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Research Reports: Clinical

Introduction
Hartsfield syndrome (MIM#615465), the co-occurrence of 
holoprosencephaly (MIM#236100) and ectrodactyly (MIM# 
183600), is a rare condition reported in 32 individuals to date 
(Hartsfield 1984; Appendix Table 1). It is most commonly 
diagnosed in individuals with lobar or alobar holoprosenceph-
aly and bilateral ectrodactyly but more broadly includes mid-
line defects (such as a single central incisor, cleft lip and/or 
palate, microcephaly, or midface hypoplasia; Muenke and 
Beachy 2014)) in the presence of limb anomalies (Hong et al. 
2016). Clinical presentation of Hartsfield syndrome often 
includes hypernatremia secondary to central diabetes insipi-
dus, mild to severe intellectual disability, developmental delay, 
and pituitary insufficiency. Hartsfield syndrome results from 
heterozygous or biallelic variants in Fibroblast Growth Factor 
Receptor 1 (FGFR1) (Simonis et al. 2013).

Here we report a 33-y-old man with Hartsfield syndrome 
manifesting as agenesis of the corpus callosum, cleft lip and pal-
ate, ectrodactyly, and additional clinical features (Appendix 
Table 2). Using Sanger sequencing, we detected a novel, de 
novo FGFR1 variant in exon 11 replacing the glycine residue at 
amino acid position 487 with a cysteine (p.Gly487Cys). Notably, 
a missense variant changing this glycine residue to an aspartic 
acid (p.Gly487Asp) was previously reported in an individual 
with Hartsfield syndrome and an individual with olfactogenital 
(Kallmann; MIM#147950) syndrome, the co-occurrence of  

congenital hypogonadotropic hypogonadism and anosmia 
(Hong et al. 2016; Nair et al. 2016). We modeled this variant in 
silico to assess its effect on the protein structure. In addition, 
because variants in FGFR1 lead to a variety of disorders includ-
ing normosomic congenital hypogonadotropic hypogonadism, 
Kallmann syndrome (Dodé et al. 2003), osteoglophonic dyspla-
sia (MIM#166250; White et al. 2005), Pfeiffer syndrome 
(MIM#101600; Muenke et al. 1994), and trigonocephaly 1 
(MIM#190440; Kress et al. 2000) and were detected in somatic 
tissues of individuals with encephalocraniocutaneous lipomato-
sis (MIM#613001; Bennett et al. 2016) and other types of can-
cer, we performed a comprehensive assessment of published 
FGFR1 mutations by domain and disease phenotype.
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Abstract
Here we describe the genotype-phenotype correlations of diseases caused by variants in Fibroblast Growth Factor Receptor 1 (FGFR1) 
and report a novel, de novo variant in FGFR1 in an individual with multiple congenital anomalies. The proband presented with bilateral 
cleft lip and palate, malformed auricles, and bilateral ectrodactyly of his hands and feet at birth. He was later diagnosed with diabetes 
insipidus, spastic quadriplegia, developmental delay, agenesis of the corpus callosum, and enlargement of the third cerebral ventricle. 
We noted the substantial phenotypic overlap with individuals with Hartsfield syndrome, the rare combination of holoprosencephaly 
and ectrodactyly. Sequencing of FGFR1 identified a previously unreported de novo variant in exon 11 (p.Gly487Cys), which we modeled 
to determine its predicted effect on the protein structure. Although it was not predicted to significantly alter protein folding stability, 
it is possible this variant leads to the formation of nonnative intra- or intermolecular disulfide bonds. We then mapped this and other 
disease-associated variants to a 3-dimensional model of FGFR1 to assess which protein domains harbored the highest number of 
pathogenic changes. We observed the greatest number of variants within the domains involved in FGF binding and FGFR activation. To 
further explore the contribution of each variant to disease, we recorded the phenotype resulting from each FGFR1 variant to generate 
a series of phenotype-specific protein maps and compared our results to benign variants appearing in control databases. It is our hope 
that the use of phenotypic maps such as these will further the understanding of genetic disease in general and diseases caused by variation 
in FGFR1 specifically.
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Clinical Report
The proband, the first child of nonconsanguineous parents, was 
born vaginally at 41 wk gestation. Apgar scores were 5 and 6 
(1 and 5 min). Birth weight and head circumference were nor-
mal (2820 g and 33 cm). Family history was unremarkable. He 
was intubated immediately after birth but removed from respi-
ratory support 3 h later. He was diagnosed with bilateral cleft 
lip and clefting of the hard and soft palates, malformed auricles 
(small, cup shaped, low set), an abnormally small penis, and 
bilateral ectrodactyly of hands and feet. Hand X-rays showed 2  
normal ulnar digits with a possible third metacarpal without 
any phalanges bilaterally. At the time of birth, his clinical fea-
tures were not ascribable to a specific disorder.

At 1 y of age, he presented with a coarse head tremor. Head 
computerized tomography (CT) scans revealed agenesis of the 
corpus callosum and enlargement of the third cerebral ventri-
cle. Chest X-rays were negative for cardiac and lung abnor-
malities, and renal ultrasound was negative for size and shape 
abnormalities or hydronephrosis. At age 2, hypogonadism was 
noted, but the patient responded to human chorionic gonado-
tropin, suggesting functional testes. Notably, no teeth had 
erupted by 17 mo of age, with 6 teeth present at age 2. By age 
11, several permanent teeth were missing with eruption of 
teeth 3 and 14, and by age 16 he was diagnosed with late/mixed 
dentition, deformities of teeth 8 and 9, clinically significant 
gingivitis, a class II malocclusion, class II molar occlusion, 5 
mm palatal fistula, and an anterior and inferior premaxilla. 
From birth until age 4 he received 4 myringotomies with the 
placement of pressure-equalizer tubes, and audiograms were 
conducted throughout early development. A pure-tone audio-
gram at age 11 detected mild to borderline normal hearing in 
his right ear and moderate hearing loss in his left ear. 
Assessment for hyposmia or anosmia was not conducted, and 
olfactory bulbs were not assessed on his CT scan. At 1 y of age, 
his T4 level was noted as borderline low (5.8 and 6.0), and he 
was diagnosed with mild hypothyroidism. His sleep growth 
hormone level was 0.99 but deemed inaccurate because of 
waking during a difficult stick and was not repeated. He under-
went multiple surgeries including repairs of the cleft lip, repair 
of the cleft palate, orchiopexy, otoplasty, and procedures to 
treat his lower extremity spasticity and hip dysplasia. He was 
diagnosed with hypernatremia secondary to central diabetes 
insipidus, which is treated by taking 3 × 3, 0.2-mg pills of des-
mopressin daily. He is intellectually delayed, nonverbal, and 
nonambulatory but communicates using gestures and a 
DynaVox. He currently resides in a home with 24-h commu-
nity living support staff.

Materials and Methods

Samples

All participants in this study (proband, clinically normal sister 
and parents) were recruited after obtaining signed informed 
consent in compliance with the Institutional Review Board 
(IRB) at the University of Iowa (IRB No. 199804080). DNA 
was extracted from whole-blood samples using the Quickgene 

610L (Autogen). DNA quantification was performed using the 
Qubit 2.0 Fluorometer (Life Technologies), with concentra-
tions ranging from 0 to 550 ng/uL.

Sanger Sequencing

Sanger sequencing was used to genotype this family for exonic 
regions encoding isoform 1 of FGFR1 (exons 1 to 18; alterna-
tive exons were not sequenced). We designed primers flanking 
the exons using Primer3 (http://biotools.umassmed.edu/ 
bioapps/primer3_www.cgi) and amplified these regions using 
polymerase chain reaction (PCR). Sequencing was completed 
on the resulting PCR products using an ABI 3730XL DNA 
Sequencer (Functional Biosciences, Inc.). Chromatograms 
were base called with PHRED (v.0.961028), assembled with 
PHRAP (v.0.960731), scanned by POLYPHRED (v.0.970312), 
and viewed with the CONSED program (v.4.0). The sequences 
were compared with the UCSC Genome Browser (HG19 
build) context sequence. All variants were noted, and geno-
types were determined.

Protein Model Building and Testing

Methods used for building a protein model for isoform 1 of 
FGFR1 (ENST00000447712) and testing the mutated amino 
acid residue within the tyrosine kinase (TK) domain can be 
found in the Appendix.

Combined Annotation Dependent  
Depletion Mapping

To generate a map of FGFR1 domains intolerant to variation, 
maximum Combined Annotation Dependent Depletion (CADD) 
Phred scores (a measure of the deleteriousness of single nucleo-
tide variants compared with all possible substitutions in the 
genome; Kircher et al. 2014)) for each residue of FGFR1 were 
obtained from dbNSFP (Liu et al. 2011) and applied as a colored 
gradient to an FGFR1 model using Pymol (Schrodinger 2015). 
Exonic variants associated with disease phenotypes in PubMed 
were similarly mapped to an FGFR1 model by all diseases, indi-
vidual disease, and subphenotype. Variants occurring in control 
databases were obtained from ExAC (ENST00000447712; Lek 
et al. 2016), 1000 Genomes (1000 Genomes Project Consortium 
et al. 2012), dbSNP (Sherry et al. 2001), ClinVar (Landrum et al. 
2016), and EVS (http://evs.gs.washington.edu/EVS/) and classi-
fied as benign or pathogenic using the Deafness Variation 
Database (2010) approach followed by mapping to a FGFR1 
model.

Statistical Analysis

Fisher’s exact test with Bonferroni correction for multiple test-
ing (P = 0.0003) was used to compare variants occurring within 
specific protein domains of FGFR1. Pathogenic variants were 
assessed if they were exonic and the affected individual did not 
harbor variants in a second gene, since the effects of these vari-
ants as phenotypic modifiers could not be ruled out. Variants 
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listed as benign, likely benign, or as a variant of unknown sig-
nificance (VUS) were considered nonpathogenic. Comparisons 
were made by protein domain between all pathogenic versus 
nonpathogenic variants, as well as between associated disease 
phenotypes with greater than or equal to 5 pathogenic variants. 
The phenotypes assessed were Hartsfield syndrome, Pfeiffer 
syndrome/osteoglophonic dysplasia, congenital hypogonado-
tropic hypogonadism/Kallmann syndrome, dental anomalies, 
cleft lip and/or palate, ear malformations, hearing loss, limb 
defects, craniosynostosis, intellectual disability/developmental 
delay, corpus callosum agenesis, holoprosencephaly, craniofa-
cial anomalies (dental anomalies, cleft lip and/or palate, ear 
malformations, craniosynostosis, holoprosencephaly), and cra-
niofacial anomalies with limb defects. Congenital hypogonad-
otropic hypogonadism and Kallmann syndrome were analyzed 
together since they are often not reported as phenotypically 
separate diseases. Similarly, both Pfeiffer syndrome and osteo-
glophonic dysplasia were assessed together because they result 
from gain-of-function FGFR1 variants. The protein regions 
considered were the signal peptide, Immunoglobulin-like (Ig) 
I, acidic box, IgII, IgII-IgIII linker, IgIII, juxtamembrane, 
transmembrane, intramembrane, TK domains, and c-terminus.

Results

Sequencing

The proband was previously sequenced for approximately 500 
Kb of genomic DNA around 13 loci associated with clefting 
(8q24.21 and coding exons of ADAMTS20, TFAP2A, ARHGAP29, 
LHX8, MSX1, TP63, PVRL1, PVRL2, RFC1, SKI1, TGFA, and 
TGFB3; Leslie et al. 2013), and no variants were detected. Upon 
reevaluating the patient’s phenotype and noticing the close 
resemblance to Hartsfield syndrome, we performed Sanger 
sequencing for all coding exons of isoform 1 of FGFR1 
(NM_023110.2). He harbored a missense mutation in exon 11 
(HG19; chr8:38275481; c.1459G>T; p.Gly487Cys), which was 
confirmed as a novel, de novo variant upon sequencing his unaf-
fected mother, father, and sister (see Appendix Fig. 1 for pedigree 
and chromatograms). Polyphen 2 predicted the variant was prob-
ably damaging with a score of 1.00, and SIFT predicted the vari-
ant was damaging. Our variant was absent in ExAC, EVS, 
dbSNP, or 1000 Genomes.

Protein Model Testing

The change in protein folding stability (ΔΔG) for p.Gly487Cys 
was estimated using molecular simulations (see Appendix, 
Protein Model Building and Testing). From a Bennet’s accep-
tance ratio analysis of the simulation results, the difference in 
stability between the variant and wild-type states was 0.7 ± 0.1 
kcal/mol. This modest destabilization is consistent with the 
variant causing a negligible reduction in folded protein, and 
therefore, the hypothesis that p.Gly487Cys causes unfolding of 
FGFR1’s TK domain was rejected. However, we note that this 
thermodynamic analysis does not account for the possibility 
that the introduction of cysteine at position 487 may result in 

nonnative disulfide bond formation and concomitant change or 
loss in function, although this would rely on FGFR1 encoun-
tering an oxidizing environment likely forming a disulfide 
intermediate (Cumming et al. 2004).

CADD Mapping

We obtained the max CADD Phred scores of each amino acid 
of FGFR1 and mapped them to a 3-dimensional protein model 
to assess which regions are predicted to be pathogenic when 
altered. The highest (most deleterious) scores occurred in the 
TK (which houses the ATP binding site and leads to down-
stream signaling), acidic box (which autoinhibits FGFR1), and 
immunoglobulin-like (Ig) II, IgII-IgIII linker, and IgIII 
domains (which allow for FGF binding; Eswarakumar et al. 
2005; Fig. 1). We compared this prediction to the location of 

Figure 1.  Map of Combined Annotation Dependent Depletion 
(CADD) scores across domains of FGFR1. Maximum CADD Phred 
scores were mapped back to the protein structure of FGFR1 to 
determine if specific domains are predicted to be more pathogenic when 
altered. CADD scores were color coded by predicted deleteriousness 
(vibrant red, more deleterious; dull red, less deleterious). The amino 
acid residues contributing to each domain are highlighted (gray), and 
residue numbers are listed, while those for which the protein structure 
is unknown (black) were not included in the model. Note particularly 
deleterious changes are predicted to occur in the TK domain and 
near the FGF binding site. IgI, immunoglobulin-like 1 domain; IgII, 
immunoglobulin-like 2 domain; IgIII, immunoglobulin-like 3 domain; TM, 
transmembrane domain; TK, tyrosine kinase domain.
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pathogenic FGFR1 variants reported in PubMed (Appendix 
Table 3) by CADD Phred score, protein domain, and disease 
phenotype (Fig. 2). As predicted, the domains harboring the 
median highest CADD Phred (scores) were the acidic box (31), 
IgII (27), IgII-IgIII linker (31), IgIII (28), and TK domains 
(29). Next, we annotated the CADD Phred scores of all exonic, 
nonpathogenic variants (see the Materials and Methods sec-
tion) in the ExAC, dbSNP, 1000 Genomes, and EVS databases 
(Appendix Table 4) and mapped them to our model (Fig. 3). Of 
the 429 nonpathogenic variants, 11 were reported as likely dis-
ease causing in PubMed (Appendix Table 3). The median 
CADD Phred score of the nonpathogenic variants was 18, 
while the median CADD Phred score of pathogenic variants 
was 27. Finally, we assessed the location of pathogenic versus 
nonpathogenic variants within the protein domains as well if 
there were domain-specific disease associations within the 
pathogenic variants (Table). Interestingly, pathogenic variants 
across all diseases were less likely to occur in the C-terminal 

region compared with VUS and benign variants (P = 0.0001), 
while the presence of disease-associated variants in the IgIII 
domain neared significance (P = 0.0004) but did not withstand 
Bonferroni correction for multiple comparisons when com-
pared with nonpathogenic variants (P = 0.0003). Assessment 
of all other diseases and disease phenotypes by protein domain 
of FGFR1 approached but did not reach significance after 
Bonferroni correction. These include variants occurring within 
the TK domain of individuals with Hartsfield syndrome (P = 
0.004), cleft lip and/or palate (P = 0.005), limb anomalies (P = 
0.003), holoprosencephaly (P = 0.001), and the presence of 
craniofacial dysmorphologies with limb defects (P = 0.006), as 
well as within the juxtamembrane domain in Pfeiffer syn-
drome/osteoglophonic dysplasia (P = 0.0005) or craniosynos-
tosis (P = 0.0009).

Discussion
Holoprosencephaly is the most common structural malforma-
tion of the human forebrain, occurring 1 in every 10,000 births 
(Muenke and Beachy 2000; Orioli and Castilla 2010). It ranges 

Figure 2.  Map of pathogenic FGFR1 variants by protein domain. 
All reported variants of FGFR1 and their clinical phenotypes were 
obtained from PubMed. Altered residues were color coded by 
disease (Hartsfield syndrome, purple; normosomic congenital 
hypogonadotropic hypogonadism/Kallmann syndrome, blue; Pfeiffer 
syndrome/osteoglophonic dysplasia, orange; septo-optic dysplasia, 
green; encephalocraniocutaneous lipomatosis, yellow; cleft lip and/or 
palate, red) and Combined Annotation Dependent Depletion Phred 
score of predicted deleteriousness (vibrant colors, more deleterious). 
IgI, immunoglobulin-like 1 domain; IgII, immunoglobulin-like 2 domain; 
IgIII, immunoglobulin-like 3 domain; TM, transmembrane domain; TK, 
tyrosine kinase domain.

Figure 3.  Map of benign, likely benign, and variants of unknown 
significance of FGFR1. Nonpathogenic variants of FGFR1 identified in 
publicly available databases (ExAC, dbSNP, 1000 Genomes, and EVS) 
were mapped to the protein structure. Vibrancy of green corresponds 
with predicted deleteriousness per Combined Annotation Dependent 
Depletion Phred score (more vibrant, more deleterious; less vibrant, less 
deleterious). IgI, immunoglobulin-like 1 domain; IgII, immunoglobulin-
like 2 domain; IgIII, immunoglobulin-like 3 domain; TM, transmembrane 
domain; TK, tyrosine kinase domain.
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in severity from cyclopia, to alobar holoprosencephaly (1 cere-
bral ventricle and no interhemispheric fissure) or lobar holopros-
encephaly (separate cerebral ventricles present with incomplete 
frontal cortical separation), to a single central incisor or hypo-
telorism (Muenke and Beachy 2014). Ectrodactyly is a limb 
abnormality with syndactyly and median clefts of the hands and 
feet, occurring in 1 in every 18,000 births (Elliott et al. 2005). 
Although each of these conditions occurs as an isolated event or 
as a separate phenotype in multiple syndromes, their co-occurrence 
is the hallmark of Hartsfield syndrome (Hartsfield 1984).

Hartsfield syndrome is an exceedingly rare condition caused 
by de novo, monoallelic or biallelic mutations in FGFR1 (see 
Appendix Table 1 for a complete list of Hartsfield syndrome–
associated variants; Simonis et al. 2013). Here, we report a male 
with Hartsfield syndrome who harbors a novel, de novo glycine 
to cysteine change (p.Gly487Cys) in FGFR1. A missense 
change from this glycine to aspartic acid has been reported in 2 
individuals. The first was diagnosed with Kallmann syndrome 
(Nair et al. 2016). The second has Hartsfield syndrome present-
ing as lobar holoprosencephaly, an absent septum pellucidum 
and anterior corpus callosum, bilateral ectrodactyly of the feet, 
bilateral cleft lip and palate, and developmental delay but does 
not exhibit the diabetes insipidus, total corpus callosum agene-
sis, and hypothyroidism detected in our proband (Hong et al. 
2016; Appendix Table 2). Eight studies exploring genetic causes 
of congenital hypogonadotropic hypogonadism and Kallmann 
syndrome (both caused by variants in FGFR1; Pitteloud et al. 
2007; Raivio et al. 2009; Sykiotis et al. 2010; Shaw et al. 2011; 
Abel et al. 2013; Tommiska et al. 2014; Dubourg et al. 2016; 
Quaynor et al. 2016) and 1 exploring Hartsfield-related pheno-
types (Hong et al. 2016) demonstrated oligogenicity. This sug-
gests these variable phenotypes may be due to modifier genes 
or the effects of the amino acid change on protein structure or 
function.

To assess if p.Gly487Cys affected protein folding stability, 
we modeled it using molecular dynamics simulations (see 
Appendix, Protein Model Building and Testing). The change in 
protein folding free energy was not large enough to cause a 
major destabilization, indicating p.Gly487Cys does not disrupt 
folding of FGFR1’s TK domain. Glycine 487 is found on a beta 
strand and is the most flexible amino acid because of its small 
side chain. Thus, it can adopt phi-psi angles that are not observed 
experimentally for other proteinogenic amino acids. The native 
glycine’s phi-psi angles were –167.0 and 97.5, respectively, and 
within the range that cysteine (and other amino acids) can also 
adopt. This observation and the simulation results support the 
conclusion that replacement of glycine with cysteine does not 
strain the polypeptide backbone. However, the thermodynamic 
analysis does not account for the potential formation of nonna-
tive disulfide intermediates between the introduced cysteine 
and native cysteine residues in FGFR1 (or other proteins) in the 
presence of intracellular oxidative stress, which may disrupt 
protein folding (Cumming et al. 2004).

In addition to Hartfield syndrome, variants in FGFR1 are 
associated with at least 5 clinical diseases (McKusick 2007) 
including normosomic congenital hypogonadotropic hypogo-
nadism and olfactogenital (Kallmann) syndrome, osteoglo-
phonic dysplasia, Pfeiffer syndrome, trigonocephaly 1, and 
encephalocraniocutaneous lipomatosis. Osteoglophonic dys-
plasia and the craniosynostosis syndromes (Pfeiffer and trigo-
nocephaly 1) result from gain-of-function variants thought to 
cause increased cell proliferation and early osteoblast differen-
tiation (Johnson and Wilkie 2011), whereas normosomic hypo-
gonadotropic hypogonadism and Kallmann syndrome are likely 
caused by loss-of-function variants. Recently, several variants 
associated with Hartsfield syndrome showed a dominant-nega-
tive effect when modeled in zebrafish, possibly explaining the 
phenotypic severity of the disease (Hong et al. 2016). Although 

Table.  Location of Disease or Phenotype by Protein Domain of FGFR1.

Domain vs. Disease SP IgI AB IgII
IgII to 
IgIII IgIII JM TM ID TK CT

Hartsfield syndrome x x x x  
Pfeiffer syndrome/osteoglophonic dysplasia x x x  
Encephalocraniocutaneous lipomatosis x  
Septo-optic dysplasia x x x x  
CHH/Kallmann syndrome x x x x x x x x x x x
Dental agenesis x x x x x x x x x
Cleft lip and palate x x x x x x x x x
Malformed ears x x  
Hearing loss x x x x x  
Limb defects x x x x x x x  
Craniosynostosis x x x x x  
Intellectual disability/developmental delay x x x x x
Corpus callosum agenesis x x x x x x  
Holoprosencephaly x x x x x x
Craniofacial anomalies x x x x x x x x x
Craniofacial anomalies + limb defects x x x x x  

AB, acidic box; CHH, normosomic congenital hypogonadotropic hypogonadism; CT, C terminus; ID, interdomain; IgI, immunoglobulin-like 1 domain; 
IgII, immunoglobulin-like 2 domain; IgII-IgIII, IgII/IgIII linker domain; IgIII, immunoglobulin-like 3 domain; JM, juxtamembrane domain; SP, signal peptide; 
TK, tyrosine kinase domain; TM, transmembrane domain. Limb defects include ectrodactyly, syndactyly, polydactyly, and oligodactyly.
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mosaic activating mutations were identified in encephalocrani-
ocutaneous lipomatosis (Bennett et al. 2016), similar variants 
are reported in a variety of cancers; therefore, the causal role of 
FGFR1 in this disease needs further exploration. Finally, 
FGFR1 variants were identified in individuals with nonsyn-
dromic cleft lip and/or palate (Riley et al. 2007). A summary of 
published FGFR1 variants and their associated diseases can be 
found in Appendix Table 3.

Intriguingly, Hartsfield syndrome encompasses the pheno-
typic spectrum of many of these conditions. Cleft lip and/or 
palate often co-occurs with Kallmann syndrome arising from 
FGFR1 mutations (in about 30% of the cases; Dodé et al. 2003; 
Pitteloud et al. 2007), the presence of a micropenis and unde-
scended testes is a hallmark of congenital hypogonadotropic 
hypogonadism in male infants, and agenesis of the corpus cal-
losum and intellectual disability have been reported in cases of 
encephalocraniocutaneous lipomatosis and Kallmann syn-
drome (Chandravanshi 2014; Dodé et al. 2003). To better 
understand the phenotypic variability of these diseases, we 
investigated the location of their corresponding variants within 
the 3-dimensional context of FGFR1.

FGFR1 is 1 of 4 structurally similar fibroblast growth factor 
(FGF) receptors consisting of 3 extracellular immunoglobulin-
like (Ig) domains, a helical transmembrane domain, and an 
intracellular TK domain (Ornitz and Itoh 2015). FGFRs are 
activated when 1 of at least 22 structurally related FGFs bind 
the extracellular domain (Eswarakumar et al. 2005). Proper 
binding relies on the presence of heparin, which induces oligo-
merization of FGF (Eswarakumar et al. 2005; Ornitz and Itoh 
2015), allowing for receptor dimerization and transautophos-
phorylation of the cytoplasmic TK domains followed by the 
activation of downstream signaling (Ornitz and Itoh 2015). 
Changes in the extracellular domain can alter FGF-FGFR1 
binding affinity, while variation in the TK domain can increase 
dimer stabilization and activation or cause reduced protein 
activation (Neilson and Friesel 1996).

When assessing the overall CADD Phred scores of patho-
genic variants, domains critical for FGF binding (acidic box, 
IgII, IgII-IgIII linker, IgIII) and FGFR1 activation (TK) con-
tained the highest scoring residues, suggesting these domains 
are most likely pathogenic when altered. However, after com-
paring the localization of variants within the protein domains 
of FGFR1 by disease and phenotype, only the association of 
Pfeiffer syndrome and osteoglophonic dysplasia (P = 0.0005) 
or craniosynostosis (P = 0.0009) with the juxtamembrane 
domain neared statistical significance (P = 0.0003). While this 
demonstrates gain-of-function mutations may localize near the 
cellular membrane of FGFR1, correlations between loss-of-
function or dominant negative variants and a specific domain 
were not observed. Notably, a major limitation of this study is 
the reliance on accurate and comprehensive phenotyping in the 
published literature. The acquisition of additional cases com-
bined with thorough subphenotyping is necessary to draw 
additional genotypic-phenotypic conclusions.

In this report, we identify a novel residue change in an indi-
vidual with Hartsfield syndrome, and we categorize published 
disease variants of FGFR1 by their clinical manifestation and 

location within the protein. Our study supports the need for 
systematic reporting of the sequence variants and correspond-
ing abnormal phenotypes in the literature to maximize the 
clinical utility of these findings (Richards et al. 2015) and dem-
onstrates the current lack of understanding of the functional 
implications of identified variants within the protein. In addi-
tion, work exploring the spatiotemporal, isoform-specific, and 
species-specific effects of these variants is still needed. We 
hope the genotype-phenotype maps described here will be use-
ful in interpreting the clinical significance of these variants in 
the future and encourage more critical assessments of their 
impact within the protein structure.
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