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Abstract

Fibroblast growth factors (FGF) and their tyrosine kinase receptors (FGFR) support cell 

proliferation, survival and migration during embryonic development, organogenesis and tissue 

maintenance and their deregulation is frequently observed in cancer development and progression. 

Consequently, increasing efforts are focusing on the development of strategies to target FGF/

FGFR signaling for cancer therapy.

Among the FGFRs the family member FGFR4 is least well understood and differs from FGFRs1-3 

in several aspects. Importantly, FGFR4 deletion does not lead to an embryonic lethal phenotype 

suggesting the possibility that its inhibition in cancer therapy might not cause grave adverse 

effects. In addition, the FGFR4 kinase domain differs sufficiently from those of FGFRs1-3 to 

permit development of highly specific inhibitors. The oncogenic impact of FGFR4, however, is not 

undisputed, as the FGFR4-mediated hormonal effects of several FGF ligands may also constitute a 

tissue-protective tumor suppressor activity especially in the liver.

Therefore it is the purpose of this review to summarize all relevant aspects of FGFR4 physiology 

and pathophysiology and discuss the options of targeting this receptor for cancer therapy.
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1 Introduction

Several hallmarks of cancer including growth stimulation, cell death resistance, migration/

invasion capability as well as immortality can be acquired or at least supported by 

deregulated activation of receptor tyrosine kinases (RTKs). Consequently, it is not surprising 

that RTKs are frequently activated during the process of malignant transformation and tumor 
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progression by diverse genetic and epigenetic mechanisms. Many RTKs have been described 

as driving oncogenes in several tumor types so that they are in the center of multiple targeted 

anticancer therapy approaches. Additionally, representing enzymes with dynamic kinase 

domains and extracellular parts comprising ligand binding sites, RTKs are perfectly 

druggable.

Fibroblast growth factors (FGF) and their tyrosine kinase receptors (FGFR) regulate 

important cellular processes such as cell proliferation, survival and migration during 

embryonic development, organogenesis and tissue maintenance [1, 2]. Their expression and 

activity is stringently controlled in normal tissues and their deregulation is frequently 

observed in cancer development. FGF-dependent stimuli provide survival and migration 

signals for the cancer cells and also affect endothelial cells stimulating angiogenesis [3, 4]. 

Consequently, the topic of FGF/FGFR signaling and related questions of targeted therapy 

have recently been discussed in several reviews that mostly gave overviews of the complete 

FGFR family e.g. [2, 3, 5, 6], but none of them focused on FGFR4.

The 4 FGFR genes and the various receptor proteins expressed from differentially spliced 

FGFR-RNAs have moved into the focus as targets for therapy in several malignancies [7, 8]. 

While all FGFRs have common features in structure, physiological role, ligand-binding and 

down-stream signaling, FGFR4 differs from FGFRs 1-3 in several aspects. Firstly, there are 

no FGFR4 splice-variants that affect the immunglobulin-like (Ig-)loop III resulting in 

distinct ligand binding spectra [9]. Secondly, FGFR4 deletion does not lead to an embryonic 

lethal phenotype [10] suggesting the possibility that its inhibition might not cause grave 

adverse effects. Lastly, concerning inhibition by small molecule compounds IC50 

concentrations for FGFR4 frequently differ by factors of 4 or higher from those for FGFRs 

1-3 indicating structural differences in the kinase domain (see Table 4 [3, 11]). These 

characteristics could be exploited to develop more specific targeting agents than seems 

possible within other FGFR subtypes ([3] and see below). Therefore it is the purpose of this 

review to summarize all relevant aspects of FGFR4 physiology and pathophysiology and 

discuss the options of targeting this receptor for cancer therapy.

2 Gene Structure and Regulation of FGFR4

a Gene and Protein Structure

The vertebrate FGFR gene family is comprised of four members and originated by co-

evolution with the FGF genes to permit increased ligand-receptor specificity and to enable 

functional diversity [12]. The four FGFR genes consist of up to 20 exons that together code 

for a highly conserved protein domain structure [13, 14]. The human FGFR4 gene is located 

on the long arm of chromosome 5 (5q 35.1) and spans more than 11kb. GenBank entries 

define 3 full length variants consisting of 17-18 exons and giving rise to mRNAs of about 

3kb [15, 16]. Data mining at the UCSC sites indicates the existence of various additional 

transcript variants. Published isoforms encoding published protein variants are shown in 

(Fig. 1).

The two full-length transcripts of the FGFR4 gene code for receptor proteins of 762 and 802 

amino acids with an estimated molecular weight of 100-110kD. As for all FGFRs the 
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FGFR4 protein domain structure reflects the exon structure (Fig. 1). The ATG start codon is 

located in exon 2 that mainly codes for the signal peptide. This is followed by the 

extracellular domain that contains 3 Ig-loops including autoinhibitory sequences in the Ig-

loop I (exon 3), a heparin-binding site and the ligand-binding domain between Ig-loops II 

and III (exons 5-8) [3, 5]. The single transmembrane domain (exon 9) is about 25 amino 

acids long and the cytoplasmic part of the receptor features an interrupted kinase domain 

encoded in the remaining 9 exons (Fig. 1). While the Ig-loops III of FGFRs 1-3 are subject 

to alternative splicing that creates the IIIb and IIIc transcript variants coding for receptor 

isoforms with different ligand specificity, the FGFR4 gene lacks the respective alternative 

exon [17]. The resultant single ligand binding domain of FGFR4 enables high-affinity 

binding of a large number of FGFs, resembling the IIIc-splice variants of FGFRs 1-3 [3, 9] 

(Table 1). In addition to FGFs 1 and 2 FGFR4 ligands encompass members of the FGF4-, 

FGF8- and the hormonal FGF19 (hFGFs)- subfamilies [18, 19].

b The FGFR4 Promoter

Systematic analysis of FGFR protein expression in normal human adult tissues representing 

the major organ systems resulted in the detection of FGFR4 expression in adult human 

adrenal, lung, kidney, intestine, pancreas, skeletal muscle, spleen, and liver [20]. The strict 

control of gene expression necessary for potent growth and survival factors and their 

receptors like FGFRs requires multiple regulatory elements in the promoter region. Promoter 

activity of the human FGFR4 gene was studied with reporter constructs up to - 1955 base 

pairs numbered relative to the major transcription start point (TSP) [21]. Our review 

considers regulatory elements defined within this region of human FGFR4 and downstream 

into introns 1 and 4 (Fig. 2).

The human FGFR4 core promoter region reaches from position -198 to -9, is CG-rich and 

contains more than 1 TSP, but no TATA- or CCAAT-like elements [21]. This is a notable 

feature of many housekeeping genes, oncogenes, growth factors, and transcription factors 

[14, 22] and also seen in the promoters of FGFRs 1-3. Specifically, the human FGFR1 gene 

[23], the human FGFR2 gene [24], and the mouse and human FGFR3 gene [25, 26] display 

comparable characteristics. The FGFR4 promoter region harbors several binding motifs for 

the Sp1, AP2 and GCF transcription factors located ! 80 to ! 40 bp upstream of the TSPs as 

has been described for several TATA-less promoters [14, 22].

Tissue specific regulatory elements of FGFR4 promoters are mainly described for skeletal 

muscle and pituitary gland derived cells. For other tissues and cancers such elements have to 

be defined. Ets and Sp1 motifs and binding sites for the hematopoietic zinc finger-containing 

transcription factor Ikaros (Ik) were identified within the core promoter region of FGFR4 

between sequence positions -65 to -26 and together regulate tissue specific FGFR4 

expression in the pituitary gland [27]. Binding sites for Sp1 in the promoter region -95 to -56 

are particularly important for FGFR4 expression in differentiating myotubes and its 

stimulating role in myogenesis and terminal skeletal muscle differentiation. Furthermore, the 

Sp1 transcription factor binding at sites within positions -95 to -56 and -65 to -26 controls 

FGFR4 transcription in sarcomas of skeletal muscle lineage [28].
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Specifically, the mouse FGFR4 promoter region 49 bp upstream of the TSP binds the TEA 

domain transcriptional factor, Tead2, and regulates FGFR4 expression required for effective 

muscle regeneration in vivo [29]. Tead2 itself is induced by binding of MyoD, one of the 

main regulators of muscle differentiation, to the first intron of the Tead2 gene at day 3 

during muscle regeneration. Recent work demonstrates that folate receptor alpha (FR") 

known as a glycosylphosphatidylinositol-anchored protein and a component of the caveolae 

fraction, is capable of translocating to the nucleus where it binds to cis-regulatory elements 

at the FGFR4 as well as other promoters [30]. In both mouse and human FGFR4 promoters, 

two Pax3 and one FR" binding regions are located at -994/-989, -980/-977 and -928/-922, 

respectively.

Additional transcription factor binding sites downstream of the major TSP have been 

extracted from Chip-sequencing data of the Encode project [31]. Among others c-myc, max, 

junD, fos-like 2, hey1 and NF!B bind to the region around the untranslated exon 1 in tumor 

cell lines. Specifically, in pituitary tumors an alternative TSP within intron 4 can be activated 

by transcription factor AP-2 binding [32]. Further upstream the FGFR4 promoter region 

between -1140 and -1085 a potential repressor element is located, which down regulates 

transcriptional activity and might contribute to tissue specific expression [21].

c Splice Variants of FGFR4

Within the FGFR-family multiple transcript variants are generated from the same gene by 

alternative initiation, alternative splicing, exon shuffling, and usage of variable 

polyadenylation sites [33]. These various transcripts contribute to the characteristic tissue-

specific expression patterns observed for FGFRs. The FGFR4 gene lacks the alternative 

exon that creates the IIIb and IIIc variants of FGFRs1-3 with strong impact on ligand affinity 

[34] so that only one isoform was predicted from the genomic sequence [35]. The NCBI 

database lists two full-length transcripts, one variant transcript lacking exon 9, one transcript 

consisting of only exons 2-5 and one starting from an alternative TSP upstream of exon 5 

(Fig. 1).

Alternative splicing may remove exon 9 which codes for the transmembrane domain or 

produces mRNAs containing premature stop codons and intronic polyadenylation sites as 

has been shown for e.g. the vascular endothelial growth factor receptor (VEGFR) [36] and 

for c-met [37]. Such receptor variants have been identified for many tyrosine kinase 

receptors including FGFR1 [38]. They act as dominant-negative decoy receptors and have a 

regulatory function in normal tissues [39]. Soluble receptor variants act as endogenous 

signaling inhibitors either by trapping respective ligands or by binding of Ig-loop I 

sequences to the ligand binding domain and are frequently down-regulated in malignant 

tumors [38]. They have therapeutic potential in situations of pathway over-activation, as has 

been shown for VEGFR [40]. Splice variants of FGFR4 expressed in breast cancer cells 

[41], normal pituitary gland [42] and the intestinal mucosa [43] code for soluble FGFR4 

variants that lack a transmembrane domain. A soluble variant of FGFR4 has been shown to 

block FGF19-induced FGFR4 activation and prevent non-alcoholic fatty liver disease [44]. 

Genetic constructs coding for soluble FGFR variants or oligonucleotides forcing splice 

decisions towards soluble FGFR forms may therefore also have potential for cancer therapy.
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3 Physiological Role of FGFR4

a In Embryonic Development and Organogenesis

The FGFR4 expression pattern in fetal human tissue was recognized to be different from 

each of the other three FGFRs [15, 45]. FGFR4 together with FGFR3 is the highest-

expressed FGFR in mouse pre-implantation blastocytes and on days E5 – E6 the receptor is 

found in primitive ectoderm [46]. Analysis of RNA isolated from whole embryos reveals an 

increase in FGFR4 RNA with time until day E14 – E15 after which expression declines 

again [47]. The spatial pattern of expression at days E8 – E9 shows FGFR4 signals in the gut 

endoderm and in the myotome of the somites. At day E14.5 expression is strong in the 

muscles at multiple sites of the mouse embryo but not in the heart muscle. It is widespread 

in cartilage, in the gut, the pancreatic ducts, the liver and the lung [47, 48]. Specific regions 

of the kidneys and the adrenal glands are positive, but FGFR4 is absent from both the brain 

and the spinal cord. After birth, expression remains high in the liver and the lung and 

somewhat lower in the kidneys [46, 48]. Specifically in the lung expression steadily 

increases after birth localizing to the vessels, the larger airway epithelium and the alveolar 

epithelium [49]. In the muscle FGFR4 becomes restricted to sites of muscle regeneration 

[50].

Despite the wide-spread FGFR4 expression during embryonic development deletion of the 

receptor gene does not cause developmental abnormalities, which indicates the presence of 

alternative receptors on target cells. Only the combined deletion of FGFR3 and FGFR4 

blocks the formation of alveoli [10]. The FGFR4 knock-out mouse is born normally and 

remains viable. Symptoms due to lack of FGFR4 function in the liver only develop in later 

life [51].

b In the Muscle

Tissue localization strongly suggests a role of FGFR4 in muscle differentiation. The 

fibroblast growth factor essential for this process was found to be FGF6 [52]. The growth 

factor is expressed mainly in the myogenic lineage, the developing muscle [53] and in 

myogenic precursor cells where it modulates expression of FGFRs 1 and 4 [54]. Deletion of 

FGF6 did not cause developmental defects in the myogenic lineage indicating some 

redundancy with other FGFs like FGF4 and FGF8. However, FGF6 knock-out mice were 

impaired in muscle regeneration (reviewed in [52]).

The FGFRs strongly stimulated by FGF6 are FGFR1-IIIc and FGFR4 [18]. Molecular 

analysis of muscle cell differentiation and muscle cell regeneration indicates that 

myogenesis is regulated by a controlled interplay between these two receptors [52]. FGFR1-

IIIc dependent signaling blocks differentiation and stimulates migration of myogenic stem 

cells [55]. In regenerating muscle cells FGF6 shifts expression from FGFR1 to FGFR4 

inducing dedifferentiation [56]. In chicken embryos myogenesis was blocked upon injection 

of a construct expressing a soluble FGFR4 variant that traps FGFR4 ligands, while a 

corresponding FGFR1 construct had no impact [57]. In fact, during muscle differentiation 

FGFR1 is down-regulated while FGFR4 expression transiently increases. This makes 

FGFR4 the major FGFR in newly formed muscle fibers and suggests that FGFR4 is 
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necessary for muscle differentiation [50, 58]. In mature striated muscle the receptor has not 

been found [47, 50]. Regulation of FGFR4 expression was reported to occur by induction 

through MyoD [29, 59] but the FGFR4-promoter also contains Pax3 binding sites that 

permit direct control by this regulator of muscle stem cell behavior [60–62] (Fig. 2).

FGFR4 knock-out mice while having no defects in myogenic development [10] show 

abnormal muscle regeneration thus resembling FGF6 deficient animals. Their regenerating 

muscle fibers are smaller and more irregular with areas of calcification and fatty infiltration 

[29]. By contrast permanent up-regulation of FGFR4 signaling is a characteristic of 

rhabdomyosarcoma (RMS) [63], a childhood tumor that is supposed to derive from 

myogenic precursors blocked in differentiation [64].

c Mediating Hormone-like FGF Effects

The hormone-like FGF subfamily (hFGF) consists of FGF19, its mouse orthologue FGF15, 

FGF21 and FGF23 that all have affinity for FGFR4 [19] (Table 1). Based on their protein 

domain structure the members of the hFGF family have lower affinity to both the FGFRs 

and heparansulfate (HS) than other FGFs [65] (Table 1). The latter characteristic is a 

prerequisite for the endocrine role of these FGFs, but it also hampers stimulation of FGF-

FGFR binding by HS. The role of co-receptors boosting FGF-dependent signaling activity is 

played by the klotho proteins -klotho and #-klotho [66]. Klothos are membrane-bound, 

single-pass transmembrane domain proteins with an extracellular domain containing two 

internal repeats KL1 and KL2. FGF19 predominantly signals via #-klotho/FGFR4, although 

it can also activate -klotho/FGFR4 [67, 68], while FGF21 has a preference of #-klotho /

FGFR1IIIc over #-klotho/FGFR4 [69], and FGF23 most efficiently activates - klotho/

FGFR1IIIc [70]. It was suggested that presence of klotho-proteins directs FGFR signals 

towards the control of metabolic functions. In contrast to FGFR4 alone, signaling via the #-

klotho/FGFR4 complex was shown to suppress activation of AKT and mTOR while still 

stimulating the mitogen activated protein kinase (MAPK) pathway, together resulting in 

apoptosis induction in hepatoma cells [71].

FGF19/15—Human FGF19 and its mouse orthologue FGF15 are the hFGF that most 

specifically signal through FGFR4. They can be found in fetal skin, retina and the small 

intestine as well as in adult gall bladder epithelium and intestinal mucosa [72, 73]. In 

addition, FGF15 was found to play an important role in embryonic heart [74] and brain 

development in the mouse [75, 76].

The liver is the organ of highest FGFR4 expression in adult vertebrates [46, 48] and the site 

of essential regulatory functions of the receptor. Deletion of FGFR4 does not cause any 

developmental defects in knock-out mice, but leads to alterations in cholesterol metabolism 

and elevated synthesis and excretion of bile acids [51]. The metabolic pathways are under 

control of hepatic FGFR4 and depend on the co-expression of ß-klotho and the FGFR4 

stimulation by FGF19/FGF15 [65]. In the mouse intestine the expression and secretion of 

FGF15 [77] is stimulated postprandially by binding of bile acids to nuclear farnesyl-X-

receptor. Via blood flow the factor reaches the liver and binds to the FGFR4 on the surface 

of hepatocytes, which causes activation of c-Jun N-terminal kinase (JNK) and repression of 
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cholesterol 7alpha-hydroxylase (CYP7A1), the key enzyme of bile acid synthesis [77, 78]. 

The increased CYP7A1 levels in FGFR4 knock-out mice could not be reversed by 

adenoviral constructs expressing FGF15 demonstrating the dependency on FGFR4 signaling 

[77]. In humans FGF19 serum levels increase at a time when bile acids are reabsorbed in the 

distal colon, which could be evoked also by ingestion of chenodesoxycholic acid. This 

indicates that the same regulatory events occur as in the mouse model [79].

FGF15/19 also triggers the filling of the gallbladder. In FGF15 knock-out mice this function 

was absent but could be restored by FGF19 [80]. Both, #-klotho knock-out mice and FGFR4 

knock-out mice have the depleted gallbladder phenotype. This underlines the importance of 

this signaling axis although the down-stream mediators of the effect remain to be identified 

[81].

As important mediator of homeostasis in the liver, absence of FGFR4 function may cause 

tissue damage in case of metabolic stress – a role that becomes even clearer in the model of 

carbon tetrachloride-induced liver damage. Lack of FGFR4 accelerated damage, caused 

increase in liver weight and delayed tissue repair during the acute toxic response. 

Accordingly, chronic carbon tetrachloride exposure caused liver fibrosis in FGFR4 knock-

out but not in wild-type (wt) mice [82] clearly demonstrating the liver-protective effect of 

FGFR4.

In addition, FGF19 was shown to activate physiologically important, insulin-independent 

endocrine pathways that regulate hepatic protein and glycogen metabolism [83]. 

Accordingly, mice lacking FGF15 failed to properly maintain blood concentrations of 

glucose and normal postprandial amounts of liver glycogen, but showed normal insulin 

levels and normal insulin sensitivity [83, 84]. FGF19 treatment restored the loss of glycogen 

in diabetic animals lacking insulin. In humans, the physiological role of FGF19 in glucose 

homeostasis remains to be determined. Furthermore, over-expression of FGF19 in transgenic 

mice was shown to increase energy expenditure by elevated brown adipose tissue mass at the 

cost of fat mass through lower expression levels of coenzyme A carboxylase [85].

FGF21—Under fasting conditions FGF21 is expressed in adipose tissue [86] and the liver 

[87] to promote lipolysis and responses to fasting. Peroxisome proliferator-activated 

receptors PPAR# and PPAR" signaling mediates this process while the PI-3K/AKT signaling 

pathway is required in the thymus, in pancreatic islet beta-cells [88] and in the skeletal 

muscle [89]. Although FGF21 binds to all FGFRs its cognate receptor is FGFR1 together 

with the essential co-factor #-klotho, sometimes FGFR4/#-klotho also directs FGF21 

towards metabolic activities [19, 90]. Although Tomiyama and colleagues could find FGF21 

signaling in #-klotho knock-out mice [91], whole-body and adipose tissue-selective #-klotho 

knock-out mice failed to show any FGF21 effects on growth and metabolism [92].

FGF23—FGF23 is expressed in the bone [93] and regulates phosphate and vitamin D levels 

by inhibiting the secretion of parathyroid hormone, thereby decreasing phosphate uptake 

from the bone [94]. Lack of FGF23 action can lead to many diseases – among them 

hypophosphataemic rickets [95]. Binding affinities for all four receptors are present but 

FGF23 mainly acts through the FGFR1c in association with a klotho protein [19, 70, 96, 97]. 
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A recent report also links the factor to FGFR3 and/or FGFR4 signaling, as FGFR3/4 double 

knock-out mice have lower serum phosphorus levels, lower renal phosphorus transporter 

expression and elevated Vitamin D3 serum levels as well as aberrant response to FGF23 

[98].

4 FGF-Dependent Signaling

a Canonical FGFR Signaling

Canonical signaling via FGFRs is dependent on receptor dimerization that leads to auto-

phosphorylation of tyrosine residues in the cytoplasmic receptor domains. These act as 

binding sites for signaling proteins and docking proteins, which form a complex with an 

additional complement of signaling proteins [2, 4, 99]. Most of the studies performed on the 

details of receptor activation and downstream events have used FGFR1 and experimental 

validation for FGFR4 is more limited.

FGFR4 binds a specific subset of ligands of the FGF family (Table 1) [18, 19]. Like for 

other FGFRs binding is enhanced by the formation of quarternary complexes including 

heparin or heparan sulfate proteoglycans (HSPG) [100], which is instrumental for ligand-

induced receptor activation. One study found that heparin alone may be sufficient to activate 

FGFR4 but not FGFR1 [101]. Also it was shown that cell surface HSPG may be involved in 

preferential binding of FGFR4 to FGF1 versus FGF2 in liver parenchymal cells [102].

Like the other three members of the FGFR family, FGFR4 directly activates phospholipase 

C (PLC) and depends on FGFR substrate 2 (FRS2) or # for coupling to the MAPK and the 

phosphoinositide 3 kinase (PI3K) pathways, which are crucial for cellular proliferation and 

survival signals (Fig. 3). A high degree of overlap in the signaling effector proteins of 

different FGFRs including activation of Stat1 and Stat3 was suggested by experiments using 

constitutively active versions of FGFR1-4 [103]. Increased Stat3 signaling was demonstrated 

as a consequence of some of the activating mutations (K535, E550) of FGFR4 found in 

rhabdomyosarcoma [63]. Downstream of the MAPK and the PI3K pathway inhibition of 

FGFR4 together with ErbB2 cooperatively blocked S6 kinase 1 activity and cyclin D1 

translation in MDA-MB-453 breast cancer cells [104]. Activation and phosphorylation of 

downstream signaling proteins by FGFR4 has been reported to be weaker than by FGFR1, 

probably due to specific differences in the kinase domain [34, 105–107].

b Non-canonical Signaling Involving N-CAM and N-cadherin

In addition to the canonical signaling pathways, mounting evidence demonstrates a number 

of non-canonical signaling activities mainly involving different cell adhesion molecules. In 

the Rip1Tag2 transgenic mouse model of pancreatic beta cell carcinogenesis it was found 

that neural cell adhesion molecule (N-CAM) formed a complex with FGFR4 and a number 

of FGFR effector proteins including PLC, FRS2, Shc and c-src as well as with N-cadherin 

[108] (Fig. 3). In this model, ligand-independent, N-CAM-induced FGFR4 signaling was 

required for neurite outgrowth and cell-matrix attachment of the tumor cells. The 

dependency of cell-matrix attachment on N-CAM and FGFR4 signals provided an 

explanation for the observed metastasis formation upon N-CAM deletion. In contrast to 
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these observations a study using recombinant proteins comprising the ligand-binding Ig-like 

domains 2 and 3 of FGFR1-4 found that all FGFRs except FGFR4 interacted with N-CAM 

[109].

In pituitary tumors a truncated FGFR4 isoform was identified and accordingly named 

pituitary-tumor derived (ptd) FGFR4 [110]. This isoform lacks a signal peptide and the first 

two extracellular Ig domains and consequently resides in the cytoplasm. Expression of ptd-

FGFR4 in pituitary cells or mouse fibroblasts resulted in decreased cell adhesion to a 

collagen IV matrix [111]. Membrane-anchored wt-FGFR4 formed a proadhesive complex 

with N-CAM and N-cadherin which was sensitive to treatment with a beta1-integrin 

neutralizing antibody. In contrast, ptd-FGFR4 did not associate with N-CAM, and ptd-

FGFR4 overexpressing cells formed invasive tumors showing loss of membrane localization 

of N-cadherin and beta-catenin. Treatment with the FGFR inhibitor PD173074 resulted in 

recovery of membranous N-cadherin localization and reduced tumor growth and 

invasiveness demonstrating dependency on FGFR kinase activity [112].

In colon cancer cells a cross-talk between FGF19/FGFR4 and the beta-catenin pathway was 

found [113]. FGF19 treatment increased tyrosine phosphorylation of beta-catenin and 

caused loss of interaction between #-catenin and E-cadherin. Conversely, a FGF19 blocking 

antibody increased serine/threonine phosphorylation, and ubiquitination of #-catenin and 

reduced the expression of #-catenin target genes cyclinD1, CD44, c-jun, Cox-2 and uPAR.

Another form of interaction was demonstrated between FGFRs including FGFR4 and 

EphA4, a transmembrane tyrosine kinase of the ephrin receptor family [114]. Complex 

formation involved the juxtamembrane domain of FGFRs and the N-terminal part of the 

tyrosine kinase domain of EPhA4 and enabled trans-activation of FGFR by the Eph-receptor 

ligand ephrin-A1. A direct interaction was also detected between FGFR4 and inhibitor of 

NF$B Kinase beta, an essential component in the NF$B pathway. FGFR4 activation 

inhibited NF$B signaling and reduced the apoptotic effect of TNF treatment in prostate 

cancer cells [115].

5 FGFR4 and Cancer

a Oncogenic mutations of FGFR4

FGFR4 has been found to be mutated [116] and thus constitutively activated in about 7% of 

embryonic rhabdomyosarcomas (RMS) and these mutations were correlated with advanced, 

aggressive tumors [63, 117]. Functional analysis demonstrated induction of both increased 

local growth and enhanced metastasis by mutated FGFR4 [63]. Kinase-activating FGFR4 

mutations were also seen in a low percentage of adenocarcinomas of the lung [118–120] and 

glioblastomas [121]. Like for the other FGFRs, mutations in the extracellular domain (Ig-

loops I and II) as well as the cytoplasmic kinase domain were observed (Table 2). However, 

only kinase-activating mutations have been well characterized functionally. In RMS strongly 

activating mutations affected amino acid positions 535 and 550 within the kinase domain. 

They caused increased FGFR4 phosphorylation as well as activated down-stream signaling 

through STAT3 in murine RMS cells, while phosphorylation of Akt and ERK was decreased 

[63]. Strong activating mutations in the extracellular and transmembrane domains that cause 
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ligand-independent dimerization mediated by disulfide bonding through cystein residues 

have frequently been found in FGFR3 but were not among the FGFR4 mutations identified 

in RMS or lung cancers [5]. One such mutation was identified in the breast cancer cell line 

MDA-MB453 and was shown to result in constitutive FGFR4 activation and increased ERK 

activity [122].

b Upregulation of FGFR4 Expression

FGFR4 was found upregulated in multiple tumor types and due to the broad ligand binding 

spectrum of FGFR4 [18, 19] (Table 1) its overexpression frequently resulted in autocrine 

stimulation through several candidate FGFs. Best characterized is the hyperactivation of 

FGFR4 signaling by FGF19 which has been observed in colorectal tumor cells [123] and in 

hepatocellular carcinomas (HCC) [124–126]. Several reports found FGFR4 to be a major 

driver of carcinogenesis in the liver [127]. FGFR4 expression correlated with worse 

prognosis and its inhibition reduced HCC aggressiveness [128]. Mice transgenic for FGF19 

expression in the muscle developed HCC based on stimulation of hepatocyte proliferation 

via FGFR4 [126] and in human HCC FGF19 expression correlated with tumor progression 

[125, 128]. An amplicon on 11q13.3 present in about 15 % of the tumors and containing 

FGF19 together with the well-established proto-oncogene CCND1 was suggested as 

possible predictive marker for FGF19/FGFR4 inhibition therapy [129]. Accordingly, the 

serum level of FGF19 in HCC patients was significantly lower postoperatively than 

preoperatively [125]. Blocking FGF19 by a respective antibody abrogated liver cancer 

development in the transgenic mice and in xenografts of human carcinoma cells suggesting 

feasibility as a therapeutic target [123, 124].

Comparable to HCC, also in colon cancer xenograft models blockade of FGF19 or FGFR4 

by an antibody or shRNA, respectively, reduced in vitro clonogenicity and in vivo tumor 

growth by attenuating wnt/ß-catenin signaling arguing for existence of an autocrine FGF19/

FGFR4 oncogenic signal loop [113]. Additionally, our own group found that FGFR4 

silencing inhibited colon cancer cell proliferation and migration again suggesting FGFR4 as 

therapeutic target in colon cancer [17].

Similarly, FGFR4 has been found overexpressed in pancreatic high-grade intra-epithelial 

neoplasia and pancreatic ductal carcinoma [130]. Stimulation by FGF19 increased cell 

adhesion suggesting a tumor suppressive function, however.

In RMS FGFR4 was also found over-expressed [63, 131] probably due to activation by Pax3 

– a driving oncogene in RMS that can control FGFR4 expression [60]. Short hairpin 

(sh)RNA-mediated blockade of FGFR4 in embryonic RMS cells inhibited proliferation in 
vitro and tumorigenesis in vivo while in alveolar RMS models it induced cell death in line 

with the supposed driving role of FGFR4 in RMS [132].

In breast cancer upregulation was at least in part caused by gene amplification [7, 133, 134]. 

FGFR4 might represent a therapeutic target in this small patient subgroup [133]. However, 

the impact of molecular interventions in that respect needs to be established. In astrocytomas 

FGFR4 overexpression was correlated with advanced tumor stages and predictive for short 

survival [135]. Enhanced aggressiveness of high-grade serous ovarian cancer was also 
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attributed to amplification of both the FGFR4 and FGF1 genes located in the identical 

amplicon at chromosome 5q. The oncogenic function was proven by exogenous 

overexpression of both these proteins forming an autocrine stimulation loop [136].

In prostate cancer several observations suggest the presence of autocrine growth-promoting 

loops of FGF ligands and FGFR4. FGFR4 expression was significantly upregulated in 

prostate cancer as compared to benign hyperplasia and expression level was correlated with 

higher Gleason score and unfavorable outcome [137]. Moreover, upregulation of the FGFR4 

ligands FGF2 and FGF8 was also associated with advanced clinical stage [138]. 

Accordingly, shRNA-mediated knock-down of FGFR4 was recently demonstrated to reduce 

orthotopic primary tumor xenograft growth and lymph node metastasis [139]. Likewise 

targeting FGFR4 by RNA interference effectively blocked prostate cancer cell proliferation 

and invasion in response to exogenous stimuli [140].

Another cancer type with overexpression of FGFR4 especially within the more aggressive, 

less differentiated subgroup is thyroid cancer. Correspondingly, introduction of a dominant-

negative, secretable FGFR4 protein attenuated cell proliferation specifically in FGFR4-

positive, poorly differentiated cell lines with no appreciable effect in well-differentiated cells 

[141]. Accordingly, pharmacological inhibition of FGFR4 by PD173074 (see below) 

resulted in reduced xenograft growth in vivo [141]. Also in medullary thyroid carcinoma, a 

neoplasm of thyroid parafollicular C cells characterized by mutations in another RTK, the 

RET proto-oncogene, a synergistic effect of RET and FGFR4 inhibition by Imatinib and 

PD173074, respectively, was postulated [142].

c The FGFR4G388R Polymorphism (rs351855): Cancer Risk and Progression

Interest in FGFR4 was stimulated by the discovery of a polymorphic form of FGFR4 that 

causes an exchange of a glycine amino acid into an arginine in the transmembrane domain 

of the receptor by Axel Ulrich’s group [143] (Fig. 4). The polymorphic FGFR4R388 allele is 

found in about 55% of the human population (45% are heterozygous and about 10% are 

FGFR4G388 homozygous) while 45% have a FGFR4G388 homozygous genotype. The 

incidence is somewhat lower in african-americans than in caucasians [144]. Because 

FGFR4G388 is present in the majority of the human population it is referred to as the wild 

type allele [143].

Similar mutations in the transmembrane domain of other RTKs have previously been shown 

to activate kinase activity and/or cause prolonged signaling, especially when charged amino 

acids like arginine are introduced – most prominently in the erbB2 gene [145]. In the 

transmembrane domain of FGFR3 a mutation that exchanges a glycine to an arginine in 

codon 380 (homologous to the FGFR4G388R SNP) constitutes an activating mutation 

strongly associated with achondroplasia [146]. The same is observed for an A391E amino 

acid change in FGFR3 that also resides in the transmembrane domain [147]. These 

alterations lead to ligand independent activation and prolonged signaling due to slowed 

receptor internalization [146, 148–150].

For the FGFR4R388 substitution the impact is more subtle so that the consequences of the 

alteration for cell biology are more difficult to assess. For several tumor types controversial 
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reports have been published during the past decade (Table 3). Moreover, the cancer types 

and parameters studied are heterogeneous. Three meta-analysis have hitherto been published 

and report sound evidence of pro-tumorigenic effects of FGFR4R388 for breast and prostate 

cancer while in other tumor types the evidence was found inconclusive [151, 152]. In spite 

of these difficulties the emerging picture shows a pro-tumorigenic and/or prometastatic 

impact of the FGFR4R388 allele resulting in poor outcome / survival in a wide spectrum of 

malignancies. Increased risk of developing a malignant tumor was only observed in the 

prostate while for HNSCC and soft tissue sarcomas it may even be decreased. Evidence for 

rapid tumor progression, early or increased metastasis and advanced stage in patients 

carrying the FGFR4R388 allele was found in breast, prostate, colon, and lung cancer at least 

by some authors. Some reports found reduced disease-free (DFS) or overall survival (OS), 

but even within one tumor type the data are contradictory in all cases. The impact on therapy 

response seems to be tissue specific (the respective literature is summarized in Table 3).

d Differential Cell Biological Effects of FGFR4 Polymorphic Forms

Mechanistic studies have been performed using tumor cell models of the breast, the prostate 

and the colon [17, 143, 144, 153]. Transfected prostate epithelial cells and breast cancer 

cells grew in tightly attached colonies when they express FGFR4G388, whereas the 

FGFR4R388-cells had a more irregular morphology and grew in a scattered fashion [143, 

144]. Moreover in transfected breast cancer cell lines [143], prostate cancer cell lines [153], 

and colorectal cancer cell lines [17] the FGFR4R388 allele induced stronger cell migration 

and invasion in vitro than the FGFR4G388 allele. By contrast, in metastatic breast cancer 

cells and in colon cancer cells expressing high levels of FGFR4R388 the FGFR4G388-allele 

even suppressed cell migration [17, 154].

Embryonic fibroblasts (MEFs) isolated from transgenic mice expressing the FGFR4R385 

allele, which is the homologous mutation in the mouse, also displayed an increased 

migratory and invasive capacity in vitro compared to FGFR4G385 MEFs thus contributing to 

tumor progression [155]. In addition they were more easily transformed by EGFR or HER2 

than MEFs expressing the FGFR4G385 indicating that the polymorphic allele in the mouse 

may not be an oncogene per se but may support other oncogenes like EGFR and HER2.

The main biochemical difference between the 2 polymorphic forms of FGFR4 is the higher 

stability of FGFR4R388 that results in prolonged signaling activity [144]. For FGFR1 

prolonged signaling has been described after stimulation by N-CAM-derived peptides in 

Hela cells. This was related to activation of c-src and induction of cell migration [156]. In 

line with this report, src-upregulation was observed in FGFR4R388-transfected colon cancer 

cells that also had increased migration capacity [17]. However, the FGFR4G388 receptor was 

also shown to be stabilized in prostate cancer by interaction with an additional protein called 

Huntingtin-interacting protein 1 (HIP1) increasing the proliferative and anchorage-

independent growth abilities in vitro [153]. The increased stability of both FGFR4 alleles led 

to an increased ERK phosphorylation which was even more sustained in FGFR4R388 

transfected cells [139].

FGFR4R388–induced c-scr-activation has been shown to increase the secretion of MMP2 

[157, 158] which was activated mainly by membrane type 1 matrix metalloproteinase (MT1-
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MMP, MMP14) [159]. FGFR4G388 or any other FGFR was inactive in this regard. It seems 

that the FGFR4R388 receptor stabilized MT1-MMP by reducing its lysosomal degradation 

and induced its phosphorylation but was also activated in reverse. In contrast FGFR4G388 

and MT1-MMP suppressed and down-regulated each other. Interaction of FGFR4R388 with 

MT1-MMP enhanced the proteolytic activity and stimulated invasive characteristics [157]. 

In transfected prostate cancer cell lines FGFR4R388 silencing decreased MT1-MMP protein 

expression, N-cadherin expression and other metastatic parameters whereas E-cadherin 

increased, resulting in an inhibition in tumor growth as well as vascular and lymph node 

invasion in vivo. Silencing FGFR4G388 resulted in the opposite effect and even increased 

MT1-MMP protein expression and invasive properties of the cells in vivo. This effect of the 

FGFR4R388 was not triggered by mitogenic signaling because silencing did not impair 

ERK1/2 and PI3K/AKT pathways [160]. This suggests that the FGFR4G388 wt-allele has an 

anti-metastatic effect that is lost through the G388R amino acid substitution. Upregulation of 

c-src was observed in SW480 colon carcinoma cells overexpressing FGFR4R388 compared 

to control cells or cells overexpressing the G388 variant [17]. Specific phosphorylation of 

Src at tyrosine 418 and of FRS2, PLC, ERK, GSK and S6 was similar between the 

FGFR4G388 and FGFR4R388 overexpressing cells, although the G388-variants showed a 

higher fraction of FRS2 and membrane-associated PLC.

Other reports suggested that the aggressive effect of FGFR4R388 might be caused by 

interaction with uPAR (cell surface receptor for urokinase-type plasminogen activator) [144] 

and Notch signaling [161]. In pituitary tumor cells FGFR4G388 and FGFR4R388 

differentially regulated growth hormone production via src-activation and increased 

mitochondrial serine phosphorylation but decreased tyrosine phosphorylation of Stat3 [162].

Overall these observations support a pro-metastatic effect of the FGFR4R388 allele, but more 

tumor types, specifically those for which a protective impact of the FGFR4R388 receptors 

has been reported – need to be investigated to completely understand the role of the 

polymorphism in tumor progression.

e Tumor Suppressor or Oncogene

Based on the published data the question whether FGFR4 acts as oncogene or tumor-

suppressor cannot be unequivocally answered and it may well be that the impact is 

dependent on the exact tissue context of tumor development. The controversy is most 

obvious in the liver. While there is strong evidence for a tumor-driving oncogenic role of 

FGFR4 in HCC (see above [124–127]), a tumor suppressive function has also been 

described. It is related to the tissue protective effect of FGFR4 and is consistent with a 

caretaker function capable of preventing tumor development [82, 163]. This role of FGFR4 

is restricted to models of chemically induced hepatocarcinogenesis associated with severe 

tissue damage. Accordingly, diethylnitrosamine (DEN)-induced liver tumor formation was 

significantly accelerated in FGFR4-deficient mice, while spontaneous tumor formation 

remained unaltered [163]. It has been suggested that the tumorsuppressor function of FGFR4 

in the liver may depend on coexpression with #-klotho which turns FGF19 signaling to 

metabolic and growth-suppressing functions [71, 163, 164]. These data suggest that a tumor-

suppressive function of FGFR4 probably depends on the lineage-specific expression of 
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klotho proteins, which are known anticancer and antiaging proteins [66]. One might 

hypothesize that the anticancer function of FGFR4/klotho competes with the pro-oncogenic 

RTK signaling function of FGFR4 in tumors probably based on the lack of klotho.

However, in marked contrast to this hypothesis Guagano et al. recently reported that 

sensitivity to the pan-FGFR inhibitor NVP-BGJ398 (see below) in FGFR4-driven liver 

cancer cell lines was strictly dependent on the overexpression of both FGF19 and #-klotho 

supporting FGF19/FGFR4 interaction [165]. Additionally, it was shown that FGF19-induced 

hepatocarcinogenesis was strongly enhanced by DEN but completely blocked in FGFR4 

knock-out mice and by both FGF19- and FGFR4-blocking antibodies [124]. A similar effect 

could be seen when treating FGF19-over-expressing/FGFR4wt animals with antibodies 

blocking FGF19 or the dimerization of FGFR4 [123, 124]. It remains to be elucidated 

whether the protumorigenic effects of FGFR4 occur at supraphysiological concentrations of 

FGF19 only and whether the unique metabolic functions of this FGFR4 ligand contribute to 

this effect. Nevertheless, these contradictory data call for caution when targeting FGFR4-

mediated signals as anticancer strategies and stress the urgent need for well-established 

models and specific inhibitors for FGFR4.

Another case for FGFR4 as a tumor suppressor comes from the frequent but often 

undiagnosed pituitary tumors. The oncogenic ptd-FGFR4 is thought to interrupt the pro-

adhesive and potentially tumor-suppressive interaction of FGFR4 with N-CAM and N-

cadherin and to diminish cell adhesion inducing a transformed phenotype [111], [112]. 

Pharmacological inhibition by a small-molecule tyrosine kinase inhibitor (TKI) PD173074 

(see below) was only moderately effective in cells overexpressing ptd-FGFR4 but not the wt-

receptor [112]. Based on a recently established FGFR4R388 crosstalk with c-src and STAT3, 

src inhibitors have been shown to block FGFR4R388-positive pituitary tumor cells [162]. 

However, the reason why in that case upstream FGFR4 inhibition is ineffective remains to be 

explained.

While breast cancer is one of the tumor types for which FGFR4 overexpression was 

observed already in the 1990’s (see above [133, 134]), loss of heterozygosity was found in 

50% of the heterozygous cases suggesting a tumor-suppressing role of FGFR4. In this study 

DNA methylation of the FGFR4 gene affected both gene variants, but was twice as likely to 

silence the FGFR4G388 versus the FGFR4R388 allele arguing for a stronger tumor suppressor 

activity of FGFR4G388 [166].

With regard to the FGFR4G388R polymorphism the hypothesis has been discussed that 

FGFR4G388 may be a tumor suppressor loosing its function through the G to R amino acid 

substitution. This is supported by reports of FGFR4G388 inhibiting cell migration and 

metastasis [154] even though this was restricted to a high FGFR4R388 expression 

background in colon cancer cells [3]. At the same time contradicting observations show 

increased tumor growth from FGFR4G388 transfected cells [17]. The data certainly support 

an anti-metastatic impact of FGFR4G388 that is also supported by signaling and matrix 

degradation results [157, 160]. However, they do not unequivocally show a tumor suppressor 

function.
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Knock-in mice carrying a FGFR4R385 that have been constructed to resolve this question 

initially do not show an obvious phenotype. However, in a chemically induced breast tumor 

model they display a higher tumor number, earlier tumor onset, more aggressive behavior 

and earlier metastasis onset compared to FGFR4G385 mice [155]. The observation is 

consistent with both a tumor/metastasis suppressing function of FGFR4G388 and an 

oncogenic function of FGFR4R388. Our own observations in colon cancer xenografts show 

increased local tumor growth induced by FGFR4G388 and earlier metastasis from 

FGFR4R388 tumors – which are both oncogenic effects [17].

Even though the case for an oncogenic activation of FGFR4 is strong in several tumor types 

the possibility of an additional tumor suppressive function has to be kept in mind when 

designing strategies of FGFR4-targeting therapy.

6 Targeting FGFR4

a Is FGFR4 a Suitable Target for Cancer Therapy?

The number of studies investigating specifically FGFR4 as a target for anticancer therapy is 

comparably limited so far [3, 167]. Reasons might be that the FGFR4 activating mutations 

and amplifications are restricted to rather small patient subgroups as compared to 

successfully developed therapeutic targets like EGFR in lung adenocarcinoma, Her2 in case 

of breast cancer and FGFR1 in case of squamous cell carcinomas of lung. In addition the 

cellular mechanisms underlying FGFR4 pathophysiology are still insufficiently understood 

so that predictive markers for therapy response are widely lacking.

Additionally, within the FGFR tyrosine kinase family, FGFR4 shows the lowest homology 

to the other members suggesting that this gene underwent the strongest alterations during 

evolution. This might reflect the need for FGFR4 to take over functions other than growth 

factor-mediated proliferation and survival signaling including cell adhesion and migration/

invasion as well as important metabolic functions (see chapter 3). Such it is not surprising 

that most of the small FGFR inhibitors described so far (and partly already tested in clinical 

studies) are significantly less active against FGFR4 as compared to the other FGFR family 

members. In fact none of the known inhibitors has specificity for FGFR4. Even a somewhat 

higher inhibition constant against FGFR4 compared to FGFR1, 2 and/or 3 has not yet been 

observed (see Table 4) [167, 168]. Consequently, development of specific FGFR4 tyrosine 

kinase inhibitors (TKIs) is of utmost importance to clarify the feasibility of this therapeutic 

strategy in respective cancer patients harboring tumors with alterations in FGFR4. A 

respective strategy based on in silico docking scores has been very recently reported 

resulting in relatively active FGFR4 TKIs which show activity against FGFR4-

overexpressing cancer models in vitro [169].

Nevertheless, when directly targeting FGFR4 in cancer therapy, the impact on the important 

metabolic functions of FGFR4 outlined above, has to be considered and thoroughly tested to 

avoid strong unwanted adverse effects based on metabolic deregulation. As mice devoid of 

FGFR4 show elevated cholesterol metabolism and bile acid synthesis [51] and enhanced 

vulnerability to chemically-induced liver damage [82] (see above), unwanted adverse effects 

in the liver need to be closely monitored.
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Additionally, it has to be considered that in some studies especially in breast cancer, 

hepatoma and pituitary tumors also convincing evidence for a tumor-suppressive function 

has been assigned to wt-FGFR4 [154, 163, 166]. Although these studies are controversially 

discussed, their results have to be kept in mind when developing FGFR4 as target for cancer 

therapy.

Despite these caveats several studies based on genetic and/or biochemical as well as 

pharmacologic interventions clearly demonstrated that inhibition of FGFR4-mediated 

functions/signals might induce anticancer activity especially in tumors with enhanced 

FGFR4 expression. The respective methodological approaches include siRNA/shRNA, 

expression of dominant-negative FGFR constructs (dnFGFR), FGF ligand- or receptor-

blocking antibodies and FGFR4-specific ligand trap proteins containing the extracellular 

domain of FGFR4 and thus depleting the FGF ligand pool of the endogenous receptor. These 

effects were especially prominent in those cell types with known oncogenic alteration in the 

FGFR4 gene (for literature see chapter 5a and b).

While predictive markers have not yet been defined, FGFR4 mutations or overexpression of 

autocrine ligands seem to be a pre-requisite for a response to FGFR4 blockade based on the 

reports discussed in chapter 5. For HCC also #-klotho expression may be a suitable 

predictive marker [165]. Tumor-specific FGFR4-dependent down-stream signaling involves 

STAT3 in RMS suggesting the possibility that STAT3 levels may also be a suitable marker 

for drug response [63]. With regard to the G388R polymorphic forms of FGFR4 there are 

several reports regarding significant effects on the response to other oncological therapies 

suggesting quality as a predictive marker (Table 3). However, any impact of the polymorphic 

forms on response to FGFR4-silencing still remains to be determined.

b Small Molecule FGFR Inhibitors

Small molecule TKIs targeting the ATP-binding pocket are of central interest in personalized 

cancer therapy and some of them have even been already approved for clinical use in defined 

patient subgroups. Accordingly, several companies have developed TKI targeting members 

of the FGFR family (Table 4). Although no declared FGFR inhibitor has been approved for 

anticancer therapy so far, several of these drugs are in clinical development [3, 4, 167, 170]. 

Nevertheless, it needs to be mentioned that several of the known antiangiogenic VEGFR or 

platelet-derived growth factor receptor (PDGFR) inhibitors (sorafenib, sunitinib, dovitinib), 

based on the strong homology of the kinase domains, also exert some inhibitory activity 

against FGFRs and the contribution to the clinical efficacy needs to be determined. However, 

for many of these substances the activity against FGFR4 is not published.

Unfortunately in multiple preclinical studies aiming on pharmacological inhibition of 

FGFR4, inhibitors with weaker potency against FGFR4 as compared to the other FGFRs 

were used due to lack of appropriate substances. Thus the TKI PD173074 [171], a synthetic 

compound of the pyrido-[2,3-d] pyrimidine class, characterized in some studies or by 

suppliers as FGFR1- and -3 specific was widely used in preclinical studies and shown to be 

able to inhibit (mutant) FGFR4-driven (transgenic) activities [63, 112, 141, 164, 172, 173]. 

However, if endogenous FGFR4-mediated effects are investigated the application of such 
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unspecific inhibitors is problematic considering the high activity against other FGFR family 

members.

Generally, as mentioned above only a few FGFR TKIs published so far show activity against 

FGFR4 comparable to the other FGFR family members and for many substances data for 

FGFR4 have not been reported (Table 4). One TKI having equally high activity against all 

four FGFRs is (R)-(E)-2-(4-(2-(5-(1-(3,5-dichloropyridin-4-yl)ethoxy)-1H-

indazol-3yl)vinyl)-1H-pyrazol-1-yl)ethanol, developed by Lilly and designated as 

LY2874455 [174]. This substance was shown to be highly active against FGFR-driven 

cancer xenografts but an FGFR4-driven model was not assessed. Promising activities have 

been determined also for ponatinib, clinically mainly developed for Imatinib-refractory 

chronic myeloid leukemia based on a potent abl kinase inhibition [175], but also highly 

active against the entire FGFR family [176]. Accordingly, ponatinib was shown to inhibit 

FGFR4 transgenic cell models with almost equal potency as compared to the other FGFR 

molecules [176]. However, despite investigating multiple FGFR-driven cell models and 

despite a stronger anticancer activity of ponatinib as compared to several other FGFR 

inhibitors like BIBF1120, brivanib, cediranib and dovitinib, no single model was mentioned 

in this study to be selected for FGFR4 dependence. Also Astex Pharmaceuticals recently 

reported on the development of pan-FGFR inhibitors with comparable activities against all 

four FGFRs and one of them (JNJ-42756493) being already evaluated as orally available 

drug in a clinical phase I study [177]. However, data on FGFR4-driven cancers are widely 

missing so far. Intersection of genome-wide gene expression and genomic alteration data of 

a large cancer cell line panel with sensitivity against the pan-FGFR inhibitor BGJ398 

suggested that responsiveness is closely related to FGF/FGFR deregulation [165]. Although 

no FGFR4 mutant or amplified cell model was included, hepatoma cell models with FGF19 

amplification and #-klotho overexpression responded to BGJ398 in an FGFR4-dependend 

manner. These data suggest that biomarkers might be feasible for identification of patient 

subgroups likely to respond to FGFR4 inhibition.

c Antibodies and Ligand Traps

The lack of specificity for FGFR4, evident for all small molecule FGFR TKIs, might be 

solved by the development of targeting antibodies against an FGFR4-specific epitope at the 

extracellular domain of FGFR4. Following this strategy, researchers at Genentech have 

developed the monoclonal anti-FGFR4 antibody LD1 with exclusive specificity for FGFR4 

[178] and tested for activity against the FGF19/FGFR4 driven hepatocellular carcinoma 

model in mice described above [124]. The antibody was able to inhibit ligand binding to 

FGFR4 as well as downstream signals and blocked tumor formation in the FGF19-

transgenic mouse model even after induction by DEN. The group of Axel Ullrich has 

described the generation of another mouse monoclonal anti-FGFR4 blocking antibody 

(10F10) raised against the purified extracellular domain of FGFR4 and now developed by 

U3 Pharma [179]. Interestingly, this antibody effectively blocked signaling by wt FGFR4 but 

was less efficient against the Y367C mutant, the dominant oncogene in MDA-MB453 breast 

cancer cells [122]. Additionally, antibodies against the FGFR4 specific ligand FGF19 were 

able to block preclinical colorectal and liver cancer models [113, 123]. An alternative 

approach is the use of extracellular ligand traps. Thus a FGFR4 fusion trap protein FTP-091 
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(FGFR4mut:Fc:R4-Trap; FGFR4:Fc) was generated by Five Prime Therapeutics, 

representing a chimeric fusion protein consisting of the three Ig-like extracellular domains of 

FGFR4 with the acid box linker between Ig-loops I and II replaced by the corresponding 

acid box region of FGFR1. The resulting molecule exhibited the highest affinities for FGF17 

and FGF18 followed by FGF1 and FGF2 [136]. Although this agent has been shown to 

inhibit FGF1/FGFR4-mediated growth signals, it cannot be considered as a FGFR4-specific 

in view of the promiscuous binding of the latter ligands to FGFRs. For none of the FGFR4-

targeting antibodies initiation of a clinical study has been reported so far. This holds also 

true for the FGFR4 FTP-091 ligand trap in contrast to the FGFR1 extracellular domain-

containing FP-1039[180].

d Impact of FGFR4 on Sensitivity Against Chemotherapy and Targeted Agents

FGF and FGFR mediated signals in cancer cells have been repeatedly associated with 

chemotherapy failure well in agreement with a survival promoting function of this signal 

cascade [170]. Interestingly, also FGFR4 hyperactivation or presence of the oncogenic 

FGFR4R388 variant has been associated with altered anticancer therapy response. Roidl et al. 
[179] observed distinct upregulation of FGFR4 expression in breast cancer cell clones 

surviving doxorubicin treatment. Accordingly, overexpression and knock-down experiments 

confirmed that FGFR4 is able to mediate chemoresistance conferred by upregulation of anti-

apoptotic bcl-xl via MAPK signal transduction. This resistance could be reversed by a 

specific FGFR4 blocking antibody 10F10. In addition to chemotherapy response, FGFR4 

was also associated with the efficacy of endocrine therapy and of novel targeted anticancer 

agents. Thus, FGFR4 expression predicts failure on tamoxifen therapy in patients with 

recurrent breast cancer [181] and FGFR4 expression correlated with erlotinib resistance in 

glioblastoma cell lines suggesting that it might substitute for oncogenic EGFR signals [182].

On the contrary under certain circumstances even blockade of FGFR4-mediated signals 

might induce therapy resistance. Thus blockade of both #-klotho or FGFR4 via siRNA 

technology and PD173074 selected for resistant cell clones overexpressing the stem cell 

markers CD133 and CD44 implicating survival of therapy refractory slow growing tumor 

subclones [164].

With regard to isoforms, the poor survival of FGFR4R388 carriers with node-positive breast 

cancer was at least partly attributed to poor response to adjuvant therapy mainly with 

cyclophosphamide/methotrexate/fluorouracil-based regimens [183]. In a model for 

pancreatic neuroendocrine tumors, expression of FGFR4R388 but not FGFR4G388 diminished 

responsiveness to the mTOR inhibitor everolimus correlating with reduced clinical response 

in patients harboring this genotype [184]. While in a recent study on neoadjuvant 

chemotherapy for breast cancer the poor prognosis of FGFR4R388 carriers was confirmed, 

this genotype surprisingly indicated enhanced responsiveness and complete pathological 

response to anthracyclines/taxane-based regimens [185]. Accordingly, the same research 

group found hypersensitivity towards platinum-based chemotherapy associated with 

FGFRR388 in advanced ovarian cancer resulting in prolonged patient survival [186]. 

Analysis of preclinical HNSCC models suggest the same relationship between FGFR4R388 

and cis-platin response in this tumor type [187]. These apparently conflicting data might be 
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based on the different therapy approaches and agents, their dependence on tumor cell 

proliferation, and specific interactions with tumor cell subpopulations like cancer stem cell 

compartments. Nevertheless, all these studies point towards an involvement of FGFR4-

mediated mechanisms in anticancer therapy responses and call for precise elucidation of the 

underlying mechanisms to extract potential predictive information for diverse therapeutic 

interventions.

7 Conclusion

The collected results indicate that FGFR4 can be a suitable target for therapy of several 

cancer types and thus further development of specific therapeutic agents is well worth the 

effort. Markers predicting response to FGFR4-targeting therapy, however, are still lacking. 

In addition, the tissue protective impact of FGFR4 in the liver and its possible tumor 

suppressive function has to be kept in mind when planning systemic FGFR4 signaling 

blockade.
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Abbreviations

CYP7A1 cholesterol 7alpha-hydroxylase

DEN diethylnitrosamine

DFS disease-free survival

FGF(R) fibroblast growth factor (receptor)

Fr folate receptor alpha

FRS FGFR substrate alpha

HCC hepatocellular carcinoma

HS heparansulfate

hFGF hormonal FGF

HNSCC head and neck squamous cell carcinoma

HS heparan sulfate

Ig immunoglobuline-like

JNK c-Jun N-terminal kinase

MAPK mitogen activated protein kinase

MMP matrix metalloproteinase
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MT1-MMP, MMP14 membrane type 1 matrix metalloproteinase

N-CAM neural cell adhesion molecule

OS overall survival

PDGFR platelet-derived growth factor receptor

PI3K phosphoinositide 3 kinase

PLC phospholipase C gamma

ptd-FGFR4 pituitary-tumor derived FGFR4

RMS rhabdomyosarcomas

RTK receptor tyrosine kinase

TKI tyrosine kinase inhibitor

TSP transcription start point

VEGFR vascular endothelial growth factor receptor

wt wildtype
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Fig. (1). The gene and protein structure of FGFR4
The gene and protein structures of FGFR4 were extracted from the GenBank [219] and the 

nextProt [220] database and aligned to demonstrate the conserved exon protein domain 

relationships of the FGFR family. The figure depicts the two full-length transcripts 

NM002011 and NM213647, the soluble variant NM022963 that lacks exon 9 [41, 43], the 

soluble variant consisting of only exons 2-4 and the cytoplasmic ptd-FGFR4 variant 

(AF359246) [112]. Exons and protein domains are color coded to show which domain is 

derived from which exon.
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Fig. (2). Promoter elements regulating FGFR4 gene expression
Sequences from intron 4 of the FGFR4 gene to about 1500bp up-stream of the major TSP 

have been investigated in the ENCODE project. TSPs are marked by red arrow heads. 

Transcription factor binding sites are given as boxes at the appropriate site.
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Fig. (3). FGFR4 signaling options
Left: Canonic down-stream signaling pathways adapted from [3].

Right: Non-canonical signaling options related to FGFR-CAM binding as described by 

[221]. In cancer cells non-canonical signaling is reported to involve c-src-mediated 

activation of MMPs [157].
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Fig. (4). the FGFR4G388R SNP
Among the many SNPs in the FGFR4 gene rs351855 has strong pathophysiological impact. 

It is located in the transmembrane domain of the protein.
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Table 1
Ligands with Affinity for FGFR4 According to [18,19].

Mitogenic activity of FGFs % biological response relative to FGF1

FGFR4* FGFR1IIIb FGFR1IIIc FGFR2IIIb FGFR2IIIc FGFR3IIIb FGFR3IIIc

FGF1 subfamily FGF1 100 100 100 100 100 100 100

FGF2 113.4 59.9 103.9 9 64 1.2 107.2

FGF4 subfamily FGF4 108 15.6 102.3 14.9 94.3 1 69.1

FGF5 7 3.8 59 5 25 1 11.8

FGF6 79.4 4.6 54.9 5.4 60.7 0.9 8.8

FGF7 subfamily FGF3 5.8 34.4 0.3 44.6 4.2 1.5 0.6

FGF7 17.8 8 14.2 168 10.4 6.7 3.3

FGF10 11.5 39.4 12.5 217 6.1 6 0.8

FGF22 12.5 40.3 10.2 232 7.1 5.3 1

FGF8 subfamily FGF8 102 5.3 57.5 5.9 91.6 18.6 209

FGF17 85.5 6 22.7 6.3 27.1 10.7 111

FGF18 52.8 6.3 4.7 7.8 28.9 12.5 77.7

FGF9 subfamily FGF9 10.1 7.3 12.5 2.9 57.2 42.7 90.4

FGF16 9.9 6.5 4.3 1.8 32.5 13 32.4

FGF20 26.6 7.3 28.1 12.3 68.4 44.3 89.5

FGF19 subfamily FGF19 4.1 0.12 1.23 0.61 2.38 0.2 1.4

FGF21 1.28 0.19 0.34 0.83 0.86 0.26 0.23

FGF23 2.22 0.11 0.23 0.66 0.89 0.21 0.43

The relative biological response is calculated from publications by Ornitz et al. [18] and Zhang et al [19] using the 3H-thymidine uptake stimulated 
by 5nM of the respective FGF. For the FGF19 family members the activity was determined in the absence of klotho proteins.

*
Bold print indicates activity >50% or > than for any other FGFR variant
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Table 2
Kinase Activating Mutations [5].

Protein domain Cancer Mutation Reference

extracellular RMS C56S [63]

IgI R72L

Acidic box T122A

IgII A175T

IgII R234H

transmembrane

cytoplasmic RMS N535D/K [63]

V550L/M

A554V

G576D

Lung P712T [116], [188]

Breast V550L/M [116]
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Table 3

Impact of FGFR4G388R on Cancer Risk and Progression.

Tumor type Cancer risk Tumor aggressiveness Survival Therapy response Reference

breast cancer no impact early node metastasis, 
advanced stage

reduced DFS n.r. [143]

n.r. n.r. no impact on OS n.r. [189]

no impact no impact no impact on OS n.r. [190]

n.r. n.r. reduced DFS in node-positive 
patients

poor [183]

no impact increased node 
involvement, no impact on 

stage

n.r. n.r. [191]

n.r. increased node involvement n.r. improved [185]

n.r. increased metastasis shorter OS n.r. [192]

prostate cancer increased increased node involvement DSF decreased n.r. [144]

increased increased metastasis no impact on OS n.r. [193]

no impact no impact little impact on OS n.r. [194]

no impact n.r. n.r. n.r. [195]

colon cancer no impact early node invovlement, 
advanced stage

n.r. n.r. [143]

no impact no impact n.r. n.r. [190]

n.r. n.r. n.r. therapy resistance [196]

no impact higher stage n.r. n.r. [17]

HNSCC n.r. advanced stage in high 
FGFR4 tumors

reduced OS in high FGFR4 
tumors

n.r. [197]

n.r. n.r. reduced OS n.r. [198]

reduced risk n.r. n.r. increased cis-Pt sensitivity [187]

n.r. n.r. no impact n.r. [199]

n.r. increased node involvement increased relapse and disease-
related death

n.r. [200]

no impact no impact on stage increased disease-related death n.r. [201]

lung cancer early onset increased node 
involvement, advanced 

stage

worse short term survival n.r. [202]

n.r. no impact on stage no impact n.r. [203]

n.r. n.r. worse survival in node 
positive patients

no impact with platium 
treatment

[120]

n.r. advanced stage decreased n.r. [161]

melanoma n.r. thick tumors, nodular 
subtype

n.r. n.r. [204]

no impact n.r. n.r. n.r. [205]

gastric cancer n.r. smaller tumors decreased OS n.r. [206]

pancreatic neuroendocrine tumors n.r. increased metastasis and 
stage

n.r. n.r. [184]

Liver no impact portal venous tumor 
thrombosis

n.r. n.r. [207]
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Tumor type Cancer risk Tumor aggressiveness Survival Therapy response Reference

gliomas n.r. n.r. no impact n.r. [208]

bladder cancer no impact no impact on stage increased DFS n.r. [209]

bone sarcome n.r. n.r. no impact n.r. [210]

soft-tissue sarcomas n.r. n.r. improved n.r.

Ovarian cancer no impact portal venous tumor 
thrombosis

prolonged OS in R0 patients increased platinum sensitivity [186]

The table lists studies describing the impact of FGFR4R388 on cancer risk, progression, treatment and prognosis. n.r. indicates that no information 
on the parameter has been reported
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