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Summary

Development of the visceral mesoderm is a critical process visceral mesoderm and the organogenesis of the gut. At the
in the organogenesis of the gut. Elucidation of function and molecular level, FoxF1 is a downstream target of BMP4
regulation of genes involved in the development of visceral signaling. BMP4 can activate FoxF1 transcription in
mesoderm is therefore essential for an understanding of gut animal caps and overexpression ofFoxF1 can rescue
organogenesis. One of the genes specifically expressed intwinning phenotypes, which results from the elimination of
the lateral plate mesoderm, and later in its derivative, the BMP4 signaling. The cis-regulatory elements dfoxF1 are
visceral mesoderm, is the Fox gen€oxF1. Its function located within a 2 kb DNA fragment upstream of the coding
is critical for Xenopus gut development, and embryos region. These sequences can drive correct temporal-spatial
injected with FoxF1 morpholino display abnormal gut  expression of a GFP reporter gene in transgeni¥enopus
development. In the absence dfoxF1 function, the lateral  tadpoles. These sequences represent a unique tool, which
plate mesoderm, and later the visceral mesoderm, does not can be used to specifically alter gene expression in the
proliferate and differentiate properly. Region- and stage- lateral plate mesoderm.

specific markers of visceral mesoderm differentiation, such

as Xbapand a-smooth muscle actin, are not activated. The

gut does not elongate and coil. These experiments provide Key words: BMP4FoxF1, Forkhead, Gut, Lateral plate mesoderm,
support for the function of FoxF1 in the development of  Morpholino, Visceral mesoderm

Introduction (Brownell et al., 2000; Carlsson and Mahlapuu, 2002; Dirksen

Development of the gut requires a coordinated proliferationd Jharrri{:gé éQiZ, 1995; H?.tinji_gt%gtg?.|.’\,/|1994; KaufTarigg:i?nd
and differentiation of the visceral mesoderm and gutendoderr‘inOC el, » Kenyon et al., » Martinez et al,, )-

These two processes are regulated by several key transcript g Zﬁo&(‘jlzoptgtoevi\i\ns atlﬁaiozf)hn?:i?] Zn?]i;\g?yg?:%_r?se;ir)i/e%enlel%
factors and signaling pathways (Karlsson et al., 2000 mino acid DNA binding domain (Lai et al., 1990; Weigel and

Montgomery et al.., 1999)'. Since .V'Scefa' mes_oderm' an ackle, 1990). They are expressed in tissues derived from all
endoderm are continuously involved in reciprocal interactions, ... germ layers. IXenopusmesoderm, the expression of

of the gut. While most of the gut is formed from endodermd

. ; ) . dorsoventral properties of the mesoderm (El-Hodiri et al.,
mesoderm has a critical role in gut development, as it provid

ﬂL3)01). Several Fox genes are expressed in the dorsal mesoderm

and the epithelial differentiation of the endoderm (Haffen ep,o50derm and its derivative, the visceral mesoderm (EI-Hodiri
al., 1987; Immergluck et al., 1990; Kedinger et al., 1986, 1998;; al., 2001; Koster et al., 1999).

Panganiban et al., 1990; Rawdon and Andrew, 1993). Later, xenopus FoxF1El-Hodiri et al., 2001; Koster et al., 1999)

as smooth muscle, mesoderm is largely responsible fq the ortholog of the humdfREAC-1(Clevidence et al., 1993;

the physical integrity and motility of the gut. During Hellgvist et al., 1996; Larsson et al., 1995), the murine and
embryogenesis, the visceral mesoderm develops from th@ick HFH-8 (Funayama et al., 1999; Peterson et al., 1997) and
lateral plate mesoderm that is located between the ectodefffe Drosophila biniou (Zaffran et al., 2001). Because of
and endoderm in the lateral region of the embryo. While mangg|atively recent genome duplicationXnlaevis,mostXenopus
genes have been isolated that are involved in development @énes are present in two copies per haploid genome. These two
the dorsal mesoderm, only a few are specifically expressed gopies are usually labeled as ‘a’ and ‘b’. Typically, the ‘a’ and
the lateral plate mesoderm. One of them is the Foxgext€l ‘b’ genes have the same expression pattern and function. Since
(El-Hodiri et al., 2001; Koster et al., 1999). Fox genes encodpreviously published studies show tHatxF1la and FoxF1b
transcription factors that play important roles in embryonichave the same expression pattern (El-Hodiri et al., 2001; Koster
pattern formation and tissue-specific gene expressioet al., 1999)we will treat them as the same. However, for the
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sake of accuracy, we should mention that these studies wepkate mesoderm of transgenic tadpoles. For the first time, the

performed usindgoxF1h identification of these elements provides a tool to specifically
Xenopus FoxF1s first activated during gastrulation in the manipulate gene expression only in the mesodermal

presumptive ventro-lateral mesoderm. During neurulationcomponent of the gut.

FoxF1 expression becomes restricted to the lateral plate

mesoderm (El-Hodiri et al., 2001; Koster et al., 1999). This )

expression is very similar to the expression of its murindlaterials and methods

ortholog HFH-8 (Foxfl) (Peterson et al., 1997) with some mRNAs and oligonucleotides for microinjection of

species-specific differences. While both of the genes arambryos

expressed in the lateral plate mesoderm and later in the viscerale complete coding sequenceFokF1with or without 99 base pairs

mesoderm, the murinBoxfl is intensely transcribed in the of 5 UTR was amplified by PCR and cloned if@tal/Xhad sites of

extra-embryonic mesoderm of allantois, amnion and yolk sackhe expression plasmid pCS2+C-MT to generate Myc-tagged UTR

structures that do not exist Xenopusembryos. Interestingly, FoxFlandFoxF1 Capped mRNA for injection was synthesized by

even theDrosophilagenebiniou displays a highly conserved in-vitro transcription using mMessage mMachine kit (Ambion).

expression in the visceral mesoderm. The unique expressia-wo FoxF1 morpholino oligonucleotides and a standard control

. . orpholino were synthesized by Gene-TooBoxFIMo (5-
pattern of FoxF genes in the lateral plate/visceral mesoder CTGAAGAAAATAGGGAAAGCTGA-3) and a secondoxF1

makes them important targets for evaluation of function ityyqnoling (8-AGGATAAGAGCCCCTCAGTCTGCAC-3. Injection

order to shed light on their role in gut development. Ny embryos was carried out as previously described (El-Hodiri et al.,

vertebrates, the function 86xflhas been investigated only in 1997). Developmental stages of embryos were determined according

mice. A targeted elimination dfoxfl resulted in defects in to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967).

mesodermal differentiation and incomplete separation of _

splanchnic and somatic mesoderm (Mahlapuu et al., 2001Hyonstructs for transgenesis o

Analysis of Foxfl function in older mouse embryos was A2 kb_ EcoRI-EcoRl DNA fragment upstream of the transcrlptlon

hampered by the fact that thextl deficient embryos have st ste offoxPLwas screened out from tenopusgenomic
: i : : y. uct, thi was su

severe defects in extra-embryoric suctures, and these anim3, S i 7 POLE LSk e e e s

. . . . . the lacZ reporter construct, @anHI-Notl fragment containing
In invertebrates, the function BbxFhas been investigated in |\ iear localization sequence (NLS) ghdalactosidasedc?) from

Drosophila TheDrosophilaFoxF geneviniou (bin) is activated  ,cg2+8gal was subcloned into pBluescript/ISK and then the 2 kb
in the trunk visceral mesoderm primordia and has a role duringcaRrI-EcoRI FoxF1 5 fragment was subcloned into tHEcoRI

specification and differentiation of the trunk visceral mesodermsite to generate pBS-FoxF1-NL&al. DNA for transgenesis was
Its function is essential for the differentiation of the splanchniprepared by digestion witBadl- Pvu for pBS-FoxF1-GFP aniot-
mesoderm into midgut musculature (Zaffran et al., 2001){indlll for pBS-FoxF1-NLSBgal.

suggesting that the FoxF gene family might have an importar\}v

evolutionarily conserved, function in the development of the et blotting _
lateral plate/visceral mesoderm. For in-vitro transcription/translation dfoxF1l, we used the TNT

. : : oupled Reticulocyte Lysate System (Promega) according to the
To gain a better understanding of the function of FoxF gen(_:‘Eﬁanufacturer’s instructions. SDS-PAGE was performed using a 10%

in vertebrates, we have decided to T"O”'tor the effed%e'xr-fl' polyacrylamide gel. The proteins were transferred to a nitrocellulose
absence on gut developmeniiriaevis We argued that in this  memprane (Schieicher & Schuell), and detected with the monoclonal
developmental system the interactions with the mothersouse anti-myc antibody 9E10 (Invitrogen) using the ECL Western
circulatory system are not required and therefore the analySiotting Detection Reagents and Analysis System (Amersham
of FoxF1function is not going to be hampered by early death8iosciences).

of embryos.Xenopusembryos are a very good system for o . ,

studying gut development, as these embryos are easifySitU hybridization, immunostaining,  B-galactosidase
accessible at all developmental stages and the gut developm ning and h'_5t°|_°gy o _

has been described in precise detail (Chalmers and Slack, 19 drcl)e;i-dm(%u;rtl;;r?ésItllggly)brlgjiggfiggnma; gjggrg:ggeiswgf:g';ﬁa?g |
ﬁggg()j ;Bp?g;csf:utgyi'n:(\alﬁ‘eﬁeveﬁzxE]:I(.)frlfr?(?tlig]r? ﬂg%?}%ﬁfg:defrom the following plasmids: BoxF1 clone containing 99 base pairs

) . : L . of 5 UTR and the complete coding sequence in the pCRII-TOPO
are modified oligonucleotides that can inhibit translation of th§ecior was linearized wittkba and transcribed with SP6 RNA

target MRNA (Heasman et al., 2000). They are resistant {gslymerase:Xbap (Newman and Krieg, 1998). Immunostaining of
degradation and therefore are present in embryos for sevegraffin sections and whole embryos was performed as previously
days after injection. Since injections of morpholinos providedescribed (El-Hodiri et al., 1997). Primary and secondary antibodies
substantial reduction of the targeted gene product, this type wkre used at the following dilutions: 12/101, 1:200 (Developmental
interference is often called a gene ‘knockdown’. Using thisStudies Hybridoma Bankji-smooth muscle actin, 1:400 (Sigma);
approach, we found th&bxF1is critical for the proliferation HRP-conjugated sheep anti-mouse IgG, 1:200 (Sigma). Embryos
and differentiation of the lateral plate/visceral mesoderm. ~ Were dehydrated in ethanol, embedded in paraffin wax angimi2

: : : .. sections were cut. Sections were de-waxed in xylene and mounted
furi%:ir(l)?]p'}]ss rz?q)fjli:rjéﬁ s)rteggrer:]a(l)fagtw/ Z&losl%‘gg%n%ng- its with Permount (Fisher). Nuclei were stained witlu@ml Hoechst

. . 33342 (Sigma)B-galactosidase activity was detected as described b
smooth muscle actin. The cis-regulatory element&oxd-1 Tumer(ang Wg?n?raub (1994). Y Y

required for BMP4-mediated activation are located within 2 kb,
upstream of the'®oding region. These sequences are able tdUNEL and BrdU incorporation assays
direct expression of a GFP reporter cassette into the laterapoptotic cells were identified by whole-mount TUNEL staining
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following a protocol by Zhang et al. (Zhang et al., 2003). BrdU
incorporation was performed as previously described (Hardcastle
al., 2000) with some modifications on the injection sites: 10 nl of 5
bromo-deoxyuridine (BrdU) (Roche) were injected into both sides o
the neural plate and lateral plate of stage 19 embryos.

RNA isolation and RT-PCR assay

Preparation of total RNA from animal caps using TRIzol reagen
(Invitrogen) was carried out according to the manufacturer’s instruc
tions. RT-PCR was performed by using the following primers anc
cycling condition:FoxF1(55°C, 30 cycles; forward, AACCCTCT-
GTCCTCCAGCCT; reverse, B5GTTAGTGCAATGACTAACTTC),
Xbra (55°C, 30 cycles; U:"85GATCGTTATCACCTCTG; D: 5
GTGTAGTCT GTAGCAGCA), EF-tr (55°C, 26 cycles U: 'SCA-
GATTGGTGCTGGATATGC; R: 5ACTGCCTTGATGACTCC-
TAG).

Transgenesis

TransgenicXenopus laeviembryos were generated by restriction
enzyme-mediated integration (REMI) as described (Amaya and Krol
1999; Kroll and Amaya, 1996) with some modification (Zhang et al.
2003).

Results _ . .

L i Fig. 1. Expression ofFoxF1during Xenopuslevelopment.
FoxF1 function is required for normal gut (A,B) Embryos are shown with anterior to the left and dorsal to the
development top. (A) Whole-mount in-situ hybridization offoxF1probe to a

Xenopus FoxFis initially activated during gastrulation, in the stage-25 embryd-oxF1expression is present in the neural crest-
lateral and ventral mesoderm (Koster et al., 1999). Durin§erived structures of the head and in the lateral plate mesoderm. At
neurulationFoxF1 transcripts are present in the lateral plateStage 30 the expressionfaixFlintensifies and is also present in the
mesoderm and in the neural crest-derived structures of the he‘éﬂtra'.mes.c’derm (B). Letters with lines in (B) indicate the position

d branchial arches (Fig. 1A). At this stage the most inten of sections in (C,D). (C) Section through the head, branchial arches,
an g. 1A). 9 Shd

_— N . . heart regions shows the lackrokF1expression in the heart.
transcription ofFoxF1is in the anterior-dorsal region of the (D) Section through the mid-trunk region of the embryo shows

lateral plate mesoderm. At stage 30 abundant transcription gkpression in the lateral plate mesoderm. (E) Ventral view of whole-
FoxF1can be also detected in the most ventral region of thgount in-situ hybridization of a stage-45 embryo shBwe-1

embryo, with the notable exception of the heart (Fig. 1B-DExpression in the gut. (F) Transverse section through the embryo
(El-Hodiri et al., 2001; Koster et al., 1999). When the gut startshown in (E) demonstrates tHaxF1transcripts are present in the
to retract, the lateral plate, which is initially a homogeneousplanchnic mesoderm (arrow).
mesenchymal structure, splits into the splanchnic mesoderm
surrounding the gut and the somatic mesoderm that lines the
body cavity. Concomitant with this subdivision, expression obf elongation and coiling of the gut was specific to the action
FoxF1 becomes progressively restricted to the splanchniof FoxF1 morpholinos, as demonstrated by several control
mesoderm (Fig. 1E,F). experiments. To start with, injection of control morpholinos
To investigate the effects of eliminationffxF1protein on  provided by the company did not lead to any malformations in
lateral plate mesoderm development, we injected 8-cell stagkese tadpoles (Fig. 2F). Furthermore, injection of a second set
embryos into the ventral vegetal blastomeres with morpholinosf FoxF1 morpholinos, which were targeted against a different
that inhibit translation oFoxFIMRNA (Fig. 2A). Using this region of theFoxF1 RNA, resulted in a similar abnormal
knockdown strategy, we found that inhibition &xF1 phenotype (not shown). While these experiments demonstrate
function dramatically affected development of embryos in & certain degree of specificity, the most stringent test of
dose-dependent manner. At high concentrations, the frogorpholino specificity is the ability of the targeted RNA to
embryos developed normally during gastrulation andescue the mutant phenotype. However, for the RNA to be able
neurulation, but they lysed on the ventral side around stage 30 rescue the abnormal phenotype in the presence of
(not shown). Using concentrations of morpholinos that do nathorpholinos, this RNA needs to be mutated in the morpholino-
cause lysis of the ventral body cavity, we found that tadpolesinding site. This is necessary because otherwise the injected
showed specific abnormalities of gut development. The moshorpholinos would inhibit the translation of the injected RNA,
obvious abnormality was the lack of gut elongation and coilingnaking such a rescue experiment virtually impossible. For this
(Fig. 2C). Coiling of the gut is a highly reproducible procesgeason, we deleted 25 bp in the morpholino-recognition site of
that proceeds according to a well-characterized pattern andtlee FoxF1RNA. As a result of this deletion, the mutafekF1
used inXenopusas a staging criterion for tadpoles (ChalmersRNA lacked the 3JTR region recognized by the morpholino
and Slack, 1998; Chalmers and Slack, 2000; Nieuwkoop arehd therefore its translation took place even in the presence of
Faber, 1967). The lack of gut elongation and coiling present ithe FoxF1 morpholino. When this RNA was co-injected with
knockdown tadpoles was not due to a delay, as tadpoles twiee FoxF1 morpholino, a large proportion of the injected
days later still did not display any coiling (Fig. 2E). This lackembryos was rescued and showed normal gut elongation and



3640 Development 131 (15) Research article

coiling (Fig. 2H). The percentage of normal embryos increases
from 15.2% in morpholino injections to 85.2% in RNA rescue
experiments. These experiments demonstrate that the abnormal
gut development is due to the reductiorFokF1 function.

FoxF1 is required for differentiation of the gut
mesoderm

A detailed morphological and molecular analysis revealed the
reasons for the abnormal development of the gutoxF1
knockdown embryos. As expected on the basisF@F1
expression, the primary defects in gut organogenesis reside
in the abnormal development of the lateral plate/visceral
mesoderm. Since normal gut development requires a
coordinated proliferation and differentiation of the gut
mesoderm and endoderm, abnormalities in these processes in
either of the two layers can lead to abnormal gut development.
During normal development, the visceral mesoderm develops
into the smooth muscle that surrounds and supports the gut
endoderm. The visceral mesoderm changes from a tissue
with a relatively weak cell adhesion to a tissue with high
cohesiveness. This increase in cohesiveness is especially
critical in Xenopusas in tadpoles prior to metamorphosis the
smooth muscle forms only a single layer. Consequently it is
very susceptible to perturbations. Abnormalities in the
development of smooth muscle can be detected at the
morphological level or by following expression of genes that
are activated during the transition from visceral mesoderm to
smooth muscle. One of the genes diagnostic of correct
transition from relatively undifferentiated visceral mesoderm
to the functional adult-type smooth muscle is themooth
muscle actin. We analyzed expression of this gene in
knockdown tadpoles by immunocytochemistry using
antibodies againsi-smooth muscle actin. Fig. 3A shows the
typical distribution ofa-smooth muscle actin in stage 43/44
control morpholino-injected tadpoles-smooth muscle actin
is present in a layer of cells surrounding the gut. This layer
can be also visualized with Hoechst dye as it contains
morphologically distinct, concentrically aligned, slightly
elongated nuclei (Fig. 3B). This is the morphology
characteristic of the developing smooth muscle. In knockdown
tadpoles, the mesodermal layer does not stain withathe
smooth muscle actin antibodies (Fig. 3C) and when stained
J with Hoechst dye, the nuclei appear highly disorganized and
FoxF1Mo the cells have a more of an undifferentiated, mesenchymal
- appearance (Fig. 3D,F). In many places this layer loses its
integrity and the yolky endodermal cells of the gut spill into
the body cavity (Fig. 3C,E).

Fig. 2.Inhibition of FoxF1function results in impaired gut
morphogenesis. (A) Western blot analysi$aftF1protein tagged

with a Myc epitope at the C-terminus using anti-Myc antibody. Thea-smooth muscle actin is not the only gene that presents
Translation of UTRFoxF1-Myc was blocked in the presence of altered expression FoxF1knockdown embryos. Fig. 4 shows
FoxF1morpholino FoxF1Mo), but not by standard control the expression okenopus bagpipéXbap, which is a marker
morpholino (CoMo). Translation ¢foxF1-Myc RNA lacking the 5 of differentiation of the anterior gut mesoderm. In wild-type
UTR sequences was not inhibited by either CoMBaxF1Mo. embryos Xbapis activated several hours affexF1(Newman

(B) The ventral view of 5-day-old (stage 45/46) uninjected embryo et al., 1997; Newman and Krieg, 1999), making it a potential
and embryo injected withoxFIMo (2.2 pmol) into two ventral target of this gene. WhilXbapis expressed on both sides of

blastomeres at the 8-cell stage (C). Embryos injectedrokR 1Mo

display gut elongation and looping defects. (D) The ventral view of the anterior gut mesoderm of the embryos injected on one side

7-day-old (stage 46/47) uninjected dfukF1IMo-injected embryos with the control morpholino (Fig. 4A.B.1), in embryos that

(E), showing that knockdown embryos still do not display normal guyvere in_ject_ed on one side _W_itﬁOXFl _morpholino Xbap .
morphogenesis. (F) The ventral view of stage 46/47 embryos injectéakPression is absent on the injected side (Fig. 4C,D,J). This
with CoMo (2.2 pmol) showing normal gut morphogenesis. indicates thaFOXFlaCtIVIty IS requlred foD(bapeXpreSSIOH In

FoxF1Mo (2.2 pmol) injected embryos with mutant gut (G), can be the anterior gut mesoderm. To make sure that the lateral plate
rescued by co-injection #oxF1RNA (1.25 ng) (H). mesoderm formed in these embryos, we confirmed its presence
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by in-situ hybridization. The lack of suitable molecular
markers for the development of the lateral plate mesoder!
presented a problem, but fortunatéxF1 itself can be used
as a marker of lateral plate mesoderm development. This
because in knockdown embryos morpholinos inhdokxF1
translation, but they do not inhibit the transcription of this gene
Fig. 4E,F K show the distribution &bxF1 mRNA in control
morpholino-injected embryos. When embryos injected on on
side with FoxF1 morpholino were hybridized with BoxF1
probe, FoxF1 mRNA was detected on both sides of the
knockdown tadpoles (Fig. 4G,H,L). This demonstrates the
FoxF1function is not necessary for the formation of the latera
plate mesoderm and that the lack of Xieap expression in
knockdown tadpoles is not due to the lack of lateral plati
mesoderm.

While the in-situ hybridization with FoxF1 probe
demonstrated that the lateral plate mesoderm was formed
the absence dfoxF1 function, it also revealed that there was
a reduced amount of it on the morpholino-injected side
of tadpoles. This raised the possibility that in addition tc
differentiation, the proliferation or the apoptosis of lateral plate
mesoderm was affected by ablationFokF1 function.

CoMo

FoxF1Mo

CoMo

FoxF1Mo

CoMo FoxF1Mo CoMo FoxF1Mo

Fig. 4. Abnormal expression ofbapin FoxF1knockdown embryos.
(A,B) Whole-mount in-situ hybridization showinghapexpression

on both sides of a CoMo-injected stage 35/36 embryo. A line with a
letter in (A) indicates the position of the section in (I). (C,D) Whole-
mount in-situ hybridization akbapRNA to aFoxFIMo-injected

stage 35/36 embryXbapexpression is present on the uninjected
side (C) but is absent on the injected side (D). A line with a letter in
(C) indicates the position of the section in (J). (E,F) Whole-mount in-
situ hybridization showingoxF1expression on both sides of a
CoMo-injected stage 35/36 embryo. A line with a letter in (E)
indicates the position of the section in (K). (G,H) Whole-mount in-
situ hybridization oFoxF1RNA to aFoxFIMo-injected stage 35/36
embryo.FoxF1expression is present on both sides of the embryo. A
line with a letter in (G) indicates the position of the section in (L).
Fig. 3. FoxFL1lis required for smooth muscle differentiation in the (I) A section through the embryo in (A) shows taapis expressed
gut. Immunostaining with antibodies agaiossmooth muscle actin  in the CoMo-injected (shown as right) side as well as on the

on transverse sections through the hindgut of CoMo (Ay-arf1 uninjected (left). (J) A section through the embryo in (C) shows that
knockdown (C) embryos at stage 43/d4smooth muscle actin is Xbapis expressed on the uninjected (left) side BoxF1IMo-

expressed in the smooth muscle layer surrounding the gut endoderiimjected embryo but not on the injected (right) side of a tadpole.

(A) but absent in the knockdown embryo (C). (B,D) Nuclear staining(K) A section through an embryo hybridized wibxF1RNA shows

by Hoechst dye on the same sections shows a layer of smooth musthat the lateral plate mesoderm is present on the CoMo-injected
cells with elongated nuclei (arrows) surrounding the gut of CoMo- (right) side as well as on the uninjected side (left). (L) A section
injected embryos (B), but highly disorganized gut mesoderm in through an embryo hybridized wifloxF1RNA shows that the
knockdown embryos (D). (E) Close-up view of the area boxed in (C)ateral plate mesoderm is present onFbe~1Mainjected (right)
visualizing the endodermal yolk platelets (arrows) in the visceral  side as well as on the uninjected side (left). Arrows point to the
cavity. anterior lateral plate mesoderm.
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FoxF1 is required for normal proliferation of the Regulation of FoxF1 during Xenopus development

lateral plate mesoderm Dorsoventral properties of the mesoderm depend on
While the abnormal degree of differentiation alone couldantagonistic interactions between dorsalizing and ventralizing
explain the lack of cohesiveness of the smooth muscle layersgnals (Heasman, 1997; Sive, 1993). The major ventralizing
reduced cell proliferation or increase in cell death in thesignal inXenopusembryos is the signaling molecule BMP4.
developing lateral plate mesoderm could be other contributin§ince FoxF1 is predominantly expressed in the ventral
factors. Alteration in either of these processes could lead toraesoderm, BMP4 might an upstream regulatdfosd=1 This
reduced number of mesodermal cells during smooth muscfeossibility is further strengthened by the observation in
formation. To evaluate whether cell proliferation was affectedrosophila that biniou is regulated bydpp, the Drosophila

in FoxF1 knockdown experiments, we used BrdU homologof BMP4 (Zaffran etal., 2001). We performed a series
incorporation to visualize proliferating cells in these embryosof experiments in order to address this possibility. First, we
While cell proliferation was high in the lateral plate mesodermnjected BMP4 RNA into 8-cell staggenopusembryos. At

of control morpholino-injected embryos (Fig. 5A,C), it wasearly blastula stage we cut animal caps and cultured them until
strongly reduced ifroxF1 knockdown embryos (Fig. 5B,D).
Counting of BrdU-positive cells revealed that the lateral plate
mesoderm oFoxF1knockdown tadpoles contained about 40%
less BrdU-positive cells (Fig. 5E). At the same time the cel
proliferation in the neuroectoderm was not affected. This
demonstrates a significant reduction of cell proliferation ir
the lateral plate mesoderm @&oxF1 morpholino-injected

A 4% |B

embryos.

To evaluate whether cell death was affectedFaxF1 :
knockdown experiments, we used TUNEL assays on stage : .
embryos. We chose this stage because some embryos |y
around stage 28-30, which might be indicative of increased ce
death. However, the TUNEL analysis did not show higher cel 'C
death in the lateral plate mesoderm of FogF1 morpholino- L1
injected embryos (Fig. 5G) than in the control morpholino-
injected tadpoles (Fig. 5F). These observations show that % ’ N
addition to having a role in the differentiation of the visceral \ - - A e et
mesoderm, the function of tH@xF1is also required for the :i O
proliferation of cells of the lateral plate mesoderm. A L LR ™ .
combinatory effect on these two processes leads to a reduc s : p Ry
number of partially differentiated cells. These cells are unabl £ ~
to form a layer of smooth muscle that would properly suppor -
the gut endoderm. E

a0 '|'
60 J.

40

Fig. 5. A lower rate of lateral plate mesoderm proliferatiofraxF1
knockdown embryos. (A-D) Cell proliferation as visualized by BrdU
incorporation (brown nuclear staining). Transverse sections through
the midtrunk of stage-20 embryos injected with CoMo (A) or
FoxF1IMo (B) show drastically reduced cell proliferation in the 20 ]_I—| |—I—|
lateral plate mesoderm BbxF1knockdown embryos. The boxed

areas are magnified in (C,D). (C) Higher magnification of the boxed
areas in (A), showing BrdU-positive cells in the lateral plate
mesoderm and in the neuroectoderm (inset) of a CoMo-injected
embryo. (D) Higher magnification of the boxed areas in (B), showing
a lack of BrdU-positive cells in the lateral plate mesoderm but a
normal number of BrdU-positive cells in the neuroectoderm (inset)
of aFoxF1Mo-injected embryo. (E) A column chart showing the
numbers of BrdU-positive nuclei in the lateral plate mesoderm and
neuroectoderm of CoMo- arixF1IMo-injected embryos at

midtrunk level (averages.e.m.). Nuclei were counted on 10

sections derived from 5 control embryos and 20 sections from 11
FoxF1knockdown embryos in two independent experiments. The
difference in proliferation rate between control and knockdown
lateral plate mesoderm is statistically signific&®%.9x 10-%in a
two-tailed t-test). LPM: lateral plate mesoderm. (F,G) TUNEL assay
on stage-28 embryos injected with CoMo (F) &gF1Mo (G).
Apoptotic cells (blue staining, inset) are mostly located in the
neuroectoderm. No significant differences were observed between
embryos injected with CoMo arfexFI1Mo.

——

BrdU positive cells
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sibling embryos reached the late gastrula stage. We used Ritesoderm converts to dorsal mesoderm, leading to the
PCR to determine whether these caps expréasdell RNA.  formation of a secondary axis (Suzuki et al., 1994rokF1
As can be seen in Fig. 6A, the BMP4 RNA-injected capss a downstream target of BMP4 and mediates BMP4 function,
expressefoxFImRNA, while the control, uninjected caps did a co-injection oFoxF1RNA with DNBR RNA should lead to
not expres$oxF1 mRNA. This shows that BMP4 alone can a rescue of the dorsalized phenotype and to the elimination of
activateFoxF1 transcription in uncommitted ectoderm. the secondary axis. As can be seen in Fig. 6G,H, this was
In the second experiment, we took advantage of the fact thetdeed the case. Injection of DNBR RNA led to formation of
overexpression of BMP4 gives rise to embryos with ahe secondary axis in 95.8% (69/72) of embryos (Fig. 6G). By
ventralized phenotype (Dale et al., 1992; Suzuki et al., 1997¢ontrast, wherFoxF1 RNA was co-injected with the DNBR
Therefore, ifFoxF1is a target of BMP4, its gene product might RNA, only 4.4% (4/90) of embryos formed a secondary axis
ventralize embryos. To test this hypothesis, we injeBted1  (Fig. 6H). This provides further evidence thHaixF1 is a
mRNA into one or both dorsal blastomeres of 4-cell stagdownstream mediator of BMP4 signaling.
embryos. These blastomeres normally form dorsal structures. Several papers demonstrated induction of mesodermal
We found that embryos injected with thexF1RNA displayed  markers inXenopusnimal caps by BMP4. For example, Jones
a strongly ventralized phenotype (Fig. 6D). These embryos haat al. (Jones et al., 1992) and Suzuki et al. (Suzuki et al., 1997)
markedly reduced dorsal structures on the injected side and, slsowed that BMP4 can induce transcription of mesoderm-
the staining with muscle-specific antibodies demonstrates, thepecific genes such as BrachyurXbi@. Since our
had only few, poorly differentiated somites (Fig. 6F).experiments confirmed these findings (Fig. 6A), we examined
Therefore, the effects dfoxF1 RNA injection mimicked the the possibility that the activation 86xF1 might be mediated
effects of BMP4 RNA injection, suggesting thHaixF1lis a by Xbra Xbrahas a partially overlapping pattern of expression
target and a mediator of BMP4 signaling. during earlyXenopusdevelopment and could be a potential
In the third experiment, we examined the abilityFokF1  mediator of BMP4 signaling iRoxF1 activation. Indeed, our
RNA to rescue dorsalized embryos that suffer from a lack oféxperiments showed th&bra could activatd=oxF1in animal
BMP4 signaling. It has been demonstrated previously thataps (Fig. 6B), opening the possibility tiraF1activation by
embryos injected with the dominant negative BMP4 receptoBMP4 is indirect.
(DNBR) into the ventral blastomeres of 8-cell stage embryos Furthermore, since the lack of gut coiling Xenopus
lost most of their ventral structures. This is because DNBRmbryos injected witlfoxF1 morpholinos strongly resembles
eliminates BMP4 signaling; and as a result, the ventrahe phenotype of embryos injected with RNA encoding the

A o 8 D = B Fig. 6. FoxF1is a target and a mediator of BMP4 signaling.
é@d eaf? .{5}2’ o P & K @Q" (A) RT-PCR analysis of RNA isolated from animal caps
o @‘} Qg\ & 696 i Fod ovf’ & injected with BMP4 RNA. Animal caps from embryos injected
&S e & & X L with BMP4 RNA (1.5 ng) into the animal blastomeres or
& Q&‘“ Q}g p’” Qc:‘;‘ QQQ' uninjected embryos were dissected at stage 8 and collected
= e FoxF1 when siblings reached stage 12.5. Xbra was used as a positive
- - Xbra ! - s FoxF1 control for BMP4 induction and Edlas a loading control.
Lane 1 — RT-PCR on RNA from a whole embryo. Lane 2 —
- . W EF1a - - - .- .- EFto uninjected cap. Lane 3 — BMP4 injected cap. Lane 4 — no RT
(no enzyme, RNA from the whole embryo). (B) RT-PCR

analysis of RNA isolated from animal caps injected with BMP4
or XbraRNA, or treated with FGF protein. Animal caps from
embryos injected with BMP4 (1.5 ng) ¥bra (2.5 ng) RNA

into the animal blastomeres or uninjected embryos were
dissected at stage 8. Caps were collected when siblings reached
stage 12.5 and assayed by RT-PCR. For FGF experiments, a set
of uninjected caps was dissected at stage 8 and treated with 200
ng/ml bFGF for 1 hour. (C-F) Effects BOxF1RNA injection

on the morphology aXenopusembryos. Two dorsal

blastomeres at the 4-cell stage were injected FakiF1 RNA

(0.4-1 ng), and phenotypes were analyzed at stage 28-30. The
injected embryos (D) show different degrees of ventralization,
while their siblings (C) display normal morphology. (E,F) The
right (E) and left (F) side of a stage-30 embryo injected in the

left side withFoxF1RNA immunostained with 12/101

antibodies that recognize somatic mesoderm. The left side of the
embryo shows a significant reduction of this marker.

(G,H) FoxF1RNA can rescue axis duplication caused by the
injection of dominant-negative BMP receptor (DNBR).

(G) Embryos injected with DNBR RNA (1.5 ng) showing axis
duplications. (H) Embryos injected with DNBR aakF1

RNA (1.5 ng, 1.25 ng) demonstrate tRakF1RNA can rescue

the DNBR phenotype.
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dominant negative FGF receptor 1 (Saint-Jeannet et al., 1994)ansgene or due to the fact that the transgene contains
we examined whether FGF can also activate this gene. As caaquences that bias gene expression toward unilateral
be seen in Fig. 6B50xF1could be activated in animal caps by expression. To further refine this promoter, we also used LacZ
FGF as well. All these experiments suggest that the regulatiaas a reporter system. The expression pattern of LacZ was
of FoxF1 expression is complex and that there might be morsimilar to GFP, but the expression was somewhat more mosaic
than one way of activating this gene. In order to shed mor@-ig. 7G). However, the appearance of mosaicism is enhanced
light on the regulation of FoxF1, we decided to identify the cisby the fact that the nuclear localization signal of the LacZ

regulatory sequences that are responsible for the corre@porter construct (Fig. 7F) directs the protein into the nuclei.

temporal-spatial expression of this gene. Nevertheless, all these experiments show that the 2 kb
upstream fragment of th&oxF1 contained the necessary

FoxF1 regulatory elements are located in the 5 sequences to direct gene expression into the developing lateral

upstream region of the gene plate mesoderm. Since we have shown in previous experiments

Since theFoxF1 gene must contain regulatory sequences thahat FoxF1 might be regulated by BMP4 signaling, we
direct gene expression into the lateral plate mesoderm, we usiegestigated whether this LacZ reporter construct is responsive
transgenic frog embryos to identify the segmeriosf=1DNA  to BMP4 induction. As can be seen in Fig. 71, animal caps
that is responsible for the temporal-spatial regulatidfosfF1  injected with this construct and BMP4 RNA display significant
expressionFor this purpose, we isolated a genomic clone oexpression of the LacZ reporter. This is in contrast to the
FoxFland, using GFP or LacZ as a reporter, we delineated ttanimal caps injected with the construct alone (Fig. 7H). This
sequences that can direct gene expression into the lateral plat®ws that the 2 kb construct contains sequences that mediate
mesoderm. We found that a 2 kb DNA fragment upstream dMP4 signaling.

the B end of the transcription start siteFafxF1can direct GFP
expression into the lateral plate mesoderideriopugadpoles iscussion
(Fig. 7A-C). When performing these experiments, we founoD o

that while the monitoring of the GFP fluorescence wadRole of FoxF genes in visceral mesoderm

informative, it was difficult to evaluate GFP expression indevelopment

sections as the autofluorescence of the yolk made therganogenesis of the gut requires a well-orchestrated
evaluation of GFP fluorescence unreliable. For this reason, vexpression of genes in the developing visceral mesoderm and
performed whole-mount in-situ hybridization on transgenicgut endoderm. The developmental controls that govern the
embryos with an anti-GFP digoxigenin-labeled probe. Thigoordinate proliferation and differentiation of these two tissues
eliminated the problem with autofluorescence and allowedre not well understood. One of the genes that plays a critical
visualization of GFP expression in sections (Fig. 7D,E). Theole in development of th&Xenopuslateral plate/visceral
levels of GFP RNA varied, but in general they were limited tanesoderm is the Fox gefexF1 FoxF1is initially expressed

the lateral plate mesoderm (Fig. 7D). In a significant portioin the lateral plate mesoderm and later in the visceral
of embryos, the expression was only on one side of the embrynesoderm surrounding the gut. The expressidrorF1is of

(Fig. 7E). We are currently investigating whether thisfunctional importance, as we find that interference with the
expression pattern is due to a delayed integration of thganslation of this gene usingoxF1 morpholino results in

Ieinreml, .

Fig. 7.5 upstream regulatory sequencesokF1direct

gene expression into the lateral plate mesoderm and are
responsive to BMP4 induction. (A) Diagram of a GFP
reporter construct used to map the regulatory sequences of
FoxF1in transgenic embryos. (B) A transgeiienopus
tadpole displaying GFP fluorescence in the ventral half of
the body. (C) Same embryo in transmitted light. (D) A
cross-section of the tadpole hybridized with digoxigenin
labeled anti-GFP probe showing expression of the GFP
RNA in the lateral plate mesoderm. (E) A cross-section of
the embryo hybridized with digoxigenin labeled anti-GFP
probe showing expression of the GFP RNA on one side of
the embryo. (F) Diagram of a LacZ reporter construct used
to map the regulatory sequencesokF1lin transgenic
embryos. (G) A transgenXenopusmbryo displaying

LacZ staining in the ventral half of the body. (H) The
pBS-FoxF1-NLS-LacZ reporter construct does not show
any expression of LacZ in cultured animal caps from
injected embryos but shows high levels of expression
when co-injected with BMP4 RNA (1).
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abnormal development of visceral mesoderm, which in turn While Foxflis the best-studied Fox gene in the development
leads to abnormal gut development. The phenotyg®xfl  of the visceral mesoderm, a functional loss of the Fox gene
knockdown embryos is concentration dependent. When BoxI1 (Fkh6) has also been shown to result in detrimental
low concentration ofFoxF1 morpholino is injected into effects on the development of the gastrointestinal epithelium
embryos, the visceral mesoderm does not undergo prop@faestner et al.,, 1997FoxI1 is expressed in the visceral
cytodifferentiation. Consequently, the gut does not elongatmesoderm and its function is required for regulating normal
and coil. The underlying reason for this morphologicallygastrointestinal proliferation and differentiati¢Giox|1-/— mice
abnormal gut development is the lack of normal differentiatioshow severe abnormalities of gut development including
and proliferation of the lateral plate/visceral mesoderm. Duringhanges in the endoderm-derived gut epithelium. Therefore the
normal development the gut endoderm recruits the splanchnlikely role of Foxll resides in the interaction between
mesoderm to form a single layer of smooth muscle cells aroundesenchyme and epithelial cells. The putat¥enopus
the gut. InFoxF1 morpholino-injected embryos, the lateral ortholog of Foxll, FoxL1 (XFD-8) has been isolated, but no
plate mesoderm does not proliferate properly and is not able &xpression of this gene was detected in embryonic stages (Lef
generate enough cells to create an intact mesodermal layatral., 1996). This might be becadgL1 has no function in
around the gut endoderm. This unfavorable situation is furthesmbryonic development or because low levels of expression
exacerbated by simultaneous abnormal differentiation of thmake the detection of its transcripts difficult.
visceral mesoderm in thes€oxF1 morpholino-injected Interestingly, the critical role of the FoxF gene family in
embryos. While the visceral mesoderm is present, stagéhe development of visceral mesoderm extends also to
specific differentiation markers are not activated. The smootimvertebrates. ThBrosophilagenebiniou (FoxF), which is the
muscle cells do not differentiate properly and the physicaly homolog of FoxF1, has an important function in the
integrity of the gut mesoderm is compromised. This mesodermievelopment of th®rosophilamidgut (Zaffran et al., 2001).
cannot expand and as a result the gut does not elongate dnd is activated in theDrosophila trunk visceral mesoderm
coil. primordia and has a critical role during specification and

At high concentrations ofoxF1 morpholino, the visceral differentiation of the trunk visceral mesoderm. In its absence,
mesoderm surrounding the gut loses its physical integritthe differentiation of the splanchnic mesoderm into midgut
completely and the yolky endodermal cells spill into the bodynusculature is impaired. Taken together, all these data indicate
cavity. Eventually the entire ventral body cavity will lyse, that the FoxF family is an ancient gene family that has a
which might indicate that the somatic mesoderm is alseonserved role in the visceral mesoderm development in
deficient in cell numbers as a result of reduced proliferation imertebrates and invertebrates.
the lateral plate mesoderm during neurulation.

When one compareXenopus FoxFlwith its murine Regulation of FoxFI1
ortholog, several similarities can be found. In addition to théur experiments suggest théenopus FoxF1s a target and
structural conservation between these two gexesppusand  a mediator of BMP4 signaling. Several pieces of evidence
murineFoxflhave a similar expression pattern. In both speciesupport this conclusion. First, BMP4 RNA could induce
Foxflis expressed in the lateral plate/visceral mesoderm. In thexpression ofFoxF1 in animal caps. Second, injection of
mouse, additional high levels &bxfl transcription can be FoxF1 RNA into Xenopusembryos ventralized embryos,
found in the extra-embryonic mesoderm-derived structures mimicking the action of BMP4. FinallyfoxF1 RNA could
amnion, allantois and yolk sack — which are not found imescue dorsalized embryos resulting from the injection of
XenopusThese two genes also show high levels of functionatlominant negative BMP4 receptor. This BMP4 regulation of
conservation. In both species the formation of visceraFoxFlis likely to reflect an evolutionarily conserved pathway,
mesoderm is strongly affected by the expressiofogF1 A  asbiniouin theDrosophilavisceral mesoderm is dependent on
lower rate of proliferation is present in the lateral platedpp the fly homolog of BMP4 (Frasch, 1995). However, it
mesoderm ofoxF1 morpholino-treatecKkenopusembryos as is unlikely that the BMP4 pathway is the only avenue for
well as inFoxfl-/— mouse embryos (Mahlapuu et al., 2001b)regulating the expression dfoxF1l in vertebrates. First,
Unfortunately, thé-oxfl-/— mice die and degenerate before gutexpression ofoxflis largely unaffected in BMP4 knockout
organogenesis begins, and therefore they do not provide o®mouse embryos (Fujiwara et al., 2002). While it is possible that
with information about the role dfoxfl in the murine gut other BMP proteins compensate for the lack of BMP4 protein
development. The haploinsufficierifoxfl+/— mice, which in these knockout embryos, there are several experiments
presumably have 50% of ti@xfl activity intact, suffer from suggesting that FGF signaling is also involved in the formation
high perinatal mortality, partly caused by constriction ofof the visceral mesoderm. Saint-Jeannet et al. (Saint-Jeannet et
the esophagus, and provide information limited to foregual., 1994) demonstrated thdenopusembryos injected with
malformations (Mahlapuu et al.,, 2001a). However, theRNA encoding the dominant-negative FGF receptorl do not
abnormalities observed in development of the allantdtexfii. ~ develop visceral mesoderm and do not activatsmooth
knockout mouse embryos are in many respects similar to thogauscle actin expression. This is very similar to our
present in the development ofenopusgut mesoderm. observations ofFoxF1 morpholino-treated embryos. FGF
Allantois is a mesodermal structure that during normakignaling is also involved in the formation of tbeosophila
development elongates and fuses with the choriofoxfil—/—  visceral mesoderm, as the mesoderm-specific FGF receptor
embryos, allantois does not differentiate and expands properlpFR1/Heartlesss required for the formation of the visceral
and consequently does not reach the chorion. A propenuscles (Shishido et al., 1997).
placentation does not take place and the mutant embryos dieFoxF1 can also be activated b¥bra. While Xbra is
(Mahlapuu et al., 2001b). expressed primarily in the notochord of neurula-stage
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vertebrate embryos, during gastrulation it is expressed in thable to couple these two regulatory functions, such as the Hox
blastopore equivalent of bilateria. Xenopughis means that and Six proteins (Del Bene et al., 2004; Luo et al., 2004).

the expression is surrounding the entire yolk plug (Wacker et Last, but not least, we have isolated HoxF1 regulatory

al., 2004), making it possible thatbra is involved in the sequences that are able to direct gene expression into the
regulation ofFoxF1 Regulation ofFoxF1by Xbrawould not  developing lateral plate mesoderm. These sequences are
be entirely surprising, as tHerosophila Brachyury(byn) is  located in the Supstream region of the gene. Isolation of
necessary for the hindgut formation (for a review, see Lengyeslequences that specifically direct gene expression into the
and Iwaki, 2002). It is not clear at present to which degree theskeveloping gut mesoderm will allow us specifically to alter
different pathways are used for the regulation of expression gene expression in the gut mesoderm and monitor the
FoxF1 and its orthologs in different species. It is likely thatmorphological, physiological and molecular consequences of
the relative contribution of each pathway to the regulatiorthis altered gene expression in the gut mesoderm and
of FoxF1l will be species dependent. For instance, theendoderm. This is of extreme importance, as the lateral plate
evolutionary divergence ofFoxF1 regulation can be mesoderm, and later the visceral mesoderm, have an instructive
demonstrated using the example of regulatory interaction®le in the regionalization and proper development of the gut
betweenDrosophila binand bap and Xenopus FoxFland endoderm. This will makeXenopusuniquely suited for
Xbap While theDrosophila biniouis activated bybap this  studying epithelial-mesenchymal interactions during gut
does not appear to be the casX@mopusThis is because the development.

timing of expression ofoxF1/binandXbap/baphas changed

during evolution. WhileDrosophila bapis transcribed in the We thank C. Zilinski for a critical reading of this manuscript, Dr P.
visceral mesoderm almost simultaneously it (Zaffran et~ A- Krieg for providing thexenopusbagpipe plasmid; Dr N. Ueno for

al., 2001) Xenopus bajis activated several hours affesxF1 the DNBR plasmid; Dr C. Wright for the BMP4 plasmid; Dr P.
and therZefore cpannot rllt?e involved in the initiationFokF1 ~ McCrea for the pCS2+C-MT vector; Drs A. Chalmer and J. W. Slack
for sharing Xenopusgut section drawings; Drs H. El-Hodiri, O.

transcription. . . - Medina-Martinez, A. Corona, L. Zhang, S.-W. Kim and W. Xian for
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