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Fibroblast growth factors (FGF) are a family of ligands that bind 
to four different types of cell surface receptor entitled, FGFR1, 
FGFR2, FGFR3 and FGFR4. These receptors differ in their 
ligand binding af�nity and tissue distribution. The prototypical 
receptor structure is that of an extracellular region comprising 
three immunoglobulin (Ig)-like domains, a hydrophobic trans-
membrane segment and a split intracellular tyrosine kinase 
domain. Alternative gene splicing affecting the extracellular third 
Ig loop also creates different receptor isoforms entitled FGFRIIIb 
and FGFRIIIc. Somatic �broblast growth factor receptor (FGFR) 
mutations are implicated in different types of cancer and germline 
FGFR mutations occur in developmental syndromes particularly 
those in which craniosynostosis is a feature. The mutations found 
in both conditions are often identical. Many somatic FGFR muta-
tions in cancer are gain-of-function mutations of established pre-
clinical oncogenic potential. Gene ampli�cation can also occur 
with 19–22% of squamous cell lung cancers for example having 
ampli�cation of FGFR1. Ontologic comparators can be informa-
tive such as aberrant spermatogenesis being implicated in both 
spermatocytic seminomas and Apert syndrome. The former arises 
from somatic FGFR3 mutations and Apert syndrome arises from 
germline FGFR2 mutations. Finally, therapeutics directed at 
inhibiting the FGF/FGFR interaction are a promising subject for 
clinical trials.

Introduction

FGF ligands and receptors 

Fibroblast growth factors (FGFs) are a family of homologous polypep-
tide ligands that bind to their cognate �broblast growth factor recep-
tors (FGFRs). Their effects are exerted in a context-dependent manner 
with different roles in different tumor types. For example, FGFs have 
tumor suppressive activity in medulloblastomas and prostate cancer 
but are tumor drivers in other malignancies. Signaling mediated by 
FGFs can cause mitogenesis, proliferation, differentiation, cellular 
migration, angiogenesis and repair of tissue injury. 

There are 22 FGF ligand genes in humans comprising six sub-
families based on differing phylogeny and sequence homology. The 
encoded ligands were previously considered to be paracrine fac-
tors; however, the ligands FGF19, FGF21 and FGF23 have more 
recently been recognized as endocrine factors, which are dependent 

on the presence of Klotho proteins in the target tissue.  These FGF’s 
participate in the regulation of bile acid, cholesterol, glucose, vita-
min D and phosphate homeostasis (1–4). There are also four FGF 
homologous factors (previously designated FGF11–FGF14) that have 
high sequence identity with FGF family members. They do not acti-
vate FGFRs and therefore are no-longer considered to be FGF fam-
ily members. Furthermore, FGF15 is the mouse ortholog of human 
FGF19 thereby giving a total of 18 recognized biologically active 
FGF ligands (5).

There are four cell surface FGFR isoforms that are differentially 
activated by FGF ligands in conjunction with the scaffold protein 
heparan sulfate proteoglycan (6). FGF ligand binding to the FGFR 
causes receptor dimerization, transphosphorylation and activation 
of an intracellular tyrosine kinase domain that is separated into two 
contiguous active regions (7,8). Activation also includes FGFR sub-
strate 2 (FRS2) that activates the growth factor receptor bound 2 
(Grb2)/son of sevenless 1 complex and thereby the mitogen-activated 
protein kinase (MAPK) pathway when phosphorylated (Figure  1c) 
(9–12). There is also a non-tyrosine kinase receptor called FGFRL1 
(7). Oncogenic mutations of the FGFRs are detailed in Table I. These 
can sometimes cause receptor activation by creating a cysteine residue 
that forms an intermolecular disul�de bond with consequent ligand-
independent receptor dimerization, for example, R248C. In another 
circumstance, a conformational change of the activation loop of the 
receptors tyrosine kinase domain can arise, for example, K650/652E 
(6,13,14).

The ligand speci�city of FGFR1, FGFR2 and FGFR3 is partially 
determined by alternative splicing within the C-terminal half of the 
third immunoglobulin (Ig) loop of the extracellular FGF binding 
domain. This is illustrated in Figure 1b. This alternative splicing cre-
ates a IIIb isoform (in which exon 8 is used) that is preferentially 
expressed in epithelial cells and a IIIc isoform (in which exon 9 is 
used) that is preferential expression in mesenchymal cells. The IIIb 
isoform preferentially binds secreted FGF ligands from adjacent mes-
enchyme, and the IIIc isoform usually binds ligands secreted from the 
adjacent epithelium. The con�guration of this paracrine arrangement 
has the bene�t of obviating inadvertent autocrine stimulation. This 
safeguard fails in disorders such as Apert’s syndrome in which there 
is incorrect FGF ligand binding with inappropriate FGFR autocrine 
activation. Normally, the �broblast ligands FGF3, 7, 10 and 22 exclu-
sively bind to the IIIb isoform, FGF1 binds to both the IIIb and IIIc 
isoforms, whereas the other 13 FGF ligands with established FGFR 
stimulatory effects have preferential binding to the IIIc isoforms (16). 
Interestingly, murine studies have established an important role for 
the IIIb isoform of FGFR2 in mesenchymal–epithelial signaling dur-
ing organogenesis (17). Finally, in stem cells, FGF signaling cascades 
can interact with the Hedgehog, Wnt, Notch and bone morphogenetic 
protein signaling pathways (18,19). 

FGFR and developmental biology

(i) Craniosynostosis. Craniosynostosis is the premature closure 
of sutures, which are the lines where two bones formed by 
intramembranous ossi�cation meet. The incidence of craniosynostosis 
is 1 in 2000 live births with 80–90% being isolated and 10–20% 
occurring as a phenotypic feature of a syndrome. In isolated cases, 
the sagittal suture is most frequently affected (55%), followed by 
the coronal (20%), lambdoid (5%) and metopic sutures (5%). The 
majority of cases of craniosynostosis occurring as part of a recognized 
syndrome arise from dominant gain-of-function mutations within the 
FGFR1, FGFR2 or FGFR3 genes, leading to constitutive ligand-
independent receptor activation. These include Crouzon, Pfeiffer, 
Apert, Jackson-Weiss, Beare-Stevenson and Muenke syndromes. In 

Abbreviations: EGFR, epidermal growth factor receptor; FGF, �broblast 
growth factor; FGFR, �broblast growth factor receptor; FRS2, FGFR substrate 
2; GRB2, growth factor receptor bound 2; HCC, hepatocellular carcinoma; 
Ig, immunoglobulin; MAPK, mitogen-activated protein kinase; NSCLC, non-
small cell lung carcinoma; TACC, transforming acidic coiled-coil; VEGFR, 
vascular endothelial growth factor receptor. 
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addition to mutations in the FGFR genes leading to syndromic cases 
of craniosynostosis, abnormalities involving the transcription factors 
MSX2 (Boston-type craniosynostosis), TWIST (Saethre-Chotzen 
and Baller-Gerold) and the ligand EPHRIN-B1 can also cause 
craniosynostosis.

Physiologically, FGFs are expressed in the osteoblastic front of the 
membranous bones and at low levels mediate cellular proliferation 
through FGFR2. At high levels, they cause osteoblastic differentia-
tion mediated by FGFR1. The concentration of FGF ligand dimin-
ishes with increasing distance from the suture. Interestingly, a recent 
study found evidence that FGFR1 ampli�cation predicts sensitivity to 
the pan-FGFR kinase inhibitor NVP-BGJ398 in osteosarcoma (20). 
The relationship between osteoblast differentiation and FGF–FGFR-
mediated signaling in osteosarcoma is a subject for further research.

Crouzon syndrome has an autosomal dominant pattern of inherit-
ance. It is the most common syndrome in which craniosynostosis is 
a feature with an incidence of 1 in 25 000 children. It is caused by 
mutations of FGFR2 exon 9(B) or exon 7(U) that affect the Ig-like 
domain III of the encoded FGFR2. Symptoms and signs of Crouzon 
syndrome are restricted to the head and neck. Pfeiffer syndrome is 
usually caused by FGFR2 exon 9(B) mutations that also affect Ig-like 
domain III of FGFR2, but 5% of cases arise from a FGFR1 exon 5, 
P252R mutation. Craniofacial abnormalities in Pfeiffer syndrome 
resemble those of Crouzon syndrome, but in addition, there is broad-
ening of the great toes and thumb with variable cutaneous syndactyly. 
Coronal craniosynostosis and midface hypoplasia are also charac-
teristic. Experimental introduction of the gain-of-function mutation 
Fgfr2cc342Y/+ to create Fgfr2c Cys342Tyr heterozygous mice demon-
strated that the arising mutant phenotype including craniosynostosis 
is related to FGFR2c regulation of the osteoblast lineage (21). FGFR2 
missense gene mutations that cause Crouzon syndrome in humans 

include the FGFR2, Cys342Tyr amino acid substitution. An effect on 
the proliferation of chondrocytes but not gene expression suggested 
that FGFR2c co-operates with FGFR3 to create the cartilaginous 
model for endochondral ossi�cation.

Apert syndrome usually arises from FGFR2 exon 7(u), Ser252Trp 
or Pro253Arg mutations of the highly conserved region linking 
FGFR2 Ig-like domains II and III. The disorder is less common but 
phenotypically more severe than other syndromes in which cranio-
synostosis is a feature. Experimentally, it has been found that by a 
dominant negative effect, soluble FGFR2 inhibits the enhanced 
osteoblastic differentiation seen in this condition (22). In general, the 
majority of FGFR mutations are ligand independent; however, some 
mutations such as Ser252Trp and Pro253Arg in the translated FGFR2 
ectodomain cause phenotypic alterations by altered ligand binding 
af�nity. Apert syndrome arises because of enhanced ligand bind-
ing af�nity and concurrent promotion of inappropriate ligand bind-
ing (23,24). The Ser252Trp substitution allows FGFR2c to bind to 
and be activated by the mesenchymally expressed ligands, FGF7 or 
FGF10. Epithelially expressed FGFR2b is activated by FGF2, FGF6 
and FGF9 ligands, again violating the cardinal governing rules of 
FGFR2 ligand speci�city (25). Another disorder, Muenke syndrome 
has comparatively mild phenotypic manifestations and accounts for 
8% of cases of craniosynostosis. Affected patients may have deafness 
or brachydactylic. These patients usually have a FGFR3, Pro250Arg 
mutation that affects the region between Ig-like domains II and III 
of FGFR3. The described gain-of-function mutations all increase the 
af�nity of FGF ligand binding to their respective FGFRs.

Investigators at Children’s Hospital of Philadelphia noted that 
there is an identical amino acid substitution in FGFR1, FGFR2 and 
FGFR3 in different craniosynostosis syndromes. They performed 
a PCR restriction enzyme assay on 113 patients with differing 

Fig. 1. FGFRs. (a) FGF–FGFR structure. The FGF–FGFR complex consists of two receptor molecules, two FGFs and a heparan sulfate proteoglycan (HSPG). 
The HSPG stabilizes and sequesters FGFs. The FGFR comprises three extracellular Igs, a transmembrane helix and an intracellular split tyrosine kinase 
domain. IgI and IgII are separated by an acidic box. (b) Splicing: ligand speci�city of FGFR is controlled by alternative splicing of the third Ig loop (IgIII) 
in the ligand binding domain (C-terminal half), resulting in a IIIb isoform and a IIIc isoform. Exon 8 produces the IIIb isoform and exon 9 produces the IIIc 
isoform. Note: FGF 3, FGF 7, FGF 10 and FGF 22 exclusively bind IIIb, whereas FGF 1 binds both and the remaining 13 bind IIIc. (c) Signaling: after ligand 
binding and FGFR dimerization, the kinase domains transphosphorylate each other, leading to the docking of adapter proteins and the activation of downstream 
pathways. Ligand-stimulated FGFRs phosphorylate the FGFR-associated cytosolic docking protein FRS2. Once phosphorylated, FRS2 recruits son of sevenless 
adapter protein (SOS) and GRB2 to activate RAS and the downstream RAF-MAPK pathway. A different complex involves GRB2-associated binding protein 
1 (GAB1), and it recruits phosphoinositide 3-kinase (PI3K) and this activates AKT-dependent antiapoptotic pathway. Phospholipase Cγ (PLCγ) hydrolyzes 
phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) and diacylglycerol (DAG). PIP3 releases calcium, whereas DAG 
activates protein kinase C, which helps reinforce the activation of the MAPK pathway by phosphorylating RAF in a RAS-independent manner.   
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craniosynostosis syndromes to identify the analogous Pro246Arg 
mutation in FGFR4 (26). The anticipated amino acid substitution or 
other mutations within the conserved linker region were not identi�ed 
with the inference that FGFR4 mutations are not likely to be an 
important factor in craniosynostosis syndromes. Of potential clinical 
use Table II documents individual FGFR genetic alterations in genetic 
syndromes and speci�c malignancies.

(ii) A  sel�sh path. Activating point mutations of FGFR3 usually 
causes autosomal dominant skeletal dysplasias with defective growth 
of long tubular bones. Achondroplasia is the most common cause of 
dwar�sm and nearly always arises from a Gly380Arg transmembrane 
FGFR3 mutation. Functionally, this mutation promotes an interaction 
between transmembrane helices (27). FGFR3 mutations are usually 
inherited as spontaneous new mutations through the paternal lineage 
and the incidence of achondroplasia increases with increasing paternal 
age. In an apparent epidemiologic–pathogenic discordance in achon-
droplasia, sperm derived from cohorts of normal men of differing ages 
only exhibit a slight increase in mutant sperm with increased paternal 
age (28). A vicarious clarifying insight was provided by investigators 
from the University of Oxford. In a separate investigation on Apert 
syndrome, they looked for mutation of cytosine 755 within FGFR2, 
which has the highest inferred mutation within this gene, from sperm 
of men with different ages. Sixty-six percent of cases of Apert syn-
drome arise from FGFR2 755 C-to-G transversions. Paradoxically, 
though these mutations are detrimental to embryonic development, 
they are enriched because they lead to a selective advantage to the 
spermatogonia in which they arise. The observed birth prevalence of 
Apert’s syndrome was 200- to 800-fold greater than that which would 
be expected from the background 755 C-to-G transversions rate. This 
disparity was because mutant spermatogonia were positively selected 

for before the commencement of meiosis (the two cellular divisions 
that create sperm) (29). This evidence of a selective advantage of path-
ogenic FGFR2 mutations in the male germ line was commented on by 
experts as evidence of a new category of gene mutation. Descriptively, 
this category consists of ‘hot-spot’ gene mutations clustered at just 
one or two nucleotide sites leading to developmental disorders, which 
occur almost exclusively in males and rise markedly with age (30). 
It is now established that exemplary examples of this hot-spot class 
are FGFR3 and achondroplasia, and FGFR2 and Apert’s syndrome. 
RET gene mutations that are found in multiple endocrine neoplasia 
are also included within this descriptive category. Interestingly, RET 
is functionally important in spermatogonia and all three genes encode 
receptor tyrosine kinases.

Importantly, FGFR3 mutations are also linked with spermatocytic 
seminomas, which occur more frequently in older men (31). In a screen 
of 30 spermatocytic seminomas tested for oncogenic mutations in 17 
genes, 2 mutations in FGFR3 (both 1948A>G encoding K650E that 
incidentally causes thanatophoric dysplasia in the germline) and 5 muta-
tions in HRAS were identi�ed (32–34). The investigators inferred that 
a common ‘sel�sh’ pathway is activated by paternal age effect muta-
tions that contribute to proliferation within the testis with consequential 
diverse next generation phenotypes of malignancies, fetal lethality and 
congenital syndromes (29). This was supported by an immunohisto-
chemical study that found localized cellular aggregates with enhanced 
FGFR3 immunohistochemical detection and pAKT a marker of down-
stream signal activation. It appears that populations of spermatogonia in 
individual seminiferous tubules are clonally mosaics in older men (35). 
As afore-detailed FGFR2 mutations in Apert syndrome increase the 
clonal expansion of male germ cells. Therefore, selective advantages 
are conferred on spermatogonia that possess the FGFR mutations found 
in spermatocytic seminoma and Apert syndrome.

The FGFR3 gene and cancer

The FGFR3 gene is located on chromosome 4p16.3. FGFR3 
mutations occur in urothelial bladder tumors. These tumors are 
classi�ed as either super�cial (stage pTa or pT1) or muscle invasive 
(stage pT2 or greater) and are graded from grade 1 to grade 3 (G1–
G3). A prospective Spanish study of FGFR3 mutation status in 772 
super�cial urothelial tumors evaluated the prevalence and prognostic 
signi�cance of FGFR3 gene mutations. These mutations were more 
frequent in TaG1 (61%) and TaG2 (58%) tumors compared with TaG3 
(34%) or T1G3 (17%) tumors (36). Overall, FGFR3 gene mutations 
were associated with lower tumor grade and stage with the prevalence 
of FGFR3 mutations decreasing as the depth of invasion and grade 
increased. The study supported the preceding concept that FGFR3 
mutant tumors are associated with a good prognosis. Ninety-one 
percent of FGFR3 sequence changes were accounted for by S249C, 
Y375C, S248C or G372C. F386L polymorphisms occurred more 
often in low-grade tumors (odds ratio, 6.97) and the A393E amino 
acid substitution was signi�cantly more common in tumors of low 
malignant potential. Multivariate analysis of all the super�cial tumors 
did establish that FGFR3 mutations are associated with an increased 
risk of recurrence. Strati�ed subset analysis, however, found that this 
was restricted to the TaG1 FGFR3 mutant cohort (hazard ratio 2.12, 
95% con�dence interval 1.28–3.53; P = 0.004).

In another European study of ~4700 cases of urothelial bladder 
cancer and 45 000 controls, the T allele of rs798766 on chromosome 
4p16.3 was linked with urothelial bladder cancer (odds ratio 1.24) 
(37). The locus of this allele which is within one intron of the trans-
forming acidic coiled-coil (TACC3) gene, 70 kb from FGFR3, was 
associated with a greater risk of recurrence in low-grade Ta bladder 
tumors. Furthermore, rs798766 is more common in Ta tumors with 
FGFR3 activating gene mutations than wild-type FGFR3. In a �nal 
re�ection of practical signi�cance, FGFR3 mutation status was found 
to be superior to grade in predicting clinical outcome in a series of 
286 well-differentiated urothelial cell carcinomas in which FGFR3 
mutations were detected in 60% of cases (36,38).

Glioblastomas multiforme is the most common malignant brain 
tumor in adults and fusion genes involving FGFR members are present 

Table I. Established oncogenic mutations of the FGFR. Schematic diagram 
of FGFR regions 

FGF receptor Mutation Mutation

FGFR1 P252S N546K
P252T K656E

FGFR2 D101Y N550K
S252W K660E
P253R K660M
S267P K660N
W290C L764fs*4
A(-2)G
A314D
A315T
S373C
Y376C
C383R

FGFR3 R248C N540S
S249C K650E
G370C K650M
S371C K650N
Y373C K650Q
G380R K650T
A391E 795fs*139

FGFR4 Y367C N535D
N535K
V550E
V550L

Adapted from Greulich et al. (15) and COSMIC database (Catalogue of 
Somatic Mutations in Cancer, Sanger, UK). Documents in descending 
order oncogenic mutations from the extracellular encoding region to the 
intracellular encoded domain for each individual FGFR (15). Described 
mutations are not solely restricted to the Ig or protein kinase domains, but 
colors green/blue are used to assist.
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in a small subgroup. These fusion genes were identi�ed by investiga-
tors using short-term cultures of stem-like cells derived from nine 
glioblastomas multiformes. Subsequent massively parallel, paired-
end sequencing of expressed transcripts established a FGFR-TACC 
fusion gene frequency of 3%. The fusion gene is an in-frame fusion 
of the tyrosine kinase coding domain of FGFR1 or FGFR3 with the 
TACC encoding regions of the TACC1 or TACC3 genes, respectively 
(39). Functionally, the FGFR-TACC fusion protein product disrupts 
the mitotic spindle leading to cellular aneuploidy. Experimentally, 
viral transfection of Ink4A; Arf−/−astrocytes with either FGFR3-
TACC3 or FGFR1-TACC1 followed by subcutaneous injection into 
immunode�cient mice leads to glial �brillary acidic-protein posi-
tive, gliomas. Cells containing the FGFR-TACC fusion proteins were 
also stereotactically transduced into normal mice. It was found that 
the FGFR3-TACC3 fusion possesses constitutive phosphorylation 
of the tyrosine kinase domain and the adaptor protein FRS2. This 
was ablated by treatment with PD173074, which speci�cally inhibits 
FGFR-associated tyrosine kinase activity. A  K508M mutation had 
a similar effect. When mice with xenografted intracellular FGFR3-
TACC3 initiated glioma were treated with PD173074, tumor growth 
was inhibited. Furthermore, treatment with another FGFR inhibitor, 
AZD4547 doubled the survival time compared with control. This was 
inferred to be evidence of the fusion gene’s oncogenic effect and the 
potential therapeutic ef�cacy that may arise from targeting this gene 
fusion.

FGFR3 mutations are also important in the pathogenesis of sebor-
rheic keratosis. Transgenic mice with an activating S249C Fgfr3 muta-
tion targeted to the epidermal basal cell layer have ligand-independent 
activation of Fgfr3. This is the most frequent FGFR3 mutation in carci-
nomas and the identical mutation also causes thanatophoric dysplasia, 
the most common lethal skeletal dysplasia (40–42). These transgenic 
mice develop benign epidermal tumors with phenotypic similarity to 
seborrheic keratosis and acanthosis nigricans.  In one publication, 62 
cases of seborrheic keratosis were screened for FGFR3 mutations and 
39% were found to have somatic activating FGFR3 mutations. There 

are three main histologic variants of seborrheic keratosis: hyperkera-
tosis, acanthotic and seborrheic (43). In a further study evaluating 65 
acanthotic seborrheic keratoses, 57% had somatic activating FGFR3 
mutations (44). These mutations were present in both �at (initial) and 
thick keratosis and were associated with increased patient age, locali-
zation to the head and neck (P < 0.01) as well as increased expression 
of bcl-2. FGFR3 mutations have also been found in cervical cancer. 
Lastly, gain-of-function mutations and overexpression of FGFR3 are 
the most common mutations seen in multiple myeloma (45). Also of 
interest to hematologists, FGFR1 translocations have been identi�ed 
in patients with chromosome 8p11 myeloproliferative syndrome (46).

FGFR2 abnormalities in cancer

The FGFR2 gene is located on chromosome 10q26. FGFR2 tyrosine 
kinase domain mutations have been identi�ed in squamous cell lung 
cancer, endometrial and cervical cancer. These mutations are often iden-
tical to those found in selected craniofacial syndromes. FGFR2 mis-
sense mutations can also occur in ovarian and gastric cancer (47–49). In 
progression of the genitourinary malignancies prostate and bladder can-
cer, spliceosome dysregulation that switches expression of FGFR2b to 
the FGFR2c isoform has also been found (50,51). Pathophysiologically, 
mutations around the third Ig-like domain of FGFR2 lead to autocrine 
FGF signaling, in contrast, mutations of the FGFR2 kinase domain 
causes signal activation by releasing FGFR2 from autoinhibition (19).

In breast cancer, germline polymorphisms of the second intron 
of FGFR2 occur and single nucleotide polymorphisms involving 
FGFR2c are associated with BRCA2 mutated disease (52,53). A pro-
posed estrogen binding site is formed by the rs10736303 breast can-
cer susceptibility single nucleotide polymorphism, and in estrogen 
receptor-positive breast cancer, there is preferential upregulation of 
FGFR2 (52,54). A C-terminal truncated FGFR2 protein also causes 
constitutive ligand-independent activation of FGFR2 signaling in 
breast malignancy (53,55). FGFR aberrations in breast cancer are not 
just restricted to FGFR2. FGFR1 ampli�cation also occurs in 10% of 
cases, particularly luminal subtype B tumors and are correlated with 

Table II. Germline and somatic genetic alterations of FGFR gene receptors 

Gene Genetic alteration Syndrome Genetic alteration Malignancy

FGFR1 P252R mutation Pfeiffer syndrome (46) Amplicon on 8p11.2 Breast cancer (47)
G48S and L245P mutations Idiopathic hypo-gonadotropic 

hypo-gonadism (48)
8p11 translocation Myeloproliferative syndrome (49)

Heterozygous loss of 
function mutations

Kallmann syndrome type 2 
(10%) (50)

Ampli�cation Lung cancer (51)

Y372C mutation Osteoglophonic dysplasia (52) FGFR-TACC fusion genes Glioblastoma (38)
FGFR2 C342R mutation Jackson-Weiss syndrome (53) rs2981582C/T, rs1219648A/G, 

rs2420946C/T, polymorphisms
Breast cancer (54)

W290G and C342W 
mutations

Crouzon syndrome (53) A314D, A315T, S373C, Y376C, 
C383R, N550K mutations

Endometrial cancer (55)

S252W and P253R mutations Apert syndrome(56) K660M mutations Cervical cancer (57)
W290C, Y340C mutations Pfeiffer syndrome (58) W290C mutation Lung cancer (59)
Y375C Beare-Stevenson cutis gyrata 

syndrome (60)
S267P mutation Gastric cancer (61)

K526E mutation Familial scaphocephaly 
syndrome (62)

Gene ampli�cation Gastric cancer(63)

I156R LADD mutation Lacrimo-auriculo-dento- 
digital syndrome (64)

Allelic loss at 10q26 Osteosarcoma (65)

FGFR3 G1138A Achondroplasia (66) R248C, S249C, G370C, S371C, 
Y373C

Bladder cancer (67)

Ala391Glu substitution Crouzon syndrome with acan-
thosis nigricans (68)

S249C Cervical cancer (69)

C742T mutation Thanatophoric dysplasia type 
I and type II (33)

795FS*139 Multiple myeloma (70)

Asn540Lys substitution Hypochondroplasia (71) S249C Low-grade prostate cancer (72)
FGFR4 — — Y367C Breast cancer (73)

N535K, V550E Rhabdomyosarcoma (74)
G388R polymorphism High risk of breast, lung and 

prostate cancer (75,76)

This list does not include all known FGFR mutations implicated in cancer because of space constraints.  
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resistance to endocrine therapy and an unfavorable prognosis. A fur-
ther 15–30% of breast cancers have ampli�cation of FGFR3, which is 
correlated with an aggressive clinical phenotype.

Oncogenic activating mutations of the FGFR2 tyrosine kinase 
domain occur in 12% of cases of endometrial cancer (56). Cell line 
studies of malignant endometrial cells with activating FGFR2 mutations 
have shown that inhibition of FGFR2 kinase activity using PD173074 
inhibited transformation as well as decreased anchorage-independent 
cell growth and survival. This infers an oncogenic importance and 
a potential therapeutic bene�t in targeting this mutant receptor. An 
investigation not restricted to FGFR evaluation was performed in 
233 gastric cancers (193 primary tumors and 40 cell lines) and 98 
primary non-malignant-matched gastric samples (57). The intent was 
to determine the most prevalent molecular targets and to �nd systemic 
patterns of exclusivity and co-occurrence within the molecular targets 
identi�ed. Five gastric cancer subgroups were identi�ed, which were 
de�ned by signature genomic alterations: FGFR2 (9%), KRAS (9%), 
epidermal growth factor receptor (EGFR; 8%), ERBB2 (8%) and 
MET (4%). Evidently, these subgroups are related to receptor tyrosine 
kinase/RAS signaling and were ampli�ed in a mutually exclusive 
fashion. Receptor tyrosine kinase/RAS ampli�cation occurred in 
~37% of the gastric cancer cases. Of potential therapeutic importance, 
the FGFR2-ampli�ed tumors were sensitive to the FGFR/vascular 
endothelial growth factor receptor (VEGFR) inhibitor Dovitinib. In 
diffuse-type gastric cancer, FGFR2 overexpression is correlated with 
an unfavorable prognosis (58). In these cases, FGFR2 ampli�cation 
can be identi�ed by FISH (59). A FISH image of an FGFR2-ampli�ed 
gastric cancer is shown in Figure  2. In this case, many of the cells 
are triploid/tetraploid/polysomic, but it is a case of true FGFR2 
ampli�cation. In another study, direct sequencing of exons IIIa and IIIc 
on 30 matched primary gastric tumors and normal tissue identi�ed two 
heterozygous FGFR2 mutations: (i) a missense mutation (Ser267Pro) 
in exon IIIa and (ii) a splice site mutation (940-2A G) in exon IIIc 
(49). These mutations are identical to the activating mutations found in 
Crouzon, Apert and Pfeiffer syndrome (60).

FGFR and lung cancer

Frequent and focal FGFR1 ampli�cation occurs in ~9–22% of cases of 
squamous cell lung cancer (61). In a high-resolution genomic analysis 
of 232 primary lung cancers, 155 of which were squamous cell lung 
cancer, this abnormality was not identi�ed in subtypes other than squa-
mous cell carcinoma. Twenty-�ve signi�cant ampli�cation peaks were 
identi�ed, which included SOX2 on chromosome 3q26.33, and a peak 
on chromosome 8p12, which included FGFR1 and FLJ43582. Of the 

cases with FGFR1 ampli�cation (n = 15), 73% were from smokers 
with none of the remaining cases arising from patients who had never 
smoked. In an independent validation series of squamous cell lung 
cancers (n = 153), a 22% frequency of FGFR1 ampli�cation (four or 
more copies) was established by FISH. A separate evaluation of a pub-
lically available single nucleotide polymorphism array data set of 581 
lung cancers found FGFR1 ampli�cation in ~1% of non-squamous 
cell lung cancers. Cell-based screening using the non-isoform-speci�c 
FGFR inhibitor PD173074 found that it inhibited growth and induces 
apoptosis in cell lines with the FGFR1 ampli�cation. FGFR1 was vali-
dated as the critical target of PD173074-mediated antitumor ef�cacy 
in FGFR1-ampli�ed cell lines using knockdown and ectopic expres-
sion of the FGFR1-resistant allele FGFR1V561M. Mice engrafted with 
FGFR1-ampli�ed cells treated with PD173074 had tumor regression. 
MAPK signaling is the key pathway engaged by FGFR1 ampli�cation.

FGFR1 ampli�cation is not the only important recent molecular 
discovery in squamous cell lung cancer. In a separate investigation, 
investigators sequenced the tyrosine kinome in squamous cell lung 
cancers and cell lines (62). They found gain-of-function mutations in 
the discoidin domain receptor (DDR2) tyrosine kinase gene, a putative 
oncogenic event, in 3.8% of cases. These mutations were associated 
with sensitivity to Dasatinib preclinically and in a single demonstrative 
clinical case. An independent series of 524 patients were enrolled in a 
study searching for driver gene mutations in non-small cell lung carci-
noma (NSCLC). A DDR2 mutation frequency of 4.4% was found, with 
a FGFR2 mutation frequency of 2.2%. The FGFR2 mutations only 
occurred in cases of squamous cell lung cancer arising in smokers (63).

Finally, ~10% of cases of NSCLC (squamous cell carcinoma, large 
cell carcinoma and adenocarcinoma) have mutations in exons 18, 19 or 
21 of the tyrosine kinase domain of the EGFR. Somatic mutations of 
the EGFR gene are small mutations, which affect amino acid residues 
from 747 to 750 or point mutations, most frequently replacement 
of leucine by arginine at codon 858 (64,65). These alterations 
confer sensitivity to treatment with the adenosine triphosphate-
competitive anilinoquinazoline inhibitors, ge�tinib and erlotinib (66). 
Unfortunately, secondary acquired resistance with progressive disease 
arises in all treated cases, and molecularly, this acquired resistance 
can occur in different ways. The �rst such resistance mechanism 
described was the gatekeeper EGFR mutation T790M (67). Acquired 
resistance to ge�tinib can also arise from ampli�cation of chromosome 
region 7q31.1–q33.3, which contains the c-Met gene, as well as by 
phosphorylation of the insulin-like growth factor type 1 receptor 
and constitutive activation of phosphatidyl inositol 3-kinase (68,69). 
More recently, it has been discovered that de-reprepression of FGFR2 
and FGFR3 can cause secondary acquired resistance (70).  Gene 
expression analysis of NSCLC cell lines with EGFR signaling that 
had been treated with ge�tinib demonstrate increased expression of 
FGFR2 and FGFR3 (70). In a luciferase reporter construct, inhibitors 
of MEK (MAP/ERK kinase) and c-Src stimulated fgfr2-luc activity 
at similar levels to ge�tinib. It was inferred that FGFR2 and FGFR3 
signaling is a mechanism of acquired resistance to tyrosine kinase 
inhibition and combination treatment with both EGFR and FGFR 
tyrosine kinase inhibitors is a possible therapeutic potential.

FGFR4 and cancer

The FGFR4 gene is located at chromosome 5q35–qter. An increased 
incidence of prostate cancer in Caucasian males is associated with 
homozygosity of the FGFR4 Arg388 allele, and this mutation is asso-
ciated with clinically aggressive disease (71). This mutant allele is 
also signi�cantly associated with advanced tumor stage and reduced 
overall survival in squamous cell carcinoma of the oral cavity and 
oropharynx (72).

Prognostic importance of FGF’s in pancreatic cancer

Correlation of gene expression with prognosis is of oncologic interest 
because if a gene’s expression is associated with an adverse prognosis, 
this may vicariously infer it having a possible driver oncogenic role. 
FGFs have been found to be of prognostic importance in pancreatic 
cancer. An immunohistochemical analysis of 78 pancreatic carcinomas 

Fig. 2. FGFR2-ampli�ed gastric cancer FISH analysis. Green signals 
within the circle are CEP10 (centromere probe); red signals within the circle 
represent FGFR2 genes. In addition to FGFR2 gene ampli�cation, there is 
evidence of triploidy/quadriploidy in some cells.

2202

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
4
/1

0
/2

1
9
8
/2

4
6
4
0
2
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Fibroblast growth factors development and cancer

found a signi�cant proportion of pancreatic cancer cells overexpress 
acid FGF (60%) and basic FGF (56%) (73). High expression was also 
found in adjoining atrophic exocrine pancreatic cells. The presence of 
either type of FGF was signi�cantly correlated with advanced tumor 
stage. Basic FGF overexpression was also associated with a shorter sur-
vival. The mean postoperative survival time was 15.9 ± 1.2 months for 
cases of pancreatic cancer with absent basic FGF, compared with 9.1 
± 0.8 months for pancreatic cancers that were positive for basic FGF.

Anti-FGFR drugs

Targeting the FGF ligand–FGFR interaction is promising for support-
ive care and the treatment of cancer and has been the subject of other 
reviews (74–76). In supportive care, Palifermin is an N-truncated form 
of FGF7 (keratinocyte growth factor). A double-blind trial has been 
performed on patients receiving treatment for hematologic cancers, 
of Palifermin compared with placebo. Palifermin was administered 
for three consecutive days prior to high-dose chemotherapy, as well 
as 3 days subsequent to hematopoietic stem cell transplantation. The 
median duration and incidence of grade 4 mucositis were reduced from 
9 to 6 days and from 62 to 20%, respectively, in the treatment arm (77).

FGFR-directed therapeutics are subcategorized as either selective 
FGFR inhibitors or multitargeted tyrosine kinase inhibitors. Selective 
inhibitors include NVP-BGJ398, AZD4547 and LY287445. Non-
selective inhibitors include those that target FGFR and VEGFRs 
(e.g. LY2874455 or Brivanib), triple angiokinase inhibitor (e.g. BIBF 
1120) or inhibitors with a wide target spectrum (e.g. Rogera�nib or 
Pazopanib). Most compounds of therapeutic interest have an IC50 < 

200 nmol against one of the FGFR subtypes. The literature is dom-
inated by preclinical and phase I  trials. A  phase II trial of TKI258 
(Dovitinib), a tyrosine kinase inhibitor of FGFR1, FGFR2, FGFR3, 
VEGFR and PDGFR (platlet-derived growth factor receptor), was 
however conducted in breast cancer. A preceding study of 880 breast 
tumors detected ampli�cation of FGFR1 in 8.7% of cases. FGFR1 
ampli�cation was more common in Her-2 negative disease and was 
the strongest independent predictor of a poor prognosis (78). The 
phase II clinical trial was performed on heavily pretreated patients 
with HER2-negative, visceral metastatic disease (79). Patients were 
strati�ed into four groups based on FGFR1 ampli�cation and hormone 
receptor status. Dovitinib was ef�cacious in the FGFR1-ampli�ed 
hormone receptor positive subset (25% had a non-con�rmed partial 
response rate and/or stable disease rate of ≥4 weeks).

Toxicity data of the consequences of FGFR inhibition are often 
confounded in studies of non-selective tyrosine kinase inhibitors, but 
the FGFR speci�city of BGJ398, AZD4547 and LY287445 have been 
suggested as probably more informative (74). Hyperphosphatemia 
and calci�cation of tissue arising from blockade of FGFR23 signaling 
are clinically important unanticipated toxicities. Hyperphosphatemia 
may be managed with phosphate binders and diuretics.

Speci�c therapeutics

NVP-BGJ398 is a pan-FGFR kinase inhibitor (20). A  preclinical 
study of 500 osteosarcoma cell lines found that ampli�cation of 
FGFR1 may be a predictive biomarker of sensitivity to treatment 
with NVP-BGJ398. Furthermore, data derived from the Cancer 
Cell Line Encyclopedia (a collection of 1000 cell lines derived from 
multiple differing malignancies) demonstrated that cancer cell lines 
with FGF19 copy number gain at the 11q13 amplicon are sensitive 
to NVP-BGJ398. This sensitivity was restricted to a cohort that had 
concomitant expression of the glycosidase I, β-Klotho in the target 
tissue. A proportion of hepatocellular carcinomas (HCCs) with this 
molecular description are sensitive to NVP-BGJ398. In three liver 
cancer cell lines sensitive to NVP-BGJ398, constitutive FRS2 Tyr-
phosphorylation was ablated. These cell lines also expressed FGFR4 
with short hairpin RNA studies providing evidence that although 
the majority of chromosome 11q13 ampli�ed tumor types may not 
respond to FGF19/FGFR4 inhibition, a subgroup of FGF19-ampli�ed 
liver cancers with concomitant β-Klotho may bene�t. Additionally, an 
anti-FGF19 monoclonal antibody has been found to prevent hepato-
cellular tumors in transgenic mice (80,81).

AZD4547 inhibits the tyrosine kinases FGFR1, FGFR2 and 
FGFR3. AZD4547 caused tumor regression in a xenografted mouse 
model of a human cancer. Antitumor activity was associated pharma-
codynamics modulation of phospho-FGFR3. A phase II of AZD4547 
versus paclitaxel in advanced gastric carcinoma or gastro-esophageal 
junction cancers with FGFR2 ampli�cation or polysomy is accruing 
(clinical trials.gov: NCT01457846).

LY2874455 is a FGFR dominant inhibitor with lower VEGFR2 activ-
ity. Antitumor effects have been observed in several cancer cell lines 
treated with LY2874455, including those derived from gastric cancer, 
NSCLC, multiple myeloma and bladder cancer. It also had antitumor 
activity in different tumor xenograft models of these cancer types (82).

Non-speci�c therapeutics

Brivanib is an inhibitor of FGF tyrosine kinase signaling and a potent 
inhibitor of VEGFR2 (83). In a mouse model, it was shown to inhibit 
growth of human HCC (84). A phase II study of Brivanib as �rst-line 
treatment involving 55 patients with advanced HCC demonstrated 
a response rate of 7.3% and a disease control rate of 51%. Median 
progression-free survival was 2.7  months and overall survival was 
10 months (85). Most frequent adverse effects included hypertension, 
fatigue and diarrhea. A subsequent phase II trial involving Brivanib 
in the second line was conducted on 46 patients with advanced HCC 
who had failed prior antiangiogenic therapy (86). The oral antiangio-
genic multikinase inhibitor exclusive of FGFR, Sorafenib is already 
Food and Drug Administration approved for the systemic treatment of 
advanced HCC based on the results of a phase III trial (87,88). In that 
trial, the partial response rate was 4.6%, with a disease control rate of 
45.7%. Median overall survival was 9.79 months with a median time 
to disease progression of 2.7 months.

BIBF 1120 is a triple angiokinase inhibitor that targets VEGF, 
PDGFR and FGFR (R18). A phase I dose-escalation study of BIBF 
1120 with pemetrexed was conducted on patients with NSCLC 
previously treated with one �rst-line platinum-based chemotherapy 
regimen (89). The stable disease rate was 50% with a mean 
progression-free survival of 5.4  months. In a comparative study of 
interest, a phase III trial of pemetrexed versus docetaxel in patients 
with NSCLC who had previously been treated with chemotherapy 
demonstrated a mean progression-free survival of 2.9 months in each 
arm (90). 

Finally, therapeutics that target FGF ligand–FGFR-mediated sign-
aling can possess a target pro�le that far exceeds the FGF–FGFR axis 
alone. This makes it dif�cult to establish the true bene�t accruing 
from selective FGFR inhibition. An especially permissive example 
is Regorafenib, which is an oral multikinase inhibitor of angiogen-
esis (VEGFR1, VEGFR2, VEGFR3 and TIE2), of oncogenic kinases 
(KIT, RAF and RET) as well as stromal PDGFR-β and FGFR1 (91). 
Evidently, much of its therapeutic ef�cacy is probably attributable to 
its wide spectrum of therapeutic targets in addition to FGFR1. Its ef�-
cacy in selected malignancies is established.

Conclusion

Therapeutic targeting of the FGF–FGFR interaction offers a new 
molecular avenue to treat cancer. The treatment possibilities are dom-
inated by malignancies with FGFR abnormalities such as mutations 
or ampli�cation. This review covers the implications of FGFR abnor-
malities in both development and cancer. Lacunae of information 
remain to be �lled by further research in this branch of ontology, but 
the potential of what remains to be found is tremendously exciting.

Acknowledgements

The content of the manuscript was also partly informed by the follow-
ing sources: Schoenwolf,G. et  al. (2013) Larsen’s Human Embryology, 4th 
edn, by Gary C.Schoenwolf (ed.), Churchill Livingstone, Philadelphia, PA, 
ISBN 978-0443-06811-9; Schaaf,C.P.  et  al. (2012) Human Genetics: From 
Molecules to Medicine. Christian Scahaaf, Johannes Zschocke, Lorraine 
Potocki (eds.), Lippincott Williams and Wilkins, Baltimore, MD; de Braud,F. 

2203

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
4
/1

0
/2

1
9
8
/2

4
6
4
0
2
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://clinical trials.gov


F.C.Kelleher et al.

(2011) New Drugs to Manage a Morpheic Tumor Target. Division of Clinical 
Pharmacology and New Drug Development Division European Institute of 
Oncology, Milan, Italy. F.C.K. wishes to acknowledge Prof. J.Crown and The 
Cancer Clinical Research Trust, St Vincent’s University Hospital, Dublin, 
Ireland, for mentorship and philanthropic support. 

Con�ict of Interest Statement: None declared. 

References

 1. Fu,L. et  al. (2004) Fibroblast growth factor 19 increases metabolic rate 
and reverses dietary and leptin-de�cient diabetes. Endocrinology, 145, 
2594–2603.

 2. Kharitonenkov,A. et al. (2005) FGF-21 as a novel metabolic regulator. J. 
Clin. Invest., 115, 1627–1635.

 3. Razzaque,M.S. et  al. (2007) The emerging role of the �broblast growth 
factor-23-klotho axis in renal regulation of phosphate homeostasis. J. 
Endocrinol., 194, 1–10.

 4. Tomlinson,E. et al. (2002) Transgenic mice expressing human �broblast 
growth factor-19 display increased metabolic rate and decreased adiposity. 
Endocrinology, 143, 1741–1747.

 5. Beenken,A. et al. (2009) The FGF family: biology, pathophysiology and 
therapy. Nat. Rev. Drug Discov., 8, 235–253.

 6. Ornitz,D.M. et  al. (2001) Fibroblast growth factors. Genome Biol., 2, 
3005.

 7. Turner,N. et al. (2010) Fibroblast growth factor signalling: from develop-
ment to cancer. Nat. Rev. Cancer, 10, 116–129.

 8. Jaye,M. et al. (1992) Fibroblast growth factor receptor tyrosine kinases: 
molecular analysis and signal transduction. Biochim. Biophys. Acta, 1135, 
185–199.

 9. Ong,S.H. et al. (2000) FRS2 proteins recruit intracellular signaling path-
ways by binding to diverse targets on �broblast growth factor and nerve 
growth factor receptors. Mol. Cell. Biol., 20, 979–989.

 10. Kouhara,H. et al. (1997) A lipid-anchored Grb2-binding protein that links 
FGF-receptor activation to the Ras/MAPK signaling pathway. Cell, 89, 
693–702.

 11. Eswarakumar,V.P. et al. (2005) Cellular signaling by �broblast growth fac-
tor receptors. Cytokine Growth Factor Rev., 16, 139–149.

 12. Boilly,B. et  al. (2000) FGF signals for cell proliferation and migration 
through different pathways. Cytokine Growth Factor Rev., 11, 295–302.

 13. Robertson,S.C. et al. (2000) RTK mutations and human syndromes when 
good receptors turn bad. Trends Genet., 16, 265–271.

 14. Ornitz,D.M. et  al. (2002) FGF signaling pathways in endochondral and 
intramembranous bone development and human genetic disease. Genes 
Dev., 16, 1446–1465.

 15. Greulich,H. et al. (2011) Targeting mutant �broblast growth factor recep-
tors in cancer. Trends Mol. Med., 17, 283–292.

 16. Zhang,X. et al. (2006) Receptor speci�city of the �broblast growth fac-
tor family. The complete mammalian FGF family. J. Biol. Chem., 281, 
15694–15700.

 17. De Moerlooze,L. et al. (2000) An important role for the IIIb isoform of 
�broblast growth factor receptor 2 (FGFR2) in mesenchymal-epithelial 
signalling during mouse organogenesis. Development, 127, 483–492.

 18. Katoh,M. et  al. (2007) WNT signaling pathway and stem cell signaling 
network. Clin. Cancer Res., 13, 4042–4045.

 19. Katoh,M. (2008) WNT signaling in stem cell biology and regenerative 
medicine. Curr. Drug Targets, 9, 565–570.

 20. Guagnano,V. et al. (2012) FGFR genetic alterations predict for sensitiv-
ity to NVP-BGJ398, a selective pan-FGFR inhibitor. Cancer Discov., 2, 
1118–1133.

 21. Eswarakumar,V.P. et  al. (2004) A gain-of-function mutation of Fgfr2c 
demonstrates the roles of this receptor variant in osteogenesis. Proc. Natl 
Acad. Sci. USA, 101, 12555–12560.

 22. Tanimoto,Y. et al. (2004) A soluble form of �broblast growth factor recep-
tor 2 (FGFR2) with S252W mutation acts as an ef�cient inhibitor for the 
enhanced osteoblastic differentiation caused by FGFR2 activation in Apert 
syndrome. J. Biol. Chem., 279, 45926–45934.

 23. Ibrahimi,O.A. et  al. (2001) Structural basis for �broblast growth factor 
receptor 2 activation in Apert syndrome. Proc. Natl Acad. Sci. USA, 98, 
7182–7187.

 24. Goetz,R. et  al. (2009) Crystal structure of a �broblast growth factor 
homologous factor (FHF) de�nes a conserved surface on FHFs for bind-
ing and modulation of voltage-gated sodium channels. J. Biol. Chem., 284, 
17883–17896.

 25. Yu,K. et  al. (2000) Loss of �broblast growth factor receptor 2 ligand-
binding speci�city in Apert syndrome. Proc. Natl Acad. Sci. USA, 97, 
14536–14541.

 26. Gaudenz,K. et al. (1998) Analysis of patients with craniosynostosis syn-
dromes for a pro246Arg mutation of FGFR4. Mol. Genet. Metab., 64, 
76–79.

 27. Webster,M.K. et al. (1997) FGFR activation in skeletal disorders: too much 
of a good thing. Trends Genet., 13, 178–182.

 28. Tiemann-Boege,I. et al. (2002) The observed human sperm mutation fre-
quency cannot explain the achondroplasia paternal age effect. Proc. Natl 
Acad. Sci. USA, 99, 14952–14957.

 29. Goriely,A. et  al. (2003) Evidence for selective advantage of pathogenic 
FGFR2 mutations in the male germ line. Science, 301, 643–646.

 30. Crow,J.F. (2003) Development. There’s something curious about paternal-
age effects. Science, 301, 606–607.

 31. Goriely,A. et al. (2009) Activating mutations in FGFR3 and HRAS reveal 
a shared genetic origin for congenital disorders and testicular tumors. Nat. 
Genet., 41, 1247–1252.

 32. Eble,J.N. (1994) Spermatocytic seminoma. Hum. Pathol., 25, 1035–1042.
 33. Rajpert-De Meyts,E. et  al. (2003) The immunohistochemical expression 

pattern of Chk2, p53, p19INK4d, MAGE-A4 and other selected antigens 
provides new evidence for the premeiotic origin of spermatocytic semi-
noma. Histopathology, 42, 217–226.

 34. Tavormina,P.L. et  al. (1995) Thanatophoric dysplasia (types I  and II) 
caused by distinct mutations in �broblast growth factor receptor 3. Nat. 
Genet., 9, 321–328.

 35. Lim,J. et  al. (2012) Sel�sh spermatogonial selection: evidence from 
an immunohistochemical screen in testes of elderly men. PLoS One, 7, 
e42382.

 36. Hernández,S. et  al. (2006) Prospective study of FGFR3 mutations as a 
prognostic factor in nonmuscle invasive urothelial bladder carcinomas. J. 
Clin. Oncol., 24, 3664–3671.

 37. Kiemeney,L.A. et  al. (2010) A sequence variant at 4p16.3 confers 
susceptibility to urinary bladder cancer. Nat. Genet., 42, 415–419.

 38. van Rhijn,B.W. et  al. (2003) Molecular grading of urothelial cell carci-
noma with �broblast growth factor receptor 3 and MIB-1 is superior to 
pathologic grade for the prediction of clinical outcome. J. Clin. Oncol., 21, 
1912–1921.

 39. Singh,D. et al. (2012) Transforming fusions of FGFR and TACC genes in 
human glioblastoma. Science, 337, 1231–1235.

 40. Logié,A. et al. (2005) Activating mutations of the tyrosine kinase receptor 
FGFR3 are associated with benign skin tumors in mice and humans. Hum. 
Mol. Genet., 14, 1153–1160.

 41. Cappellen,D. et  al. (1999) Frequent activating mutations of FGFR3 in 
human bladder and cervix carcinomas. Nat. Genet., 23, 18–20.

 42. van Rhijn,B.W. et  al. (2002) Novel �broblast growth factor receptor 3 
(FGFR3) mutations in bladder cancer previously identi�ed in non-lethal 
skeletal disorders. Eur. J. Hum. Genet., 10, 819–824.

 43. Pierson,D. (2003) Benign Epidermal Tumors and Proliferation. 1st edn. 
Mosby, London, UK. 

 44. Hafner,C. et  al. (2007) FGFR3 mutations in seborrheic keratoses are 
already present in �at lesions and associated with age and localization. 
Mod. Pathol., 20, 895–903.

 45. Chesi,M. et al. (1997) Frequent translocation t(4;14)(p16.3;q32.3) in mul-
tiple myeloma is associated with increased expression and activating muta-
tions of �broblast growth factor receptor 3. Nat. Genet., 16, 260–264.

 46. Reiter,A. et  al. (1998) Consistent fusion of ZNF198 to the �broblast 
growth factor receptor-1 in the t(8;13)(p11;q12) myeloproliferative syn-
drome. Blood, 92, 1735–1742.

 47. Pollock,P.M. et al. (2007) Frequent activating FGFR2 mutations in endo-
metrial carcinomas parallel germline mutations associated with craniosyn-
ostosis and skeletal dysplasia syndromes. Oncogene, 26, 7158–7162.

 48. Davies,H. et al. (2005) Somatic mutations of the protein kinase gene family 
in human lung cancer. Cancer Res., 65, 7591–7595.

 49. Jang,J.H. et al. (2001) Mutations in �broblast growth factor receptor 2 and 
�broblast growth factor receptor 3 genes associated with human gastric and 
colorectal cancers. Cancer Res., 61, 3541–3543.

 50. Hunter,D.J. et al. (2007) A genome-wide association study identi�es alleles 
in FGFR2 associated with risk of sporadic postmenopausal breast cancer. 
Nat. Genet., 39, 870–874.

 51. Katoh,M. (2009) FGFR2 abnormalities underlie a spectrum of bone, skin, 
and cancer pathologies. J. Invest. Dermatol., 129, 1861–1867.

 52. Easton,D.F. et al. SEARCH collaborators; kConFab; AOCS Management 
Group. (2007) Genome-wide association study identi�es novel breast can-
cer susceptibility loci. Nature, 447, 1087–1093.

2204

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
4
/1

0
/2

1
9
8
/2

4
6
4
0
2
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Fibroblast growth factors development and cancer

 53. Antoniou,A.C. et al.; Kathleen Cuningham Consortium for Research into 
Familial Breast Cancer; OCGN; Swedish BRCA1 and BRCA2 study col-
laborators; DNA-HEBON collaborators; EMBRACE; GEMO; CIMBA. 
(2008) Common breast cancer-predisposition alleles are associated with 
breast cancer risk in BRCA1 and BRCA2 mutation carriers. Am. J. Hum. 
Genet., 82, 937–948.

 54. Tozlu,S. et  al. (2006) Identi�cation of novel genes that co-cluster with 
estrogen receptor alpha in breast tumor biopsy specimens, using a large-
scale real-time reverse transcription-PCR approach. Endocr. Relat. Cancer, 
13, 1109–1120.

 55. Moffa,A.B. et  al. (2007) Differential signal transduction of alternatively 
spliced FGFR2 variants expressed in human mammary epithelial cells. J. 
Cell. Physiol., 210, 720–731.

 56. Dutt,A. et al. (2008) Drug-sensitive FGFR2 mutations in endometrial car-
cinoma. Proc. Natl Acad. Sci. USA, 105, 8713–8717.

 57. Deng,N. et al. (2012) A comprehensive survey of genomic alterations in 
gastric cancer reveals systematic patterns of molecular exclusivity and co-
occurrence among distinct therapeutic targets. Gut, 61, 673–684.

 58. Hattori,Y. et al. (1996) Immunohistochemical detection of K-sam protein 
in stomach cancer. Clin. Cancer Res., 2, 1373–1381.

 59. Hara,T. et al. (1998) Ampli�cation of c-myc, K-sam, and c-met in gastric 
cancers: detection by �uorescence in situ hybridization. Lab. Invest., 78, 
1143–1153.

 60. Oldridge,M. et al. (1995) Mutations in the third immunoglobulin domain 
of the �broblast growth factor receptor-2 gene in Crouzon syndrome. Hum. 
Mol. Genet., 4, 1077–1082.

 61. Weiss,J. et al. (2010) Frequent and focal FGFR1 ampli�cation associates 
with therapeutically tractable FGFR1 dependency in squamous cell lung 
cancer. Sci. Transl Med., 2, 62ra93.

 62. Hammerman,P.S. et al. (2011) Mutations in the DDR2 kinase gene identify 
a novel therapeutic target in squamous cell lung cancer. Cancer Discov., 1, 
78–89.

 63. An,S.J. et al. (2012) Identi�cation of enriched driver gene alterations in 
subgroups of non-small cell lung cancer patients based on histology and 
smoking status. PLoS One, 7, e40109.

 64. Paez,J.G. et al. (2004) EGFR mutations in lung cancer: correlation with 
clinical response to ge�tinib therapy. Science, 304, 1497–1500.

 65. Pao,W. et  al. (2004) EGF receptor gene mutations are common in lung 
cancers from “never smokers” and are associated with sensitivity of tumors 
to ge�tinib and erlotinib. Proc. Natl Acad. Sci. USA, 101, 13306–13311.

 66. Lynch,T.J. et al. (2004) Activating mutations in the epidermal growth fac-
tor receptor underlying responsiveness of non-small-cell lung cancer to 
ge�tinib. N. Engl. J. Med., 350, 2129–2139.

 67. Kobayashi,S. et al. (2005) EGFR mutation and resistance of non-small-cell 
lung cancer to ge�tinib. N. Engl. J. Med., 352, 786–792.

 68. Engelman,J.A. et al. (2007) MET ampli�cation leads to ge�tinib resistance 
in lung cancer by activating ERBB3 signaling. Science, 316, 1039–1043.

 69. Guix,M. et al. (2008) Acquired resistance to EGFR tyrosine kinase inhibi-
tors in cancer cells is mediated by loss of IGF-binding proteins. J. Clin. 
Invest., 118, 2609–2619.

 70. Ware,K.E. et  al. (2010) Rapidly acquired resistance to EGFR tyrosine 
kinase inhibitors in NSCLC cell lines through de-repression of FGFR2 and 
FGFR3 expression. PLoS One, 5, e14117.

 71. Wang,J. et al. (2004) The �broblast growth factor receptor-4 Arg388 allele 
is associated with prostate cancer initiation and progression. Clin. Cancer 
Res., 10(18 Pt 1), 6169–6178.

 72. Streit,S. et al. (2004) Involvement of the FGFR4 Arg388 allele in head and 
neck squamous cell carcinoma. Int. J. Cancer, 111, 213–217.

 73. Yamanaka,Y. et  al. (1993) Overexpression of acidic and basic �broblast 
growth factors in human pancreatic cancer correlates with advanced tumor 
stage. Cancer Res., 53, 5289–5296.

 74. Dieci,M.V. et al. (2013) Fibroblast growth factor receptor inhibitors as a 
cancer treatment: from a biologic rationale to medical perspectives. Cancer 
Discov., 3, 264–279.

 75. Kumar,S.B. et al. (2013) Fibroblast growth factor receptor inhibitors. Curr. 
Pharm. Des., 19, 687–701.

 76. Zhao,Q. et al.; Kenna Shaw for TCGA research network. (2013) Tumor-
speci�c isoform switch of the �broblast growth factor receptor 2 underlies 
the mesenchymal and malignant phenotypes of clear cell renal cell carcino-
mas. Clin. Cancer Res., 19, 2460–2472.

 77. Spielberger,R. et  al. (2004) Palifermin for oral mucositis after intensive 
therapy for hematologic cancers. N. Engl. J. Med., 351, 2590–2598.

 78. Elbauomy Elsheikh,S. et al. (2007) FGFR1 ampli�cation in breast carcino-
mas: a chromogenic in situ hybridisation analysis. Breast Cancer Res., 9, 
R23.

 79. Fabrice Andre,TDB. et al. (2011) A multicenter, open-label phase II trial of 
dovitinib, an FGFR1 inhibitor, in FGFR1 ampli�ed and non-ampli�ed meta-
static breast cancer. Presented at 2011 ASCO Annual Meeting, Chicago, IL. 

 80. Pai,R. et al. (2008) Inhibition of �broblast growth factor 19 reduces tumor 
growth by modulating beta-catenin signaling. Cancer Res., 68, 5086–5095.

 81. Desnoyers,L.R. et  al. (2008) Targeting FGF19 inhibits tumor growth in 
colon cancer xenograft and FGF19 transgenic hepatocellular carcinoma 
models. Oncogene, 27, 85–97.

 82. Zhao,G. et al. (2011) A novel, selective inhibitor of �broblast growth fac-
tor receptors that shows a potent broad spectrum of antitumor activity in 
several tumor xenograft models. Mol. Cancer Ther., 10, 2200–2210.

 83. Marathe,P.H. et al. (2009) Preclinical pharmacokinetics and in vitro metabo-
lism of brivanib (BMS-540215), a potent VEGFR2 inhibitor and its alanine 
ester prodrug brivanib alaninate. Cancer Chemother. Pharmacol., 65, 55–66.

 84. Huynh,H. et  al. (2008) Brivanib alaninate, a dual inhibitor of vascular 
endothelial growth factor receptor and �broblast growth factor receptor 
tyrosine kinases, induces growth inhibition in mouse models of human 
hepatocellular carcinoma. Clin. Cancer Res., 14, 6146–6153.

 85. Park,J.W. et al. (2011) Phase II, open-label study of brivanib as �rst-line 
therapy in patients with advanced hepatocellular carcinoma. Clin. Cancer 
Res., 17, 1973–1983.

 86. Finn,R.S. et al. (2012) Phase II, open-label study of brivanib as second-line 
therapy in patients with advanced hepatocellular carcinoma. Clin. Cancer 
Res., 18, 2090–2098.

 87. Llovet,J.M. et al. SHARP Investigators Study Group. (2008) Sorafenib in 
advanced hepatocellular carcinoma. N. Engl. J. Med., 359, 378–390.

 88. Hilberg,F. et al. (2008) BIBF 1120: triple angiokinase inhibitor with sus-
tained receptor blockade and good antitumor ef�cacy. Cancer Res., 68, 
4774–4782.

 89. Ellis,P.M. et  al. (2010) Phase I  open-label study of continuous treat-
ment with BIBF 1120, a triple angiokinase inhibitor, and pemetrexed 
in pretreated non-small cell lung cancer patients. Clin. Cancer Res., 16, 
2881–2889.

 90. Hanna,N. et al. (2004) Randomized phase III trial of pemetrexed versus 
docetaxel in patients with non-small-cell lung cancer previously treated 
with chemotherapy. J. Clin. Oncol., 22, 1589–1597.

 91. Mross,K. et al. (2012) A phase I dose-escalation study of regorafenib (BAY 
73-4506), an inhibitor of oncogenic, angiogenic, and stromal kinases, in 
patients with advanced solid tumors. Clin. Cancer Res., 18, 2658–2667.

Received March 20, 2013; revised July 11, 2013; accepted July 16, 2013

2205

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
4
/1

0
/2

1
9
8
/2

4
6
4
0
2
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


