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The formation of intramyocardial blood vessels is critical for normal heart development and tissue repair after
infarction. We report here expression of the Wilms’ tumor gene-1, Wt1, in coronary vessels, which could
contribute to the defective cardiac vascularization in Wt1~/~ mice. Furthermore, the high-affinity neurotrophin
receptor TrkB, which is expressed in the epicardium and subepicardial blood vessels, was nearly absent from
Witi-deficient hearts. Activation of Wtl in an inducible cell line significantly enhanced TrkB expression. The

promoter of NTRK2, the gene encoding TrkB, was stimulated ~10-fold by transient cotransfection of a Wt1
expression construct. The critical DNA-binding site for activation of the NTRK2 promoter by Wtl was
delineated by DNase I footprint analysis and electrophoretic mobility shift assay. Transgenic experiments
revealed that the identified Wt1 consensus motif in the NTRK2 promoter was necessary to direct expression
of a reporter gene to the epicardium and the developing vasculature of embryonic mouse hearts. Finally, mice
with a disrupted Nirk2 gene lacked a significant proportion of their intramyocardial blood vessels. These
findings demonstrate that transcriptional activation of the TrkB neurotrophin receptor gene by the Wilms’
tumor suppressor Wtl is a crucial mechanism for normal vascularization of the developing heart.
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The formation of new blood vessels in the heart is es-
sential for both normal cardiac development in the em-
bryo and tissue repair after myocardial infarction in the
adult. Early coronary vascularization is established by
the recruitment of endothelial progenitor cells to the
sites of new blood-vessel configuration, a process known
as vasculogenesis (for review, see Reese et al. 2002; Lut-
tun and Carmeliet 2003). Another critical step in the
development of the coronary vascular system is angio-
genesis, the sprouting of new capillaries from pre-exist-
ing vessels (for review, see Morabito et al. 2002; Tojota et
al. 2004). The genetic program that controls these pro-
cesses in the embryonic heart is not well understood.
It is well established that the epicardium plays a criti-
cal role during intramyocardial vascularization. The epi-
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cardium is a mesothelial tissue, which covers the outer
surface of the heart and provides the source of coronary
vascular precursor cells (Minner et al. 2001; Pérez-Po-
mares et al. 2002; Olivey et al. 2004). Hence, a failure of
normal formation of the epicardium may impair intra-
myocardial vessel development. The product of the
Wilms’ tumor gene-1, Wt1, is among the factors that are
necessary for an intact epicardium (Kreidberg et al. 1993;
Moore et al. 1999). Wtl molecules comprise a group of
zinc finger proteins that can function as transcription
factors (Rauscher III 1993; Lee et al. 1999). Additionally,
some Wtl forms, which have a three-amino-acid splice
insertion (lysine, threonine, and serine; KTS) in their
C-terminal zinc finger domain (Haber et al. 1991), have
been implicated in mRNA processing (Englert et al.
1995b; Larsson et al. 1995; Ladomery et al. 1999). Beside
other abnormalities (Kreidberg et al. 1993; Herzer et al.
1999; for review, see Scharnhorst et al. 2001), mice with
targeted inactivation of Wt1 exhibit a partial defect of
the epicardium, defective cardiac vascularization, and re-
duced thickness of the myocardium (Kreidberg et al.
1993; Moore et al. 1999). The mutant embryos are lethal
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after mid-gestation, presumably due to a contractile fail-
ure of their hypoplastic hearts.

Wtl expression in adult hearts is normally restricted
to the epicardial cells (Kreidberg et al. 1993; Moore et al.
1999). However, we have recently found that vascular
endothelial and smooth muscle cells in the heart also
expressed Wtl in response to regional tissue ischemia
and systemic hypoxia (Wagner et al. 2002a). De novo
expression of Wtl in the myocardial vasculature was
limited to the infarct border zone, coincident with local
up-regulation of provasculogenic molecules (Wagner et
al. 2002a). Thus, epicardium-derived vascular cells in the
heart may retain their capacity to express Wtl, which
becomes relevant under conditions that promote the
growth of new blood vessels. Whilst these findings sug-
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gested a relationship between Wtl and myocardial
blood-vessel development, it remained unclear whether
Wtl is indeed necessary for normal vascularization of
the heart, as it would be predicted from its previously
recognized role in epicardium formation (Kreidberg et al.
1993; Moore et al. 1999).

Our present study served a twofold purpose. Firstly,
we aimed to establish a role for Wtl in the development
of the myocardial vasculature. Secondly, we wanted to
identify potential downstream effectors of Wtl in this
process. Important clues to the identification of candi-
date targets of Wtl during coronary blood-vessel forma-
tion may come from a detailed analysis of differentially
expressed genes of wild-type and Wt1-deficient mice.

We show here that one of the genes, expressed differ-
entially in the hearts of wild-type and Wt1~/~ mice is
Nitrk2, the gene encoding for the tyrosine kinase type B
receptor (TrkB). TrkB is a tyrosine kinase receptor with
high affinity for neurotrophin 4/5 (NT4/5) and brain-de-
rived neurotrophic factor (BDNEF) (for review, see
Dechant 2001; Teng and Hempstead 2004). In addition to
other defects, mice with an inactivated BDNF gene had
abnormal myocardial capillaries due to endothelial cell
apoptosis, suggesting a role for BDNF signaling in the
coronary blood-vessel formation (Donovan et al. 2000).
We report here that expression of Ntrk2, the gene encod-
ing TrkB, is stimulated by the Wilms’ tumor transcrip-
tion factor, Wt1. Furthermore, transcriptional activation
of the TrkB neurotrophin receptor by Wtl is a critical
mechanism during myocardial blood-vessel formation.

Results

Wt1 is required for normal blood-vessel formation
in the heart

Immunohistochemical analyses were performed to ex-
plore whether Wtl is expressed in the developing blood-

Figure 1. (A) Wtl expression detected by immunoperoxidase
labeling in the developing mouse heart. At E12.5, the earliest
time point studied, Wt1 immunoreactivity was restricted to the
epicardial cells on the outer surface of the heart. In addition to
the epicardium, nuclear Wtl staining was clearly seen in the
myocardial blood vessels (arrows) at E15.5 and E18.5. (B) Rep-
resentative HE-stainings of the hearts of wild-type (Wt1*/*) and
Wt1-deficient (Wt17/-) mouse embryos at E12.5 on a C57/BL6
genetic background. Note the subepicardial capillaries in nor-
mal hearts (arrows in panel ¢), which were absent from the
Wt1~/~-mutant embryos (panel d). PECAM-1/CD31 immuno-
staining of vascular endothelial cells in the heart of a wild-type
(panel e) and a Wt1-deficient (panel f) mouse embryo at E12.5.
Absence of a vascular PECAM-1 signal indicates a reduction of
myocardial blood vessels in the Wt1~/~ mutant heart. The re-
sults shown are the representative findings from three wild-
type and Wtl-deficient embryos that were analyzed. Bars, 100
um. Impaired vascularization of the Wt1-deficient hearts is con-
firmed by their weaker immunostaining for the type 2 VEGF
receptor, flkl, compared with the normal myocardium (panel h
vs. panel g). TUNEL labeling revealed apoptosis of a significant
portion of cells in the epicardium and subepicardial tissue of
Wt1-/~ hearts (panel j), but not in wild-type embryos (panel i).



vessel system of embryonic hearts. As reported previ-
ously (Armstrong et al. 1993; Moore et al. 1999), Wtl
immunoreactivity was initially detected in the develop-
ing epicardium of mouse embryos at embryonic day 12.5
(E12.5), the earliest time point studied (Fig. 1A, panels
a,b). In addition to the epicardial cells, Wtl was clearly
visible in the coronary vessels at E15.5 and E18.5 (Fig.
1A, panels cf). The majority of Wtl-expressing blood
vessels were located in the subepicardial zone, but Wtl-
positive capillaries could also be found in the deeper
myocardium (Fig. 1A, panels cf). To investigate whether
Wtl is necessary for normal myocardial vascularization,
we initially compared the morphology of wild-type and
Wt1-deficient hearts from embryos on a C57BL/6 genetic
background. HE-stainings were performed on three wild-
type and Wtl-deficient embryos each. Subepicardial
blood vessels were readily detectable in wild-type hearts
at E12.5, but were missing in the Wt1~/~ mutant em-
bryos (Fig. 1B, panels a-d). Immunolabeling of PECAM-
1/CD31, a marker specific for developing blood vessels
(DeLisser et al. 1997), confirmed the HE-stainings.
PECAM-1/CD31-positive capillaries could be detected
in the heart of wild-type embryos (Fig. 1B, panel e) as
well as in heterozygous (Wt1*/-) embryos (data not
shown) at E12.5. In contrast, PECAM-1/CD31 immuno-
reactivity was markedly reduced and could be only de-
tected in endocardial cells in the tissue of embryos that
were deficient for Wt1 (Fig. 1B, panel f). These results
were confirmed by immunostaining of the type 2 VEGF
receptor, flkl. In addition to the epicardium and myo-
cytes, flkl immunoreactivity was detected in the sub-
epicardial capillaries of normal embryos, but was barely
seen in Wt1~/~ hearts except for the myocyte expression
(Fig. 1B, panels g h; Sugishita et al. 2000). Impaired myo-
cardial vascularization in the WtI knockout embryos is
in agreement with their previously reported epicardial
defects (Kreidberg et al. 1993; Moore et al. 1999). Since
apoptosis is frequently observed in Wt1-deficient tissues
that would normally express Wtl (Kreidberg et al. 1993;
Hammes et al. 2001; Wagner et al. 2002b, 2005), we per-
formed TUNEL-labeling to explore whether pro-
grammed cell death may account for disruption of the
epicardium in the Wt1~/~ hearts. Strikingly, a significant
number of TUNEL-positive (apoptotic) cells were found
in the epicardium and subepicardial region of the Wt1~/~
embryos, but not in wild-type hearts (Fig. 1B, panels i,j).

Embryos with lack of Wt1 on a C57BL/6 genetic back-
ground die at E12.5 (Kreidberg et al. 1993). To exclude
the possibility that the observed defects are caused by a
developmental delay rather than a specific action of Wtl
during cardiac vascularization, we used Wt1~/~ mice on a
MF1 genetic background, which have been reported to
survive until end-gestation (Herzer et al. 1999). HE-stain-
ings were performed on two wild-type and two knockout
embryos at E15.5 on the MF1 genetic background (Fig.
2a-f). Strikingly, coronary vessels were almost com-
pletely missing and the myocardium was dramatically
reduced in size in Wt1I~/~ embryos on the MF1 back-
ground. The severe reduction of coronary vessels was
further confirmed by the dramatically reduced immuno-
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Figure 2. Representative HE-stainings of the hearts of wild-
type (Wt1*/*) and Wti-deficient (Wt1~/-) mouse embryos at
E15.5 on the MFI genetic background. Note the developing
coronary vessels in normal hearts (arrows in e), which were
nearly absent from the Wt1~/- mutant embryos (f] and the severe
myocardial hypoplasia in Wt17/~ embryos (b,d,f). Absence of a
cardiac vascular PECAM-1 signal indicates a reduction of myo-
cardial blood-vessel formation in the WtI”/~ mutant hearts
when compared with wild-type hearts on the MF1 genetic back-
ground (h,j vs. gi). The results shown are the representative
findings from two wild-type and Wtl-deficient embryos that
were analyzed. Bars, 100 pm.

reactivity for PECAM-1/CD31 in the Wt1~/~ hearts (Fig.
2g-j). In contrast, extra-cardiac PECAM-1/CD31 immu-
noreactivity could be detected in the embryos deficient
for Wt1, suggesting a specific role for Wt1 in coronary
vessel formation. The extreme myocardial hypoplasia
observed in the embryos deficient for Wt1 on the MF1
genetic background (Fig. 2a-f) might represent a second-
ary effect due to the lack of coronary vessel formation,
since Wt1 expression was never detected in cardiac myo-
cytes (Fig. 1A, panels a—f).

Wt1 stimulates the transcription of the TrkB
neurotrophin receptor gene (Ntrk2)

A major challenge was the identification of novel down-
stream mediators of Wtl during vasculogenesis in the
developing heart. For this purpose, a genetic screen to
identify genes with differential expression pattern in the
hearts of Wt1 knockout embryos and wild-type litter-
mates was performed (K.D. Wagner, N. Wagner, and H.
Scholz, unpubl.). One of the genes, which we found to be
expressed differentially, was Ntrk2, the gene encoding
for TrkB. Hence, we reasoned that the BDNF/TrkB sig-
naling pathway may act downstream of Wtl to promote
the formation of myocardial blood vessels. To verify the
findings from the genetic screen, we performed immu-
nostaining and real-time RT-PCR for TrkB in Wt1-defi-
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cient and wild-type hearts. The TrkB protein could be
visualized in the epicardium and subepicardial blood
vessels of normal embryos at E12.5 and E15.5 (Fig. 3A,
panels a,c). In contrast, TrkB immunoreactivity was
much weaker in the Wt1 knockout hearts (Fig. 3A, pan-
els b,d). The use of real-time RT-PCR enabled us to dis-
tinguish between two types of TrkB receptors, which
differ in their intracellular tyrosine kinase domains
(Klein et al. 1989, 1990). Both TrkB receptor variants, one
with the full-length tyrosine kinase domain (TrkB+TK),
and a second receptor subtype with a truncated intracel-
lular signaling motif (TrkB-TK), were significantly re-
duced in the WtI~/~ hearts (Fig. 3B). In fact, 65 PCR
cycles were necessary to detect transcripts for both TrkB
receptor types in the Wt1 knockout hearts. Double-im-
munolabeling was performed to test for an overlapping
expression pattern with Wtl as a prerequisite for direct
regulation of TrkB by Wtl. We analyzed a total of 27
tissue sections from nine different embryos between
11.5 and 18.5 d post-coitum (dpc). Notably, Wtl and
TrkB shared an overlapping pattern in the developing
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Figure 3. (A) Immunodetection of the TrkB neurotrophin re-
ceptor in the hearts of wild-type and WtI-deficient mouse em-
bryos at E12.5 and E15.5. (Panels a,c) As reported earlier by
others (Donovan et al. 2000), TrkB was expressed in the devel-
oping epicardium and myocardial capillaries of normal hearts.
(Panels b,d) In contrast, TrkB immunoreactivity was barely de-
tectable in the Wt1~/~ mutant hearts. The stainings are repre-
sentative for the tissue samples that were analyzed from three
wild-type and Wt17/~ embryos each at E12.5 and two animals
each at E15.5. (B) Real-time RT-PCR to assess TrkB expression
in the hearts of wild-type and Wt1-deficient embryos at E12.5.
Different primer pairs were selected to detect two alternative
TrkB transcripts: one encoding the full-length receptor with the
intracellular tyrosine kinase domain (+TK), and a second TrkB
receptor type that lacks the tyrosine kinase motif (-TK). TrkB
mRNA was normalized for GAPDH transcripts. Normalized
TrkB levels in wild-type hearts (Wt1*/*) were taken as 1. Real-
time RT-PCR was performed on RNA samples that were ob-
tained from four wild-type and five Wt1~/~ embryos.
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Figure 4. (A) Representative double immunofluorescent label-
ing of Wtl (green) and the TrkB receptor (red) in the heart of a
mouse embryo at E12.5. (Panels ¢,d) The two proteins show an
overlapping distribution in the developing epicardium (arrow-
heads) and subepciardial capillaries (arrows), which becomes
evident by the yellow fluorescence signal upon merging both
images. Counterstaining of the nuclei was performed with Dapi.
Bars, 100 pm. (B) Western blot demonstrating Wt1, TrkB, and
B-actin proteins in a stable osteosarcoma cell line (clone UB27)
with inducible expression of Wtl (Englert et. al. 1995a). The
cells were grown in the presence of tetracycline (+tet) to sup-
press Wtl. Note that removal of tetracycline from the culture
medium (-tet) enhanced the expression of Wtl and TrkB with-
out changes in B-actin. (C) Immunocytochemical staining of
TrkB in UB27 cells that were cultured either in the presence
(+tet) or absence (-tet) of tetracycline. (B) Omission of tetracy-
cline from the culture medium to stimulate Wtl expression
lead to an up-regulation of TrkB in the plasma membranes of
most UB27 cells. Bars, 10 pm.

myocardial blood vessels and epicardium as indicated by
the representative immunostainings in Figure 4A. Next,
we examined whether variable Wtl expression levels in
cultured cells would result in similar changes of TrkB.
For this purpose we made use of a stable osteosarcoma-
derived cell line (U20S cells), which expresses the
Wt1(-KTS) splice variant under control of a tetracycline-
sensitive promoter (Englert et al. 1995a). This Wt1 form,
which lacks a three-amino-acid splice insertion (KTS) in
its C-terminal zinc finger domain (Haber et al. 1991), has
been proven to function as a transcription factor (Englert
et al. 1995a; Lee et al. 1999). Wtl mRNA and protein
levels in the inducible cell line were elevated signifi-
cantly upon removal of tetracycline from the culture me-



dium (Fig. 4B). Up-regulation of Wt1(-KTS) was associ-
ated with a more than fourfold increase in TrkB protein
expression without changes in -actin (Fig. 4B). This in-
crease in TrkB was not due to subclonal variations, but
was detected by immunocytochemical staining in the
majority of the induced cells (Fig. 4C), indicating that
Wtl could stimulate the expression of TrkB. We there-
fore addressed the question of whether Wtl would acti-
vate the promoter of the NTRK2 gene directly. For this
purpose, a =2.3-kb sequence, which carried the predicted
promoter of the NTRK2 gene (NCBI accession no.
AF410902) was cloned and ligated into the pGL2 basic
reporter plasmid. The luciferase reporter was transiently
transfected into HeLa and U20S cells along with Wtl
expression constructs and a CMV-B-gal plasmid for nor-
malization of transfection efficiencies. Cotransfection of
Wt1(-KTS) stimulated the activity of the NTRK2 pro-
moter approximately sixfold- and 10-fold in HeLa and
U20S cells, respectively (Fig. 5A). Wt1(+KTS), a splice
variant that appears to play a role in mRNA processing
rather than transcriptional regulation (Englert 1995b;
Larsson et al. 1995; Ladomery et al. 1999) had some ef-
fect, which, however, was not statistically significant in
both cell lines (Fig. 5A). To narrow down the region con-

Wtl activates NTRK2 during cardiac vasculogenesis

taining cis-acting element(s) for transactivation of the
NTRK2 promoter by Wtl, we cotransfected several re-
porter constructs with different 5'-truncations in U20S
cells. The transfection experiments yielded a =600-base
pair (bp) sequence, flanked by Kpnl and Pstl restrictions
sites and located ~800 bp upstream of the transcription
initiation site, which was required for stimulation of the
NTRK?2 promoter by Wtl (Fig. 5B). We next performed
DNase I footprint analysis to demonstrate that Wt1(-KTS)
could bind to a single GC-rich motif within this se-
quence (Fig. 5C). Physical interaction of Wt1 with this
element was confirmed by electrophoresis mobility shift
assay (Fig. 5D). A strong retardation band was detected
when the oligonucleotide from the NTRK2 promoter was
incubated with the Wt1(-KTS) protein. The Wt1(+KTS)
form did also bind to the identified element, albeit with
much lower affinity. Introducing a trinucleotide muta-
tion (5'-CTAAAA-3') into the core sequence (5'-CTC-
CCA-3’) of the oligonucleotide completely abolished
binding of the Wt1(-KTS) protein (Fig. 5D). The previ-
ously established Wtl consensus element from the vita-
min D receptor promoter was used as a positive control
in the gel-shift experiments (Maurer et al. 2001; Wagner
et al. 2001).

Figure 5. (A) Activation of the promoter of
NTRK2, the gene encoding the TrkB neuro-
trophin receptor, by the Wt1(-KTS) protein. A
=2.3-kb DNA sequence carrying the promoter of
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the NTRK2 gene (NCBI accession no. AF410902)
in a luciferase reporter plasmid (pGL2basic) was
transiently cotransfected into HeLa and U208
cells together with Wt1(-KTS) and Wt1(+KTS)
expression constructs. Luciferase activities were
measured in the cell lysates after 48 h and nor-
malized for the activity of cotransfected B-galac-
tosidase. Normalized luciferase activities were
increased approximately sixfold and 10-fold in
HeLa and U20S cells, respectively, by cotrans-
fection of Wt1(-KTS). The Wtl(+KTS) protein,
which has been implicated in mRNA processing
rather than transcriptional regulation (Englert
1995b; Larsson et al. 1995; Ladomery et al. 1999),
had no statistically significant effect. Shown are
means = S.E.M. from 10 transfection experi-
ments, each performed in duplicate in U208
cells, and 20 transfection experiments in HelLa
cells. P <0.05 was considered statistically sig-
nificant (ANOVA with Bonferroni-test as post-
hoc test). (B) Effect of cotransfected Wt1(-KTS) on
the activity of different NTRK2 promoter con-

structs with variable lengths in U20S cells. Various 5'-truncations were generated by restriction digest of the original NTRK2 reporter
construct with Kpnl, Pstl, and Smal, respectively. A =600-bp sequence, flanked by Kpnl and Pstl restrictions sites and located ~800 bp
upstream of the transcription start site was required for stimulation of the NTRK2 promoter by Wt1(-KTS). Data are the
means = S.E.M. from 10 transfection experiments performed as duplicates. P < 0.05was considered statistically significant (ANOVA
with Bonferroni-test as post-hoc test). (C,D) DNase I footprint analysis (C) and electrophoretic mobility shift assay (EMSA) (D)
demonstrating binding of the Wt1(-KTS) protein to the Wtl-inducible sequence in the NTRK2 promoter. A 625-bp sequence spanning
between -821 and -198 nt relative to the transcription start site of the human NTRK2 gene was amplified by PCR and end-labeled with
32P for DNase I footprint analysis. Note that Wt1(-KTS) protein, but not the Wt1(+KTS) form, bound to a GC-rich consensus motif
(boxed area) within this sequence. Physical interaction of Wt1 with the identified oligonucleotide (WTB) was confirmed by EMSA. (D).
Introducing a 3-nt mutation into the sequence (AWTB) resulted in a complete loss of Wt1(-KTS) binding. The previously identified Wtl
consensus element from the vitamin D receptor (VDR) promoter served as a positive control (Maurer et al. 2001; Wagner et al. 2001).
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The identified Wt1-binding site in the NTRK2
promoter directs expression to the epicardium,
myocardial vessels, and other known sites of Wt1

We chose a transgenic approach to investigate whether
the identified Wt1-binding site was important for in vivo
transcription from the NTRK2 promoter. Transgenic
mice were generated, which expressed a lacZ reporter
that was driven either by the =2.3-kb wild-type NTRK2
promoter, or by the NTRK2 promoter with a mutated
Wt1(-KTS)-binding motif. Strikingly, in all four trans-
genic lines lacZ expression under control of the wild-
type NTRK2 promoter showed a pattern that was highly
similar to the distribution of the endogenous Wt1 gene
product. In particular, the NTRK2 promoter directed ex-
pression of the transgene to the developing epicardium
and myocardial vasculature (Fig. 6), which corresponds
to the known expression pattern of TrkB (GenePaint.org,
Set: MH132) (Visel et al. 2004). Additional sites of lacZ
staining were in the coelomic epithelium and gonads of
the embryos (Fig. 6). Both are tissues that have previ-
ously been reported to express Wtl at high levels (Pel-
letier et al. 1991; Armstrong et al. 1993; Moore et al.
1998) and also express TrkB (GenePaint.org, Set: MH132)
(Visel et al. 2004). LacZ-positive cells were also detected
at several sites in the CNS, including the retina and gan-
glia (data not shown) although LacZ expression in the
CNS was relatively weak, suggesting that other regula-

A

Figure 6. Transgenic expression of the lacZ reporter
under control of a =2.3-kb sequence containing the pro-
moter of the NTRK2 gene (hTrkBprom:hsp68:LacZ).
Control animals (E12.5) harbored the lacZ cassette
without the human NTRK2 promoter sequence as a
transgene. A third construct, in which the identified
Wt1(-KTS)-binding element had been mutated, was
also used (hTrkBpromAWTB:hsp68:LacZ). The wild-
type NTRK2 promoter (hTrkBprom:hsp68:LacZ) di-
rected lacZ expression to the developing epicardium
and myocardial blood vessels of the transgenic embryos
(A [panel b], B [panels a,c]). (B, panel a) Additional sites
of lacZ staining were in the coelomic epithelium (CE)
and the gonads (G). Both are tissues that normally ex-
press Wtl in wild-type embryos. (H) Heart. (B, panels
b,d) No lacZ staining except for the choroid plexus and
other regions in the CNS was detected in embryos car-
rying a transgenic NTRK2 promoter construct, in which
the identified Wt1(-KTS)-binding motif (WTB) had been
mutated (hTrkBpromAWTB:hsp68:LacZ). Four inde-
pendent mouse lines were generated for the
hTrkBprom:hsp68:LacZ construct and two lines for
hTrkBpromAWTB:hsp68:LacZ.
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tory elements are required for neuronal TrkB expression.
Most remarkably, in all transgenic lines, mutation of the
Wtl-binding motif in the NTRK2 promoter abrogated
transgene expression in the developing myocardial ves-
sels and other sites; e.g., the immature gonads that
would normally contain Wtl in wild-type embryos (Fig.
6), but not in ganglia and choroid plexus of the CNS.

The TrkB neurotrophin receptor is required for normal
vascularization of the heart

To explore whether expression of the TrkB neurotrophin
receptor would be necessary for normal myocardial
blood-vessel growth in vivo, we analyzed the cardiac phe-
notype of mice with homozygous disruption of the
Nitrk2 gene (Klein et al. 1993). Six viable embryos each
with the TrkB~/~ mutation could be collected from dif-
ferent litters between E12.5 and E18.5. These embryos
were compared with their wild-type littermates. In con-
trast to Wt1-deficient mice, TrkB~/~ mutants showed no
epicardial defects, indicating that the initial formation of
the epicardium does not depend on TrkB expression.
However, we observed a marked reduction of developing
blood vessels predominantly in the subepicardial region
of TrkB~/~ mutant hearts (Fig. 7a-h). Impaired myocar-
dial vascularization in the TrkB-deficient embryos was
confirmed by immunolabeling of the type 2 VEGF recep-
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tor (Fig. 7i,j) and of PECAM-1/CD31 (Fig. 7k,1). Interest-
ingly, Wtl-positive cells were present in the epicardium
and subepicardial region of the TrkB~/~ embryos, and
single Wtl-expressing cells, though fewer than in normal
hearts, were found migrating into the interventricular
sulcus of the mutant hearts (Fig. 7m,n). These findings
correlated with an increased number of TUNEL-labeled
cells in the subpicardium of embryos with TrkB defi-
ciency (Fig. 70,p).

Discussion

Formation of the coronary vessel system is accomplished
through a complex series of events that have their origin
in the epicardium (Dettman et al. 1998; Vrancken
Peeters et al. 1999). The epicardium is a single-layered
mesothelium on the outer surface of the heart, which is

TrkB"" TrkB™

HE E12.5

HE E12.5

HE E18.5

VEGFR2 E12.5

0 j
©
@ |
w 1
i
=
z
S
w
o

P &
@ m ,y-ﬁ‘r i e
Nl iR 2,
wf % P
= [ .. ‘
E T L S o e

e
o
-
w
°
(=4
S
=

Wtl activates NTRK2 during cardiac vasculogenesis

connected to the myocardium by a zone of subepicardial
mesenchymal cells (SEMCs). The SEMCs emanate from
the epicardial layer by epithelial-to-mesenchymal tran-
sition (Mikawa and Gourdie 1996; Pérez-Pomares et al.
1998; Vrancken Peeters et al. 1999) and migrate into the
heart, where they give rise to the different cellular com-
ponents of the blood vessels, including vascular smooth
muscle and endothelial cells as well as perivascular fi-
broblasts (Dettman et al. 1998; Vrancken Peeters et al.
1999). Stabilization of the newly formed capillaries is
another critical step during coronary vascularization. In
agreement with a previous study (Moore et al. 1999), we
report here that the Wilms’ tumor suppressor Wtl,
which is expressed in the epicardium and SEMCs, is re-
quired for normal vascularization of the developing
heart.

The Wt1 gene encodes for a group of zinc finger pro-
teins, some of which can function as transcription fac-
tors (for review, see Scharnhorst et al. 2001). During
heart development in mammals and birds, Wtl is ini-
tially detected in the proepicardial organ (Moore et al.
1999; Carmona et al. 2001) and, subsequently, in the
newly formed epicardium and subepicardial mesen-
chyme (Moore et al. 1999; Carmona et al. 2001). The
characteristic pattern of Wtl and the results from trans-
genic studies (Moore et al. 1999) suggested that Wtl
might enable the epicardial cells to flip between a mes-
enchymal and epithelial state. Accordingly, the hearts of
Wt1-deficient embryos contained a significantly reduced
number of SEMCs, which also failed to migrate into the
myocardium (Moore et al. 1999). While we identified the
blood vessels as a novel site of Wtl expression in the
embryonic heart, other investigators could not detect
Wtl in the developing myocardial vasculature of normal
chick embryos (Pérez-Pomares et al. 2002) and of mice
with transgenic expression of a lacZ reporter under con-
trol of the Wt1 locus (Moore et al. 1999). It is currently
unknown whether this apparent discrepancy reflects dif-
ferences in the expression pattern of Wtl between mam-
mals and birds, or whether it is due to different experi-
mental conditions and staining procedures. Importantly,
we have shown in a recent study that Wtl is transcribed
de novo in the myocardial vasculature of adult hearts

Figure 7. Histomorphology of the hearts of wild-type embryos
at E12.5 and E18.5 (TzkB*/*) and of littermates with inactivation
of Ntrk2, the gene encoding for the TrkB neurotrophin receptor
(TrkB~/~). (a-h) Note the reduction of subepicardial capillaries
(arrows) in TrkB-deficient compared with wild-type hearts,
which is revealed by HE-staining of the tissue sections. Im-
paired vascularization of the TrkB~/~ hearts was confirmed by
their weaker immunolabeling of VEGFR2 (j vs. i) and of
PECAM-1/CD31, a marker for vascular endothelial cells (I vs.
k). Shown are representative immunostainings from three em-
bryos each. Bars, 100 pm. Wtl-immunopositive cells were de-
tected, though at a smaller number than in wild-type embryos,
in the epicardium and subepicardial tissue of the TrkB~/~ mu-
tants (n vs. m). (m,n) From there, the cells migrate into the
myocardium, along the interventricular sulcus. TUNEL-label-
ing revealed more apoptotic cells in the subepicardium of TrkB-
deficient than of normal hearts (p vs. o).
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after regional tissue ischemia (Wagner et al. 2002a). To-
gether with our previous discovery, the present data tes-
tify that Wtl is a key signal for blood-vessel formation in
the heart.

Several lines of evidence suggest that NTRK2, the gene
encoding the TrkB neurotrophin receptor, represents a
relevant candidate target of Wtl during myocardial vas-
cularization. First, TrkB expression was enhanced upon
activation of Wtl in an inducible cell line. Second, TrkB
mRNA and protein were significantly reduced in the
hearts of Wt1-deficient embryos. Third, Wtl stimulated
the activity of the NTRK2 promoter significantly in tran-
sient cotransfection experiments. Fourth, the newly
identified Wtl-binding site in the NTRK2 promoter was
necessary for transgenic expression of a lacZ reporter in
the developing myocardial vasculature and other known
sites of Wtl. Finally, like in the Wt1~/~ mutants, myo-
cardial vascularization was severely disturbed in mouse
embryos with inactivated Ntrk2 gene. To our knowl-
edge, abnormal blood-vessel formation in the heart has
not been recognized in earlier studies using Ntrk2-defi-
cient mice (Klein et al. 1993).

Considering the overlapping distribution of Wt1 and
TrkB in the epicardium of wild-type embryos, one could
argue that the reduction of TrkB in the Wtl-deficient
hearts was simply due to epicardial malformation rather
than reflecting a regulation of TrkB by Wtl. However,
this possibility appears less likely, because the epicardial
defect was incomplete with a substantial portion of the
epicardium remaining in the Wt1~/~ embryos (Moore et
al. 1999). On the other hand, TrkB was virtually absent
from the Wti-deficient hearts, suggesting that mecha-
nisms in addition to the loss of epicardial cells are re-
sponsible for the lack of TrkB in the mutant hearts. In-
stead, our findings clearly indicate that Ntrk2, the gene
encoding TrkB, is a direct molecular downstream target
of Wtl.

The TrkB receptor is expressed at high levels by cen-
tral and peripheral neurons, but also by vascular endo-
thelial cells in the developing heart and skeletal muscle
(Donovan et al. 1995; Kraemer et al. 1999). It binds the
brain-derived neurotrophic factor (BDNF) in addition to
the alternate ligands neurotrophin-4/5 (for review, see
Dechant 2001; Teng and Hempstead 2004). Abnormal
formation of the coronary vessel system has been re-
ported in mice with lack of BDNF (Donovan et al. 2000).
BDNF deficiency caused apoptosis of vascular endothe-
lial cells in the heart, leading to destabilization of the
myocardial vessel wall and intraventricular hemorrhage
(Donovan et al. 2000). Thus, BDNF, through interaction
with the TrkB receptor, may function as a survival factor
for the vascular endothelium in the developing heart
(Donovan et al. 2000). Direct evidence for the angiogenic
potential of the BDNF/TrkB signaling pathway has been
provided in a recent study demonstrating that adenoviral
delivery of BDNF mediated the neovascularization of
normal and ischemic tissues in adult mice (Kermani et
al. 2005). BDNF may exert its angiogenic effects by two
different mechanisms. First, by recruiting TrkB-positive
vascular endothelial cells to promote the assembly of
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new blood vessels (Kermani et al. 2005). And secondly,
by the mobilization of TrkB expressing progenitor cells
from bone marrow, which will then accumulate at the
sites of vascular injury and contribute to vessel forma-
tion through the release of angiogenic molecules (Ker-
mani et al. 2005). Our data suggest that Wtl facilitates
these processes by up-regulating TrkB expression in the
myocardial vasculature of the developing and adult
heart. The latter view is supported by our observation
that TrkB expression, similar to Wtl (Wagner et al.
2002a), was stimulated in the intramyocardial blood ves-
sels of adult rats in response to local tissue ischemia
(K.D. Wagner, N. Wagner, and H. Scholz, unpubl.). It
remains to be assessed whether the vascular growth-pro-
moting effect of Wt1 is restricted to the heart, or whether
Wtl can function as a regulator of vasculogenesis also in
other tissues. Interestingly, mice with transgenic expres-
sion of a mutant Wtl protein had dilated glomerular cap-
illaries indicating that Wtl1 may control the expression
of growth factors for the formation of microvessels in the
kidney (Natoli et al. 2002), although other downstream
signaling mechanisms might be responsible since TrkB
is not expressed in kidney vessels (Donovan et al. 2000).
A wider role for Wtl in blood-vessel formation is also
supported by our previous observation that Wtl was
colocalized with vascular endothelial growth factor
(VEGF), a central mediator of vascular growth in various
tissues (for review, see Tammela et al. 2005), in the myo-
cardial vasculature of ischemic rat hearts (Wagner et al.
2002a). Notably, VEGF mRNA was increased in a stable
osteosarcoma-derived cell line upon induction of Wtl
expression (K.D. Wagner and N. Wagner, unpubl.). It will
be an interesting task to investigate whether Wtl regu-
lates VEGF directly and to reveal the physiological can-
didate target genes of Wtl during vascular formation in
the heart and in other tissues.

Considering our present findings and the previously
described epicardial phenotype of Wti-deficient mice
(Kreidberg et al. 1993; Moore et al. 1999), we conclude
that Wtl is required at different stages of vascular for-
mation in the heart. During early development, Wtl is
important for the formation of the epicardium and for
the progression from epicardium to SEMCs (Moore et al.
1999), possibly by rescuing epicardial cells from apopto-
sis and/or by promoting epithelial-to-mesenchymal con-
version. Importantly, we could detect no epicardial de-
fects by histomorphological analysis of mouse embryos
with TrkB deficiency. Likewise, the epicardium ap-
peared to be formed normally in mice lacking BDNF, the
natural ligand for TrkB (Donovan et al. 2000). Thus, the
TrkB/BDNF pathway may be of little importance for
Wtl to fulfill its role in epicardial development. Subse-
quent expression of Wtl in the newly forming myocar-
dial blood vessels suggests a continuous requirement for
Wtl during vascular formation in the heart. Importantly,
Wtl-immunopositive cells were seen migrating along
the interventricular sulcus from the epicardial layer into
the myocardium of the TrkB-deficient mice. Thus, de-
spite of an intact epicardium, Wtl failed to promote nor-
mal coronary vessel formation in the absence of TrkB. In



conclusion, acting as a survival factor for cells forming
the coronary vessels, TrkB is required for Wtl to accom-
plish its role in coronary vascularization. Our results
demonstrate that, among other mechanisms, activation
of TrkB expression by the Wilms’ tumor transcription
factor is a critical step for the integrity of the developing
coronary vessel system.

Materials and methods

Animals

Mouse breeding pairs (C57BL/6 strain), which were heterozy-
gous either for Wt1 or for Ntrk2 (TrkB), were obtained from the
Jackson Laboratory and genotyped by PCR according to the pro-
tocols provided. The Wt1 mutation was crossed into the MF1
genetic background as described previously (Herzer et al. 1999).
Wtl knockout embryos were obtained at the expected fre-
quency whereas most of the TrkB~~ mice died before mid-ges-
tation.

Transgenic animals were generated by pronuclear microinjec-
tion into fertilized mouse oocytes according to established pro-
cedures (Moore et al. 1998). Superovulation was performed us-
ing the F1 generation of CBA x C57B6 crosses (Charles River).
Transgenic animals were identified by Southern Blot and by
PCR using the following primers: 5'-CCCATTCGCATCTAA
CAAGG-3' (TrkB-LacZ forward), 5-TGACTCTTTCACAAG
GGTTGC-3' (TrkB-LacZ reverse). Mice carrying the transgene
were crossed and fosters were sacrificed at E12.5 (the day of
vaginal plug was considered EQ.5). LacZ staining was performed
on whole embryos according to the protocol by Hogan (Hogan et
al. 1994) as described in detail elsewhere (Wagner et al. 2004).

Cell culture

U20S osteosarcoma cells (ATCC HTB-96) and Hela cells
(ATCC CCL-2) were obtained from the American Type Culture
Collection (ATCC) and grown as described (Wagner et al. 2003,
2004). Stable U20S cells (clone UB27) with the tetracycline
repressible Wt1(-KTS) form were grown as described (Englert et
al. 1995a).

Cell transfection experiments and reporter gene assays

U20S and Hela cells at ~60% confluence were transfected in
60-mm tissue culture plates with the use of the Fugene 6 re-
agent (Roche Diagnostics). Reporter constructs (0.5 ng) together
with 0.25 ng of a cytomegalovirus (CMV)-driven B-galactosidase
plasmid and 1.25 pg of the expression constructs encoding dif-
ferent Wtl forms were transiently cotransfected as described in
detail elsewhere (Wagner et al. 2003, 2004). The results shown
are averages of 10 transfection experiments, each performed in
duplicate for U208 cells, and 20 transfection experiments for
HeLa cells. P < 0.05 was considered significant (ANOVA with
Bonferroni-test as post-hoc test).

Plasmids

NTRK2 promoter constructs: A bacterial artificial chromosome
(BAC) carrying the human gene for the TrkB neurotrophin re-
ceptor (NTRK2) (NCBI accession no. AL390777) was obtained
from the German Resource Center for Genome Research (clone
RP11-301F14). The identity of the DNA clone was verified by
restriction digest followed by Southern blot hybridization (Wag-
ner et al. 2002b). A =2.3-kb Sacl restriction fragment, which
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contained the predicted promoter of the NTRK2 gene between
-2107 bp and +235 bp relative to the transcription start site, was
ligated into the Sacl site of the pGL2basic reporter plasmid (Pro-
mega). This construct was assigned as pTrkBprom and its iden-
tity verified by dideoxy sequencing of both strands. Shorter pro-
moter constructs were obtained by restriction digest of pTrkB-
prom with Kpnl, Pstl, and Smal, respectively. The resulting
constructs contained genomic DNA sequences starting at -968
bp (AKpnl), -368 bp (APstl), and +174 bp upstream of the tran-
scription initiation site of NTRK2.

LacZ transgenic constructs: The =2.3-kb Sacl restriction frag-
ment with the predicted promoter of the NTRK2 gene was
blunt-end ligated into the flushed Pstl site of a lacZ reporter
plasmid as recently described for the NPHS1 promoter sequence
(Wagner et al. 2004). The NTRK2-lacZ cassette was released
from the vector backbone by restriction digest before microin-
jection into fertilized mouse oocytes.

Real-time RT-PCR

RT-PCR was performed with 2 pg of total RNA as described
elsewhere (Wagner et al. 2004, 2005). Real time PCR was per-
formed on the Light Cycler Instrument (Roche) using the Plati-
num SYBR Green kit (Invitrogen). The following primers were
used for PCR amplification: mouse TrkB-TK (Ntrk2) (NCBI ac-
cession no. M33385), 5'-TGCCTCAATGAGAGCAGCAAG-3’
(forward primer), 5'-TCCACGGTGAGGTTAGGAGCA-3’ (re-
verse primer); mouse TrkB+TK (NCBI accession no. X17647),
5'-CCTCCACGGATGTTGCTGAC-3' (forward primer), 5'-
GCAACATCACCAGCAGGCA-3’ (reverse primer). Expression
was normalized to the individual levels of the housekeeping
gene GAPDH (NCBI accession no. BC_001601), 5'-ATTCAAC
GGCACAGTCAAGG-3' (forward primer), 5'-TGGATGCAGG
GATGATGTTC-3' (reverse primer).

DNase I footprint analysis

A 625-bp sequence spanning between -821 and -198 nucleo-
tides (nt) relative to the transcription start site of the human
NTRK2 gene (NCBI accession no. AF410902) was amplified by
PCR from plasmid pTrkBprom using one nonlabeled and one
32P  end-labeled primer (forward primer, 5'-CTTAGAGG
TACCTGGATG-3'; reverse primer, 5'-CCCCCGAATGATGC
TGCAGAATCCG-3'). The PCR product was gel-purified, and
footprint analysis with 50 pg of either GST, GST-WT1(-KTS), or
GST-WT1(+KTS) was performed as reported recently for the pro-
moter of NPHS1, the gene encoding nephrin (Wagner et al.
2004).

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were carried out with pu-
rified recombinant GST-Wtl protein as described in detail else-
where (Wagner et al. 2003). The following double-stranded oli-
gonucleotide (WTB), which is contained within the Wtl-induc-
ible TrkB promoter (-720 to -699 bp), was selected based on the
DNase I footprint results; i.e., 5-TGTGAACTCCCACATGC
TGCTG-3'. A trinucleotide mutation was designed into the oli-
gonucleotide to test for the specificity of Wtl binding (WTAB):
5-TGTGAACTAAAACATGCTGCTG-3'. A 21-bp DNA se-
quence including the previously identified Wt1(-KTS)-binding
site from the vitamin D receptor gene promoter (5'-TGAACT
TAGTGGGCGTGGTTG-3') served as positive control (Maurer
et al. 2001; Wagner et al. 2001).

SDS-PAGE

Total cell lysates from subconfluent cultures of U20S cells
(clone UB27) were prepared, electrophoresed, and blotted as de-
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scribed in detail previously (Wagner et al. 2003). The following
antibodies were used for immunodetection: polyclonal anti-
Wtl antibody from rabbit (C-19, catalog no. sc-846, Santa Cruz
Biotechnology, 1:100 dilution in PBS, 5% Blotto, 0.05% Tween-
20), monoclonal anti-TrkB antibody from mouse (catalog no.
610101, BD Transduction Laboratories, 1:100 dilution in PBS,
5% Blotto, 0.05% Tween-20), goat polyclonal antibody against
B-actin (1:500 dilution in PBS, 5% Blotto, 0.05% Tween-20;
C-11, catalog no. sc-1615, Santa Cruz Biotechnology), peroxi-
dase-coupled goat anti-rabbit secondary antibody (1:1.000 dilu-
tion in PBS, 5% Blotto, 0.05% Tween-20; Santa Cruz Biotech-
nology), and rabbit anti-mouse secondary antibody (1:1.000 di-
lution in PBS, 5% Blotto, 0.05% Tween-20).

Histology and immunohistochemistry

Morphological studies were performed according to our previ-
ously published protocols (Wagner et al. 2002a,b, 2004, 2005).
Staged embryos (morning of vaginal plug was considered EO0.5)
were fixed overnight at 4°C in paraformaldehyde (3% in PBS)
and either embedded in paraffin or snap-frozen in prechilled
isopentane and then embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek). Three-micrometer paraffin sections or 10-um
cryostat sections were cut and transferred onto gelatin-coated
glass slides. The tissue sections were permeabilized with 0.1%
Triton X-100 in PBS and blocked by incubation for 1 h in 10%
normal serum (in PBS, 0.1% Triton X-100, 3% BSA), which was
obtained from the same species as the secondary antibody. An
indirect immunofluorescent double-labeling technique was
used to mark Wtl and TrkB expressing cells (Wagner et al.
2002a). For this purpose, the sections were incubated (16 h, 4°C)
with primary antibodies each diluted 1:50 in PBS, 0.1% Triton
X-100, 3% BSA: polyclonal anti-Wtl antibody from rabbit
(C-19, catalog no. sc-846, Santa Cruz Biotechnology) and mono-
clonal anti-TrkB antibody from mouse (catalog no. 610101, BD
Transduction Laboratories). The reaction products were visual-
ized by incubation (1.5 h at room temperature) with Cy3- and
Cy2-conjugates (Wagner et al. 2002a). Counterstaining of the
nuclei was done with Dapi. The slides were viewed under an
epifluorescence microscope (DMLB, Leica) connected to a digi-
tal camera (Spot RT Slider, Diagnostic Instruments) with the
Spot software (Universal Imaging Corp.). Alternatively, the tis-
sue sections were stained with a peroxidase technique. To this
end, the slides were incubated with monoclonal mouse anti-
TrkB antibody (1:50 dilution in PBS, 0.1% Triton X-100, 3%
BSA; catalog no. 610101, BD Transduction Laboratories), poly-
clonal anti-Wtl antibody from rabbit (C-19, catalog no. sc-846,
Santa Cruz Biotechnology), polyclonal goat anti-PECAM-1 an-
tibody (catalog no. sc-1506, Santa Cruz Biotechnology), or with
polyclonal rabbit anti-VEGFR2 antibody (Zymed no. 36-0900).
Subsequently, the antigen detection was performed with Vector
M.O.M. immunodetection Kit (Vector Laboratories, catalog no.
PK-2200), or for PECAM-1 with a biotinylated anti-goat anti-
body (Vector Laboratories) for Wtl and VEGFR2 with a bioti-
nylated anti rabbit antibody (Vector Laboratories), followed by
incubation with peroxidase-coupled Streptavidin (Sigma). Visu-
alization was achieved with DAB substrate (Vector Laborato-
ries, catalog no. SK-4100).

TUNEL labeling of apoptotic cells

Apoptotic cells were detected by TUNEL staining in the hearts
of paraformaldehyde-fixed mouse embryos using the In situ Cell
Death Detection Kit (Roche Molecular Biochemicals) as de-
scribed previously for the developing retina (Wagner et al.
2002b). Three tissue sections were analyzed at the indicated
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time points from three different embryos each either of wild-
type, Wt1~/-, or TrkB~/~.
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