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The TGFB activated kinase TAK1 regulates vascular

development in vivo

Joy L. Jadrich', Michael B. O’Connor'?* and Electra Coucouvanis'-3*1

TGF activated kinase 1 (TAK1) is a MAPKKK that in cell culture systems has been shown to act downstream of a variety of signaling
molecules, including TGF. Its role during vertebrate development, however, has not been examined by true loss-of-function
studies. In this report, we describe the phenotype of mouse embryos in which the Tak7 gene has been inactivated by a genetrap
insertion. Tak7 mutant embryos exhibit defects in the developing vasculature of the embryo proper and yolk sac. These defects
include dilation and misbranching of vessels, as well as an absence of vascular smooth muscle. The phenotype of Tak7 mutant
embryos is strikingly similar to that exhibited by loss-of-function mutations in the TGFB type | receptor Alk7 and the type Ill receptor
endoglin, suggesting that TAK1 may be a major effector of TGF signals during vascular development. Consistent with this view, we
find that in zebrafish, morpholinos to TAK1 and ALK1 synergize to enhance the Alk71 vascular phenotype. Moreover, we show that
overexpression of TAK1 is able to rescue the vascular defect produced by morpholino knockdown of ALK1. Taken together, these
results suggest that TAK1 is probably an important downstream component of the TGF@ signal transduction pathway that regulates
vertebrate vascular development. In addition, as heterozygosity for mutations in endoglin and ALK1 lead to the human syndromes
known as hereditary hemorrhagic telangiectasia 1 and 2, respectively, our results raise the possibility that mutations in human TAK?

might contribute to this disease.

KEY WORDS: TAK1 (MAP3K7), Angiogenesis, ALK1 (ACVRL1), HHT, TGFB

INTRODUCTION

Transforming growth factor 3 (TGF) signaling plays diverse roles
in a variety of cellular processes during development (Massague,
1998). TGF ligands signal through a heteromeric serine/threonine
kinase receptor complex consisting of both type I and type Il
receptors. Upon ligand binding, the two receptors are brought into
close proximity and the type I receptor is phosphorylated and
activated by the type II receptor (Shi and Massague, 2003). More
recently, a type III TGFf receptor, endoglin, has been isolated and
is thought to assist in binding of the ligand to the receptor complex
(Letamendia et al., 1998). Once activated, the type I receptor is able
to phosphorylate and activate downstream signaling molecules, most
notably, the SMAD intracellular transcription factors (Liu, 2003; Shi
and Massague, 2003).

Proper vascular development requires precise regulation of many
cellular processes, including proliferation, migration and
differentiation, and has been shown to depend on TGFf signaling
(Lebrin et al., 2005; Pepper, 1997). During vasculogenesis,
endothelial precursor cells (angioblasts) are formed from mesoderm
and assemble into a primitive plexus (Risau and Flamme, 1995).
Subsequently, angiogenesis remodels the primitive plexus through
activation and resolution phases. During the activation phase,
endothelial cells proliferate and migrate to form new vessels (Lebrin,
2005; Pepper, 1997). During the resolution phase, proliferation and
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migration cease, the basement membrane is reconstituted, and peri-
endothelial cells such as smooth muscle cells and pericytes are
recruited for stabilization of the vessel (Lebrin, 2005; Pepper, 1997).

Gene inactivation studies in mice have highlighted the specific
roles of TGF signaling pathway elements in vascular development.
Half of TGFB1-null mice die at midgestation owing to defects in
vasculogenesis and hematopoeisis of the yolk sac (Dickson et al.,
1995). Likewise, loss-of-function mutations in the type I TGFf3
receptors, Alkl (Acvrll — Mouse Genome Informatics) and Alk5
(Tgfbrl — Mouse Genome Informatics), and the type III receptor,
endoglin, lead to vascular abnormalities indicative of defects in
angiogenesis and result in lethality at midgestation (Arthur et al.,
2000; Bourdeau et al., 1999; Larsson et al., 2001; Li et al., 1999; Oh
et al., 2000; Urness et al., 2000). ALK1 and endoglin have been
shown by several in vitro studies to act together downstream of
TGFp to regulate the activation phase of angiogenesis (Carvalho et
al., 2004; Goumans et al., 2002; Lebrin et al., 2004). Loss of
function mutations in Smad5, which has been shown to be activated
by ALK1, result in defects in angiogenesis such as those seen in Alk/l
mutants (Yang et al., 1999).

In addition to the canonical SMAD pathway, TGFp receptors
can also activate members of the mitogen activated protein kinase
(MAPK) pathway, including TGFf activated kinase 1 (TAKI;
MAP3K7 — Mouse Genome Informatics) (Mulder, 2000;
Yamaguchi et al., 1995). TAK1 is a MAPKKK discovered in a
suppressor screen designed to identify novel MAPK pathway
members, and TAK1 kinase activity was shown to be rapidly
induced in response to TGF (Yamaguchi et al., 1995). In vitro
studies have demonstrated that expression of a dominant-negative
version of TAK1 abrogates signaling downstream of TGFf3, while
expression of a constitutively active version of TAK1 is able to
elicit ligand-independent TGFB responses (Ono et al., 2003;
Yamaguchi et al., 1995; Zhang et al., 2000). TAK1 has also been
shown to play an important role in signaling downstream of a
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variety of other molecules in vitro, including BMP, WNT and IL1
(Ishitani et al., 2003; Ninomiya-Tsuji et al., 1999; Shibuya et al.,
1998).

TAKI1 function has been studied using a variety of model
organisms. Ectopic overexpression of TAK1 in Xenopus embryos
results in apoptosis, but when the apoptotic inhibitor BCL2 is co-
expressed, embryos are ventralized. In this system, TAK1 activation
is mediated by BMP signaling. Interestingly, further experiments in
Xenopus showed that loss of TAK1 function, by overexpression of
dominant-negative constructs, also blocks ventralization caused by
ectopic expression of SMAD1 and SMADS, suggesting a possible
cooperation between the canonical SMAD pathway and TAKI1
(Shibuya et al., 1998). Mutations in the Drosophila Tak! gene do not
affect development. Mutant flies are fully viable and fertile but they
do not produce antibacterial peptides and are highly susceptible to
Gram-negative bacterial infection as a result of defects in rel/NF-
kB-dependent innate immune responses (Park et al., 2004; Vidal et
al., 2001). In C. elegans, loss of TAK-1 function results in a loss of
endoderm owing to defects in WNT signaling (Meneghini et al.,
1999).

We have previously shown that TAK1 is widely expressed during
mammalian development (Jadrich et al., 2003); however, limited
information is available regarding the role of mammalian TAK1
during development in vivo. Expression of constitutively active
TAKI1 in the heart was found to induce cardiac hypertrophy (Zhang
et al., 2000), and expression of dominant-negative TAK1 in rat liver
accelerates cell cycle progression following partial hepatectomy
(Bradham et al., 2001). The degree to which TAK1 normally
functions to regulate cardiomyocyte and hepatocyte function has not
been determined. To identify potential functions for TAKI1 in
vertebrate development, we generated TAK 1-deficient mice. We find
that TAK1 is essential for proper embryonic development and
provide evidence that it functions in conjunction with the TGF(
pathway in vivo. Specifically, loss of mouse TAK1 causes defects in
developmental angiogenesis similar to those described for TGF3
pathway members ALKI1, endoglin and SMADS5. We also
demonstrate that in zebrafish, knockdown of TAK1 and the TGFf3
receptor ALK1 synergistically enhance vascular defects, while
overexpression of TAKI is able to partially rescue the vascular
phenotype caused by knockdown of ALK1. Taken together, our
results provide the first evidence that TAK1 is required in vivo for
proper development of the vasculature, possibly through a TGF
responsive pathway.

MATERIALS AND METHODS

Generation of Tak7-null mice

‘We obtained ES cells containing a genetrap insertion in the first intron of the
Takl1 locus (Fig. 1A) from BayGenomics (BayGenomics cell line XB444)
(Stryke et al., 2003). The genetrap construct contains a splice acceptor
upstream of the 3-galactosidase and neomycin resistance fusion gene, Sgeo.
The Bgeo gene is linked via an internal ribosome entry site (IRES) to the
placental alkaline phosphatase gene (PLAP). The insertion in Tak! is the
only insertion we detected in XB444 cells by Southern blot (data not shown).
Sequencing of the Tak locus in XB444 cells revealed that the insertion was
associated with a 12 bp deletion in the genomic sequence.

XB444 cells were injected into C57BL/6J blastocysts, and the resulting
chimeric mice were outcrossed to C57BL/6J (Jax Laboratory) to test for
germline transmission. Two chimeric male mice transmitted the Tak!/
genetrap allele through their germline and were used in the subsequent
studies. No phenotypic differences were seen between descendents of the
two founder chimeric mice.

Genotyping of the pups was performed by Southern blot or PCR. For
Southern blotting, genomic tail or yolk sac DNA was isolated as described
(Laird et al., 1991), digested with HindIIl, and then hybridized with a probe

corresponding to a 1 kb region of the Tuk! locus just outside the insertion
site (Fig. 1A). The probe was labeled with [*>P]-« ATP using the Random
Primed DNA Labeling kit (Roche). For PCR genotyping, a forward primer
just upstream of the insertion site (5'-AGTCCCAGAATGTCGACCAC-3")
and a reverse primer just downstream of the insertion site (5'-AGT-
GGCCACCAATTTCACAT-3") were used to detect the wild-type allele. The
mutant allele was detected using the reverse primer from the wild-type PCR
and a forward primer located within the end of the genetrap vector (5'-
CCTCTTCGCTATTACGCC AG-3'"). Both sets of primers were annealed at
58°C for 30 cycles. The wild-type and mutant primer pairs amplify 290 bp
and 391 bp fragments, respectively (data not shown).

To analyze levels of wild-type Tak! and Tak1A/A fusion transcripts, cDNA
was made from E9.5 embryos using the Thermoscript RT-PCR system
(Invitrogen). Wild-type Tak! transcript was amplified using the following
primers: Takexonl, 5'-CTTCTGCCAGTGAGATGATC-3'; Takexon2, 5'-
TGAAAGCCTTCCTCTCAGAC-3"; TakIA/A fusion transcript was
amplified using the Takexonl primer above; and Bgeol, 5'-TCTTCGC-
TATTACGCCAGCT-3'. Actin was amplified using the following primers:
Actinl, 5'-GCTCCGGCATGTGCAA-3'; Actin2, 5'-AGGATGTTCATGA-
GGTAGT-3'. All three primer sets were annealed at 54°C for 35 cycles.

Western blotting

E10.5 embryos were dissected out in PBS and extra-embryonic membranes
removed for genotyping. Dissected embryos were lysed in modified RIPA
buffer (50 mM Tris-Cl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na orthovanadate, 1 mM NaF, 1
wg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin) for 15 minutes
at 4°C. Lysates were cleared by centrifugation for 15 minutes at 4°C and
quantitated with the BioRad Protein Assay reagent.

Protein (10 pg) was electrophoresed on a 4-12% gradient NuPAGE gel
(Invitrogen) and transferred to nitrocellulose membrane (Invitrogen). Blots
were blocked and then incubated with the following primary antibodies: a-
full-length TAKI1 (1:500; Santa Cruz Biotechnology), a-C-terminal TAK1
(3 pg/ml Upstate), a-Bgalactosidase (1:1000 Promega) or a-fB-tubulin
(1:500; University of lowa Hybridoma Bank), and then incubated with the
following secondary antibodies: IRDye800 a-rabbit or IRDye700 a-mouse
(1:8000; Rockland). The signal was visualized using the Odyssey Infrared
Imaging System (Li-Cor).

In situ hybridization

Antisense digoxigenin labeled RNA probes were made as described (Hogan
et al., 1994). The Anf (Bruneau et al., 2001) and Gata4 (Molkentin et al.,
1997) probes have been previously described. Whole-mount in situ
hybridization was performed essentially as described previously (Hogan et
al., 1994; Wilkinson and Nieto, 1993).

Immunohistochemistry and X-gal staining

X-gal staining of whole embryos was done as described (Hogan et al., 1994).
Whole-mount immunohistochemistry with the o-PECAM (1:100;
Pharmingen) and a-SMA (1:100; Sigma) primary antibodies was carried out
on 4% paraformaldehyde fixed embryos as described (Corson et al., 2003;
Hogan et al., 1994).

Section immunohistochemistry was performed on 4% paraformaldehyde
fixed tissue that was embedded in paraffin and sectioned as described
(Jadrich et al., 2003). Staining with a-SMA antibody and counterstaining in
0.5% Methyl Green were performed as previously described (Freemark et
al., 1997; Jadrich et al., 2003).

Cloning of the zebrafish tak7 homolog
cDNA was made from 2-day-old zebrafish embryos as described above. The
zebrafish tak] homolog was amplified using the Expand High Fidelity PCR
system (Roche) from this cDNA using the following primers: TAK1, 5'-
TCATGAGGTGCCCTGTCTCTTCTGC-3'; TAK2, 5'-ATGTCTATGCC-
CTCCGCCGATATGC-3". The primers were designed based on sequence
alignment of the mouse 7ukl gene with the predicted gene,
ensdarg00000020469, in the Ensembl database.

The zebrafish tak! PCR fragment was subcloned into pT3TS for RNA
synthesis (Hyatt and Ekker, 1999). Kinase-dead tak! (K52Atakl) was made
by replacing lysine 52 with an alanine using the QuikChange Site-Directed
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Mutagenesis kit (Stratagene) with the following primers: K52ATAKF, 5'-
GCAGAGATGTGGCCATCGCGACTATAGAGAGTG-3'; K52ATAKR,
5'-CACTCTCTATAGTCGCGATGGCCACATCTCTGC-3'. For RNA
synthesis of Gfp, the Gfp-coding sequence was subcloned from pEGFP
(Clontech) into pT3TS.

Zebrafish injection

Gfp, takl, or K52Atakl capped mRNA was made by in vitro transcription
from the plasmids described above using the mMessage mMachine kit
(Ambion). Both tak! and K52Atakl were found to cause significant lethality
when injected alone at concentrations over 100 pg. At 100 pg, takl and
K52Atakl resulted in no significant lethality (data not shown).

Vbg and Smad5 morpholinos were used as previously described (Roman
et al., 2002; Lele et al., 2001). tak! morpholinos were designed to interrupt
splicing between exons 6 and 7 with the sequences: TAKIMO, 5'-GGA-
AAGTATTCAAAACTTGCCTTCG-3"; TAKIMOmis, 5'-GCAAACTAT-
TGAAAACTGCCTTCG-3’ (the mismatch control morpholino used). All
morpholinos were synthesized by Gene Tools. All morpholinos
(resuspended in Danieau solution) and mRNAs were injected into the
marginal zones of one-cell stage embryos from Fli::GFP; Gata::DsRed fish
and embryos were allowed to develop 48 hours before analyzing the vascular
phenotype by fluorescence microscopy. Statistical significance was
calculated using the Student’s #-test.

To detect interruption of splicing by the tak! morpholino, cDNA was
made as described above from 24-hour morpholino-injected fish. The
following primers were used to detect inclusion of intron 6: Takexon6, 5'-
ACTGTCCTGAAGATCTGTGAC-3'; Taklintron6, 5'-TCCATCATCTA-
GACCAGGAAC-3'.

RESULTS

Embryos homozygous for the Tak1 genetrap allele
die by 12.5 days of gestation

To determine the effect of TAK1 protein loss during mouse
development, we created mice carrying a genetrap insertion in the
Tak! locus using embryonic stem cells from BayGenomics (Stryke
et al., 2003). The Takl locus consists of 16 exons; the insertion
is located in the first intron, leading to a predicted in frame
fusion transcript between the first exon of 7ak/ and full-length Bgeo
(Fig. 1A).

The genetrap-containing cells were used for blastocyst injections
to create mice heterozygous for the Takl genetrap allele. Mice were
genotyped by Southern blot (Fig. 1B) or PCR (data not shown). We
will refer to the genetrap allele as TukIA.

To determine if the Bgeo gene was under the control of the
endogenous Takl promoter, Takl+/A embryos at different stages
were stained for [3-galactosidase activity using X-gal. The pattern of
X-gal staining reproduced the previously reported ubiquitous
expression pattern of TAK1 at E9.5 (data not shown) (Jadrich et al.,
2003).

Homozygous mutant mice, on a mixed 129/C57BL/6J]
background, were produced by intercrossing Takl+/A mice.
Genotyping of the resultant progeny demonstrated that no TaklA/A
embryos survived to term out of 225 live births (Table 1).

To determine the stage at which the homozygous mutant embryos
are lost, litters from TakI+/A intercrosses were dissected out at
various time points. Genotyping of embryos was performed by
Southern blot of DNA extracted from the yolk sac. We found that
the latest time TakIA/A embryos could be recovered was E11.5
(Table 1).

Until E8.5, TaklA/A embryos could not be distinguished from
wild-type embryos (see Fig. S1 in the supplementary material). At
E9.5, Tak1A/A embryos exhibited varying severity of phenotype. To
reflect this we assigned TaklA/A embryos to one of three classes.
Class I embryos comprised 31% of TaklA/A embryos, contained
localized areas of necrosis, were reduced in size compared with
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Fig. 1. Structure of the Tak7 genetrap allele and western analysis
of TAK1 protein. (A) The genetrap insertion in the Tak7 locus. The
insertion is between exon 1 (E1) and exon 2 (E2) of Tak7. The genetrap
contains a splice acceptor (SA) upstream of the Bgeo gene, which is
linked via an internal ribosome entry site (1) to the placental alkaline
phosphatase gene (PLAP). Genomic DNA was digested with Hindlll
(Hd3) for Southern blotting using a probe just outside the insertion site
(red box). (B) Genotyping by Southern blot and transcript levels in
Tak1A/A embryos. Southern blot of DNA extracted from yolk sacs of
E9.5 embryos derived from Tak 7+/A intercrosses. The wild-type and
genetrap alleles result in probe hybridization to 2.7 kb and 6.7 kb
bands, respectively. (C) rtPCR analysis of wild-type transcript (primers
amplifying exon1 to exon 2 of Tak7), fusion transcript (primers
amplifying exon1 to Bgeo) and actin as a control for the amount of
cDNA that was amplified in each sample. Samples that did not contain
reverse transcriptase (—RT) were used as a control for DNA
contamination. A small amount of wild-type transcript is detected in
Tak1A/A samples. (D) Western blot analysis of lysates from E10.5
embryos derived from Tak7+/A intercrosses with a polyclonal antibody
to full-length TAK1. A 70 kDa doublet is visible in Tak7+/+ and +/A
samples, but is missing in the Tak7A/A sample. The TAK1 antibody used
also detects a GST background band (labeled GST) and a band of 150
kDa in Tak7+/A and A/A samples, which is probably the predicted
fusion protein between exon 1 of Tak7 and Bgeo. The amount of total
protein per lane was determined by assaying B-tubulin levels.

Table 1. Genotyping of Tak7+/A intercrosses

Age ++ +/A A/A Resorbed
E8.5 28 (29) 39 (41) 29 (30) 0 (0)
E9.5 82 (25) 154 (48) 86 (27) 0 (0)
E10.5 27 (22) 57 (46) 40 (32) 0(0)
E11.5 7 (24) 15 (52) 7 (24) 0(0)
E12.5 3(11) 17 (61) 4* (14) 4(14)
Postnatal 84 (37) 141 (63) 0 (0) N/A

All genotyping was carried out by Southern blot. Numbers in parentheses indicate
% of total.

*Four out of the E12.5 embryos were in the process of resorption with yolk sac
tissue intact for genotyping.

wild-type and Tukl+/A embryos at this stage, and had small heads
and truncated curved tails (Fig. 2A, +/A; Fig. 2C, A/A). Embryos of
this class also had pericardial edemas (Fig. 2C, arrow). Fifty-five
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Fig. 2. Tak1A/A embryos are abnormal by E9.5. (A-C) E9.5 embryos.
(D-F) E10.5 embryos. (A,D) Tak7+/A control embryos. (B,C,E,F) Tak7A/A
embryos. The Class Il Tak7A/A embryo at E9.5 (B) is slightly reduced in
size. The Class | Tak7A/A embryo (C) is further reduced in size in
comparison with the embryo in B, and has a pericardial edema (arrow).
The less severely affected Tak7A/A embryo at E10.5 (E) is reduced in
size and has a small head. The more severely affected Tak7A/A embryo
at E10.5 (F) is severely reduced in size, and has localized areas of
necrosis and a large pericardial edema (arrow).

percent of TuklA/A embryos at E9.5 were designated class II, and
were reduced in size and occasionally had small edemas (Fig. 2B).
The remaining 14% (class III) could not be morphologically
distinguished from wild-type embryos (data not shown). Class III
presumably gives rise to the less affected class seen at E10.5,
discussed below.

At E10.5, wild-type and TakI+/A embryos had grown
significantly in size from E9.5 and had blood visible throughout the
vasculature (Fig. 2D). By contrast, 88% of TuklA/A embryos were
severely reduced in size, and had large pericardial edemas (Fig. 2F).
Occasionally, edemas were also seen along the body wall (data not
shown). These embryos presumably reflect classes I and I combined
from E9.5. The remaining 12% were less severely affected, but were
reduced in size and in most cases these embryos also had pericardial
edemas (Fig. 2E). This 12% presumably reflects class III from E9.5.
AtE11.5, all Takl1A/A embryos were dead.

At all stages examined, Tak]+/A embryos were indistinguishable
from wild-type embryos. For the subsequent analysis of the Tak/A/A
phenotype, embryos with significant areas of necrotic tissue were
not used, to ensure that the effects observed were not secondary to
dying tissue.

No wild-type TAK1 protein is produced from the
genetrap allele

To determine if any functional TAK1 protein could be produced
from the genetrap allele, we performed PCR on cDNA derived
from TakIA/A embryos to detect if any wild-type transcript is
made. We found that the Tuk1A/A embryos do make an extremely

low level of wild-type transcript, although we cannot rule out that
this may be due to contaminating maternal tissue (Fig. 1C).
Additionally, it is unlikely that this is sufficient for TAK1 signaling
as others have created a null allele of Takl, which results in the
same time of death as we see in TaklA/A embryos (Sato et al.,
2005). To determine if any wild-type TAK1 protein is made from
the genetrap allele, Tak!A/A embryos were analyzed by western
blotting using a polyclonal antibody that recognizes epitopes along
the entire TAK1 protein. We detected an apparent doublet in wild-
type and TakI+/A lysates corresponding to TAK1, which was not
visible in Tak1A/A lysates (Fig. 1D). No difference in the amount
of TAK1 protein was seen between the different classes of mutants
(data not shown).

The location of the genetrap insertion would predict an in-frame
fusion protein between the first exon of Tak/ and full length Bgeo
(Fig. 1A). In Tak1+/A and TaklA/A lysates, a band was seen at ~150
kDa. This same band was recognized by antibodies raised against
the C-terminal end of 3-galactosidase, but was not recognized by an
antibody specific for the C-terminal end of TAK1 (data not shown),
indicating that the 150 kDa band represents the predicted fusion
protein between exon 1 of 7akl and Bgeo. Exon 1 contains the first
40 amino acids of the TAK1 protein, which includes the first 10
amino acids of the kinase domain, and lacks 10 out of the 11
conserved regions required for kinase function (Hanks et al., 1988).
Therefore, we conclude that this fusion protein is unlikely to retain
any TAK1 function.

Analysis of heart development in Tak7A/A
embryos

The pericardial edema seen in the TaklA/A embryos prompted us
to focus our analysis on the development of the heart and vascular
system. The TakIA/A hearts at E8.5 were morphologically
indistinguishable from wild-type hearts. Cardiac looping and
chamber specification appeared normal in Tak!A/A embryos (Fig.
3). Sections of TuklA/A hearts were immunostained with an
antibody to smooth muscle «a-actin (SMA), to label the
myocardium. At E9.5, TaklA/A hearts showed areas in which the
compact myocardium and trabeculae appeared thin and
disorganized in comparison with wild-type hearts (compare Fig. 3A
with 3B).

To determine whether the heart was correctly specified and
patterned, we looked at two markers for heart development by in situ
hybridization. First, we looked at expression of the zinc-finger
transcription factor, Gata4. GATA4 is one of the earliest markers for
cardiac specification and is required for the formation of ventral
heart structures (Arceci et al., 1993; Kuo et al., 1997). Gata4
expression in the extension of the primary heart field and inflow tract
in E9.5 TukIA/A embryos appeared normal (Fig. 3D). Next, we
looked at the later cardiac specification marker atrial natriuretic
factor (ANF). ANF is downstream of early cardiac specification
markers Nkx2.5 and GATA4, and is expressed in the atrium and
ventricle of the mouse embryo starting at E§.0 (Durocher et al.,
1996; Zeller et al., 1987). At E9.5, the localization and intensity of
Anfin the ventricle and atrium within the 7ak/A/A heart was normal.
We noted a slightly smaller field of expression in the ventricle, as
well as a significant overall decrease in Tuk ! A/A heart size, probably
owing to developmental delay (Fig. 3F). Additionally, protein
expression levels (as assayed by immunohistochemistry) of platelet
endothelial cell adhesion molecule (PECAM) in the endocardium
(Fig. 5B, asterisk) and SMA in the myocardium (Fig. 3B) were
normal. We conclude that TAK1 is not essential for early cardiac
specification.
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Fig. 3. Tak1A/A embryonic heart phenotype. (A,C,E) Wild-type E9.5
embryos. (B,D,F) E9.5 Tak7A/A embryos. (A,B) Sagittal sections
immunostained with an antibody to smooth muscle a actin, labeling
the myocardium (brown). Arrowheads indicate trabeculation within
each ventricle. Endocardial cushion formation takes place normally in
both embryos (arrows) and the curved myocardium in both panels
indicates that looping has taken place. (C,D) Embryos labeled with an
antisense probe to Gata4. Gata4 labels the extension of the primary
heart field and inflow tract at this stage (arrowhead). (E,F) Embryos
labeled with an antisense probe to Anf, marking the atrium and
ventricle. A, atrium; V, ventricle.

Extra-embryonic vasculature is abnormal in
Tak1A/A embryos

We next examined the vasculature of Tak/A/A embryos. Proper
vascularization of the placenta is important for a variety of functions,
including nutrient exchange between the embryo and mother
(Rossant and Cross, 2001). We analyzed placental structure by
histology at E9.5 and found no obvious differences between wild-
type and TaklA/A embryos (data not shown). As embryos are not
dependent on placental exchange at E9.5, even undetected placental
abnormalities would be unlikely to cause the defects seen in
TaklA/A embryos at this stage (Cross et al., 1994).

The blood islands of the yolk sac are the first sites of
vasculogenesis and hematopoiesis in the mouse embryo (Flamme
et al., 1997). Blood islands are small pockets of endothelial cells
surrounding primitive red blood cells. These pockets fuse to give
rise to the primitive vascular plexus of the yolk sac (Hirakow and
Hiruma, 1981). In wild-type embryos, beginning around E9.0, this
primitive vascular plexus undergoes a remodeling process in which
the initial honeycomb-like pattern of vasculature is remodeled into
a more branched pattern of mature vitelline vessels (Risau, 1997).
In Tak1A/A yolk sacs, this remodeling did not take place and the
vessels remained in the honeycomb-like pattern (compare Fig. 4A
with 4B). Sections of TakIA/A yolk sacs revealed that the
vasculature was dilated and mature vitelline vessels were not
present (compare Fig. 4C, arrowhead indicates mature vitelline
vessel in wild-type yolk sac, with Fig. 4D). In some cases, the

Fig. 4. The yolk sac vasculature of the Tak1A/A embryos fails to
undergo angiogenesis. (A,B) E9.5 yolk sacs of Tak7+/A and Tak1A/A
embryos, respectively. The yolk sac vascular plexus in A has undergone
angiogenesis to create a branched network of mature vitelline vessels
(arrowhead). The yolk sac vascular plexus in B has not remodeled but
has retained its honeycomb-like structure of blood islands (arrowhead).
The vessels in B are also prone to rupture, causing pooling of blood in
the yolk sac (arrow). (C,D) Cross-sections of Tak7+/A and Tak1A/A yolk
sacs, respectively, that are immunostained for vSMCs with an antibody
to SMA (brown). The Tak7+/A yolk sac in C contains a mature vitelline
vessel surrounded by a layer of smooth muscle (arrowhead). The
Tak1A/A yolk sac in D has no mature vitelline vessels, the existing
vessels are extremely dilated and have little SMA expression.

extreme dilation of the yolk sac vasculature resulted in rupture and
pooling of blood inside the yolk sac (Fig. 4B, arrow). TaklA/A
embryos formed blood islands normally, suggesting that
hematopoiesis was initiated in the mutant embryos (Fig. 4B,
arrowhead). Interestingly, in contrast to embryonic defects, the
defects seen in TaklA/A yolk sacs were the same in all classes of
mutants.

Tak1A/A embryos have vascular defects

To determine if the vasculature of the embryo proper was also
abnormal, we performed whole-mount immunohistochemistry
using an antibody to PECAM to visualize the vasculature.
PECAM is one of the earliest endothelial cell markers expressed
during mouse development (Baldwin et al., 1994). At E8.5, the
pattern of PECAM staining in Tak/A/A embryos was
indistinguishable from that in wild-type embryos (see Fig. S1 in
the supplementary material). This result indicates that
vasculogenesis was normal.

AtE9.5, wild-type and TakI+/A embryos displayed a continuous
dorsal aorta with uniform width along the length of the embryo (Fig.
5A, arrowheads). By contrast, in the majority of TaklA/A embryos
from class II, the anterior dorsal aorta and branchial arch arteries
appeared collapsed and discontinuous (Fig. 5C, arrowheads). The
posterior dorsal aorta in these embryos was dilated (Fig. 5C, arrow)
in comparison with wild type (Fig. 5A, arrow). Rarely, we saw
Tak1A/A embryos of class II with a severely dilated anterior but
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normal posterior dorsal aorta (Fig. 5B, arrowheads). It is possible
that the dilated anterior dorsal aorta is a precursor to the collapsed
dorsal aorta more commonly seen at this stage.

To analyze the structure of the abnormal vessels seen in the
Tak1A/A embryos more thoroughly, PECAM-stained embryos were
sectioned and examined histologically. This analysis confirmed the
lack of integrity of the dorsal aorta and also showed severe dilation
of the cranial vasculature (Fig. 5E,FH,I). In most samples, the wall

AJA

A +/A|B A/A]C
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Fig. 5. The vascular architecture of Tak71A/A embryos is abnormal.
In all panels, the developing vasculature of embryos was visualized by
whole mount immunohistochemistry using an a-PECAM antibody.

(A) Tak71+/A at E9.5. (B,C) Tak1A/A at E9.5. Two different vascular
abnormalities are seen in Tak7A/A embryos. The embryo in B has an
extremely dilated anterior dorsal aorta (arrowheads) in comparison with
the Tak7+/A dorsal aorta in A (arrowheads). The embryo in C has a
collapsed anterior dorsal aorta (arrowheads) and a dilated posterior
dorsal aorta (arrow) in comparison with the posterior dorsal aorta in A
(arrow). (D-F) Cranial sections of the heads shown in A-C, respectively.
Arrowheads and broken lines indicate examples of cranial vessels that
are extremely dilated in Tak7A/A embryos (E,F) in comparison with
heterozygous embryos (D). (G-1) Cranial sections through the dorsal
aorta of the embryos in A-C, respectively. Arrowheads indicate the
dilated dorsal aorta in H and collapsed dorsal aorta in | in comparison
with the heterozygote (arrowhead in G). (J) E10.5 Tak7+/A embryo
exhibiting extensive remodeling of the vessels, most visibly in the head.
(K) Tak1A/A embryo at E10.5, which has much less remodeling in
comparison with the embryo in J (compare the tree-like branching
vasculature of the head in J with the more honeycomb-like vasculature
in K). The embryo in K also has a collapsed anterior (arrowhead) and
posterior (arrow) dorsal aorta.

of the dorsal aorta was not continuous and in some sections it was
missing entirely (Fig. 5I). Sections also revealed that the cardinal
vein became dilated and in very rare cases fused to the dorsal aorta
(data not shown).

By E10.5, the vascular phenotypes were more pronounced. Wild-
type and heterozygous embryos at this stage exhibited extensive
branching and complexity in the vasculature (Fig. 5J). In the
majority of E10.5 TaklA/A embryos, the vasculature appeared to be
disintegrating and the dorsal aorta was no longer visible (data not
shown). Less severely affected TauklA/A embryos at E10.5 looked
similar to the class I and IT E9.5 Tak1A/A embryos, and displayed a
collapsed anterior dorsal aorta (Fig. 5K, arrowheads). Whereas at
E9.5 we saw a primarily collapsed anterior and dilated posterior
dorsal aorta, at E10.5 both the anterior and posterior dorsal aorta
appeared collapsed (Fig. 5K, arrow), further indicating that dilation
may be a precursor to the collapse of TaklA/A vessels.

In addition to the abnormalities in vessel size and structure, we
also saw vascular branching defects in Tak/A/A embryos. This was
most easily visible in the head vasculature. In wild-type and TakI+/A
embryos, the primary capillary plexus initially set up by
vasculogenesis is remodeled from a honeycomb-like pattern into a
characteristic tree-like pattern. In 7Tak A/A embryos, this remodeling
was defective. Some vascular remodeling in the head was visible in
less severely affected embryos, but the majority of vessels retained
their more primitive honeycomb-like pattern (compare Fig. 5J with
5K).

Tak1A/A embryos display vascular smooth muscle
defects

To further explore potential angiogenic defects in the TaklA/A
embryos, we looked for the presence of vascular smooth muscle cells
(vSMC). vSMC are accessory cells that provide support and
contractility to vessels (Owens et al., 2004). We analyzed vSMC by
immunohistochemistry using an antibody specific for smooth muscle
a-actin (SMA), one of the earliest known markers for smooth muscle
in the developing mouse embryo (Takahashi et al., 1996).

At E8.5, there was little to no SMA staining in the vasculature of
wild-type and Tak1A/A embryos (data not shown). In wild-type and
Tak1+/A embryos at E9.5 and E10.5, SMA expression was observed
in the myocardium and progressively extending from anterior to
posterior surrounding the dorsal aorta (Fig. 6A,D). In TakIA/A
embryos at E9.5 and E10.5, SMA expression was extremely reduced
or absent from the vasculature (Fig. 6B,C,E,F). At E9.5, no vascular
SMA expression was seen in any class of TaklA/A embryo (Fig.
6B,C). In the least affected class at E10.5, some SMA-positive cells
were loosely associated with the dorsal aorta (Fig. 6E, arrowheads).

SMA expression was also abnormal in the yolk sac of mutant
embryos. Upon sectioning, mature vitelline vessels lined with
smooth muscle, as assayed by SMA expression, were easily visible
in wild-type embryos (Fig. 4C, arrowhead). No smooth muscle was
visible in Tak1A/A yolk sac sections (Fig. 4D).

Tak1 genetically interacts with Alk1 in zebrafish
Loss-of-function mutations in the TGF type I receptor, Alkl and
the type III receptor endoglin (Arthur et al., 2000; Bourdeau et al.,
1999; Li et al., 1999; Oh et al., 2000; Urness et al., 2000) are
phenocopied by the Tak!A/A embryos described above, suggesting
that TAK1 could be acting downstream of TGF@ and ALK1 to
regulate vascular development in vivo.

To test this hypothesis, we performed genetic interaction and
rescue experiments using a zebrafish model. Roman et al. (Roman
et al., 2002) have previously characterized mutations in the zebrafish
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Fig. 6. Tak1A/A embryos have defects in vascular smooth muscle.
To visualize smooth muscle, embryos were stained by
immunohistochemistry using an antibody to SMA (purple staining in all
panels). (A-C) E9.5 embryos. (D-F) E10.5 embryos. At E9.5 the Tak7+/A
control embryo has a layer of SMA-expressing cells beginning along the
dorsal aorta (A, arrowheads). The class Il (B) and class | Tak7A/A (C)
embryos have no SMA expression along their dorsal aorta
(arrowheads). At E10.5, the Tak7+/A control embryo (D) shows a
continuous layer of SMA expression all along the dorsal aorta
(arrowheads). The more severely affected Tak7A/A embryo (F) has a
complete absence of SMA expression in the dorsal aorta (arrowheads)
and the less severely affected embryo (E) has only a few loosely
associated expressing cells (arrowheads). All the embryos display
staining of the somites and heart. S, somites; O, otic vesicle; H, heart.

Alkl ortholog violet beauregard (vbg; acvrll — Zebrafish
Information Network). Loss-of-function mutations in vbg cause
severe dilation of the cranial vasculature leading to loss of blood
flow to the trunk and tail. This phenotype can be recapitulated
through antisense morpholino injections specific to the vbg sequence
(Roman et al., 2002). If TAK1 functions in conjunction with TGF(
signaling, then we expect that loss of Takl might synergize with loss
of Alkl to produce vascular defects. In addition, if TAK1 is
downstream of ALK, we might expect that overexpression of
TAK1 might rescue the vbg phenotype.

We identified a zebrafish TAK1 putative ortholog by sequence
comparison with mouse TAK1 using the Ensembl database.
Zebrafish TAK1 is 71% identical and 79% similar to mouse TAK1
at the amino acid level (Fig. 7A). We used primers specific to takl
sequence to amplify the full length cDNA from 48-hour wild-type
zebrafish embryos.

To test if TAKI is acting in a pathway with ALKI, we first
looked for synergism between antisense morpholinos against tak/
and Alkl. We used an antisense morpholino to the tak sequence
predicted to interrupt splicing between exons 6 and 7. Morpholinos
against splice junctions have been shown to alter splicing and exons
6 and 7 are predicted to encode essential regions of the TAK1
kinase domain (Hanks et al., 1988; Mann et al., 2001). At high
doses (above 12 ng), the tak! morpholino injection led to a high

incidence of death, apparently owing to nonspecific toxicity. Below
12 ng, no effects could be seen from the tak! morpholino injection.
To confirm splicing interruption from the 6 ng dose of rakl
morpholino injection, primers to exon 6 and intron 6 were used to
detect inclusion of intron 6 in the tak! transcript. We found an
increase in the amount of transcript containing intron 6 in the tak/
morpholino-injected embryos in comparison with uninjected
embryos (Fig. 7D).

To determine if the fakl and alkl morpholinos synergized, 3 ng
of alkl morpholino, which leads to a very low incidence of cranial
dilation in comparison to the 22.5 ng dose (see below), and 6 ng of
tak1 morpholino were injected individually and in conjunction at the
one-cell stage. The zebrafish embryos used in these studies
contained two reporter transgenes. The DsRed reporter was driven
by the Gatal promoter, resulting in red fluorescent labeling of blood
cells, and the eGFP reporter was driven by the fli promoter,
fluorescently labeling endothelial cells green (Eckfeldt et al., 2005).
At ~48 hours post fertilization, embryos were scored by fluorescence
microscopy for the presence of the dilated cranial vasculature
characteristic of the vbg morpholino phenotype as described by
Roman et al. (Roman et al., 2002) (compare wild-type cranial
vasculature in Fig. 7B with the dilated vasculature in 7C). We found
that injection of the two morpholinos together was able to
significantly increase the number of embryos displaying the Alk/
phenotype in comparison with injection of either individually
(47.3% in comparison to 7.3%; Fig. 7E). To ensure specificity of the
takl morpholino effect, a morpholino with four base mismatches
was used at the same dose. This morpholino showed a significantly
reduced interaction with the Alkl morpholino when compared with
the wild-type takl morpholino (Fig. 7E).

Smad5 has also been implicated as a factor downstream of ALK1
and TGFp for proper vascular development (Yang et al., 1999;
Goumans et al., 2002). As the TAK1 and SMAD pathways have
previously been shown to cooperate (Shibuya et al., 1998; Monzen
et al., 2001; Ohkawara et al., 2004), we sought to determine if
SMADS is also playing a role in zebrafish vascular development.
Injection of a low dose (2.5 ng) of an antisense morpholino specific
to Smad5, which does not cause a phenotype alone, is able to
synergize with a low dose of AlkI morpholino in a similar manner
to takl morpholino (Fig. 7E). We conclude from these studies that
both TAK1 and SMADS are important mediators of vascular
development in vivo.

To determine if overexpression of TAK1 is able to rescue alkl
defects, one-cell stage zebrafish embryos were injected with
morpholinos to vbg alone, or co-injected with morpholinos to vbg
and 100 pg of mRNA encoding either the zebrafish homolog of takl
(takl) or, as a control, Gfp. Injection of high levels of the vbg
morpholino alone caused cranial vessel dilation in an average of
59% of embryos, and co-injection of Gfp mRNA resulted in a
similar incidence of dilation (58%). By contrast, injection of tak/
mRNA with vbg morpholino rescued this phenotype so the average
percentage of affected embryos was reduced to 34.5% (Fig. 7F).

As an additional control, a kinase-dead version of fakl
(K52Atakl) was created by replacing the conserved lysine at
position 52 in the ATP-binding pocket with an alanine. Mutation of
this residue has been shown to render the TAK 1 kinase catalytically
inactive (Yamaguchi et al., 1995). Co-injection of the K52Atakl
with vbg morpholino failed to reduce the number of affected fish,
demonstrating the specificity of the effect seen with fak/ mRNA
(Fig. 7F). These results are consistent with a model in which TAK1
acts downstream of ALK in conjunction with SMADS to regulate
vascular development.
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DISCUSSION

We have investigated the in vivo role for the MAPKKK TAK1
during mouse development. We find that TAK1 is required for
angiogenesis and that the TAK1 loss-of-function phenotype closely
resembles the phenotypes of other TGFB pathway elements,
including, ALK1, endoglin and SMADS. Taken together, our results
show that TAK1 probably acts in a TGF(3-responsive pathway in
vivo to regulate vascular remodeling in mice and fish.

2 0

TAK1 is required for angiogenesis in extra-
embryonic and embryonic tissues

TaklA/A embryos do not survive beyond E10.5 and display a
phenotype characteristic of defects in cardiovascular development.
Heart development in these embryos appears relatively normal, with
mild defects in heart structure and normal expression of marker
genes, Gata4 and Anf. Although we cannot rule out the possibility
that these mild cardiac defects contribute to the phenotype and death
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Fig. 7. Overexpression of TAK1 rescues knockdown of ALK1 in zebrafish vascular development. (A) The alignment of zebrafish TAK1 and
mouse TAK1 proteins. (B) Wild-type cranial circulation in zebrafish containing the Gata1:DsRed and Fli:GFP reporter transgenes. Red, the circulating
blood cells; green, the endothelium of the vasculature. Arrowheads indicate the complex meshwork of cranial circulation. E, eye. (C) Cranial
circulation in vbg morpholino-injected fish. Arrowheads indicate the large dilated vessels that shunt blood away from the complex meshwork of
vessels resulting in a dilated loop of circulation. (D) rtPCR analysis to detect inclusion of intron 6 in tak7 transcripts upon tak 7 morpholino injection.
A forward primer in exon 6 and a reverse primer in intron 6 detect an increase in inclusion of intron 6 in tak7 transcripts in tak7 morpholino-
injected embryos (TakMO) in comparison with uninjected embryos (UN). Primers to actin were used as a control for the amount of cDNA in each
reaction, and samples lacking reverse transcriptase (—RT) were used as a negative control. (E) The average percentage of fish displaying the dilated
cranial vasculature after injection with vbg morpholino, takT morpholino (or both), vbg morpholino with Smad5 morpholino or Smad5 morpholino
alone. Each bar represents the average of four or five sets of injections. (F) Summary of the average percentage of injected fish displaying the vbg
morpholino phenotype shown in C after injection with morpholino plus Gfp, tak7 or L52AzTak7 mRNA. Each bar represents the average percent of
embryos over 6 sets of injections. Although tak7 RNA injection led to rescue in each injection, the level of rescue varied from 11-62%, which is the
cause of the large error bars. Error bars in E and F represent the confidence interval for each set. Total number of fish injected is indicated above
each bar and the P-value for each condition in comparison with vbgMO (3 ng) alone (E) or with vbgMO+Gfp (F) is displayed above each bar.
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of the mutant embryos, they are unlikely to be the primary defect as
similar heart abnormalities in embryos mutant for other genes are
not associated with the extensive vascular defects and early lethality
such as what we see in Tak! A/A embryos (Parlakian et al., 2004). In
apparent conflict with our results, expression of dominant-negative
TAKI1 inhibited cardiomyocyte differentiation in vitro, and
decreased expression of cardiac markers, including GATA4
(Monzen et al., 1999; Monzen et al., 2001). However, it is not
unusual for dominant-negative mutations to produce more severe
phenotypes than null mutations, perhaps explaining this discrepancy.
Endothelial cells are able to differentiate and assemble into a
primitive vascular plexus in the Tak!A/A embryos, indicating that
vasculogenesis is normal. Once vasculogenesis has taken place,
vessels are remodeled and stabilized by the two phases of
angiogenesis. Balance between the activation and resolution phases
of angiogenesis is crucial to obtain the appropriate number of stable
vessels for delivery of nutrients to all areas of the developing embryo
(Lebrin et al., 2005; Risau, 1997). Angiogenesis is clearly abnormal
in Tak1A/A embryos; however, additional in vitro studies will be
required to determine whether activation, resolution or some other
aspect of angiogenesis, such as specification of the arterial versus
venous system, is affected. Understanding the normal regulation of
these processes is important for identifying defects in the control of
vessel growth and stabilization during diseased states, such as
hereditary hemorrhagic telangiectasia (HHT), discussed below.

Mechanisms of TAK1 and TGFB signaling in the
vasculature

The defects seen in the Tak!A/A embryos are remarkably similar to
the phenotypes that result when loss-of-function mutations are made
in a variety of other members of the TGF[3 signaling pathway.
Mutations in TGFB1 or the TGFf type II receptor are lethal at
E10.5, resulting from defects in initial vascular tube formation
(vasculogenesis) in the yolk sac. These mice also have defects in
hematopoiesis that result in a reduction of erythroid cells (Dickson
et al., 1995; Oshima et al., 1996). The TGF1 mutants do not have
vascular defects in the embryo proper, and this is thought to be due
to rescue by another TGF family ligand (Dickson et al., 1995). The
extent of vascular development in the embryo proper of the TGF(
type Il receptor mutants has not been reported.

Mutations in the canonical TGFf type I receptor Alk5 also lead to
defects in vascular development. These embryos are able to initiate
the yolk sac vasculature normally, unlike the TGF31 and TGF type
I receptor mutants, but are unable to remodel the yolk sac
vasculature into mature vitelline vessels. The Alk5 mutants also
display an absence of vascular smooth muscle in the yolk sac and
embryo proper, although the vessel structure in the embryo appears
normal (Larsson et al., 2001).

Null mutations in the TGFf type I receptor Alkl and the TGF3
type III receptor endoglin cause lethality at E10.5, with
morphological characteristics similar to those we see in TaklA/A
embryos, including a small head, retarded posterior development
and an enlarged pericardium. As in TakIA/A embryos, these
embryos fail to remodel the yolk sac vasculature into mature
vitelline vessels, leading to extreme dilation of the yolk sac
vasculature. Unlike the TGFB1 mutants, the Alk/ and endoglin
mutants also display vascular defects in the embryo proper. These
embryos, like Alk5 mutants, have an absence of vascular smooth
muscle, which we also see in TaklA/A embryos. Unlike the AlkS
mutants, Alkl and endoglin mutants have defects in vessel structure
and remodeling resulting in extreme dilation and decreased
complexity of branching, similar to that described for the TaklA/A

embryos. In addition to the dilation of vessels, arteriovenous
malformations resulting in fusion of the dorsal aorta and cardinal
vein are also seen in Alk/ and endoglin mutants (Arthur et al., 2000;
Bourdeau et al., 1999; Li et al., 1999; Oh et al., 2000; Urness et al.,
2000) and occasionally in TaklA/A embryos. Loss-of-function
mutations in Smad5 also display similarities in phenotype to
TaklA/A embryos. Smad5 mutants do not undergo angiogenesis in
the yolk sac, have dilation and reduced branching of the cranial
vessels, and a reduction in vascular smooth muscle (Yang et al.,
1999).

The similarities in phenotype between mutations in TGFf(
signaling components and 7Tak!/ mutants, together with the
observation that in some tissues and cells TGF( rapidly activates
TAK1 (Mulder, 2000; Yamaguchi et al., 1995), suggests that TAK1
is likely to be a direct downstream effector of TGF[3 signaling that,
together with SMADS, regulates angiogenesis (Fig. 8A). Our
experiments using the zebrafish system are consistent with this view.
The zebrafish model system is much better suited to genetic epistasis
analysis due to its rapid development time. Mutations in the
zebrafish ortholog of Alk1, violet beauregard (vbg) exhibit increased
proliferation of the cranial endothelial cells resulting in extreme
dilation of the cranial vasculature (Roman et al., 2002). Using this
system, we have found two lines of evidence for TAKI1 acting in a
pathway with ALK1. First, we demonstrate that co-injection of low
doses of morpholinos to Alkl and fakl act synergistically to cause
the Alkl phenotype. Second, overexpression by mRNA injection of
the zebrafish homologue of TAKI, is able to rescue morpholino
knockdown of ALK1.

Though statistically significant, fak/ RNA injection did not rescue
100% of Alk1 morphant embryos. There are several possible reasons
for this observation. First, instability of RNA during injections may
be a cause of variability. Second, as it is not clear how TAK1 kinase
is activated, simply injecting takl RNA may not be sufficient to
achieve full activation of downstream targets. In mammals, deletion
of the N-terminal 22 amino acids of TAKI leads to constitutive
activation of the kinase domain (Yamaguchi et al., 1995). However,
we found little conservation in this region of zebrafish TAK1 making
it unclear how to produce a similarly activated protein. Third, and
perhaps the most likely explanation of partial rescue, is that both
TAK1 and SMADS contribute to vascular development by
impinging on common target genes. Such a mechanism appears to
regulate cardiomyocyte differentiation in vitro and Xenopus
mesoderm specification in vivo (Monzen et al., 2001; Ohkawara et
al., 2004). In addition, in vitro studies have shown that the TAK1 and
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Fig. 8. Three possible models for TGFB signaling in the
developing vasculature. (A) TGFB could activate both the SMAD and
TAK1 pathways, which would then converge on a common target.

(B) TGFB could signal through SMADs, leading to the activation of
TAK1. (C) The TGFB/SMAD and TAK1 pathways could be acting
independently, but synergistically, to regulate vascular development.
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SMAD pathways are able to cooperate by converging on a common
transcriptional target (Hanafusa et al., 1999; Monzen et al., 2001;
Sano et al., 1999). Transcription factors activated by the TAK1
pathway (i.e. JUN) are able to form a complex with the SMAD
transcriptional complex for transcriptional regulation (Zhang et al.,
1998). Additionally, in vivo studies in Xenopus have shown that
TAKI activity is required for ventralization by SMADI1 and
SMADS downstream of BMP signaling (Shibuya et al., 1998). Thus,
during vascular development, the TAK1 and SMAD pathways may
also converge on a common set of target genes.

In this scenario, as morpholino knockdown of Alk/ probably does
not result in a null situation, it is possible that enough ALKI1 activity
remains to maintain some SMADS activation, and that overexpression
of TAK1 produces partial rescue by boosting up signal through the
parallel signaling branch (Fig. 8A). Interestingly, recent studies have
suggested that activation of two alternative downstream signaling
branches may be triggered by the state of receptor oligomerization
(Nohe et al., 2002). When preformed receptor complexes are used for
signaling, the SMAD pathway is used for downstream signaling,
whereas if the ligand recruits receptors into a complex, non-canonical
downstream pathways (i.e. TAK1) are used.

Although we favor the view that both the SMAD and TAK1
pathways are activated by TGFf3, the genetics are also consistent
with two alternative models (Fig. 8B,C) in which, although TAK1
signaling ultimately collaborates with the SMAD signal, the
activation of TAK1 is more indirect. In model B, TAK1 activation is
downstream of SMAD, while in model C TAKI is activated
independently of TGFf3 but its signal cooperates with the SMAD
signal to regulate common target genes.

Possible targets of TAK1 signaling

There are also several possible mechanisms for signaling
downstream of TAK1. TAK1 could signal through the canonical
MAPK pathway. TAK1 has been shown to activate the stress-
activated protein kinases p38 and JNK through several MAPKK
family members (Hanafusa et al., 1999; Moriguchi et al., 1996;
Shirakabe et al., 1997). These downstream kinases in turn activate
several different transcription factors, including p38 and JNK, whose
downstream targets have been implicated in the regulation of
angiogenesis. Loss-of-function mutations in the MAPK p38a cause
defects in placental angiogenesis (Adams et al., 2000; Mudgett et
al., 2000). p38a mutants do not have defects in angiogenesis of the
embryo proper or yolk sac, but additional isoforms expressed in the
embryo and yolk sac may be acting redundantly with p38c in these
tissues (Ihle, 2000). Angiogenesis did not appear affected in the
placentas of TakIA/A embryos, although additional MAPKKKs
may be compensating for its function in this tissue.

In addition to p38, JNK and its target transcription factor JunD,
have been shown to play an essential role in the upregulation of
urokinase-type plasminogen activator receptor (WPAR) downstream
of TGFp (Yue et al., 2004). Binding of uPAR by its ligand leads to
degradation of the extracellular matrix, which is important for
migration of endothelial cells during the activation phase of
angiogenesis (Pepper, 2001; Yue et al., 2004). JNK and p38 have
also been implicated in regulation of vascular smooth muscle.
Expression of dominant-negative JNK or p38 is able to inhibit
smooth muscle proliferation and migration in response to arterial
balloon injury, an in vivo model of vascular remodeling (Kim and
Iwao, 2003). Expression studies have shown that molecules
upregulated during vascular remodeling in response to injury are
similar to those upregulated during embryonic development
(Carson-Walter et al., 2001; St Croix et al., 2000).

As an alternative to the canonical MAPK signaling pathway,
TAK1 may be directly inhibiting SMADs 2/3 downstream of ALKS
during the activation phase. In vitro studies have shown that
signaling downstream of ALK1 inhibits signaling downstream of
ALKS but does not affect the phosphorylation state of SMADs 2/3
(Goumans et al., 2003). Recent reports have shown that TAK1 is
able to bind and inhibit SMAD function downstream of SMAD
activation by the receptor complex (Benus et al., 2005; Hoffmann et
al., 2005). Inhibition of signaling downstream of ALKS by TAK1
may be essential for regulating the switch between the activation and
resolution phases of angiogenesis. Further analysis using Tak/A/A
isolated endothelial cells will help determine which of these
molecules are working downstream of TAKI1 during vascular
development.

TAK1 requirement in endothelium versus smooth
muscle

Our results do not establish whether TAK1 is required solely in
endothelial cells, smooth muscle cells, or both. Expression of TAK1
is ubiquitious through E10.5 and so does not provide clues as to
which tissue(s) require TAK1 function (Jadrich et al., 2003). The
similarity of phenotype between TaklA/A embryos and Alkl mutant
mice, as well as our zebrafish rescue experiments, suggest that
TAKI1 is working downstream of ALKI1 to regulate vascular
development. ALK is expressed in endothelial cells and has not
been shown to be expressed in vascular smooth muscle progenitor
cells (Seki et al., 2003). In vitro culture of endothelial cells has also
shown that ALK is required in endothelial cells to regulate their
proliferation and migration (Goumans et al., 2002; Lebrin et al.,
2004). Additionally, dilation and misbranching of the cranial
vasculature in TauklA/A embryos occurs prior to recruitment of
smooth muscle cells to the endothelium. These studies suggest that
TAKI is acting in endothelial cells to regulate vascular development,
although conditional removal of TAK1 expression specifically in
endothelium will be needed to answer this question definitively. It is
also possible that TAK1 is acting in both endothelial and smooth
muscle cells. Recent studies have indicated that ALKS is not
expressed in the endothelium but is highly expressed in smooth
muscle, although it is possible that ALKS is expressed at very low
levels in the endothelium (Seki et al., 2006). This result opens up a
new possibility for signaling by TGF[3 in the vasculature. Because
signaling through ALK1 and endoglin has been shown to be
required for TGFf paracrine signaling (Carvalho et al., 2004), and
TGFfp has been shown to be important for the differentiation of
smooth muscle (Hirschi et al., 1998), ALK 1/endoglin acting through
TAK1 and its downstream components could upregulate TGF3
release by the endothelium. This TGF( might then signal to the
smooth muscle progenitors, affecting their subsequent
differentiation. Tissue-specific inactivation of these receptors, as
well as TAK1, will definitively determine whether they are required
in endothelial cells in vivo. From our present studies, we cannot
determine whether TAK1 may also act downstream of ALKS.
Searches of the current zebrafish genome produced no functional
homolog of ALKS for use in epistasis experiments.

A potential role for TAK1 in human vascular
disease

Mutations in both endoglin and ALKI (ACVRLI — Human Gene
Nomenclature Database) have been shown to be the cause of the
autosomal dominant disorders HHT 1 and HHT 2, respectively (van
den Driesche et al., 2003). Individuals with HHT display arterio-
venous malformations, epistaxis and telangiectasias, owing to weak
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vascular walls (Plauchu et al., 1989). Some of the mice heterozygous
for endoglin or Alkl mutations have recurrent epistaxis and
telangiectasias, similar to what is seen in the human disorder
(Bourdeau et al., 1999; Srinivasan et al., 2003). Recently, families
with HHT have been identified in which the Alk/ and endoglin loci
are normal (Wallace and Shovlin, 2000). Mutations in the human
TAKI (MAP3K7 — Human Gene Nomenclature Database) gene are
possible candidates for the cause of HHT in these individuals and
deserve further exploration.

Although our results clearly implicate TAK1, in conjunction with
TGF signaling, as a mediator of vascular development in vivo, it is
likely that TAK1 has other in vivo roles given its wide expression
pattern and the diversity of in vitro studies describing functions for
TAKI1 in numerous other signaling pathways. Indeed, recent studies
using a knockout model similar to ours have demonstrated that
TAKTI is required for proper activation of inflammatory signaling
pathways (Shim et al., 2005). Conditional inactivation of TAK1 in
other tissues and at later stages should provide insight into additional
requirements for TAK1 function during development.
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