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Abstract
Mutations in FGFR1 have recently been associated with Hartsfield syndrome, a clinically distinct syndromic form of
holoprosencephaly (HPE) with ectrodactly, which frequently includes combinations of craniofacial, limb and brain
abnormalities not typical for classical HPE. Unrelated clinical conditions generally without craniofacial or multi-system
malformations include Kallmann syndrome and idiopathic hypogonadotropic hypogonadism. FGFR1 is a principal cause for
these less severe diseases aswell. Herewe demonstrate that of the nine FGFR1mutations recently detected in our screen of over
200 HPE probands by next generation sequencing, only five distinct mutations in the kinase domain behave as dominant-
negativemutations in zebrafish over-expression assays. Three FGFR1mutations seen in HPE probands behave identical towild-
type FGFR1 in rescue assays, including one apparent de novo variation. Interestingly, in oneHPE family, a deleterious FGFR1 allele
was transmitted from one parent and a loss-of-function allele in FGF8 from the other parent to both affected daughters. This
family is one of the clearest examples to date of gene:gene synergistic interactions causing HPE in humans.

Introduction
FGF signaling plays multiple temporal and spatial roles in verte-
brate development including neural and limb patterning, organ
homeostasis and somatic cancer syndromes. There are 22 FGF li-
gands interacting with four classes of receptor tyrosine-kinases
[FGFR1–4] that mediate tissue-specific responses in humans,
and contributing to considerable molecular redundancy and
complexity (1–4). In addition, according to the Online Mendelian
Inheritance in Man (OMIM) there are at least six distinct clinical
conditions associated with mutations in FGFR1 including cranio-
synostosis conditions, for example, Pfeiffer syndrome (5),

Hartsfield syndrome (6–9), Kallmann syndrome (10–12) and also
normosmic hypogonadotropic hypogonadism (nIHH) (9,13,14),
among others. The molecular basis of the extensive phenotypic
spectrum of FGFR1-associated mutations has not been fully ex-
plained. The more common FGFR1-associated diseases typically
show an autosomal dominant mode of transmission. Craniosy-
nostosis syndromes are considered gain-of-function dominant
disorders with variable penetrance and expressivity. Both of the
IHH conditions, Kallmann and nIHH, are frequently at the mild
end of the clinical spectrum and are associated with FGFR1
mutations typified by gene deletion, frameshift and stop-codon
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mutations suggesting a general loss-of-function diseasemechan-
ism. The missense mutations in IHH or Kallmann syndrome can
often be shown to display structural deficits, or aberrant surface
expression, ligand binding or defective kinase activity consistent
with the splice site, frameshift and nonsensemutations common
to this group (Supplementary Material, Table S1). However, with
the recent description of Hartsfield syndrome as both an auto-
somal dominant, and occasionally autosomal recessive condition
(6–8), suggests an entirely different class of mutations in FGFR1
maybe responsible for these phenotypic differences. Herewe pro-
vide several lines of evidence supporting a dominant-negative,
kinase-specific and frequently de novo class of mutations that
help to explain the multi-system involvement in Hartsfield
syndrome on a gene-product dosage mechanism versus haplo-
insufficiency typical for the less-severe IHH conditions.

Holoprosencephaly (HPE) is the most common developmental
malformation of the human forebrain and can present in neo-
nates as only minor micro-signs, such as a single central incisor,
over a nearly continuous spectrum to an undivided forebrain and
single eye with a proboscis (15,16). Among cases with normal
chromosomes and microarray, the clinical spectrum of HPE is
still very wide and displays both genetic heterogeneity and vari-
able expressivity similar to that described for IHH. Studies over
the past two decades have identified four classical HPE genes
that most clinical diagnostic centers test in routine practice:
SHH, SIX3, ZIC2 andTGIF (16). Overall, nearly a dozen genes are im-
plicated as likely causes for HPE. Additional genes are considered
for diagnostic testing based on the clinical presentation or pres-
enceof additionalfindings. Thedeleterious coding region changes
among these four classical HPE genes account for only 25% of our
prospective case series. The overall presence of limb anomalies in
HPE is rare andbased on recent reports (6–8) should suggest Harts-
field syndrome and the pursuit of mutations in FGFR1.

HPE can be seen in all vertebrate species and is a reflection of a
shared ancient highly conserved developmental gene regulatory
scheme involving hedgehog and fgf signals (16–18). Consequent-
ly, extensive experimental manipulation in animal models, such
as the mouse and zebrafish, have direct bearing on our under-
standing of the gene(s) participating in HPE pathogenesis in hu-
mans. Midline hedgehog signals from the prechordal plate are
necessary to split the single embryonic eye field into left and
right domains and allowing for binocular visual development
and division of the forebrain into left and right hemispheres. In
the vertebrate brain, several organizing centers direct the growth
and regional specialization of adjacent neural tissue. Often these
organizing centers interact such that regional neural specifica-
tion simultaneously comes under the influence of multiple sig-
naling centers (18). There are three principal organizing centers
in the prosencephalon: the anterior neural ridge at the rostral
edge of the neural plate secreting fgf ligands, the ventral midline
prechordal plate secreting sonic hedgehog implicated in HPE and
the dorsal signaling center which is a source of bmp and wnts.
These centers in turn activate gene regulatory networks of tran-
scription factors that establish distinct gene-expression territor-
ies. Rostral fgf signals activate the transcription factor foxg1
producing proliferative responses and suppression of apoptosis.
Progressive reduction of fgf activity results in a small telenceph-
alon and at extreme levels an HPE-like malformation (18,19). Fgf
signals support the expression of shh, and vice versa. Fgf signals
are required for the development of the olfactory bulbs (20) and
gonadotropin secreting neurons (21), explaining the anosmia
and infertility of Kallmann syndrome and IHH.

Of the 22members of the FGF ligand family, fgf8 stands out as
a critical mediator of murine and human brain and limb

patterning. It is expressed in key organizing centers of the
mouse: the anterior neural ridge that patterns the rostral prosen-
cephalon, themidbrain–hindbrain boundary and the apical ecto-
dermal ridge of the limbs (3,4). An allelic series of decreasing fgf8
gene-product expression in themouse clearly demonstrates that
while fgf8 null/null mice are lethal the effective dose of fgf8 mark-
edly affects the development, size and regional patterning of the
brain and craniofacial structures (22,23). These murine models
support the participation of FGF8 and FGFR1 in human diseases
including isolated cleft-lip and palate (24), HPE (25), Hartsfield
syndrome and the anosmia of Kallmann syndrome and the se-
lective pituitary deficits of IHH. FGF8mutations are an infrequent
cause of IHH (25–27), whereas our previous investigation of HPE
cases identified a single case with potential overlap between
FGF8 mutations in HPE cohorts and IHH (25,26). Similarly, a single
case of an autosomal recessive FGF8mutation has been described
as a rare cause of HPE (27). Taken together, these studies support a
key role for FGF8 and FGFR1 in human development with pheno-
types emerging based on the degree of impairment of FGF path-
way signaling. We now provide a molecular mechanism of
dominant-negative de novo kinase domain class of mutations in
FGFR1 that can help to explain the severity of Hartsfield syndrome.

We recently conducted a targeted capture sequencing study
in 206 HPE probands with a specific emphasis on key ligands
and receptors of the hedgehog, bmp, wnt and fgf signaling path-
ways (3,4,18) in order to expand our knowledge of gene involve-
ment and potential inter-pathway interactions forming the
basis of HPE pathogenesis (Roessler et al., manuscript in prepar-
ation). Here we describe the clinical and molecular findings of
all nine FGFR1 missense variations detected in our HPE cohort
and their functional analysis in the zebrafish system. Although
various bioinformatics programs proved useful in classification
of variants into benign versus damaging groups, we show that
functional testing in vivo is necessary to more fully characterize
the biochemical consequences of thesemissense changes. Final-
ly, we provide a case report of two sibs from a single family with
an unusual functional interaction between FGFR1 and FGF8 sup-
porting a model of occasional gene:gene interactions in HPE.

Results
Human HPE phenotypes

As detailed in Table 1, we detected nine different missense cod-
ing region changes in the FGFR1c reference isoform. Two of these
changes, V102I and P772S are also detected among healthy con-
trols described in public databases (see also Supplementary
Material, Table S1). The clinical features of these three cases
(two families) are typical for our HPE cohort and lack limb abnor-
malities (Fig. 1A–C). Of the remaining seven provisionally unique
findings, three are confirmed to be de novo by molecular evalu-
ation of the parental DNA: A152T, R627T (8) and D641N. A total
of five mutations are observed in the kinase domain. Overall,
we observe a clustering of the HPE-associated mutations
within the kinase domain of the protein and strong genotype–
phenotype correlations suggestive of typical Hartsfield syndrome
combining brain, facial and limb findings in this subset of muta-
tion carriers (Fig. 1D–J).

Analysis of FGFR1 missense variants by zebrafish
morphant rescue assays

Many, but not all, novel mutations are pathogenic. Therefore, to
experimentally evaluate the effects of all nine of these missense
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changes we established a series of functional tests exploiting the
zebrafish system. Given the strikingly conserved gene regulatory
networks across vertebrate species, very often the synthetically
engineered human variants are bioactive when introduced into
a model organism, such as the zebrafish or mouse. Our first ap-
proach was a morpholino (MO)-based rescue experiment involv-
ing the injection of human FGFR1 synthetic transcripts and
measuring the relative biological activity of each variant on de-
veloping zebrafish embryos. This method has previously been
widely used to evaluate the biological effects of variants using
co-injection of human orthologous mRNA in zebrafish. We con-
firmed that the published combination of zebrafish fgfr1a and
fgfr1b MO mimics the established loss of FGF signaling with a
shortened body trunk and tail, and that these morphant pheno-
types can be rescued with zebrafish fgfr1 mRNA (28) (data not
shown). Therefore, we proceeded to optimize this assay by em-
pirically determining the most effective dose for morphant res-
cue using the wild-type (wt) human FGFR1. We found our ideal
assay conditions to be 25 pg of human wt FGFR1 RNA and a com-
bination of 8 ng of fgfr1a MO plus 4 ng of fgfr1b MO based on the
observed trunk and tail size recovery (Fig. 2B and C). We could in-
dependently demonstrate that 25 pg of wt FGFR1 mRNA alone
(without MOs) has no phenotypic consequences similar to our
gfp control mRNA-injected embryos (see below) (Fig. 3B). No
microscopically distinct phenotype has been detected up to
100 pg of FGFR1 mRNA (data not shown).

As detailed in Figure 2C, the zebrafish morphant Type II
phenotype is efficiently rescued by microinjection of wt and var-
iants V102I, A152T and P772S synthetic mRNAs. In contrast,
FGFR1 E294K, G487D, M535K, D623E, R627T and D641N failed to
rescue. The rescue activity of the E294K allele in the extra-cellular
ligand-binding region of IgIIIc was clearly abnormal and was de-
tected in two sisters affected with HPE with normal limbs and a
co-morbid FGF8 mutation (discussed subsequently) (Table 1
and Fig. 4D). Interestingly, all of the remaining five variants in
the protein tyrosine kinase domain failed to rescue themorphant
phenotype. At first glance, this could be interpreted as either nor-
mal activity of common SNP variants or loss-of-function in the
patient-specific mutations. However, we observed that in the
case of the FGFR1 D641N variant, our MO rescue injection
shows an unexpected dramatic increase of severity at 24 hpf
with loss of posterior structures (Fig. 2B Type III). This result indi-
cated that a simple loss-of-functionmechanismmight not be the
best explanation.

Over-expression analysis of FGFR1 variants

To better understand the differences among the rescue assay
findings, we began a series of over-expression experiments. We
again microinjected construct-derived mRNA for the wt and all
nine variants (in the absence of MOs) and assessed the conse-
quences. The results show that FGFR1 V102I, A152T and P772S
variants are again indistinguishable from wt control mRNA-in-
jected embryos. Combining the findings from both assays, we
conclude that despite being de novo, the A152T change is effect-
ively benign. Note that this patient has a de novo SIX3 mutation
that can readily explain the HPE findings (Table 1).

The other six variants previously shown to fail to rescue fgfr1a
and fgfr1b morphants have an additional microscopically visible
defect with reduced mesoderm-derived structures such as trunk
and tail (Fig. 3A and B) and enlarged endoderm-derived blood cell
islands (Fig. 3A, marker hbbe1.1). The fact that these variants not
only fail to rescue morphants, but also trigger dominant effects
on the trunk and tail support a dominant-negative mechanismT
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of action of thesemutations. Note that the dose of 25 pgwt FGFR1
mRNAwas chosen as the lowest dose ofmRNA that is insufficient
to result in a measurable morphological phenotype (compare
Fig. 3A and B; Type I with Type II), but is able to fully rescue the
morphant phenotype (Fig. 2C).

To more fully characterize the variants causing a morpho-
logical phenotypic abnormality at a molecular level, we per-
formed in situ hybridization at gastrulation stages using
zebrafish chd (Fig. 3C and E) and dusp6 (Fig. 3D and F). The expres-
sion level of chd showed that E294K and all five kinase domain
mutations have a Type II phenotype with suppression of chd ex-
pression at 8 hpf. The dusp6 expression pattern showed a more
variable effect between different constructs. This well-known

fgf downstream signaling marker dual specificity phosphatase
(dusp6) was not significantly changed by the E294K variant at
the dose analyzed. However, when taken together the same six
mutations are consistently dominant-negative mutations based
on morphological criteria and the analysis of three independent
markers (hbb1.1, chd and dusp6).

Structural analysis of Hartsfield-associated missense
mutations

We can now establish a strong relationship between the location
of key residues in the ATP binding site/active site of the protein
tyrosine-kinase domain PTKc_FGFR1 [NCBI cd05098] and those

Figure 1. Phenotypes of individuals with FGFR1 mutations. (A) Female at 7 months of age (Patient 7 in Table 1) with lobar HPE; facial features short bulbous nose, long

philtrum, tented upper lip and low-set ears; (B) Female at 23 months of age [sister of (A)] with semi-lobar HPE. She has a flat nasal bridge, short bulbous nose,

anteverted nares, long philtrum and tented upper lip, additionally large low-set ears are present; (C) Three-year-old female with lobar HPE (Patient 8 in Table 1), from

this photo, hypotelorism and single central incisor are apparent, her extremity exam was normal; (D–F) 11-year-old female with semi-lobar HPE (Patient 2 in Table 1),

note cleft lip repair, dysplastic ears, syndactyly of fingers 3 and 4 bilaterally and split feet; (G–J) Male with lobar HPE at 7 months of age (Patient 6 in Table 1), facial

features include hypertelorism, cleft lip/palate; hands have tapering of fingers, left third digit camptodactyly and bilateral fifth digit clinodactyly; note bilateral split

foot and the absence of second digit phalanges bilaterally on X-ray.
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affected by mutation in Hartsfield syndrome. Previous reports of
Hartsfield syndrome implicate FGFR1 residues G490R, D623Y (8),
N628K and C725Y. Those described for IHH/SHSF invoke FGFR1
kinase domain residues G485R, E670A, L712P and possibly
V688L (Supplementary Material, Table S1). To this list we can
now add G487D, M535K, D623Y (8), R627T and D641N. Note the
clustering of these mutations (ATP binding/active site). Residues
484–492 are implicated in ATP binding and the active site for
kinase function, as are residues 623, 627 and 641. This analysis in-
dicates that certain residues within the PTKc_FGFR1 are suscep-
tible to having dominant effects and that other kinase missense
changes seen in some Kallmann syndrome patients affect resi-
dues leading to more typical loss-of-function changes.

Analysis of the effects on FGF8 function of the 15 bp
deletion in affected sibs with a co-morbid deleterious
FGFR1 allele

One of our families evaluated in the next generation sequencing
study included two sisters who each inherited the functionally
abnormal FGFR1 mutation E294K from their father (see above)
and an in-frame 15 bp indel of unknown significance in the last
exon of FGF8 from their mother (Supplementary Material,
Fig. S1). Bioinformatic programs generally are not helpful in de-
termining the consequences of this type of indel mutation,
nevertheless, all FGF8 isoforms are predicted to be affected (29).
Therefore, we set out to establish a biosensor assay of FGF8 activ-
ity in zebrafish.

As shown in Figure 4A and B, the 15 bp deletion of FGF8 is part
of the heparin-binding site (HBS) (glycine box) that is critical for
the binding of the ligand FGF to its receptor FGFR (30,31). To
evaluate whether this partial deletion of the HBS is damaging
to FGF8 function during zebrafish development, we first

confirmed the presence of the indel in the probands by Sanger
sequencing and generated the same deletion in an FGF8 expres-
sion construct. As a control, we generated a deletion construct
that eliminated the entire heparin-binding sequence (dHBS)
(Fig. 4B). The biological activities of FGF8 mutant constructs
were tested in zebrafish with various doses from 0.2 pg (Fig. 4C
Type II) to 20 pg (all dead). In this study, we injected 0.4 pg of
mRNAwith a control gfpmRNA to observe significant phenotypic
difference between wt and mutant. Wild-type human FGF8
mRNA-injected embryos show a strong activity during early em-
bryonic development with amildly reduced eye and reduced size
of the bodyand trunk (Fig. 4C andD). These effects have been pre-
viously described as a dorsalizing effect in zebrafish (32). Interest-
ingly, both the 15 bp deletion and the deletion of the entire HBS
eliminated the biological activity of the modified constructs.
This result suggests that partial or complete loss of the HBS can
strongly interfere with ligand and/or receptor dimerization re-
quired for tyrosine-kinase downstream signaling. Furthermore,
the combination of the dominant acting FGFR1 mutation from
the father and the loss-of-function mutation from the mother
almost certainly act synergistically in the two affected sisters.

Discussion
FGF signaling plays an important role in brain andmesoderm for-
mation during early development (2), and at later stages the spe-
cification of the limb and digits (4). Recently, Hartsfield syndrome
has been described as a unique association of HPE and ectrodac-
tyly caused by mutations in FGFR1, a molecule well known to be
active in both developmental fields. Our study clearly extends
these initial findings, with the addition of new cases, and identi-
fies a novel mechanism of action of critical residues in the kinase
domain. These mutations are distinguished by the inability to

Figure 2. Functional evaluation of FGFR1missensemutations bymRNA rescue ofmorphant phenotypes. (A) Schematic drawing of the 822 residuewt FGFR1 protein and its

functional domains. Ig, immune globulin-like (green); TM, transmembrane (blue); PTK, phospho tyrosine kinase domain (red). (B) Lateral view of the injection phenotype

(Types I–III) observed at 24 h post-fertilization (hpf). Three different outcomes of injected embryos are observed after injection with MO alone, or the co-injection of MO

and FGFR1 construct-derived mRNA. Type I represents a normal phenotype for gfp, wt and rescued embryo, Type II is typical for the fgfr1a + 1b morphant. Type III is a

severe phenotype with a missing tail which is exclusively observed in co-injection of fgfr1a + 1b MO plus FGFR1 D641N mRNA. The arrow indicates the developing tail.

(C) Injected embryos are scored based on phenotypic severity and presented as a percentage of each observed Type. Quantified embryos for this study have been

described in Supplementary Material, Table S3.
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cooperate with the normal FGFR1 allele, and also interfere with
normal signaling activity in vivo. The dominant-negative activity
of a selected subset of these mutations can account for the more
severe phenotypic findings of Hartsfield syndrome.

The signaling of receptor tyrosine kinase requires the forma-
tion of a ligand dimer with receptor dimers prior to the activation
step by trans-phosphorylation and triggering of downstream ac-
tivation cascades. We propose that receptor subunits incapable
of binding ATP create dimers frozen in the inactive stage that
fail to proceed with trans-phosphorylation and activation. Such
complexes would comprise only a distinct subset of mutation
types, as seen here. Basic researchers have previously generated
dominant-negative FGFR1 receptors in the frog (33) that recapitu-
latemanyof the findings displayed byourHartsfieldmutations in
zebrafish. Far less commonly, rare instances of two structurally
abnormal homozygous FGFR1 extracellular mutations may
phenocopy the kinase-domainmutations. In these cases, no nor-
mal FGFR1 molecules are present.

Over the past decade, multiple investigators into the genetic
causes of infertility have cataloged nearly 50 distinct mutations
in FGFR1 associated with Kallmann syndrome and IHH (Supple-
mentary Material, Table S1). These mutations occur both
extra-cellularly and intra-cellularly. Furthermore, simple micro-
deletions of FGFR1 can cause IHH. Similarly, microdeletions of
FGF8 are implicated as a rare cause of HPE (34) (Supplementary
Material, Table S2). Elegant functional studies in several labora-
tories have consistently described ex vivo loss-of-function char-
acteristics to most of these disease-associated changes (35,36).
In this study, we demonstrate that zebrafish provides yet another
useful tool to evaluate the bioactivity of human FGFR1 variants in
a living host. The assays are robust and reproducible. As demon-
strated by this study, both loss-of-function and gain-of-function
assays are equally informative. Similarly, assays for FGF8 are
highly sensitive and readily quantifiable. The utility of zebrafish
is particularly informative with developmental genes shared
among all vertebrates. Rather than attempting to model a

Figure 3.Characterization of the over-expressionmicroinjection consequence of all nine FGFR1missense variants at 24 hpf. (A) Lateral view of the live injection phenotype

and in situ hybridization with a blood cell marker hbbe1.1 gene. Two distinct types are observed; Type I with normal development and Type II with reduced trunk size and

enlarged blood cells. An asterisk in Type II embryos identifies the blood island. (B) Quantification ofmRNA-injected embryos. Amongnine variants, six have typical Type II

phenotype from FGFR1 E294K to FGFR1D641Nwhile other variants are similar towt and induce no phenotype. (C and E) In situ hybridization ofmRNA-injected FGFR1with

chd at 8 hpf. Mild reduction of chd expression is observed (C) and quantified (E). (D and F) In situ hybridization of FGFR1mRNA-injected embryos with dusp6. Mildly reduced

dusp6 expression levels are found (D) and quantified (F). Only six variants show a suppression of the FGF signaling pathway with various degrees of activity. D, dorsal; V,

ventral. Quantified embryos for this study are described in Supplementary Material, Table S3.
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human disease in all of its phenotypic aspects, we instead use
zebrafish as a biosensor system to compare wt and mutant
forms of ligands or receptors linked to human disorders. A final
advantage of zebrafish models is the ability to test non-coding
enhancers or other regulatory units surrounding developmental
genes (37) in order to better understand gene-regulatory net-
works and pathway interactions.

As newer sequencing platforms have become increasingly
available and cost-effective, genotype findings in human pa-
tients have increased exponentially. HPE and IHH-related condi-
tions are both extremely genetically heterogeneous and display
unexplained incomplete penetrance and variable expressivity.
Instances of potential gene:gene interactions, consistent with

an oligogenetic model to explain this variability, have been pro-
posed in both contexts (38, Roessler et al., manuscript in prepar-
ation). Detailed examination of Patients 1A and 1B (each with the
benign P772S variant) have SIX3mutations thatmore convincing-
ly explain theHPE phenotype. Similarly, Patient 8with the de novo
benign A152T variant also have a de novo SIX3 mutation that is
likely causative.

Here we describe one of the most convincing examples from
our patient collection of a genetic synergy between two experi-
mentally proven mutations: E294K in FGFR1 and an in-frame
15 bp deletion in the last exon of FGF8.Whilewe are actively seek-
ing such interactions in our cohort, we caution that these appear
to be the exception rather than the rule. Similar FGFR1 and FGF8
interactions have been described for Kallmann syndrome, how-
ever, the incidence of co-occurrence is uncommon and many of
the proposed FGF8 variants may need to be re-classified as rare
variants of uncertain significance unless functional studies are
performed (Supplementary Material, Table S2). An extremely
helpful feature now readily available to all investigators is the
high depth control data set established by in exome aggregation
consortium (http://exac.broadinstitute.org/). Bone fide HPE, Harts-
field and Kallmann syndrome mutations are frequently unique
and absent in these public control databases.

While many aspects of genotype:phenotype correlations at-
tributed to disease causing mutations in FGFR1 remain unre-
solved, we assert that the type of mutation is a key to our
understanding of the phenotypic consequences. Gain-of-func-
tionmutations help explain the craniosynostosismalformations,
loss-of-function mutations help explain the anosmia and infer-
tility of IHH, and now dominant-negative mutations begin to ex-
plain the craniofacial, brain and limb anomalies characteristic of
Hartsfield syndrome.

Material and Methods
Patient population and mutation screening

Clinically affected patients, with an emphasis on parent–child
trios, ascertained world-wide have been prospectively collected
over two decades under an NIH research protocol on brain re-
search into HPE and related malformations. A similar research
protocol is active in Brazil and all patients provided informed
consent for molecular studies supervised by these respective in-
stitutional review boards. A collection of 206 HPE patients repre-
sentative of the entire HPE clinical spectrum were screened by
targeted capture next-generation sequencing (NIH Intramural
Sequencing Center, NHGRI, NIH) for ligands and receptors of de-
velopmental genes, including FGFR1 and FGF8 (Roessler et al.,
manuscript in preparation). Their primary physicians provided
additional clinical information as articulated in Table 1 allowing
for genotype–phenotype comparisons.

Human cDNA constructs

Wild-type versions of both of human FGF8 (NM_033164.3) and
FGFR1 (NM_023110.2) full-length cDNA clones were purchased
(Creative Biogene) and subcloned into the mammalian expres-
sion vector pCS2+. Human FGF8 deletion constructs were gener-
ated by PCR allowing for the removal of patient-associated 15 bp
indel, or the entire heparin-sulfate-binding region (dHBS). All
human FGFR1 missense variant constructs were generated
using the QuikChange Site-Directed Mutagenesis kit (Agilent
Technologies) according to the manufacturer’s instructions.

Figure 4. Disruption or elimination of the heparin binding site (HBS) domain

abolishes FGF8 bioactivity. (A) Amino acid alignment of wild-type (wt) and the

patient-specific 15 bp deletion region of FGF8. Red characters indicate that

conserved five residues around HBS domain (glycine box). The missing five

amino acid residues are indicated by ‘–’. (B) Injection constructs. Two different

deletions of the HBS region have been generated by PCR. The first faithfully

represents the 15 bp deletion from the proband, while the other represents the

full deletion of the HBS as a control. (C) Lateral view of the injection phenotype

of FGF8 mRNA at 24 h after fertilization (hpf ). Small inner images of each Type

are visualized by a ventral view of the forebrain. Decreased size of the eye

(arrowhead) and short trunk (arrow) are the major phenotypic findings. Type I

with normal development, Type II with only reduced eye size, Type III with

reduced eye and short trunk, Type IV with reduced eye and extremely short

trunk size. (D) Bioactivity measurements were made by counting embryos

based on their phenotypes (Type I–IV) and calculating their percentage.

Quantified embryos for this study have been described in Supplementary

Material, Table S3.
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The sequence integrity of all expression constructs was con-
firmed by Sanger sequencing.

Injection of MO and transcribed mRNAs into zebrafish
embryos

The effects of Zebrafish fgfr1a and fgfr1bmorphants has been pre-
viously studied (28) and, therefore, we ordered the identical MOs
(Gene-Tools LLC). The MOs sequences for this study are: the
fgfr1a translation-blocking MO (ATG MO), 5′-GCAGCAGCGTGGT
CTTCATTATCAT-3′ and the fgfr1b splicing MO (SP MO), 5′- CAA
GAGAGCGCAT GCTGCTTACGTA-3′. The amount of MO used in
this study was 8 ng for fgfr1a MO and 4 ng for fgfr1b MO, and
10 ng of a standard control MO. Both zebrafish fgfr1a and fgfr1b
MO sites are not present in human FGFR1 mRNA. To generate
mRNA, wild-type (wt) and mutant forms of FGF8 and FGFR1
cDNAs were linearized by digestion with the restriction enzyme
NotI, purified and subsequently transcribed with mMESSAGE
mMACHINE SP6 Transcription Kit (Life Technologies). For the
FGF8 RNA over-expression experiment, we used 0.4 pg of mRNA
for all experiments, and for the FGFR1 mRNA injection studies
were used 25 pg of mRNA for MO rescue and characterization of
injected embryo phenotypes. All injection experiments were
performed at one-cell stage embryos. Microinjected FGFR1 tran-
scripts remained detectable by RT–PCR throughout the develop-
mental stages investigated. All experiments were performed at
least twice to assure that the effects were reproducible.

In situ hybridization experiments

Developmentally staged zebrafish (8 hpf and 24 hpf) embryos
were fixed with 4% paraformaldehyde (Sigma) during an over-
night incubation at 4°C. Whole-mount in situ hybridization was
performed using the conventional alkaline-phosphatase-based
single-color method (39). We used a gene hemoglobin beta embry-
onic-1.1 (hbbe1.1; previously known as beta-globin) (40) at 24 h,
and chordin (chd; also known as chordino) (41) and dual specificity
phosphatase 6 (dusp6; previously known as mkp3) (42) at 8 hpf.

Imaging studies

3% Methylcellulose (Sigma) was used as embedding solution for
imaging live embryos and in situ stained embryos were cleared
through a glycerol series and photographed using ZEISSAxioCam
HRC Camera and AxioVision SE64 software.

Web Resources
Accession numbers and URLs for data presented herein are as
follows:

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.
nlm.nih.gov/Omim/, (clinical cross-reference).

GeneBank, http://www.ncbi.nlm.nih.gov/GeneBank/ (for human
gene annotation).

ECR Browser, http://ecrbrowser.dcode.org/, (selection of non-cod-
ing conserved regions).

University of California Santa Cruz Bioinformatics Site, http://
genome.ucsc.edu/, (gene structure and annotation).

PolyPhen2, http://genetics.bwh.harvard.edu/pph2/bgi.shtml/,
(used as definition of ref protein and ref transcript).

1000 genomes browser, http://browser.1000genomes.org/index.
html/, (used for Polyphen and SIFT annotation and tran-
script and protein cross-reference).

PROVEAN, JCVI, http://provean.jcvi.org/, (PROVEAN and SIFT
scores for functional annotation)

dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi/,
(variant characterization).

Exome Variant Server, http://evs.gs.washington.edu/EVS/, (EVS,
variant characterization).

Exome Aggregation Consortium, http://exac.broadinstitute.org/,
(ExAC, variant frequency determination).

Supplementary Material
Supplementary Material is available at HMG online.
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