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Abstract

Fibroblast growth factor 16 (FGF-16) expression has previously been detected in mouse heart at
mid-gestation in the endocardium and epicardium, suggesting a role in embryonic heart
development. More specifically, exogenously applied FGF-16 has been shown to stimulate growth
of embryonic myocardial cells in tissue explants. We have generated mice lacking FGF-16 by
targeting the Fgf16locus on the X chromosome. Elimination of Fgf16 expression resulted in
embryonic death as early as day 11.5 (E11.5). External abnormalities, including hemorrhage in the
heart and ventral body region as well as facial defects, began to appear in null embryos from
E11.5. Morphological analysis of FGF-16 null hearts revealed cardiac defects including chamber
dilation, thinning of the atrial and ventricular walls, and poor trabeculation, which were visible at
E10.5 and more pronounced at E11.5. These findings indicate FGF-16 is required for embryonic
heart development in mid-gestation through its positive effect on myocardial growth.
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Fibroblast growth factor (FGF) 16 (FGF-16) was originally characterized in the rat and
shown to be expressed preferentially in the heart among adult tissues surveyed [1]. FGF-16
is a member of the FGF-9 subfamily (made up of FGF-9, FGF-16, and FGF-20), which has
an amino acid sequence similarity with other FGFs of about 30% [2], while their similarity
to one another ranges from 62% to 73% [1,3]. In fetal mouse heart studies, FGF-16 was
shown to be expressed in the endocardium and epicardium at embryonic day (E) 10.5 and
E12.5 in a unique but overlapping pattern with FGF-9 and FGF-20 [4]. Furthermore,
introduction of FGF-16-coated beads into the myocardium at E10.5 stimulated proliferative
potential, suggesting that FGF-16 released from the epicardium and endocardium and can
have direct effects on embryonic cardiac myocyte growth and heart development [4]. Also,
FGF-16 has been linked to the FGF signaling network that is involved in the expansion of
anterior heart field progenitor cells [5]. Together, these studies suggest that removal of
FGF-16 from the developing murine heart would result in compromised growth of the
myocardium, the severity of which would depend on the ability of other FGFs to compensate
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for the loss of FGF-16. To test this hypothesis, we disrupted Fgf16in mice by gene targeting
and found its expression to be required in mid-gestation for normal heart development.

Materials and methods

Animals

All animals were housed and treated according to standards and guidelines set by the
Canadian Council for Animal Care. All procedures used in this investigation conform to the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996), and were approved by the Bannatyne
Campus Protocol Management and Review Committee at the University of Manitoba.

Gene targeting and generation of Fgf16™Y mice

Fgfi16 genomic DNA was isolated from a 129Sv/J mouse genomic DNA library (Stratagene,
La Jolla, CA) by PCR and used as a template to generate the Fgfi6targeting construct. A
lacZ-neo cassette was flanked by a 3.7 kb 5 homologous arm containing the flanking
region of Fgf16 upstream of exonl plus a 20-bp coding sequence in exonl (including the
ATG start codon) and a 3" homologous arm of approximately 3 kb containing part of intron
1. Recombination thus resulted in the replacement of 254 bp of the 274 bp in the protein
coding region of exon 1, as well as a portion of intron 1, with the /acZ-neo cassette. A Kpnl/
AccB5I restriction site was introduced at 3”end of /acZ-neo cassette to discriminate the wild-
type and targeted alleles by DNA (Southern) blotting. The targeting construct was linearized
with SsAll before electroporation into RI embryonic stem (ES) cells. G418-resistant ES
clones were screened for homologous recombination by Acc651 digestion, followed by DNA
blotting analysis as described below in DNA analysis. Two independent homologous
recombinant ES clones were microinjected into C57BL/6 J blastocysts and transferred into
pseudopregnant recipients at the Transgenic Core Facilities of the University of California,
San Diego. Male chimeras were bred with female Swiss Black mice to test for germline
transmission of the agouti coat colour from 129-derived ES cells. Hemizygous male FGF-16
null mice (Fgf16") were generated and maintained by crossing female heterozygotes
(Fgf16™"*) with wild-type Swiss Black breeders. All data used for this analysis were
collected from offspring ranging from the third to seventh generations.

DNA analysis

Genomic DNA was prepared from G418-resistant ES cell clones, whole embryos, yolk sac
and tails by phenol-chloroform extraction. DNA blotting was done as described in [6] with
modifications. Briefly, DNA was digested with Acc65l, electrophoresed on a 0.9% (w/v)
agarose gel, following by transfer to nitrocellulose. A 334-bp fragment (shown in Fig. 1A)
spanning Fgf16exon 2 was generated by PCR using mouse genomic DNA and specific
primers (forward, 5’ -ggcatggaatgactgagcac-3”; reverse, 5’ -caaacattggtggtcatagc-3”), and
radiolabeled using 32P-dATP and 32P-dCTP by random priming (Prime-a-Gene Labeling
System, Promega). DNA blots were hybridized to the radiolabeled probe at 42 °C for 24 h,
washed 2 x 15 min at 65 °C, and visualized by autoradiography. The wild-type allele gave
rise to a 14.2 kb band and the targeted allele produced a 7.7 kb band.
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The genotype of each embryo used in this study was determined from genomic DNA
(collected from either the yolk sac or the tail) by PCR using primers (positions shown by
arrows in Fig. 1A) to detect the gene targeting construct (forward primer, 5’-
gaagttctttggacgcgaac-3”; reverse primer, 5”-gttttcccagtcacgacgtt-3”) for 30 cycles at 58 °C
annealing temperature. In addition, primers [7] were used to detect the presence of the Sry
gene on the Y chromosome for sex determination (forward primer, 5'-
gcacattgtggaggagaact-3”; reverse primer, 5’-cacaggctgtgtctctttag-3”) for 30 cycles at 55 °C
annealing temperature. Products were visualized by ethidium bromide staining in an agarose

gel.

Reverse-transcriptase (RT)-PCR

Gestation was timed based on the appearance of the vaginal copulation plug representing
E0.5. Total RNA was isolated from tissues from the head (including the nasal area),
pharyngeal arches, heart and tail of E9.5 and E10.5 embryos using the RNeasy Mini Plus
RNA extraction kit (QIAGEN, Mississauga, ON). Complementary DNA was reverse
transcribed from 1 pg of total RNA using the QuantiTect Reverse Transcription Kit
(QIAGEN), and 2 pl of the RT product was amplified with primers that span exon 1 to exon
3 of Fgri6to detect the cDNA with a product of 529 bp (forward, 5-
ctccttggactgggacctge-3”; reverse, 5”-agtgagtgaatttctggtgtcg-3”, 36 cycles, 62 °C annealing
temperature) or with primers to detect GAPDH as internal control (forward, 5'-
tcaccaccatggagaagge-3’; reverse, 5”-gctaagcagttggtggtgca-3”, 19 cycles, 60 °C annealing
temperature).

Dissection and imaging

Histology

Results

Embryos at various time points in gestation were dissected from maternal tissue, examined,
and photographed.

Embryos were fixed in zinc fixative (2.84 mM calcium acetate, 22.8 mM zinc acetate, 36.7
mM ZnCl, in 0.1 M pH 7.4 Tris—Hcl) at room temperature for 24 h, dehydrated through a
graded series of ethanols, xylene and embedded in paraffin. Paraffin sections (6 pM) were
dewaxed, rehydrated and stained with Hematoxylin and Eosin. Mutant embryos were
somite-count matched to wild-type littermates.

Targeted disruption of the Fgfl6 gene in the mouse

The Fgfi16 gene on the murine X chromosome was disrupted by replacing exon 1 with the
LacZ gene by homologous recombination (Fig. 1 A). ES cells carrying the disrupted allele
were identified by DNA blotting/hybridization and detection of a 7.7 kb Kpnl/Acc651
fragment compared to the 14.2 kb fragment associated with the wild-type (data not shown).
Successful germ-line transmission was also confirmed by DNA blotting in mid-gestation
embryos (Fig. 1B). For subsequent genotyping of all embryos used in this analysis, genomic
DNA from either the yolk sac (<E10.5) or a portion of the tail (=E10.5) was analyzed by
PCR to detect the recombined (‘knockout”) allele and the Y-linked Sry gene (Fig. 1C).
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RT-PCR analysis was used to further assess the specificity of the Fgf16 gene disruption.
Previously, Fgf16 RNA expression was detected by whole-mount /n situ hybridization in the
pharyngeal arches, otic vesicle and olfactory placode of E9.0-E9.5 wild-type embryos [8]as
well as endocardial and epicardial cells in E10.5 embryos [4]. By dissecting the head
(including developing otic and olfactory structures), pharyngeal arches and heart of embryos
at E9.5 and E10.5, we were able to detect the presence of FgfZ16 RNA in these structures by
RT-PCR in wild-type embryos, and confirm that gene targeting had successfully removed
this expression in Fgf16 null littermates (Fig. 2A and B).

Loss of FGF-16 results in embryonic lethality with both craniofacial and cardiac defects

Heterozygous (female) mutant offspring (Fgf16%), maintained in a Swiss Black genetic
background, were viable, fertile and were indistinguishable from their wild-type littermates.
Embryonic lethality was suspected when no Fg716 null pups were born in 30 litters analyzed
by PCR genotyping (Table 1). Furthermore, the total number of male offspring was
approximately half that of females (59 versus 137), supporting X-chromosome linked
embryonic lethality. Examination of the offspring of timed-pregnant £gf16*~ mothers
revealed that Fg7Z6/" mice died between E10.5 and E12.5 (Table 1). Based on macroscopic
analysis, Fgf16™/Y embryos appeared normal in early developmental stages, with no
detectable external abnormality up to E10.5. External abnormalities were observed in some
but not all null embryos at E11.5, and only growth retarded or reabsorbing Fgf16"Y
embryos were obtained at and after E12.5 (Fig. 3). The defects include the failure of the
upper pharyngeal arch to fuse to the upper mandible, and, more importantly, hemorrhaging
in and around the cardiac and the ventral body regions, which has been linked with
cardiovascular defects [9].

The histology of Fgf16~/Y embryos and somite-matched wild-type littermates was analyzed
at various developmental stages. At E9.5, mutants showed a normal cardiac morphology
compared to control mice (data not shown), but by E10.5 there was visible dilation of the
common ventricle in £gf16~/Y embryos. Compromised trabeculae were also apparent (Fig.
4A). At E11.5, in Fgf16/ embryos that were still viable at the time of dissection, the
lumens of both atria and ventricles were enlarged compared to wild-type controls. Also,
atrial and ventricular wall thickness was reduced in the null embryo compared to wild-type
(arrows, Fig. 4B) and, as was the case at E10.5, Fgf16/Y embryos at E11.5 had poor
trabeculation. At this time point the trabecular insufficiency is more pronounced in the right
part of the ventricle than the left, (Fig. 4B).

Discussion

Previous reports have implicated that the production of FGF-16 by the epicardial and
endocardial cells at E10.5 might be involved in the growth and development of the adjacent
myocardium by increasing cardiac myocyte growth [4]. We have generated a mouse model
bearing a null mutation of Fgf16 by homologous recombination, which resulted in
compromised myocardial development as indicated by poor trabeculation, thinning of the
myocardial wall as well as dilation of cardiac chambers in mid-gestation. Until now,
evidence for the role of FGF-16 in cardiovascular development /n vivo has been indirect,
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pertaining to the phenotype of mice lacking FGF-9 or FGF receptor (FGFR) 1 and FGFR2
[4,10]. The present study, however, is the first to demonstrate an /in7 vivo requirement of
FGF-16 expression for myocardial growth and development in mid-gestation.

Murine cardiac development begins with the specification of cardiac cell lineages and the
subsequent formation of the linear heart tube, then rightward looping at E9.5. At E10.5, the
cardiomyoblast population undergoes a robust expansion resulting in the emergence of
trabeculae in the luminal layers of both ventricles [11]. This was proposed to be mediated by
FGF-derived signals from the epicardium and endocardium [4]. In the same study,
exogenously added FGF-16 was shown to have a proliferative effect on embryonic
myocardial cells in tissue explants. In the work presented here, the removal of FGF-16 from
the embryonic heart resulted in a marked reduction in the expansion of the myocardium, an
effect that began at E10.5 in the common ventricle and persisted at E11.5 with more
pronounced changes (Fig. 4). While causative relationships have yet to be established, the
loss of FGF-16 correlates with decreased myocardial (and presumably myocyte) growth, and
it is feasible that this lack of growth leads to compromised cardiac function evidenced by
chamber dilation and wall thinning, and ultimately, embryonic death.

Using RT-PCR in wild-type embryos, we confirmed the presence of FgfZ6 RNA in the
hearts of E10.5 embryos, as had been shown by others using /n situ hybridization [4].
Furthermore, the RT-PCR analysis revealed Fgf16 expression at E9.5 in the head region,
which includes the otic vesicle, olfactory placode and pharyngeal arches. This is also
consistent with the findings of others by /n situ hybridization [8]. The expression of Fgf16in
the pharyngeal arches is particularly intriguing, given (1) the combined cardiovascular and
craniofacial defects in Agf16~/" embryos at E11.5 and E12.5 (Fig. 3), and (2) the right
versus left asymmetry of the decreased trabeculation in the ventricles of E11.5 Fgf16/Y
embryos (Fig. 4B). During embryogenesis, cells from the pharyngeal arches contribute to
both mandibular and cardiovascular development [12,13]. While not lethal /in utero,
craniofacial defects are known to be linked to (often lethal) congenital cardiovascular defects
in some human genetic disorders [14-16]. Interestingly, an Fgf8 mutant phenotype also
displays defects in pharyngeal arch-derived structures, with remarkable resemblance to
human 2211 deletion syndrome [17,18].

The right-left asymmetry is interesting in light of the existence of two cell lineages (known
as first and second) that contribute to cardiac structures during development [19]. Cells from
the pharyngeal mesoderm are part of the second lineage, from which is derived a large
portion of the right ventricle, the outflow tract and parts of both atria. A recent study
indicated FGF-16 appears to be part of the FGF signaling network acting downstream of
Whnt/B-catenin signaling that is required for expansion of anterior heart field progenitor cells,
a subset of the second lineage [5]. Thus, a possible contribution of FGF-16 to normal heart
development is the regulation of cardiac progenitor migration/expansion, particularly in the
second lineage arising from pharyngeal mesoderm. Further study will be necessary to
establish at a cellular level which lineages are affected by the loss of FGF-16 in this model.

Each of the three members of the FGF-9 subfamily (FGF-9, FGF-16, and FGF-20) was
found to induce proliferation of myocardial cells in tissue explants [4]. Given this, combined
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with the homology and overlapping expression patterns of these genes in the developing
heart, it was entirely feasible to find that the Fg£Z6~Y mouse would have no immediately
detectable phenotype. However, the defects we observed and ultimately the death of
Fgf16™"Y embryos in mid-gestation point to a unique and specific role for FGF-16 apart
from FGF-9 and FGF-20. This is further supported by the expression of FgfI6in the
pharyngeal arches (since there is no report of Fgf9or Fgf20expression in this region), and
the similarity in phenotype to the Fgf8 mutant mouse, which involves pharyngeal arch-
derived structures [17,18]. In conclusion, this mouse model identifies FGF-16 as an
important growth factor required for mid-gestation heart development. The study of the
cardiac defects in Fgf16~/ embryos will be valuable to understanding the genetic and
molecular basis of congenital heart defects.
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Generation of FGF-16 null mice by homologous recombination. (A) Schematic of Fgf16

targeting construct, showing the replacement of Fgfi6exon 1 (Ex 1) with the /aczZ/neo

cassette and introduction of a new Kprl site as shown. Maps of the relative genomic region
of wild-type Fgfi6locus (top), the targeting locus (center), and the locus after

recombination (bottom) are shown. Positions are numbered along the murine X-
chromosome relative to first Kpnl restriction site upstream of Fgfi6exon 1. The location of
the probe used for DNA blot analysis in panel B is indicated, as are the positions of the PCR

primers (shown by arrows) used in genotyping in panel C. (B) Genomic DNA from

hemizygous (-/Y) Fgfi6null embryos (E12.5), as well as heterozygous female (+/-) and
wild-type male (+/Y) littermates was digested with Acc65I (an isoschizomer of Kpnl). The
probe detected a 14.2 kb fragment in the wild-type (+/Y), a 7.7 kb fragment in null mice
(-1Y), and both fragments in heterozygous females (+/-). (C) Genotyping of embryos by
PCR. Primers to detect the recombinant (‘knockout’) allele amplified a 207-bp fragment

from the targeted locus. Primers to detect the Y-linked Sry gene amplified a 211-bp

fragment. The corresponding genotypes are shown below the image.
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Hd Ph Ht Ta Hd Ph Ht Ta

-Y +Y

Fig. 2.
RT-PCR analysis of Fgrf16expression in wild-type and Fgf16 null embryos. (A) RNA from

the head (Hd, including the otic vesicle and olfactory placode), pharyngeal arches (Ph) and
heart (Ht) of both wild-type (+/Y) and Fgfi6null (-/Y) E9.5 embryos were isolated and
analyzed by RT-PCR using primers for FGF-16 and GAPDH as indicated. (B) Similar RT-
PCR analysis in E10.5 embryos, with the addition of RNA from tails (Ta).
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WT(+Y) Nu(-/Y)

E10.5

E11.5

E12.5

Fig. 3.
Gross morphology of embryonic development in Fg7Z6 null mice. Wild-type (WT, +/Y) and

Fgfi6null (Nu, -/Y) embryos at E10.5, E11.5, and E12.5 are shown. (A) At E10.5, the null
embryo is indistinguishable from its wild-type littermate. (B) For E11.5, right (top) and left
(bottom) views of the same representative wild-type and null embryos are shown. Note that
at this time point, some Fgf16 null embryos exhibited no differences from their age-matched
wild-type counterparts. (C) At E12.5, the phenotype of all Fgf16 null embryos is represented
by the figure. Affected embryos at E11.5 and all Fg7Z6null embryos at E12.5 display
hemorrhage in and around the cardiac and the ventral body regions, as well as marked
craniofacial defects.
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Fig. 4.
Histological assessment of heart defects in FGF-16 null mice. Mid-level cross-sections from

E10.5 and E11.5 mouse embryos were stained by Hematoxylin and Eosin. (A) At E10.5,
sections from two different null (Nu) embryos show an enlarged common ventricle (CV) and
compromised trabeculation (tr) compared with a wild-type (WT) littermate. (B) At E11.5,
both atrial and ventricular chamber enlargement are observed in null embryos (Nu)
compared to WT. The changes to the trabeculation are now more pronounced, especially in
the bulbus cordis (bc), which will become the future right ventricle. The arrow heads
indicate thinning of the ventricular and atrial walls compared to WT. Other abbreviations:
CA, common atrium; LA, left atrium.
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Genotype analysis? of offspring from the crossing of female heterozygotes (Fgf16*/~) with wild-type Swiss
Black male breeders (Fgf16*/Y)

Stage  Number of litters  Mean litter size  F/M +H+ - Y =IY
E105 16 10 76/84 39 37 39 45
E115 6 10.8 31/34 11 20 14 206
E125 4 8.5 17/17 9 8 10 7€
P1 30 6.5 137/59 66 71 59 0

aEmbryos and mice were genotyped by RT-PCR as in Fig. 1C. F/M, total females and males from each time point.

bAt E11.5, twenty (20) Fgf]b"/yembryos were identified by RT-PCR, 16 were living and four were not.

c - . .
At E12.5, seven Fgf16 /Yembryos were identified but none were alive.
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