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Abstract

Uveal melanoma (UM) is the most prevalent primary intraocular malignancy in adults, and 

patients that develop metastases (~50%) survive <1 year, highlighting the urgent need for 

new therapies. TCGA has recently revealed that a hypoxia gene signature is associated with 

poor UM patient prognosis. Here we show that expression of hypoxia-regulated collagen 

prolyl-4-hydroxylase genes P4HA1 and P4HA2 is significantly upregulated in UM patients 

with metastatic disease and correlates with poor prognosis, suggesting these enzymes might be 

Reprints and permission information is available at http://www.nature.com/reprints
✉Correspondence and requests for materials should be addressed to H.E.G. or E.G.V.M. ophtheg@emory.edu; evanmeir@uab.edu.
12These authors contributed equally: Stefan Kaluz, Qing Zhang.

COMPETING INTERESTS
EGVM is an inventor on a patent jointly held by Emory University and Scripps Research Institute that includes the KCN1 compound 
used in this study. He is also a share-holder of OncoSpherix Inc.

Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/
s41388-021-01919-x.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2022 March 01.

Published in final edited form as:
Oncogene. 2021 August ; 40(33): 5182–5191. doi:10.1038/s41388-021-01919-x.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/reprints
https://doi.org/10.1038/s41388-021-01919-x
https://doi.org/10.1038/s41388-021-01919-x


key tumor drivers. We targeted hypoxia-induced expression of P4HA1/2 in UM with KCN1, a 

hypoxia inducible factor-1 (HIF-1) pathway inhibitor and found potent inhibition of primary and 

metastatic disease and extension of animal survival, without overt side effects. At the molecular 

level, KCN1 antagonized hypoxia-induced expression of P4HA1 and P4HA2, which regulate 

collagen maturation and deposition in the extracellular matrix. The treatment decreased prolyl 

hydroxylation, induced proteolytic cleavage and rendered a disordered structure to collagen 

VI, the main collagen produced by UM, and reduced UM cell invasion. Together, these data 

demonstrate that extracellular collagen matrix formation can be targeted in UM by inhibiting 

hypoxia-induced P4HA1 and P4HA2 expression, warranting further development of this strategy 

in patients with uveal melanoma.

INTRODUCTION

Uveal melanoma (UM) is the most prevalent primary intraocular malignancy in adults [1, 2]. 

The overall mortality rate of UM patients is at 50% at 5 years and has remained unchanged 

for the last 40 years [1, 3, 4]. Enucleation or plaque radiotherapy can control the primary 

eye tumor; however, ~50% of patients develop metastases after which the mean survival 

time drops to <1 year. This progression is the rate-limiting step associated with a ~100% 

mortality and new therapies are urgently needed [5].

Metastasis, a complex and dynamic process in which highly aggressive tumor cells 

disseminate from their tissue of origin, associates with high patient mortality [6, 7]. 

The propensity of tumors to metastasize is influenced by the microenvironment in both 

the primary tumor and the target tissue [8]. Hypoxia, a reduction in partial oxygen 

pressure in the tumor tissue microenvironment, activates the hypoxia-inducible factor (HIF) 

transcription program, which leads to the production of a large number of gene products that 

play a critical role in each step of the metastatic process: migration/invasion; intra- /extra-

vasation; preparation of the pre-metastatic niche; and facilitation of distant organ growth [9]. 

Integrated molecular characterization of UM through the TCGA has revealed a hypoxia gene 

signature characterizes one of the poor prognosis groups with high metastatic rate [10]. Prior 

studies in UM have shown that HIF promotes tumor progression by regulating proliferation, 

migration, invasion, and adhesion [11, 12] of tumor cells as well as angiogenesis [13, 14]. 

However, the role of HIF in directing pro-invasive extracellular matrix (ECM) remodeling 

has not been extensively investigated in UM.

Changes in ECM, including localized increases in collagen deposition and reorganization 

of collagen fibers, facilitate cancer progression and invasion of tumor cells [15]. 

Collagen maturation is a complex process that requires multiple intra- and extracellular 

posttranslational modifications [16]. Proline hydroxylation of procollagen polypeptide 

chains, catalyzed by collagen prolyl 4-hydroxylases (P4H) in the endoplasmic reticulum, 

is required for folding into helical structures and subsequent extracellular secretion [16]. 

Hypoxia promotes collagen deposition in part due to transcriptional activation of P4HA1 
and P4HA2 (coding for A subunits of the tetrameric P4H) genes by HIF [17, 18].
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The objective of this study was to evaluate the expression of collagen P4H genes in relation 

to UM patient prognosis, and to determine whether inhibiting hypoxia-induced P4HA1/2 

expression in preclinical models of metastatic UM would lead to a therapeutic benefit.

RESULTS

Interrogation of hypoxia-induced pro-invasive/metastatic signaling genes in uveal 
melanoma patients reveals association of collagen maturation genes with survival

Hypoxia/HIF activates expression of over 50 known metastasis-promoting genes [9]. To gain 

an insight as to which ones might be important in UM development, we first examined 

their expression in a panel of human UM cell lines representative of the heterogeneity of 

the disease. qRT-PCR showed that only a subset is consistently expressed and activated by 

hypoxia (Fig. 1A and Supplementary Fig. 1A, B). To identify the most clinically-relevant, 

we probed their expression in datasets from UM patients with and without metastatic disease 

and only few genes showed potential correlation (Fig. 1B and Supplementary Fig. 1C). 

Bioinformatics analyses revealed that P4HA1/2 (p < 0.001;Fig. 1C, left), and to a lesser 

extent HK1/2, PGF, PLOD1 and SLC2A3 (p < 0.05;Supplementary Fig. 2) are significantly 

overexpressed in patients with metastatic disease. Among these, only P4HA1/2 expression 

correlates with poor overall survival in UM patients (Fig. 1C, right and Supplementary Fig. 

3). These results suggest that P4HA1 and 2 can serve as prognostic markers in UM and may 

be important for malignant progression and patient survival.

Small molecule HIF transcription factor inhibitor blocks hypoxia-induced expression of 
P4HA1/2 genes in UM melanoma cells

P4HA1/2 are important enzymes needed for collagen maturation and secretion, a 

prerequisite for tumor invasion/metastasis [19], suggesting that their targeting might be 

effective in UM metastasis. Therefore, we sought to target hypoxia-induced expression of 

P4HA1/2 in UM with a small molecule HIF pathway inhibitor. To guide the selection of 

HIF inhibitor, we probed for small molecules that had favorable distribution in the eye and 

liver and focused on KCN1, an arylsulfonamide that inhibits HIF transcription through a 

mechanism involving the block of HIF-1α association with co-factors p300 and CBP [20–

24].

Initial pharmacokinetic studies with systemic delivery of unlabeled KCN1 suggested 

favorable distribution in the eye and liver (Supplementary Fig. 4A). To confirm, we 

performed a microPET experiment with radiolabeled KCN1. We synthesized [11C]KCN1, 

injected it in the circulation and it reached a quasiequilibrium in organ biodistribution 5 min 

post-injection (Supplementary Fig. 4B,C). The time activity curves of drug distribution show 

that [11C]KCN1 is abundantly up taken in liver and eyes, to levels 2–3 times higher than 

in brain (Supplementary Fig. 4D). The radio-ligand is also abundant in the gastrointestinal 

system. These data suggested that KCN1 is particularly well-suited for the treatment of 

ocular melanoma and its liver metastases.

We then examined whether KCN1 could inhibit expression of hypoxia-induced invasion/

metastasis-related genes in the above UM cell lines. The genes most consistently 
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upregulated by hypoxia and inhibited by KCN1 in all cell lines (Fig. 1A, E right panel, 

Supplementary Fig. 1 and Supplementary Table 3A, B) were those coding for P4HA1 and 

2 and procollagen-lysine 5-dioxygenase 1 and 2 (PLOD1 and 2), all involved in collagen 

synthesis. Validation of these findings at the protein level confirmed hypoxia induced the 

expression of P4HA1 and 2 enzymes in all five human UM cell lines and mouse melanoma 

cell line tested, and this was reduced by KCN1 (Fig. 1E left panel and Supplementary Fig. 

1E, F). As KCN1 suppresses the protein expression of HIF-1α and HIF-2α, we further 

assessed whether hypoxia induction of P4HA1 and 2 expression through hypoxia responsive 

elements in their genes (Supplementary Fig. 1D) involved HIF-1 or HIF-2. We treated the 

cells with siRNAs targeting HIF-1α or HIF-2α and found that their induction was mostly 

dependent upon HIF-1 (Fig. 1E and Supplementary Fig. 1F).

These data confirm that P4HA1/2 are induced by hypoxia/HIF-1 in UM and that this 

response can be blunted by KCN1, a small molecule HIF inhibitor that distributes efficiently 

to eye and liver.

Dose- and time-dependent antitumor effects of KCN1 in an orthotopic immunocompetent 
mouse eye melanoma model

We next examined whether KCN1-mediated inhibition of the hypoxia response would have 

antitumor effects in UM mouse models. We initially tested antitumor potency and optimal 

dose and dosage regimen, in a syngeneic mouse model (Fig. 2). Melanoma cells (B16LS9) 

were inoculated in the uveal layer of the eye of syngeneic C57BL/6 mice, and mice were 

treated with single or twice daily i.p. doses of 30 or 60 mg/kg KCN1. On day 7 the eyes 

with tumors were enucleated, fixed and sectioned, and the effect of KCN1 was estimated 

by measuring tumor size as average largest surface occupied by the tumor. Results indicate 

that the higher single dose has stronger antitumor effect (p < 0.01). Delivering KCN1 

twice daily at 30 mg/kg is equivalent to the single 60 mg/kg dose, whereas there is little 

added therapeutic benefit in the eye when delivering 60 mg/kg twice per day (Fig. 2A). To 

determine the importance of time to treatment, administration started on either day 1, 4 or 

7 after intraocular implantation and the mouse eyes were evaluated for tumor size at day 7. 

Intraocular tumors were smaller in the group where the treatment was started on the 1st day 

versus the 4th or 7th days (p < 0.05) (Fig. 2B). These data demonstrate the strong antitumor 

effect of systemic treatment with KCN1 in the eye, establish a maximally effective dose of 

60 mg/kg per day, and show the importance of early treatment.

To further examine KCN1’s impact on the formation of distant liver metastases in the 

B16LS9 model, we counted the number of hepatic metastatic foci in liver sections (Fig. 2C). 

There was more than 50% reduction in the number of micro-metastases following treatment 

with the highest tested dose of KCN1, injected either once or twice daily compared with the 

control group (p < 0.05) (Fig. 2C, bottom).

Part of the inhibition of liver metastases formation is imparted by the antitumor effect at 

the primary tumor site as there were significantly fewer hepatic micro-metastases in mice 

that started their treatment on the 1st day post-implantation (~54% reduction), versus the 7th 

day after removal of the eye tumor (~26% reduction). These figures show that ~50% of the 

antimetastatic efficacy of KCN1 is retained when the treatment starts on day 7, and reflects 
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its impact on events downstream of tumor cell intravasation (Fig. 2D, top). In a longitudinal 

experiment, we observed a doubling in the number of micro-metastatic foci every 2 weeks 

and this was significantly lowered by ~50% in mice treated with KCN1 compared to vehicle 

controls at 1, 2, 3 and 4 weeks after tumor cell inoculation (p < 0.05) (Fig. 2D, bottom).

To further determine whether KCN1 also inhibits progression from micro- to macro-

metastases, we used a transgenic mouse model where suppression of metastasis growth 

is lost due to gene knockout of the Pigment epithelium-derived factor (PEDF), also known 

as Serpin F1 (SERPINF1), a multifunctional secreted protein with anti-angiogenic and 

anti-tumorigenic functions [25]. In the SerpinF1−/− mouse model, metastasized melanoma 

cells immediately form large macro-metastases [26]. Remarkably, in this model, KCN1 

completely inhibited growth of hepatic metastases (Fig. 2E), presumably by mimicking the 

biological function of PEDF in blocking micro- to macro-metastasis progression.

KCN1 inhibits eye tumor growth and extends survival in syngeneic and xenogeneic 
models of uveal melanoma

Next, we examined how KCN1 impacts survival in three orthotopic animal models: the 

B16LS9 model in immuno-competent C57BL/6 mice, and Mel290 and 92.1 human UM cell 

lines in immunocompromised (athymic nude) mice. Melanoma cells were inoculated in the 

uveal layer of the eye and the mice treated daily with i.p. KCN1 (60 mg/kg). Eyes were 

enucleated 7–9 days later and the average largest surface occupied by the tumor measured. 

Systemic treatment with KCN1 reduced the size of the intraocular tumor in all three models 

by ~60–75% (Fig. 3A). After enucleation, KCN1 treatment continued and the mice were 

followed for survival. Kaplan–Meier curves indicate that in all models KCN1 significantly 

extended mice survival (Fig. 3B).

In the 92.1 model substantial variation in survival time, heterogeneity in symptom 

development and additional phenotypic changes were observed. Livers of vehicle-treated 

animals displayed hepatic macro-metastases, necrosis, and hemorrhage, whereas in 

KCN1-treated animals only micro-metastases were detected (Supplementary Fig. 5A). 

Quantification indicated a significantly higher metastatic load in the liver of vehicle-treated 

animals (Supplementary Fig. 5B). In addition to liver, metastases were also detected in the 

lung and kidneys but not hearts of some animals, the percentage of incidence and the size 

being higher in control animals (Supplementary Fig. 6).

Altogether, these results show that KCN1 prevents formation of macro-metastases and 

functional damage to the liver and decreases hepatic micro-metastatic load, through 

therapeutic effects exerted both at the primary tumor and in metastatic events.

KCN1 is well-tolerated in the mouse uveal melanoma models

Up to at least 14 weeks of five injections of KCN1/week was well tolerated by the mice. 

No extraneous signs of toxicity were apparent; the animal bodily appearance, behavior, and 

activity were indistinguishable from untreated animals. No significant treatment-induced 

changes of body weight were observed throughout the experiment (Supplementary Fig. 7A). 

Pathological examination of main organs showed no treatment-related changes in the heart, 

kidney, spleen, lung, and gastrointestinal tract (Supplementary Fig. 7B). Liver swelling and 
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a more reddish color were observed at autopsy in all mice but was more pronounced in 

KCN1-treated animals. Pathology showed an accumulation of liquid within the bile ducts 

in all groups, yet without evidence for any hepatocytic death. Liver changes with KCN1 

treatment are known [23, 27], and they are likely caused by the Cremophor EL/ethanol 

formulation [28].

KCN1 inhibits hypoxia-induced pro-invasive/metastatic signaling in melanoma cells and 
collagen maturation in UM tumors

To assess the role of P4HA1/2 in the hypoxia-induced motility of UM cells, and its 

inhibition by KCN1, we performed scratch wound migration assays over 48 h. KCN1 

alone significantly reduced wound closure by about 50% (Fig. 4A, top). Single siRNA 

against P4HA1 or P4HA2 reduced migration by about 40%, while co-siRNA treatment 

reduced it by about 50%, suggesting that both enzymes play a role in hypoxia-induced 

migration. Combination of KCN1 and single P4HA1/2 knock-down did not offer additional 

inhibition, but KCN1 with dual knock-down of P4HA1 and P4HA2 was slightly more 

efficient, suggesting that KCN1 may have anti-migratory action beyond P4HA1/2 inhibition. 

Similar results were found in the Boyden chamber Matrigel invasion assay, but the inhibition 

was more profound with ~80% reduction (Fig. 4A bottom right and Supplementary Fig. 8). 

Inhibition of P4HA1 and 2 was confirmed by immunoblotting (Fig. 4A, bottom left). These 

findings establish that P4HA1/2 are critical for UM cell migration/invasion, a prerequisite 

for cancer cell metastasis, and KCN1 interferes with this process;in large part, through 

inhibiting P4HA1 and 2 expression.

We next examined the impact of KCN1 treatment on collagen maturation, a process that 

requires extensive hydroxylation of proline residues [16]. Examination of livers burdened 

by metastases showed a reduction in collagen deposition in KCN1-treated mice with 92.1 

xenografts (Fig. 4B). Using a Sircol assay that can detect soluble collagens in CM, we found 

that cell secretion of collagen is induced by hypoxia and inhibited by KCN1 (Fig. 4C). 

Immunoblotting of the conditioned media (CM) from UM cells with an anti-hydroxyproline 

antibody detected a single band (~150kDa), the intensity of which was strongest under 

hypoxia and potently reduced by KCN1 (Fig. 4D, top).

Analysis of TCGA data showed that col6A1 and col6A2 are the most abundantly expressed 

collagen genes in UM (Supplementary Fig. 9). These respectively encode the α1 and 

α2 protein chains that form type VI collagen, a widely distributed ECM protein highly 

expressed in a variety of cancers that favors tumor growth and progression [29]. Western 

blot showed that the 150 kDa α1(VI) collagen chain could be detected in concentrated CM 

of UM cells in culture and its levels were decreased by KCN1 (Fig. 4D, top). Unexpectedly, 

KCN1 treatment also induced proteolytic cleavage of the α1 (VI) chain, both in vitro (Fig. 

4D, top) and in primary eye tumor lysate (Fig. 4D, bottom left). Moreover, analysis under 

native conditions showed that KCN1 induced aberrant aggregation of collagen type VI as 

evidenced by a large range of sizes of assembled collagen complexes (Fig. 4D, bottom 

right). These results may reflect type VI collagen instability and misfolding induced by 

improper hydroxylation and cleaved α chains.
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Altogether, these data indicate that KCN1 potently downregulates hypoxia-activated 

invasion/metastasis-promoting genes P4HA1 and 2, and disrupts collagen secretion/

deposition in UM by interfering with its proper posttranslational modification and inducing 

its proteolysis.

DISCUSSION

In this report, we demonstrate the therapeutic potential of targeting hypoxia-induced pro-

invasive/metastatic genes in UM. In particular, our analyses identified collagen synthesis 

genes P4HA1 and 2 to be potently activated by hypoxia in UM cells and their expression 

was strongly correlated with patient metastatic progression and survival. These findings 

suggest that P4HA1/2 could serve as prognostic markers. We demonstrated that hypoxia-

mediated activation of P4HA1 and P4HA2 enzymes could be reduced by a small molecule 

HIF inhibitor (KCN1), resulting in potent antitumor activity and increased animal survival 

in three different orthotopic mice models of UM. The treatment reduced disease burden both 

at the primary tumor site and against distant metastases in the liver and other organs. These 

results are important because the development of novel systemic chemotherapy to treat UMs 

while preserving vision and preventing death from metastasis is urgently needed [30].

KCN1 was most effective at reducing metastasis upon early administration, suggesting 

that by reducing eye tumor burden and tumor cell invasive behavior, it lessens escape of 

melanoma cells from the primary tumor. This demonstrates the importance of early detection 

and rapidly controlling primary tumor size. Yet, even when treatment was not started until 

the primary tumors were removed, KCN1 still inhibited metastases independently. This data 

suggests that KCN1 also impacts metastasis directly in the liver, by blocking the progression 

of seeded melanoma cells into micro- and macro-metastases. Remarkably, in the SerpinF1 
knockout UM mouse model [26], where the suppressive effects of hepatocyte-secreted 

PEDF against micro- to macro-metastasis progression are removed, KCN1 fully substituted 

for them and kept the disease microscopic, demonstrating its antimetastatic potency and 

the potential of this chemotype as a metastasis growth prevention agent. KCN1 is a small 

(MW: 465.572), chemically stable arylsulfonamide, sufficiently lipophilic to ensure good 

cell membrane penetration and our microPET in vivo distribution analysis demonstrates that 

it distributes well to both the eyes and liver. While KCN1 is well-tolerated in mice and has 

desirable pharmaceutical properties [24], further optimization of this class of compounds 

is needed before they can reach the clinic. Improved solubility is necessary and we are 

performing additional chemistry to enhance hydrophilicity [20, 21, 31, 32] and are testing 

new formulations that avoid the use of alcohol to reduce liver burden [27, 33].

Hypoxia-induced collagen production, and related ECM remodeling are needed for cancer 

invasion and metastasis [15, 17, 18]. P4HA1 and 2 are key enzymes involved in collagen 

hydroxylation, which is an essential step in enabling its maturation and secretion [16]. Both 

enzymes are upregulated by hypoxia [34–37]. At the molecular level, KCN1 inhibition 

of hypoxia-activated P4HA1/2 transcription, resulted in decreased levels of secreted proline-

hydroxylated collagen as anticipated, but unexpectedly also induced proteolytic cleavage 

of α1(VI) and resulted in completely disordered collagen VI assembly, the major form of 

collagen produced by UM tumors. Further studies are needed to identify the mechanism 
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underlying this cleavage and how it relates to hypo-prolyl hydroxylation of α1(VI). Whether 

the deposition of the extracellular collagen matrix disrupted by KCN1 is most relevant for 

tumor cell escape from the primary eye tumor, or for the establishment and progression 

of micro-metastases through ECM remodeling of the metastatic tissue also remains to be 

established.

In summary, we demonstrate that P4HA1/2 gene expression correlates with patient 

metastasis and survival, supporting their use as prognostic markers. Transcriptional targeting 

of hypoxia-mediated upregulation of these enzymes with a HIF inhibitor is feasible and 

results in major disruption of collagen fiber synthesis and orderly matrix deposition. The 

treatment had potent anti-eye tumor, anti-invasion/metastasis, and anti-ECM activities in 

pre-clinical orthotopic UM models, supporting P4HA1/2 therapeutic targeting. Now that 

patients at high risk for metastasis can be identified using a series of markers in the 

primary eye tumor [38], it is conceivable to put patients on a neoadjuvant metastasis 

prevention therapy. Our study suggests that KCN1 has desirable properties as a suppressor 

of metastasis: it is well tolerated, has excellent distribution to the eye and the liver, and is 

thus ideally suited for treating metastatic UM. Overall, our preclinical studies support the 

further translation of the arylsulfonamide scaffold toward a novel treatment for patients with 

metastatic UM.

MATERIALS AND METHODS

KCN1 synthesis, formulation, microPET, and pharmacokinetic analysis

Synthesis and purification of >99% pure 3,4-dimethoxy-N-[(2,2-dimethyl-2H-chromen-6-

yl)methyl]-N-phenylbenzenesulfonamide (KCN1) was described [23]. Preparation of KCN1 

for animal experiments is described in Supplementary Methods. Radiochemical synthesis of 

[11C]KCN1 and micro-positron emission tomography (microPET) procedure are described 

in Supplementary Methods. Pharmacokinetic analysis was described previously [24].

Cell culture

Human UM cell lines Mel290, 92.1, OCM1, OMM1, and OMM2-5, and the mouse 

melanoma cell line B16LS9 were obtained from sources described in Acknowledgments. 

All cell lines were cultured under conditions previously described [39]. Human cells were 

authenticated by genetic testing (Emory Integrated Genomics Core, Supplementary Table 1) 

and all cells tested free of mycoplasma. Cells were pre-treated with indicated concentrations 

of KCN1 or vehicle (1% DMSO final concentration in media) for 1 h under normoxia (21% 

O2) and then incubation continued under normoxia or hypoxia (1% O2) using a hypoxia 

incubator (Thermo Forma, Model 3130, Thermo Fisher Scientific, Waltham, MA, USA).

Transfection of short interfering RNA (siRNA)

Cells were plated 24 h prior transfection and treated with control, P4HA1, P4HA2 
(SR30004, SR303331A, and SR322607A, OriGene Technologies, Rockville, MD, USA), 

HIF1A (sc-45919, Santa Cruz Biotechnology, Dallas, TX, USA), and EPAS1 (AM16708, 

Thermo Fisher Scientific)-targeting siRNAs using Lipofectamine RNAiMAX Reagent 

(Thermo Fisher Scientific) as recommended.
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Preparation of cell lysates and western blot

Cells were washed with cold PBS and immediately lysed in 1X SDS-PAGE Loading Buffer 

(63mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% glycerol, 0.01% (w/v) bromophenol blue, 

and 40mM dithiothreitol). Total cell lysates were separated by SDS-PAGE, transferred to 

a nitrocellulose membrane and probed with HIF-1α (human: 610958, BD Biosciences, 

San Jose, CA, USA; mouse: ab2185, Abcam, Cambridge, UK), HIF-2α (AF2997, R&D 

Systems, Minneapolis, MN, USA), P4HA1 (NBP1-84398, Novus Biologicals, Centennial, 

CO, USA), P4HA2 (MA5-24599, Thermo Fisher Scientific), anti-hydroxyproline (ab37067, 

Abcam), Col6A1 (A9236, ABclonal, Woburn, MA, USA), Galectin 3 (PA5-80773, Thermo 

Fisher Scientific), and β-actin (#4970, Cell Signaling Technology, Danvers, MA, USA) 

antibodies. Detection was as described previously [23]. Signal intensity was quantitated by 

ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, 

USA, https://imagej.nih.gov/ij/, 1997–2018).

Preparation of conditioned medium (CM)

UM cells (5 × 106 in 10 cm diameter dish, 15 ml serum-free medium) were incubated 

in normoxia/hypoxia ± 10 μM KCN1 for 60 h, medium was recovered, cleared by 

centrifugation, and precipitated overnight in ice with (NH4)2SO4 (80% final concentration). 

Precipitate was recovered by centrifugation (12,000 rpm, 20 min), briefly dried, dissolved 

in 120 μl of PBS, and 30 ug of protein/sample were analyzed by PAGE under denaturing/

reducing conditions (samples heated at 95 °C for 5 min in 62.5 mM Tris-HCl, 2% SDS, 

10% glycerol, 50 mM DTT, 0.01% bromophenol blue and separated in Tris/glycine/SDS 

buffer) or native conditions (samples loaded without heating in 30mM Tris-HCl, pH 6.8, 

20% glycerol, 0.01% bromophenol blue, and run in Tris/glycine buffer).

In vitro scratch wound cell migration assay

92.1 cells in 24-well plates were transfected with control, P4HA1, or P4HA2-targeting 

siRNAs using Lipofectamine RNAiMAX Reagent as recommended. After 24 h, a p200 pipet 

tip was used to create a scratch in the cell monolayer, cells were washed once with PBS, 

incubated for 48 h in regular medium, then washed once with PBS, images taken and width 

of wound analyzed by ImageJ.

Modified Boyden chamber assay

92.1 cells in 24-well plates were seeded a day before transfection. Cells were transfected 

with control, P4HA1, or P4HA2-targeting siRNAs using Lipofectamine RNAiMAX Reagent 

as recommended. After 24 h, the cells were harvested using cell dissociation buffer 

(13151-014, Life Technologies) and 0.3 × 105 cells were transferred to the upper chamber 

(Cell culture insert, 24-well format, 8.0 μm pore size, 353097, Corning, Corning, NY, USA) 

with 150 μL of serum free RPMI1640 medium. 500 μL of RPMI1640 containing 10% FBS 

and ±10 μM KCN1 were added to the lower chamber of the 24-well plate and pre-incubated 

for 1 h under normoxia. The plate was then transferred to a hypoxia incubator (1% O2) 

for 48 h. The cells on the upper side of the membrane were removed with a cotton swab, 

after which the membrane was fixed and stained with a 0.05% Crystal violet (V5265, 

Sigma-Aldrich, St. Louis, MO, USA); 1% methanol (A452, Thermo Fisher Scientific); 1% 
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Formaldehyde (BP531, Thermo Fisher Scientific) solution for 30 min. Subsequently, images 

of the cells migrated to the lower side of the membrane were taken and analyzed by ImageJ.

Collagen assay

Collagen in CM was measured with Sircol™ Soluble Collagen Assay (Biocolor, 

Carrickfergus, UK) as recommended.

RNA extraction and qRT-PCR

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

cDNA was synthesized with the ProtoScript First Strand cDNA Synthesis Kit (New England 

Biolabs, Ipswich, MA, USA). Amplifications were performed in 7500 Fast Real-Time 

PCR System (Applied Biosystems, Thermo Fisher Scientific) using SYBR Green chemistry 

(Applied Biosystems) and human or mouse gene-specific primers (Supplementary Table 2A, 

B). β-actin was used as internal control and data were analyzed with 7500 Software, v2.3. 

Heatmaps were generated using Morpheus software (https://software.broadinstitute.org/

morpheus).

Microarray analysis

GSE27831 [40] and GSE22138 [41] microarray datasets (Affymetrix U133_plus2 

platform) were downloaded from the Gene Expression Omnibus database (http://

www.ncbi.nlm.nih.gov/geo/). Merged 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, USA) was used for heatmap visualization of mRNA expression.

Outcome analysis

Survival data analysis of UM patients from the TCGA database [10] was performed by 

using PROGgeneV2 (http://genomics.jefferson.edu/proggene/index.php) platform database 

[42]. High/Low are defined as median value.

Identification of hypoxia responsive elements (HRE)

The Integrative Genomic Viewer software [43] was used to visualize the location of P4HA1 
and P4HA2 HREs. HREs were mapped to the human reference genome GRCh37/hg19.

Uveal melanoma mouse models

Twelve-week-old female C57BL/6 (Charles River Laboratories, Wilmington, MA, USA) 

or nu/nu (The Jackson Laboratory, Bar Harbor, ME, USA) mice (10–15 mice/group) were 

used under IACUC approval and adherence to the NIH Guide for the Care and Use of 

Laboratory Animals. Individual mice were marked with ear tags (C57BL/6) or skin tattoos 

(nude) [44]. On day 0, melanoma cells were inoculated into the supra-choroidal space of 

the right murine eye using a trans-scleral technique as previously described [39]. Mice 

were randomly assigned to control and drug treatment groups. KCN1 in a 1:1 Cremophor 

EL/ethanol formulation (Supplementary Methods) was administered by intraperitoneal (i.p.) 
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injection at 30 or 60 mg/kg daily or twice/day for 5 days/week. For the B16LS9 model, 

treatments started on days 1, 4, or 7 after tumor inoculation. Tumor-bearing eyes were 

enucleated on the 7th day after inoculation, and the livers were collected at the time of 

sacrifice on the 28th day after inoculation. For the Kaplan–Meier survival experiments with 

B16LS9 and Mel290, the mice underwent enucleation on day 7 and then were observed until 

reaching IACUC criteria for termination. KCN1 was administered during the whole time. 

In the 92.1 experiment, mice were enucleated on day 9, KCN1 was administered for 14 

weeks, and then observed until reaching IACUC criteria for termination. Animal weight was 

monitored weekly. Harvested eyes, livers, and other tissues were prepared for pathological 

examinations as previously described [39].

Masson’s trichrome staining

Masson’s staining was performed with Trichrome, Masson, Aniline Blue Stain Kit 

(Newcomer Supply, Middleton, WI, USA). Stained slides were scanned using NanoZoomer 

2.0-HT (Hamamatsu Photonics, Hamamatsu, Japan) and analyzed by Aperio ImageScope 

[v12.3.2.8013] (Leica Biosystems Imaging, Buffalo Grove, IL, USA).

Statistical analyses

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 analyses were performed with 

Graphpad Prism 5 software (San Diego, CA, USA).

For the animal survival studies, we used the Kaplan–Meier method and the log-rank test to 

test for a significant difference in survival distributions between the drug-treated and control 

groups. With ten mice/group, we have 80% power to detect a hazard ratio of 4.24 assuming a 

Type I error of 0.05 using a log-rank test. With ten mice/group, we have 80% power to detect 

an effect size of 1.3 when comparing tumor size between groups using a two-sample t-test 

based on our prior studies [33].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression of hypoxia-inducible metastasis-related genes in UM patient eye tumors and 
cell lines.
A Heatmap of qRT-PCR data probing expression of hypoxia-inducible pro-metastatic genes 

in melanoma cell lines ± KCN1 treatment (10μM). β-actin was used as internal control and 

results are expressed as fold change over normoxic control. Data are presented as relative 

expression (min/max in each row). B Heatmap showing hypoxia-inducible metastasis-related 

genes that display significantly altered expression between UM patients with non-metastatic 

versus metastatic disease. Microarray datasets (GSE27831 and GSE22138) were used (see 
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Methods). C Relative expression of P4HA1/2 genes in non-metastatic (N) and metastatic 

(M) uveal melanoma patients. Data were generated by analyzing combined datasets 

GSE27831 and GSE22138. Mann–Whitney U-test was used to compare both groups and 

determine p values. D Overall survival of UM patients with high and low expression of 

P4HA1/2 genes. Kaplan–Meier survival curves were generated by analyzing UM cases 

deposited in the TCGA database. Log-rank test was used to compare survival between the 

two groups. E Hypoxia-induced expression of P4HA1 and P4HA2 mRNA and protein 

in OMM1 cells. Left panel: For drug treatment, cells were cultured in normoxia or 

hypoxia (1% O2) and treated with vehicle (0.1% DMSO) or KCN1 (10 μM) for 24 h. 

For RNAi-mediated silencing, cells were transfected with siCtrl, siHIF1A, siEPAS1, or 

siHIF1A/siEPAS1 for 24 h, and subsequently cultured under normoxia or hypoxia (1% 

O2) for 24 h. Proteins were detected by Western blot (8% gel), and signal intensity was 

quantified by Image J, normalized to β-actin levels, and numbers indicate fold change over 

normoxic control. Right panel: Relative mRNA expression of P4HA1/2 genes in vehicle 

(0.1% DMSO) or KCN1 (10 μM) treated-OMM1 cells (48 h). β-actin was used as loading 

control and the numbers indicate fold change over normoxic control (**p < 0.01, ***p 
< 0.001 by Tukey’s test). Representative result shown of three independent biological 

replicates.
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Fig. 2. KCN1 inhibits primary ocular tumor growth and formation of hepatic metastases in vivo.
B16LS9 melanoma cells were inoculated into the right eyes of C57Bl/6 mice, treatment 

with KCN1 (i.p., in a 1:1 Cremophor EL/ethanol formulation, controls vehicle only) started 

at day 1 post-inoculation, and tumor-burdened eyes were enucleated on day 7. Primary 

tumor burden was estimated by measuring the largest surface area of tumor. On day 28, 

mice were sacrificed and the livers were collected for enumeration of hepatic metastases. 

A Representative images of eye sections with melanoma ± KCN1 treatment (30 or 60 

mg/kg i.p. daily, or twice daily from day 1; 5 days/week) (top, H&E staining, 40×). 
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Sections with the largest tumor area in each eye were used for quantifying tumor burden 

based on surface area (bottom, n = 10 mice/group. *p < 0.05, **p < 0.01 by ANOVA 

test). B Representative images (top, H&E staining, 40×) and quantification of reduction 

in eye tumor size with KCN1 treatment (60 mg/kg daily; 5 days/week) starting on days 

1, 4 or 7 post-inoculation (bottom, n = 10 mice/group. *p < 0.05 by ANOVA test). C 
Liver histology at day 28 shows a reduction in hepatic micro-metastases in KCN1 (60 

mg/kg daily from day 1; 5 days/week)-treated mice (top, H&E staining). Quantification 

of the number of hepatic metastases in mice from panel A. after 28 days of treatment 

(bottom, n = 10 mice/group. *p < 0.05 by ANOVA test). D Systemic KCN1 delivery in 

mice from panel B reduces the number of hepatic metastases by up to 60% at 28 days, 

and is most efficacious when treatment is started on day 1 post-tumor cell inoculation 

(top, n = 10 mice/group. *p < 0.05, **p < 0.01 by ANOVA test). Examination of liver 

metastatic colony load at 1–4 weeks post-inoculation shows antimetastatic effect of KCN1 

(60 mg/kg twice daily; 5 days/week) holds longitudinally (bottom, n = 10 mice/group. 

*p < 0.05, **p < 0.01 by ANOVA test). E KCN1 inhibits micro- to macro-metastases 

progression of melanoma cells in livers of SerpinF1−/− mice. KCN1-treated SerpinF1−/− 

mice exhibited small, avascular micrometastases in the liver, while vehicle (Cremophor-EL/

ethanol; 1:1) treated mice exhibited large vascularized >200 μm metastases (top panel). 

KCN1 treatment starting on the 1st or 7th day post-inoculation strongly reduced the size of 

the liver metastases by 100–1000 fold (bottom panel, p = 0.04 and p = 0.03 by ANOVA test, 

size in pixels2 on log scale).
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Fig. 3. KCN1 extends survival in orthotopic mouse models of uveal melanoma.
A B16LS9 mouse melanoma, Mel290 and 92.1 human UM cells were inoculated into 

the right eyes of C57BL/6 or nude mice, respectively. Treatment with KCN1 (i.p., 60 

mg/kg daily; 5 days/week) was started at day 1 post-inoculation. Tumor-burdened eyes 

were enucleated on day 7 (B16LS9, Mel290) or day 9 (92.1). Representative images of 

B16LS9 (top), Mel290 (middle), and 92.1 (bottom) melanomas growing in the eye (left, 

H&E staining, 40×) and estimates of tumor burden by measuring the largest surface area 

of tumor show reduced primary eye tumor growth (right, n = 10 mice/group. **p < 0.01 
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by two-tailed Student’s t test). B Kaplan–Meier curves on enucleated mice from A. show 

that KCN1 extends the survival of mice burdened with metastatic melanoma . Mice were 

euthanized once they reached IACUC endpoint criteria (n = 10–15 mice/group, p < 0.05 by 

Log-rank test).
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Fig. 4. Effect of KCN1 on hypoxia-induced collagen secretion and maturation by melanoma cells.
A Scratch wound migration and modified Boyden chamber Matrigel invasion assays show 

effect of RNAi-mediated silencing of P4HA1/2 expression ± KCN1 on hypoxia-induced 

UM cell motility. 92.1 cells were transfected with indicated siRNAs for 24 h, monolayers 

wounded, and cells incubated for an additional 48 h under hypoxic conditions. Top left, 

representative wound images. Top right, quantification of wound healing with Image J and 

expressed as percentage of wound closure in hypoxic control at the end of the experiment. 

(n = 3; ***p < 0.001 by two-tailed Student’s t test). Bottom left, Western blot showing 
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efficacy of siRNA treatments. Bottom right, quantification of invaded cells expressed as 

percentage of invaded cells in hypoxic control at the end of the experiment. (n = 3; ***p 
< 0.001 by two-tailed Student’s t test). B Masson’s trichrome staining of mice livers 

(representative images; left) and quantitation (five fields; right) from the 92.1 experiment 

(Fig. 3). **p < 0.01 by two-tailed Student’s t test. C Detection of soluble collagen in 

CM of B16LS9 cells collected at 24 h using a Sircol assay. Data are shown as means ± 

S.D. of triplicates, (*p < 0.05, **p < 0.01 by two-tailed Student’s t test). Experiment was 

repeated twice independently (N = 3). D Analysis of secreted hydroxyproline-containing 

protein and collagen VI α1 chain by UM cells ± KCN1 treatment. Top, 92.1 UM cells 

were grown in serum-free medium ± KCN1 ± hypoxia (1% O2) for 60 h, CM precipitated, 

30 μg of protein analyzed by western blotting (7.5% gel) under denaturing conditions, 

and the membrane was sequentially probed with anti-hydroxyproline and anti-collagen VI 

α1 chain (Col6A1) antibodies. Gal-3 was used as a loading control. Bottom left, Western 

blot performed under denaturing conditions shows the presence of proteolytic product of 

α1(VI) in 92.1 tumor-bearing eyes From mice treated with vehicle (−) or KCN1 (+) from 

experiment in Fig. 3. Bottom right, detection of native collagen α1-containing collagen VI 

complexes in conditioned media from 92.1 cells by non-denaturing/non-reducing Western 

blot. Results were repeated three times independently (n = 3).
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