD, Kessler DS, Klein PS (2009) Chromatin immunoprecip-

itation in early Xenopus laevis embryos. Dev Dyn 238: 1422–1432.

Foxi2 Is a Maternal Ectoderm Activator

PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e41782


