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Abstract: Ocular tumors are a family of rare neoplasms that develop in the eye. Depending on the
type of cancer, they mainly originate from cells localized within the retina, the uvea, or the vitreous.
Even though current treatments (e.g., radiotherapy, transpupillary thermotherapy, cryotherapy,
chemotherapy, local resection, or enucleation) achieve the control of the local tumor in the majority of
treated cases, a significant percentage of patients develop metastatic disease. In recent years, new
targeting therapies and immuno-therapeutic approaches have been evaluated. Nevertheless, the
search for novel targets and players is eagerly required to prevent and control tumor growth and
metastasis dissemination. The fibroblast growth factor (FGF)/FGF receptor (FGFR) system consists
of a family of proteins involved in a variety of physiological and pathological processes, including
cancer. Indeed, tumor and stroma activation of the FGF/FGFR system plays a relevant role in tumor
growth, invasion, and resistance, as well as in angiogenesis and dissemination. To date, scattered
pieces of literature report that FGFs and FGFRs are expressed by a significant subset of primary eye
cancers, where they play relevant and pleiotropic roles. In this review, we provide an up-to-date
description of the relevant roles played by the FGF/FGFR system in ocular tumors and speculate on
its possible prognostic and therapeutic exploitation.
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1. Introduction

The eye is a highly specialized sensory organ that allows the collection of external
images through photoreception, a process by which light energy is detected by specialized
neurons in the retina, i.e., the rods and cones. In turn, retinal neurons activate action
potentials, which are subsequently transmitted through the optic nerve to the brain, where
the information is processed as vision [1].

Structurally, the eye is a slightly asymmetrical globe located in the orbit, a compartment
that is closed medially, laterally, and posteriorly (Figure 1). The eyeball is formed by three
concentric layers of tissue. The outer protective layer is constituted by the fibrous coat,
which includes the transparent cornea and the opaque sclera; it helps to maintain intraocular
pressure and provides an attachment site for intraocular muscles. The anterior portion of
the eye and the inner surface of the eyelids are covered by the conjunctiva, a protective
mucous membrane [1,2]. The middle layer, i.e., the uvea, represents the vascular coat,
which exerts nutritive functions to support ocular structures. It comprises the iris, the
ciliary body, and the choroid. Finally, the retina constitutes the neural coat, an inner sensory
layer which hosts several classes of neuronal cells involved in the visual process [2-4].

Int. . Mol. Sci. 2022, 23, 3835. https:/ /doi.org/10.3390/ijms23073835

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23073835
https://doi.org/10.3390/ijms23073835
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7139-3820
https://orcid.org/0000-0002-2275-4917
https://orcid.org/0000-0003-1193-8929
https://orcid.org/0000-0001-8979-7068
https://doi.org/10.3390/ijms23073835
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23073835?type=check_update&version=2

Int. ]. Mol. Sci. 2022, 23, 3835

2 of 14

Sclera

\ . Optic nerve

Aqueous humor

Ciliary body

Pupil

Cornea

l Vitreous humor I

Figure 1. Tumors of the eye. Ophthalmic tumors affect specific ocular structures. Retinoblastoma

(green) arises in the retina; conjunctival melanoma (blue) involves the conjunctival epithelium; uveal
melanoma (purple) develops from any region of the uveal tract; ocular lymphomas (grey) derive
from the vitreoretinal tissue or from the uvea.

The globe is divided into two cavities, the anterior and the posterior segments. The
anterior segment encompasses the space around the iris and is filled with the aqueous
humor, a clear fluid actively secreted by the ciliary processes. The posterior segment is
located behind the lens, and it contains the vitreous humor, which is mostly composed
of collagen and hyaluronic acid; vitreous humor has a very slow turnover and it helps in
maintaining the shape of the eye [1].

2. Ocular Cancers

Among the numerous pathologies that may affect the eye and impair vision, ocular
cancers are relatively rare, affecting approximately 1/100,000 in the U.S; their occurrence is
variable, according to patients’ ethnicity and age [5,6]. Depending on the type of tumor,
ophthalmic malignancies might involve distinct ocular structures (Figure 1) [6]. Moreover,
the eye may represent the site of metastasis of other primary tumors such as breast and lung
cancers, cutaneous melanoma, tumors of the gastrointestinal tract, and kidney cancer [5,7].
In this review, we focus on the most common intraocular cancers, i.e., retinoblastoma,
ocular melanomas, and ocular lymphoma, which together represent the majority of oph-
thalmic neoplasms.

2.1. Retinoblastoma

Retinoblastoma is an ophthalmic tumor that predominantly affects children before
4-5 years of age. It represents the most common intraocular malignancy of childhood and,
with approximately 9000 new cases diagnosed each year, it accounts for approximately
2% of all childhood cancers worldwide [8]. Retinoblastomas may occur unilaterally or
bilaterally. Unilateral tumors develop following the inactivation in a susceptible retinal cell
of both wild-type alleles of the RB1 gene, which codifies for a regulatory transcription factor.
On the other hand, all bilateral patients present a germline mutation of RB1; therefore, a
second hit is sufficient for the development of the benign precursor retinoma, whereas
further mutations are necessary for the progression to retinoblastoma [9]. During the
initial stages of the disease, retinoblastoma manifests as a circumscribed intraretinal mass.
However, tumors can grow in an exophytic pattern towards the subretinal space, causing
diffuse retinal detachment. Alternatively, retinoblastoma can extend in an endophytic
pattern within the retina and into the vitreous cavity, leading to vitreous seeding and, in
severe cases, infiltrating the anterior segment of the eye [5,10]. If untreated, retinoblastoma
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is lethal within two years, due to intracranial tumor growth and disease dissemination [11].
Therefore, early diagnosis is essential for its successful clinical management [8].

Currently, chemotherapy combined with focal laser therapy is the preferred method of
treatment, while external beam radiation is no longer recommended due to increased risk
of secondary malignancies [10]. Enucleation, i.e., the surgical removal of the eye, remains
indicated for advanced tumors or in cases of recurrent disease [5]. To date, retinoblastoma
has a very high cure rate, with 98% of patients surviving after treatment [10,11]. Nev-
ertheless, metastatic disease occurs in 5% of all retinoblastoma cases and may affect the
central nervous system, the bones, and the bone marrow. Despite the successful treatment
of the primary tumor, the prognosis for metastatic retinoblastoma remains poor, and few
therapeutic options are available [8,10].

2.2. Ocular Melanomas

Ocular melanomas are the second most common type of eye tumor, and they represent
10% of all melanomas. They arise from the melanocytes located in different regions of
the eye, mainly within the uvea and the conjunctiva, giving rise to uveal or conjunctival
melanomas, respectively [12].

Uveal melanoma is the most frequent primary intraocular neoplasm in the adult
population, and it accounts for 85% to 95% of all intraocular melanomas [13]. The incidence
of uveal melanoma in Europe ranges from 2 to 8 cases per million, and its occurrence
increases with age [14]. Tumors may originate from any region of the uveal tract, which
is composed of the iris, the ciliary body, and the choroid. Clinical presentation varies
according to tumor size and location, with blurred and distorted vision being common
symptoms of iris or ciliary body involvement, while choroidal melanomas are associated
with vision loss due to retinal detachment [15]. Primary tumors are successfully treated by
brachytherapy or phototherapy, whereas enucleation is recommended only for severe cases
with extensive intraocular growth [16]. Nevertheless, uveal melanoma is a highly metastatic
disease, with a tendency to spread via hematogenous dissemination; the liver represents
the most frequent site of metastasis, followed by lungs, bones, skin, and brain [15,17].
Approximately 50% of patients affected by uveal melanoma develop metastasis within
5 years, with median survival ranging from 4 to 15 months due to the lack of effective
pharmacological therapies [18]. To date, no standard of care has been approved for treat-
ment of metastatic disease and conventional chemotherapies remain unable to improve
the overall survival [14,19,20]. Thus, novel therapeutic approaches are eagerly required. In
this context, in vitro and in vivo experimental models of uveal melanoma may represent
a useful tool for the screening of new drug candidates [21]. It is worth mentioning that
uveal melanoma lacks the most typical mutations associated with cutaneous melanoma
(i.e., BRAF and NRAS). Instead, activating mutations in GNAQ or GNA11 genes occur in
80-90% of uveal melanoma cases in a mutually exclusive pattern. Both GNAQ and GNA11
genes codify for a-subunits of G-coupled proteins and have been recognized as uveal
melanoma driver mutations [22]. Additionally, mutations of BAPI are frequently observed
in most metastasizing uveal melanomas. Loss of BAP1 compromises the maintenance of
a differentiated melanocytic phenotype, promoting epithelial-to-mesenchymal transition
and metastatic dissemination. In alternative to BAP1, metastatic uveal melanomas often
present mutations of SF3B1, which are associated with a longer disease-free survival [13].

Conjunctival melanoma comprises approximately 5% of all ocular melanomas and it
arises from melanocytes located in the basal layer of the conjunctival epithelium, which
lines the eyelids and the sclera [12,23]. In rare cases, tumors might grow and extend toward
the orbit or into the globe. Moreover, conjunctival melanoma tends to spread via both
lymphatic and blood vessels, affecting first the regional lymph nodes in 45% to 60% of
patients [12]. Subsequent systemic dissemination may occur in 20% to 30% of patients
within 10 years, with metastasis spreading to lungs, brain, bones, liver, skin, and the
gastrointestinal tract [12,23]. Currently, the standard treatment for conjunctival melanoma
is the surgical resection of the tumor mass, followed by cryotherapy to the tumor margins
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after excision. However, effective eradication of conjunctival melanoma is hindered by a
high rate of local recurrence. Therefore, adjuvant chemotherapy is often employed through
the administration of topical agents [24]. Enucleation or orbital exenteration, which consist
in the surgical removal of the globe, muscles, nerves, and fatty tissue adjacent to the eye,
may be necessary for patients with advanced tumors, while no standard of care has been
defined for metastatic disease [12,24,25].

2.3. Ocular Lymphomas

Intraocular lymphomas are a rare type of malignant lymphocytic neoplasm and they
include lymphomas derived from the vitreoretinal tissues as well as lymphomas of the
uveal tract. Vitreoretinal lymphomas are mainly primary diseases, arising within the central
nervous system, while uveal lymphomas generally occur as metastasis of systemic non-
Hodgkin lymphomas [26,27]. The exact epidemiology of primary intraocular lymphomas is
unclear, as most datasets classify the disease as a subset of primary central nervous system
lymphomas [27]. Tumor onset is often subtle, with non-specific symptoms that mimic
uveitis and lead to a delayed diagnosis [26]. Moreover, 16% to 34% of patients also manifest
central nervous system involvement at presentation. Indeed, the disease progresses to
intracranial lymphoma in 42% to 92% of patients, with widespread dissemination occurring
in the advanced stages of the disease [27]. Optimal treatment for intraocular lymphoma is
not well defined. The primary disease is mainly treated by intravitreal chemotherapy or
low-dose localized radiotherapy, whereas high-dose chemotherapy combined with local
therapy is recommended for patients with central nervous system involvement [26,28].
Mortality rates are inconsistent due to the rarity of the disease, spanning from 9% to 81% in
follow-up periods of 12-35 months [27].

2.4. Eye Metastasis

The eye may represent the site of metastasis for several tumors, in particular breast
(47%) and lung (21%) cancers, but also of cutaneous melanoma, tumors of the gastrointesti-
nal tract, and kidney cancer [5,7]. Metastasis might arise in any part of the eyeball or the
orbit, but 88% of cases affect the posterior uvea due to its extensive vascularization [7,29].
Therapeutic strategies include systemic therapies, local treatment, or a combination of
both [29]. Radiotherapy, either with external beam radiation or brachytherapy, is the most
common treatment for metastatic disease [30]. However, the average survival expectation
following diagnosis of ocular metastasis is approximately 7 months and is essentially linked
to the lethality and stage of the primary tumor [7].

3. The Fibroblast Growth Factor (FGF)/FGF Receptor (FGFR) System

In mice and humans, the Fibroblast Growth Factor (FGF) family is composed of
22 polypeptides that act as secreted signaling proteins (FGF1-10, FGF16-23) or as receptor-
independent intracellular factors (FGF11-14), with the latter being mainly involved in
neuronal development and in regulating the electrical excitability of neurons [31,32]. Se-
creted FGFs are grouped into 6 subfamilies according to phylogenetic analysis and se-
quence homology. The subfamilies FGF1/2/5, FGF3/4/6, FGF7/10/22, FGF8/17/18, and
FGF9/16/20 are known as canonical FGFs and act as local paracrine signaling molecules.
The FGF19/21/23 subfamily comprises hormone-like FGFs acting as endocrine factors that
control metabolic homeostasis [31,33,34]. Both canonical and hormone-like FGFs mediate
their biological functions by activating cell surface tyrosine kinase (TK) receptors (FGFRs),
which are encoded by four distinct genes (FGFRI-4) in mammals [31,33]. Structurally,
FGEFRs present an extracellular domain, a transmembrane domain, and a cytoplasmic TK
tail, which is responsible for FGF-related signaling. The extracellular domain consists
of three immunoglobulin (Ig)-like domains (I-III), with the Ig-like domain II and III be-
ing involved in ligand binding and in defining ligand specificity [33,35]. The functional
interaction between canonical FGFs and their receptors requires the formation of two
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FGF-FGFR-heparan sulfate proteoglycan (HSPG) ternary complexes and their subsequent
dimerization (Figure 2) [33,36].
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Figure 2. Fibroblast Growth Factor (FGF)/FGF receptor (FGFR) signaling pathways. The formation of
two FGF-FGFR- heparan sulfate proteoglycan (HSPG) ternary complexes induces receptor dimeriza-
tion and trans-phosphorylation of the tyrosine kinase (TK) domains. This event leads to the docking
of intracellular receptor substrates and consequent activation of downstream signaling pathways.
Deregulation of FGF/FGFR-mediated cell activities promotes tumor onset and progression.

Besides their role as coreceptors in FGF/FGEFR interaction, HSPGs protect canonical
FGFs from extracellular protease-mediated degradation; moreover, they sequester FGF
molecules, thus limiting their diffusion through the extracellular matrix and providing a
reservoir of the ligands [35,37]. The formation of the FGF-FGFR-HSPG ternary complex
triggers conformational changes, leading to trans-phosphorylation of the tyrosine residue
within the intracellular TK domain and providing docking sites for intracellular receptor
substrates, such as specific adaptor protein FGFR substrate 2 (FRS2) and phospholipase
Cy (PLCy). Phosphorylation of FRS2 activates the RAS-MAPK pathway, resulting in
proliferation, differentiation, or cell cycle arrest, depending on the different cellular context.
Moreover, FRS2 phosphorylation may also activate the anti-apoptotic PI3K-AKT pathway.
On the other hand, PLCy leads to protein kinase C (PKC) activation and intracellular Ca%*
release, promoting cell migration [34,38] (Figure 2).
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By mediating such a wide range of cellular activities, the FGF/FGFR system assumes
pivotal regulatory roles. Indeed, it is involved from the earliest phases of embryonic devel-
opment by taking part in mesoderm patterning; moreover, by regulating mesenchymal-
epithelial communications, the FGF/FGEFR system is essential for organogenesis. Further-
more, FGFs/FGFRs exert homeostatic functions in adults, being involved in tissue repair
and remodeling processes [31,34].

Given its ubiquitous and wide-ranging biological functions, the FGF/FGEFR system re-
quires tight regulation. Ligand-receptor binding specificity and spatio-temporal expression
of FGFs, FGFRs, and HSPGs are necessary to avoid aberrant or unappropriated activation.
Furthermore, negative feedback mechanisms occur in response to FGF/FGFR activation,
including FGFR internalization and the recruitment of phosphatases and/or negative mod-
ulators (e.g., Sprouty proteins) [33,38]. FGFR signaling may also be modulated though the
interaction with the non-canonical signaling partners of FGFRs, including extracellular ma-
trix (ECM)-associated proteins, cell adhesion molecules (CAMs), or other transmembrane
proteins and serine/threonine kinases [39].

3.1. The FGF/FGFR System in Cancer

The FGF/FGEFR family has been described to play a relevant role in several patho-
logical conditions, including cancer [33,34,40]. The aberrant activation of the FGF/FGFR
system, both in the neoplastic and the stromal compartments, may occur both in a ligand-
independent or a ligand-dependent manner, triggering tumor growth, invasion, angiogen-
esis, metastatic dissemination, and resistance to therapies [41-43]. Activating mutations
in the extracellular or TK domains of the receptors are involved in the progression of
various tumor types, including bladder and cervical cancers [44], multiple myeloma [45],
and prostate cancer [46]. Moreover, chromosomal translocations may generate fusion
proteins involving the TK domain of FGFR combined with a transcription factor domain,
as, for example, ZNF198 in myeloproliferative syndrome [47] or ETV6 in peripheral T-cell
lymphoma [48]. In these cases, the constitutive dimerization and activation of the fusion
protein strongly promotes cell proliferation and tumor growth [47,48]. As reported for
multiple myeloma, chromosomal translocations may also result in FGFR overexpression by
bringing FGFR genes under the control of a highly active promoter [37,38,40,49]. Addition-
ally, FGFR overexpression has been reported for breast [50], gastric [51], and squamous cell
lung cancers [52] as a consequence of dysregulated gene transcription and amplification.

Ligand-dependent FGFR signaling activation plays an important role in the patho-
genesis of cancer as well. Indeed, FGFs can be produced at high concentrations or “out of
context” by cancer cells or by the surrounding stroma, thus causing the hyperactivation
of the signaling and sustaining tumor growth through autocrine/paracrine mechanisms.
Furthermore, altered gene splicing mechanisms may lead to the production of different
splice variants of the receptors, able to bind a wider range of FGFs, resulting in an increased
FGF/FGEFR activation. Aberrant FGF/FGFR signaling may also result from the impairment
of negative feedback mechanisms, including mutations that increase receptor stability or
loss of negative feedback regulators [37,49].

Besides their pro-tumor activity exerted on cancer cells, tumor-derived FGFs also me-
diate tumor/stroma crosstalk, thus playing a relevant role in conditioning the surrounding
stromal cells and favoring the onset of a pro-tumor microenvironment [53,54]. It is well
documented that FGFs, in particular FGF1 and FGF2, promote tumor-associated angio-
genesis and induce the formation of new vessels that provide oxygen and nutrients, and
that facilitate cancer cell dissemination [49]. Furthermore, tumor-derived FGFs activate
cancer-associated fibroblasts (CAFs), and in turn CAF-produced FGFs sustain cancer pro-
gression [55]. FGFs are also involved in the recruitment of tumor-associated macrophages,
which exert pro-tumor functions by negatively regulating immune responses to cancer cells.
Finally, emerging evidence highlights a possible role of the FGF/FGFR system in the acqui-
sition of resistance to drugs, despite their different molecular structure and mechanisms of
action [49,56]. Thus, aberrant activation of FGF/FGEFR signaling may have several effects
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on tumor biology, including the promotion of cell proliferation and survival, motility and
invasiveness, metastatic dissemination, tumor escape from immune control, and resistance
to therapy.

Finally, the regulation exerted by non-canonical FGFR interactors plays a relevant
role in cancer. Indeed, integrin-regulated FGFR signaling has been directly implicated in
tumorigenesis, particularly in angiogenesis, a critical step for metastatic dissemination.
FGF1/Integrin-«V33/FGFR1 crosstalk has been shown to promote both angiogenesis
and tumorigenesis, and to enhance epithelial to mesenchymal transition (EMT) in breast
cancer cell lines [57,58]. FGFR can also interact with different glycoproteins belonging to
the family of CAMs, which are strictly implicated in fostering the migratory properties
associated with EMT in cancer. Indeed, neural-CAM (NCAM) has been reported to prevent
the binding of FGF to its receptor by acting as a nonconventional ligand of FGFR1, able
to mediate an FGF-independent activation [59]. NCAM/FGFR1 complexes cycle rapidly
and repeatedly at the cell surface and result in sustained signaling and cell migration.
Similarly, LICAM was described to induce signal transduction through FGFR1 in glioma
cells, promoting proliferation and motility [60]. FGFR/cadherins interactions have been
reported, leading to different biological effects, either tumorigenic or tumor suppressive,
depending on the type of cadherin involved [61]. For instance, the binding of N-cadherin
with FGFR1 stabilizes the receptor at the plasma membrane, preventing its internalization
and degradation, thus promoting motility, invasion, and metastasis [62]. Galectin-1 and
-3 have been described to interact with the extracellular regions of FGFR1, mimicking
the ligands in an FGF-independent way and acting as regulators of FGFR1 signaling and
trafficking [63]. Indeed, FGFR1/galectin-1 complexes trigger the dimerization of the FGFR,
the activation of the downstream signaling, and result in anti-apoptotic and proliferative
responses [64]. Conversely, galectin-3 crosslinks FGFR1 on the cell surface and prevents its
constitutive internalization.

3.2. FGF/FGEFR Inhibitors

Due to its crucial role in cancer progression, the FGF/FGFR system represents an
attractive target for the development of anti-tumor drugs. In this context, FGFR inhibitors
may act either at an extracellular level, by preventing ligand-receptor interaction, or at
an intracellular level, by hampering signal transduction. Currently, FGFR inhibitors are
classified as: (i) TK inhibitors (TKIs), (ii) monoclonal antibodies (mAbs), and (iii) FGF
traps [41,49].

First-generation TKIs are small molecules that inhibit the kinase activity of TK recep-
tors (RTKs) by preventing the binding of ATP to the catalytic site in a non-selective manner.
These compounds act on several RTKs, including FGFRs, due to the structural similarity of
their TK domains [65]. Although simultaneous inhibition of multiple RTKs may represent a
compelling therapeutic strategy, the application of non-selective TKIs in clinical practice is
limited by the onset of local and systemic complications, together with the poor efficacy ob-
served in FGFR-dependent tumors. Nevertheless, some of these compounds are currently
under investigation in preclinical and clinical trials, whereas other non-selective TKIs have
already been approved for the treatment of metastatic thyroid cancer (i.e., lenvatinib) and
metastatic colorectal cancer (i.e., regorafenib) [41]. To overcome the off-target effects of
first generation TKI drugs, selective FGFR TKIs have been developed and are now under
evaluation (e.g., BGJ398 for non-muscle-invasive urothelial carcinoma and AZD4547 for
non-small cell lung cancer) or already approved (e.g., pemigatinib for cholangiocarcinoma
and JNJ-42756493 for urothelial carcinoma) [66-68] (www.clinicaltrials.gov, accessed on
17 February 2022).

While most of the compounds described above exert their activity on more than one
FGEFR, anti-FGFR mAbs have the advantage to target specific receptors or even isoforms.
Moreover, they are associated with a reduced toxicity due to the absence of off-target
effects. Nevertheless, to date, only two anti-FGFR mAbs have entered clinical trials,
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i.e., MGFR1877S for the treatment of advanced solid tumors and FPA144 for gastric can-
cer [65,66] (www.clinicaltrials.gov, accessed on 17 February 2022).

Finally, FGF-trap inhibitors may represent a compelling therapeutic strategy for tumors
driven by an aberrant ligand-dependent activation of the FGF/FGFR system. These drugs
can bind one or more FGFs and, by acting at the extracellular level, they can also affect the
tumor microenvironment, hampering the tumor-stroma crosstalk [41,65]. The FGF-trap
family comprises several compounds, including FP-1039, a soluble decoy receptor fusion
protein, and NSC12, a small molecule that mimics the minimal FGF2-binding sequence of
the long Pentraxin-3 [49,69]. Interestingly, this new class of small molecules has displayed
a low toxicity profile when evaluated in experimental animal models [69].

4. The FGF/FGFR System in Eye Tumors

Even though the involvement of FGFs/FGFRs has been well documented in most
solid and hematological tumors, to date, scattered pieces of literature show that they may
also play a relevant role in eye tumors, particularly in uveal melanoma and retinoblastoma.

Clinical and experimental evidence suggests the presence of an FGF/FGFR autocrine
activation loop in uveal melanoma. Indeed, data mining performed on the publicly avail-
able mRNA profiling dataset of 80 primary human uveal melanoma specimens, present
in The Cancer Genome Atlas (TCGA), reports the overexpression of one or more FGFs or
FGFRs in 60% and 21% of cases of uveal melanoma, respectively (Figure 3A). Interestingly,
among several FGFs and FGFRs that were found upregulated, FGF12 and FGFR1 were the
most represented, reaching 26% and 11% of total cases (Figure 3B). In addition, alterations
in FGFs and FGFRs resulted in a poorer prognosis in terms of reduced overall survival in
patients (Figure 3C and [70]). Expression analysis in a set of 9 primary uveal melanomas
reported that FGF1 and FGF2 were expressed in 77% of samples, with co-expression of
FGF1/FGF2 in 55% of cases. Moreover, primary tumors also expressed all FGFRs, with
FGFR1 being the most represented overall, while 33% of tumors expressed both FGF1/FGF2
ligands and all four receptors [71].

Clinically, high levels of FGF2 were detected in mixed/epithelioid specimens, as-
sociated with a poor prognosis, compared to spindle cell type tumor samples [72,73].
Accordingly, primary tumors expressing FGF2 were associated with an increased metas-
tasis occurrence [72]. In this context, the elevated expression of FGF2 in uveal melanoma
metastases further reinforces the hypothesis that FGFs play a non-redundant role in uveal
melanoma progression and invasion. Indeed, it has been recently reported that FGF2,
produced by liver stellate cells, can mediate FGFR activation in metastatic uveal melanoma
cells; moreover, it is responsible for the resistance to the bromodomain and histone deacety-
lase inhibitors [74].

From the perspective of therapeutic applications, the blocking of endogenous FGF2
with monoclonal antibodies or antisense nucleotide reduced cell proliferation, clonogenic
potential, and cell survival in uveal melanoma cell lines [71]. Indeed, similar results
were obtained by targeting FGFR1 [71]. Accordingly, treatment with the pan FGF-trap
NSC12 [69] prevented the activation of FGFRs and their downstream signaling mediators
FRS2 and ERK1/2 in uveal melanoma cells [70]. Moreover, NSC12 treatment induced
cell apoptosis through the activation of the pro-apoptotic caspase-3 protein as well as
PARP cleavage [70]. These events were matched by the degradation of (3-catenin, a key
mediator of uveal melanoma metastasis [75-77], and resulted in a significant inhibition
of cell proliferation and migration [70]. Notably, similar effects were obtained with the
selective FGFR TK inhibitor BGJ398 [70].

Regarding other ocular neoplasms, scattered evidence obtained on human retinoblas-
toma cell lines showed the expression of all four FGFRs, with cell proliferation in response
to stimulation with FGF1 and FGF2 [78,79]. In addition, analysis of aqueous humor from
retinoblastoma patients revealed higher concentration of FGF2 compared to the control
group, thus supporting the hypothesis that FGF may play a role in retinoblastoma progres-
sion [80]. Moreover, experimental evidence shows that treatment with exogenous FGF1
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induces the activation and phosphorylation of FGFR1 in the human retinoblastoma Y-29
cell line, while the selective inhibition of FGFR1 resulted in decreased cell proliferation [79].
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Figure 3. Overexpression of FGFs and FGFRs in human primary uveal melanoma. Analysis of The
Cancer Genome Atlas (TCGA) dataset performed on 80 primary human uveal melanoma specimens.
(A) Pie charts showing the percentage of samples with mRNA overexpression of FGFs (left panel)
or FGFRs (right panel). (B) Percentage of uveal melanoma patients with mRNA overexpression of
different members of the FGF (upper panel) or FGFR (lower panel) families. (C) Probability of overall
survival of patients with or without FGF (upper panel) or FGFR (lower panel) alterations. Statistical
analysis: Logrank Test.

The activation of the angiogenic switch, which requires an imbalance between pro-
and anti-angiogenic factors, is essential for tumor progression [81]. In uveal melanoma
and retinoblastoma, an increased vascular density has been associated with larger and
more invasive tumors as well as with a poorer prognosis in patients [82,83]. In this frame,
high levels of Vascular Endothelial Growth Factor (VEGF) have been reported in the ocular
fluids of patients affected by both uveal melanoma or retinoblastoma [80,84,85]. More-
over, a significant reduction of tumor growth was observed following treatment with
anti-VEGF bevacizumab, in both in vitro and in vivo experimental models, suggesting that
anti-angiogenic strategies may be of significance for the clinical management of ocular
tumors [86,87]. Given the role of FGF2 as a potent pro-angiogenic mediator, several studies
have investigated its involvement in ocular tumor-associated angiogenesis. As mentioned
above, high concentrations of FGF2 have been found in the aqueous humor of patients
affected by either retinoblastoma or uveal melanoma [80,85]. Moreover, immunohistochem-
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istry analysis of uveal melanomas showed that, even though FGF2 is mainly located in the
cytoplasm of tumor cells, a positive signal is also detectable in the perivascular area [88].
Accordingly, in vitro experiments reported a significant impairment in the proliferation
of endothelial cells co-cultured with primary human uveal melanoma cells following the
selective inhibition of FGF2 [88], thus pointing to this pathway as a possible target to
block neo-angiogenesis in uveal melanoma. Similar results were obtained in a transgenic
mouse model of retinoblastoma, where a time-course analysis of FGF2 expression showed
a peak of production during the early stages of tumorigenesis, localized in the perivascular
area [78]. Accordingly, immunofluorescence analysis of human retinoblastoma tissues
showed a positive staining for FGF2 located in both tumor and vascular cells [78]. Fi-
nally, Y-29 cells extracts induced proliferation of bovine brain-derived capillary endothelial
cells, whereas their pro-angiogenic activity was prevented in the presence of neutralizing
anti-FGF2 antibodies [89].

5. Concluding Remarks

In the era of personalized medicine and targeted therapies, it is of growing importance
to deepen our knowledge on the molecular mechanisms involved in tumor progression;
currently, new therapeutic approaches are being constantly investigated and developed.
In this context, the FGF/FGFR system represents a paradigm, given its regulatory role in
multiple hallmarks of cancer biology, such as proliferation, EMT, angiogenesis, metabolism,
and drug resistance. As described in this review, the activity of the FGF/FGFR system
has been widely characterized in several tumor types, leading to the introduction of novel
therapies, both in clinical trials and in clinical practice [41,90].

Despite their relatively low incidence, eye tumors represent a challenging context
for the development of new pharmacological treatments aimed at improving the overall
survival of patients as well as their quality of life. In this frame, the FGF/FGFR signaling
pathway represents an exploitable therapeutic target, due to its involvement in promoting
tumor progression and dissemination, both in uveal melanoma and retinoblastoma. Indeed,
experimental data suggest that targeting FGFR deeply affects tumor cells, impairing their
capacity to grow, invade, and, eventually, resist first line therapies. Moreover, inhibition of
the FGF/FGFR system may also be significant as an anti-angiogenic strategy, taking into
consideration the importance of angiogenesis and hematogenous dissemination in ocular
tumors, which develop in deeply vascularized area. Despite the lack of direct reports on
the pro-angiogenic effect of FGF in ocular tumors, it is reasonable to assume that its mere
expression contributes to sustaining neo-vessel formation. Notably, anti-FGF approaches
have been widely characterized as anti-angiogenic; furthermore, they can be employed to
overcome resistance to conventional anti-VEGF therapies [91,92]. Interestingly, the anti-
angiogenic effect exerted anti-FGFs/FGFRs should be considered from the perspective of
an integrate approach, aimed at treating ocular tumors by acting on both the stromal and
the parenchymal compartments.

In addition to the direct role of the FGF/FGFR system in ocular tumors, further
research is required to investigate the activity of the non-conventional FGFR interactors.
For instance, the expression of NCAM has been reported in mixed/epithelioid uveal
melanoma cell types, which are associated with an increased metastatic potential [93].
Nevertheless, the involvement of NCAM and other FGFR- activators is largely unexplored
in the field of ocular neoplasms.

To date, different therapeutic strategies allow us to block FGFRs with a more or less
selective approach; however, their clinical application has been reserved only for those
tumors where the driving role of FGFRs is well characterized, such as cholangiocarcinoma
and urothelial cancers [66—68]. Notably, a finer modulation of FGFR activation may be
achieved through FGF-trap molecules; therefore, their validation would allow better regula-
tion of the crosstalk exerted by different FGFs in the complex tumor microenvironment [38].
FGF/FGEFR inhibitors represent an attractive therapeutic perspective for ocular tumors,
and especially for the clinical management of uveal melanoma; nevertheless, their legitima-
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tion is hampered by the scarcity of literature reporting their involvement in the different
phases of tumor growth. Therefore, more studies are needed to expand the knowledge
of the FGF/FGEFR system into other, less represented, tumors of the eye and to push the
currently available FDA-approved anti-FGF/FGFR drugs towards their application in
ophthalmic neoplasms.

Author Contributions: Conceptualization, S.R. and R.R.; writing—original draft preparation, A.L.
and M.T.; writing—review and editing, ES., S.R. and R.R,; visualization, A.L., M.T. and S.R.; super-
vision, R.R.; funding acquisition, ES. and R.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Associazione Italiana Ricerca sul Cancro (AIRC) IG grant
No. 23151 to R.R,, and S.R was supported by Fondazione Umberto Veronesi and Associazione Garda
Vita R. Tosoni fellowships.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

Cholkar, K.; Dasari, S.R.; Pal, D.; Mitra, A K. Eye: Anatomy, physiology and barriers to drug delivery. In Ocular Transporters and
Receptors; Elsevier: Amsterdam, The Netherlands, 2013; pp. 1-36.

Malhotra, A.; Minja, EJ.; Crum, A.; Burrowes, D. Ocular anatomy and cross-sectional imaging of the eye. Semin. Ultrasound CT
MR 2011, 32, 2-13. [CrossRef]

Masland, R.H. The neuronal organization of the retina. Neuron 2012, 76, 266-280. [CrossRef]

Mafee, M.F,; Karimi, A.; Shah, J.D.; Rapoport, M.; Ansari, S.A. Anatomy and pathology of the eye: Role of mr imaging and ct.
Magn. Reson. Imaging Clin. N. Am. 2006, 14, 249-270. [CrossRef]

Williams, B.K.; Di Nicola, M. Ocular oncology-primary and metastatic malignancies. Med. Clin. N. Am. 2021, 105, 531-550.
[CrossRef]

Nagarkatti-Gude, N.; Wang, Y.; Ali, M.].; Honavar, S.G.; Jager, M.].; Chan, C.C. Genetics of primary intraocular tumors. Ocul.
Immunol. Inflamm. 2012, 20, 244-254. [CrossRef]

Cohen, V.M. Ocular metastases. Eye 2013, 27, 137-141. [CrossRef]

Dimaras, H.; Kimani, K.; Dimba, E.A.; Gronsdahl, P.; White, A.; Chan, H.S.; Gallie, B.L. Retinoblastoma. Lancet 2012, 379,
1436-1446. [CrossRef]

Dimaras, H.; Corson, T.W. Retinoblastoma, the visible cns tumor: A review. J. Neurosci. Res. 2019, 97, 29-44. [CrossRef]

Rao, R.; Honavar, S.G. Retinoblastoma. Indian |. Pediatr. 2017, 84, 937-944. [CrossRef]

Pritchard, E.M.; Dyer, M.A.; Guy, R K. Progress in small molecule therapeutics for the treatment of retinoblastoma. Mini. Rev.
Med. Chem. 2016, 16, 430-454. [CrossRef]

Blum, E.S,; Yang, ].; Komatsubara, K.M.; Carvajal, R.D. Clinical management of uveal and conjunctival melanoma. Oncology 2016,
30, 34-43.

Smit, K.N.; Jager, M.].; de Klein, A.; Kilig, E. Uveal melanoma: Towards a molecular understanding. Prog. Retin. Eye Res. 2020, 75,
100800. [CrossRef]

Krantz, B.A.; Dave, N.; Komatsubara, K.M.; Marr, B.P,; Carvajal, R.D. Uveal melanoma: Epidemiology, etiology, and treatment of
primary disease. Clin. Ophthalmol. 2017, 11, 279-289. [CrossRef]

Souto, E.B.; Zielinska, A.; Luis, M.; Carbone, C.; Martins-Gomes, C.; Souto, S.B.; Silva, A.M. Uveal melanoma: Physiopathology
and new in situ-specific therapies. Cancer Chemother. Pharmacol. 2019, 84, 15-32. [CrossRef]

Yang, ].; Manson, D.K.; Marr, B.P; Carvajal, R.D. Treatment of uveal melanoma: Where are we now? Ther. Adv. Med. Oncol. 2018,
10, 1758834018757175. [CrossRef]

Patel, M.; Smyth, E.; Chapman, P.B.; Wolchok, J.D.; Schwartz, G.K.; Abramson, D.H.; Carvajal, R.D. Therapeutic implications of
the emerging molecular biology of uveal melanoma. Clin. Cancer Res. 2011, 17, 2087-2100. [CrossRef]

Chattopadhyay, C.; Kim, D.W.; Gombos, D.S.; Oba, J.; Qin, Y.; Williams, M.D.; Esmaeli, B.; Grimm, E.A.; Wargo, J.A.; Woodman,
S.E.; et al. Uveal melanoma: From diagnosis to treatment and the science in between. Cancer 2016, 122, 2299-2312. [CrossRef]
Amaro, A.; Gangemi, R.; Piaggio, F.; Angelini, G.; Barisione, G.; Ferrini, S.; Pfeffer, U. The biology of uveal melanoma. Cancer
Metastasis Rev. 2017, 36, 109-140. [CrossRef]

Carvajal, R.D.; Schwartz, G.K.; Tezel, T.; Marr, B.; Francis, ].H.; Nathan, P.D. Metastatic disease from uveal melanoma: Treatment
options and future prospects. Br. ]. Ophthalmol. 2017, 101, 38—44. [CrossRef]

Tobia, C.; Coltrini, D.; Ronca, R.; Loda, A.; Guerra, J.; Scalvini, E.; Semeraro, F; Rezzola, S. An orthotopic model of uveal
melanoma in zebrafish embryo: A novel platform for drug evaluation. Biomedicines 2021, 9, 1873. [CrossRef]

Griewank, K.G.; Murali, R. Pathology and genetics of uveal melanoma. Pathology 2013, 45, 18-27. [CrossRef]

Jovanovic, P.; Mihajlovic, M.; Djordjevic-Jocic, J.; Vlajkovic, S.; Cekic, S.; Stefanovic, V. Ocular melanoma: An overview of the
current status. Int. |. Clin. Exp. Pathol. 2013, 6, 1230-1244.


http://doi.org/10.1053/j.sult.2010.10.009
http://doi.org/10.1016/j.neuron.2012.10.002
http://doi.org/10.1016/j.mric.2006.06.007
http://doi.org/10.1016/j.mcna.2021.02.005
http://doi.org/10.3109/09273948.2012.702843
http://doi.org/10.1038/eye.2012.252
http://doi.org/10.1016/S0140-6736(11)61137-9
http://doi.org/10.1002/jnr.24213
http://doi.org/10.1007/s12098-017-2395-0
http://doi.org/10.2174/1389557515666150722100610
http://doi.org/10.1016/j.preteyeres.2019.100800
http://doi.org/10.2147/OPTH.S89591
http://doi.org/10.1007/s00280-019-03860-z
http://doi.org/10.1177/1758834018757175
http://doi.org/10.1158/1078-0432.CCR-10-3169
http://doi.org/10.1002/cncr.29727
http://doi.org/10.1007/s10555-017-9663-3
http://doi.org/10.1136/bjophthalmol-2016-309034
http://doi.org/10.3390/biomedicines9121873
http://doi.org/10.1097/PAT.0b013e32835c6505

Int. ]. Mol. Sci. 2022, 23, 3835 12 of 14

24.

25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Vora, G.K.; Demirci, H.; Marr, B.; Mruthyunjaya, P. Advances in the management of conjunctival melanoma. Surv. Ophthalmol.
2017, 62, 26—42. [CrossRef]

Char, D.H. Ocular melanoma. Surg. Clin. N. Am. 2003, 83, 253-274.vii. [CrossRef]

Kalogeropoulos, D.; Vartholomatos, G.; Mitra, A.; Elaraoud, I.; Ch'ng, SW.; Zikou, A.; Papoudou-Bai, A.; Moschos, M.M.;
Kanavaros, P.; Kalogeropoulos, C. Primary vitreoretinal lymphoma. Saudi. ]. Ophthalmol. 2019, 33, 66-80. [CrossRef]

Sagoo, M.S.; Mehta, H.; Swampillai, A.].; Cohen, V.M.; Amin, S.Z.; Plowman, PN.; Lightman, S. Primary intraocular lymphoma.
Surv. Ophthalmol. 2014, 59, 503-516. [CrossRef]

Tang, L.J.; Gu, C.L.; Zhang, P. Intraocular lymphoma. Int. ]. Ophthalmol. 2017, 10, 1301-1307.

Qu, Z; Liu, J.; Zhu, L.; Zhou, Q. A comprehensive understanding of choroidal metastasis from lung cancer. Oncol. Targets Ther.
2021, 14, 4451-4465. [CrossRef]

Georgalas, I.; Paraskevopoulos, T.; Koutsandrea, C.; Kardara, E.; Malamos, P.; Ladas, D.; Papaconstantinou, D. Ophthalmic
metastasis of breast cancer and ocular side effects from breast cancer treatment and management: Mini review. Biomed. Res. Int.
2015, 2015, 574086. [CrossRef]

Wiedlocha, A.; Haugsten, E.M.; Zakrzewska, M. Roles of the fgf-fgfr signaling system in cancer development and inflammation.
Cells 2021, 10, 2231. [CrossRef]

Itoh, N.; Ornitz, D.M. Fibroblast growth factors: From molecular evolution to roles in development, metabolism and disease. J.
Biochem. 2011, 149, 121-130. [CrossRef] [PubMed]

Xie, Y.; Su, N,; Yang, J.; Tan, Q.; Huang, S; Jin, M.; Ni, Z.; Zhang, B.; Zhang, D.; Luo, F,; et al. Fgf/fgfr signaling in health and
disease. Signal Transduct Target Ther. 2020, 5, 181. [CrossRef] [PubMed]

Ornitz, D.M.; Itoh, N. The fibroblast growth factor signaling pathway. Wiley Interdiscip Rev. Dev. Biol. 2015, 4, 215-266. [CrossRef]
[PubMed]

Beenken, A.; Mohammadi, M. The fgf family: Biology, pathophysiology and therapy. Nat. Rev. Drug Discov. 2009, 8, 235-253.
[CrossRef]

Plotnikov, A.N.; Schlessinger, ].; Hubbard, S.R.; Mohammadi, M. Structural basis for fgf receptor dimerization and activation. Cell
1999, 98, 641-650. [CrossRef]

Brooks, A.N.; Kilgour, E.; Smith, P.D. Molecular pathways: Fibroblast growth factor signaling: A new therapeutic opportunity in
cancer. Clin. Cancer Res. 2012, 18, 1855-1862. [CrossRef]

Giacomini, A.; Chiodelli, P; Matarazzo, S.; Rusnati, M.; Presta, M.; Ronca, R. Blocking the fgf/fgfr system as a “two-compartment”
antiangiogenic/antitumor approach in cancer therapy. Pharmacol. Res. 2016, 107, 172-185. [CrossRef]

Ferguson, H.R.; Smith, M.P,; Francavilla, C. Fibroblast growth factor receptors (fgfrs) and noncanonical partners in cancer
signaling. Cells 2021, 10, 1201. [CrossRef]

Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010, 10, 116-129.
[CrossRef]

Ghedini, G.C.; Ronca, R.; Presta, M.; Giacomini, A. Future applications of fgf/fgfr inhibitors in cancer. Expert. Rev. Anticancer Ther.
2018, 18, 861-872. [CrossRef]

Giacomini, A.; Grillo, E.; Rezzola, S.; Ribatti, D.; Rusnati, M.; Ronca, R.; Presta, M. The fgf/fgfr system in the physiopathology of
the prostate gland. Physiol. Rev. 2021, 101, 569-610. [CrossRef] [PubMed]

Rezzola, S.; Sigmund, E.C.; Halin, C.; Ronca, R. The lymphatic vasculature: An active and dynamic player in cancer progression.
Med. Res. Rev. 2022, 42, 576-614. [CrossRef] [PubMed]

Cappellen, D.; De Oliveira, C.; Ricol, D.; de Medina, S.; Bourdin, ].; Sastre-Garau, X.; Chopin, D.; Thiery, ].P; Radvanyi, F. Frequent
activating mutations of fgfr3 in human bladder and cervix carcinomas. Nat. Genet. 1999, 23, 18-20. [CrossRef] [PubMed]

Chesi, M.; Nardini, E.; Brents, L.A.; Schrock, E.; Ried, T.; Kuehl, W.M.; Bergsagel, P.L. Frequent translocation t(4;14)(p16.3;q32.3)
in multiple myeloma is associated with increased expression and activating mutations of fibroblast growth factor receptor 3. Nat.
Genet. 1997, 16, 260-264. [CrossRef]

Hernandez, S.; de Muga, S.; Agell, L.; Juanpere, N.; Esgueva, R.; Lorente, ].A.; Mojal, S.; Serrano, S.; Lloreta, J. Fgfr3 mutations in
prostate cancer: Association with low-grade tumors. Mod. Pathol. 2009, 22, 848-856. [CrossRef]

Jackson, C.C.; Medeiros, L.J.; Miranda, R.N. 8p11 myeloproliferative syndrome: A review. Hum. Pathol. 2010, 41, 461-476.
[CrossRef]

Yagasaki, F.; Wakao, D.; Yokoyama, Y.; Uchida, Y.; Murohashi, I.; Kayano, H.; Taniwaki, M.; Matsuda, A.; Bessho, M. Fusion
of etv6 to fibroblast growth factor receptor 3 in peripheral t-cell lymphoma with a t(4;12)(p16;p13) chromosomal translocation.
Cancer Res. 2001, 61, 8371-8374.

Presta, M.; Chiodelli, P.; Giacomini, A.; Rusnati, M.; Ronca, R. Fibroblast growth factors (fgfs) in cancer: Fgf traps as a new
therapeutic approach. Pharmacol. Ther. 2017, 179, 171-187. [CrossRef]

Courjal, E; Cuny, M.; Simony-Lafontaine, J.; Louason, G.; Speiser, P.; Zeillinger, R.; Rodriguez, C.; Theillet, C. Mapping of DNA
amplifications at 15 chromosomal localizations in 1875 breast tumors: Definition of phenotypic groups. Cancer Res. 1997, 57,
4360-4367.

Kunii, K.; Davis, L.; Gorenstein, J.; Hatch, H.; Yashiro, M.; Di Bacco, A.; Elbi, C.; Lutterbach, B. Fgfr2-amplified gastric cancer cell
lines require fgfr2 and erbb3 signaling for growth and survival. Cancer Res. 2008, 68, 2340-2348. [CrossRef]


http://doi.org/10.1016/j.survophthal.2016.06.001
http://doi.org/10.1016/S0039-6109(02)00098-1
http://doi.org/10.1016/j.sjopt.2018.12.008
http://doi.org/10.1016/j.survophthal.2013.12.001
http://doi.org/10.2147/OTT.S315532
http://doi.org/10.1155/2015/574086
http://doi.org/10.3390/cells10092231
http://doi.org/10.1093/jb/mvq121
http://www.ncbi.nlm.nih.gov/pubmed/20940169
http://doi.org/10.1038/s41392-020-00222-7
http://www.ncbi.nlm.nih.gov/pubmed/32879300
http://doi.org/10.1002/wdev.176
http://www.ncbi.nlm.nih.gov/pubmed/25772309
http://doi.org/10.1038/nrd2792
http://doi.org/10.1016/S0092-8674(00)80051-3
http://doi.org/10.1158/1078-0432.CCR-11-0699
http://doi.org/10.1016/j.phrs.2016.03.024
http://doi.org/10.3390/cells10051201
http://doi.org/10.1038/nrc2780
http://doi.org/10.1080/14737140.2018.1491795
http://doi.org/10.1152/physrev.00005.2020
http://www.ncbi.nlm.nih.gov/pubmed/32730114
http://doi.org/10.1002/med.21855
http://www.ncbi.nlm.nih.gov/pubmed/34486138
http://doi.org/10.1038/12615
http://www.ncbi.nlm.nih.gov/pubmed/10471491
http://doi.org/10.1038/ng0797-260
http://doi.org/10.1038/modpathol.2009.46
http://doi.org/10.1016/j.humpath.2009.11.003
http://doi.org/10.1016/j.pharmthera.2017.05.013
http://doi.org/10.1158/0008-5472.CAN-07-5229

Int. ]. Mol. Sci. 2022, 23, 3835 13 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Heist, R.S.; Mino-Kenudson, M.; Sequist, L.V.; Tammireddy, S.; Morrissey, L.; Christiani, D.C.; Engelman, J.A.; Iafrate, A.J. Fgfrl
amplification in squamous cell carcinoma of the lung. J. Thorac. Oncol. 2012, 7, 1775-1780. [CrossRef] [PubMed]

McMillin, D.W.; Negri, ].M.; Mitsiades, C.S. The role of tumour-stromal interactions in modifying drug response: Challenges and
opportunities. Nat. Rev. Drug Discov. 2013, 12, 217-228. [CrossRef] [PubMed]

Bosisio, D.; Ronca, R.; Salvi, V.; Presta, M.; Sozzani, S. Dendritic cells in inflammatory angiogenesis and lymphangiogenesis. Curr.
Opin. Immunol. 2018, 53, 180-186. [CrossRef] [PubMed]

Ronca, R.; Van Ginderachter, J.A.; Turtoi, A. Paracrine interactions of cancer-associated fibroblasts, macrophages and endothelial
cells: Tumor allies and foes. Curr. Opin. Oncol. 2018, 30, 45-53. [CrossRef]

Zhou, Y,; Wu, C,; Lu, G.; Hu, Z,; Chen, Q.; Du, X. Fgf/fgfr signaling pathway involved resistance in various cancer types. J. Cancer
2020, 11, 2000-2007. [CrossRef]

Mori, S.; Tran, V.; Nishikawa, K.; Kaneda, T.; Hamada, Y.; Kawaguchi, N.; Fujita, M.; Saegusa, J.; Takada, Y.K.; Matsuura, N;
et al. A dominant-negative fgfl mutant (the r50e mutant) suppresses tumorigenesis and angiogenesis. PLoS ONE 2013, 8, e57927.
[CrossRef]

Mori, S.; Kodaira, M.; Ito, A.; Okazaki, M.; Kawaguchi, N.; Hamada, Y.; Takada, Y.; Matsuura, N. Enhanced expression of integrin
alphavbeta3 induced by tgf-beta is required for the enhancing effect of fibroblast growth factor 1 (fgfl) in tgf-beta-induced
epithelial-mesenchymal transition (emt) in mammary epithelial cells. PLoS ONE 2015, 10, e0137486. [CrossRef]

Francavilla, C.; Loeffler, S.; Piccini, D.; Kren, A.; Christofori, G.; Cavallaro, U. Neural cell adhesion molecule regulates the cellular
response to fibroblast growth factor. J. Cell Sci. 2007, 120, 4388-4394. [CrossRef]

Mohanan, V.; Temburni, M.K.; Kappes, ].C.; Galileo, D.S. L1cam stimulates glioma cell motility and proliferation through the
fibroblast growth factor receptor. Clin. Exp. Metastasis 2013, 30, 507-520. [CrossRef]

Nguyen, T.; Mege, R M. N-cadherin and fibroblast growth factor receptors crosstalk in the control of developmental and cancer
cell migrations. Eur. J. Cell Biol. 2016, 95, 415-426. [CrossRef]

Hulit, J.; Suyama, K.; Chung, S.; Keren, R.; Agiostratidou, G.; Shan, W.; Dong, X.; Williams, T.M.; Lisanti, M.P.; Knudsen, K;
et al. N-cadherin signaling potentiates mammary tumor metastasis via enhanced extracellular signal-regulated kinase activation.
Cancer Res. 2007, 67, 3106-3116. [CrossRef] [PubMed]

Kucinska, M.; Porebska, N.; Lampart, A.; Latko, M.; Knapik, A.; Zakrzewska, M.; Otlewski, ].; Opalinski, L. Differential regulation
of fibroblast growth factor receptor 1 trafficking and function by extracellular galectins. Cell Commun. Signal. CCS 2019, 17, 65.
[CrossRef]

Porebska, N.; Latko, M.; Kucinska, M.; Zakrzewska, M.; Otlewski, ].; Opalinski, L. Targeting cellular trafficking of fibroblast
growth factor receptors as a strategy for selective cancer treatment. J. Clin. Med. 2018, 8, 7. [CrossRef] [PubMed]

Touat, M.; Ileana, E.; Postel-Vinay, S.; André, F; Soria, ].C. Targeting fgfr signaling in cancer. Clin. Cancer Res. 2015, 21, 2684-2694.
[CrossRef]

Porta, R.; Borea, R.; Coelho, A.; Khan, S.; Aratjo, A.; Reclusa, P.; Franchina, T.; Van Der Steen, N.; Van Dam, P,; Ferri, J.; et al.
Fgfr a promising druggable target in cancer: Molecular biology and new drugs. Crit. Rev. Oncol. Hematol. 2017, 113, 256-267.
[CrossRef] [PubMed]

Merz, V.; Zecchetto, C.; Melisi, D. Pemigatinib, a potent inhibitor of fgfrs for the treatment of cholangiocarcinoma. Future Oncol.
2021, 17, 389-402. [CrossRef]

Weaver, A.; Bossaer, ].B. Fibroblast growth factor receptor (fgfr) inhibitors: A review of a novel therapeutic class. J. Oncol. Pharm.
Pract. 2021, 27, 702-710. [CrossRef]

Ronca, R.; Giacomini, A.; Di Salle, E.; Coltrini, D.; Pagano, K.; Ragona, L.; Matarazzo, S.; Rezzola, S.; Maiolo, D.; Torrella, R.; et al.
Long-pentraxin 3 derivative as a small-molecule fgf trap for cancer therapy. Cancer Cell 2015, 28, 225-239. [CrossRef]

Rezzola, S.; Ronca, R; Loda, A.; Nawaz, M.L; Tobia, C.; Paganini, G.; Maccarinelli, F.; Giacomini, A.; Semeraro, F.; Mor, M.; et al.
The autocrine fgf/fgfr system in both skin and uveal melanoma: Fgf trapping as a possible therapeutic approach. Cancers 2019,
11, 1305. [CrossRef]

Lefévre, G.; Babchia, N.; Calipel, A.; Mouriaux, F,; Faussat, A.M.; Mrzyk, S.; Mascarelli, F. Activation of the fgf2/fgfrl autocrine
loop for cell proliferation and survival in uveal melanoma cells. Invest. Ophthalmol. Vis. Sci. 2009, 50, 1047-1057. [CrossRef]
Wang, Y.; Bao, X.; Zhang, Z.; Sun, Y.; Zhou, X. Fgf2 promotes metastasis of uveal melanoma cells via store-operated calcium entry.
Oncol. Targets Ther. 2017, 10, 5317-5328. [CrossRef] [PubMed]

Kaliki, S.; Shields, C.L.; Shields, J.A. Uveal melanoma: Estimating prognosis. Indian J. Ophthalmol. 2015, 63, 93-102. [CrossRef]
[PubMed]

Chua, V,; Orloff, M.; Teh, ].L.; Sugase, T.; Liao, C.; Purwin, T.J.; Lam, B.Q.; Terai, M.; Ambrosini, G.; Carvajal, R.D.; et al. Stromal
fibroblast growth factor 2 reduces the efficacy of bromodomain inhibitors in uveal melanoma. EMBO Mol. Med. 2019, 11, e9081.
[CrossRef] [PubMed]

Zheng, L.; Pan, J. The anti-malarial drug artesunate blocks wnt/beta-catenin pathway and inhibits growth, migration and
invasion of uveal melanoma cells. Curr. Cancer Drug Targets 2018, 18, 988-998. [CrossRef]

Chang, S.H.; Worley, L.A.; Onken, M.D.; Harbour, ].W. Prognostic biomarkers in uveal melanoma: Evidence for a stem cell-like
phenotype associated with metastasis. Melanoma Res. 2008, 18, 191-200. [CrossRef]

Zuidervaart, W.; Pavey, S.; van Nieuwpoort, FA.; Packer, L.; Out, C.; Maat, W.; Jager, M.].; Gruis, N.A.; Hayward, N.K. Expression
of wnt5a and its downstream effector beta-catenin in uveal melanoma. Melanoma Res. 2007, 17, 380-386. [CrossRef]


http://doi.org/10.1097/JTO.0b013e31826aed28
http://www.ncbi.nlm.nih.gov/pubmed/23154548
http://doi.org/10.1038/nrd3870
http://www.ncbi.nlm.nih.gov/pubmed/23449307
http://doi.org/10.1016/j.coi.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29879585
http://doi.org/10.1097/CCO.0000000000000420
http://doi.org/10.7150/jca.40531
http://doi.org/10.1371/journal.pone.0057927
http://doi.org/10.1371/journal.pone.0137486
http://doi.org/10.1242/jcs.010744
http://doi.org/10.1007/s10585-012-9555-4
http://doi.org/10.1016/j.ejcb.2016.05.002
http://doi.org/10.1158/0008-5472.CAN-06-3401
http://www.ncbi.nlm.nih.gov/pubmed/17409417
http://doi.org/10.1186/s12964-019-0371-1
http://doi.org/10.3390/jcm8010007
http://www.ncbi.nlm.nih.gov/pubmed/30577533
http://doi.org/10.1158/1078-0432.CCR-14-2329
http://doi.org/10.1016/j.critrevonc.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28427515
http://doi.org/10.2217/fon-2020-0726
http://doi.org/10.1177/1078155220983425
http://doi.org/10.1016/j.ccell.2015.07.002
http://doi.org/10.3390/cancers11091305
http://doi.org/10.1167/iovs.08-2378
http://doi.org/10.2147/OTT.S136677
http://www.ncbi.nlm.nih.gov/pubmed/29184418
http://doi.org/10.4103/0301-4738.154367
http://www.ncbi.nlm.nih.gov/pubmed/25827538
http://doi.org/10.15252/emmm.201809081
http://www.ncbi.nlm.nih.gov/pubmed/30610113
http://doi.org/10.2174/1568009618666180425142653
http://doi.org/10.1097/CMR.0b013e3283005270
http://doi.org/10.1097/CMR.0b013e3282f1d302

Int. ]. Mol. Sci. 2022, 23, 3835 14 of 14

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cebulla, C.M,; Jockovich, M.E; Pifia, Y.; Boutrid, H.; Alegret, A; Kulak, A.; Hackam, A.S; Bhattacharya, S.K.; Feuer, W.]J.; Murray,
T.G. Basic fibroblast growth factor impact on retinoblastoma progression and survival. Investig. Ophthalmol. Vis. Sci. 2008, 49,
5215-5221. [CrossRef]

Siffroi-Fernandez, S.; Cinaroglu, A.; Fuhrmann-Panfalone, V.; Normand, G.; Bugra, K.; Sahel, J.; Hicks, D. Acidic fibroblast growth
factor (fgf-1) and fgf receptor 1 signaling in human y79 retinoblastoma. Arch. Ophthalmol. 2005, 123, 368-376. [CrossRef]
Cheng, Y.; Zheng, S.; Pan, C.T.; Yuan, M.; Chang, L.; Yao, Y.; Zhao, M.; Liang, ]. Analysis of aqueous humor concentrations of
cytokines in retinoblastoma. PLoS ONE 2017, 12, e0177337. [CrossRef]

Ronca, R.; Benkheil, M.; Mitola, S.; Struyf, S.; Liekens, S. Tumor angiogenesis revisited: Regulators and clinical implications. Med.
Res. Rev. 2017, 37, 1231-1274. [CrossRef]

Mékitie, T.; Summanen, P.; Tarkkanen, A.; Kiveld, T. Microvascular density in predicting survival of patients with choroidal and
ciliary body melanoma. Investig. Ophthalmol. Vis. Sci. 1999, 40, 2471-2480. [PubMed]

Jockovich, M.E.; Pifia, Y.; Alegret, A.; Cebulla, C.; Feuer, W.; Murray, T.G. Heterogeneous tumor vasculature in retinoblastoma:
Implications for vessel targeting therapy. Retina 2008, 28, S81-586. [CrossRef] [PubMed]

Boyd, S.R.; Tan, D.; Bunce, C.; Gittos, A.; Neale, M.H.; Hungerford, J.L.; Charnock-Jones, S.; Cree, I.A. Vascular endothelial growth
factor is elevated in ocular fluids of eyes harbouring uveal melanoma: Identification of a potential therapeutic window. Br. J.
Ophthalmol. 2002, 86, 448-452. [CrossRef] [PubMed]

Cheng, Y.; Feng, J.; Zhu, X,; Liang, ]. Cytokines concentrations in aqueous humor of eyes with uveal melanoma. Medicine 2019, 98,
€14030. [CrossRef]

Yang, H.; Jager, M.].; Grossniklaus, H.E. Bevacizumab suppression of establishment of micrometastases in experimental ocular
melanoma. Investig. Ophthalmol. Vis. Sci. 2010, 51, 2835-2842. [CrossRef]

Lee, S.Y,; Kim, D.K.; Cho, J.H.; Koh, ].Y.; Yoon, Y.H. Inhibitory effect of bevacizumab on the angiogenesis and growth of
retinoblastoma. Arch. Ophthalmol. 2008, 126, 953-958. [CrossRef]

Boyd, S.R; Tan, D.S.; de Souza, L.; Neale, M.H.; Myatt, N.E.; Alexander, R.A.; Robb, M.; Hungerford, J.L.; Cree, L A. Uveal
melanomas express vascular endothelial growth factor and basic fibroblast growth factor and support endothelial cell growth. Br.
J. Ophthalmol. 2002, 86, 440—-447. [CrossRef]

Schweigerer, L.; Neufeld, G.; Gospodarowicz, D. Basic fibroblast growth factor is present in cultured human retinoblastoma cells.
Investig. Ophthalmol. Vis. Sci. 1987, 28, 1838-1843.

Ronca, R.; Giacomini, A.; Rusnati, M.; Presta, M. The potential of fibroblast growth factor/fibroblast growth factor receptor
signaling as a therapeutic target in tumor angiogenesis. Expert Opin. Ther. Targets 2015, 19, 1361-1377. [CrossRef]

Zahra, ET,; Sajib, M.S.; Mikelis, C.M. Role of bfgf in acquired resistance upon anti-vegf therapy in cancer. Cancers 2021, 13, 1422.
[CrossRef]

Casanovas, O.; Hicklin, D.].; Bergers, G.; Hanahan, D. Drug resistance by evasion of antiangiogenic targeting of vegf signaling in
late-stage pancreatic islet tumors. Cancer Cell 2005, 8, 299-309. [CrossRef] [PubMed]

Mooy, C.M.; Luyten, G.P; de Jong, P.T,; Jensen, O.A.; Luider, TM.; van der Ham, F.; Bosman, E.T. Neural cell adhesion molecule
distribution in primary and metastatic uveal melanoma. Hum. Pathol. 1995, 26, 1185-1190. [CrossRef]


http://doi.org/10.1167/iovs.07-1668
http://doi.org/10.1001/archopht.123.3.368
http://doi.org/10.1371/journal.pone.0177337
http://doi.org/10.1002/med.21452
http://www.ncbi.nlm.nih.gov/pubmed/10509639
http://doi.org/10.1097/IAE.0b013e318150d6f0
http://www.ncbi.nlm.nih.gov/pubmed/18317352
http://doi.org/10.1136/bjo.86.4.448
http://www.ncbi.nlm.nih.gov/pubmed/11914216
http://doi.org/10.1097/MD.0000000000014030
http://doi.org/10.1167/iovs.09-4755
http://doi.org/10.1001/archopht.126.7.953
http://doi.org/10.1136/bjo.86.4.440
http://doi.org/10.1517/14728222.2015.1062475
http://doi.org/10.3390/cancers13061422
http://doi.org/10.1016/j.ccr.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16226705
http://doi.org/10.1016/0046-8177(95)90191-4

	Introduction 
	Ocular Cancers 
	Retinoblastoma 
	Ocular Melanomas 
	Ocular Lymphomas 
	Eye Metastasis 

	The Fibroblast Growth Factor (FGF)/ FGF Receptor (FGFR) System 
	The FGF/FGFR System in Cancer 
	FGF/FGFR Inhibitors 

	The FGF/FGFR System in Eye Tumors 
	Concluding Remarks 
	References

