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Mammalian fibroblast growth factor (FGF) signaling is intricately regulated via selective
binding interactions between 18 FGF ligands and four FGF receptors (FGFR1–4), three
of which (FGFR1–3) are expressed as either epithelial (“b”) or mesenchymal (“c”) splice
isoforms. The FGF7 subfamily, consisting of FGF3, FGF7, FGF10, and FGF22, is unique
among FGFs in that its members are secreted exclusively by the mesenchyme, and
specifically activate the “b” isoforms of FGFR1 (FGFR1b) and FGFR2 (FGFR2b) present
in the overlying epithelium. This unidirectional mesenchyme-to-epithelium signaling
contributes to the development of essentially all organs, glands, and limbs. Structural
analysis has shown that members of the FGF7 subfamily achieve their restricted
specificity for FGFR1b/FGFR2b by engaging in specific contacts with two alternatively
spliced loop regions in the immunoglobulin-like domain 3 (D3) of these receptors.
Weak basal receptor-binding affinity further constrains the FGF7 subfamily’s specificity
for FGFR1b/2b. In this review, we elaborate on the structural determinants of FGF7
subfamily receptor-binding specificity, and discuss how affinity differences among the
four members for the heparin sulfate (HS) co-receptor contribute to their disparate
biological activities.
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INTRODUCTION

The fibroblast growth factor (FGF) 7 subfamily is comprised of FGF3, FGF7 (the founding
member), FGF10, and FGF22, and constitutes one of five paracrine-acting FGF subfamilies (Itoh
and Ornitz, 2004). Members of the FGF7 subfamily are essential for organogenesis and tissue
patterning in the embryo, and mediate wound healing and tissue homeostasis in adult mammals
(Beenken and Mohammadi, 2009). Specifically, FGF3 is required for inner ear development (Tekin
et al., 2007, 2008), FGF7 for the development of the kidney, thymus, and hippocampus (Qiao
et al., 1999; Alpdogan et al., 2006; Terauchi et al., 2010; Lee et al., 2012), FGF10 for limb,
lung, thyroid, pituitary, lacrimal, and salivary gland (LG and SMG, respectively) development
(Bellusci et al., 1997; Min et al., 1998; Xu et al., 1998; Sekine et al., 1999; De Moerlooze et al.,
2000; Makarenkova et al., 2000; Hoffman et al., 2002; Izvolsky et al., 2003), and FGF22 for
presynaptic neural differentiation (Umemori et al., 2004). Reflecting this functional pleiotropy,
aberrant signaling by FGF7 subfamily ligands is responsible for a variety of heritable and acquired
human diseases, including congenital deafness (LAMM syndrome) (Tekin et al., 2007, 2008),
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lacrimo-auriculo-dento-digital (LADD) syndrome (Milunsky
et al., 2006), inflammatory bowel disease (Finch et al., 1996),
Apert syndrome (AS) (Wilkie et al., 1995; Anderson et al.,
1998; Ibrahimi et al., 2001), and prostate cancer (Memarzadeh
et al., 2007), among others (Itoh and Ornitz, 2011; Belov and
Mohammadi, 2013).

Paracrine FGFs share a core homology region of about
120 amino acids (Beenken and Mohammadi, 2009) that adopt
a β-trefoil fold comprised of 12 β-strands (β1 through β12)
(Eriksson et al., 1991; Zhu et al., 1991; Osslund et al., 1998;
Bellosta et al., 2001; Plotnikov et al., 2001) flanked by N-
and C-terminal extensions of variable length and sequence
(Mohammadi et al., 2005). These ligands mediate their activities
by binding to, dimerizing, and consequently activating cell
surface FGF receptors (FGFRs), a family within the single-
pass transmembrane receptor tyrosine kinase superfamily.
Mammals have four FGFR genes (FGFR1–4), each encoding an
extracellular portion composed of three Ig-like domains (termed
D1–D3) connected by flexible linkers, and an intracellular
segment containing a tyrosine kinase domain bounded by
flexible N-terminal juxtamembrane and C-terminal tail regions
(Mohammadi et al., 2005). Ligand binding requires the D2, D3,
and D2–D3 linker regions, whereas the D1 and D1–D2 linker
are implicated in receptor autoinhibition (Plotnikov et al., 1999,
2000; Schlessinger et al., 2000; Stauber et al., 2000; Yeh et al.,
2003; Olsen et al., 2004, 2006; Liu et al., 2017; Chen et al., 2018).
Alternative splicing in the D3 domains of FGFR1–3 generates
epithelium- and mesenchyme-specific “b” and “c” isoforms,
respectively, with each isoform harboring primary sequence
differences in the ligand-binding region in the second half of
D3, thus expanding the number of principal FGFRs from four
to seven (Orr-Urtreger et al., 1993; Mohammadi et al., 2005).

Paracrine FGFs interact with HS glycosaminoglycans
(HSGAG), a mandatory co-receptor/factor in paracrine FGF
signaling. HS is a heterogeneously sulfated linear glycan chain
of HS proteoglycans, which are ubiquitously expressed either
on the cell surface or as soluble components deposited in the
extracellular matrix (ECM) (Rapraeger et al., 1991; Yayon et al.,
1991; Ornitz et al., 1992; Liu et al., 1996; Perrimon and Bernfield,
2000; Esko and Selleck, 2002). The HS binding site (HBS) of
FGFs, housed within the FGF core, is formed by residues from
the loop between the β1 and β2 strands as well as the stretch
between the β10 and β12 strands (Beenken and Mohammadi,
2009). The HBS regions are rich in basic amino acid residues that
engage with sulfate and carboxylate moieties of HS, resulting
in avid interaction with HS and sequestration of paracrine
FGFs in the ECM. Amino acid variations within the HBS
account for the different HS-binding affinities of FGFs across
and within paracrine FGF subfamilies. Despite their primary
sequence differences, the HBS region between the β10 and β12
strands adopts a common conformation among paracrine FGFs.
Nevertheless, in contrast to that of other paracrine FGFs, the
conformation of the β10–β11 strand pair HBS region in the
FGF7 subfamily is loosely supported by only a single hydrogen
bond between the two strands (Yeh et al., 2003).

Heparin sulfate promotes paracrine FGF signaling by
orchestrating the formation of a symmetric 2:2 FGF:FGFR dimer

on the cell surface. This juxtaposes the intracellular kinase
domains in a proximity/orientation necessary for activation
loop (A-loop) transphosphorylation, a prerequisite for kinase
activation (Plotnikov et al., 1999; Schlessinger et al., 2000;
Mohammadi et al., 2005). Following this reaction, additional
tyrosine transphosphorylation occurs in the kinase C-terminal
tail and juxtamembrane (JM) regions, enabling the activated
FGFR to recruit and phosphorylate intracellular signaling
molecules (Plotnikov et al., 1999; Mohammadi et al., 2005).
In the dimer, FGFRs are located centrally and are bound by
both FGFs at the periphery. The dimer interface is mediated by
reciprocal contacts between D2 and the FGF ligand from one
1:1 protomer with D2 in the adjoining 1:1 FGF–FGFR protomer.
Each HS molecule simultaneously engages the HBS of one FGF
and that of the two FGFRs (located in the D2 domain) from
both 1:1 protomers (Schlessinger et al., 2000). In doing so, HS
enhances the contacts between the FGF and FGFR within each
1:1 protomer in addition to those at the dimer interface, thereby
stabilizing the 1:1 complex and buttressing the 2:2 dimer.

FGF–FGFR binding specificity is a key regulator of FGF
signaling (Ornitz et al., 1996; Zhang et al., 2006), and is
determined by differences in the primary sequences among
FGFs and FGFRs, as well as differences in their spatiotemporal
expression patterns and HS sulfation motifs. Notably, FGF–FGFR
binding specificity establishes bidirectional communication
between the epithelium and mesenchyme during development.
The FGF7 subfamily is the sole subfamily expressed exclusively
in the mesenchyme, and interacts primarily with the “b” isoforms
of FGFR2 (FGFR2b) and, to a lesser extent, FGFR1 (FGFR1b)
(Mason et al., 1994; Zhang et al., 2006). The remaining four
paracrine-acting subfamilies are secreted by epithelial tissues
and bind almost exclusively to mesenchyme-specific “c” FGFR
isoforms (Ornitz et al., 1996; Zhang et al., 2006; Beenken
and Mohammadi, 2009). Because of its tight receptor-binding
specificity, the FGF7 subfamily serves as an ideal model for
studying the structural determinants of FGF–FGFR binding
specificity and function. Indeed, the FGF10-FGFR2b structure –
the only FGF7 subfamily FGF–FGFR complex whose atomic
structure is currently known – in combination with sequence
alignment of the remaining three FGF7 subfamily ligands,
has provided major insight into the molecular basis for the
entire FGF7 subfamily’s restricted receptor-binding specificity.
Furthermore, structural analysis has also shed light on differences
among FGF7 subfamily members that explain their non-
redundant functions. Specifically, differences in HS-binding
affinity suggest that the biological activity of each subfamily
member may be governed by distinct thresholds of FGFR
dimerization strength, as previously demonstrated in FGF1
(Huang et al., 2017).

STRUCTURAL DETERMINANTS OF FGF7
SUBFAMILY’S SPECIFICITY

Based on the 1:1 FGF10:FGFR2b crystal structure (Yeh et al.,
2003), the exquisite specificity of the FGF7 subfamily for “b”
splice isoform FGFRs is dictated primarily by contacts between
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ligand and the alternatively spliced regions in the receptor
D3 domain. However, the structure also reveals an additional
determinant of FGF7 subfamily receptor-binding specificity –
namely, a weakened affinity for the D2 domain – which
accentuates the subfamily’s reliance on specific contacts with the
alternatively spliced D3.

Specific Contacts With the Alternatively
Spliced Regionsin D3
The FGF10-FGFR2b crystal structure shows that most of the
FGF10-D3 contacts involve a wide cleft in the membrane-distal
end of the D3 domain (Yeh et al., 2003). This cleft is formed
between the βB′ strand and the βB′-βC loop located in the
constant region (first half of D3) and the βC′-βE loop from the
alternatively spliced second half of D3 (Figure 1A). Interactions
between Ile-317 on the βC′-βE loop of the receptor and a cluster
of hydrophobic residues in FGF10, including Val-116 in the β4
strand, Tyr-131 in the β6 strand, and Phe-146 on the β7-β8
loop, support the formation of the D3 cleft. In doing so, these
hydrophobic contacts facilitate hydrogen-bonding interactions
between residues from the N-terminus, β1, and β4 strands
of FGF10 with residues from both the constant and spliced
portions in the D3 cleft (Figure 1A). Most importantly, Asp-
76 – conserved in FGF7 and FGF22 – forms two highly specific
hydrogen bonds with Ser-315 in the alternatively spliced βC′-
βE loop of the receptor. Ser-315 is conserved in FGFR1b, but
is replaced by tryptophan and alanine in FGFR3b and FGFR4,
respectively, thus explaining the FGF7 subfamily’s particular
preference for the “b” isoforms of FGFR1 and FGFR2. Another
notable specific receptor-binding residue of FGF10 is Thr-114 on
the β4 strand, which engages the alternatively spliced βC′-βE loop
of the D3 cleft through both direct and water-mediated hydrogen
bonds (Figure 1A). Additionally, Arg-78 in the β1 strand,
proceeding Asp-76, makes numerous contacts with the constant
βB′-βC loop within the D3 cleft, including three hydrogen
bonds with Ser-282 and Asp-283. Crucially, Arg-78 also forms
three intramolecular hydrogen bonds with His-72 and Gly-75.
These contacts facilitate the overall conformation of the FGF10
N-terminus and indirectly buttress the Asp-76–Ser-315 hydrogen
bonds (Figure 1A). FGF10 core residues also augment FGF10-
FGFR2b binding specificity by engaging in specific contacts with
the alternatively spliced βF-βG loop outside of the D3 cleft.
Specifically, Arg-155 and Ile-156 (each in the β8 strand of FGF10)
engage in hydrophobic contacts and hydrogen bonding with
Tyr-345 in the alternatively spliced βF-βG loop (Figure 1B). Tyr-
345 is conserved only in FGFR1b. In FGFR3b, this position is
occupied by a phenylalanine, whereas in FGFR1c-3c and FGFR4,
the corresponding residue is a serine. These substitutions further
limit the specificity of FGF10 for FGFR1b and FGFR2b.

The crystallographically deduced mode of FGF10-FGFR2b
specificity has been validated by mutagenesis experiments in
FGF10 (Yeh et al., 2003; Wang et al., 2010) and FGF7 (Bottaro
et al., 1993; Ron et al., 1993; Gray et al., 1995; Reich-Slotky
et al., 1995; Wang et al., 1995; Osslund et al., 1998; Sher
et al., 2000, 2003). Specifically, alanine substitutions of Asp-
76 or Arg-78 each significantly reduce the biological activity of

the respective FGF10 mutants compared to wild-type FGF10,
using DNA synthesis as an index of cell proliferation (Yeh
et al., 2003). Moreover, replacement of Thr-114 with alanine
or arginine decreases FGF10-FGFR2b binding affinity and the
mitogenic activity of FGF10 in tracheal epithelial cells (Wang
et al., 2010). Conversely, substitutions of His-314 and Ser-315
in the βC′-βE loop in FGFR2b to the corresponding residues
in FGFR2c (threonine and alanine, respectively) completely
eliminates FGF7 binding (Wang et al., 1995). Also in FGF7,
N-terminal truncation at sites upstream of Asp-63 (Asp-76 in
FGF10) and Arg-65 (Arg-78 in FGF10), respectively, results in
a complete loss of FGF7-induced mitogenic activity in Balb/MK
cells (Ron et al., 1993). Additionally, mutations of Asp-63 and
Arg-65 to alanine each reduce the binding affinity of FGF7
for FGFR2b, with the latter mutation lowering the mitogenic
response of FGF7 in Balb/MK cells by 200-fold (Sher et al., 2003).
Replacement of the FGF7 subfamily-conserved Val-103 in the
β4 strand of FGF7 (Val-116 in FGF10) (one of the constituents
of the aforementioned hydrophobic patch) with glutamic acid
also significantly reduces FGF7-FGFR2b binding affinity (Sher
et al., 2000). The significance of the Arg-155 (Leu-142 in FGF7)–
Tyr-345 interaction has been experimentally validated by data
showing that mutating Tyr-345 to serine in FGFR2b significantly
reduces receptor activation by FGF7 (Gray et al., 1995), and
that replacing Arg-155 with alanine diminishes the ability of
FGF10 to promote Balb/MK cell proliferation (Yeh et al., 2003).
In FGF7, replacing Leu-142 with alanine results in a three-
fold reduction in binding affinity to FGFR2b, as well as a
significant loss of mitogenic activity in Balb/MK cells (Sher et al.,
2003). Biochemical analysis of a pathogenic mutation in FGF10
lends further support to the importance of these interactions
in promoting FGF10-FGFR2/1b signaling. Specifically, mutation
of Ile-156 to arginine (I156R) is causative of LADD (Milunsky
et al., 2006), a rare genetic disorder characterized by defects in
the lacrimal and salivary glands as well as abnormalities in the
teeth and distal limbs. Modeling studies show that the I156R
mutation introduces steric clashes with residues in the ligand-
binding pocket, including Tyr-345 in the alternatively spliced
βF-βG loop (Figure 1B), thus explaining the loss-of-function
phenotype of this mutation.

Weak Contacts With Receptor D2
Further Constrain Specificity
FGF7 subfamily receptor-binding specificity is further restricted
by its members’ low basal FGFR-binding affinities. Notably,
in FGF7, FGF10, and FGF22, a phenylalanine (Phe-83 in
FGF10) replaces a highly conserved tyrosine residue in
the β1 strand found in all other FGFs (Tyr-29 in FGF1)
(Figure 1C). This tyrosine – located at the center of the
primarily hydrophobic and largely conserved FGF-D2
interface – makes hydrophobic contacts with residues in
the βA′ strand in addition to forming two hydrogen bonds
with the FGFR-invariant residues Leu-166 and Ala-168.
This conserved pattern of hydrogen bonds fixes the D2
orientation relative to the FGF ligand, accounting for the
common D2 disposition among all FGF–FGFR complexes.
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FIGURE 1 | Structural basis for FGF7 subfamily specificity toward “b” isoform FGFRs. (A) Left: cartoon representation of the overall structure of the FGF10-FGFR2b
complex, with FGF10 in green, D2 of FGFR2b in purple, the constant region of D3 in cyan, the alternatively spliced D3 in red, hydrogen bonds shown as yellow
dashes, and the region of interest boxed. N-and C-termini of ligand (in green) and receptor (italics) are labeled NT and CT, respectively. Right: expanded view of
FGF10 N-terminal interactions with the FGFR2b D3 domain. Arg-78 of the β1 strand forms three intramolecular hydrogen bonds with Gly-75 and His-72 in the
N-terminus, stabilizing it and enabling Asp-76 to form two highly specific hydrogen bonds with Ser-315 in the alternatively spliced βC′-βE loop of D3. Thr-114 of the
β4 strand also interacts with the βC′-βE loop via both water-mediated and direct hydrogen bonds with Gly-316. (B) Left: overall view of the FGF10-FGFR2b
structure, with boxed region of interest shown in expanded forms at right. The first of these (left) shows Arg-155 and Ile-156 of the β8 strand interacting with Tyr-345
on the “b” splice isoform-specific βF-βG loop; the second (right) highlights the LADD mutation (Ile-156 to Arg), which introduces steric clashes with Tyr-345 on the
βF-βG loop. Relevant residues and hydrogen bonds are depicted as in (A), with steric clashes illustrated by red circles. (C) Comparison of the ligand-D2 interface
between FGF10-FGFR2b (left) and FGF1-FGFR2b (right), with each FGF–FGFR complex depicted as a cartoon with the same color scheme as in (A); boxed regions
on each complex are expanded to show the ligand β1 strand interacting with D2 of the receptor. Note that in FGF10, a conserved β1 Tyr is replaced with Phe,
resulting in a loss of two hydrogen bonds. In (A–C), relevant residues and hydrogen bonds are shown as sticks and yellow dashes, respectively; water molecules

(Continued)
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FIGURE 1 | Continued
appear as purple spheres; oxygen atoms are in red, nitrogen in blue, and carbon in the same color as the molecules to which they belong. FGF10-FGFR2b (PDB ID:
1NUN) (Yeh et al., 2003) and FGF1-FGFR2b (PDB ID: 3OJ2) (Beenken et al., 2012) structures were edited using PyMol (The PyMOL Molecular Graphics System,
Version 2.0 Schrödinger, LLC). (D) Structure-based sequence alignment of human FGF10, FGF3, FGF7, and FGF22. Dots denote homology with FGF10; dashes
denote gaps introduced to optimize sequence alignment. Residues are highlighted according to the FGFR region with which they interact: D2 (purple), D2–D3 linker
(gray), constant D3 (cyan), and alternatively spliced D3 (red). Residues which interact with both spliced and non-spliced regions of D3 are highlighted in yellow; those
which interact with both the D2 and D2–D3 linker are highlighted in dark blue. Above the sequence, red lines indicate residues comprising secondary structures.

FIGURE 2 | “Threshold model” accounts for differences in branching morphogenesis and FGFR2b tyrosine transphosphorylation between FGF7 and FGF10.
Cartoon representation of a “threshold model,” with the FGF7-FGFR2b complex at left (A) and the FGF10-FGFR2b complex at right (B). FGF ligands are depicted as
different shades of green circles; the FGFR2b ectodomain and kinase domains are shown as cylinders of different shades of cyan and orange, respectively; HS is
depicted as a dotted red line; the A-loop region within the kinase domain is shown as a stripe in different shades of yellow; phosphorylated tyrosines are represented
as circles colored in different shades of purple. The extent of shading/transparency denotes the strength of ligand-induced FGFR2b dimerization and activation.
(A) Because of its weak affinity for HS, FGF7 induces comparably weak/transient FGFR dimerization which causes quantitatively less A-loop
transphosphorylation/kinase activation such that Tyr-734 is left unphosphorylated; this complex is sufficient to induce branching, but not elongation. (B) Owing to its
higher affinity for HS, FGF10 forms a more stable FGFR2b dimer that enables greater A-loop tyrosine transphosphorylation and FGFRb activation. Consequently,
FGF10 can induce Tyr-734 transphosphorylation and elicit an elongation response. Note that the threshold of FGFR dimerization strength necessary for inducing
elongation (depicted as a vertical, red dashed line to the left) is higher than that mediating the branching response (indicated by a vertical, blue dashed line in the
center). On the x-axis, a shaded black arrow represents the increasing value of FGF-induced FGFR dimerization strength. On the y-axis, on left, a shaded blue arrow
denotes the increasing rate of the branching response, which is correlated with a blue line; on right, a shaded red arrow indicates the increasing rate of the
elongation response, which is correlated with a red line.

Replacement of this tyrosine with phenylalanine therefore
significantly reduces general FGFR-binding affinity and also
causes a ∼20–25◦ rotation in D2 orientation relative to other
FGF–FGFR complexes.

The importance of weak basal FGF–FGFR binding affinity
in restricting FGF7 subfamily receptor-binding specificity is
underscored by two pathological FGFR2 mutations, S252W and
P253R, each affecting the D2–D3 linker region and causative
of AS, a severe form of craniosynostosis (Wilkie et al., 1995;
Anderson et al., 1998; Ibrahimi et al., 2001). These gain-of-
function mutations create additional non-specific FGF–FGFR
contacts that increase basal FGF–FGFR affinity, thereby enabling
pathological binding of FGF10 and/or FGF7 to FGFR2c as
well as binding of epithelial-expressed ligands such as FGF2,

FGF6, and/or FGF9 to FGFR2b (Yu et al., 2000; Ibrahimi et al.,
2001). Genetic ablation of FGF10 in mice harboring AS-causing
FGFR2 mutations reverses some of the skeletal, visceral, and
tracheal abnormalities stemming from AS (Hajihosseini et al.,
2009; Tiozzo et al., 2009), implying that aberrant FGF10-FGFR2c
signaling plays a significant role in AS etiology.

MOLECULAR RATIONALE BEHIND THE
NON-REDUNDANT FUNCTIONS OF
FGF7 SUBFAMILY MEMBERS

Gene-knockout studies in mice have shown that despite their
shared, restricted specificity for FGFR1b/2b, FGF7 subfamily
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members have non-overlapping biological functions. For
example, while FGF7-knockout mice present only subtle
developmental abnormalities affecting the kidney, thymus, and
hippocampus (Qiao et al., 1999; Alpdogan et al., 2006; Terauchi
et al., 2010; Lee et al., 2012), FGF10-knockout mice die at
birth due to a failure of lung and limb development (Min
et al., 1998; Sekine et al., 1999). Structurally, this functional
dichotomy between FGF10 and FGF7 can be attributed to the
lower HS-binding affinity of FGF7 relative to FGF10 (Igarashi
et al., 1998; Luo et al., 2006; Asada et al., 2009). HS-binding
affinity differences could impact FGF signaling in one, or both,
of the following ways: (1) by changing the extent of ligand
diffusion and creating distinct morphogenetic gradients, or (2)
by generating distinct thresholds of receptor dimerization and
eliciting qualitatively/quantitatively distinct intracellular signals.

A potential role for HS-binding affinity in differentiating the
morphogenetic activities of FGF7 and FGF10 can be inferred
by data from ex vivo epithelial branching model systems
in cultured LG and SMG explants (Steinberg et al., 2005;
Makarenkova et al., 2009). Due to its relatively low affinity
for HS, we postulated that FGF7 would diffuse more readily
than FGF10 in an HS-containing matrix (used as surrogate
for the ECM) (Makarenkova et al., 2009), thus acting on both
the distal and proximal parts of the developing epithelial bud
to stimulate branching. On the other hand, the higher HS-
binding affinity of FGF10 would limit its range of diffusion
such that it can reach only the tip of the epithelial buds,
thereby inducing their elongation. To test that these distinct
responses are indeed due to different diffusion gradients rather
than ligand identity per se, we selectively mutated residues
at the HBS of FGF10 to the corresponding ones in FGF7,
and identified one mutation – Arg-187 in the β11 strand
to valine (R187V) – which imparted upon FGF10 a similar
range of diffusion as FGF7 (Makarenkova et al., 2009). We
then showed that the R187V FGF10 mutant could functionally
mimic FGF7 by inducing branching rather than elongation of
epithelial buds. It is tempting to speculate that comparable
HS-binding affinity differences exist between FGF3 and FGF22
which lead to the generation of FGF7 subfamily ligand-
specific diffusion gradients in the ECM, in turn conferring
distinct biological activities. However, as the affinity of FGF–
HS interactions also dictates the longevity/stability of paracrine
FGF–FGFR dimers (Schlessinger et al., 2000), it is plausible that
quantitative differences in HS-dependent receptor dimerization
may also contribute to the different morphogenetic responses
between FGF10 and FGF7. Indeed, the R187V FGF10 mutant
is reminiscent of an engineered HS-binding deficient FGF1
mutant which we used to show that the FGF1 mitogenic
response could be uncoupled from its metabolic response
by reducing FGFR dimer stability (Huang et al., 2017).
These data pointed to the existence of a distinct threshold
of FGF1-induced receptor dimerization strength required for
transitioning from an exclusively metabolic response to a
combined metabolic/mitogenic response. Thus, the potential
role of HS-dependent FGFR dimerization strength in defining
the non-redundancy of the FGF7 subfamily members merits
further exploration.

CONCLUSION AND FUTURE
DIRECTIONS

The FGF7 subfamily is unique among FGFs in that its members
exclusively activate and signal through FGFR2b and, to a
lesser extent, FGFR1b. The molecular rationale behind this
stringent level of receptor-binding specificity stems primarily
from specific contacts made between FGF7 subfamily members
and the alternatively spliced βC′-βE and βF-βG loop regions
in D3, and is further reinforced by weaker D2 interactions
(Figures 1C,D). FGF7 subfamily members elicit non-redundant
functions, the structural basis of which can be partially attributed
to different HS-binding affinities. These affinity differences in
turn raise the possibility that the unique functions of each
of the FGF7 subfamily ligands may be determined by distinct
diffusion gradients through the ECM and/or a “threshold
model” of FGFR1b/2b dimerization strength. In this model,
different thresholds in FGFR dimer strength/stability translate
into quantitatively and qualitatively distinct levels of FGFR
activation (that is, tyrosine transphosphorylation). This in turn
manifests in different magnitudes of intracellular signals and the
recruitment of distinct substrates, culminating in unique cell
fates (Zinkle and Mohammadi, 2018). Indeed, previous work
has already shown that FGF10 – which binds more tightly
than FGF7 to HS – stimulates the recruitment of distinct
intracellular substrates due to its unique ability to induce
transphosphorylation of a single FGFR2b tyrosine residue, Tyr-
734 (Francavilla et al., 2013). Because FGF7-binding cannot
induce transphosphorylation of Tyr-734, there may be a certain
threshold of FGFR2b dimerization strength that FGF10 (but
not FGF7) can reach to induce Tyr-734 phosphorylation
(Figure 2). Future studies should try to address the veracity
of the threshold model, especially as it relates to the FGF7
subfamily. If validated, this model should prove a reliable guide
for functionally converting one FGF7 subfamily member to
another, thereby enabling novel tools/strategies for dissecting the
roles of individual members of the subfamily during development
and in disease pathogenesis.

AUTHOR CONTRIBUTIONS

MM contributed to the conception, writing, and revising the
manuscript and approved the submitted version. AZ prepared the
first draft of the manuscript including the figures and contributed
to manuscript revision.

FUNDING

The authors acknowledge support provided by National
Institutes of Health grant R01 DE13686 (to MM).

ACKNOWLEDGMENTS

The authors thank Nick Cowan for critically reading and editing
the manuscript.

Frontiers in Genetics | www.frontiersin.org 6 February 2019 | Volume 10 | Article 102

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00102 February 9, 2019 Time: 17:7 # 7

Zinkle and Mohammadi Structural Analysis of FGF7 Subfamily

REFERENCES
Alpdogan, O., Hubbard, V. M., Smith, O. M., Patel, N., Lu, S., Goldberg, G. L.,

et al. (2006). Keratinocyte growth factor (KGF) is required for postnatal
thymic regeneration. Blood 107, 2453–2460. doi: 10.1182/blood-2005-0
7-2831

Anderson, J., Burns, H. D., Enriquez-Harris, P., Wilkie, A. O., and Heath, J. K.
(1998). Apert syndrome mutations in fibroblast growth factor receptor 2 exhibit
increased affinity for FGF ligand. Hum. Mol. Genet. 7, 1475–1483. doi: 10.1093/
hmg/7.9.1475

Asada, M., Shinomiya, M., Suzuki, M., Honda, E., Sugimoto, R., Ikekita, M.,
et al. (2009). Glycosaminoglycan affinity of the complete fibroblast growth
factor family. Biochim. Biophys. Acta 1790, 40–48. doi: 10.1016/j.bbagen.2008.
09.001

Beenken, A., Eliseenkova, A. V., Ibrahimi, O. A., Olsen, S. K., and Mohammadi, M.
(2012). Plasticity in interactions of fibroblast growth factor 1 (FGF1)
N-terminus with FGF receptors underlies promiscuity of FGF1. J. Biol. Chem.
287, 3067–3078. doi: 10.1074/jbc.M111.275891

Beenken, A., and Mohammadi, M. (2009). The FGF family: biology,
pathophysiology and therapy. Nat. Rev. Drug Discov. 8, 235–253.
doi: 10.1038/nrd2792

Bellosta, P., Iwahori, A., Plotnikov, A. N., Eliseenkova, A. V., Basilico, C., and
Mohammadi, M. (2001). Identification of receptor and heparin binding sites
in fibroblast growth factor 4 by structure-based mutagenesis. Mol. Cell. Biol. 21,
5946–5957. doi: 10.1128/MCB.21.17.5946-5957.2001

Bellusci, S., Grindley, J., Emoto, H., Itoh, N., and Hogan, B. L. (1997). Fibroblast
growth factor 10 (FGF10) and branching morphogenesis in the embryonic
mouse lung. Development 124, 4867–4878.

Belov, A. A., and Mohammadi, M. (2013). Molecular mechanisms of fibroblast
growth factor signaling in physiology and pathology. Cold Spring Harb.
Perspect. Biol. 5:a015958. doi: 10.1101/cshperspect.a015958

Bottaro, D. P., Fortney, E., Rubin, J. S., and Aaronson, S. A. (1993). A keratinocyte
growth factor receptor-derived peptide antagonist identifies part of the ligand
binding site. J. Biol. Chem. 268, 9180–9183.

Chen, G., Liu, Y., Goetz, R., Fu, L., Jayaraman, S., Hu, M. C., et al. (2018). alpha-
Klotho is a non-enzymatic molecular scaffold for FGF23 hormone signalling.
Nature 553, 461–466. doi: 10.1038/nature25451

De Moerlooze, L., Spencer-Dene, B., Revest, J. M., Hajihosseini, M., Rosewell, I.,
and Dickson, C. (2000). An important role for the IIIb isoform of fibroblast
growth factor receptor 2 (FGFR2) in mesenchymal-epithelial signalling during
mouse organogenesis. Development 127, 483–492.

Eriksson, A. E., Cousens, L. S., Weaver, L. H., and Matthews, B. W. (1991). Three-
dimensional structure of human basic fibroblast growth factor. Proc. Natl. Acad.
Sci. U.S.A. 88, 3441–3445. doi: 10.1073/pnas.88.8.3441

Esko, J. D., and Selleck, S. B. (2002). Order out of chaos: assembly of ligand binding
sites in heparan sulfate.Annu. Rev. Biochem. 71, 435–471. doi: 10.1146/annurev.
biochem.71.110601.135458

Finch, P. W., Pricolo, V., Wu, A., and Finkelstein, S. D. (1996). Increased
expression of keratinocyte growth factor messenger RNA associated with
inflammatory bowel disease. Gastroenterology 110, 441–451. doi: 10.1053/gast.
1996.v110.pm8566591

Francavilla, C., Rigbolt, K. T., Emdal, K. B., Carraro, G., Vernet, E., Bekker-
Jensen, D. B., et al. (2013). Functional proteomics defines the molecular switch
underlying FGF receptor trafficking and cellular outputs.Mol. Cell. 51, 707–722.
doi: 10.1016/j.molcel.2013.08.002

Gray, T. E., Eisenstein, M., Shimon, T., Givol, D., and Yayon, A. (1995). Molecular
modeling based mutagenesis defines ligand binding and specificity determining
regions of fibroblast growth factor receptors. Biochemistry 34, 10325–10333.
doi: 10.1021/bi00033a002

Hajihosseini, M. K., Duarte, R., Pegrum, J., Donjacour, A., Lana-Elola, E., Rice,
D. P., et al. (2009). Evidence that Fgf10 contributes to the skeletal and visceral
defects of an Apert syndrome mouse model. Dev. Dyn. 238, 376–385. doi:
10.1002/dvdy.21648

Hoffman, M. P., Kidder, B. L., Steinberg, Z. L., Lakhani, S., Ho, S., Kleinman,
H. K., et al. (2002). Gene expression profiles of mouse submandibular gland
development: FGFR1 regulates branching morphogenesis in vitro through
BMP- and FGF-dependent mechanisms. Development 129, 5767–5778.
doi: 10.1242/dev.00172

Huang, Z., Tan, Y., Gu, J., Liu, Y., Song, L., Niu, J., et al. (2017). Uncoupling the
Mitogenic and Metabolic Functions of FGF1 by Tuning FGF1-FGF Receptor
Dimer Stability. Cell Rep. 20, 1717–1728. doi: 10.1016/j.celrep.2017.06.063

Ibrahimi, O. A., Eliseenkova, A. V., Plotnikov, A. N., Yu, K., Ornitz, D. M., and
Mohammadi, M. (2001). Structural basis for fibroblast growth factor receptor
2 activation in Apert syndrome. Proc. Natl. Acad. Sci. U.S.A. 98, 7182–7187.
doi: 10.1073/pnas.121183798

Igarashi, M., Finch, P. W., and Aaronson, S. A. (1998). Characterization of
recombinant human fibroblast growth factor (FGF)-10 reveals functional
similarities with keratinocyte growth factor (FGF-7). J. Biol. Chem. 273,
13230–13235. doi: 10.1074/jbc.273.21.13230

Itoh, N., and Ornitz, D. M. (2004). Evolution of the Fgf and Fgfr gene families.
Trends Genet. 20, 563–569. doi: 10.1016/j.tig.2004.08.007

Itoh, N., and Ornitz, D. M. (2011). Fibroblast growth factors: from molecular
evolution to roles in development, metabolism and disease. J. Biochem. 149,
121–130. doi: 10.1093/jb/mvq121

Izvolsky, K. I., Shoykhet, D., Yang, Y., Yu, Q., Nugent, M. A., and Cardoso, W. V.
(2003). Heparan sulfate-FGF10 interactions during lung morphogenesis. Dev.
Biol. 258, 185–200. doi: 10.1016/S0012-1606(03)00114-3

Lee, C. H., Javed, D., Althaus, A. L., Parent, J. M., and Umemori, H. (2012).
Neurogenesis is enhanced and mossy fiber sprouting arises in FGF7-deficient
mice during development. Mol. Cell. Neurosci. 51, 61–67. doi: 10.1016/j.mcn.
2012.07.010

Liu, J., Shworak, N. W., Fritze, L. M., Edelberg, J. M., and Rosenberg, R. D. (1996).
Purification of heparan sulfate D-glucosaminyl 3-O-sulfotransferase. J. Biol.
Chem. 271, 27072–27082. doi: 10.1074/jbc.271.43.27072

Liu, Y., Ma, J., Beenken, A., Srinivasan, L., Eliseenkova, A. V., and Mohammadi, M.
(2017). Regulation of receptor binding specificity of FGF9 by an autoinhibitory
homodimerization. Structure 25, 1325–1336.e3. doi: 10.1016/j.str.2017.
06.016

Luo, Y., Ye, S., Kan, M., and McKeehan, W. L. (2006). Structural specificity in
a FGF7-affinity purified heparin octasaccharide required for formation of a
complex with FGF7 and FGFR2IIIb. J. Cell. Biochem. 97, 1241–1258. doi: 10.
1002/jcb.20724

Makarenkova, H. P., Hoffman, M. P., Beenken, A., Eliseenkova, A. V., Meech, R.,
Tsau, C., et al. (2009). Differential interactions of FGFs with heparan sulfate
control gradient formation and branching morphogenesis. Sci. Signal. 2:ra55.
doi: 10.1126/scisignal.2000304

Makarenkova, H. P., Ito, M., Govindarajan, V., Faber, S. C., Sun, L., McMahon, G.,
et al. (2000). FGF10 is an inducer and Pax6 a competence factor for lacrimal
gland development. Development 127, 2563–2572.

Mason, I. J., Fuller-Pace, F., Smith, R., and Dickson, C. (1994). FGF-
7 (keratinocyte growth factor) expression during mouse development
suggests roles in myogenesis, forebrain regionalisation and epithelial-
mesenchymal interactions. Mech. Dev. 45, 15–30. doi: 10.1016/0925-4773(94)
90050-7

Memarzadeh, S., Xin, L., Mulholland, D. J., Mansukhani, A., Wu, H., Teitell, M. A.,
et al. (2007). Enhanced paracrine FGF10 expression promotes formation of
multifocal prostate adenocarcinoma and an increase in epithelial androgen
receptor. Cancer Cell 12, 572–585. doi: 10.1016/j.ccr.2007.11.002

Milunsky, J. M., Zhao, G., Maher, T. A., Colby, R., and Everman, D. B. (2006).
LADD syndrome is caused by FGF10 mutations. Clin. Genet. 69, 349–354.
doi: 10.1111/j.1399-0004.2006.00597.x

Min, H., Danilenko, D. M., Scully, S. A., Bolon, B., Ring, B. D., Tarpley, J. E.,
et al. (1998). Fgf-10 is required for both limb and lung development and
exhibits striking functional similarity to Drosophila branchless. Genes Dev. 12,
3156–3161. doi: 10.1101/gad.12.20.3156

Mohammadi, M., Olsen, S. K., and Ibrahimi, O. A. (2005). Structural basis for
fibroblast growth factor receptor activation. Cytokine Growth. Factor. Rev. 16,
107–137. doi: 10.1016/j.cytogfr.2005.01.008

Olsen, S. K., Ibrahimi, O. A., Raucci, A., Zhang, F., Eliseenkova, A. V., Yayon, A.,
et al. (2004). Insights into the molecular basis for fibroblast growth factor
receptor autoinhibition and ligand-binding promiscuity. Proc. Natl. Acad. Sci.
U.S.A. 101, 935–940. doi: 10.1073/pnas.0307287101

Olsen, S. K., Li, J. Y., Bromleigh, C., Eliseenkova, A. V., Ibrahimi, O. A., Lao, Z.,
et al. (2006). Structural basis by which alternative splicing modulates the
organizer activity of FGF8 in the brain. Genes Dev. 20, 185–198. doi: 10.1101/
gad.1365406

Frontiers in Genetics | www.frontiersin.org 7 February 2019 | Volume 10 | Article 102

https://doi.org/10.1182/blood-2005-07-2831
https://doi.org/10.1182/blood-2005-07-2831
https://doi.org/10.1093/hmg/7.9.1475
https://doi.org/10.1093/hmg/7.9.1475
https://doi.org/10.1016/j.bbagen.2008.09.001
https://doi.org/10.1016/j.bbagen.2008.09.001
https://doi.org/10.1074/jbc.M111.275891
https://doi.org/10.1038/nrd2792
https://doi.org/10.1128/MCB.21.17.5946-5957.2001
https://doi.org/10.1101/cshperspect.a015958
https://doi.org/10.1038/nature25451
https://doi.org/10.1073/pnas.88.8.3441
https://doi.org/10.1146/annurev.biochem.71.110601.135458
https://doi.org/10.1146/annurev.biochem.71.110601.135458
https://doi.org/10.1053/gast.1996.v110.pm8566591
https://doi.org/10.1053/gast.1996.v110.pm8566591
https://doi.org/10.1016/j.molcel.2013.08.002
https://doi.org/10.1021/bi00033a002
https://doi.org/10.1002/dvdy.21648
https://doi.org/10.1002/dvdy.21648
https://doi.org/10.1242/dev.00172
https://doi.org/10.1016/j.celrep.2017.06.063
https://doi.org/10.1073/pnas.121183798
https://doi.org/10.1074/jbc.273.21.13230
https://doi.org/10.1016/j.tig.2004.08.007
https://doi.org/10.1093/jb/mvq121
https://doi.org/10.1016/S0012-1606(03)00114-3
https://doi.org/10.1016/j.mcn.2012.07.010
https://doi.org/10.1016/j.mcn.2012.07.010
https://doi.org/10.1074/jbc.271.43.27072
https://doi.org/10.1016/j.str.2017.06.016
https://doi.org/10.1016/j.str.2017.06.016
https://doi.org/10.1002/jcb.20724
https://doi.org/10.1002/jcb.20724
https://doi.org/10.1126/scisignal.2000304
https://doi.org/10.1016/0925-4773(94)90050-7
https://doi.org/10.1016/0925-4773(94)90050-7
https://doi.org/10.1016/j.ccr.2007.11.002
https://doi.org/10.1111/j.1399-0004.2006.00597.x
https://doi.org/10.1101/gad.12.20.3156
https://doi.org/10.1016/j.cytogfr.2005.01.008
https://doi.org/10.1073/pnas.0307287101
https://doi.org/10.1101/gad.1365406
https://doi.org/10.1101/gad.1365406
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00102 February 9, 2019 Time: 17:7 # 8

Zinkle and Mohammadi Structural Analysis of FGF7 Subfamily

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F.,
et al. (1996). Receptor specificity of the fibroblast growth factor family. J. Biol.
Chem. 271, 15292–15297. doi: 10.1074/jbc.271.25.15292

Ornitz, D. M., Yayon, A., Flanagan, J. G., Svahn, C. M., Levi, E., and Leder, P. (1992).
Heparin is required for cell-free binding of basic fibroblast growth factor to a
soluble receptor and for mitogenesis in whole cells. Mol. Cell. Biol. 12, 240–247.
doi: 10.1128/MCB.12.1.240

Orr-Urtreger, A., Bedford, M. T., Burakova, T., Arman, E., Zimmer, Y., Yayon, A.,
et al. (1993). Developmental localization of the splicing alternatives of fibroblast
growth factor receptor-2 (FGFR2). Dev. Biol. 158, 475–486. doi: 10.1006/dbio.
1993.1205

Osslund, T. D., Syed, R., Singer, E., Hsu, E. W., Nybo, R., Chen, B. L., et al.
(1998). Correlation between the 1.6 A crystal structure and mutational analysis
of keratinocyte growth factor. Protein Sci. 7, 1681–1690. doi: 10.1002/pro.
5560070803

Perrimon, N., and Bernfield, M. (2000). Specificities of heparan sulphate
proteoglycans in developmental processes. Nature 404, 725–728. doi: 10.1038/
35008000

Plotnikov, A. N., Eliseenkova, A. V., Ibrahimi, O. A., Shriver, Z., Sasisekharan, R.,
Lemmon, M. A., et al. (2001). Crystal structure of fibroblast growth factor 9
reveals regions implicated in dimerization and autoinhibition. J. Biol. Chem.
276, 4322–4329. doi: 10.1074/jbc.M006502200

Plotnikov, A. N., Hubbard, S. R., Schlessinger, J., and Mohammadi, M. (2000).
Crystal structures of two FGF-FGFR complexes reveal the determinants of
ligand-receptor specificity. Cell 101, 413–424. doi: 10.1016/S0092-8674(00)
80851-X

Plotnikov, A. N., Schlessinger, J., Hubbard, S. R., and Mohammadi, M. (1999).
Structural basis for FGF receptor dimerization and activation. Cell 98, 641–650.
doi: 10.1016/S0092-8674(00)80051-3

Qiao, J., Uzzo, R., Obara-Ishihara, T., Degenstein, L., Fuchs, E., and Herzlinger, D.
(1999). FGF-7 modulates ureteric bud growth and nephron number in the
developing kidney. Development 126, 547–554.

Rapraeger, A. C., Krufka, A., and Olwin, B. B. (1991). Requirement of heparan
sulfate for bFGF-mediated fibroblast growth and myoblast differentiation.
Science 252, 1705–1708. doi: 10.1126/science.1646484

Reich-Slotky, R., Shaoul, E., Berman, B., Graziani, G., and Ron, D. (1995). Chimeric
molecules between keratinocyte growth factor and basic fibroblast growth
factor define domains that confer receptor binding specificities. J. Biol. Chem.
270, 29813–29818. doi: 10.1074/jbc.270.50.29813

Ron, D., Bottaro, D. P., Finch, P. W., Morris, D., Rubin, J. S., and Aaronson,
S. A. (1993). Expression of biologically active recombinant keratinocyte growth
factor. Structure/function analysis of amino-terminal truncation mutants.
J. Biol. Chem. 268, 2984–2988.

Schlessinger, J., Plotnikov, A. N., Ibrahimi, O. A., Eliseenkova, A. V., Yeh, B. K.,
Yayon, A., et al. (2000). Crystal structure of a ternary FGF-FGFR-heparin
complex reveals a dual role for heparin in FGFR binding and dimerization. Mol.
Cell. 6, 743–750. doi: 10.1016/S1097-2765(00)00073-3

Sekine, K., Ohuchi, H., Fujiwara, M., Yamasaki, M., Yoshizawa, T., Sato, T., et al.
(1999). Fgf10 is essential for limb and lung formation. Nat. Genet. 21, 138–141.
doi: 10.1038/5096

Sher, I., Lang, T., Lubinsky-Mink, S., Kuhn, J., Adir, N., Chatterjee, S., et al.
(2000). Identification of residues important both for primary receptor binding
and specificity in fibroblast growth factor-7. J. Biol. Chem. 275, 34881–34886.
doi: 10.1074/jbc.M003293200

Sher, I., Yeh, B. K., Mohammadi, M., Adir, N., and Ron, D. (2003). Structure-
based mutational analyses in FGF7 identify new residues involved in specific
interaction with FGFR2IIIb. FEBS Lett. 552, 150–154. doi: 10.1016/S0014-
5793(03)00909-8

Stauber, D. J., DiGabriele, A. D., and Hendrickson, W. A. (2000). Structural
interactions of fibroblast growth factor receptor with its ligands. Proc. Natl.
Acad. Sci. U.S.A. 97, 49–54. doi: 10.1073/pnas.97.1.49

Steinberg, Z., Myers, C., Heim, V. M., Lathrop, C. A., Rebustini, I. T., Stewart, J. S.,
et al. (2005). FGFR2b signaling regulates ex vivo submandibular gland epithelial
cell proliferation and branching morphogenesis. Development 132, 1223–1234.
doi: 10.1242/dev.01690

Tekin, M., Hismi, B. O., Fitoz, S., Ozdag, H., Cengiz, F. B., Sirmaci, A., et al. (2007).
Homozygous mutations in fibroblast growth factor 3 are associated with a new
form of syndromic deafness characterized by inner ear agenesis, microtia, and
microdontia. Am. J. Hum. Genet. 80, 338–344. doi: 10.1086/510920

Tekin, M., Ozturkmen Akay, H., Fitoz, S., Birnbaum, S., Cengiz, F. B.,
Sennaroglu, L., et al. (2008). Homozygous FGF3 mutations result in congenital
deafness with inner ear agenesis, microtia, and microdontia. Clin. Genet. 73,
554–565. doi: 10.1111/j.1399-0004.2008.01004.x

Terauchi, A., Johnson-Venkatesh, E. M., Toth, A. B., Javed, D., Sutton, M. A., and
Umemori, H. (2010). Distinct FGFs promote differentiation of excitatory and
inhibitory synapses. Nature 465, 783–787. doi: 10.1038/nature09041

Tiozzo, C., De Langhe, S., Carraro, G., Alam, D. A., Nagy, A., Wigfall, C., et al.
(2009). Fibroblast growth factor 10 plays a causative role in the tracheal cartilage
defects in a mouse model of Apert syndrome. Pediatr. Res. 66, 386–390.
doi: 10.1203/PDR.0b013e3181b45580

Umemori, H., Linhoff, M. W., Ornitz, D. M., and Sanes, J. R. (2004). FGF22 and its
close relatives are presynaptic organizing molecules in the mammalian brain.
Cell 118, 257–270. doi: 10.1016/j.cell.2004.06.025

Wang, F., Kan, M., Xu, J., Yan, G., and McKeehan, W. L. (1995). Ligand-specific
structural domains in the fibroblast growth factor receptor. J. Biol. Chem. 270,
10222–10230. doi: 10.1074/jbc.270.17.10222

Wang, J. F., Cai, X., Zou, M. J., Wang, Y. Y., Wang, J. X., and Xu, D. G. (2010). Thr-
114 is an important functional residue of fibroblast growth factor 10 identified
by structure-based mutational analysis. Cytokine 49, 338–343. doi: 10.1016/j.
cyto.2009.11.023

Wilkie, A. O., Slaney, S. F., Oldridge, M., Poole, M. D., Ashworth, G. J., Hockley,
A. D., et al. (1995). Apert syndrome results from localized mutations of FGFR2
and is allelic with Crouzon syndrome. Nat. Genet. 9, 165–172. doi: 10.1038/
ng0295-165

Xu, X., Weinstein, M., Li, C., Naski, M., Cohen, R. I., Ornitz, D. M., et al. (1998).
Fibroblast growth factor receptor 2 (FGFR2)-mediated reciprocal regulation
loop between FGF8 and FGF10 is essential for limb induction. Development
125, 753–765.

Yayon, A., Klagsbrun, M., Esko, J. D., Leder, P., and Ornitz, D. M. (1991). Cell
surface, heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell 64, 841–848. doi: 10.1016/0092-
8674(91)90512-W

Yeh, B. K., Igarashi, M., Eliseenkova, A. V., Plotnikov, A. N., Sher, I., Ron, D.,
et al. (2003). Structural basis by which alternative splicing confers specificity in
fibroblast growth factor receptors. Proc. Natl. Acad. Sci. U.S.A. 100, 2266–2271.
doi: 10.1073/pnas.0436500100

Yu, K., Herr, A. B., Waksman, G., and Ornitz, D. M. (2000). Loss of fibroblast
growth factor receptor 2 ligand-binding specificity in apert syndrome. Proc.
Natl. Acad. Sci. U.S.A. 97, 14536–14541. doi: 10.1073/pnas.97.26.14536

Zhang, X., Ibrahimi, O. A., Olsen, S. K., Umemori, H., Mohammadi, M., and
Ornitz, D. M. (2006). Receptor specificity of the fibroblast growth factor family.
The complete mammalian FGF family. J. Biol. Chem. 281, 15694–15700.
doi: 10.1074/jbc.M601252200

Zhu, X., Komiya, H., Chirino, A., Faham, S., Fox, G. M., Arakawa, T., et al. (1991).
Three-dimensional structures of acidic and basic fibroblast growth factors.
Science 251, 90–93. doi: 10.1126/science.1702556

Zinkle, A., and Mohammadi, M. (2018). A threshold model for receptor tyrosine
kinase signaling specificity and cell fate determination. F1000Res 7:F1000
Faculty Rev-872. doi: 10.12688/f1000research.14143.1

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zinkle and Mohammadi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 8 February 2019 | Volume 10 | Article 102

https://doi.org/10.1074/jbc.271.25.15292
https://doi.org/10.1128/MCB.12.1.240
https://doi.org/10.1006/dbio.1993.1205
https://doi.org/10.1006/dbio.1993.1205
https://doi.org/10.1002/pro.5560070803
https://doi.org/10.1002/pro.5560070803
https://doi.org/10.1038/35008000
https://doi.org/10.1038/35008000
https://doi.org/10.1074/jbc.M006502200
https://doi.org/10.1016/S0092-8674(00)80851-X
https://doi.org/10.1016/S0092-8674(00)80851-X
https://doi.org/10.1016/S0092-8674(00)80051-3
https://doi.org/10.1126/science.1646484
https://doi.org/10.1074/jbc.270.50.29813
https://doi.org/10.1016/S1097-2765(00)00073-3
https://doi.org/10.1038/5096
https://doi.org/10.1074/jbc.M003293200
https://doi.org/10.1016/S0014-5793(03)00909-8
https://doi.org/10.1016/S0014-5793(03)00909-8
https://doi.org/10.1073/pnas.97.1.49
https://doi.org/10.1242/dev.01690
https://doi.org/10.1086/510920
https://doi.org/10.1111/j.1399-0004.2008.01004.x
https://doi.org/10.1038/nature09041
https://doi.org/10.1203/PDR.0b013e3181b45580
https://doi.org/10.1016/j.cell.2004.06.025
https://doi.org/10.1074/jbc.270.17.10222
https://doi.org/10.1016/j.cyto.2009.11.023
https://doi.org/10.1016/j.cyto.2009.11.023
https://doi.org/10.1038/ng0295-165
https://doi.org/10.1038/ng0295-165
https://doi.org/10.1016/0092-8674(91)90512-W
https://doi.org/10.1016/0092-8674(91)90512-W
https://doi.org/10.1073/pnas.0436500100
https://doi.org/10.1073/pnas.97.26.14536
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.1126/science.1702556
https://doi.org/10.12688/f1000research.14143.1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Structural Biology of the FGF7 Subfamily
	Introduction
	Structural Determinants of Fgf7 Subfamily's Specificity
	Specific Contacts With the Alternatively Spliced Regionsin D3
	Weak Contacts With Receptor D2 Further Constrain Specificity

	Molecular Rationale Behind the Non-Redundant Functions of Fgf7 Subfamily Members
	Conclusion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


