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Abstract 
 
Introduction: Fibroblast growth factors (FGFs) constitute important mitogens in development, 

tissue homeostasis and cancer. FGF2 is well known to regulate self-renewal of multiple stem 

cell types, thus is widely used in stem cell culture paradigms and has been adopted for 

cultivating growth of cancer stem cells ex vivo. Recent work has shed light on the functions of 

FGF2 in brain tumors, particularly malignant glioma, demonstrating that FGF2 also increases 

self-renewal of glioblastoma cancer stem cells. This review highlights the potential of targeting 

FGF2 signaling for anti-cancer therapy. 

Areas covered: Based on the current literature, we describe the expression of FGF ligands 

and the FGFR family of receptor tyrosine kinases in the normal brain and in glioblastoma. In 

addition, we discuss FGF/FGFR signaling, including the function of heparin/heparan sulfate 

proteoglycans in facilitating FGF signaling. We speculate on avenues for potential therapeutic 

targeting of the FGF2-FGF receptor signaling axis in glioblastoma and the associated 

challenges envisioned with these approaches. 

Expert opinion: More precise targeting of FGF/FGFR signaling holds potential for improved 

anti-cancer therapeutics with less adverse effects. Future development of specific models and 

inhibitors could provide a ‘pharmacological toolbox’ for targeting diverse ligand/receptor 

combinations. 

 
 
 

Article Highlights 
 
 

- Functions of FGF2 in neural development and brain cancer 

- Overview of FGFR structure and signaling cascades 

- Discussion of known FGFR functions in glioblastoma 
 

- Synopsis of current pharmacological tools to block FGFR signaling 
 

- Summary of current clinical trials testing FGFR inhibitors in brain cancer 

- New strategies for therapeutic targeting FGF2 in glioblastoma 



 

1. Fibroblast growth factors 
 
 

Fibroblast growth factors (FGFs) encompass a family of 22 separate known members 

(reviewed in [1]) that were originally studied as early as the 1960s [2] for their function in 

driving fibroblast growth, but they were formally purified and characterized nearly a decade 

later [3]. Despite being a large family of growth factors, FGFs signal via 4 FGF receptors 

(FGFRs) (reviewed in [4]) with diverse tissue and developmental stage expression. 

FGF/FGFR signaling has a multitude of roles in development including proliferation, self-

renewal, epithelial to mesenchymal transition, and invasion. In addition, FGFRs serve as a 

cellular entry point for a variety of downstream signaling pathways (reviewed in [4]). Given its 

importance in development, FGF signaling has also been of great interest in a variety of 

malignant tumors, where it plays similar roles in proliferation, survival, self-renewal of cancer 

stem cell (CSC) populations, and invasion. In this review, we focus on the known functions of 

FGF/FGFRs in glioblastoma (GBM), the most common primary malignant brain tumor that is 

associated with a poor prognosis and therapeutic resistance. 

 

2. FGF2 in neural development 
 
 

Studies uncovering the importance of FGF signaling in the developing brain have led to great 

advancements in neural stem cell culture that have been adopted for use in studying GBM 

CSCs in vitro. Specifically, basic FGF (bFGF, FGF2) was shown to be essential for the 

proliferation of mouse neural stem and progenitor cells in a variety of initial cell culture studies 

using both neurosphere culture and immortalized neural stem cells [5,6]. The requirement for 

FGF2 was confirmed in human neural stem and progenitor cells in neurosphere cultures, with 

the added requirement for heparan sulfate proteoglycans to stabilize FGF2 [7,8]. These 

culture approaches were leveraged for the identification and expansion of CSCs from GBM 

patients, as described later. While additional studies in neural development and adult neural 

stem cells revealed an equally important role for epidermal growth factor (EGF), development 

studies showed FGF2 was essential in early neural development during neural stem cell 

expansion while EGF became more dominant later during neural progenitor cell expansion 

and early differentiation into neurons [9]. Studies in neural stem cells from a variety of 

development stages revealed diverse expression of FGFRs with high FGFR1 and FGFR4 

expression in neuroepithelial cells [10] and expression of FGFR1 and FGFR3 in neural stem 

cells in the ventricular zone [11], which signal to drive symmetric self-renewing stem cell 

division. Mouse knockout studies further confirmed an important role for FGFRs1, 2, and 3 in 

mid-brain development in a redundant manner [12], and deletion of FGFRs1, 2, and 3 resulted 

in complete loss of the dorsal telencephalon [13], a neural stem cell enriched region in the 

developing brain. 



 

While there is a clear expression pattern of FGFRs in neural stem cells and a key requirement 

for FGFRs in neural stem cell function and neural development, there is limited insight into the 

ligand/receptor spatial interaction in vivo. Inferences have been made as to the sources of 

FGF2 and localization pattern in the neural stem cell niche, and careful examination of the 

cytoarchitecture of these regions has revealed thin fractones of laminin-enriched extracellular 

matrix enriched in bound FGF2 [14–16]. These observations provide a paradigm for localized 

FGFR signaling and a cellular mechanism by which neural stem cells can directly access 

FGFs embedded in their surrounding microenvironment. These earlier studies of FGFRs in 

the developing mouse brain and requirement of FGF2 in human neural stem cell cultures have 

served as the foundation for investigation of this signaling axis in GBM CSCs as described in 

section 4. 

 

3. FGFR domains and signaling cascade 
 
 

FGFR1-4 are encoded by 4 different genes and together they represent a distinct class of 

receptor tyrosine kinases (RTKs). The structures of FGFR1-4 consist of an extracellular ligand 

binding domain, a transmembrane domain, and an intracellular domain that interacts with 

cytoplasmic molecules and transduces FGFR signaling (Figure 1) [17–19]. Various FGFs can 

activate each FGF receptor, and some FGFs can activate multiple receptors. For instance, 

FGF2 can activate FGFRs1-4. Distinct from other classes of RTKs, the extracellular domains 

of FGFRs contain three immunoglobulin-like (Ig) loops: Ig-I, Ig-II, Ig-III (reviewed in [20]), with 

the junction between the Ig-II and Ig-III subdomains specifying their affinity for FGF ligands 

[21–23]. Alternative splicing of this region in each of the FGFR1-3 genes results in the 

generation of nearly 50 FGFR isoforms that have different affinity for FGF2. This is specifically 

achieved by alternative splicing of the Ig-III domain, which results in Ig-IIIb and Ig-IIIc isoforms 

encoded by exons 8 and 9, respectively. Different affinities of the Ig-IIIb and Ig-IIIc isoforms 

for FGF2 affect receptor sensitivity to this ligand and enable fine-tuning of FGF2 signaling 

across different cell types in the same tissue depending on their FGFR profile [17,24]; FGF2 

binds more efficiently to the FGFR2/3-IIIc isoforms than the FGFR2/3-IIIb isoforms [26]. The 

expression of Ig-IIIb and Ig-IIIc is tissue specific, as IIIb is more prevalent in epithelial cells 

and IIIc is more prevalent in mesenchymal tissues [27]. Further, alternatively spliced   and 

 isoforms depend on the presence or absence of the Ig-I domain (encoded by exon 3). 

The truncated   isoforms lack auto-inhibitory functions and are oncogenic. Finally, ligand-

receptor affinity and sensitivity is further influenced by co-receptors like 

heparin/heparan sulfate proteoglycans (HSPGs) and klotho family members [28], as 

previously described [17,29–31]. 



 

FGFRs are RTKs, thus their intracellular domains consist of a juxtamembrane domain, two 

tyrosine kinase domains, and a C-terminal tail. Receptor dimerization is necessary for signal 

transduction, resulting in physical proximity of the cytoplasmatic tyrosine kinase domains, 

which then reciprocally phosphorylate each other (termed “transphosphorylation”). For this to 

happen, the hydroxyl group of the tyrosine residues receives a -phospho group from ATP, 

which triggers subsequent phosphorylation events on downstream targets [32,33]. These 

phosphorylation events create binding sites for adaptor proteins, which facilitate specific 

cellular responses through the activation of an extensive network of signaling pathways [34] 

(Figure 1). Nuclear magnetic resonance coupled with FRET experiments of different FGFs 

bound to their receptors indicated FGFRs can dimerize and are phosphorylated in the absence 

of ligand, but FGF1 and FGF2 binding led to conformational changes and additional 

phosphorylation events on the cytoplasmic tails of FGFR1 and FGFR3. Interestingly, FGFR2 

phosphorylation did not increase upon FGF1/FGF2 ligand binding. In addition, FGF1 and 

FGF2 binding led to distinct structural conformations, with FGF2 binding causing decreased 

distance between the transmembrane domains of FGFR and increased cytoplasmic 

phosphorylation [35]. This finding may hint at the prognostic relevance of FGF2 in GBM 

described below. As part of the RTK family, FGFRs orchestrate the activation of multi-protein 

complexes associated with cell proliferation, survival, cytoskeletal regulation and receptor 

degradation [36]. FGFR-mediated cell survival is mainly promoted by the activation of 

PI3K/AKT and STATs signaling [37], while FGFR-resultant RAC/JNK/p38 and 

RAS/MEK/MAPK signaling are relevant for cell proliferation [23,24,37]. In addition, FGF2-

induced activation of the MAPK cascade is regulated by the Sprouty proteins Spry3 and Spry4. 

Spry3 accelerates MAPK-induced proliferation and migration while this effect is 

counterbalanced by Srpy4 [38]. 

 
4. FGFRs in GBM 
 
 

FGFRs have different expression levels and functions in GBM (Table 1). Recently, FGFR1 

has been identified as a crucial target for inhibition of FGFR signaling in GBM as multiple 

studies have shown a positive association between glioma progression and FGF2-FGFR1 

expression and function. For instance, FGFR1 was shown to be a key regulator of glioma 

growth [39] and invasion [40]. Moreover, FGFR1 was shown to induce GBM cell 

radioresistance through PLC-, which is also involved in the regulation of hypoxia and 

apoptosis [41,42]. In addition, the role of FGFR1 as a GBM CSC regulator has been recently 

discovered [43,44]. FGFR1 is specifically expressed in GBM CSCs and translates FGF2 

stimuli to regulate crucial stem-cell associated transcription factors including ZEB1, SOX2 and 

OLIG2. Importantly, FGFR1 is the only FGFR reported to promote tumorigenicity in vivo [43]. 



 

These results outline a new way of isolating GBM CSCs and offer a potential novel therapeutic 

target to treat GBM. In addition, elevated Spry3 expression and reduced or absent Spry4 

expression have been detected in GBM, consistent with increased activation of FGF2-

mediated MAPK signaling [38]. 

 
 
The functional relevance of FGFR2 and FGFR3 signaling in GBM is not yet completely 

understood. These receptors have been associated with differentiated cancer cells, and are 

expressed in patient-derived human GBM lines [43], but may not be relevant for CSC function. 

In agreement with this notion, reduced FGFR2 expression including both its IIIb and IIIc 

isoforms has been linked with higher tumor grade and poorer survival in glioma patients [45]. 

While FGFR1 knockdown reduced patient-derived GBM CSC sphere forming capacity, 

knockdown of FGFR2 and FGFR3 in GBM CSCs did not affect sphere formation [43]. 

However, Ma et al. demonstrated that FGFR2 drives phosphorylation of Y240 on PTEN in 

human GBM samples, identifying a potential mechanism of FGFR2-mediated radioresistance 

in GBM [46]. As for FGFR3, an oncogenic FGFR3 form fused to TACC3 (Transforming acidic 

coiled-coil-containing protein 3) has been identified [47]. This mutation occurs in 3% of gliomas 

and induces ligand-independent activation of the FGFR pathway and chromosomal instability 

[47]. Glioma cells carrying the FGFR3-TACC fusion overcome the detrimental effects of these 

chromosomal alteration due to their growth advantage [48]. 

 

5. Targeting FGF2 signaling in GBM 
 
 

FGF2 is a known oncogenic factor in GBM [49] as it contributes to glioma growth [50], 

vascularization [51,52] and GBM CSC self-renewal [53]. Therefore, the FGF2/FGFRs system 

is potentially an important target for therapeutic approaches to inhibit progression and spread 

of this disease. The relevance of therapeutic targeting of FGF2 (Figure 1, number 2) is 

highlighted by experimental studies using FGF2-specific anti-sense oligonucleotides or 

antibodies to block glioma cell proliferation [39,54] and angiogenesis [55,56], which increased 

survival in animal models of glioma. While these studies provide proof-of-concept, 

pharmacological targeting of FGF2 in vivo has not yet been attempted. The development of 

inhibitors that interfere with the binding of FGF2 to its cell surface receptors [57] enables a 

more direct approach for pharmacological blocking of FGF2/FGFR signaling (Figure 1, 

number 1). Indeed, Foglieni et al. have identified new small-molecule inhibitors of FGF2 

aiming to mimic the function of thrombospondin, a protein that endogenously blocks 

angiogenesis through FGF2 interaction and sequestration [57,58]. Similar to thrombospondin, 

these small molecules block FGF2 activity by directly interfering with the FGF2/HSPG binding 

and by allosterically affecting FGF2/FGFR interaction. The authors described that these 



 

inhibitors reduced endothelial cell proliferation and vessel sprouting from aortic rings 

embedded in Matrigel in the presence of FGF2. Ronca et al., have also identified a small 

molecule (NSC12) with anti-angiogenic characteristics that functions as a multi-FGF trap by 

blocking the FGF/FGFR interaction. NSC12 showed anti-cancer efficiency in vivo [59]. 

Recently, we have used these compounds [57] in primary GBM patient-derived cells showing 

a reduction in sphere/colony formation capacity in vitro [43]. This work highlights the 

importance of targeting FGF2 to inhibit CSC maintenance and provides proof-of-concept that 

blocking FGF2 may be therapeutically beneficial. Further work is needed to establish whether 

these FGF2 blocking agents are able to cross the blood-brain barrier, and whether they show 

efficacy in vivo. 

 

6. Targeting FGFRs 
 
 

As described in the previous section, FGF2 signaling can be inhibited in experimental models 

by blocking ligand-receptor binding. In addition to interference with ligand/receptor 

interactions, FGF2 signaling can be targeted at the level of its cognate receptors. Although 

this approach is not specific to FGF2 signaling over other FGF family members, the differential 

expression of FGFRs on GBM CSCs (i.e. high FGFR2, mid FGFR1&3, and absent FGFR4) 

[43] may enable targeted approaches for GBM therapy. Current pharmaceutical development 

is most advanced for small molecule RTK inhibitors (Figure 1, number 3), which are in clinical 

trials for several malignancies, including GBM (Table 2). A number of different small molecule 

inhibitors of FGFR tyrosine kinases have been developed (e.g. PD173074, BGJ398, 

AZD4547), which show good selectivity of FGFRs over other RTKs, and in some instances 

selectivity for FGFR1-3 over FGFR4 (reviewed in [60]). In preclinical studies, Ma et al., showed 

that AZD4547 increased the anti-tumor effects of irradiation, decreasing tumor growth and 

prolonging survival in mice orthotopically transplanted with patient derived GBM CSCs [46]. 

In addition, in a glioma xenograft model where FGFR3-TACC3–transformed astrocytes were 

orthotopically transplanted, treatment with PD173074 inhibited tumor growth, and treatment 

with AZD4547 prolonged survival of glioma-bearing mice [47]. Recently, Holzhauser et al., 

showed that the combination of AZD4547 with a PI3K inhibitor (BEZ235) is more efficient for 

the treatment of pediatric medulloblastoma than the single administration of AZD4547 or 

BEZ235 [61]. Currently there are no clinical-grade inhibitors with selectivity for individual 

FGFRs or their isoforms [31]. Given the possibility that FGFR1-3 may have divergent functions 

in GBM and considering the prevalent expression of these receptors on other cell types in the 

brain, development of inhibitors with selectivity for individual FGFRs is desirable. Indeed, Jang 

et al. have recently used a FGFR1 specific inhibitor (SSR128129E) in vitro and in vivo 

xenograft models showing a sensitization of chemo-refractory cancers such as breast and 



 

cervical cancers [62,63]. It will be interesting to evaluate the efficacy of this and future FGFR1-

specific inhibitors to cross the blood-brain barrier and for targeting of the FGF2-FGFR1 axis 

in GBM CSCs in vivo. 

 
In our recent study, we found that FGF2 activates FGFR1 on the CSC cell surface, inducing 

expression of stem cell-associated transcription factors through ERK1/2 signaling [43], which 

is one of the main RAS signal-regulated kinase pathways hyperactivated in GBM [64,65]. 

Therefore, FGF2-FGFR1 signaling may also be targeted indirectly by using ERK1/2 inhibitors 

capable of crossing the blood-brain barrier [66]. Nonetheless, patient response to treatments 

targeting single molecules of the MAPK family in GBM has been minimal. One of the known 

off-target effects related to this therapy resistance is the upregulation of RTKs [67]. In addition, 

ERK1/2 inhibition can promote the activation of other signaling effectors such as STAT3 and 

AKT in GBM [67,68] which highlights the need of combinatorial therapies to treat GBM. 

 
 
The recent identification of a new targetable axis in GBM where FGF2 is released into the 

tumor microenvironment by ADAMDEC1, a protease of the ADAM family of zinc proteases 

[43], presents another avenue for therapeutic intervention (Figure 1, number 4). As GBM 

CSCs secrete ADAMDEC1 exclusively, blocking ADAMDEC1 activity could be exploited to 

specifically prevent access of GBM CSCs to FGF2. It will be interesting to see development 

of small-molecule inhibitors against this protease and to test their efficacy in experimental 

models of GBM, aggressive pediatric brain tumors [69] and pediatric medulloblastoma [61], 

which may all benefit from novel therapies targeting FGFR signaling. Initial studies indicate 

the identification of such compounds may be possible using classical biochemical screening 

approaches [70]. 

 
7. Conclusion 
 
 

The expression and demonstrated function of FGF signaling (specifically FGF2/FGFR1) in 

GBM and specifically in GBM CSCs warrants excitement and justifies efforts to develop 

strategies to inhibit these molecules for therapeutic use. Attenuating GBM CSC function via 

specific blocking of FGFR1 is a promising and alternative approach to the targeting of soluble 

factors. However, as the kinase domains of FGFR1-4 exhibit a high degree of homology with 

each other, there may be issues with specificity. In addition, given the importance of 

FGF/FGFR pathways in normal neural development as discussed in section 2, it will be 

prudent to utilize established non-neoplastic (stem) cell culture paradigms for assessing the 

therapeutic window of FGF/FGFR inhibitors. In light of these complications, identifiying 

alternative targeting mechanisms for FGF signaling in GBM should be a priority, and we 



 

believe efforts should be focused on identifying unique mechanisms used by cancer cells to 

upregulate this pathway in GBM that are not present in normal neural cells. For example, our 

observation of ADAMDEC1 being secreted and leading to increased FGF2 release from GBM 

CSCs could be exploited for therapeutic development with potentially fewer off-target effects 

compared to targeting of individual receptors. Molecular genetic observations in GBM have 

also provided an opportunity for development of GBM-specific FGF signaling approaches, 

namely those involving the FGFR3-TACC fusion. For targeting of this fusion event to be 

exploited, a genetic mouse model of GBM driven by this fusion could be a platform for the 

assessment of potentially clinical relevant inhibitors. FGFR targeted therapies are currently 

being investigated in early phase clinical trials. If significant toxicities are observed due to a 

small therapeutic window, more advanced strategies could be tested. For instance, 

advancements in chimeric-antigen receptor immunotherapies may eventually pave the way 

for bispecific inhibition of FGFR1 and another putative cancer stem cell marker to increase 

specificity over normal neural stem and progenitor cells. As we continue to study this pathway 

in GBM, including its role in resistance to standard of care therapies, we hope that additional 

targeting opportunities will unfold. 

 

8. Expert opinion 
 
 

Pharmacological targeting of the FGF2/FGFR axis is an exciting avenue for GBM therapy. 

High-resolution structural information of FGFRs including their ligand-binding sites and co-

receptors exists and is prerequisite for development of new compounds that interfere with this 

signaling axis. For instance, structural changes in the ternary receptor complex induced by 

the binding of specific FGF ligands could potentially be exploited for the design of inhibitors 

that not only target a particular receptor, but a combination of ligand and receptor. Currently, 

existing FGFR inhibitors target the tyrosine kinase domain, which offers the advantage of 

disrupting an essential step in transducing downstream signaling and thereby provides highly 

reliable inhibition. Conversely, these compounds typically do not discriminate very well 

between different FGFRs, partly because the tyrosine kinase domain is highly homologous 

across the four FGFRs. More precise targeting of specific receptor and ligands combinations 

could reduce off-target effects and/or other adverse effects (e.g. 30-50% of patients treated 

with AZD4547 showed hyperphosphataemia, whereas monoclonal antibodies against FGFR1 

resulted in unexpected weight loss in preclinical animal studies). 

 

More recent preclinical studies have identified compounds that block ligand/receptor 

interactions for FGF2. These could provide useful lead structures for further development of 

precision inhibitors, eventually generating a ‘pharmacological toolbox’ for specific blockade of 

a number of ligand/receptor combinations. Ideally, this would enable highly selective 



 

interference with FGFR signaling pathways relevant for cancer progression while preserving 

essential functions of these receptors in non-neoplastic tissues. This could potentially limit 

adverse effects, while simultaneously increasing anti-cancer efficacy. Such a ‘toolbox’ would 

be useful beyond GBM, enabling targeting FGFR signaling in other cancers as well where 

different FGF ligands crucially activate this axis. 

 
Several issues need to be overcome to achieve this goal: 
 
 

(i) Additional high resolution structural data needs to be generated for different 

permutations of FGFRs, FGF ligands and co-receptors. Currently, the RCSB 

protein data bank contains structural data for four FGFs bound to FGFR1, three 

ligands bound to FGFR2, and FGF1 bound to FGFR3. Better understanding of the 

structural relationship between different FGFRs and their ligands will be essential 

to dissect the biology of these receptors as well as for precise pharmacological 

targeting. 

 

(ii) Additional small-molecule inhibitors should be developed that block FGF/FGFR 

interactions based on currently known compounds. For instance, inhibitors of 

FGF2 binding to FGFRs are based on FGF2-binding capacity of Thrombospondin-

1 or Pentraxin-3 [57–59]. Development of structural derivatives of these tool 

compounds may enable further optimization of their inhibitory activity and/or other 

pharmacological parameters. Similar strategies may also be employed to develop 

inhibitors for other FGF ligands. 

 
(iii) Assays should be developed to screen novel inhibitors for their efficacy against 

cancer cells and for their safety in normal tissues. Blocking specific FGFR/ligand 

interactions will likely improve targeting of GBM over non-neoplastic cells, but this 

needs to be validated in appropriate settings. 

 
The FGFR3-TACC fusion is considered a driving genetic event in GBM pathogenesis due to 

its abilty to lead to tumorigenicity in primary Ink4A;Arf−/−     astrocytes and anchorage 

independent growth of fibroblasts. Likewise, stereotactic transduction of mouse hippocampus 

with FGFR3-TACC lentivirus in combination with p53 knockdown leads to invasive malignant 

gliomas in mice. Given these findings and homogenous expression of FGFR3-TACC fusions 

detected in primary GBM tumors, patients with gliomas carrying this fusion may represent the 

group most likely to benefit from FGFR-targeted therapies [48]. As discussed earlier, 

preclinical studies demonstated that AZD4547 prolongs survival of FGFR3-TACC+ glioma 

bearing mice. AZD4547 has been tested in a Phase II clinical trial of recurrent malignant 



 

gliomas expressing the FGFR-TACC fusion (NCT02824133) but has yet to demonstrate 

efficacy in the human setting. Therefore, specific, brain penetrant inhibitors for this fusion 

should continue to be developed and tested in mouse models of FGFR-TACC driven GBM. 

 
 
 
 

Acknowledgements 
 
 

The authors would like to thank members of the Lathia and Siebzehnrubl laboratories for 

insightful comments on the manuscript. We also thank Amanda Mendelsohn (Cleveland 

Clinic) for illustration assistance. Funding was provided by Medical Research Council grant 

(MR/S007709/1) to FAS, Lisa Dean Moseley Foundation, the Brain Tumor Research and 

Theraputic Development Center of Excellence at the Cleveland Clinic, and Case 

Comprehensive Cancer Center to JDL and KM (T32 CA059366). 



 

References: 
 
[1] Katoh M, Nakagama H. FGF Receptors: Cancer Biology and Therapeutics. Med. Res. 

Rev. 2014;34:280–300. 

 
[2] Foley JF, Kennedy BJ, Ross JD. A Factor from HeLa Cells Promoting Colonial 

Growth of Human Fibroblast-like Cells in Culture. Cancer Res. 1963;23:368–371. 

 
[3] Gospodarowicz D. Localisation of a fibroblast growth factor and its effect alone and 

with hydrocortisone on 3T3 cell growth. Nature. 1974;249:123–127. 

 

[4] Eswarakumar VP, Lax I, Schlessinger J. Cellular signaling by fibroblast growth factor 

receptors. Cytokine Growth Factor Rev. 2005;16:139–149. 

 
[5] Cattaneo E, McKay R. Proliferation and differentiation of neuronal stem cells 

regulated by nerve growth factor. Nature. 1990;347(6295):762-5. 

 
** First study to identify adult neural stem/progenitor cells in mammals. 
 
 

[6] Kitchens DL, Snyder EY, Gottlieb DI. FGF and EGF are mitogens for immortalized 

neural progenitors. J. Neurobiol. 1994;25:797–807. 

 
[7] Caldwell MA, Svendsen CN. Heparin, but not other proteoglycans potentiates the 

mitogenic effects of FGF-2 on mesencephalic precursor cells. Exp. Neurol. 

1998;152:1–10. 

 

[8]       Caldwell MA, He X, Wilkie N, et al. Growth factors regulate the survival and fate of 

cells derived from human neurospheres. Nat. Biotechnol. 2001;19:475–479. 

 
[9] Lillien L, Raphael H. BMP and FGF regulate the development of EGF-responsive 

neural progenitor cells. Development. 2000;127:4993–5005. 

 
[10] Kalyani AJ, Mujtaba T, Rao MS. Expression of EGF receptor and FGF receptor 

isoforms during neuroepithelial stem cell differentiation. J. Neurobiol. 1999;38:207– 

224. 

 

[11] Maric D, Fiorio Pla A, Chang YH, et al. Self-Renewing and Differentiating Properties 

of Cortical Neural Stem Cells Are Selectively Regulated by Basic Fibroblast Growth 

Factor (FGF) Signaling via Specific FGF Receptors. J. Neurosci. 2007;27:1836–1852. 

 
[12] Saarimäki-Vire J, Peltopuro P, Lahti L, et al. Fibroblast growth factor receptors 

cooperate to regulate neural progenitor properties in the developing midbrain and 



 

hindbrain. J. Neurosci. 2007;27:8581–8592. 
 
 

[13] Paek H, Gutin G, Hébert JM. FGF signaling is strictly required to maintain early 

telencephalic precursor cell survival. Development. 2009;136:2457–2465. 

 
[14] Kerever A, Schnack J, Vellinga D, et al. Novel extracellular matrix structures in the 

neural stem cell niche capture the neurogenic factor fibroblast growth factor 2 from 

the extracellular milieu. Stem Cells. 2007;25:2146–2157. 

 
[15] Douet V, Kerever A, Arikawa-Hirasawa E, et al. Fractone-heparan sulphates mediate 

FGF-2 stimulation of cell proliferation in the adult subventricular zone. Cell Prolif. 

2013;46:137–145. 

 
[16] Yamada T, Kerever A, Yoshimura Y, et al. Heparan sulfate alterations in extracellular 

matrix structures and fibroblast growth factor-2 signaling impairment in the aged 

neurogenic niche. J. Neurochem. 2017;142:534–544. 

 
[17] Haugsten EM, Wiedlocha A, Olsnes S, et al. Roles of Fibroblast Growth Factor 

Receptors in Carcinogenesis. Mol. Cancer Res. 2010;8:1439–1452. 

 
[18] Harmer NJ, Ilag LL, Mulloy B, et al. Towards a resolution of the stoichiometry of the 

fibroblast growth factor (FGF)-FGF receptor-heparin complex. J. Mol. Biol. 

2004;339:821–834. 

 
* This study describes the structural relationship of FGF bound to FGF receptors. 
 
 

[19] Ahmad I, Iwata T, Leung H. Mechanisms of FGFR-mediated carcinogenesis. Biochim. 

Biophys. Acta - Mol. Cell Res. 2012;1823:850–860. 

 

[20] Jimenez-Pascual A, Siebzehnrubl FA. Fibroblast Growth Factor Receptor Functions in 

Glioblastoma. Cells. 2019;8:715. 

 
[21] Yamada SM, Yamaguchi F, Brown R, et al. Suppression of glioblastoma cell growth 

following antisense oligonucleotide-mediated inhibition of fibroblast growth factor 

receptor expression. Glia. 1999;28:66–76. 

 
[22] Ornitz DM, Itoh N. The fibroblast growth factor signaling pathway. Wiley Interdiscip. 

Rev. Dev. Biol. 2015;4:215–266. 

 
[23] Mohammadi M, Olsen SK, Ibrahimi OA. Structural basis for fibroblast growth factor 

receptor activation. Cytokine Growth Factor Rev. 2005;16:107–137. 



 

[24] Beenken A, Mohammadi M. The FGF family: biology, pathophysiology and therapy. 

Nat. Rev. Drug Discov. 2009;8:235–253. 

 

[25] Rapraeger AC, Krufka A, Olwin BB. Requirement of heparan sulfate for bFGF-

mediated fibroblast growth and myoblast differentiation. Science. 1991;252:1705– 

1708. 

 

* This work provides direct evidence that FGF2 binding to heparan sulfate is necessary for 

signal transduction and FGF2 activity. 

 
[26] Holzmann K, Grunt T, Heinzle C, et al. Alternative splicing of fibroblast growth factor 

receptor IgIII loops in cancer. J. Nucleic Acids. 2012;2012:1–12. 

 
[27] Orr-Urtreger A, Bedford MT, Burakova T, et al. Developmental localization of the 

splicing alternatives of fibroblast growth factor receptor-2 (FGFR2). Dev. Biol. 

1993;158:475–486. 

 
[28] Kiselyov VV, Kochoyan A, Poulsen FM, et al. Elucidation of the mechanism of the 

regulatory function of the Ig1 module of the fibroblast growth factor receptor 1. Protein 

Sci. 2006;15:2318–2322. 

 
[29] Itoh N, Ornitz DM. Fibroblast growth factors: From molecular evolution to roles in 

development, metabolism and disease. J. Biochem. 2011;149:121–130. 

 
[30] Roghani M, Mansukhani A, Dell’Era P, et al. Heparin increases the affinity of basic 

fibroblast growth factor for its receptor but is not required for binding. J. Biol. Chem. 

1994;269:3976–3984. 

 
[31] Dieci MV, Arnedos M, Andre F, et al. Fibroblast Growth Factor Receptor Inhibitors as 

a Cancer Treatment: From a Biologic Rationale to Medical Perspectives. Cancer 

Discov. 2013;3:264–279. 

 
** Very good review discussing the current state of pharmacological development on FGFR 

inhibitors. 

 

[32] Lew ED, Furdui CM, Anderson KS, et al. The precise sequence of FGF receptor 

autophosphorylation is kinetically driven and is disrupted by oncogenic mutations. Sci. 

Signal. 2009;2:1–11. 

 

[33] Touat M, Ileana E, Postel-Vinay S, et al. Targeting FGFR signaling in cancer. Clin. 

Cancer Res. 2015;21:2684–2694. 



 

[34] Lake D, Corrêa SAL, Müller J. Negative feedback regulation of the ERK1/2 MAPK 

pathway. Cell. Mol. Life Sci. 2016;73:4397–4413. 

 

[35] Sarabipour S, Hristova K. Mechanism of FGF receptor dimerization and activation. 

Nat. Commun. 2016;7:1–12. 

 
[36] Tiong KH, Mah LY, Leong CO. Functional roles of fibroblast growth factor receptors 

(FGFRs) signaling in human cancers. Apoptosis. 2013;18:1447–1468. 

 
[37] Porębska N, Latko M, Kucińska M, et al. Targeting Cellular Trafficking of Fibroblast 

Growth Factor Receptors as a Strategy for Selective Cancer Treatment. J. Clin. Med. 

2018;8:1–28. 

 
[38] Celik-Selvi BE, Stütz A, Mayer C-E, et al. Sprouty3 and Sprouty4, Two Members of a 

Family Known to Inhibit FGF-Mediated Signaling, Exert Opposing Roles on 

Proliferation and Migration of Glioblastoma-Derived Cells. Cells. 2019;8:808. 

 
[39] Loilome W, Joshi AD, ap Rhys C, et al. Glioblastoma cell growth is suppressed by 

disruption of fibroblast growth factor pathway signaling. J. Neurooncol. 2009;94:359– 

366. 

 
[40] Fukai J, Yokote H, Yamanaka R, et al. EphA4 promotes cell proliferation and 

migration through a novel EphA4-FGFR1 signaling pathway in the human glioma 

U251 cell line. Mol. Cancer Ther. 2008;7:2768–2778. 

 
[41] Gouazé-Andersson V, Delmas C, Taurand M, et al. FGFR1 induces glioblastoma 

radioresistance through the PLCg/Hif1a pathway. Cancer Res. 2016;76:3036–3044. 

 

* This article demonstrates that FGFR1 is linked to therapy resistance in glioblastoma cells. 
 
 

[42] Sooman L, Freyhult E, Jaiswal A, et al. FGF2 as a potential prognostic biomarker for 

proneural glioma patients. Acta Oncol. (Madr). 2015;54:385–394. 

 

[43] Jimenez-Pascual A, Hale JS, Kordowski A, et al. ADAMDEC1 maintains a growth 

factor signaling loop in cancer stem cells. Cancer Discov. 2019;9:1574–1589. 

 

** This study shows that targeting FGFR1 increases survival in vivo. 
 
 

[44] Kowalski-Chauvel A, Gouaze-Andersson V, Baricault L, et al. Alpha6-integrin 
 

regulates FGFR1 expression through the ZEB1/YAP1 transcription complex in 

glioblastoma stem cells resulting in enhanced proliferation and stemness. Cancers 



 

(Basel). 2019;11:1–15. 
 
 

[45] Daido S, Takao S, Tamiya T, et al. Loss of heterozygosity on chromosome 10q 

associated with malignancy and prognosis in astrocytic tumors, and discovery of 

novel loss regions. Oncol. Rep. 2004;12:789–795. 

 
[46] Ma J, Benitez JA, Li J, et al. Inhibition of Nuclear PTEN Tyrosine Phosphorylation 

Enhances Glioma Radiation Sensitivity through Attenuated DNA Repair. Cancer Cell. 

2019;35:504–518. 

 
[47] Singh D, Chan JM, Zoppoli P, et al. Transforming fusions of FGFR and TACC genes 

in human glioblastoma. Science. 2012;337:1231–1235. 

 
** First report to identify FGFR-TACC fusion events and their importance for driving tumor 

growth in glioblastoma. 

 

[48] Lasorella A, Sanson M, Lavarone A. FGFR-TACC gene fusions in human glioma. 

Neuro. Oncol. 2017;19:475–483. 

 

[49] Haley EM, Kim Y. The role of basic fibroblast growth factor in glioblastoma multiforme 

and glioblastoma stem cells and in their in vitro culture. Cancer Lett. 2014;346:1–5. 

 
[50] Bian XW, Du LL, Shi JQ, et al. Correlation of bFGF, FGFR-1 and VEGF expression 

with vascularity and malignancy of human astrocytomas. Anal. Quant. Cytol. Histol. 

2000;22:267–274. 

 
[51]     Joy A, Moffet J, Neary K, et al. Nuclear accumulation of FGF-2 is associated with 

proliferation of human astrocytes and glioma cells. Oncogene. 1997;14:171–183. 

 

[52] Toyoda K, Tanaka K, Nakagawa S, et al. Initial contact of glioblastoma cells with 

existing normal brain endothelial cells strengthen the barrier function via fibroblast 

growth factor 2 secretion: A new in vitro blood-brain barrier model. Cell. Mol. 

Neurobiol. 2013;33:489–501. 

 
[53] Pollard SM, Yoshikawa K, Clarke ID, et al. Glioma stem cell lines expanded in 

adherent culture have tumor-specific phenotypes and are suitable for chemical and 

genetic screens. Cell Stem Cell. 2009;4:568–580. 

 
[54] Morrison R, Yamaguchi F, Saya H, et al. Basic fibroblast growth factor and fibroblast 

growth factor receptor I are implicated in the growth of human astrocytomas. J. 

Neurooncol. 1994;18:207–216. 



 

[55] Stan AC, Nemati MN, Pietsch T, et al. In vivo inhibition of angiogenesis and growth of 

the human U-87 malignant glial tumor by treatment with an antibody against basic 

fibroblast growth factor. J. Neurosurg. 1995;82:1044–1052. 

 
[56] Gross J, Herblin WF, Dusak B, et al. Effects of Modulation of Basic Fibroblast Growth 

Factor on Tumor Growth In Vivo. J. Natl. Cancer Inst. 1993;85:121–130. 

 

[57] Foglieni C, Pagano K, Lessi M, et al. Integrating computational and chemical biology 

tools in the discovery of antiangiogenic small molecule ligands of FGF2 derived from 

endogenous inhibitors. Sci. Rep. 2016;6:1–13. 

 

[58] Pagano K, Torella R, Foglieni C, et al. Direct and allosteric inhibition of the 
 

FGF2/HSPGs/FGFR1 ternary complex formation by an antiangiogenic, 

thrombospondin-1-mimic small molecule. PLoS One. 2012;7:1–11. 

 

[59] Ronca R, Giacomini A, Di Salle E, et al. Long-Pentraxin 3 Derivative as a Small-

Molecule FGF Trap for Cancer Therapy. Cancer Cell. 2015;28:225–239. 

 

**This study demonstrates in vivo efficacy of pharmacological FGF inhibitors against cancer. 
 
 

[60] Liu F-T, Li N-G, Zhang Y-M, et al. Recent advance in the development of novel, 

selective and potent FGFR inhibitors. Eur. J. Med. Chem. 2019;1–16. 

 

[61] Holzhauser S, Lukoseviciute M, Andonova T, et al. Targeting Fibroblast Growth 

Factor Receptor (FGFR) and Phosphoinositide 3-kinase (PI3K) Signaling Pathways in 

Medulloblastoma Cell Lines. Anticancer Res. 2020;40:53–66. 

 
[62] Jang HS, Woo SR, Song KH, et al. API5 induces cisplatin resistance through FGFR 

signaling in human cancer cells. Exp. Mol. Med. 2017;49:1–10. 

 
[63] Song KH, Cho H, Kim S, et al. API5 confers cancer stem cell-like properties through 

the FGF2-NANOG axis. Oncogenesis. 2017;6:1–13. 

 

[64] Hannen R, Hauswald M, Bartsch JW. A rationale for targeting extracellular regulated 

kinases ERK1 and ERK2 in glioblastoma. J. Neuropathol. Exp. Neurol. 2017;76:838– 

847. 

 
[65] Holland EC, Celestino J, Dai C, et al. Combined activation of Ras and Akt in neural 
 

progenitors induces glioblastoma formation in mice. Nat. Genet. 2000;25:55–57. 
 
 

[66] Chen W, Feng J, Tong W. Phosphorylation of astrocytic connexin43 by ERK1/2 



 

impairs blood-brain barrier in acute cerebral ischemia. Cell Biosci. 2017;7:1–9. 
 
 

[67] Sunayama J, Matsuda KI, Sato A, et al. Crosstalk between the PI3K/mTOR and 

MEK/ERK pathways involved in the maintenance of self-renewal and tumorigenicity of 

glioblastoma stem-like cells. Stem Cells. 2010;28:1930–1939. 

 
[68] Xie B, Zhang L, Hu W, et al. Dual blockage of STAT3 and ERK1/2 eliminates 

radioresistant GBM cells. Redox Biol. 2019;24:1–13. 

 
[69] Schramm K, Iskar M, Statz B, et al. DECIPHER pooled shRNA library screen 

identifies PP2A and FGFR signaling as potential therapeutic targets for diffuse 

intrinsic pontine gliomas. Neuro. Oncol. 2019;21:867–877. 

 
[70] Chen R, Jin G, McIntyre TM. The soluble protease ADAMDEC1 released from 

activated platelets hydrolyzes platelet membrane pro-epidermal growth factor (EGF) 

to active high-molecular-weight EGF. J. Biol. Chem. 2017;292:10112–10122. 

 
[71]     Rand V, Huang J, Stockwell T, et al. Sequence survey of receptor tyrosine kinases 

reveals mutations in glioblastomas. Proc. Natl. Acad. Sci. 2005;102:14344–14349. 

 
[72] Yamaguchi F, Saya H, Bruner JM, et al. Differential expression of two fibroblast 

growth factor-receptor genes is associated with malignant progression in human 

astrocytomas. Proc. Natl. Acad. Sci. 1994;91:484–488. 

 
[73] Ohashi R, Matsuda Y, Ishiwata T, et al. Downregulation of fibroblast growth factor 

receptor 2 and its isoforms correlates with a high proliferation rate and poor prognosis 

in high-grade glioma. Oncol. Rep. 2014;32:1163–1169. 

 
[74] Parker B, Annala M, Cogdell D, et al. The tumorigenic FGFR3-TACC3 gene fusion 

escapes miR-99a regulation in glioblastoma. J Clin Invest. 2013;123:1–9. 

 
[75] Di Stefano AL, Fucci A, Frattini V, et al. Detection, characterization, and inhibition of 

FGFR-TACC fusions in IDH wild-type glioma. Clin. Cancer Res. 2015;21:3307–3317. 

 
[76] Norden AD, Schiff D, Ahluwalia MS, et al. Phase II trial of triple tyrosine kinase 

receptor inhibitor nintedanib in recurrent high-grade gliomas. J. Neurooncol. 

2015;121:297–302. 



 

Figures and Tables 
 
Figure 1. FGFR signaling pathway and its targetable axis. FGFR possesses three 

domains: an extracellular domain, a single transmembrane domain and an intracellular 

domain. The FGF-FGFR complex is stabilized by heparin/HS chains of the HSPG. After 

ligand-receptor binding, FGFRs dimerize and activate multiple signal transduction pathways 

through phosphorylation of their tyrosine kinase domain. These pathways (STATs, PI3K/AKT, 

RAS/RAC/JNKs/p38, RAS/RAF/MAPK/ERK, PLCγ/PKC) induce the expression of specific 

target genes related to cell proliferation, survival and self-renewal. In CSCs, ADAMDEC1 

releases FGF2 into the tumor microenvironment, which mediates the activation of stem cell 

associated transcription factors contributing to GBM CSC self-renewal and maintenance. 

Boxes 1-4 indicate possible targetable axes to pharmacologically inhibit the FGFR signaling 

pathway. 



    

 

     

     

       

    

             

        

         

             

   

            

                                              

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Expression and function of FGFR1-4 in GBM. Protein and mRNA expression 

levels differ significantly among FGFRs in GBM. FGFR1 and FGFR3-TACC are highly 

expressed, FGFR2 is reported to be lowly expressed, while inconclusive results are identified 

for FGFR4. The function of each FGFR describes the relevance of these receptors in GBM. 



 

   

 

  

   

   

   

 

   
     

   
 

   
    

 
      

  
 

       

 
                       

          
              

    

 
 

  
   

     

 
  

 
     

 

   
   

    

 
  

 
 

 
 

    

   
     

  
  

  

    
    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2: Clinical trials involving FGFR inhibitors in glioma. Listed are small-molecule 

inhibitors either in currently ongoing or recently completed clinical trials. Included clinical trials 

are either exclusive for glioma or include brain cancers as part of a larger cohort of cancer 

patients. * indication was no longer pursued after outlicensing of BGJ398. 


