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Glioma are the most frequent malignant primary CNS tumors in adults, with an incidence of 5–6 per 100,000 per

year, with glioblastoma (with 3.2 per 100,000 per year) being the largest subgroup. The current therapy for

glioblastoma is resection followed by radiochemotherapy and their prognosis is always fatal.Oncogenic fusion

genes emerged as successful targets in several malignancies, such as chronic myeloic leukemia or lung cancer.

Fusion of the fibroblast growth receptor 3 and the transforming acidic coiled coil containing protein – FGFR3-

TACC3-fusion is prevalent in 3-4% of human glioblastoma. The fusion protein leads to constitutively activated

kinase signaling of FGFR3 and thereby promotes cell proliferation and tumour progression. An overview on clinical

and histomolecular features of FGFR3-TACC3-fusion positive glioblastoma is described and the cellular fuction of

the fusion protein in glioblastoma cells is highlighted.

FGFR3-TACC3  glioblastoma  tumor cells

1. The FGFR Family and FGFR Signaling

The family of fibroblast growth factor receptors (FGFRs) consists of four membrane-bound tyrosine kinase

receptors (RTK) FGFR1–4 and one kinase-lacking coreceptor FGFR5 or FGFR-like1 (FGFRL1). The structure

among the FGFR1–4 family members is highly conserved: every FGFR consists of three immunoglobulin-like

looped domains (Ig-domains), an acidic region (the acid box), a single transmembrane domain, a long

juxtamembrane domain, and an intracellular domain with two tyrosine kinase domains . While FGFR(1–3)IIIb is

usually expressed in epithelial tissue, FGFR(1–3)IIIc is more prevalent in a mesenchymal environment . Although

splicing regulatory mechanisms are not yet fully understood, the switching of the expression between the isoforms

during oncogenic or developmental processes, such as epithelial to mesenchymal transition, is possible .

Via the extracellular membrane domain, FGFRs can bind 22 known fibroblast growth factor ligands (FGF), as well

as the FGFR-coreceptors heparan sulfate proteoglycans and klotho. In addition to these canonical binding

partners, FGFRs are also able to bind not only extracellular matrix associated proteins and cell adhesion

molecules, but also a broad spectrum of non-canonical signaling partners such as N-cadherins or galectins .

The numerous possible ligand-receptor combinations point out that FGFR-signaling is highly context-specific, and

the role of the same receptor in two distinct tissues or pathologies can be completely different.

Ligand binding at the extracellular IgII and IgIII binding domain induces the homodimerization of two FGFR

molecules, and interaction between their tyrosine kinase domain leads to the transautophosphorylation and
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initiation of downstream signaling pathways (Figure 1) . The most relevant FGFR-downstream pathways in

cancer are activated by the FGFR substrate 2 (FRS2) mediated binding of growth factor receptor bound protein 2

(GRB2). Binding of the RAS guanine exchange factor, son of sevenless homologue 1 (SOS) and the cofactor

GRB2-associated-binding protein 1 (GAB1), forms a complex that activates RAS/MEK/MAPK and RAC/JNK and

PI3K/AKT signaling. All these pathways result in activation of cell proliferation, cell survival, and STAT1 and 3

activation, resulting in the induction of gene translation .

Figure 1. FGFR kinase signaling and activation of MAPK pathways leading to cell proliferation and cell survival

(created with biorender.com, accessed on 21 May 2022).

In addition to other mechanisms, FGFR-signaling is negatively regulated by miRNA-mediated degradation of the

receptor  and SPROUTY (SPRY) proteins, which function as tumor suppressor genes by negative regulation

of RAS/MAPK-activity .

The central function of FGF-FGFR in pathways related to cell proliferation and survival in combination with the

variable and tissue specific complex regulatory loops implicate the consequences of disturbance of these

mechanisms in cancer.

A whole genome analysis of more than 2662 adult human glioblastoma samples revealed the number of FGFR-

aberrations and amplifications as generally sparse, with prevalence of FGFR1 aberrations of 51 in 3068, FGFR2 in

12 of 2662, FGFR3 in 13 of 2887, and FGFR4 in 9 out of 2456 investigated samples . While little is known about

the role of FGFR2 and FGFR4 in glioblastoma, FGFR1 is expressed in human glioma, and its expression level

increases with the grade of malignancy . The expression of stem cell transcription factors such as ZEB1, SOX2,

and OLIG3 is regulated by FGFR1 . FGFR3 expression is increased in the classical and neural subtype of

glioblastoma, and Wang et al. saw improved survival and an expressome associated with differentiated cellular

function in correlation with higher FGFR3 expression .
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2. Histomolecular and Clinical Characteristics of FGFR3-
TACC3 Fused Glioblastoma

There are several recurrent molecular and histological characteristics that were observed in an increasing number

of investigations around FGFR3-TACC3 fusion-positive glioma: even in studies that were not limited to IDH-

wildtype or former primary glioblastomas WHO grade 4, but included all forms of malignant gliomas, all gliomas

that were positive for a FGFR3-TACC fusion presented the wildtype version of the IDH1 and IDH2 gene 

. No FGFR3-TACC3 fusions were reported in oligodendroglioma, suggesting a restriction of the fusion to

the astrocytic lineage of human glioma .

FGFR3-TACC3 fusions were mutually exclusive with EGFR-amplifications, a mutation that is present in about 80%

of IDH-wildtype glioblastoma . Mata et al. was the only group that found an EGFR-amplification in a

FGFR3-TACC3 fusion-positive glioma . Di Stefano et al. reported a trend towards the absence of the EGFRvIII

variant that goes hand in hand with higher signaling activity of the EGFR-tyrosine kinase in FGFR3-TACC3 fusion-

positive gliomas . Furthermore, other authors reported an exclusivity of FGFR3-TACC3 fusions with

amplifications of other tyrosine kinase receptors such as PDGFR, KIT, and MET .

FGFR3-TACC3 fusions were mutually exclusive with ATRX-loss and H3F3A mutations . They occurred with

less probability of harboring a co-occurring oncogenic TP53 mutation . Regarding the frequency of CDKN2A

inactivation, TERT-mutation, and cell cycle associated pathways, no difference in FGFR3-fusion-positive gliomas

was described . They were associated with a higher expression of stemness markers such as OLIG2 and GFAP

.

While MDM4 alterations were absent in FGFR3-TACC3 fusion-positive gliomas, there is an association with a

higher prevalence of MDM2 alterations and CDK4 amplifications, which can be found in 19% and 10%,

respectively, of fusion-positive glioblastoma . Even though CDK4 and MDM2 amplification itself is a favorable

prognostic factor for the survival of glioblastoma patients, a subgroup of FGFR3-fusion-positive patients with CDK4

and MDM2 amplifications had an even better overall survival rate than those with CDK4 and MDM2 amplification

that were negative for FGFR3 fusions .

Mata et al. performed methylation epic arrays on FGFR3-TACC3 positive glioblastoma, and their methylation

profile most likely corresponded to the RTKII or mesenchymal subclass phenotype. In addition, FGFR3-fusion-

positive glioblastomas harbored a generally lower overall mutational burden .

Remarkably, FGFR3-TACC3 positive gliomas were reported to possess specific morphological features that might

reflect an initial step of tumorigenesis, as they can not only be found in glioblastoma, but also in FGFR3-fusion-

positive lower grade glioma . The specific recurrent morphological features of these tumors include

monomorphous ovoid nuclei with nuclear palisading and attachment of the tumor cells towards blood vessels by

parallel thin cytoplasmic processes, forming vague pseudorosettes . Isolated tumor cells present with ovoid

nuclei and ovoid cytoplasm and infiltrate the neuropil. A network of small capillary like vessels, arranged in an
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endocrinoid network, and spindled neoplastic cells embedded in a loose, myxoid background, with a tissue culture

like appearance, is described as a “chickenwire pattern” by Broggi et al. . In glioblastoma, these specific

features were associated with different areas of higher cellular density, with anisocytosis, microvascular

proliferation, and necrosis . Furthermore, the tumors presented lower mitotic activity and signs of desmoplasia,

such as CD34 labelling and microcalcifications, making differential diagnosis between astroblastoma,

ependymoma, and angiocentric glioma, which share these morphological features, challenging . These specific

morphological features are reported to be present, at least focally, in 73% of FGFR3-fusion-positive tumors;

however, as gliomas are known to be very heterogeneous, not all tumor areas reflect these features . Gliani et

al. investigated six FGFR3-TACC3 fusion-positive glioblastomas and five of them shared the described

morphological characteristics . Based on this observation, the group conducted prospective testing for FGFR3-

TACC3 fusions in gliomas presenting with typical histomorphology. Two of the investigated tumors turned out to be

negative for an FGFR3 fusion (the number of investigated cases is not published), concluding that the described

recurrent morphological features are often shared by FGFR3-fusion-positive glioma, but the specificity for the

molecular subtype is limited .

The epidemiology of FGFR3-TACC3 fusion-positive glioblastoma is mostly unspecific. However, Granberg et al.

reported a female predominance, and Bielle et al. reported a sex ratio of 1:1 for this specific type of glioblastoma

, which is interesting, as glioblastoma are usually more frequent in men . The presence of a FGFR3 fusion

in glioblastoma IDH wildtype is reported as a favorable prognostic factor, associated with a better overall survival

compared to glioblastoma IDH-wildtype without FGFR3 fusion . However, the survival rate is not better than the

survival rate for IDH-mutated gliomas . The analysis of imaging data of a large set of FGFR3 fusion-positive

glioblastoma revealed an association with the occurrence in the cortical-subcortical region, insular, and temporal

lobe location, which might be due to the specific role of FGFRs in the development of these brain areas .

FGFR3 fusion-positive tumors presented with recurrent radiogenomic features, including a less frequent eloquent

location, poorly defined contrast-enhancing and non-enhancing tumor margins, as well as increased edema in

glioblastoma and poorly defined tumor borders in lower grade glioma  Radiomic analysis for the classification

of the FGFR3-TACC3 status of glioblastoma led to an area under the curve (AUC) of 0.87 in the first dataset and

0.754 in a second validation set, allowing the conclusion that FGFR3-TACC3 positive glioblastoma has a distinct

radiomic signature .

3. The Functional Role of FGFR3-TACC3 in Glioblastoma
Cells

The FGFR3-TACC3 fusion protein is involved in several cellular processes and signaling cascades, leading to

FGFR3-TACC3 overexpression, increased kinase activity, and corresponding downstream signaling, morphological

changes, increased cell growth, altered cellular metabolism, stress response, and even dysregulated mitotic

progression, resulting in aneuploidy.

In the very first study on FGFR3-TACC3 fusion, Singh et al. transfected fibroblasts and astrocytes with the FGFR3-

TACC3 fusion gene and observed not only anchorage independent growth of these cells in soft agar, but also a
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gain of proliferative capacity and the formation of glioma lesions, expressing the glioma stem cell markers OLIG2,

phosphohistone H3, nestin, and GFAP, while EGFRvIII transfected astrocytes did not show these markers .

Stimulation with FGF did not affect the downstream signaling of FGFR3-fusion-positive cells, but instead a

constitutive phosphorylation of the tyrosine kinase domain of FGFR3 and FRS2 was observed . All of these

effects were abolished by the tyrosine kinase inhibitor PD173074.

The kinase activity of the FGFR3-TACC3 fusion protein plays a crucial role in the proliferation and survival of

glioblastoma cells. The ability to dimerize TACC3 leads to the presence of a constitutively dimerized, and thereby

activated, FGFR3 tyrosine kinase domain in fusion-positive tumor cells and hyperactivated downstream signaling,

resulting in an overexpression of phosphorylated FRS2, the initial intracellular binding partner of FGFR3, to

activate ERK1/2 and AKT signaling . Parker et al. detected an increased activation of pERK, but not of

STAT3 and pAKT, in fusion-positive cells while other authors saw enhanced STAT3 and STAT1 activation .

Nelson et al. showed that only plasma membrane localized FGFR3-TACC3 fusion protein leads to formation of

oncogenic foci in fusion transfected NIH3T3 cells. This goes along with increased MAPK signaling activation, while

cytoplasmatic localized FGFR3-TACC3 does not induce oncogenic transformation, supporting the hypothesis that

the oncogenic force of the fusion protein is dependent on its kinase activity . The phosphorylation site Y746 is of

major importance for activation of ERK, STAT and PI3K signaling. Y746 is hyperphosphorylated in FGFR3-TACC3

fusion-positive cells and MAPK activation is increased in fusion-positive cells . Treatment with the kinase

inhibitors BGJ398 and trametinib resulted in reduction in MAPK signaling and had an antitumor effect in FGFR3-

TACCex11 and FGFR3-TACC3ex8 transfected cells, but the signaling and treatment response differed between

the two isoforms .

TACC3 in its wildtype from is phosphorylated by Aurora-A and forms a complex with clathrin and ch-TOG, which is

localized to the mitotic spindle apparatus and provides its stability . When fused to the FGFR3-protein, TACC3

lacks a phosphorylation site for Aurora-A . Confocal imaging of FGFR3-TACC3 showed an arc-shaped structure

of the protein, bending over and enchasing the metaphase spindle poles, but not relocating to the mid body,

leading to erratic mitotic segregation . FGFR3-TACC3-positive cells exhibit a 3 to 5-fold higher number of errors

in chromosomal segregation and resulting aneuploidy, an effect, that could be reduced to 80% by treatment with

the kinase inhibitor PD173074 . This, however, implies that the activity of FGFR3-TACC3 in aneuploidy induction

is dependent on its kinase activity.

Gene ontology mapping of the dataset from TCGA showed enriched expression of genes that are related to

oxidative phosphorylation, high mitochondrial activity, and biogenesis . Additionally, increased mitochondrial

DNA, mitochondrial mass, and higher levels of ATP were detected in FGFR3-TACC3 transfected astrocytes

compared to control cells, and the fusion-positive cells showed an elevated basal and maximal oxygen

consumption rate, as well as a mild increase in the extracellular acidification rate . Gene expression levels of the

respiratory complex proteins SDHB, UQCRC1, ATP5A1, and the mitochondrial membrane transporter VDAC1 were

elevated in fusion-positive cells . Anti-pY immunoprecipitation showed that only FGFR3-TACC3 fusion-positive

cells contained phosphorylated PIN4, an activator of mitochondrial metabolism and anabolic response, leading to

accumulation of reactive oxygen species and thereby, elevated expression of the transcription regulators PGC1α
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and ERRγ, which increase mitochondrial metabolism . Acordingly, the FGFR3-TACC3-positive cells were

sensitive towards treatment with mitochondrial inhibitors such as menadione, metformin, and tigecycline in vitro .

Besides this, FGFR3-TACC3 fusion leads to morphological changes characterized by the rounding up of the cells

in HEK293T cells, the activation of cell signaling pathways related to chaperone activation, the stress response and

regulation of tp53 expression, and the degradation and resistance to EGFR inhibitors in HNSCC and urothelial

carcinoma cells .
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