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Role of fibroblast growth factor receptor 4 in cancer
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Fibroblast growth factor receptors (FGFR) play a significant role in both embryonic

development and in adults. Upon binding with ligands, FGFR signaling is activated

and triggers various downstream signal cascades that are implicated in diverse bio-

logical processes. Aberrant regulations of FGFR signaling are detected in numerous

cancers. Although FGFR4 was discovered later than other FGFR, information on the

involvement of FGFR4 in cancers has significantly increased in recent years. In this

review, the recent findings in FGFR4 structure, signaling transduction, physiological

function, aberrant regulations, and effects in cancers as well as its potential applica-

tions as an anticancer therapeutic target are summarized.
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1 | INTRODUCTION

Cancer is a major threat to public health nowadays. Breast cancer,

colorectal cancer, hepatocarcinoma and head and neck squamous cell

carcinoma (HNSCC) rank among the most frequent cancers world-

wide. The mechanisms underlying cancer development, however, are

far from being fully understood.1

Dysregulation of fibroblast growth factor receptor (FGFR)‐depen-
dent signaling has been observed in various tumors and is consid-

ered as an oncogenic signaling pathway. Several mechanisms are

responsible for aberrant regulation of FGFR signaling, including

altered expression, mutation, chromosomal rearrangement, and aber-

rant FGFR splicing. There is compelling evidence that dysregulated

FGFR4 is also involved in the pathogenesis of many cancer types

(Table 1).2–18

2 | STRUCTURE OF FGFR4

All FGFR contain an extracellular domain, a transmembrane domain,

and a cytoplasmic domain (Figure 1A).19 The extracellular domain con-

tains the leader peptide and 3 immunoglobulin domains (D1‐3). After
FGFR are translocated on the cell membrane, the leader peptide is

cleaved off. There is a serine‐rich sequence between D1 and D2, ter-

med acid box, which, together with the D1 domain, functions in auto-

matic inhibition of FGFR.20 D2 and D3 are sufficient for ligand binding

and determining the ligand specificity. A highly conserved sequence is

found in the D2 domain, which is considered as the binding site for

heparan sulfate proteoglycans (HSPG). Through the variable splicing,

FGFR1‐3 codes for IIIb and IIIc isoforms, respectively, with the distinct

D3 domain but the identical N‐terminal and different C‐terminus. The

cytoplasmic domain is a tyrosine kinase domain.20

FGFR4 shares the conserved structure with other FGFR, but the

FGFR4 gene codes only for IgIIIc isoform.20

3 | SIGNAL TRANSDUCTION

The formation of a 2:2:2 complex of FGFR‐FGF‐HSPG leads to

receptor dimerization and transphosphorylation. Activated FGFR

Abbreviations: ACC2, acetyl CoA carboxylase-2; CCl4, carbon tetrachloride; CYP7A1,

cholesterol 7α-hydroxylase; EGFR, epidermal growth factor receptor; EMT, epithelial-

mesenchymal transformation; Erk, extracellular signal-regulated kinases; FGFR, fibroblast

growth factor receptor; FRS2, FGFR substrate 2; HCC, hepatocellular carcinoma; HNSCC,

head and neck squamous cell carcinoma; HSPG, heparan sulfate proteoglycans; LPA,

lysophosphatidic acid; MAPK, mitogen-activated protein kinase; OSCC, oral squamous cell

carcinoma; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLCγ, phospholipase γ;
SCD1, stearoyl CoA desaturase1; SNP, single-nucleotide polymorphism; STAT3, signal

transducer and activator of transcription 3; VEGF, vascular endothelial growth factor.
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phosphorylates 2 major intracellular targets, phospholipase γ (PLCγ)

and FGFR substrate 2 (FRS2; Figure 1B).21

PLCγ binds to the autophosphorylated‐tyrosines in the carboxyl

terminus of the activated receptor, resulting in PLCγ being phospho-

rylated and activated by FGFR4.21 Activated PLCγ produces 2 sec-

ondary signals, named diacylglycerol and phosphatidylinositol‐3,4,
5‐triphosphate (PIP3), by hydrolyzing phosphatidylinositol‐4,5‐bipho-
sphate (PIP2), which then causes the release of intracellular calcium

and protein kinase C (PKC) activation. Protein kinase C triggers the

activation of the mitogen‐activated protein kinase (MAPK) pathway,

partly by phosphorylating RAF.22

In contrast, FRS2 is recruited to the juxtamembrane region of

FGFR4 and then phosphorylated. FRS2 activation results in recruit-

ment of growth factor receptor bound 2 (GRB2) and son of seven-

less (SOS), which can further activate Ras/MAPK signaling pathways

and the phosphoinositide 3‐kinase (PI3K)‐AKT pathway.23

4 | LIGAND ‐RECEPTOR BINDING

Fibroblast growth factor receptor 1–4 are specific for various ligands

(Figure 1C). The binding specificity of FGF with FGFR is determined

by temporal and spatial expression patterns of FGF and FGFR, alter-

native splicing of FGFR as well as cell surface or secreted mole-

cules.24

Alternative splicing of FGFR is a significant determinant of bind-

ing specificity, which is actually regulated in a tissue‐specific manner.

Alternative splicing leads to 2 isoforms of FGFR: IIIb and IIIc, which

have distinct ligand binding specificity. FGFR IIIb isoform is mainly

expressed in epithelial tissues, whereas the IIIc isoform is mainly

expressed in mesenchymal tissues. The isoforms expressed in epithe-

lial tissues usually prefer to interact with the ligands expressed in

mesenchymal tissues. In contrast, the isoforms expressed in mes-

enchymal tissues usually interact with the ligands expressed in

epithelial tissues (Figure 2).24,25 In addition, binding specificity is also

modulated by cell surface or secreted molecules that can facilitate

ligand‐receptor interactions, such as heparan sulfate and heparin‐like
molecules, which are required for the canonical FGF to bind with

their receptors. In the presence of heparan sulfate, FGF bind with

FGFR to form a 2:2:2 FGF‐FGFR‐heparan sulfate complex, which is

necessary for subsequent activation of FGFR and stimulation of the

downstream signaling pathway.21

Fibroblast growth factor receptor 4 can bind to distinct FGF,

including FGF1, FGF2, FGF4, FGF6, FGF8, FGF9, FGF17–19, FGF21,
FGF23. Except for FGF19, FGF21 and FGF23, the rest of them are

all canonical FGF that rely on heparan sulfate as essential tissue‐
selective cofactors for binding to FGFR4. Given that FGFR4 has no

alternative splicing pattern, alternative splicing is not the mechanism

of its ligand‐binding specificity.22

Although FGF19 is not entirely specific for FGFR4, FGFR4 is

considered as the predominant receptor of FGF19.20 FGF19 is a

kind of hormone‐like FGF that has a low affinity for heparin‐like
molecules. Instead, Klotho beta (KLB) serves as an essential tissue‐
selective cofactor that is required for FGF19 binding to FGFR4 and

is necessary for the activation of the downstream signaling pathway.

Further, FGF19 is primarily expressed in the ileum and circulates to

the liver to exert its liver‐specific functions. Liver is also the only tis-

sue where KLB and FGFR4 are highly expressed in human and

mouse.16,26 This suggests that tissue‐specific expression also regu-

lates the specific binding of FGF19 to FGFR4.

5 | PHYSIOLOGICAL FUNCTION OF FGFR4

In general, FGFR4 is highly expressed in embryonic tissues and is

involved in embryonic development, angiogenesis, and tissue differ-

entiation.27 In adult tissues, the expression of FGFR4 is limited in

the actively growing tissues. The physiological effects of FGFR4 in

adults include regulating bile acid production, metabolism, muscle

differentiation, and tissue repair.

5.1 | Regulation of bile acid production

Bile acid is synthesized in the liver and is stored in the gallbladder.

Bile acid is secreted into the intestine, contributing to the absorption

of nutrients in the intestine. FGF19 is the target gene of farnesoid X

receptor. Postprandial intestinal bile acid is capable of activating far-

nesoid X receptor in the intestinal epithelium, resulting in expression

and secretion of FGF19.28 In turn, FGF19 activates the hepatic

FGFR4, and reduces bile acid synthesis by inhibiting cholesterol 7α‐
hydroxylase (CYP7A1) expression, the rate‐limiting enzyme in bile

acid synthesis. The regulatory role of FGFR4 in bile acid production

was also observed in FGFR4 knockout mice. CYP7A1 mRNA and

protein in the liver of FGFR4 knockout mice are significantly higher

than that in wild‐type mice. In addition, liver 3‐hydroxy‐3‐methyl glu-

taryl coenzyme A reductase (HMG‐CoA reductase), the rate‐limiting

enzyme in cholesterol biosynthesis, is also upregulated. Accordingly,

TABLE 1 Alterations of FGFR4 in diverse cancers

Alteration Cancer type References

Overexpression Breast cancer, liver cancer,

colon cancer, prostate cancer,

rhabdomyosarcoma

2-4

SNP

Arg388 Breast cancer, colorectal cancer,

prostate cancer, OSCC, HNSCC

5-12

Mutation

Y367C Breast cancer 13

K535 Breast cancer 14

E550 Rhabdomyosarcoma 14

Aberrant regulation of FGFR4 ligand

FGF19‐FGFR4 Hepatocellular carcinoma,

colorectal cancer

15–18

FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor;

HNSCC, head and neck squamous cell carcinoma; OSCC, oral squamous

cell carcinoma; SNP, single‐nucleotide polymorphism.
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the bile acid pool and bile acid excretion in FGFR4 knockout mice

are enhanced compared with that of wild‐type mice.29 These obser-

vations suggest an important role of FGFR4 in regulating bile acid

homeostasis.

5.2 | Regulation of metabolism

The role of FGF19 in metabolism was identified by studying the

phenotype of FGF19 transgenic mice or FGF19‐treated mice. FGF19

transgenic mice show a phenotype of losing weight, decreased blood

glucose, triglyceride and insulin, and enhanced metabolic rate, glu-

cose tolerance, and insulin sensitivity compared with wild‐type
mice.30 Decreased expression of acetyl CoA carboxylase‐2 (ACC2),

serving as a repressor in β‐oxidation, is observed in FGF19 trans-

genic mice. FGF19 also downregulates the lipogenic enzyme stearoyl

CoA desaturase1 (SCD1). Mice with depleted SCD1 or ACC2 are

resistant to adiposity and have a lower bodyweight.31,32 These

F IGURE 2 Tissue distribution of fibroblast growth factor receptor
(FGFR) isoforms. The FGFR IIIb isoform is mainly expressed in
epithelial tissues, whereas the FGFR IIIc isoform is mainly expressed
in mesenchymal tissues

F IGURE 1 Fibroblast growth factor receptor (FGFR) structure, FGFR signaling, and specificity of the FGF–FGFR interaction. A, FGFR
consist of an extracellular domain that contains 3 immunoglobulin domains (D1‐D3), a transmembrane domain, and an intracellular tyrosine
kinase domain. B, The formation of a 2:2:2 FGFR‐FGF‐heparan sulfate proteoglycan (HSPG) complex results in receptor dimerization and
transphosphorylation at several tyrosine residues in the intracellular portion of FGFR. Activated FGFR causes the activation of the RAS–RAF–
MAPK and PI3K‐AKT signaling pathway. Some other signaling pathways can also be activated by FGFR, including signal transducer and
activator of transcription (STAT)‐dependent signaling. Several negative regulators are involved in FGFR signaling, such as SPRY and MKP3. C,
Specificity of FGF ligands for FGFR‐IIIb and FGFR‐IIIc isoforms. DAG, diacylglycerol; PIP2, phosphatidylinositol‐4,5‐biphosphate; PIP3,
phosphatidylinositol‐3,4,5‐triphosphate; PLCγ, phospholipase γ; SPRY, sprouty
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studies indicate that the FGF19‐FGFR4 axis promotes glucose meta-

bolism.

5.3 | Muscle differentiation and tissue repair

In chick embryos, myoblasts from skeletal muscle masses have a high

level of FGFR4 expression. Inhibition of FGFR4 impairs differentia-

tion of muscle progenitor and results in a loss of limb muscles, which

is seen as altered expression of muscle cell markers, such as myo-

genic factor 5 (Myf5), myogenic differentiation factor (MyoD), and

the embryonic myosin heavy chain (MHC).33 In addition, a soluble

dominant‐negative FGFR4‐containing adenovirus was used to infect

mouse myoblasts, the differentiation of these cells was markedly

retarded in 4‐day culture, accompanied by interruption of extracellu-

lar signal‐regulated kinases (Erk) 1/2 phosphorylation and aberrant

expression of MHC, suggesting that muscle differentiation is sup-

pressed when the FGFR4 signaling pathway is blocked.34 In normal

adults, FGFR4 is expressed in myofibroblast during tissue repair after

injury. The MyoD‐Tead2‐Fgfr4 pathway has been reported to be

involved in muscle regeneration. Fgfr4−/− mice have an impaired

muscle regeneration, manifesting as slow maturation of regenerating

fibers, and development of calcifications and intramuscular adi-

pose.35

The FGFR4‐deficient mice also have a lower resistance to acute

and chronic liver injury induced by carbon tetrachloride (CCl4). Acute

CCl4 exposure causes accelerated liver injury, delayed hepatolobular

repair, and liver mass increase in the FGFR4‐deficient mice, com-

pared with their normal counterparts. After chronic CCl4 exposure,

the FGFR4‐deficient mice exhibit severe fibrosis.36

6 | MECHANISMS OF ONCOGENIC FGFR4
SIGNALING

The FGFR4 signaling pathway has gradually come to be seen as a

significant oncogenic pathway in various cancers and as being

involved in carcinogenesis (Figure 3). Dysregulation of FGFR4 in can-

cers is summarized in the following section, including altered expres-

sion, single‐nucleotide polymorphism (SNP), mutations, and aberrant

regulation of FGFR4 ligands (Figure 4A).

6.1 | Aberrant expression of FGFR4

Overexpression of FGFR4 has been detected in multiple types of

human cancer, such as breast cancer, liver cancer, colon cancer,

prostate cancer, rhabdomyosarcoma, and is associated with

decreased survival time.2-4 In addition, high FGFR4 expression is

associated with resistance to chemotherapy and radiotherapy in can-

cer. Overexpression of the FGFR4 may result from gene amplifica-

tion. FGFR4 amplification approximately 2–4‐fold has been detected

in 10% of breast cancer samples, especially in tumors with high

lymph node metastases and in estrogen receptor‐ and progesterone

receptor‐positive tumors.4

6.2 | Single‐nucleotide polymorphism

The most well‐known SNP of FGFR4 is codon 388 in exon 9, where

the first base mutates from G to A. This mutation causes the coded

amino residue to be changed from glycine (Gly388) into arginine

(Arg388) in the transmembrane domain.5

The incidence of Arg388 is associated with several prognostic

parameters in cancer. A statistically significant association of FGFR4

Arg388 with the prognosis of multiple cancers was noted in a meta‐
analysis and pooled analysis.6 Some other studies have come to simi-

lar results. For example, Arg388 allele carriers were found to have a

significantly reduced disease‐free survival time compared with

Gly388 homozygous allele carriers.2 Moreover, the FGFR4

Arg388 allele carriers with colon cancer had early lymph node

metastasis and advanced tumor‐node‐metastasis (TNM) stage, an

indicator of poor cancer prognosis.2 Another study focusing on

HNSCC showed that only the HNSCC patients with the FGFR4

Arg388 allele died in the follow‐up period, and showed a trend to a

reduced overall survival.7 Accordingly, in a study specifically focusing

on the association between the FGFR4 Arg388 allele with oral

squamous cell carcinoma (OSCC) development, it was shown that,

compared with OSCC patients carrying the Gly/Gly genotype, the

patients carrying the FGFR4 Arg/Arg or Arg/Gly genotype had

advanced nodal stage (pathologic N2 + N3). Further, FGFR4 Arg388

allele and mutations in TP53 were associated with shorter survival

time. These 2 parameters influenced the survival of OSCC patients

synergistically.8

The effects of FGFR4 388 variants on cancer progression

were investigated in the MDA‐MB‐231 human breast cancer cell

models.9 It was found that expression of FGFR4 Gly388 allele

suppressed cancer cell invasiveness and motility. This was proba-

bly mediated by regulating the expression of genes involved in

F IGURE 3 Deregulated fibroblast growth factor receptor (FGFR)
signaling in carcinogenesis. Aberrant FGFR4 signaling is implicated in
both tumor cells and the stroma. 1, FGFR4 promotes tumor cell
proliferation; 2, FGFR4 accelerates metastasis and invasion of tumor
cells; 3, FGFR4 contributes to radio‐resistance and chemo‐resistance
in cancer therapy; and 4, FGFR4 promotes stroma‐induced epithelial‐
to‐mesenchymal transformation (EMT) in cancer

TANG ET AL. | 3027



invasiveness and motility. Further, FGFR4 Gly388 allele inhibited

the process of PI3K‐dependent lysophosphatidic acid‐induced
AkT activation and cell migration by downregulating lysophos-

phatidic acid receptor endothelial cell differentiation gene‐2 (Edg‐
2). Moreover, FGFR4 Gly388 allele attenuated the invasion abil-

ity of the breast cancer cell line by inhibiting small Rho

GTPase.9

Codon 385 of the mouse FGFR4 gene corresponds to codon

388 in humans. Mouse embryonic fibroblasts with Arg385 allele

knock‐in have been found to show accelerated cell transformation.10

The cells after transformation exhibited enhanced motility and inva-

sion. Further, in a transforming growth factor‐α (TGF‐α)‐induced
mammary cancer mouse model harboring Arg385 allele, the quantity

and size of the breast lump were significantly increased, and the

development of the lump as well as cancer metastases to lung was

also obviously accelerated.10

Although the underlying mechanism is not fully clear yet, some

studies indicate that Arg388 SNP prolongs FGFR4 half‐life and

increases its stability.11 In other studies, the Arg388 variant recruit-

ing signal transducer and activator of transcription 3 (STAT3) to the

inner cell membrane has been suggested to be one of the molecular

mechanisms.12 The FGFR4 Arg388‐variant changes transmembrane

spanning segment, and also exposes the membrane‐proximal

cytoplasmic STAT3 binding site Y(390)‐(P)XXQ(393). By recruiting

STAT3 proteins to the inner cell membrane, membrane‐proximal

STAT3 binding motifs, FGFR4 phosphorylates STAT3.12

6.3 | Activating mutations

The Y367C FGFR4 mutation is the tyrosine‐to‐cysteine mutation at

position 367 of FGFR4 in the extracellular juxtamembrane domain.

On analysis of FGFR4 expression in 318 different cancer cell lines,

MDA‐MB453, which harbors the Y367C mutation, had the highest

FGFR4 expression and most activated downstream pathways of all

cell lines tested. Moreover, in MDA‐MB361 cells, the Y367C FGFR4

mutation could constitutively activate downstream signaling, such as

Erk, leading to an activation of the MAPK cascade. Further, ectopic

expression of the FGFR4 Y367C mutant in HEK293 cells, which has

endogenous WT FGFR4, was sufficient to induce Erk phosphoryla-

tion and promote cell proliferation.13

The effects of the Y367C mutation on FGFR4 signaling are based

on its promotion impact in FGFR4 dimerization. Adjacent cysteine

residues facilitate the formation of disulphide bond connecting protein

chains, so this mutation increases the incidence of FGFR4 dimerization

on the cell surface, thereby leading to activation of receptor tyrosine

kinase and ligand‐independent activation of signaling pathways.13

Several mutations in the FGFR4 kinase domain have been

reported in approximately 7%‐8% of rhabdomyosarcoma, such as

N535K and V550E mutations.14 N535K and V550E mutations clus-

ter in proximity to the FGFR4 tyrosine kinase domain (Figure 4B).

The N535K mutation disrupts FGFR4 R‐group hydrogen bonds

between N535 and residues H530 and I533, which inhibit receptor

autophosphorylation. V550E mutation may alter the ATP binding

F IGURE 4 Fibroblast growth factor receptor 4 (FGFR4) dysregulation in cancers and crystal structures of the FGFR4 codon 535 and 550
mutations. A, Mechanisms of activation of oncogenic FGFR4 signaling. 1, gene amplification of the receptor, which can cause overexpression
of FGFR4. 2, FGFR4 mutation in the extracellular juxtamembrane domain (Y367C) promotes FGFR4 dimerization. 3, G388R SNP in the
transmembrane domain exposes a membrane-proximal signal transducer and activator of transcription 3 (STAT3) binding site Y(390)‐(P)XXQ
(393) and increases downstream STAT3 signaling cascade. 4, FGFR4 mutation in kinase domain (N535K and V550E) leads to increased FGFR4
kinase activity. 5, Overexpression of FGF ligands. B, Human FGFR4 structure (PDB ID: 4TYJ) shows the relative locations of N535, V550
(yellow) and FGFR4 catalytic loop (red cycle)
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cleft. In addition, the V550E mutation is considered an FGFR4 gate-

keeper mutation, which increases the size of the gatekeeper residue

and stabilizes the active state of FGFR4, thus leading to enhanced

kinase activity. N535K and V550E mutations cause receptor

autophosphorylation, then activate the STAT3 signal pathway, result-

ing in increased tumor cell proliferation and metastasis when

expressed in murine rhabdomyosarcoma cell lines.14

6.4 | Aberrant regulation of FGFR4 ligands

Fibroblast growth factor 19 has been reported to promote the devel-

opment of hepatocellular carcinoma (HCC).15 Recombinant FGF19

can increase proliferation, and also inhibit apoptosis in HCC cell

lines, while siRNA‐mediated knockdown of FGF19 has the opposite

effect. FGFR4 is the predominant FGF receptor expressed in liver

that mediates the liver‐specific function of FGF19. To study the role

of FGFR4 in FGF19‐induced hepatocyte proliferation, FGF19dCTD,

a C‐terminally truncated variant of FGF19 protein, was designed to

activate FGFR4 but not FGFR 1c, 2c, and 3c. It was found that this

specific activator of FGFR4 could induce hepatocyte proliferation.16

This suggests that hepatic FGFR4 activation alone results in

increased hepatocyte proliferation, which may be a prerequisite for

neoplastic transformation.16

To study the direct effect of FGFR4 on hepatocarcinogenesis,

researchers bred the FGF19 transgenic (FGF19‐TG) mice with FGFR4

knockout (FGFR4‐KO) mice or FGFR4 wild‐type (FGFR4‐WT) mice.

Liver tumorigenesis was not found in the progeny of FGF19 transgenic

mice bred with FGFR4 knockout mice. Moreover, hepatocellular

neoplasia and hepatocellular proliferation were found only in FGF19‐
TG mice with an FGFR4‐WT background. These studies suggest that

FGFR4 is necessary for FGF19‐mediated hepatocarcinogenesis.17

Epithelial‐mesenchymal transformation (EMT) plays an important

role in embryonic development, chronic inflammation, tissue remodel-

ing, various fibroid diseases and cancer metastasis. Through EMT,

epithelial cells lose epithelial phenotype‐like cell polarity and connectiv-

ity to the basement membrane, but show a stronger ability of migration

and invasion, similar to mesenchymal cells.37 CCL2 derived from tumor‐
associated fibroblasts induced FGFR4 expression in colorectal cancer

cells.18 In contrast, tumor‐associated fibroblasts could largely produce

FGF19, which in turn activated FGFR4 in tumor cells. Activated FGFR4

directly phosphorylated membranous b‐catenin at Y142, leading to

b‐catenin translocation into the nucleus. Nuclear b‐catenin activated

Snail expression and reduced E‐cadherin expression, which promoted

EMT in colorectal cancer cell and facilitated tumor metastasis.18

7 | FGFR4 AS A POTENTIAL THERAPEUTIC
TARGET

Given the important roles of FGFR4 in the development of cancer,

anticancer agents such as RNA interference (RNAi), small‐molecule

FGFR inhibitors, and monoclonal antibodies, have been designed to

target FGFR4 (Table 2).

7.1 | RNA interference

RNA interference is a phenomenon of degradation of homologous

mRNA induced by double‐stranded RNA (dsRNA).38 So far, RNAi tar-

geting at different oncogenes, including survivin, epidermal growth

factor receptor (EGFR), vascular endothelial growth factor (VEGF),

and FGFR, has produced marked inhibitory effects in tumors cells. In

SW480 and SW48 colorectal cancer cell lines, shRNA‐mediated

FGFR4‐silencing inhibited the activation of FGFR4‐signaling path-

ways and led to a significant reduction in cell proliferation, adhesion,

migration, and invasion. Notably, the cells showed altered expression

of some EMT marker proteins, including an increased expression of

E‐cadherin and decreased expression of Snail, Twist, and TGF‐β, and
exhibited a reversion toward an epithelial phenotype. In addition,

FGFR4‐silencing reduced tumor growth in vivo.39 Similar results

were also observed in prostate cancer cells.40 These data suggest

that shRNA‐mediated FGFR4 knockdown exerts its anti‐tumor func-

tion partly by blocking the process of EMT.

7.2 | Small‐molecule FGFR inhibitors

As the first generation of FGFR small‐molecule inhibitors, mixed

kinase inhibitors have a remarkably broad substrate specificity. These

inhibitors showed even better effects on anti‐VEGF receptor

TABLE 2 Small‐molecule tyrosine kinase inhibitors of FGFR in
clinical development

Compound Company Target
Clinical
development

Small‐molecule tyrosine kinase inhibitors: non‐selective FGFR TKI

TK1258 Novartis FGFR, PDGFR,

VEGFR, FLT3,

KIT

Phase II

AZ2171 AstraZeneca FGFR, VEGFR,

KIT

Phase I

BIBF1120 Boehringer

Ingelheim

FGFR, PDGFR,

VEGFR, FLT3,

LCK, SRC

Phase III

BMS‐582,664 Bristol‐Myers

Squibb

FGFR, VEGFR Phase II

E7080 Eisai FGFR, PDGFR,

VEGFR

Phase I

TSU‐68 Taiho

Pharmaceutical

FGFR, PDGFR,

VEGFR

Phase I/II

Small‐molecule tyrosine kinase inhibitors: selective FGFR TKI

AZD4547 AstraZeneca FGFR1‐3 Phase II

BGJ398 Novartis FGFR1‐3 Phase I

LY2874455 Eli Lilly FGFR1‐4 Phase I

FGFR, fibroblast growth factor receptor; FLT3, fms-like tyrosine kinase 3;

KIT, v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog;

LCK, lymphocyte-specific protein tyrosine kinase; PDGFR, platelet-

derived growth factor receptors; SRC, sarcoma gene; TKI, tyrosine-kinase

inhibitor; VEGFR, vascular endothelial growth factor receptor.
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(VEGFR) and/or antiplatelet‐derived growth factor receptor (PDGFR)

compared with FGFR, and more side‐effects and higher toxicity.41

The second‐generation compounds are potent FGFR inhibitors,

such as AZD4547, BGJ398, and LY2874455, which have a greater

selectivity compared with mixed kinase inhibitors. The first 2 are

inhibitors of FGFR1‐3 with moderate‐weak activity against FGFR4,

and the third is a pan‐FGFR inhibitor. These inhibitors exhibit an

antitumor effect in cancer involving dysregulation of FGFR1 ,2, or 3

in clinical trials.42 BLU9931 is a potent and highly selective small‐
molecule inhibitor of FGFR4 that spares other FGFR family members

and all other kinases. BLU9931 treatment inhibits the proliferation

of HCC cell lines harboring an activated FGFR4 signaling pathway. It

also shows significant antitumor activity in mice bearing an HCC

tumor xenograft.43 Therefore, BLU9931 may be an effective therapy

targeting FGFR4 in HCC patients with the activated FGFR4 signaling

pathway.

7.3 | Monoclonal antibody

The first anti‐FGFR4 monoclonal antibody tested in an animal tumor

model is called LD1(chLD1). LD1 binds mouse, cynomolgus monkey,

and human FGFR4 with high affinity but does not bind to mouse or

human FGFR1, FGFR2, or FGFR3. LD1 blocks FGRF4, so that it pre-

vents FGF19 binding to FGFR4 and inhibits FGFR4 signaling, leading

to decreased cell proliferation and colony formation in liver cancer

cell lines and tumor growth in the HUH7 HCC xenograft model.17

Another monoclonal antibody, 1A6, targeting FGF19, is now

under preclinical development. 1A6 can bind to FGF19 and inhibits

FGF19 binding with FGFR4. 1A6 has been reported to prevent

tumor formation and inhibit the growth of colon cancer xenografts

in FGF19 transgenic mice.44

8 | CONCLUSION

Recent efforts have enabled us to identify various oncogenic alter-

ations of FGFR4 signaling involved in cancer. A large body of studies

link aberrant FGFR4 signaling, due to either aberrant expression,

SNP, activating mutations or alterations in FGFR4 ligands, with the

development of cancer. Thus, targeting of FGFR4 is a potential ther-

apeutic strategy. Substantial progress is being made in FGFR4‐target-
ing agents, which show promising antitumor activity, and some of

them are currently in preclinical development or in the early phase

of clinical trials. More work is still required in the future to overcome

the challenges in lowering the toxicity of FGFR4‐targeting agents,

and in selection of patients suitable for FGFR4‐targeting therapy.
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