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Abstract As reported previously, we have exten-
sively studied FoxJ2, a member of the Fork Head
transcription factors family. While the biochemical and
functional structures of this transcription factor are well
understood, its biological function remains unknown.
Here, we present data that address this point using
transgenic mouse technology. We found that the birth
rate and the number of transgenic animals obtained
when transferring embryos over-expressing the FoxJ2
protein were lower than those obtained with embryos
over-expressing a control protein, suggesting FoxJ2
overexpression has a negative effect on embryonic
development. Transient FoxJ2 transgenesis experiments
have confirmed that FoxJ2 over-expression has a lethal
effect on embryonic development from E10.5. More-
over, in vitro culture of FoxJ2-microinjected embryos
demonstrated a significant developmental blockage,
indicating that FoxJ2 could also have an effect on pre-
implantation stages. Most probably, these negative
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effects of FoxJ2 over-expression during development
also explain the low percentage of adult transgenic mice
obtained. Furthermore, most of the transgenic mice that
lived to adulthood did not show transgene expression. In
fact, the only two adult transgenic animals (one male
and one female) in which FoxJ2 transgene expression
was detected showed a mosaic expression and died
prematurely as a result of cardio-respiratory failure.
Postmortem analysis of these animals revealed a
hypertrophic heart and abnormal testes in the male. In
order to identify genes regulated by FoxJ2 consistent
with the phenotypes observed for FoxJ2 transgenic
mice, EMSA assays and co-transfection experiments
were carried out. Our data indicate that the genes coding
for the gap junction protein Connexin-43 and the cell—
cell contact protein E-Cadherin, may be good candidates
for FoxJ2-regulated genes. Interestingly, Connexin-43
and E-Cadherin show expression patterns similar to
FoxJ2, and the phenotypes of Connexin-43 and
E-Cadherin mutants resemble those of our FoxJ2
transgenic animals. These data suggest that the lethal
effect on embryonic development of FoxJ2 overexpres-
sion, as well as the alterations observed in the heart and
testes of adult transgenic mice, could be determined by
changes in the transcription of genes such as Connexin-
43 and/or E-Cadherin.

Keywords FoxJ2 - Transgenic mice -
Development - Fork Head - Transcription factors -
Cad E - Connexin 43 - Fertility - Heart hypertrophy -
Infertility
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Introduction

FoxJ2 is a member of the Fork Head family of
transcription factors (Pérez-Sanchez et al. 2000a). All
family members, of which there are more than 80,
share a highly conserved DNA-binding domain called
the Fork-Head motif (Kaufmann and Knochel 1996;
Granadino et al. 2000a) which is a variant of the
helix-turn-helix motif firstly identified in Drosophila
(Weigel et al. 1989).

Most members of the Fork Head family have been
reported to be widely distributed across several
organs and tissues in very different species, from
yeast to humans. However, some Fork Head factors
exhibit remarkably constrained patterns in particular
cases, such as at particular moments in development
(Choi et al. 2006). The role played by these tran-
scription factors is important for various biological
processes such as signal transduction (Tan et al.
1998; Zhou et al. 1998), cell differentiation (Kaestner
et al. 1997; Kume et al. 1998), or even controlling
longevity (Lin et al. 1997; Ogg et al. 1997).

FoxJ2 is found in several mammals and other
vertebrates (Pérez-Sanchez et al. 2000b; Choi et al.
2006; Wijchers et al. 2006), and is widely distributed
in different organs and tissues not only in adults, but
also in the fetus. The broad pattern of expression in
adults includes gonads (ovaries and testes), among
other organs (Pérez-Sanchez et al. 2000a, b). The
expression of FoxJ2 is activated during spermato-
genesis, from pachytene spermatocytes to round
spermatids, although not in spermatogonia. In addi-
tion to the germ lineage, testicular Sertoli cells also
showed expression of FoxJ2. By contrast, in the
ovaries, only follicular granulosa cells expressed
FoxJ2. Neither oocytes nor mature spermatozoa have
shown FoxJ2 expression (Granadino et al. 2000a, b).
FoxJ2 starts to be expressed early in embryonic
development: blastocyst (trophectoderm and inner
cell mass) and even 8-cell stage embryos express this
transcription factor (Granadino et al. 2000b).

The biochemical and functional structure of FoxJ2
has been extensively studied. In addition to the DNA-
binding domain, other functional domains, such as
those involved in its nuclear localization or transcrip-
tion activation, have already been -characterized
(Gémez-Ferreria and Rey-Campos 2003). Four regions
of the molecule are essential for FoxJ2 to activate
transcription: three transactivation domains, located on
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both sides of the Fork Head domain, and a proline/
glutamine-rich region; the latter appears to be required
for the full activity of the other domains, although it
lacks transactivation capacity by itself alone. The
domains involved in nuclear translocation of FoxJ2 are
the two regions flanking the Fork Head domain.

The FoxJ2 DNA-binding domain displays a dual
DNA-binding specificity. This factor is able to
recognize two different types of DNA sequences:
type A—which shows a core element also found in
DNA sequences recognized by other members of the
Fork Head family-, and type B—which comprises a
set of sequences different from type A, since they do
not contain the core element. Previous reports have
shown that FoxJ2 activates transcription of promoter
regions containing any of these two types of
sequences (Pérez-Sanchez et al. 2000a).

Although FoxJ2 is a well known transcription
factor, its biological role has yet to be fully
elucidated. Other members of this family develop
their function by regulating the expression of several
genes, with a direct impact on the transcription rate,
as activators of transcription or/and as chromatin-
remodeling factors (Shim et al. 1998). Since FoxJ2 is
widely expressed in the adult, it could be involved in
a fairly general function of the organism. In addition,
FoxJ2 may also be involved in early stages of
development, since its expression starts immediately
after activation of the zygotic genome (Granadino
et al. 2000a, b).

In order to evaluate the biological function of
FoxJ2, the main goal of this work, we used transgenic
mouse technology. It is well established that the
phenotype obtained by transgenic over-expression of
a protein can yield evidence allowing us to speculate
about its natural biological function. For this purpose,
several FoxJ2 constructs were prepared and trans-
genic mice were generated. This article describes the
analysis of these transgenic mice. The involvement of
FoxJ2 in the regulation of cell adhesion molecule
expression is also discussed.

Materials and method
PGK-FoxJ2 and PGK-GFP constructs

A fragment of the FoxJ2 cDNA encompassing just the
CDS was cloned, under the control of the
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phosphoglycerate kinase 1 (PGK) promoter (McBur-
ney et al. 1994), between the PstI and Xbal restriction
sites of a PGK promoter plasmid vector. A short
sequence encoding the HA epitope was cloned in-
frame at the 3’ end of the coding sequence. A SV40
poly-adenylation site was cloned downstream of the
HA epitope. A similar construct, but with the cDNA for
GFP from the pEGFP-N1 vector (Clontech), was used
to generate GFP-transgenic control mice.

Transgenic mouse generation

Transgenic mice were generated using eggs collected
from super-ovulated FVB female mice mated with
FVB males. C57BL6J/6JxCBA/J crosses were used
in the experiments involving in vitro culture of
microinjected embryos. All related methods were as
described in (Hogan et al. 1994; Andras et al. 2003).
To identify transgenic founder animals, DNA was
isolated from the tip of each mouse’s tail, and
screened by PCR amplification using primers: 5'-
GGCATTCTGCACGCTTCAAAAG-3' and 5-TT
ATAGAGGTTGCGGAAGGACCAGC-3, which
span the 3’-end of the PGK promoter: PCR amplifi-
cations were carried out using the following
parameters: 35 cycles of 30 s at 94°C, 45 s at 56°C,
and 30 s at 72°C. PCR-positive animals were further
examined by Southern blot analysis using a DNA
probe specific for the PGK-FoxJ2 construct.

Expression of recombinant fusion proteins

The FoxJ2 Fork Head domain was expressed in E. coli
as a fusion protein with GST. A 320-base pair Smal/
Munl restriction fragment of the FoxJ2 cDNA, coding
residues 1y37 to Ile142, was cloned in the Smal and
EcoRI restriction sites of the pGEX-3X vector
(Amersham Pharmacia Biotech) in-frame with the
GST open reading frame. Recombinant bacteria were
grown overnight in Terrific broth (Ausubel et al. 1998),
in the presence of 150 pg/ml ampicillin and 1%
glucose, at 37°C with vigorous agitation. Cultures
were centrifuged, and the bacteria were resuspended in
fresh medium containing 150 pg/ml ampicillin and
0.5 mM isopropyl-1-thiob-p-galactopyranoside and
induced for 4-16 h at 37°C with agitation. Bacteria
were centrifuged, resuspended in phosphate-buffered
saline solution, and lysed in a French press. Triton
X-100 was added at 1%, and the lysate was cleared by

centrifugation. GST::FoxJ2 fusion protein was recov-
ered from the supernatant by affinity chromatography
on glutathione-agarose columns (Sigma). The protein
was eluted overnight at 4°C with reduced 50 mM
glutathione in 250 mM Tris-HCI, pH 8.0. The purified
GST::FoxJ2 fusion protein was dialyzed against
50 mM Tris-HCI, pH 8.0, 2 mM dithiothreitol, 15%
glycerol, to remove the free glutathione used in the
elution step, and used for EMSAs experiments.

DNA-binding assays

FoxJ2 binding to oligonucleotides corresponding to
Connexin-43 and Cadherin-E promoter was assayed
using standard EMSA procedures (Ausubel et al.
1998). Briefly, crude bacterial extracts or purified
recombinant GST::FoxJ2 fusion proteins were incu-
bated with radioactively labeled oligonucleotide
probes in a buffer containing 10 mM Tris-HCI, pH
7.9, 50 mM NaCl, 2.5 mM MgCl,, 1 mM EDTA,
1 mM dithiothreitol, and 4% glycerol. About 1 mg of
poly (dI-dC) zpoly (dI-dC) was added as a non-
specific competitor. Double-stranded oligonucleotide
probes were labeled by filling the 59 protruding ends
with [a-32P]dCTP using the Klenow fragment of
DNA-polymerase 1. Between 0.1 and 1 ng of probe
was used per assay.

Transfections

Cell transfection experiments were carried out using
two cell lines: Hep3B human hepatoma, and C33
human cervix carcinoma. Cells were grown in either
1 cm, or 3 cm diameter M24/M6 culture wells, and
transfected using the FuGene reagent (Roche). A total
amount of 1 mg/M24 well of DNA (10 mg/well for
M6 Plate) was used in each transfection experiment.
Luciferase activity was determined using the Single
Luciferase assay kit from Promega. A constant
amount of RSV-fGal plasmid was used to normalize
the transfection efficiency.

Results
Low success rate of FoxJ2 transgenic mice

FoxJ2 transgenic mice were generated with a con-
struct containing the cDNA of FoxJ2.L under the

@ Springer



1134

Transgenic Res (2008) 17:1131-1141

control of the PGK promoter (PGK-FoxJ2). We used
the large isoform of FoxJ2 (FoxJ2.L) because it
displays a higher transactivation activity compared to
the short form (FoxJ2.S). The PGK promoter was
selected because it is a well known ubiquitous and
early expressed promoter; this promoter drives
transgene expression from the earliest moment of
embryonic development (Singer-Sam et al. 1992), an
important feature since FoxJ2 expression starts at
these stages.

The transgene construct also contained a sequence
coding for the HA epitope, to make it easier to detect
the transgenic protein. Previous experiments have
shown that the HA epitope does not affect the
functionality of the FoxJ2 protein (Pérez-Sanchez

et al. 2000a, b). A similar construct containing a
cDNA for the GFP—green fluorescent protein (PGK-
GFP), instead of FoxJ2, was used to generate control
transgenic mice. The functional efficiency of these
vectors (PGK-FoxJ2 and PGK-GFP) was previously
confirmed by immunofluorescence and Western-
blotting of cell lines transfected with both constructs
(data not shown). Nine different FoxJ2 transgenic
lines were generated and the litters were genotyped
for the FoxJ2-transgene by PCR and Southern
blotting (Fig. 1). In addition, GFP expression in the
GFP-transgenic control mice was monitored by
fluorescence (data not shown).

As summarized in Table 1, the live birth success
rate obtained with the control transgenic mice was

AI'G STOP
FoxJ2L poliA |
2,6 Kpb
A 3
NTOT G < NE

Fig. 1 FoxJ2 construct and genotyping. The figure shows
the construct used in the transgenesis experiments. The full
coding region of FoxJ2.L cDNA (2.6 Kpb) was inserted
immediately downstream from the PGK promoter. For
reporting purposes, the HA (influenza virus hemaglutinin)
epitope was cloned in-frame at the 3’-end of the FoxJ2L
coding region. Finally, a SV40 virus polyadenylation signal
was added at the 3’-end. The lower part of the figure shows
the genotyping strategy used to identify the transgenic

Table 1 Transgenesis experiment results

animals. The left panel shows a PCR experiment with
genomic DNA from a potential transgenic animal, with
primers specific of the transgene. The middle panel shows
the Southern blot of the same experiment probed with a
transgene-specific probe. Finally, the right panel shows a
PCR-positive control with primers for an internal gene (NT)
genomic DNA from a transgenic litter; (T) genomic DNA
from a transgenic mouse; (G) control genomic DNA; (C-)
negative control, H,0

DNA Construct Injected Number survived Number newborn Number transgenic
oocytes (% of injected) (% of injected) (% of injected)

Control 422 332 (75%) 41 (9,27%)

PGK-GFP 246 187 (76%) 25 (10,16%) 11 (4,47%)

PGK-FOXJ2 1,922 1,423 (74%) 62 (3,2%) 9 (0,46%)

The table shows the success rate of the FoxJ2-transgenesis experiments. Columns 3—5 shows the number of surviving embryos and
animals and their percentage with respect to the total number of injected embryos (shown in column 2). Results are shown for FoxJ2
transgenic animals (PGK-FoxJ2), control GFP-transgenic animals (PGK-GFP), and control embryos mock-injected without DNA
(Control). Differences observed were statistically significant at P < 0.05. GFP-transgene expression was easily detected in by

epifluorescence of the embryos or newborn animals (not shown)
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about 10.16% of the transferred embryos. The
percentage of transgenic mice produced was 4.47%.
By contrast, these percentages fell dramatically in the
case of FoxJ2 transgenic mice; where the percentage
of live births was around 3.2%, and in the FoxJ2-
genotyped transgenic mice, it was only about 0.45%,
which was significantly lower than expected
(P < 0.05)(Table 1). As an additional control, non-
microinjected embryos were also transferred to mice.
Again, these experiments showed a much higher
percentage of live births than in the case of FoxJ2
transgenic mice (Table 1).

However, although integration of the transgene
was demonstrated for all FoxJ2 transgene mice, no
transgene transcripts or protein were detected by
RT-PCR and immunohistochemistry assays, respec-
tively, in any of the transgenic mice analyzed (data
not shown), except for two cases (see below). Since
the activity of the FoxJ2 construct had previously
been checked by transfection assays, the failure of
transgene expression detection suggests that most of
the FoxJ2 transgenic mice that lived to adulthood did
not actually express the transgene. Although the lack
of transgene expression is not unusual in transgenesis
experiments, the frequency of failure observed in
FoxJ2-trangenic mice was much higher than
expected. This might be explained by the reduced
embryonic survival of transgenic embryos over-
expressing FoxJ2.

Microinjected embryos over-expressing FoxJ2
show a blockage in early development

In view of the effect on survival rates, we considered
it of interest to attempt to determine the stage of
embryonic development at which over-expression of
FoxJ2 could have a negative impact. Since the
expression of the FoxJ2 gene starts very early in
development (at the 8-cell stage), the negative effect
of its over-expression could already be apparent at
these early stages. To test this possibility, we
monitored the development of microinjected embryos
in in vitro cultures.

One-cell embryos were microinjected with the
same overexpression constructs as were used in the
transgenesis experiments described above and then
kept in culture up to day 4 after injection. This is
equivalent to the period of pre-implantational

development. In these experiments we used circular
plasmids instead of linearized plasmids. Embryos
were microinjected with both PGK-FoxJ2 and PGK-
GFP constructs in combination. These allowed us to
identify the embryos successfully microinjected and
follow their development by live fluorescent micros-
copy, assuming that, since both constructs use the
same kind of promoter, the embryos expressing GFP
should also express FoxJ2. As a negative control,
some embryos were microinjected with a PGK-Neo
construct, a plasmid coding for an irrelevant gene
(Neomycin-resistance gene) instead of the FoxJ2
plasmid. In these control experiments, PGK-GFP
was also co-injected as a reporter of expression. In
all cases, embryos were microinjected at the two
pronuclear embryonic stages, from fertilized
oocytes, and kept in culture until the blastocyst
stage. As a further control, non-microinjected
embryos were also cultured under the same
conditions.

During the pre-implantation development in cul-
ture the surviving embryos microinjected with FoxJ2
(PGK-FoxJ2 4+ PGK-GFP) were compared with
those microinjected with the control (PGK-
Neo + PGK-GFP) and with those not microinjected
(Fig. 2a). At E1.5, control- and FoxJ2-microinjected
embryos, as well as non-microinjected embryos,
displayed no differences in survival rates. Most of
them developed to the 2-cell stage. Thus, neither the
expression of FoxJ2, nor the microinjection itself
caused severe problems to the embryo at these stages.

However, at a later stage, E2.5, a significant
developmental blockage was observed in FoxJ2-
microinjected embryos (P < 0.05). These embryos
did not develop beyond the 2-cell stage, while most
of the control embryos were at the 3—4-cell stage. At
E3.5 a higher percentage of the FoxJ2 microinjected
embryos were still at an earlier stage of development,
compared to the control embryos, which were already
at the morula stage (P < 0.05). Moreover, at E4.5 the
developmental blockage affecting embryos microin-
jected with the FoxJ2 construct was still apparent.

Therefore, these experiments showed that over-
expression of FoxJ2 at early stages of development
appears to induce a blockage in embryonic develop-
ment approximately at E2.5. These data suggest that
FoxJ2 over-expression has a negative impact on pre-
implantational development.
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BFoxj2+GFP @ Neo+GFP BControl

E4,5

E15

Fig. 2 FoxJ2 over-expression affects the early development of
transgenic embryos. Panel (a) Pre-implantation development of
double-injected FoxJ2 + GFP or Neo + GFP, embryos was
followed in vitro until the 4th day after injection, when non-
injected embryos reached blastocyst stage. The figure shows the
percentage of surviving embryos at each stage of development
from E1.5 to E4.5. FoxJ2 over-expression consistently induces a
significant blockage in embryonic development approximately
at E2.5 as compared to Neo + GFP control-injected embryos.

FoxJ2 over-expression shows a lethal effect
on post-implantation development

To investigate further whether FoxJ2 over-expression
also has an effect on post-implantational develop-
ment, we performed a series of transient transgenesis
experiments. Pseudopregnant mouse females were
transferred with PGK-FoxJ2 or PGK-GFP microin-
jected embryos, and sacrificed on different days of
gestation. The comparison of E8.5 and E9.5 embryos
and deciduas from both transgenic mice revealed no
differences in the predicted number of embryos.
Morphology was also similar in both cases.

However, at E11.5 (P < 0.05) the survival rate of
FoxJ2 transgenic embryos was lower than that of the
control embryos (Fig. 2b); smaller deciduas and
higher numbers of reabsorbed embryos were
observed (Fig. 3). The same percentage of dead
embryos and fetal reabsorption persisted at all
subsequence stages of development.

Taken together, these data indicate that FoxJ2
overexpression has a lethal effect during embryonic
development, starting around the E10.5 stage.

FoxJ2 over-expression induces heart hypertrophy
in adult transgenic mice

As mentioned above, most FoxJ2 transgenic mice
that live to adulthood did not express the transgene at
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Panel (b) Post-implantation development of FoxJ2-transgenic
mice was followed by transient transgenic experiments. Devel-
opment was interrupted at different post-injection ages from
E8.5 to E12.5. Embryos were collected from pregnant foster
mothers and their developmental level was analyzed. From
E10.5 stage the surviving FoxJ2-transgenic embryos dramati-
cally decreased as compared to GFP-control transgenic embryos,
or non-injected embryos. The asterisk indicates differences
found to be statistically significant at P < 0.05

the protein level. However, two adult transgenic
animals (male and female) did show expression of the
transgene. Immunohistochemistry and immunofluo-
rescence experiments indicated mosaic expression of
the transgene, with only some dispersed cells of
organs and tissues expressing the FoxJ2 transgene at
the protein level (data not shown). This reduced and
confined expression of the transgene might explain
why these two transgenic mice were able to live to
adulthood.

These two transgenic animals (from different
litters) suddenly died at 9 (male) and 12 (female)
weeks after birth. Post mortem analysis of these
animals showed them to have died of cardio-respira-
tory failure. Both mice showed heart hypertrophy and
massive lung hemorrhage with complete bronchoal-
veolar blood flooding; the heart hypertrophy was
mainly along its longitudinal axis, as well as the top.
The ventricles were enlarged and the heart-wall was
swollen (Fig. 4a).

Although the female of these transgenic mice was
fertile (two pregnancies), none of its progeny was
transgenic. On the other hand, the male transgenic
mouse was unable impregnate any females. This,
together with their early death, made it impossible to
found a colony from these transgenic lines.

These results also suggested that the male trans-
genic mouse could be infertile. Histological analysis
of the animal’s testes showed no mature spermatozoa
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Fig. 3 Morphological analyses of FoxJ2-transgenic embryos at
early post-implantation development. The panels show the
macroscopic aspect and histological sections of deciduas and
embryos from FoxJ2-transgenic embryos (T) and from control
experiments (C) at different developmental stages from ES8.5 to
E12.5. As shown, embryonic death is observed in FoxJ2-
transgenic deciduas from E10.5 stage. These deciduas show
signals of re-absorption of the dead embryos (indicated with an
arrowhead). Panels 1-5 and 16-20 show uterine horns of control

in the seminiferous tubules, suggesting a failure of
the spermatogenesis process. Condensate chromatin
in round spermatids, which produces an arrest of
meiosis events, and a narrow diameter of the
seminiferous tubules, was also observed (Fig. 4b).
This profile is considered a marker for sterility and
probably explains the infertility of this animal.

In addition, the ovaries of the female FoxJ2
transgenic mice showed a high percentage of anom-
alies and reabsorption sites, consistent with the
results obtained from the transient transgenesis
experiments described above.

Taken together these data suggest that low level
expression of the FoxJ2 protein, or high levels but
with a mosaic distribution, may not have a lethal
effect and could be compatible with life of transgenic

and transgenic experiments, respectively, at stages E8.5 to E12.5.
Panels 6-10 and 21-25, show the embryos extracted from these
deciduas at same stages. Panels 11-15 and 26-30 show
histological sections of these embryos inside the deciduas. Panels
18-20 show both a normal (shown with an arrow) and re-absorbed
(shown with an arrowhead) deciduas. Panels 23-25 show the open
deciduas with no embryos inside. Panels 28-30 show histological
sections of these deciduas with no embryos inside (the arrowhead
shows the expected location for the embryos in both cases)

mice. However, it could have important effects on
organs such as the heart, which finally lead to death.

FoxJ2 candidate genes

In order to identify the genes that may possibly be
regulated by FoxJ2, we used a bio-informatics
approach. The GeneBank sequences were scanned
for FoxJ2-binding sites within promoter or enhancer
regions. For this purpose, a matrix of frequencies for
each nucleotide at each position of the sequences
specific for FoxJ2 was constructed, and then used as a
scanning probe using a computer program that we
developed based on the Needelman and Wunch
algorithm. This search yielded several candidate
genes with promoter or/and enhancer sequences
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compatible with the FoxJ2-binding sequence. Among
these, the gene coding for Connexin-43 (Cx-43) and
the gene coding for E-Cadherin (E-Cad) had a high
matching score; Cx-43 is a member of the family of
proteins which form gap junctions, while the E-Cad
protein is involved in cell-cell adhesion events.

To evaluate the ability of FoxJ2 to specifically
bind to the promoter region of the genes coding for
Cx-43 or E-Cad, we performed EMSA assays with
specific probes for these genes and GST::FoxJ2

@ Springer

<« Fig. 4 Post-mortem analyses of surviving FoxJ2-transgenic
mice. The figure shows the lung and heart of one of the two
FoxJ2-transgenic mice, a male and a female that survived to
adulthood and then died prematurely at 9 and 12 weeks,
respectively. And histological sections of the testes from the
male. (a) Post mortem analysis of these animals indicated that
they died of cardio-respiratory failure. (1) The lung of the
transgenic animal (T) shows a massive lung hemorrhage with
complete broncho-alveolar blood flooding. (2) The heart of the
transgenic showed a clear hypertrophy as compared to
the control littermate (C). (3) This panel shows open views
of the hearts, revealing that the heart hypertrophy was mainly
along its longitudinal axis, as well as the top, and most notable
on the right side of the heart. The ventricles (rv) were also
oversized and the heart-wall was swollen. (b) Male FoxJ2-
transgenic mouse showed spermatogenesis impairment. (4)
This panel shows histological sections of the FoxJ2-transgenic
mouse testes. No mature spermatozoa were found within the
seminiferous tubules (black arrows). Condensate chromatin in
round spermatids (arrowhead), and a narrow diameter of the
seminiferous tubules was observed, indicating an arrest of
spermatogenesis at post meiotic stages

recombinant fusion protein (Fig. 5a). These experi-
ments showed the formation of specific retarded
bands when FoxJ2 protein was incubated with Cx-43
or E-Cad oligonucleotide probes demonstrating the
ability of FoxJ2 to recognize and bind to the promoter
regions of Cx-43 and E-Cad. FoxJ2 protein did not
bind to non-specific probes. As expected, the control
GST protein alone did not bind to Cx-43 or E-Cad
probes.

To evaluate whether the binding of FoxJ2 to the
Cx-43 and E-cad promoters results in transcription
activation, we carried out a series of co-transfection
experiments. We used FoxJ2 over-expression con-
structs, as an effector plasmid, together with
Luciferase constructs driven by promoter regions of
CX-43 and E-Cad, as reporter genes. As shown in
(Fig. 5b), higher Luciferase activity (8-fold and
5-fold for Cx-43 and E-cad reporters, respectively)
was observed in co-transfection experiments with
FoxJ2 than in experiments with a control effector
construct (PGK-Neo). Thus, our data indicate that the
FoxJ2 protein is able to bind to Cx-43 and E-cad
promoters and transactivate their transcription.

These results suggest that the FoxJ2 transcription
factor may be involved in the regulation of Cx-43 and
E-Cad expression. The similar expression pattern for
these genes and that of FoxJ2, and the comparable
phenotypes of the transgenic mice for FoxJ2 and
those of Cx-43 and E-Cad, support this idea.
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Fig. 5 The promoter
regions of Cadherin-E

and Connexin-43 genes
bind and respond
transcriptionally to FoxJ2.
(a) EMSA analyses with
labeled oligonucleotide
probes for the Cadherin-E
and Connexin-43 promoter
regions that show homology
with consensus FoxJ2-
binding sites. As shown in
lane 2 in both cases,
recombinant FoxJ2 is able
to form a specific complex
when incubated with the
probes. The formation of
these complexes was
competed efficiently with
an excess of unlabeled
probe (lane 3) and with a
non-specific labeled probe
(lane 4). (b) Transactivation
of Connexin-43 and
Cadherin-E promoter
regions by FoxJ2. FoxJ2-
induced transactivation
levels of the luciferase
reporter gene under the
control of Connexin-43
(right) or Cadherin-E (left)
promoter regions in
transient transfection
experiments. As a positive
control, we used a synthetic
promoter with five
tandemly repeated FoxJ2
consensus sites (PE2). The
co-transfection of an
expression vector of an
irrelevant gene (Neo) with
these reporter vectors
served to determine their
basal expression levels in
the absence of added FoxJ2

Discussion

In this study, we used a transgenic approach to the
characterization of the biological function of FoxJ2.
We have generated transgenic mice over-expressing
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FoxJ2 as a means of unraveling the biological
functions of this transcription factor. These studies
indicated that live birth rate of transfer embryos over-
expressing FoxJ2 was considerably lower than con-
trol transgenic transfer embryos. Furthermore, most
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of the transgenic animals generated did not show
FoxJ2 transgene expression. Time-series analysis of
transient transgenic animals revealed that the lethal
effect of FoxJ2 over-expression is already apparent as
early as the E10.5 stage of embryonic development,
producing abnormal embryos that are rapidly reab-
sorbed within the decidual tissue.

In vitro culture of early embryos over-expressing
FoxJ2 transgene also showed a clear developmental
blockage during pre-implantational stages. These
studies showed that FoxJ2 over-expression may have
a negative effect on development as early as E2.5.
Since FoxJ2 expression starts soon after zygotic
genome activation (it is already detectable at the
8-cell stage), our results suggest that its level of
expression may need tight control in order to be
compatible with embryo survival.

As mentioned above, our efforts to obtain adult
transgenic mice overexpressing FoxJ2 only produced
two animals out of a total of nine transgenic
specimens. Moreover, these animals died soon
(9—-12 weeks) after birth. Postmortem analyses of
these two animals showed common features that we
may deduce were produced by the FoxJ2 overex-
pression, despite the small numbers involved. Thus,
both animals showed heart hypertrophy and blood
flooded lungs, which suggests that they died of a
cardio-respiratory problem. These two animals were
a male and a female. The male mouse showed
abnormal testes histology. No mature spermatozoa
were found within the seminiferous tubules, indicat-
ing a failure in spermatogenesis, which would result
in sterility. This would explain why this animal was
not able of impregnate any female mice. These
observations are compatible with FoxJ2s having a
role in spermatogenesis, since FoxJ2 expression is
found at different stages of this process (Granadino
et al. 2000a, b). Again, the precise levels of FoxJ2
expression appear to be essential for the development
of its natural biological functions.

The next approach to characterizing the biological
function of FoxJ2 was to search for genes regulated
by this transcription factor. Database analysis of
regulatory sequences (promoters and enhancers) for
DNA-binding sites specific for FoxJ2 revealed sev-
eral candidate genes. We choose two of them for
further investigation, because they share the pattern
of expression of FoxJ2 and were compatible with the
phenotype of FoxJ2 transgenic mice. These two

@ Springer

genes were those coding for the gap junction protein
Connexin-43 and the cell-cell contact protein E-Cad-
herin, respectively. Both have FoxJ2-binding sites in
their regulatory sequences. These sites are functional
in binding to FoxJ2 in EMSA experiments. In
addition, the promoter region of these two genes
showed a response to FoxJ2 transactivation in
transfection experiments. These data strongly suggest
that Cx-43 and E-Cad may be good candidates for
regulation by FoxJ2. Furthermore, proteins of both
genes display expression patterns similar to FoxJ2
(De Sousa et al. 1993; Collins and Fleming 1995)
and, interestingly, the phenotypes of Cx-43 and
E-Cad mutant mice resemble those of our FoxJ2
transgenic animals. The knockout Cx-43 has been
reported to produce cardiac malformations (Ya et al.
1998; Reaume et al. 1995). Defects in the germ line
and gonads (Juneja et al. 1999) and failure of
spermatogenesis (Roscoe et al. 2001) were also
observed in mice lacking Cx-43. However, over-
expression of Cx-43 also produces similar heart
defects (Ewart et al. 1997). In particular, the pheno-
type of our FoxJ2 transgenic mice more closely
resembled the phenotype of Cx-43 transgenic mice
over-expressing Cx-43. Both exhibit heart defects
involving ventricular hypertrophy, which results in
decreased viability.

In addition, we favor up-regulation because over-
expression is indeed the effect that we have recently
observed in humans (Ramos et al. personal communi-
cation). In a different experimental system we have
shown that a high level of FoxJ2 expression signifi-
cantly correlates with Cx-43 over-expression in gonad
tissue. These results were obtained from infertile
male patients with a severe spermatogenesis failure
(Sanchez-Aparicio et al. personal communication).

Another reason to favor over-expression of the
FoxJ2 targets is the fact that the transgenic mice
expressing E-Cad also developed cardiomyopathy,
with severely increased heart size (Luo et al. 2001;
Ferreira-Cornwell et al. 2002).

It is tempting to speculate that the effects of over-
expression of FoxJ2 that we observed could be
mediated by a deregulation of the expression of genes
such Cx-43 and E-Cad. This would point a potential
role of FoxJ2 in cell-cell interactions, a phenomenon
underlying many physiological process, such as
spermatozoa maturation, heart muscle contraction,
and also during embryonic development.
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