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Abstract

Purpose: Uveal melanoma (UM) is the most prevalent and lethal intraocular malignancy in 

adults. Here, we examined the importance of hypoxia in UM growth and tested the anti-tumor 

effects of arylsulfonamide 64B, an inhibitor of the hypoxia-induced factor (HIF) pathway in 

animal models of UM and investigated the related mechanisms.

Experimental Design: UM cells were implanted in the uvea of mice eyes and mice 

systemically treated with 64B. Drug effect on primary eye tumor growth, circulating tumor cells, 

metastasis formation in liver and survival were examined. 64B effects on UM cell growth, invasion 
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and hypoxia-induced expression of C-X-C chemokine receptor type 4 (CXCR4) and 

mesenchymal-epithelial transition factor (c-Met) were measured. Luciferase reporter assays, 

chromatin immunoprecipitation, co-immunoprecipitation and cellular thermal shift assays were 

used to determine how 64B interferes with the HIF transcriptional complex.

Results: Systemic administration of 64B had potent anti-tumor effects against UM in several 

orthotopic mouse models, suppressing UM growth in the eye (~70% reduction) and spontaneous 

liver metastasis (~50% reduction), and extending mice survival (p < 0.001) while being well 

tolerated. 64B inhibited hypoxia-induced expression of CXCR4 and c-Met, two key drivers of 

tumor invasion and metastasis. 64B disrupted HIF-1 complex by interfering with HIF-1α binding 

to p300/CBP co-factors, reducing p300 recruitment to the MET and CXCR4 gene promoters. 64B 

could thermo-stabilize p300, supporting direct 64B binding to p300.

Conclusions: Our pre-clinical efficacy studies support the further optimization of the 64B 

chemical scaffold towards a clinical candidate for the treatment of UM.
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Introduction

Uveal melanoma (UM) accounts for ~70% of all adult primary eye cancers, and has a mean 

annual incidence of ~4.3 per million in adults (1). For the last 30 years, UM patient 

mortality has remained stagnant with a 5-year death rate of ~50% (2). Standard of care for 

primary eye tumor control includes surgical enucleation combined with plaque radiotherapy, 

and patients suffer permanent vision loss and cosmetic defects. About 40% of UM patients 

develop metastasis within ten years of diagnosis (3), and liver is the main organ colonized by 

circulating UM cells. Patient survival rate drops to less than one year after onset of liver 

metastasis despite active treatments, such as Dacarbazine or Temozolomide (1, 2), and liver 

failure due to metastatic burden is the major cause of death. Hence, new treatment options 

are direly needed to improve overall survival. Recent genomic analysis has classified UM 

into subgroups with different metastatic risk (4), and specific markers in the primary eye 

tumor can be used to stratify patients (4, 5), suggesting that high-risk patients could benefit 

from neoadjuvant metastasis prevention treatments. Developing new anti-metastatic 

therapeutics that can antagonize primary UM growth in eye, its dissemination into the 

bloodstream, seeding into other organs, and growth from micro- to macro- metastases, is an 

important therapeutic goal.

Hypoxia inducible factor (HIF), the master transcriptional regulator of hypoxia-mediated 

gene responses, plays a key role in tumorigenesis and metastasis (6, 7). Growing tumors 

experience limited oxygen supply due to inadequate vascular development, which leads to 

hypoxia-mediated genome reprogramming mediated by HIF. Recent genomic studies have 

revealed that hypoxia signaling is a major transcriptional signature of specific subsets of 

human UM (4). Active HIF is composed of a heterodimer of an oxygen-regulated alpha 

(HIF-1α or 2α) subunit and a beta subunit (HIF-1β) and recruits its co-activators p300/CBP 
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to form an active transcription factor complex that transactivates target genes by binding to 

hypoxia response elements (HRE) in their promoters (8). HIF activation in tumors leads to 

the expression of over 100 target genes that mediate critical biological functions such as 

metabolic adaptation to anaerobic growth, angiogenesis, invasion and metastasis (7, 9). 

Previous studies have suggested hypoxia is involved in ocular melanoma cell adhesion, 

migration/invasion and angiogenesis (10, 11), but the role of hypoxia and HIF-1 in in vivo 
UM growth and metastasis remains to be established.

Two important cell surface mediators of hypoxia-induced migration, invasion and metastasis 

are tyrosine kinase receptor c-Met (12) and C-X-C chemokine receptor type 4 (CXCR4) 

(13). Binding of c-Met through its ligand hepatocyte growth factor (HGF) activates multiple 

oncogenic intracellular signaling pathways, driving cancer cell proliferation, survival, 

motility, invasion, and metastatic ability (12). Elevated c-Met expression in patient’s tumors 

correlates with unfavorable outcome, including in uveal melanoma (14). CXCR4 is the 

receptor for stromal cell-derived factor 1 (SDF-1/CXCL12), and can increase cancer cell 

migration and tumor metastasis (15). HGF and SDF-1 are produced by liver hepatocytes and 

may act as homing factors for circulating UM cells (16). Prior studies have evidenced the 

importance of CXCR4 and c-Met in UM growth and metastasis (14, 17), but targeting their 

hypoxia-induced activation in UM has not been realized.

Our laboratory is focused on the development of novel therapeutics based on the HIF 

pathway (18–22). We have previously developed a series of natural product-like small 

molecule HIF inhibitors (23–28), and the lead compound exhibited potent anti-tumor 

activity against several cancers with minimal side effects (29, 30). Structural optimization of 

the chemical scaffold subsequently yielded arylsulfonamide 64B, a more potent lead 

compound in the HRE reporter assay (27). The current study aimed to test the anti-cancer 

efficacy and toxicity of systemic delivery of 64B in orthotopic uveal melanoma mouse 

models and the related mechanisms.

Methods

Arylsulfonamide 64B synthesis and formulation

The discovery and synthesis of N-cyclobutyl-N-((2,2-dimethyl-2H-pyrano[3,2-b]pyridin-6-

yl)methyl)-3,4-dimethoxybenzenesulfonamide (abbreviated as 64B) was previously 

described (27). For cell culture experiments a stock solution of 64B was dissolved in DMSO 

(10mM) and final concentration of solvent in culture medium was kept to 0.5% DMSO. For 

mice experiments, a large-scale crystalline batch of 64B was synthesized, and its purity was 

verified by mass spectrometry to be >95% (Supplementary Fig.S1 A, B). For mice delivery, 

crystalline 64B was suspended in a 1:1 cremophor EL/ethanol (1:1 volume) formulation by 

heating at 90oC and extensive vortexing. Before intraperitoneal (i.p.) injection, the mix was 

diluted 1:5 with PBS (preheated to 37oC) for a total injection volume of about 500 μl 

adjusted to mice body weight.
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Cell Culture

Human 92.1 (31) and Mel290 (32) uveal melanoma cells authenticated by STR (Emory 

Genomics core facility) (Supplementary Fig. S1C), as well as B16LS9 mouse melanoma 

cells (33) were cultured in RPMI medium supplemented with 10% FBS, sodium pyruvate, 

and non-essential amino acids as previously described. We thank Dr. Bruce Ksander 

(Schepens Eye Institute, Boston, MA) for providing Mel290 cells, Dr. Jerry Niederkorn, 

(Dept. of Ophthalmology, UT Southwestern, Dallas, TX) for 92.1 cells, and Dr. Dario 

Rusciano (Friedrich Miescher Institute, Basel, Switzerland) for providing B16LS9 cells. 

Media for culture of human fibroblasts were as follows: HFF-1 (DMEM + 15% FBS), HDF 

[McCoy’s 5A; Gibco BRL, Cat #: 16600–082), and IMR-90 (MEM + 10% FBS). For 

experiments involving hypoxia (1% O2), cells were first pre-treated with 64B (2 μM) or 

vehicle control (0.5% DMSO) for 1 h. under normoxia (21% O2) and then transferred to a 

hypoxia (1% O2) incubator (Thermo Forma).

Sulforhodamine B (SRB) assay

SRB cytotoxicity assays were performed in 96 well plates with 4×103 cells/well for 48–72 

hrs. as described (34). The inhibitory effects of 64B on cell growth were calculated by using 

the equation: % growth inhibition = (1 - At / Ac) x 100, where At and Ac represent the 

absorbance in treated and control cultures, respectively.

RNA extraction and qRT-PCR

Total RNA was extracted using Trizol Reagent (Thermo Fisher Scientific) and 1st strand 

cDNA was synthesized with ProtoScript First Strand cDNA Synthesis Kit (NEB). 

Amplifications were performed in 7500 Fast Real-Time PCR System (Applied Biosystems) 

with gene-specific primers (C-MET: forward: AGCGTCAACAGAGGGACCT, Reverse: 

GCAGTGAACCTCCGACTGTATG; CXCR4: forward: ACTACACCGAGGAAATGGGCT, 

Reverse: CCCACAATGCCAGTTAAGAAGA). β-actin was used as internal control, data 

were analyzed with 7500 Software, v2.3, and are presented as expression relative to 

normoxic control.

Western blot analysis

Cells were harvested by scraping in RIPA buffer supplemented with protease and 

phosphatase inhibitors (Thermo Scientific). Cell lysates were kept on ice for 30 min, 

centrifuged for 15 min at 13,500 x g in a microfuge at 4° C, and supernatants separated by 

sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE). Proteins in gel 

were transferred to nitrocellulose membranes (Bio-Rad; Cat: 1620112) and probed with anti-

HIF-1α (BD Transduction Laboratories™; Cat: 610959), HIF-1β (BD Transduction 

Laboratories™; Cat: 611078), p300 (LS Bio; LS-B6081), CBP (Santa Cruz; SC-48343), c-

Met (Abcam; ab10728), CXCR4 (Abcam; ab124824), and β-actin (Cell Signaling 

Technology; D6A8) antibodies (all used at 1:1000 dilution) as described (29).

Hypoxia/HIF transcription reporter assays

Mel290-V6R cells were generated by stably co-transfecting Mel290 cells with pBIGL-V6R 

and pcDNA3 (expresses Neomycin resistance gene), followed by G418 (200 μg/ml) 
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selection. pBIGL-V6R is a bi-directional HIF-1 reporter construct in which the firefly 

luciferase and LacZ reporter genes are under the control of 6 head to tail copies of the VEGF 
hypoxia-responsive element (HRE) coupled to a mini-CMV promoter (20). Luciferase 

reporter assays were performed as described (20).

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were conducted with the EZChIP Assay Kit 

(Cell Signaling Technology). A total of 4 × 107 cells was pretreated with 1% DMSO 

(control) or 2 μM 64B for 1 hour, transferred to hypoxia for 24 hours, and then fixed in 1% 

formaldehyde at room temperature for 20 minutes. Isolated nuclei were lysed, followed by 

chromatin digestion with micrococcal nuclease. Chromatin fragments were 

immunoprecipitated with anti-p300 polyclonal antibodies (Abcam) or rabbit IgG as a 

control. After reversal of cross-linking and DNA purification, DNA from input (1:20 

dilution) or immunoprecipitated samples was analyzed with PCR, and products were 

separated by 2% agarose gel electrophoresis. Primers for the following genes were used.

CXCR4: 5’-TCGTGCCAAAGCTTGTCC-3’ (sense) and 5’-

GCGGTAACCAATTCGCGAATAGTGC-3’ (antisense); c-Met: 5’-

AGCGTCAACAGAGGGACCT-3’ (sense) and 5’-GCAGTGAACCTCCGACTGTATG-3’ 

(antisense); and DAPK1: 5’-CATTTCAGCTCAACAATAGCCAATA-3’ (sense) and 5’- 

GGAATAGAGAATGGCAGGAAGG-3’ (antisense)

Orthotopic uveal melanoma mouse models

Female nu/nu mice (10–15 mice/group) were used under IACUC approval and procedures 

adhered to the NIH Guide for the Care and Use of Laboratory Animals (See figure legends 

for mice strains used in the different experiments). Mice were identified by individual tattoos 

(35). On day 0, melanoma cells were inoculated into the suprachoroidal space of the right 

murine eye using a trans-scleral technique as previously described (36). 64B was 

administered i.p. at 120 mg/kg for 5 days/week starting on day 1 after tumor inoculation and 

animal weight was monitored weekly. Tumor-bearing eyes were enucleated on the 7th 

(B16LS9) or 9th day (92.1) after inoculation, and livers with metastases were collected at the 

time of sacrifice 4 (B16LS9) to 8 weeks (92.1) after inoculation. Number and size of liver 

metastases were evaluated as described (36). For Kaplan-Meier survival experiments, mice 

underwent enucleation on day 7 or 9, and then were left alive until reaching IACUC criteria 

for termination (usually >20% of body weight loss). Eyes, livers, and other tissues were 

harvested for pathological examination. For some experiments, mice were injected i.p. with 

pimodinazole (60 mg/kg; Hypoxyprobe ™, Cat No: 06172016), a hypoxia marker 1 h before 

sacrifice.

Systemic mouse metastasis assay

Male outbred nu/nu mice (5 mice/group; 10 weeks old; Jackson labs) were injected in the 

tail vein with 4 × 106 92.1 or Mel290 cells. Four days after systemic injection, mice were 

treated daily with 64B (60 mg/kg i.p. twice per day) or vehicle for 45 days, at which time 

they were terminated, livers sectioned and total number of metastases/section counted. 

Dong et al. Page 5

Clin Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Blood collected by cardiac puncture was collected and evaluated for blood cell counts using 

an automatic hematology analyzer (HemaTrue Veterinary Hematology Analyzer, Heska).

Immunohistochemistry (IHC)

Formalin-fixed tumors were cut into 4μm sections and processed for IHC using the 

UltraVision AEC Detection System (Thermo Scientific, TL-015-HAJ) with the following 

antibodies: c-Met (Abcam; ab10728), CXCR4 (Abcam; ab124824), Ki67 (Abcam; 

ab92742), Pimo (Hypoxyprobe ™), HIF-1α (BD Transduction Laboratories™; Cat: 

610959), HIF-1β (BD Transduction Laboratories™; Cat: 611078) overnight at 4° C. 

Secondary antibodies conjugated with Alex 488, Alex 594, Alex 647 (Life Technologies™) 

were used to visualize the primary antibody’s staining. Images were acquired using 

Olympus Confocal Laser Scanning Biological Microscope FV1000 equipped with four 

lasers ranging from 405 to 635 nm. Images were processed with ImageJ software. The 

quantification of the positive cells was processed by using CellProfiler software (37).

Cellular thermal shift assay

64B drug target engagement was monitored by using the cellular thermal shift assay (38). In 

brief, cell lysates were collected, diluted and divided into two aliquots, treated with drug or 

diluent as control. After incubation for 30 min at room temperature, respective lysates were 

divided into smaller aliquots and heated individually at different temperatures (thermal 

cycler, Applied Biosystems/Life Technologies™). Lysates were centrifuged to eliminate 

temperature destabilized proteins, and supernatants analyzed by SDS-PAGE followed by 

Western blot analysis. A shift in temperature stability reflects drug-protein binding.

Microarray analysis

Two microarray datasets were downloaded from the Gene Expression Omnibus database 

(http://www.ncbi.nlm.nih.gov/geo/), including (GSE27831(39) and GSE22138(40)). These 

datasets contained gene expression data derived from the Affymetrix U133_plus2 platform. 

For microarray analysis, expression and raw expression data (CEL files) were summarized 

and normalized using the Robust Multi-array Average algorithm (http://

www.bioconductor.org/packages/2.0/bioc/html/affy.html) from the Bioconductor library for 

the R statistical programming system. TIBCO Spotfire software package (TIBCO Software, 

Palo Alto, CA) was used for visualization of microarray data. Hierarchical clustering was 

performed using Ward’s method.

Outcome analysis

Gene expression and survival data of UM patients were obtained from the Gene Expression 

Omnibus (GEO) database, SurvExpress (http://bioinformatica.mty.itesm.mx:8080/Biomatec/

SurvivaX.jsp) and Kaplan-Meier Plotter (http://bioinformatica.mty.itesm.mx:8080/

Biomatec/SurvivaX.jsp). Survival curves were constructed by Kaplan-Meier analysis and 

compared with the log-rank test using SPSS Statistics 18 software (IBM, Chicago, IL, http://

www.ibm.com).
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Network analysis

STRING 10.5 (www.string-db.org) (41) was used for network analysis. STRING database 

contains known and predicted protein–protein interactions. Proteins considered to be 

interacting proteins were based on the original criteria in STRING 10.5. Highly interacting 

proteins were defined as having over 4 interactions..

Statistical analysis

Differences between two groups were analyzed using two-sided unpaired Student’s t-test. 

Differences between three or more groups were analyzed using one-way ANOVA. P values 

< 0.05 were considered statistically significant. Statistical analysis was performed with 

Graphpad Prism 5 software (San Diego, CA).

Results

Increased expression of c-Met and CXCR4 correlates with poor prognosis and liver 
metastasis in uveal melanoma patients

To identify hypoxia-induced genes whose expression might underlie metastasis and UM 

patient survival, we performed comparative gene expression analysis on primary melanoma 

samples of patients who had or not developed metastasis using two publicly available 

databases (GSE27831(39) and GSE22138(40)). 168 genes were found up-regulated in 

common in the metastatic groups, and pathway analysis revealed that 32 of them were 

highly inter-connected. Outcome analysis using an independent dataset (TCGA Uveal 

melanoma (4)) evidenced that gene expression of 22 of these was correlated with poor 

outcome, two of which (CXCR4 and MET) are hypoxia-inducible (Supplementary Fig. S2A, 

B and Supplementary Table 1). Kaplan-Meier analyses on two datasets (GSE22138 and 

TCGA) showed that elevated mRNA expression of CXCR4 and MET is strongly correlated 

with patient survival (Fig. 1C and Supplementary Fig. S2C). In contrast, expression levels of 

genes encoding HGF and CXCL12, the respective ligands for c-Met and CXCR4 and other 

main hypoxia response genes showed no difference between groups (Fig. 1A and 

Supplementary Fig. S2D). Unbiased hierarchical clustering further showed that most 

patients with low expression of both MET and CXCR4 mRNAs did not metastasize, while 

those with elevated MET metastasize (Supplementary Fig. S2E). Immunohistochemistry on 

a UM tissue array confirmed expression levels of CXCR4, c-Met and HIF-1α were 

significantly higher in samples collected from metastatic (n=17) as compared to non-

metastatic UM patients (n=14) (Fig. 1D and E; Supplementary Fig. S3 and Supplementary 

Table 2). Survival analysis of matching patients evidenced that those with metastasis had 

worse outcome (Fig. 1F and Supplementary Table 1). Altogether, these results show that c-

Met and CXCR4 expression are useful markers for prediction of UM metastatic progression 

and prognostic for patient outcome. They also suggest that both c-Met and CXCR4 may play 

an important role in the metastatic process in UM.
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c-Met/CXCR4 are hypoxia/HIF-1 target genes in uveal melanoma cells and their expression 
is inhibited by arylsulfonamide 64B, a novel HIF inhibitor

To examine whether tumor hypoxia could contribute to upregulated c-Met and CXCR4 

expression in UM, we exposed cultured UM cells to 1% hypoxia. Hypoxia led to HIF-1 

stabilization and increased expression of both c-Met and CXCR4 mRNA and protein, 

responses which were inhibited by HIF pathway inhibitor 64B (Fig. 2A-C and 

Supplementary Fig. S4A). 64B dose-dependently inhibited hypoxia-induced transcription of 

a luciferase reporter gene under the control of a promoter driven by hypoxia-response 

elements in UM cells (Fig. 2D). This effect was not due to cytotoxicity or direct inhibition of 

luciferase activity as 64B had no effect on cell viability of Mel290 cells under the culture 

conditions used in this assay, and did not affect luciferase expression driven by a constitutive 

CMV promoter (data not shown). 64B was not cytotoxic to normal cells either as tested in 

three human fibroblasts cell cultures (Supplementary Fig. S4B).

To further test whether 64B-mediated inhibition of c-Met/CXCR4 expression had any effect 

on UM cell motility, a prerequisite for metastasis, we performed scratch wound closure 

assays. 64B caused a significant decrease in hypoxia-induced wound closure in the assay 

(Fig. 2E), while have little effect under normoxic conditions (Supplementary Fig.S4C). 

Treatment of the cells with siRNA for CXCR4 and c-Met also inhibited cell migration under 

hypoxia, supporting their role in this process (Fig. 2E). Combination with 64B yielded 

slightly further inhibition, likely because the siRNA effect was incomplete (Fig. 2E), or due 

to additional 64B-inhibited factors. These results show that hypoxia enhances UM cell 

migration at least in part through c-Met and CXCR4 expression and that this response can be 

potently antagonized by HIF transcription inhibitor 64B.

64B blocks HIF transcriptional activity by disrupting the interaction between HIF-1α and 
p300, independently of Factor inhibiting HIF-1 (FIH-1)

We next aimed to define the mechanism underlying compound 64B inhibition of HIF 

transcriptional activity in UM cells. We first tested if it alters hypoxia-activated HIF-1α 
protein stability. A 24h dose response experiment showed that 64B at concentrations up to 

16 μM did not disrupt hypoxia-mediated stabilization of HIF-1α (Fig. 3A). A time course 

experiment showed that HIF-1α is stabilized by hypoxia as early as 4h, remains stable up to 

48 h, and is not affected by 64B (Fig. 3B).

Under hypoxia, HIF-1α heterodimerizes with HIF-1β and forms a transcriptional complex 

with p300/CBP cofactors in the nucleus. Co-immunoprecipitation (co-IP) experiments 

showed 64B could disrupt the interaction between HIF-1α and both p300 and CBP paralogs, 

but not with HIF-1β (Fig. 3C-E). Levels of hypoxia-induced HIF-1α, and constitutive 

expression of p300, and CBP were unaffected by 64B (Fig. 3C-E; see input fraction).

The interaction of HIF with p300/CBP co-factors is regulated by the oxygen-dependent 

hydroxylation of asparagine 803 by Factor Inhibiting HIF-1 (FIH) on the C-terminus of 

HIF-1α (42). To probe for FIH role in 64B action, we silenced it by siRNA. FIH knockdown 

did not abrogate 64B disruption of HIF-1α/p300 interaction, suggesting that 64B does not 

act through FIH (Fig. 3F and G). Altogether, these results show that 64B can disrupt the 
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recruitment of p300/CBP co-factors to the HIF transcription complex in a FIH-independent 

manner.

64B can bind to p300 and directly interferes with the interaction between HIF-1α and p300

To further examine whether 64B disrupted HIF-1α/p300 interaction through direct binding 

of p300, we utilized the cellular thermal shift assay (38). As a negative control, we used 

BW-HIF13, a structural analog of 64B in which the cyclobutane is replaced with a benzene 

ring (Fig. 4A) that does not inhibit hypoxia-activated luciferase gene expression (Fig. 4B), 

Cell extracts of UM cells were prepared and then treated with 64B (2 μM) or BW-HIF13 in 
vitro for 30 min. Thereafter, aliquots (20 μg protein each) were prepared and each tube was 

heated to a different temperature, then centrifuged to eliminate any heat-denatured 

precipitated proteins, and the supernatants examined by Western blot for the protein of 

interest. In this assay, protein binding to a small molecule of interest will thermo-stabilize 

the protein and shift its denaturation temperature. This assay revealed that 64B could shift 

the thermal stability of p300 by 8°C (Fig. 4C), supporting a direct interaction between 64B 

and p300. In contrast, BW-HIF-13 did not elicit any shift (Fig. 4C), indicating 64B structural 

specificity to bind p300.

These findings suggested that 64B might prevent CXCR4 and MET gene activation under 

hypoxia by preventing p300 co-factor recruitment to the HIF transcriptional complex on the 

gene promoters in the nucleus. To test this, we used chromatin immunoprecipitation (ChIP), 

and found that 64B reduced p300 binding to both genes under hypoxia (Fig. 4D). In 

contrast, 64B did not prevent recruitment of p300 to the DAPK1 gene, which is activated by 

transcription factor C/EBPβ, independently of hypoxia/HIF. P300 binds to HIF-1 through its 

CH1 domain (43), while it binds to C/EBPβ via its CH3 domain (44). These findings 

suggest that 64B may exhibit CH1 domain specificity in its ability to interfere with 

p300/CBP transcription factor interactions.

64B inhibits primary tumor growth, liver metastasis formation, and prolongs survival in 
orthotopic mice models of uveal melanoma

Next examined the in vivo effects of 64B on primary and metastatic uveal melanoma 

growth. To establish a treatment dose, we carried out a pilot acute toxicity study and with a 

single i.p. injection of 64B at 100, 200 and 400mg/kg. This did not result in any mice death, 

significant loss of mice weight or other abnormal behavioral changes (data not shown). 

Based on this, we selected a dose of 120 mg/kg for testing in two complementary orthotopic 

uveal melanoma models in mice. Both models involve the injection of melanoma cells in the 

sub-uveal area of the mouse eye where they form melanomas (Fig. 5A), which can 

spontaneously metastasize to the liver, mimicking human uveal melanoma disease process. 

The first is an immunocompetent model where mouse skin melanoma cells (B16LS9) are 

injected in syngeneic C57BL/6 mice. The second uses human uveal melanoma cells (92.1) 

injected in immunocompromised athymic nude mice. After eye inoculation, mice are treated 

i.p. with 64B or vehicle control 5 days/week. After primary tumor growth, tumor-bearing 

eyes are removed, fixed and stained with H&E to evaluate tumor burden. Mice are 

continually treated with 64B till they are sacrificed to observe metastasis development in the 

liver. In the B16LS9 model, 64B treatment strongly suppressed eye tumor formation with a 
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~60% decrease in tumor size 7 days post-inoculation (Fig. 5B). At day 28, mice were 

terminated and the formation of liver micro-metastases quantified in liver sections. Mice 

treated with 64B showed a ~50% reduction in metastatic foci (Fig. 5C). To further examine 

whether 64B could prolong mice survival, we conducted a separate experiment where after 

enucleation on day 7 mice were kept till they reached IACUC criteria for termination. 64B 

significantly extended mice lifespan by ~30% (Fig. 5D). Moreover, treatment of 64B 

(60mg/kg/day) in mice accompanied by slightly body weight gain (Fig. 5E). Similarly, in the 

92.1 model we observed ~90% decrease of eye tumor size 7 days post-inoculation (Fig. 5F). 

64B significantly extended mice lifespan (Fig. 5G). Altogether, these findings demonstrate 

that 64B reduces primary and metastatic growth of melanoma in the eye and prolongs mice 

life span.

64B reduces circulating UM cells, antagonizes HIF-1 induced activation of c-Met and 
CXCR4 expression, and inhibits the metastasis of uveal melanoma cells to the liver.

To test the efficacy of 64B in inhibition of circulating tumor cells and liver metastasis 

formation, we conducted another independent experiment with the 92.1 model 

(Supplementary Fig. S5A-D). GFP labeled 92.1 cells were used for cell tracking, and mice 

were injected with pimonidazole, a hypoxia marker before enucleation or sacrifice. Eyes 

were enucleated on day 9, and sections showed reduced tumor size in 64B treatment group 

(Fig. 6A and B). Immunofluorescence analysis of eye tumor sections showed CXCR4 and c-

Met expression was strongly reduced in 64B treated mice compared to vehicle controls (Fig. 

6A and C; Supplementary Fig. S5E). Staining for pimonidazole revealed that vehicle control 

primary tumors were hypoxic, while control tumors had little evidence for hypoxia, likely 

due to their smaller size (Fig. 6D). Flow cytometry of blood collected on day 9 showed that 

mice treated with 64B exhibited reduced amounts of circulating tumor cells (Fig. 6E and F). 

Mice were sacrificed on day 56, and livers from mice treated with 64B had a reduced 

metastatic burden and showed the number of micrometastases was also dramatically 

decreased in the 64B treatment group (Supplementary Fig. S5F). Immunofluorescence 

staining of Pimo and HIF-1α in liver sections evidenced that micro-metastases were hypoxic 

in both control and 64B (Fig. 6G). Prolonged systemic treatment with 64B was well 

tolerated as mice did not lose weight (Supplementary Fig. S5A), and examination of blood 

cell populations at day 56 did not evidence any alteration (Supplementary Fig. S5D).

Finally, we sought to determine whether the reduced metastatic load in 64B-treated mice 

was primarily due to a reduction in primary eye tumor burden, or was also related to tumor 

cell survival in blood circulation and colonization of liver. We directly injected tumor cells 

(92.1 and Mel290) in the tail vein and counted liver metastasis formation five weeks post-

injection. We observed ~10-fold reduction in liver metastases in 64B-treated mice versus 

vehicle-treated controls (Supplementary Fig. 6A,B). The treatment was well tolerated, with 

no weight loss (Supplementary Fig. 6C).

Discussion

Developing new systemic treatments for patients with uveal melanomas is a pressing 

medical need. Ideally, such treatments will reduce primary tumor growth and block 
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metastasis formation and progression, which is the main cause of death. The HIF 

transcription factor pathway is an attractive cancer target as HIF upregulates a wide range of 

tumor survival and metastasis related genes (9), including CXCR4 and MET (45, 46). Here, 

we showed that UM, like other solid cancers exhibits extended areas of hypoxia, and tumor 

cells in those areas had strong HIF-1α, c-Met and CXCR4 expression. To test whether 

targeting hypoxia/HIF in UM has promise for therapeutic treatment, we tested small 

molecule 64B, a novel arylsulfonamide targeting the HIF pathway we previously discovered 

(27), and found strong anti-tumor effects on primary melanoma growth in the eye and 

formation of distant liver metastases in two animal models.

Our laboratory is interested in the development of novel therapeutic approaches to target the 

HIF pathway (18–22, 28, 29). Previously, we described KCN1 (N-((2,2-dimethyl-2H-

chromen-6-yl) methyl)-3,4-dimethoxy-N-phenylbenzenesulfonamide), the initial lead 

compound of a screen for HIF inhibitors using a HIF-responsive reporter assay and a 

combinatorial library of 10,000 natural product-like compounds (29). Arylsulfonamide 64B 

is an analog of KCN1, but is about twice as potent in inhibiting HRE-driven reporters (IC50 

~ 0.3μM), is more soluble, and is well tolerated. 64B has desirable pharmaceutical 

properties: it is small (MW: 444.54), chemically stable, and sufficiently lipophilic to ensure 

good cell membrane penetration and is compatible for oral delivery. These data suggest that 

64B is well suited for the treatment of ocular melanoma and its liver metastases.

Our findings evidence that 64B potently inhibits UM tumor growth, invasion, extravasation 

into the circulation and metastasis, important hallmarks of cancer. To investigate the 

molecular determinants of the pleiotropic anti-tumor activities of 64B in UM melanoma, we 

further studied its mechanism of action. We found that 64B disrupts the hypoxia inducible 

factor (HIF) transcription complex by interfering with HIF-1α recruitment of p300/CBP co-

factors on hypoxia-responsive elements on target genes, which is essential for their 

activation under hypoxia. Using co-immunoprecipitation experiments we evidenced that 64B 

blocks HIF-1α association with co-factors p300 and CBP at low micromolar concentrations. 

This was not mediated by indirect activation of FIH, an asparagyl hydroxylase that modifies 

the C-terminus of HIF-1α and prevents p300/CBP binding (25, 26). Cellular thermal shift 

assays showed that 64B thermo-stabilizes p300, supporting direct 64B binding to p300, 

thereby preventing HIF-1 binding. We found reduced binding of p300 to the MET and 

CXCR4 gene promoters, explaining 64B inhibition of hypoxia-induced CXCR4 and MET 
transcription and c-Met and CXCR4-dependent UM cell migration.

In contrast, 64B had no effect on p300 recruitment to the DAPK1 gene, which depends on 

the C/EBPβ transcription factor for activation and is not hypoxia-HIF activated. The 

p300/CBP proteins remodel chromatin structure through their histone acetyltransferase 

activity and serve as co-activators by recruiting the RNA polymerase II transcription 

complex to gene promoters. They are large multi-domain proteins and each domain mediates 

binding to specific transcription factors. The CH1 domain interacts with HIF-1 (43), while 

the CH3 domain mediates C/EBPβ binding (44). Further genome-wide studies are necessary 

to confirm that 64B displays specificity in blocking only CH1-dependent p300/CBP 

transcription factor interactions, and whether there might be even further sub-domain 

specificity.
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The importance of c-Met and CXCR4 has long been recognized in multiple cancers, both are 

important regulators of cell survival and metastasis (13, 47). CXCL12 (SDF-1) binding to 

CXCR4 elicits signaling that facilitates cancer cell survival, proliferation, chemotaxis, 

invasion and adhesion. Blockade of CXCR4 signaling inhibits chemotaxis in skin 

melanomas, a pre-requisite for metastasis (48). c-Met is a receptor tyrosine kinase that, after 

binding with its ligand, hepatocyte growth factor (HGF), activates a wide range of different 

cellular signaling pathways, including those involved in proliferation, motility, migration 

and invasion (47). CXCR4 and c-Met promote uveal melanoma cell proliferation, migration, 

invasion and metastasis (14, 47, 49–51). Here we uncovered that the oncogenic signaling 

from both tyrosine kinase receptors can be simultaneously inhibited through upstream 

targeting of the HIF-1 pathway, which is activated in hypoxic UM tissue and upregulates 

their expression.

In summary, our findings demonstrate that arylsulfonamide 64B has strong anti-cancer 

activity in syngeneic and xenogeneic orthotopic UM mouse models. 64B is a potent inhibitor 

of the hypoxia-induced CXCR4 and c-Met-mediated signaling axis that controls in vitro 
tumor cell motility. 64B has potent anti-tumor activity at the primary melanoma growth site 

in the eye, reduces circulating tumor cells, and strongly inhibits spontaneous formation and 

expansion of metastases in the liver with minimal toxicity. These pre-clinical data provide 

the rationale for further development of the 64B chemical scaffold towards a clinical 

candidate for inhibiting primary tumor growth or as a metastasis prevention therapy in uveal 

melanoma patients at high risk for metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

There is a pressing need for new therapies to treat ocular melanoma and prevent its 

spread and growth to distant organs such as liver. Here we tested the anti-tumor efficacy 

of a novel small chemical molecule targeting the HIF survival pathway in mouse models 

of uveal melanoma and showed reduction of primary tumor growth and metastasis 

formation in the liver. Our translational study supports the further translation of this 

chemical scaffold towards a novel treatment option for patients suffering from ocular 

melanoma in the clinic.
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Figure 1. 
Elevated expression of CXCR4 and MET correlates with poor prognosis and metastasis in 

uveal melanoma patients. A, Heatmap comparison of CXCR4, CXCL12 and MET, HGF 
mRNA expression in human uveal melanoma patients with or without metastasis (n = 46/

group). B, Quantification of (A). C, Kaplan-Meier survival curves for UM patients 

(GSE22138) with high (n = 35) or low (n = 28) MET (Left) and CXCR4 (Right) mRNA 

levels. D, Representative immunofluorescence staining of CXCR4, c-Met and HIF-1α 
expression in ocular tumor tissue array from UM patients with or without metastasis. E, 
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Quantification of percent positive tumor cells in (D). F, Survival time for metastatic patients 

and follow-up time for non-metastatic patients used for tissue array. **, p < 0.01; ***, p < 

0.001;
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Figure 2. 
64B blocks hypoxia-induced expression of c-Met and CXCR4 and UM cell migration. A, 
Quantification of mRNA expression level of CXCR4 and MET by QRT-PCR in Mel290-

V6R UM cells under normoxia (21% O2) or hypoxia (1% O2) with or without treatment 

with 64B (2 μmol/L) for 24 h. B, C, Western blot analysis for indicated proteins from 

Mel290-V6R cells cultured under normoxia or hypoxia with or without 64B treatment (at 

indicated doses) for 24 hours. D, Dose-response inhibition of hypoxia-inducible gene 

expression with 64B in Mel290-V6R cells stably expressing an HRE-driven luciferase 

reporter gene. n = 18 independent experiments carried out in triplicate. E, Tumor cell scratch 

wound assay. Percent wound closure was measured in 64B-treated versus control from 92.1 

(28 h) and Mel290 (16 h) cells grown under hypoxia (top). Representative pictures of wound 

closure in 92.1 UM cells after 28 h. of hypoxia (bottom). Cells were pre-treated for 48 h 
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with control (Ctrl.), cMet or CXCR4 siRNAs for 48h. with or without treatment with 64B (2 

μmol/L; 1h. pre-treatment), and silencing of cMet and CXCR4 cell surface expression was 

verified by FACS (right). Representative data of three independent experiments. *, p < 0.05; 

**, p < 0.01; ***, p < 0.001;
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Figure 3. 
64B prevents the binding of p300 and CBP to HIF-1α. A, Western blot of indicated protein 

expression after dose-response of 64B in Mel290-V6R cells after 24 h of hypoxia. B, 
Western blot of indicated protein expression after time-course of hypoxia +/− 64B (2 

μmol/L) treatment. C, D, E, Co-immunoprecipitation (co-IP) of cell extracts from Mel290-

V6R and 92.1 UM cells grown for 24 h. under normoxia or hypoxia +/− 64B (2 μmol/L) 

treatment. Note reduction in binding between HIF-1α and p300/CBP cofactors, but not 

HIF-1α. Western blot analysis of an aliquot (4%) of the cell extracts was used as a control 
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for input protein (input). F, Western blot analysis of indicated protein expression in 92.1 

cells under normoxia and hypoxia +/− FIH sliencing. G, Effect of siRNA-mediated silencing 

of FIH, on 64B’s ability to inhibit p300 - HIF-1α interaction in hypoxic 92.1 cells as 

measured by co-IP.
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Figure 4. 
64B directly binds to p300 and interferes with p300 recruitment to HIF-1 activated MET and 

CXCR4 genes. A, Chemical formula of 64B and inactive analog BW-HIF13. B, Dose-

response of 64B and BW-HIF13 on hypoxia-induced luciferase expression in Mel290-V6R 

cells with a stably integrated HRE-luciferase reporter. (n = 3). C, Cellular thermal shift 

assays on 92.1 cell extracts treated with 64B or BW-HIF-13 (2 μM for 2 hours). Western blot 

(Left) of soluble fraction of individually heated cell extract aliquots (44–72°C) show 64B 

(but not BW-HIF-13) extends the thermal stability of p300. Quantification of p300 bands 

(Right). (n = 3). D, Chromatin immunoprecipitation (Chip) analysis shows hypoxia-induced 

binding of p300 on the CXCR4 and MET promoter regions is inhibited by 64B (2 μmol/L) 

in 92.1 cells. P300 recruitment to control gene DAPK1 was not affected. Data are 

representative of three independent experiments.
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Figure 5. 
64B inhibits primary eye tumor growth, liver metastasis, and prolongs survival in UM mouse 

models. A, Schematic showing timeline and procedure for the animal experiments. B, C, D, 
E, B16LS9 mouse skin melanoma cells (2 × 106/ eye) were injected in the sub-uveal area of 

C57BL/6 mice eyes where they form melanomas in the uvea. One day after eye inoculation 

(day 1), mice (8/group) were treated with either vehicle control or 60mg/kg/i.p of 64B 5 

days per week. On day 7, tumor-bearing eyes were enucleated, fixed and stained to evaluate 

tumor burden (B). Representative H&E sections are shown (Left) and quantification of eye 
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tumor (*) size was performed in 4 randomly selected mice/group (Right). Mice were 

sacrificed on day 28 and number of liver metastases counted (8 mice/group) (C). In a repeat 

experiment with identical design, mice were kept under treatment after eye enucleation and 

terminated when reaching IACUC criteria to measure survival by Kaplan-Meier analysis (15 

mice/group) (D). E. Weight of mice used in (D). F, G 92.1 human uveal melanoma cells (2 × 

106/ mouse) were injected in the suprachoroidal space of 3 ½ month old female nu/nu mice 

(Envigo Corp; Strain: Hsd: Athymic Nude-Foxn1nu) (15 mice/group). On day 1, mice were 

treated with either vehicle control or 120mg/kg/i.p of 64B 5 days per week. On day 7, eyes 

were removed and evaluated for tumor burden. Representative H&E stained eyes are shown 

(left) and tumor size (*) quantified in 6 mice per group (F). Survival rate of mice (15 mice/

group) (G).
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Figure 6. 
64B reduced UM tumor growth, circulating tumor cells and metastasis and inhibited c-Met 

and CXCR4 expression in hypoxic/HIF-1α expressing tumors in eye and liver in a uveal 

melanoma mouse model. 92.1-GFP UM cells (2× 106/ eye) were injected in six-week-old 

female nu/nu mice [JAX Lab; Strains: Outbred athymic nude; J:NU (007850)] (10 mice/

group). On day 1, mice received either vehicle control or 120mg/kg/i.p of 64B 5 days per 

week. Eyes were enucleated on day 9. A, Representative H&E pictures (left) and 

immunofluorescence analysis for CXCR4 and c-Met (right) in tumor-bearing eyes. B, 
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Quantification of tumor size on 6 representative mice/group). C, Quantification of CXCR4 

and cMet positive cells from (A). D, HIF-1α and Pimo immunofluorescence staining in 

representative control and 64B-treated tumor-bearing eyes (5 mice/group). E, Representative 

flow cytometry analysis (left) and quantification (right) of circulating tumor cells (GFP-

labeled) in mice blood collected on day 9 (6 mice/group). F, Representative pictures of 

HIF-1α and Pimo immunofluorescence staining in livers from vehicle and 64B-treated mice 

(7 mice/group). * p < 0.05; ** p < 0.01; ***, p < 0.001.
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