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Abstract
Uveal melanoma (UM) is the most common primary tumor in the adult, and disseminates to the liver in half of patients. A 
15-gene expression profile prognostic assay allows to determine the likelihood of metastasis in patients using their ocular 
tumor DNA, but a cure still remains to be discovered. The serotonin receptor 2B represents the discriminant gene of this 
molecular signature with the greatest impact on the prognosis of UM. However, its contribution to the metastatic potential 
of UM remains unexplored. The purpose of this study was to investigate the effects of a selective serotonin receptor 2B 
antagonist on cellular and molecular behaviours of UM cells. UM cell lines expressing high level of serotonin receptor 2B 
proteins were selected by Western blotting. The selective serotonin receptor 2B antagonist PRX-08066 was evaluated for its 
impact on UM cells using viability assays, phosphorylated histone H3 immunostainings, clonogenic assays, migration assays, 
invasion assays and membrane-based protein kinase phosphorylation antibody arrays. The pharmacological inhibition of 
the serotonin receptor 2B reduced the viability of UM cells and the population in mitosis, and impaired their clonogenicity 
and potential of migration. It also decreased the phosphorylation of kinases from signaling pathways classically activated by 
the serotonin receptor 2B, as well as kinases β-catenin, Proline-rich tyrosine kinase 2, and Signal transducer and activator 
of transcription 5. Our findings support a role for the serotonin receptor 2B in the proliferation and migration of UM cells, 
through activation of many signaling pathways such as WNT, Focal adhesion kinase and Janus kinase/STAT.
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Abbreviations
BAP1	� BRCA1 associated protein 1
ERK1/2	� Extracellular signal-regulated kinases 1 and 2
FAK	� Focal adhesion kinase

GNAQ	� G protein subunit alpha q
GNA11	� G protein subunit alpha 11
GSK3β	� Glycogen synthase kinase 3 beta
HCC	� Hepatocellular carcinoma
HTR2B	� Serotonin receptor 2B
JAK	� Janus kinase
PDGFRB	� Platelet derived growth factor receptor beta
PH3	� Phosphorylated form of histone H3
PYK2	� Proline-rich tyrosine kinase 2
STAT5	� Signal transducer and activator of transcrip-

tion 5
SRC	� SRC proto-oncogene non-receptor tyrosine 

kinase
UM	� Uveal melanoma

Introduction

Uveal melanoma (UM) arises from neural crest-derived mel-
anocytes of the uveal tract and represents the most frequent 
primary intraocular tumor in adults [1]. Liver metastasis is 
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a dreaded complication of this cancer despite the efficient 
treatment of the eye by radiation therapy or enucleation [2, 
3]. Patients rarely survive more than 5 years following the 
initial detection of metastasis, with a death rate of 92% at 
2 years [4].

Several clinical, histopathological, and genetic factors are 
associated with UM poor prognosis, such as large tumor 
size, ciliary body involvement, epithelioid cell type, mono-
somy of chromosome 3, and BAP1 (BRCA1 associated pro-
tein 1) mutations [5–8]. In addition, a genetic test that can 
predict the risk of metastasis in UM patients by analyzing 
simultaneously the expression of 15 genes in the DNA of 
their ocular tumor was recently implemented in many ocular 
oncology centers [9, 10]. This test designates the patient’s 
tumor as Class 1 (low risk) or Class 2 (high risk) of devel-
oping metastasis, and the serotonin receptor 2B (HTR2B) 
is the most discriminant gene of this molecular signature; 
its overexpression is related to the metastatic disease [10].

In addition to its function as a neurotransmitter, seroto-
nin plays a role in development, and most of its biological 
actions are mediated by G protein-coupled serotonin recep-
tors [11, 12]. These receptors are divided into seven subfam-
ilies, which share overlapping pharmacological properties, 
and second messenger coupling pathways [12]. HTR2B is 
involved in cell proliferation and survival through the activa-
tion of phospholipase C beta, SRC and Ras-ERK pathways, 
all mediated by the G protein subunit alpha q (GNAQ) or 
alpha 11 (GNA11) [13, 14]. Interestingly, both GNAQ and 
GNA11 genes are frequently mutated in UMs, and the sub-
sequent inactivation of the catalytic domain locks them in 
their active state [15–17]. HTR2B contributes to eye and 
craniofacial morphogenesis by preventing the differentia-
tion of neural crest cells (melanocyte precursors) [11, 18]. 
Its antagonists interfere with neural crest cell migration 
and lead to their apoptosis [11]. In addition, HTR2B has 
been described as an oncogene in hepatocellular carcinoma 
(HCC), as well as in prostate, small intestine, breast and 

pancreas cancers [19–23], but as a tumor suppressor in ovar-
ian cancer [24]. Indeed, treatments with selective HTR2B 
antagonists decreased the viability of HCC, prostate and 
pancreas cell lines, and impaired the tumor growth in vivo 
when administered subcutaneously to mice bearing xeno-
grafts [19, 22, 23].

The purpose of this study was to investigate the effects 
of a selective HTR2B antagonist on cellular and molecular 
behaviors of UM cells. To achieve this, the viability, prolif-
eration, migration, invasion and phosphorylation of various 
kinases were analyzed after treatments with the antagonist 
PRX-08066.

Materials and methods

Primary tumor samples and tissue culture

This study followed the tenets of the Declaration of Helsinki 
and was approved by our institutional human experimenta-
tion committee (Centre de recherche du CHU de Québec-
Université Laval, Quebec City, QC). Human ocular tumor 
biopsies were collected post-enucleation (Clinique des 
tumeurs oculaires du CHU de Québec, Quebec City, QC), 
and confirmed to be UMs by immunohistochemistry by 
an ocular pathologist (Service de pathologie du CHU de 
Québec, Quebec City, QC) [25, 26]. Written informed con-
sent was obtained from the enucleated subjects. Pathological 
data were assessed as previously described (see Table 1 for 
clinicopathological characteristics and survival data) [27]. 
UM cell lines T97, T108, T111, T128, T131 and T143 were 
derived from primary tumors of non-metastatic or metastatic 
cases (passages 6–12) [25, 26]. UM cell lines, the colorec-
tal adenocarcinoma HT-29 cell line (ATCC, Manassas, VA) 
and the 3T3 fibroblast cell line were grown in DMEM Low 
Glucose medium (Wisent, Quebec City, QC), supplemented 
with 5% fetal bovine serum (FBS; Hyclone, Logan, UT) and 

Table 1   Summary of clinicopathological features, survival data, and mutation status of uveal melanoma patients

NA not available (lack of material or Bouin-fixed)
a Follow-up: period from enucleation until patient death or last visit
b Last status: DOM dead of metastasis, ANM alive no metastasis

Tumor Sex/age Date of enucleation Cell type Anterior 
localiza-
tion

Tumor size 
(D > 16 mm)

Follow-upa 
(months)

Last statusb BAP1 
protein 
loss

Mutant 
GNAQ 
Q209

Mutant 
GNA11 
Q209

108 M/44 04/2004 Spindle No No 163 ANM No No NA
111 F/63 06/2005 Epithelioid Yes Yes 16 DOM Yes No No
128 M/45 10/2008 Epithelioid Yes Yes 5 DOM NA NA NA
130 M/44 11/2008 Epitheloid No No 108 ANM No No No
131 M/54 12/2008 Epithelioid Yes Yes 32 DOM Yes NA NA
143 M/55 03/2011 Spindle No No 80 ANM No No No
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50 µg/mL gentamicin. Normal uveal melanocytes (NUM) 
were isolated from the choroid of human eyeballs (Centre 
Universitaire d’Ophtalmologie (CUO)’s Eye Bank, Que-
bec City, QC) by successive digestions in trypsin and col-
lagenase, and grown using FNC Coating Mix (AthenaES, 
Baltimore, MD) and a medium optimized for their selection 
as previously described [28, 29]. All cell lines were tested 
routinely for mycoplasma infection by PCR (ATCC). The 
purity of UM and NUM cultures was confirmed by micro-
scopic inspection, hematoxylin and eosin stain, and positiv-
ity for MART-1 using 4 µm-thick cell block sections (clone 
A103, prediluted; Dako, Mississauga, ON) (Supplementary 
Fig. 1) [27]. BAP1 loss was assessed by immunohistochem-
istry on 4 µm-thick tissue sections with a BAP1 antibody 
(C-4 clone, dilution 1:50; Santa Cruz Biotechnology, Dal-
las, TX) as previously described (Table 1) [30]. Exon 5 of 
GNAQ and GNA11 genes was screened for mutations by 
DNA sequencing (ABI 3731 DNA Analyzer; Plateforme de 
séquençage et de génotypage des génomes, Québec, QC), 
following PCR amplification with specific primers using 
DNA extracted from 10 µm-thick tissue sections (Table 1 
and Supplementary Table 1).

Anchorage‑independent colony formation assay

UM cell lines were plated in 1.3% methylcellulose (diluted 
in IMDM medium; R&D Systems, Minneapolis, MN) 
on untreated 35 mm tissue culture dishes as previously 
described (10,000 cells per triplicate) [31]. The trypan 
blue exclusion test was used to take into account cell death 
after drug treatments. After 14 days of growth, colonies 
were counted with the Quantity One software version 4.3.0 
(Bio-Rad Laboratories, Mississauga, ON) using the Colony 
Counting tool, after staining with 0.1 mg/mL MTT (Sigma-
Aldrich, St. Louis, MO).

Western blotting

UM cell lines grown to 90% confluency in 100 mm tissue 
culture dishes were harvested with the TNG-T lysis buffer 
(50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% glycerol, 0.1% 
Triton X-100), supplemented with protease and phosphatase 
inhibitor cocktails (Roche Diagnostics, Laval, QC) for total 
protein extraction. The protein concentration was determined 
with the BCA protein assay kit (Thermo Scientific, St-Lau-
rent, QC), using dilutions of bovine serum albumin for the 
standards. Western blots were performed using 20–25 µg of 
total proteins using 1-D SDS-PAGE Stain-Free gels (Bio-
Rad Laboratories) and PVDF membranes (GE Healthcare, 
Mississauga, ON) as an alternative to the most common nor-
malization method using housekeeping proteins. Stain-Free 
technology enables fluorescent visualization of 1-D SDS-
PAGE gels and corresponding blots under UV light using the 

Gel Doc Imaging System (Bio-Rad Laboratories). It has a 
linear dynamic detection range [32, 33]. The relative amount 
of total proteins in each lane on the blots was calculated with 
the Quantity One software version 4.3.0 (Bio-Rad Labora-
tories) using the Volume Tools or the Image Studio Lite 
software version 5.2.5 (LI-COR Biosciences, Lincoln, NE). 
The PVDF membranes were then blocked with 5% non-fat 
dry milk/Tween 0.1% in PBS, and successively incubated 
with primary antibodies against HTR2B (1:1000; Sigma-
Aldrich), β-catenin (1:500; Cell Signaling, Danvers, MA), 
phosphorylated β-catenin (Ser33/37/Thr41, 1:1000; Cell 
Signaling), PYK2 (Proline-rich tyrosine kinase 2; 1:500; 
Cell Signaling), phosphorylated PYK2 (Tyr402, 1:500; 
Cell Signaling), STAT5 (Signal transducer and activator of 
transcription 5A; 1:500; Cell Signaling) or phosphorylated 
STAT5 (Tyr694, 1:500; Cell Signaling), and anti-rabbit or 
anti-mouse HRP-conjugated secondary antibodies for visu-
alization (1:10,000; Jackson ImmunoResearch Laboratories, 
West Grove, PA). Immunoreactive complexes were revealed 
by chemiluminescence using ECL Western blotting substrate 
(GE Healthcare) and the Fluor S-Max Imaging System (Bio-
Rad Laboratories). The relative amount of total HTR2B 
proteins in each lane on the blots was calculated with the 
Quantity One software (Bio-Rad Laboratories) using the 
Volume Tools or the Image Studio Lite software (LI-COR 
Biosciences). The signal intensities were then normalized 
with the Stain-Free data.

Viability assay

UM cell lines were grown in 96-well tissue culture plates 
(2000 cells/well) in DMEM Low Glucose 5% FBS, and cell 
viability was measured at 72 h post-treatment with increas-
ing concentrations of PRX-08066 (Selleck Chemicals, Hou-
ston, TX) using the MTS assay (tetrazolium salt) according 
to the manufacturer’s instructions (CellTiter 96 AQueous 
Assay Reagent; Promega, Madison, WI). The bioreduction 
of the MTS tetrazolium compound into a colored formazan 
by metabolically active cells was quantified by recording the 
absorbance at 490 nm with a microplate reader (Model 550; 
Bio-Rad Laboratories) [34]. Data are represented as rela-
tive percentage of cell viability. The absorbance of untreated 
cells was considered as 100%.

Cell proliferation assay

UM cell lines were plated on coverslips (5000 cells/cov-
erslip), fixed 15 min with 4% PFA at 72 h post-treatment 
with 20 µM PRX-08066 and permeabilized with 0.1% Tri-
ton X-100. The blocking of nonspecific sites was performed 
with 5% goat serum in PBS/0.1% Triton X-100. Mitotic cells 
were targeted with a primary polyclonal antibody against 
the phosphorylated form of histone H3 (anti-PH3, dilution 
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1:1600; Cell signaling), followed by an incubation with a 
secondary antibody anti-rabbit-Alexa 488 for visualization 
(1:500; Life Technologies). Nuclei were counterstained with 
DAPI nuclear stain (Life Technologies). Pictures of six ran-
dom fields on duplicate coverslips were taken on a epifluo-
rescence microscope at ×20 magnification (AxioImager 2; 
Zeiss, Toronto, ON). PH3 positive cells were counted, as 
well as the total number of nuclei for normalization. Data 
are represented as percentage of mitotic cells.

Migration assay

UM cell lines were plated in Culture-Insert 2 Well (35,000 
cells/well; Ibidi USA, Madison, WI), with a defined 500 µm 
cell-free gap. The 3T3 fibroblast cell line was used as posi-
tive control of migratory cells. Pictures were taken on a 
phase contrast microscope (10x magnification) at 72 h 
post-treatment with 20 µM PRX-08066 (24 h of migration). 
Image post-processing was carried out using the Image J ver-
sion 1.46r (http://rsb.info.nih.gov/ij/) in order to determine 
the percentage of wound area closure.

Invasion assay

UM cell lines grown at 70% of confluence were treated with 
20 µM of PRX-08066 for 72 h. The cells were then seeded in 
CellCarrier-96 Spheroid ULA/C plates (40,000 cells/well in 
50 µL; Perkin-Elmer, Woodbridge, ON) to generate tumoral 
spheroids in 48 h. A layer of Matrigel Matrix (diluted 1:4; 
Corning, Corning, NY) was then added onto the spheroids 
to assess their invasive potential. Phase contrast pictures 
were taken at Day 0 (after 1 h of incubation) and Day 3 at 
×10 magnification. The diameter of each tumoral spheroid 
including the invading front was measured with the ImageJ 
software in order to determine the Day 3/Day 0 ratio of the 
diameter.

Human phospho‑kinase proteome

The Proteome Profiler Human Phospho-Kinase Array Kit 
(R&D System, Minneapolis, MN) was used to simultane-
ously detect the relative levels of phosphorylation of 43 
kinase phosphorylation sites (duplicate spots). UM cell lines 
were treated 72 h with 20 µm PRX-08066 before extracting 
the total proteins according to the manufacturer’s recom-
mandations. 400 µg of total proteins were incubated per 
membrane, and pixel densities on developed X-ray films 
were collected and analyzed using the Quick Spots image 
analysis software (Western Vision, Salt Lake City, UT). The 
mean density pixels were normalized with the average signal 
of negative control spots. Data are represented as heatmaps 
in percentage of relative expression (black, positive control 
spots = 100%; white, negative control spots = 0%).

Statistical analysis

Experimental data were presented as column bar graphs 
(mean ± standard error of the mean (SEM)), column mean 
graphs (mean ± SEM), heatmaps, area-proportional Venn 
diagrams (BioInfoRx Venn Diagram Plotter) or box-and-
whisker plots (Prism 7; GraphPad Software, La Jolla, CA). 
In the latter, the central box is the interquartile range with 
the median indicated by the horizontal line, and whiskers 
extend to the lowest and highest data values. Student’s t-test 
or Mann–Whitney test were performed to determine statisti-
cal significance using Prism 7, and differences were consid-
ered to be statistically significant at P < 0.05. The sample 
size included data from three independent experiments per-
formed in triplicate with biological replicates.

Results

Selection of UM cell lines highly expressing 
the HTR2B protein

To study the effects of the pharmacological repression of 
HTR2B in UM, we selected the UM cell lines T111, T128, 
and T131 derived from the primary tumor of patients with 
liver metastases. Examination of these cell lines under phase 
contrast microscopy indicated that they all exhibited an epi-
thelioid morphology (Supplementary Fig. 1), and expressed 
the melanocyte antigen differentiation marker MART-1. In 
addition, they formed colonies, demonstrating their anchor-
age-independent proliferation (Supplementary Fig. 1). We 
then verified by immunohistochemistry and DNA sequenc-
ing the mutation status of BAP1, GNAQ and GNA11 in these 
patients. Tumors 111 and 131 lost the nuclear BAP1 expres-
sion, and the tumor 111 was wild-type for exon 5 of GNAQ 
and GNA11 (Table 1). We were not able to test for muta-
tions the tumor T128 because it was Bouin-fixed, and failed 
to amplify GNAQ/GNA11 genes in tumor T131. However, 
all derived cell lines had no mutation in both genes. High 
expression of the HTR2B receptor was confirmed by western 
blotting in all three cell lines, compared to the normal cho-
roid (Fig. 1b). UM cell lines T111, T128 and T131 were thus 
reliable models to assess in vitro the therapeutic potential of 
a HTR2B antagonist.

The HTR2B antagonist PRX‑08066 decreased 
the viability and proliferation of UM cell lines

To determine the cytotoxic effect of the selective HTR2B 
antagonist PRX-08066, we treated UM cells lines T111, 
T128, and T131 with increasing concentrations of the drug 
for 72 h (5–100 µM; Fig. 2a). By comparison with the 
untreated control, there was a dose-dependant decreased in 

http://rsb.info.nih.gov/ij/
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the viability of UM metastatic cell lines (Fig. 2a). The sen-
sitivity to PRX-08066 varied slightly between cell lines, and 
we selected the 20 µM concentration (IC50; P < 0.05 for all 
cell lines) to conduct the following experiments. Interest-
ingly, no significant effect was observed in UM non-meta-
static cell lines and normal melanocytes at this concentration 
(Fig. 2b). Because a viable cell is not necessary in a prolif-
erative state, we quantified the population of UM metastatic 
cells in mitosis 72 h post-treatment with 20 µM PRX-08066 
using immunofluorescence analyses with PH3, present only 
during the M-phase. We observed a decreasing trend in the 
number of PH3 positive cells in PRX-treated cells (Fig. 3). 
The reduction was significant for the T111 cell line (− 44%, 
P = 0.008).

The HTR2B antagonist PRX‑08066 reduced 
the self‑renewal and potential of migration of UM 
metastatic cell lines

To determine if the HTR2B receptor promotes the self-
renewal of UM metastatic cells, anchorage-independent 
colony formation assays were performed 72 h post-treatment 
with 20 µM PRX-08066. As shown in Fig. 4, the number 
of colonies decreased significantly in treated cells (T111: 
− 87.8%, P = 0.0001; T128: − 77.9%, P = 0.004; T131: 
− 68.9%, P = 0.0002) compared to untreated controls. Next, 
the role of HTR2B in UM cell migration was investigated 
using culture-inserts 2 Well (Fig. 5a). Interestingly after 
24 h, we observed a slower closure of the 500 µm-gap 
in PRX-treated cells (72 h of treatment), with variability 
between UM metastatic cell lines (T111: 40.3% of wound 
area closing, P = 0.06; T128: 10.5% of wound area closing, 

Fig. 1   Expression of HTR2B in UM cell lines. Western blot con-
ducted on protein extracts from UM cell lines T111, T128 and T131, 
as well as controls using an antibody against HTR2B (a). The amount 
of total HTR2B protein per lane was quantified for UM cell lines 
(black bars), colorectal adenocarcinoma cell line HT-29 (grey bar; 
positive control) and normal choroid (white bar; normal control), and 
then normalized with the Stain-Free signal intensities (b)

Fig. 2   The HTR2B antagonist PRX-08066 reduced the viability of 
UM metastatic cell lines. MTS cell viability assays were performed 
72  h post-treatment with PRX-08066. Increasing concentrations of 
PRX-08066 (5, 10, 20, 50 and 100 µM) were tested on UM metastatic 
cell lines T111, T128 and T131 (a). The 20  µM concentration was 
tested on UM non-metastatic cell lines (T108, T130 and T143) and 
normal uveal melanocytes (NUM; b). Data are represented as relative 
percentage of viability using a column bar graph (mean ± SEM). The 
absorbance of untreated cells (black bars) was considered as 100%. 
Student t-test, *P < 0.05

Fig. 3   The HTR2B antagonist PRX-08066 decreased the prolifera-
tion of UM metastatic cell lines. The percentage of mitotic cells was 
determined in untreated (dark grey boxes) or PRX-treated (20  µM, 
72  h; white boxes) UM cell lines T111, T128 and T131 by immu-
nofluorescence analyses using a phospho-histone H3 antibody (PH3). 
PH3-positive cells (green) were counted, and the total number of 
DAPI-stained nuclei (blue) was used for normalization. Data are rep-
resented as box-and-whisker plots, with median indicated by the hori-
zontal line. Scale bar, 20 µm. Mann–Whitney test, *P < 0.05. (Color 
figure online)
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P < 0.0001; T131: 70.0% of wound area closing, P = 0.10; 
Fig. 5b). In comparison, the untreated cells migrated to 
cover the gap entirely (Fig. 5a). Finally, invasion assays 

were performed 72 h post-treatment with 20 µM PRX-
08066 using tumoral spheroids embedded in Matrigel 
(Fig. 6a). We observed a decrease of the invasive potential 
of the PRX-treated T111 cells after 3 days (− 27% of the 
spheroid diameter, P = 0.01; Fig. 6b). The T128 cell line 
did not grow very well in spheroids and forms rather cell 
aggregates, so its invasive potential was difficult to assess by 
this approach. The T131 cell line was the most invasive, but 
did not respond to the PRX-treatment (− 1% of the spheroid 
diameter, P = 0.88; Fig. 6b).

The HTR2B antagonist PRX‑08066 reduced 
the phosphorylation of various signaling kinases

To identify signaling pathways activated downstream of 
HTR2B in UM metastatic cell lines, phospho-kinase arrays 
were performed to analyze the altered expression of kinases 
72 h post-treatment with 20 µM PRX-08066 (Fig. 7 and 
Supplementary Fig. 2). In PRX-treated UM cell lines T111, 
T128 and T131, 19, 19 and 28 phospho-kinases were signifi-
cantly downregulated (Fig. 7). Known HTR2B targets such 
as pERK1/2 (Extracellular signal-regulated kinases 1 and 2), 
pPDGFRB (Platelet derived growth factor receptor beta) and 
pSRC (SRC proto-oncogene non-receptor tyrosine kinase) 
are highlighted with green boxes (Supplementary Fig. 2a–c); 
only pPDGFRB was significantly decreased in all UM cell 
lines (Fig. 7a). There were more common targets between 
UM cell lines T111 and T131 (18 on 19 targets; see Venn 
diagram in Supplementary Fig. 2d). Moreover, in addition 
to pPDGFRB, 4 targets were significantly decreased in all 
UM cell lines: pβ-catenin, pPYK2, pSTAT5A and pSTAT5B 
(Fig. 7b; red boxes in Supplementary Fig. 2a–c). We vali-
dated the expression and activation of β-catenin, PYK2 and 
STAT5 by Western blotting (Fig. 8). The treatment with 
PRX reduced the expression of all total proteins in all cell 
lines. The level of phosphorylation of the β-catenin was 
decreased only in the T111 cell line after normalization with 

Fig. 4   The HTR2B antagonist PRX-08066 reduced the self-renewal 
of UM metastatic cell lines. Phase contrast micrographs of MTT-
stained colonies formed by untreated or PRX-treated (20 µM, 72 h) 
UM metastatic cells T111, T128 and T131 after 14  days in 1.3% 

methylcellulose (a). Scale bar, 1 mm. Colony counts are presented as 
relative number of colonies using a column bar graph (mean ± SEM), 
where the count of untreated cells (black bars) was considered as 
100% (b). Student t-test, *P < 0.05

Fig. 5   The HTR2B antagonist PRX-08066 decreased the migra-
tion of UM metastatic cell lines. Phase contrast micrographs of 
untreated or PRX-treated (20  µM, 72  h) UM metastatic cell lines 
T111, T128 and T131 (a). Scale bar, 500 µm. The potential of migra-
tion is represented as relative percentage using a column mean graph 
(mean ± SEM), where the wound area closing of untreated cells 
(black bars) was considered as 100% (b). Student t-test, *P < 0.05
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the total protein (Fig. 8a). The pPYK2 level was lower in 
PRX-treated T111 and T128 cell lines (Fig. 8b). The phos-
phorylated form of STAT5 was decreased in all three UM 
metastatic cell lines (Fig. 8c). However, Western blotting is 
less sensitive (ng of proteins) than the proteome array (pg/
mL) in terms of detection. The Fig. 7c depicts the other 
deregulated phospho-kinases for each cell line; several are 
identified in at least two cell lines (see Venn diagram in 
Supplementary Fig. 2d). These findings together support 
that HTR2B positively regulates in UM metastatic cell lines 
the activity of the JAK (Janus kinase)/STAT, FAK (Focal 
adhesion kinase) and WNT signaling pathways, which are 
involved in cell proliferation, migration and self-renewal.

Discussion

HTR2B has been described as an oncogene in several can-
cers [19–23]. The HTR2B transcript is overexpressed in 
metastatic UMs [10], but its functional role is still undeter-
mined in the progression of this cancer. Only a few studies 
have been conducted to assess the therapeutic potential of 
HTR2B antagonists in cancer [19, 21–23], but they were 
tested in clinical trials for the treatment of several diseases 
such as pulmonary arterial hypertension [35–37], migraine 
[38, 39], and irritable bowel syndrome [40, 41]. We are the 
first to investigate the effects of the selective HTR2B antago-
nist PRX-08066 on the viability, proliferation, migration and 
expression of signaling kinases in UM metastatic cell lines. 
The pharmacological repression of HTR2B reduced the pop-
ulation of UM cells in mitosis, impaired their clonogenicity 
and migration potential, and decreased the phosphorylation 
of kinases typically activated by HTR2B, as well as new 
targets such as β-catenin, PYK2 and STAT5.

The passage number dramatically alters the phenotypic 
and genotypic characteristics of cancer cell lines [42]. For 
example, long-term subculture affects the molecular signa-
ture in UM cells [26]. Moreover, we performed our assays 

at low passage number (< P12), and initially confirmed 
by Western blotting that our UM metastatic cell lines all 
expressed a high level of HTR2B similar to the positive con-
trol colorectal adenocarcinoma HT-29 cell line. Interestingly, 
the selective HTR2B antagonist PRX-08066 decreased the 
viability of UM cell lines at micromolar concentrations only 
for UM metastatic cells, compared to low-grade UM cell 
lines and normal melanocytes. We did test other selective 
antagonists of HTR2B such as SB-204741 and RS-127445; 
the results were similar when using higher concentrations 
of both drugs (IC50 = 50–100 µM; data not shown). It was 
shown previously that HTR2B antagonists decreased the via-
bility of cancer cell lines derived from prostate, pancreas and 
small intestinal neuroendocrine tumors as well as HCC [19, 
21–23]. In addition, we observed an interindividual variabil-
ity in the sensitivity to PRX-08066 treatments in UM meta-
static cell lines, particularly for cell proliferation, migration 
and invasion, reflecting genetic differences between patients 
or the activation of compensatory signaling mechanisms.

Our analyses of the proliferation rate using PH3 staining 
showed a decreasing trend in mitotic cells in the PRX-treated 
group. This anti-proliferative effect was also observed in 
small intestinal neuroendocrine tumors, where the number 
of Ki67-positive cells dropped by 33% after treatments with 
PRX-08066 [21]. In addition, the selective HTR2B antago-
nist SB-215505 reduced by 20% the percentage of prostate 
cancer cells in S-phase [19]. Besides, we observed a reduc-
tion of phosphorylated β-catenin and STAT5 in our PRX-
treated UM cell lines. β-catenin is normally confined to the 
cell membrane, but is expressed under its phosphorylated 
form in the cytoplasm and/or nucleus in melanoma cells 
[43–45]. It was shown previously that the pharmacological 
inhibition of β-catenin decreased the growth of both uveal 
and skin melanoma cell lines [45, 46]. Next, STAT proteins 
are transcription factors activated by cytokines and growth 
factor receptors, and they are involved in mitogenic an antia-
poptotic signaling [47]. To the best of our knowledge, we are 
the first to report its constitutive activation in UM. In skin 

Fig. 6   The HTR2B antagonist PRX-08066 decreased the invasion of 
UM metastatic cell lines. Phase contrast micrographs of untreated or 
PRX-treated (20 µM, 72 h) tumoral spheroids of UM metastatic cell 
lines T111, T128 and T131 (a). Scale bar, 200 µm. The potential of 

invasion of cell lines T111 and T131 is represented as Day 3  (D3)/
Day 0 (D0) ratio of the spheroid diameter using a column mean graph 
(mean ± SEM) (b). Student t-test, *P < 0.05
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melanoma, pSTAT5 enabled cancer cells to overcome the 
interferon alpha-mediated anti-proliferative signaling [48]. 
Its inhibition by RNA interference induced a G1 cell arrest 
in these cells through the downregulation of cyclin D2 [49], 
thus supporting its role in cell cycle progression.

Using anchorage-independent colony formation assays, 
we demonstrated that the antagonist PRX-08066 reduced 
significantly the number of colonies generated by UM meta-
static cell lines, thus supporting that HTR2B plays a role 
in their clonogenicity. Deregulated phosphorylated kinases 
identified in our study, such as β-catenin, PYK2 and STAT5, 

were all previously linked to cancer stem cell self-renewal 
[50–53]. Thereby, it was shown in breast cancer cells that the 
activation of β-catenin and PYK2 increases the formation of 
mammospheres [50, 51]. Anchorage-independent survival 
and proliferation of small cell lung cancer cells were as well 
inhibited when PYK2 was knockdowned [52]. Likewise, the 
inhibition of STAT5 by RNA interference or with a specific 
inhibitor reduced the number and volume of hepatospheres 
in HCC [53].

It is known that HTR2B antagonists interfere with mel-
anocyte precursor migration [11]. We thus hypothesized 

Fig. 7   The HTR2B antagonist PRX-08066 reduced the phospho-
rylation of various signaling kinases. Heatmap of the relative expres-
sion of known HTR2B targets pERK1/2, pPDGFRB and pSRC in 
untreated (UT) and PRX-treated (20  µM, 72  h) UM cell lines (a). 
Heatmap of the relative expression of pβ-catenin, pPYK2, pSTAT5A 
and pSTAT5B that were significantly decreased in all PRX-treated 

UM cell lines (b). Heatmap of the relative expression of other phos-
pho-kinases reduced post-PRX treatment in each UM cell line (c). 
The expression of each kinase was tested in duplicates. The cor-
responding quantifications are presented as percentage of relative 
expression in grayscale, where the positive controls appear in black 
(100%), and the negative controls in white (0%)
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that HTR2B can promote metastatic spreading of UM cells. 
Indeed, our migration assays demonstrated a reduction of 
the cell motility and invasion in PRX-treated UM cells. The 
anti-migrative effect of PRX-08066 was previously observed 
in small intestinal neuroendocrine tumors [21]. Among the 
deregulated phospho-kinases detected in our proteomes, 
β-catenin, PYK2 and STAT5 were all previously associated 
to melanoma progression or enhanced motility/invasive-
ness. Indeed, cytoplasmic/nuclear pβ-catenin is significantly 
correlated to poor prognosis and invasive motility in uveal 
and skin melanomas [43, 44, 46]. Overexpression of PYK2 
is correlated with increased metastasis and cell migration 
in HCC as well as breast and non-small cell lung cancers 
[54–56]. This focal adhesion protein upregulates the forma-
tion of lamellipodia and actin stress fiber polymerization 
when phosphorylated [55]. Finally, STAT5 is phospho-
rylated in 60% of skin melanoma metastases compared to 
normal melanocytes [49], and the number of cells showing 
intranuclear localization increased from benign to metastatic 
lesions [48].

Using phospho-kinase arrays, we discovered that the 
phosphorylation of kinases such as β-catenin, PYK2, 
STAT5A and STAT5B was significantly reduced in PRX-
treated UM cell lines, in addition to classical targets down-
stream of HTR2B (ERK1/2, PDGFRB, SRC). It was shown 
recently that an antagonist of the serotonin receptor HTR7 
decreased the phosphorylation of β-catenin in HCC [57], 

and that HTR1D promoted colorectal cancer metastasis by 
activating β-catenin [58], thus suggesting that this pathway 
can be activated by serotonin. Interestingly, many of the 
kinases highlighted in our study interact with each other. 
Indeed, SRC regulates β-catenin and STAT5 in skin mela-
noma [49, 59, 60], acts with PYK2 to activate the MAPK 
signaling pathway downstream of Gq-coupled receptors 
[61], and is indispensable for the phosphorylation of PYK2 
in response to cell attachment [62]. In addition, PYK2 inac-
tivates GSK3β (Glycogen synthase kinase 3 beta) by phos-
phorylation to turn on the WNT/β-catenin signaling path-
way [63], mediates cell–cell adhesion by controlling the 
phosphorylation of β-catenin [64], and promotes epithelial 
to mesenchymal transition via its association with STAT5B 
[65]. Furthermore, HTR2B regulates cell-cycle progression 
through cyclin D1 under the control of SRC in concert with 
PDGFR [14].

Interestingly, under metabolic stress, HTR2B-positive 
pancreatic cancer cells acquired a growth advantage by 
metabolizing more glucose by aerobic glycolysis (Warburg 
effect) rather than through oxidative phosphorylation [23]. 
Aiming a particular metabolic pathway may have limited 
anticancer effects, but interfering with the metabolic plas-
ticity of cancer cells by targeting upstream regulators such 
as HTR2B can make the cells more sensitive to cytotoxic 
drugs. In addition, serum serotonin levels have been shown 
to increase significantly in patients with liver diseases or 

Fig. 8   Expression and activation of β-catenin, PYK2 and STAT5 pro-
teins in UM cell lines. Western blots conducted on protein extracts 
from untreated or PRX-treated (20  µM, 72  h) UM cell lines T111, 
T128 and T131 using antibodies against total and phosphorylated 
β-catenin (a), PYK2 (b) and STAT5 (c). The amount of each protein 

per lane was quantified for untreated (black bars) and PRX-treated 
(white bar) UM cell lines, and then normalized with the Stain-Free 
signal intensities (total protein) and with the total protein (phospho-
rylated protein)
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HCC [66], and HTR2B is selectively expressed by activated 
hepatic stellate cells [67], which promote metastatic growth 
[68]. Selective antagonists of HTR2B may therefore achieve 
a more durable clinical response in UM patients with liver 
metastasis, by acting both as anti-proliferative/migrative and 
anti-fibrotic agents on HTR2B-positive metastatic UM cells 
and hepatic stellate cells.
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