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Abstract: Uveal melanoma (UM), the most common primary intraocular malignancy in adults, 

is highly metastatic and associated with dismal prognosis. Fibroblast growth factor 2 (FGF2) has 

been shown to induce cell proliferation and angiogenesis of melanoma and other malignancies. 

However, the expression of FGF2 in UM and its effects on melanoma cell migration are not 

well known. In this study, we found FGF2 expression was related to UM histological subtype 

and presence of metastasis. In vitro experiments showed that FGF2 treatment caused increased 

horizontal and vertical migration and F-actin cytoskeleton assembly as well as decreased 

adhesive activity of MUM2B cells, together with increased intracellular calcium concentration 

and expression of ORAI1 and STIM1 – two key regulatory proteins of store-operated calcium 

entry (SOCE). The mouse xenograft model showed that MUM2B cells with FGF2 stimulation 

grew into larger tumor masses and were prone to metastasis. In addition, the SOCE inhibitor 

2-aminoethoxydiphenyl borate (2-APB) reversed all of these effects of FGF2. Finally, human 

UM samples and mouse xenograft model samples were used to confirm the correlation of FGF2 

with ORAI1 and STIM1 expression. Taken together, our study suggests that FGF2 promotes 

metastasis of UM via SOCE.

Keywords: FGF2, uveal melanoma, metastasis, store-operated calcium entry, ORAI1, STIM1

Introduction
Uveal melanoma (UM) is the most common adult primary malignant intraocular 

tumor, and represents approximately 5% of all reported melanomas.1 Although various 

options are available for the treatment of UM, including radioactive plaque therapy, 

transpupillary thermotherapy and proton beam radiotherapy, the prognosis for patients 

is unfavorable, especially in the metastatic phase.2 Patients with UM who have hepatic 

or pulmonary metastasis have a median survival of only a few months, and treatment 

options at the disseminated stage are still very limited.3 Thus, it is an urgent necessity 

to understand the metastatic mechanisms of UM and to develop modalities that prevent 

dissemination of tumor cells if we are to improve survival of patients with UM.

The fibroblast growth factor 2 (FGF2) is one of the 23 members of the FGF family 

known to modulate a variety of biological processes, including survival, proliferation, 

motility, differentiation, and angiogenesis.4–6 Experimental and clinical studies high-

light FGF2 overexpression in a variety of tumors, including breast, lung, and prostate 

cancer.7–9 FGF2-overexpressing melanoma cells exhibit marked proliferation, upward 

migration, cluster formation, and type IV collagen expression within the epidermal 

compartment.10–12 Interferences with the FGF2/FGFR pathway resulted in impaired 

neovascularization and growth of human melanoma xenografts,13 demonstrating that 

FGF2 is essential in melanoma progression and may be an interesting target to explore 
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for antitumor approaches. While the expression of FGF2 has 

been associated with UM cell proliferation, the other roles 

of FGF2 are widely unexplored in UM so far.

Activated FGF2/FGFR signaling enables the binding 

site of phospholipase Cγ (PLCγ) to recruit and activate 

PLCγ for the catalysis of phosphatidylinositol diphosphate 

(PIP2) to diacylglycerol (DAG) and inositol triphosphate 

(IP3).14 In general, activation of IP3 evokes Ca2+ release 

from the endoplasmic reticulum (ER) store. The resulting 

decrease of Ca2+ concentration in the ER is sensed by the 

stromal interaction molecules (STIM), which then trans-

locate to the plasma membrane, where they interact with 

ORAI Ca2+ channel subunits, leading to Ca2+ influx.15 This 

process is referred to as store-operated Ca2+ entry (SOCE). 

SOCE, within normal and cancer cells, has been increas-

ingly implicated in many important cellular functions such 

as migration, proliferation, differentiation, and cytokine 

secretion and, yet, the underlying mechanisms remain largely 

unknown.16,17 Qi et al has reported that FGF4 could induce 

epithelial–mesenchymal transition by inducing SOCE in lung 

adenocarcinoma cells.18 However, as the most extensively 

examined role in the FGF family, FGF2 in regulating SOCE 

remains to be answered.

In this study, the expression pattern and clinicopathologic 

significance of FGF2 were analyzed on an array of 32 human 

UM cases. We studied the effects of FGF2, in a UM cell line 

MUM2B, on horizontal and vertical migration, adhesion 

abilities, and F-actin cytoskeleton assembly in vitro as well 

as on metastatic ability in an animal xenograft model. In addi-

tion, we treated FGF2-stimulated cells with 2-APB, a SOCE 

inhibitor, and determined the migration ability and expression 

of SOCE-regulatory proteins (ORAI1 and STIM1) to further 

verify the SOCE-inducing effect of FGF2 in UM cells.

Materials and methods
Tissue samples
In this study, we analyzed tumors from 32 patients with 

UM who had been treated by primary enucleation with-

out prior radiation at the Ophthalmology Department of 

the Second Affiliated Hospital of Chongqing Medical 

University (Chongqing, People’s Republic of China) between 

January 2005 and December 2013. The use of the tissue sam-

ples in this study was approved by the Institutional Research 

Committee. Clinicopathologic data including age, gender, 

largest tumor diameter (LTD), height, histological subtype, 

and occurrence of metastasis were obtained from the clinical 

records and pathological reports of patients. The 32 patients 

with UM had a median age of 61 years (range 42–75) at the 

time of surgical treatment. The tumors had a mean LTD of 

13.4 mm (range 9.5–20.2 mm) and a mean height of 8.5 mm 

(range 2.6–14.1 mm). Thirty cases showed scleral invasion 

and five showed extrascleral extension; 14 cases showed 

ciliary body involvement; PAS (periodic acid-schiff stain)-

positive loops were detected in 11 cases. The ciliary body 

was involved in 14 cases, and vasculogenic mimicry was 

detected in 16 cases. Follow-up time ranged from 12 to 80 

months with a median of 36.6 months.

hematoxylin–eosin (h&e) staining and 
immunohistochemical staining
The melanin pigments can hinder antibody–antigen interac-

tions in immunohistochemistry and obscure cell morpholo-

gy.19 Heavily pigmented melanoma samples were treated 

with 3% warm hydrogen peroxide (H
2
O

2
) at 55°C for 2 h to 

achieve the optimal and complete melanin-bleaching condi-

tion. Tissues were fixed in 10% neutral-buffered formalin for 

24 h, embedded in paraffin wax, and cut into 4 μm thick-

nesses. The paraffin-embedded sections were deparaffinized 

in xylene, and processed with a graded ethanol series. For 

H&E staining, sections were stained with hematoxylin and 

eosin sequentially. For immunohistochemical staining, the 

sections were pretreated with microwaves in citrate phos-

phate buffer, blocked with 0.3% H
2
O

2
, and incubated with 

a series of antibodies (FGF2) 1:100; STIM1 1:100; ORAI1 

1:50 (all three antibodies from Santa Cruz Biotechnology, 

CA, USA) overnight at 4°C. Then, sections immunostained 

with HRP-conjugated antibody (Zhongshan Chemical Co., 

Beijing, People’s Republic of China) for 40 min at 37°C were 

revealed using 3,3-diaminobenzidine buffer as substrate. 

PBS was used as the negative control. The expression of 

FGF2, STIM1, and ORAI1 was analyzed, and considered 

immunoreactive when brown granules were identified in the 

cytoplasm of UM tumor cells. For each specimen, expres-

sions of FGF2, STIM1, and ORAI1 were quantified using a 

visual grading system based on the extent of staining and the 

intensity of staining. Staining intensity was determined as 

0, negative; 1, weak; 2, moderate; and 3, strong. The percent-

age of positive cells was defined as 0, negative; 1, 1%–10% 

positive cells; 2, 11%–50% positive cells; 3, 51%–80% posi-

tive cells; and 4, .80% positive cells. An immunoreactive 

score value $4 was considered a positive staining result.

cell culture
MUM2B is a human UM cell line isolated from liver metas-

tasis and selected for its highly aggressive phenotype.20 

MUM2B cell lines were negative for BRAF V599E mutation.20 
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MUM2B cells are highly invasive in membrane invasion 

culture system assays, can deform floating collagen gels, and 

can form vasculogenic mimicry patterns in three-dimensional 

cultures. MUM2B cells could produce more IL-1 than the less 

aggressive primary cells. Moreover, it produces more IL-6 

and TNF-α and other cytokines implicated in the progression 

of UM.21 The human UM cell line MUM2B was obtained 

from the China Infrastructure of Cell Line Resources (Beijing, 

People’s Republic of China). Cells were cultured in Roswell 

Park Memorial Institute (RPMI)-1640 media supplemented 

with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, 

USA) at 37°C in a 5% CO
2
 incubator. In some in vitro experi-

ments, after 24 h of starvation in serum-free medium, cells 

were stimulated with 2-APB (20 μM; Abcam, Cambridge, 

UK) for 12 h and then treated with FGF2 (10 ng/mL; R&D 

Systems Inc., Minneapolis, MN, USA) for 24 h.

intracellular calcium measurement
Intracellular calcium concentration was measured by Fluo 

3-AM as a calcium indicator using flow cytometry. Briefly, 

cells were washed with Hank’s balanced salt solution (HBSS) 

and incubated with 1 mL HBSS containing 5 μmol/L Fluo 

3-AM (Dojindo Laboratories, Kumamoto, Japan) at 37°C for 

1 h. Cells were washed and suspended in PBS. The intracel-

lular calcium concentration in a population of 50,000 cells 

was measured by flow cytometry.

Western blot analysis
Protein (50 μg/lane) was separated by 10% polyacrylamide 

gel electrophoresis and transferred onto polyvinylidene diflu-

oride (PVDF) membranes. Blots were blocked and incubated 

with primary antibodies (STIM1 1:200, ORAI1 1:200, and 

β-actin 1:2,000) overnight at 4°C. Subsequently, blots were 

washed and labeled with goat anti-rabbit IgG-HRP (Santa 

Cruz Biotechnology; 1:5,000) for 1 h at room temperature. 

Immunoreactive bands were visualized with ECL Western 

blot substrate. The relative density of bands was analyzed 

using an Odyssey infrared scanner (LI-COR Bioscience, 

Lincoln, NE, USA).

Wound-healing assay
Cells were plated in 35 mm dishes to form a monolayer 

1 day before the assay. After making a uniform scratch with 

a 10 μL pipette tip, the wells were washed with PBS. The 

dishes were incubated in a minimum medium (containing 

0.5% FBS) at 37°C with 5% CO
2
 for 24 h. Cell motility 

was assessed by measuring the speed of wound closure at 

intervals. Images were taken at four time points: 0, 12, and 

24 h after the scratch was applied.

Boyden chamber assay
Twenty four-well plates with uncoated inserts (8 μm pore; BD 

Biosciences San Jose, CA, USA) were used to assess vertical 

motility of MUM2B cells. Briefly, 600 μL culture medium 

supplemented with FGF2 was added to the lower part of the 

chamber; cells (1×105 cells) in 200 μL culture medium were 

seeded into the upper part. For the FGF2+2-APB group, the 

cells were pretreated by stimulation with 2-APB for 12 h. 

After incubation at 37°C with 5% CO
2
 for 24 h, the passaged 

cells were fixed and visualized with crystal violet staining.

cell adhesion assay
Sterile cover slips were coated overnight at 4°C with 1 mL 

of a solution containing 1 mg fibronectin from human 

plasma (Sigma-Aldrich Co., St Louis, MO, USA) and put 

into 35 mm dishes. Then, 1 mL cell suspension (4×105 cells/

mL) was added on the cover slips. Ice-cold PBS was added 

into the dishes to terminate the reaction after incubation for 

5, 15, or 30 min. Then, the cover slips were fixed in ice-cold 

4% paraformaldehyde (PFA) and washed twice with PBS. 

After the nonbound cells were washed away, the bound cells 

were stained with crystal violet and semi-quantitated under 

a microscope (×400).

F-actin staining
Cells were cultured on sterile glass cover slips and placed in 

serum-free medium 1 day prior to staining. Cells were fixed 

with 4% PFA for 10 min and quenched with 50 mM NH
4
Cl for 

5 min and 0.2% Triton for 10 min. The slips were incubated 

with the phalloidin conjugated to Alexa 594 (Sigma-Aldrich 

Co., Ltd.) for 40 min in the dark at room temperature, and 

then counterstained with diamidino-phenyl-indole for 

10 min. Cells were washed five times with PBS and visual-

ized with confocal laser scanning microscopy (Leica TCS 

SP5; Leica Microsystems, Wetzlar, Germany).

Mice and tumors
All animal care and handling procedures were approved 

by the Institutional Animal Use and Care Committee of 

Chongqing Medical University. We administered 3×106 

MUM2B cells in 100 μL PBS via subcutaneous injection 

into the right groin of female nude mice (Wei Tong Li Hua 

Experimental Company, Beijing, People’s Republic of 

China). In the FGF2 and FGF2/2-APB groups, mice were 

given subcutaneous injections of FGF2 (500 ng/mouse) 

three times per week. In the FGF2/2-APB group, mice were 

co-treated with 2-APB (20 mg/kg) three times per week. 

Tumor volume was calculated using the equation volume 

(mm3) = (length × width2)/2. All mice were euthanized on 
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Day 30 post injection. Tumor masses were fixed, embedded, 

made into tissue sections, and then subjected to both H&E 

and immunohistochemical staining.

statistical analysis
GraphPad Prism was used for statistical calculations. Data 

are the result of at least triplicate independent determinations 

and presented as mean ± SD. Differences between groups 

were assessed by two-tailed Student’s t-test. Associations 

between FGF2 expression and clinicopathologic param-

eters and the differential expression of STIM1 and ORAI1 

in FGF2-positive and -negative groups were assessed with 

Fisher’s exact test and chi-square test. P,0.05 was consid-

ered statistically significant.

Results
correlation between FgF2 and 
clinicopathologic characteristics of UM
The expression patterns of FGF2 were examined on an array 

of 32 human lung UM cases. Among these 32 samples, 

18 (56.3%) showed positive FGF2 expression (Figure 1A). 

Relationships between FGF2 expression and each clinico-

pathologic parameter are summarized in Table 1. FGF2 

expression was strongly correlated with histological subtype 

(P,0.05) and metastasis (P,0.05). The frequency of positive 

FGF2 expression was higher in mixed/epithelioid samples 

than in spindle cell type samples. Twelve (37.5%) patients 

with UM experienced metastasis. Patients with positive FGF2 

expression had a higher rate of metastasis (10/12, 83.3%) 

than those with negative FGF2 expression (2/14, 14.3%). 

No correlations were found between FGF2 expression level 

and patient age or gender, LTD, or height. Moreover, we 

analyzed FGF2 expression in six sets of matched specimens 

(including UM primary foci and pulmonary or hepatic meta-

static foci) obtained from one patient. Immunohistochemical 

staining of primary lesions and metastases revealed a hetero-

geneous distribution of FGF2, with elevated expression in 

tumor metastases (Figure 1B), further implying that FGF2 

may be involved in the progression of UM.

FgF2 elevates intracellular calcium 
concentration and increases the 
expression of sTiM1 and Orai1
As the ubiquitous second messenger calcium regulates nearly 

every cellular event involved in tumorigenesis, we explored 

the potential role of FGF2 in the modulation of cellular Ca2+ 

homeostasis. The Fluo-3AM flow cytometry experiments 

demonstrated that the mean fluorescence intensity (MFI) of 

the cells with FGF2 treatment was significantly higher than 

the MFI of the control cells. (P,0.05; Figure 2A).

The major Ca2+ entry route in most cell types is via the 

Ca2+ release-activated Ca2+ (CRAC) channels, which are 

composed of the ORAI channels and the STIMs. The most 

extensively examined proteins in this regard are the pre-

dominant isoforms ORAI1 and STIM1. We found that both 

STIM1 and ORAI1 were significantly upregulated after FGF2 

treatment in MUM2B cells (Figure 2B). Moreover, 2-APB, a 

well-described SOCE inhibitor, could reverse the increased 

Figure 1 FgF2 expression in human uveal melanoma tissue samples. (A) representative images of negative FgF2 expression in a spindle cell subtype sample and positive 
FgF2 expression in an epithelioid subtype sample (immunohistochemical staining, 100×); (B) FgF2 expression was higher in lung metastatic foci than in the primary foci from 
the same patient (immunohistochemical staining, 100×).
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cytosolic Ca2+ concentration and elevated expression of 

STIM1 and ORAI1 caused by FGF2 (Figure 2), indicating 

the inhibitory effect of 2-APB on Ca2+ signaling.

2-aPB impairs increased migration and 
decreased adhesion of MUM2B cells 
induced by FgF2
To assess the effects of FGF2 on migration in UM cells, 

we investigated the horizontal and vertical motility abilities 

of MUM2B UM cells with FGF2 treatment by using the 

conventional wound healing and Boyden chamber assays. 

As expected, UM cells with FGF2 stimulation showed 

significantly increased motile activity, compared with the 

control cells (Figure 3A and B).

Tumor metastasis is a multistep process, wherein altera-

tions in the adhesive property of neoplastic cells play a pivotal 

role. Loss of intercellular adhesion and desquamation of cells 

from the underlying basement membrane allows malignant 

cells to escape from their site of origin and the surrounding 

Table 1 correlation between FgF2 and clinicopathologic char-
acteristics of uveal melanoma

Variable FGF2 expression (%) P-value

- +

age (years) 0.211
,50 2 (40.0) 3 (60.0)
$50 12 (44.4) 15 (55.6)

gender 0.928
Male 8 (44.4) 10 (55.6)
Female 6 (42.9) 8 (57.1)

lTD (mm) 0.419
#15 9 (50.0) 9 (50.0)
.15 5 (35.7) 9 (64.3)

height (mm) 0.854
#5 2 (40.0) 3 (60.0)
.5 12 (44.4) 15 (55.6)

histological subtype 0.035*
spindle cell 10 (83.3) 2 (16.7)
Mixed/epithelioid 4 (20.0) 16 (80.0)

Metastasis 0.017*
Present 2 (16.7) 10 (83.3)
absent 12 (60.0) 8 (40.0)

Note: *Significantly different.
Abbreviation: lTD, largest tumor diameter.

Figure 2 The effect of FgF2 on intracellular ca2+ concentration and expression of store-operated calcium entry-regulated proteins. (A) FgF2 stimulation elevated intracellular 
calcium concentration, and 2-aPB reversed this effect (left); (B) FgF2 stimulation increased the expression of sTiM1 and Orai1 of MUM2B cells, and 2-aPB reversed this 
effect (left). relative amounts of protein expression of sTiM1 and Orai1 compared with β-actin (right) (*P,0.05 between FgF2-treated cells and the control cells, **P,0.05 
between FgF2/2-aPB-treated cells and the FgF2-treated cells).

β
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barrier, and to acquire a more motile phenotype. So, we also 

detected the effect of FGF2 on adhesion of UM cells and 

found that FGF2 caused decreased intercellular adhesion 

of MUM2B cells (Figure 3C). In the presence of 2-APB, 

the increased migration of, and the decreased adhesion 

properties of, MUM2B caused by FGF2 were significantly 

reversed (P,0.05; Figure 3), suggesting that SOCE plays a 

role in regulating MUM2B cell migration.

Figure 3 2-aPB impairs increased horizontal and vertical migration and decreased adhesion of MUM2B cells caused by FgF2. (A) images of wound healing assay at 0, 12, 
and 24 h (100×) (left). Migration distances at different times in the wound healing assay (right); (B) cells invading through the Boyden chamber were stained (200×) (left). The 
numbers of invading cells were counted in five predetermined fields (right); (C) The numbers of bound cells were counted in five high magnification (200×) fields (*P,0.05 
between FgF2-treated cells and the control cells, **P,0.05 between FgF2/2-aPB-treated cells and the FgF2-treated cells).
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2-aPB impairs cytoskeleton assembly of 
MUM2B cells caused by FgF2
Cell migration depends on the actin cytoskeleton, which is 

capable of undergoing rapid cycles of assembly and disas-

sembly. Structural and functional dysregulation of the actin 

cytoskeleton correlate with uncontrolled movement of tumor 

cells. By using phalloidin to dye fibrous actin (F-actin), we 

observed that FGF2 treatment caused cell polarization and 

pseudopodium protrusion in MUM2B cells (Figure 4). Simi-

larly, 2-APB inhibited cytoskeleton assembly of MUM2B 

cells with FGF2 treatment, demonstrating SOCE is also 

involved in FGF2-induced cell migration via altering the 

actin cytoskeleton.

2-aPB inhibits in vivo tumor growth, 
metastasis caused by FgF2, and decreases 
the expression of sTiM1 and Orai1 in a 
MUM2B xenograft mouse model
Next, we made a mouse xenograft model to assess the effect 

of FGF2 and 2-APB on tumor growth and metastasis in vivo. 

MUM2B cells with FGF2 stimulation grew into larger tumor 

masses, compared with the control cells and cells subjected to 

FGF2/2-APB treatment (P,0.05; Figure 5A). Similar to the 

in vitro findings, of the 10 mice injected with cells with FGF2 

stimulation, one showed lung and liver metastases simultane-

ously, one showed lung metastasis, and two showed vascular 

invasion (Figure 5B), whereas no metastatic sites were 

detected in mice that received FGF2/2-APB treatment.

Immunohistochemical analyses on the sections of 

xenograft tissues showed that tumor sections from FGF2-

stimulated cells exhibited a markedly increased expression 

of STIM1 and ORAI1, whereas sections from control and 

FGF2/2-APB-stimulated tumor masses revealed no or weak 

staining. These results substantiate our findings that FGF2 

induces SOCE, which contributes to promoting metastasis 

of UM cells.

FgF2 expression is concomitant with 
the expression of sTiM1 and Orai1 in 
human UM tissues
We then detected the expression of STIM and ORAI1 

to analyze the relationship between FGF2 and SOCE in 

the 32 human UM specimens. As shown in Table 2 and 

Figure 6, samples with positive FGF2 expression showed 

higher expression of STIM and ORAI1 (P,0.05) than 

those with negative FGF2 expression, further indicating the 

SOCE-promoting effect of FGF2 in UM.

Discussion
Malignant behaviors in melanoma are stimulated by a 

variety of growth factors, including FGFs. Expression of 

FGF2 has been identified as an important characteristic of 

melanoma cells in contrast to normal melanocytes.22 FGF2-

overexpressing melanocytes exhibit marked proliferation, 

upward migration, cluster formation, and type IV collagen 

expression within the epidermal compartment, stimulating 

early radial growth phase resembling early-stage melanoma.12 

C
on
tr
ol

+F
G
F2

+F
G
F2
/2
-A
PB

F-actin DAPI Merge
Figure 4 2-APB impairs cytoskeleton assembly of MUM2B cells caused by FGF2. (Immunofluorescent staining of F-actin, Scale bar: 50 μm).
Abbreviation: DaPi, diamidino-phenyl-indole.
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Figure 5 2-aPB inhibits in vivo tumor growth, metastasis caused by FgF2 and decreases the expression of sTiM1 and Orai1 in a MUM2B xenograft mouse model. 
(A) Xenograft tumor volumes are monitored over time (upper). representative xenograft tumors on Day 30 post injection (lower); (B) Mice injected with cells with FgF2 
stimulation showed lung metastasis and vascular invasion (h&e staining, 200×); (C) representative images of the expression of FgF2, sTiM1, and Orai1 in xenograft tumor 
tissues (immunohistochemical staining, 400×).
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FGF2 is a mitogen for melanocytes and is produced by the 

neighboring keratinocytes and fibroblasts.22 It has been shown 

that both FGF2 and FGFR are simultaneously overexpressed 

in melanoma cells. Thus, FGF2 also functions in an autocrine 

manner in melanoma.10 FGF2 has been shown to be a potent 

angiogenic molecule in vivo and in vitro. Coexpression of 

FGFR-1 and bFGF in melanoma cells was associated with 

increased microvessel density, and antisense oligonucleotides 

against FGF2 mRNA could effectively inhibit intratumoral 

angiogenesis and melanoma growth in nude mice.23,24 Lefevre 

and colleagues reported that FGF2 was strongly expressed 

in UM, and that antisense oligonucleotide-mediated deple-

tion of endogenous FGF2 could induce decreased prolifera-

tion of UM cells.10 Although the study was valuable, they 

undertook Western blotting and polymerase chain reaction 

in five primary uveal melanoma cell lines and nine UM cell 

samples from patients, which are less representative owing 

to the limited sample size. Therefore, we examined FGF2 

expression in 32 human UM tissues and showed that the 

expression of FGF2 was related to the presence of metastasis. 

Immunohistochemical staining of primary melanomas and 

metastases revealed a heterogeneous expression of FGF2 in 

primary and metastatic melanoma, indicating the important 

role of FGF2 in UM progression. In addition, FGF2 was pre-

dominantly present in uveal melanomas of mixed/epithelioid 

subtype, whereas only two out of 12 spindle cell melanomas 

showed FGF2 expression, suggesting that FGF2 may also 

contribute to malignant differentiation of UM.

We observed FGF2 treatment markedly elevated the intra-

cellular calcium concentration and upregulated the expres-

sion of STIM1 and ORAI1. In the human UM tissue samples, 

the FGF2 positive expression group showed higher levels of 

STIM1 and ORAI1 expression than the negative expression 

group. Immunostaining of mouse xenograft tissue samples 

further strengthened the hypothesis that FGF2 is involved in 

inducing SOCE in UM cells. To our knowledge, this is the 

first report illustrating the role of FGF2 on SOCE of tumor 

cells. Activation of FGF2/FGFR signaling generates IP3, 

which makes Ca2+ release from calcium stores.25 SOCE is 

Table 2 correlation between expression of FgF2 and Orai1, 
sTiM1

Variable Total (%) FGF2 expression χ2 P-value

- +

sTiM1 expression 7.158 0.0075*
- 19 (59.4) 12 (63.2) 7 (36.8)
+ 13 (40.6) 2 (15.4) 11 (84.6)

Orai1 expression 6.026 0.014*
- 15 (46.9) 10 (66.7) 5 (33.3)
+ 17 (53.1) 4 (23.5) 13 (76.5)

Note: *Significantly different.

Figure 6 FgF2 expression was concomitant with the expression of sTiM1 and Orai1 in human uveal melanoma tissue samples. representative images of the expression of 
FgF2, sTiM1, and Orai1 in FgF2-negative and -positive groups (immunohistochemical staining, 200×) (left). Percentages of sTiM1 or Orai1 negative and positive expression 
in the FgF2-negative and FgF2-positive groups (right).
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a major mechanism of Ca2+ import from the extracellular 

to intracellular space following depletion of Ca2+ stores in 

non-excitable cells.26 STIM1 and ORAI1, two important 

determinants of Ca2+ homeostasis and SOCE, have been 

reported to be upregulated in most cancers, suggesting a 

resultant increase in SOCE.27–30 Feldman et al showed that 

ORAI1 and STIM1 expressed in B16BL6 mouse melanoma 

cells control SOCE, and silencing of STIM1 caused a reduc-

tion in cell growth and increased cell death.31 Another study 

in melanoma, published by Sun et al, showed that ORAI 

and STIM are involved in invadopodia formation and tumor 

invasion.32 Several other studies showed that ORAI and 

STIM-mediated SOCE correlated with the upregulation of 

proteins, such as microphthalmia-associated transcription 

factor (MITF), that indicate a proliferative melanoma cell 

phenotype, and the downregulation of slow-cycling cell 

markers such as JARID1B and Brn2.33–35

As a ubiquitous secondary messenger, intracellular calcium 

regulates the normal function and pathologies associated with a 

wide variety of cells. Localized elevations in intracellular Ca2+ 

interplay with filamin A, α-actinin, gelsolin, villin, scinderin, 

severin, or calcineurin B to initiate assembly of the invado-

podium, responsible for appropriate traction.36–38 Moreover, 

calcium signaling regulates the activation and translocation 

of Rac, which is implicated in tumor progression.39 There 

has been accumulating evidence suggesting that hyperactive 

SOCE endows tumor cells with special properties related to 

their metastatic phenotypes.16 ORAI1 blockade was reported to 

inhibit the recycling of MT1–matrix metalloproteinase (MMP) 

and extracellular matrix degradation.32 Umemura et al reported 

that STIM1 knockdown significantly suppressed melanoma 

lung metastasis in a xenograft mouse model, implicating the 

importance of SOCE in metastatic dissemination.40 We found 

FGF2 treatment increased horizontal and vertical migration 

and F-actin cytoskeleton assembly, decreased adhesive activity 

of MUM2B UM cells, together with promotion of metastasis 

in a mouse xenograft model. The SOCE pharmacological 

inhibitor 2-APB could abrogate the pro-migration response 

to FGF2 in vitro, and restrain tumor metastasis in the mouse 

xenograft model. Thus, FGF2-induced tumor metastasis cor-

relates with enhancement of SOCE, and the antimotility effect 

caused by 2-APB in UM may be caused by its inhibitory effect 

on SOCE. Moreover, our study lends further support for the 

possible benefit of 2-APB or other SOCE inhibitors as adjuvant 

therapies for FGF2-dependent tumors, including UM.

Multiple signaling pathways involved in tumor growth and 

progression were observed downstream of FGF2, such as the 

MAPK, PI3K/AKT, PLC, and STAT pathways.25 One study 

in melanoma showed that induction of SOCE was associated 

with activation of extracellular-signal-regulated kinase 

(ERK).40 Schmidt et al reported that ORAI1/STIM1 expres-

sion was increased in therapy-resistant ovarian carcinoma 

cells, which at least in part is due to enhanced Akt activity.41 

Studies designed to elucidate the interactions of SOCE with 

other FGF2-associated signaling pathways in UM are currently 

underway. In addition, we have to point out the existence of 

discrepant findings. Some researchers found disruption of the 

FGF2 gene could not affect tumor growth in an experimental 

model of hemangiomas, nor prevent tumor growth and angio-

genesis in a transgenic mouse model for tumors of the retinal 

pigment epithelium.42,43 Stanisz et al reported that silencing of 

ORAI1/STIM2 caused a decrease in intracellular Ca2+, which 

correlated with increased expression of microphthalmia-

associated transcription factor and enhanced proliferation.44 

These discrepancies indicate a clear need for additional studies 

examining the effect and mechanisms of FGF2 and Ca2+-related 

processes in the progression of different types of tumor.

Conclusion
FGF2 promotes metastasis of UM cells and this property 

may at least in part be due to enhanced SOCE. The results 

might have a number of implications for establishment of 

clinically useful therapeutic targets aimed at UM in the future.
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