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ARTICLE

Functional characterization of 5p15.33 risk locus
in uveal melanoma reveals rs452384 as a functional
variant and NKX2.4 as an allele-specific interactor
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Lenha Mobuchon,1 Marı́a Isabel Espejo Dı́az,1 Damarys Loew,2 Nathalie Cassoux,5,6

Olivier Cussenot,7,8,9 Géraldine Cancel-Tassin,7,8 Raphael Margueron,10 Josselin Noirel,11

Jessica Zucman-Rossi,3,4,12 Manuel Rodrigues,1,13 and Marc-Henri Stern1,*
Summary
The TERT/CLPTM1L risk locus on chromosome 5p15.33 is a pleiotropic cancer risk locus in whichmultiple independent risk alleles have

been identified, across well over ten cancer types. We previously conducted a genome-wide association study in uveal melanoma (UM),

which uncovered a role for the TERT/CLPTM1L risk locus in this intraocular tumor and identified multiple highly correlated risk alleles.

Aiming to unravel the biological mechanisms in UM of this locus, which contains a domain enriched in active chromatin marks and

enhancer elements, we demonstrated the allele-specific enhancer activity of this risk region using reporter assays. In UM, we identified

the functional variant rs452384, of which the C risk allele is associated with higher gene expression, increased CLPTM1L expression in

UM tumors, and a longer telomere length in peripheral blood mononuclear cells. Electrophoretic mobility shift assays and quantitative

mass spectrometry identified NKX2.4 as an rs452384-T-specific binding protein, whereas GATA4 preferentially interacted with

rs452384-C. Knockdown of NKX2.4 but not GATA4 resulted in increased TERT and CLPTM1L expression. In summary, the UM risk

conferred by the 5p locus is at least partly due to rs452384, for which NKX2.4 presents strong differential binding activity and regulates

CLPTM1L and TERT expression. Altogether, our work unraveled some of the complex regulatory mechanisms at the 5p15.33 suscepti-

bility region in UM, and this might also shed light on shared mechanisms with other tumor types affected by this susceptibility region.
Introduction

Although a rare cancer, uveal melanoma (UM) is the most

frequent primary intraocular malignant tumor in adults. It

arises from the malignant transformation of melanocytes

from the uveal tract composed of the choroid, ciliary

body, and iris. In up to 50% of individuals with UM, the

disease metastasizes, almost invariably to the liver,1,2 and

is associated with poor prognosis and a median survival

of 12 months. UM is a genetically simple tumor, with

two main oncogenic driver events characterized by the

constitutive activation of the Gaq pathway through mutu-

ally exclusive mutations of GNA11, GNAQ, or more rarely

CYSLTR2 or PLCB4,3,4 and a second event that involves

almost mutually exclusive mutations of BAP1, SF3B1, or

EIF1AX, defining UM subgroups with high, middle, and

low metastatic risk, respectively.5–7

UM has an incidence rate of 5.6 persons per million per-

sons per year in the US and, strikingly, is more frequent

(10- to 20-fold higher incidence) in populations of Euro-

pean ancestry compared with those of Asian or African-
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American origins.8,9 Other important risk factors for UM

include light iris color and fair skin;10 however a role for

pigmentation protecting against ultra-violet radiation to

explain this epidemiology was excluded by sequencing

studies.6,11 Both familial occurrences of UM and popula-

tion studies suggest the implication of genetic risk factors

in UM. To date, BAP1 is the only known highly penetrant

predisposition gene in UM,12,13 with pathogenic germline

mutations occurring in 1.6% of all individuals with UM.14

Recently, we identified MBD4 as a UM predisposition gene

with moderate penetrance, conferring a relative risk of 9.2

of developing a UM.15 However, these genes explain only a

fraction of familial UM cases, suggesting the presence of

additional genetic risk factors in UM.

We recently conducted a genome-wide association study

(GWAS) in UM with genetic imputation, including a total

of 1,142 individuals with UM and 882 healthy controls.16

In addition to identifying two risk regions involved in eye

pigmentation determination, at the IRF4 (chr6) and

HERC2/OCA2 (chr15) loci, we also confirmed the previ-

ously identified association signal on the TERT/CLPTM1L
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locus on chromosome 5p15.33, comprising multiple risk

variants in high linkage disequilibrium (LD) spanning

CLPTM1L introns.16,17 The lack of functional evidence ex-

plaining the mechanisms underlying this 5p15.33

genomic region in UM prompted us to investigate the bio-

logical consequences of the TERT/CLPTM1L risk locus

in UM.

The 5p15.33 TERT/CLPTM1L locus is an extensively

characterized multi-cancer risk locus,18–21 and over 10 tu-

mor types are associated with this risk region, including

carcinomas from ER-negative breast, colon, lung, pancreas,

prostate, kidney, ovary, head and neck, esophagus, and

endometrium, as well as germ cell tumor, cutaneous mela-

noma, and glioma. Importantly, up to ten independent

risk loci have now been identified within this genomic re-

gion, encompassing bothCLPTM1L and TERT.18,20 In addi-

tion, some alleles have different directionalities of effect

(risk or protective, depending on the tumor type),18,20,22

suggesting tissue-specific regulation and oncogenic conse-

quences. The association signal found by our GWAS, led by

rs370348 (odds ratio OR [CI 95%] ¼ 1.59 [1.35; 1.86]) and

corresponding to the region marked by rs465498 in the

metanalysis of Chen and colleagues, was also found in

cutaneous melanoma, lung, and pancreatic cancers.18,23–

25 Conditional analyses in our GWAS revealed that no in-

dependent variant in this region was associated with UM

risk other than the identified locus marked by rs370348.

Although the TERT/CLPTM1L locus has been exten-

sively characterized in some tumor types, much of the un-

derlying biological mechanisms remain to be deciphered.

To investigate the underlying biological mechanisms of

UM predisposition linked to the 5p15.33 TERT/CLPTM1L

locus, we functionally characterized the susceptibility re-

gion and in UM identified rs452384 as a functional variant

that mediates allele-specific binding of the NKX2.4 nuclear

factor and the transcriptional activity of the region,

including TERT and CLPTM1L.
Materials/subjects and methods

Additional detailed methods are provided in the supple-

mental information.
Subjects

Subjects included in the study of telomere length are a sub-

population (N ¼ 326) of our GWAS,16 and include germ-

line DNA of 118 European controls and 208 individuals

with UM (age, sex, and genotype of individuals are pro-

vided in Table S1). Since the European control KIDRISK

cohort is strongly biased for male individuals (to match

kidney cancer population), the telomere analysis was

restricted tomale individuals in order to avoid sex as a con-

founding factor. The study was approved by the Ethical

Committee and Internal Review Board at the Institut Cu-

rie, and all individuals consented to participate in the

study.
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Cell lines and culture

All cell lines described in this study are derived from UM.

TheMP41 andMM66 cell lines were derived at Institut Cu-

rie.26 The Mel202 cell line was purchased from the Euro-

pean Searchable Tumour Line Database (Tubingen Univer-

sity, Germany). The OMM1 and OMM2.5 cell lines were

kindly provided by P.A. van der Velden (Leiden University

Medical Center, the Netherlands). Cell lines were cultured

in RPMI 1640 (Gibco) supplemented with 10% fetal bovine

serum (FBS) (MP41, Mel202, OMM1, andOMM2.5) or 20%

FBS (MM66). Authentication of cell lines was verified by

short tandem repeat (STR) testing. Cells were regularly

tested for Mycoplasma and found to be negative each time.

In silico characterization of the TERT/CLPTM1L region

and functional variant prioritization

All combinations of inter-variant allele count squared cor-

relation (r2) were calculated with plink 1.9 (https://www.

cog-genomics.org/plink/1.9) using all available genotypes

from our previous study16 that are localized on CLPTM1L

(chr5:1317867-1345214, hg19). To prioritize probable

functional variants and narrow down the number of

candidate risk SNPs kept for functional analysis,

ENCODE annotations (H3K27ac, DNase I hypersensitivity

(DHS)-sequencing, transcription factor (TF) chromatin

immunoprecipitation sequencing (ChIP-seq), and DNA

repeated regions) from the CLPTM1L region were down-

loaded using UCSC genome browser and plots were done

with R (v4.1.1). H3K27ac and DHS annotations were

generated from ENCODE sequencing data from all avail-

able cell lines: GM12878, H1-hESC, HSMM, HUVEC,

K562, NHEK, NHLF (for H3K27ac annotations) and

K562, NHLF, HSMM, HUVEC, NHEK, HepG2, GM12878,

H7-ES, and HeLa-S3 cell lines (for DHS annotations).

RNA and DNA extraction

RNA and genomic DNA extraction from UM cell lines was

performed using Qiagen’s RNeasy Plus Mini Kit and

DNeasy Blood & Tissue kit respectively, following theman-

ufacturer’s instructions. RNA and DNA quality and yield

were obtained using a Nanodrop 2000 spectrophotometer.

Tumor DNA and RNA samples from individuals with UM

were further purified from melanin and other contami-

nants using the OneStep PCR Inhibitor Removal Kit

(Zymo Research).

Vector constructs and luciferase assay

The 3kb genomic region surrounding UM risk SNPs was

PCR amplified from the MP41 cell line, heterozygous for

the 5p UM risk haplotype.17 HD Cloning Plus kit was

used for PCR amplification of the 3kb fragment and to sub-

clone the insert into a pGL3-Promoter Firefly luciferase re-

porter vector (Promega). The same technique was used in

the fragment deletion analysis (fragments A�G). All

primers are listed in Table S2. Plasmids were amplified

and verified at the insert position by Sanger sequencing,

and clones of both haplotypes (high-risk and low-risk)
nal of Human Genetics 109, 2196–2209, December 1, 2022 2197
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were selected. Sanger sequencing of high-risk and low-

risk plasmids and previously performed whole-genome

sequencing of the MP41 cell line confirmed the absence

of SNPs (other than the three tested SNPs) and of somatic

mutations differing between the two haplotypes. The

only exception is a small repetitive sequence upstream of

fragment F (Figure 1A, chr5: 1,129,600–1,130,200) in

which the absence of sequence difference could not be

verified due to the poor mappability and alignment of

the sequence – potential SNPs in this region were thus

excluded from the analysis. Plasmids were co-transfected

with pRL-CMV Renilla luciferase control vector (Promega)

in UM cell lines using Lipofectamine 2000 reagent

(ThermoFisher Scientific) following the manufacturers’ in-

structions. Cells were collected 48h post-transfection, and

luciferase activity was measured using the Dual Luciferase

Reporter Assay System (Promega). Luminescence signal

from Firefly luciferase was normalized to that of Renilla

luciferase, and normalized luminescence was compared

with that of transfection with empty vector.

Site-directed mutagenesis

Site-directedmutagenesis was performed on the full-length

pGL3-P-CLPTM1L vector (CLPTM1L intronic enhancer

sequence described above) to evaluate the individual ef-

fects of the three SNPs, rs452932T/C, rs452384T/C, and

rs370348A/G, identified in the UMGWASwithin the insert

sequence. The QuickChange II Site-directed mutagenesis

kit (Agilent) was used to specifically mutate the full-length

pGL3-P-CLPTM1L vector at the three individual positions,

using 35 to 45bp mutagenic primers (Table S2). After

mutant strand synthesis using PfuUltra HF DNA polymer-

ase, resulting DpnI-treated DNA was transformed into

XL10-Gold ultracompetent cells (Agilent). This process

was repeated on both genotypes (high- and low-risk) of

the pGL3-P-CLPTM1L vector to obtain clones with all

possible combinations of the three SNPs’ genotypes and

validate in both directions (high-to-low risk and low-to-

high risk) the effect of changing the SNPs’ alleles. Correct

sequences were verified by Sanger sequencing of the

mutant clones. Resulting vectors were assessed for lucif-

erase activity described above.

Electrophoretic mobility shift assay (EMSA)

The detailed procedure is available in the supplemental in-

formation. 25bp biotinylated DNA double-stranded oligos

centered around rs452384 alleles are described in Table S2.

EMSAs were performed using the LightShift Chemilumi-

nescent EMSA Kit (20148 Thermo Scientific). For supershift

assays using FLAG-tagged proteins, MP41 cells were trans-

fected with pcDNA3.1(þ)C-(K)DYK (C terminus FLAG tag)

vectors expressing candidate proteins (NKX2.4, GATA4,

DLX6, or PITX2) or empty vector (GenScript). Protein over-

expression was verified by western blotting using mono-

clonal anti-Flag M2 antibody (Sigma F1804), anti-NKX2.4

antibody (abcam ab189202), anti-GATA4 antibody (Invi-

trogenMA5-15532), and anti-Histone H3 antibody (abcam
2198 The American Journal of Human Genetics 109, 2196–2209, Dec
ab1791) as a nuclear loading control. Supershift experi-

ments were carried out by adding 2mg monoclonal anti-

Flag M2 antibody (Sigma F1804) or 2mg normal mouse

IgG (Santa Cruz sc2025) antibody as a negative control.

DNA pulldown and mass spectrometry

The full procedure (pulldown, mass spectrometry, data

analysis) is described in the supplemental information.

Proteins bound to rs452384-C or -T alleles were obtained

by DNA pulldown assay using 25bp biotinylated double-

stranded probes (including a negative control probe,

Table S2) and Dynabeads M�280 Streptavidin (11205D In-

vitrogen), performed in n¼ 5 replicates. Peptides bound to

beads were identified by liquid chromatography-tandem

mass spectrometry (LC-MS/MS) analysis.

ChIP

ChIP experiments were carried out using the iDeal ChIP-

Seq kit for Transcription Factors (Diagenode C01010055)

according to the manufacturer’s instructions, using MP41

(rs452384-TC), Mel202 (rs452384-TT), and OMM1

(rs452384-CC) cell lines. Due to the absence of ChIP-grade

antibody for NKX2.4, cells were first transfected with a

pcDNA3.1(þ)NKX2.4-HA expression vector (GenScript)

using lipofectamine 2000 (ThermoFisher Scientific) and

following the manufacturer’s instructions. ChIP experi-

ments were carried out using 12 million cells per condi-

tion, 48h after transfection for NKX2.4 ChIP. 4mg of anti-

HA tag antibody (ChIP grade, Abcam ab9110), 4 mg of

anti-GATA4 antibody (Invitrogen MA5-15532), or 4 mg of

rabbit IgG as a nonspecific control (Diagenode

C15410206) were used for individual ChIP experiments

on sheared chromatin from 4 million cells. For Mel202

and OMM1 ChIP, IP’d DNAwas then analyzed by qPCR us-

ing SYBR Green PCR Master Mix (Applied Biosystems

4309155) and qPCR primers designed to amplify the

rs452384 target region in both rs452384-TT and -CC geno-

type contexts compared with other sites within the

CLPTM1L gene (Figure 1A and Table S2). For MP41, input

and IP’d DNA was assessed by droplet digital PCR (ddPCR)

for analysis of allelic enrichment (supplemental methods).

For H3K27ac ChIP onMP41 and OMM2.5 cell lines, essen-

tially the same protocol was used except that the iDeal

ChIP-Seq kit for histones (Diagenode C01010051) was

used, with 4mg of H3K27ac antibody (Diagenode

C15410196) and 4mg of negative control IgG antibody

(described earlier).

End-point droplet digital PCR

Following NKX2.4 and/or GATA4 knockdowns in Mel202

and OMM1 cell lines (supplemental methods), expression

levels of TERT and CLPTM1Lwere assessed. Due to the very

low expression of TERT in UM, ddPCR was used to assess

expression levels of TERT and CLPTM1L normalized to

that of housekeeping gene GUSB using Bio-Rad ddPCR

technology and following manufacturer’s instructions

(Mel202: n ¼ 5 independent experiments for siNKX2.4,
ember 1, 2022
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Figure 1. Allele-specific regulatory activity conferred by rs452384 at the TERT/CLPTM1L chr5p15.33 uveal melanoma risk locus
(A) A sub-region at the TERT/CLPTM1L risk locus is enriched inmarks of open chromatin and behaves as an enhancer. Top panel: Map of
the TERT/CLPTM1L genomic region along with highly correlated variants associated with risk of uveal melanoma (UM) identified in our
initial GWAS study, aligned on hg19 genome. Chromosomal positions of TERT and CLPTM1L are shown, where vertical bars represent
exons and arrows indicate transcriptional directionality. Significant UM risk SNPs are shown in red bars, and other SNPs appear in grey.
LD pairwise correlation structure for SNPs in this region (zoom-in of CLPTM1L) is shown by shadings of grey according to r2 values.
Layered ENCODE chromatin marks (H3K27ac, DNase I hypersensitivity sequencing, transcription factor ChIP-seq -TF - and DNA
repeated regions) were downloaded from UCSC genome browser and were generated from ENCODE using sequencing data from all
available cell lines (GM12878 in red, H1-hESC in yellow, HSMM in turquoise, HUVEC in light blue, K562 in blue, NHEK in violet,
and NHLF in pink). Finally, genomic positions of amplicons used for ChIP experiments are shown by orange circles (ChIP-H3K27ac)
and green squares (ChIP-NKX2.4 and GATA4). Bottom panel: Fragment deletion analysis strategy to narrow down the sub-region
from the full haploblock tested (‘‘full vector’’; represented by a red rectangle), mediating the most differential luciferase activity between
the high-risk (HR) and low-risk (LR) UM haplotypes. The full vector insert was trimmed from its 5’ end or 3’ end to generate smaller frag-
ments A to G, represented by grey bars and subsequently used for luciferase assays (Figure 1C). UM risk variants within the region tested
are shown in black and red.
(B) Allele-specific luciferase activity of the HR and LR haploblocks of the CLPTM1L locus enriched in active histone marks (red fragment
in Figure 1A) in two UM cell lines, MP41 (Figure 1) and OMM2.5 (Figure S2). The enhancer region (‘‘full vector’’) containing either pro-
tective or risk UM variants was cloned upstream of a pGL3-promoter reporter vector, followed by transfection and luciferase assay. Lucif-
erase activity was normalized to Renilla luciferase levels and to empty vector (EV). Mean relative luciferase activity5 standard deviation
(SD) is shown (left); experiments were performed in triplicate and repeated independently in n ¼ 6 experiments. Mean HR/LR luciferase
ratios 5 SD are also shown (right); the hypothetical ratio of HR/LR ¼ 1, representing equal luciferase activity between the two haplo-
types, is indicated by a black dashed line.
(C) Fragment deletion analysis by luciferase activity assay. Individual fragments A to G (Figure 1A) of both haplotypes (HR and LR) were
tested for luciferase activity as described in 1B, in MP41 (Figure 1) and OMM2.5 (Figure S2). Graphs represent the differential luciferase
ratio (HR/LR) observed in each fragment, compared with vector containing the full insert initially tested (‘‘full vector’’). Mean luciferase
ratios 5 SD are shown for n ¼ 3 independent experiments.
(D) Site-directed mutagenesis in reporter vectors harboring Fragment F (‘‘Fragment F vector’’) of rs452932, rs452384, and rs370348, the
three variants associated with UM risk within the tested region, from their protective to risk allele in MP41 (Figure 1) and OMM2.5
(Figure S2). Resulting vectors were tested in luciferase activity assays and compared to vectors containing the full LR or HR haplotypes
(i.e., Fragment F vector harboring all three variants with either their protective allele or risk allele). Mean luciferase ratios5 SD are shown
for n ¼ 3 independent experiments.
(E) Double site-directed mutagenesis at rs452932 and rs452384 positions (both SNPs T>C) in MP41, compared with ‘‘single’’ mutants
described in 1D by luciferase activity assays. The same process was subsequently repeated starting from the HR haplotype vector and
mutating tested variants to their protective allele (C>T). Graphs represent mean 5 SD for experiments carried out n ¼ 3 independent
times. Unpaired two-sided t test p values: ns for p > 0.05, * for p < 0.05, ** for p < 0.005, and *** for p < 0.001.
n ¼ 3 for siGATA4; OMM1: n ¼ 3 independent experi-

ments for siNKX2.4). Taqman Gene Expression assays tar-

geting either TERT (FAM-labeled, Cat# Hs00972650_m1)

or CLPTM1L (FAM-labeled, Cat# Hs00363947_m1) in com-
The American Jour
bination with GUSB (VIC-labeled, Cat# Hs00939627_m1)

were used in PCR reactions containing ddPCR Supermix

for probes (No dUTP) (Bio-Rad). Water-emulsion droplets

were generated using Bio-Rad QX100 Droplet Generator,
nal of Human Genetics 109, 2196–2209, December 1, 2022 2199



and resulting mixes were read in a QX100 Droplet Reader

after PCR on a C1000 Touch thermocycler. ddPCR data

were analyzed with Bio-Rad QuantaSoftTM software, re-

porting fluorescence from channel 1 (FAM) and channel

2 (VIC) on the basis of the number of FAM- and VIC- sin-

gle-positive droplets (fitted to a Poisson distribution). Rela-

tive expression ratios of TERT/GUSB and CLPTM1L/GUSB

represent the ratio of concentration of target DNA mole-

cule (in units of copies/mL input) for each fluorophore/

target molecule. To compare relative gene expression

(expression ratios) between conditions (siCTRL, siNKX2.4,

and siGATA4), unpaired two-sided t tests with pooled bio-

logical variances were used.
Telomere length measurement

Cohorts used for the analysis are described in Subjects. The

full procedure is available in the supplemental informa-

tion. Relative telomere length was measured by quantita-

tive PCR using Cawthon’s gold standard method,27 with

primers targeting TERT and HMBS (single copy gene)

(Table S2), adapted to correct amplification efficiency using

the TeloPCR method.28 Samples were stratified according

to their rs452384 genotype in order to assess correlation

with telomere length.
Statistical analysis

For luciferase and qPCR assays, unpaired two-sided t tests

were used to assess statistical significance between mea-

sures. For enrichment of proteins in the mass spectrometry

analysis and to determine the significance of changes in

protein abundance between two conditions, a linear

model (adjusted on peptides and biological replicates)

was performed, and p values were adjusted using the

Benjamini–Hochberg false discovery rate (FDR) procedure.

In ddPCR analyses, t tests with pooled biological variances

were used to assess significance of differences in gene

expression between groups and differences in allelic

enrichment ratios in ChIP experiments (see supplemental

methods). For telomere length analysis, difference in telo-

mere length between the three rs452384 genotypes was

measured using an age-adjusted generalized linear additive

model (GLM). To assess pairwise differences in telomere

length, non-parametric tests (3-way non-parametric

Kruskal-Wallis Rank Sum test and pairwise Wilcoxon

Rank Sum test) were used. P values < 0.05 were considered

statistically significant. Representation of significance on

graphs is as follow: ns for p > 0.05, * for p < 0.05, ** for

p < 0.005, and *** for p < 0.001.
Results

The 5p15.33 UM risk region mediates allele-specific

regulatory effects

Our GWAS in UM identified three susceptibility regions,

including one at chromosome 5p15.33 at the TERT/

CLPTM1L locus, marked by rs370348 and containing mul-
2200 The American Journal of Human Genetics 109, 2196–2209, Dec
tiple genetically linked SNPs spanning CLPTM1L introns

(Figure 1A).16 To prioritize probable functional variants

mediating regulatory activity, we searched the regulatory

marks surrounding UM risk SNPs annotated by the

ENCODE project on the UCSC Genome Browser. A 3kb

sub-region (hg19; chr5:1,329,015–1,332,000) was en-

riched in acetylated H3K27 (H3K27ac), a major histone

mark flanking enhancer elements (Figure 1A).29 This re-

gion is also associated with DNase I hypersensitivity clus-

ters, indicating a region of open chromatin, in agreement

with the presence of TF ChIP-seq clusters at this genomic

region (Figure 1A). Of note, the directly upstream region

(hg19; chr5:1,326,000–1,329,000) also displayed moderate

H3K27ac enrichment. However, this region consists of un-

mappable highly repetitive minisatellite sequences

(Figure 1A), making both in silico and in vitro functional

characterization challenging, and thus was not kept for

further analysis.

The 3kb region retained for analysis contained three

SNPs (rs452932, rs452384, and rs370348) that were signif-

icantly associated with UM risk (red bars in Figure 1A) and

enriched in H3K27ac (Figure 1A). Furthermore, these SNPs

were among variants with highest OR andmost significant

p values.16 These observations prompted us to further

characterize this 3kb CLPTM1L sub-region.

We first assessed whether this region also harbored active

chromatin elements in a UM context. To do so, we per-

formed ChIP for H3K27ac mark using UM cell lines

MP41 and OMM2.5, followed by quantitative PCR on

the region surrounding rs452384. This SNP was chosen

because it is directly flanked by two strong H3K27ac signals

and because it lies within a DNase I cluster in the ENCODE

database (Figure 1A). In MP41, the UM risk region sur-

rounding rs452384 (CLPTM1L intron 8) indeed displayed

a 3.5- to 4-fold higher enrichment over input DNA

compared with two other CLPTM1L regions devoid of

the regulatory marks, close to exons 3 and 4 (Figure S1A).

In OMM2.5, the rs452384 region was also highly enriched

in HK27ac (Figure S1B) compared with IgG and to the exon

4 region, and unlike in MP41, the exon 3 region was also

enriched. To further characterize this region and search

for an allele-specific differential enhancer activity, we

subcloned the 3kb intronic regulatory region of both the

low-risk (LR) and high-risk (HR) haplotypes 5’ to the pro-

moter of a pGL3-promoter reporter vector driving lucif-

erase expression. This CLPTM1L regulatory region induced

a strong increase in luciferase signal in two UM cell lines

compared with empty vector (EV), characterized in MP41

by a 7.79-fold 53.20 (mean 5 SD over EV) enrichment

for LR haplotype and a 21.01-fold54.73 for HR haplotype;

in the OMM2.5 cell line, the enrichment was 3.38-

fold 50.83 for LR versus 6.37-fold 51.56 for HR

(Figures 1B and S2A). The average HR/LR luciferase ratio

inMP41 was 2.855 0.62 (mean5 SD, unpaired two-tailed

t test pLRvsHR ¼ 0.0002) and 1.90 5 0.18 in OMM2.5

(pLRvsHR ¼ 0.002) (Figure 1B). Taken together, these

results confirmed that the CLPTM1L genomic risk region
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is part of an enhancer region, with a haplotype-specific

transcriptional activity in a UM context characterized by

a significant 2- to 3-fold higher increase for the HR haplo-

type compared with the LR.

Allele-specific regulatory effects at the chr5p UM risk

locus are mediated by rs452384

Wenext performed a deletion analysis to further define the

sub-region conferring the most differential haplotype-spe-

cific transcriptional activity (HR/LR ratio). We generated

smaller fragments (A to G) from the full 3kb region

(Figure 1A) and repeated the luciferase assay comparing

the HR/LR ratio. Construct F mediated the most haplo-

type-specific luciferase activity in MP41 cells, and there

were similar results in OMM2.5 (Figures 1C and S2B).

Within construct F (and within the full region), three

SNPs, rs452932, rs452384, and rs370348, are associated

with UM risk. To test the individual effect of each SNP

on luciferase activity, we performed site-directed mutagen-

esis of the full-length LR haplotype vector at the position

of each variant to its HR allele (rs452932-C, rs452384-C,

and rs370348-G). In both cell lines, although luciferase

levels in the rs370348A>G mutant vector were close to

levels in the LR vector, rs452932T>C resulted in a signifi-

cant increase in luciferase activity toward the levels seen

in the HR vector, and rs452384T>C caused an even more

significant increase (Figures 1D and S2C). Transfection

with a T>C double mutant (rs452932T>C; rs452384T>C)

resulted in comparable luciferase levels between the T>C

double mutant, rs452384T>C single mutant, and the HR

vector (Figure 1E), ruling out a synergistic effect of the

two SNPs. Reverse experiment mutating the HR vector to

LR alleles confirmed these findings (Figure 1E).

Taken together, our data indicate that rs452384 is the

variant within the tested region exhibiting the highest

allele-specific gene regulation and that it might have a

functional role in UM.

The rs452384 genotype is associated with CLPTM1L

expression and telomere length

The two gene candidates most likely to be regulated in an

allele-specificmanner, driven by the rs452384 surrounding

region, are CLPTM1L and TERT (Figure 1A). We previously

reported an expression quantitative trait loci (eQTL) anal-

ysis showing that the rs421284 genotype at 5p15.33

(r2 > 0.9 with rs452384) is associated with CLPTM1L

expression in UM tumors,17 and there is a positive correla-

tion with the risk (C) allele. TERT expression in UM tumor

samples is barely detectable, making eQTL analyses chal-

lenging. We thus performed a colocalization analysis based

only on CLPTM1L eQTL. Using eCAVIAR30 and expression

datasets from UM, normal cutaneous melanocytes, and

GTEX tissues, we calculated the CoLocalization Posterior

Probability (CLPP) of the SNPs in the candidate region,

and none reached the proposed threshold of 0.01.

Although this analysis failed to further pinpoint a poten-

tial causal SNP, it confirmed the same directionality of
The American Jour
rs452384/rs465498 in CLPTM1L eQTL with primary mela-

nocytes (Curie UVM: prs452384 ¼ 9.07 x 10�3; prs465498 ¼
9.07 x 10�3; normal melanocytes: prs452384 ¼ 2.46 x 10�4;

prs465498 ¼ 3.47 x 10�4),31 but an opposite direction in

other tissues included in GTEx (Figure S3).

As an alternative approach for evaluating a potential role

of rs452384 in TERT expression, we sought to use telomere

length as a surrogate marker of TERT expression. We

measured relative telomere length by qPCR in germline

DNA samples obtained from peripheral blood mononu-

clear cells (PBMCs) of 326males with UM and healthy con-

trols (KIDRISK study) from our GWAS in UM,16 for

which the rs452384 genotype was known. We observed a

significant increase in telomere length in the CC (risk)

genotype group (median relative length ¼ 27.6) compared

with CT (length ¼ 21.8) and TT (length ¼ 20.3); this

was a 36% increase in CC compared with TT (GLM

p value ¼ 9.78 x 10�3; Figures 2 and S4). These results indi-

cate that the chr5p region influences telomere length,

where rs452384-T alleles are associated with shorter telo-

meres than rs452384-C, and this could reflect a potential

regulatory effect of rs452384 on TERT expression (in the

same direction of effect as for CLPTM1L). These findings

indicate that both CLPTM1L and TERT should be consid-

ered as candidate target genes downstream off rs452384

at the 5p UM risk locus.

NKX2.4 is an rs452384-T allele-specific interactor

whereas GATA4 preferentially binds rs452384-C

The fact that rs452384 alleles affect CLPTM1L expression

and telomere length prompted us to further investigate

the mechanisms underlying the biological regulation

induced by this functional variant in UM. Hypothesizing

that rs452384 could result in allele-specific gene regulation

through the differential binding of nuclear factors, we per-

formed electrophoretic mobility shift assays (EMSA) in UM

cell lines. Rs452384-T and rs452384-C probes exhibited

distinct shift patterns, which were consistent across

5 UM cell lines, MP41, OMM2.5, OMM1, MM66, and

Mel202 (Figures 3A and S5A). Addition of excess specific

unlabeled competitor probes confirmed the specificity of

the shifts (Figures 3A, 3B, and S5B). These results suggest

that rs452384 exhibits allele-specific binding of nuclear

complexes, prompting us to further investigate the tran-

scription factors mediating these effects.

To identify proteins bound to rs452384 alleles,

we performed DNA-pulldown assays using 25bp biotin-

labeled double-stranded oligonucleotides surrounding

rs452384-T (‘‘T probe’’) and -C (‘‘C probe’’) alleles, as well

as a nonrelevant biotinylated probe as a negative control

(‘‘NEG’’),32 followed by quantitative mass spectrometry.

Several TFs were found to be preferentially enriched with

one allele, and NKX2.4 and GATA4 showed the highest

fold changes (T- and C-enriched, respectively) and most

significant p values compared with other candidates

(Figure 4A, Tables 1 and S3). Filtering out proteins not

significantly enriched against NEG, 6 TFs, NKX2.4,
nal of Human Genetics 109, 2196–2209, December 1, 2022 2201



Figure 2. Relative telomere length in peripheral bloodmononu-
clear cells (PBMCs) of UM-affected individuals and controls ac-
cording to rs452384 genotype
Relative telomere length was measured by qPCR using primers for
telomeric repeats and normalized to expression of a single copy
gene, HMBS. Germline DNA samples (dots) from PBMCs of
N ¼ 208 male UM-affected individuals and N ¼ 118 male healthy
individuals from the GWAS cohort were used, stratified according
to their rs452384 genotype. Number of individuals in each geno-
type group is indicated in brackets. Differences in telomere length
were assessed using an age-adjusted generalized linear additive
model (GLM) p value. Pairwise comparisons of telomere length
(between two genotypes) are shown in Figure S4.
HOXC9 and DLX6 (T-enriched), and GATA4, TRPS1, and

PITX2 (C-enriched), remained enriched in rs452384

probes (Figures 4B, S6A, and S6B). Unlike the other TFs

for which both T and C probes were enriched compared

with NEG, NKX2.4 was only enriched in T (but not C)

probe compared with NEG (Figure 4B), suggesting that its

interaction is specific to the T allele. To further select direct

interactors of rs452384, only NKX2.4, GATA4, DLX6, and

PITX2 were kept for further analyses because their pre-

dicted binding motif perfectly or closely matched the

genomic sequence surrounding rs452384 (Figure S7).

To determine whether any of these four TFs preferen-

tially bound rs452384-T (NKX2.4, DLX6) or -C (GATA4,

PITX2), we next performed supershift EMSA using FLAG-

TFs. Unlike for DLX6 and PITX2 (Figure S8), expression

of exogenous NKX2.4-FLAG resulted in a supershift spe-

cific to rs452384-T probe upon addition of anti-FLAG.

Conversely for GATA4-FLAG, a supershift was predomi-

nantly observed with rs452384-C, but it was also detected

in rs452384-T (Figure 4C). These results are consistent with
2202 The American Journal of Human Genetics 109, 2196–2209, Dec
mass spectrometry data that identified NKX2.4 as an

rs452384-T specific interactor and GATA4 as preferentially

enriched in rs452384-C compared with -T. Indeed,

rs452384-C completely disrupts NKX2.4 binding, affecting

a highly conserved T residue of the core binding motif

TNAAGTG,33,34 whereas rs452384 alleles only marginally

affect the GATA4 binding site, altering a less conserved res-

idue (Figure 4D).

To further validate genomic enrichment and allele-spec-

ificity of NKX2.4 and/or GATA4, we performed ChIP of

over-expressed NKX2.4-HA-tagged protein and endoge-

nous GATA4 in the Mel202, MP41, and OMM1 cell lines

(rs452384-TT, -CT, and -CC, respectively) using HA-tag

and GATA4 antibodies. By performing a qPCR targeting

the genomic region around rs452384 and other nearby re-

gions within CLPTM1L (exon 3 and intron 4, Figure 1A),

we observed in Mel202 (rs452384-TT) a specific enrich-

ment of NKX2.4-HA at the genomic position of rs452384

compared with other regions, as well as a slight enrich-

ment for GATA4 (Figure 4E). In the OMM1 cell line, both

NKX2.4 and GATA4 were enriched at the rs452384

genomic locus (Figure S9). To address whether these en-

richments were specific to one allele, we then assessed in

the MP41 heterozygous cell line the allele-specific enrich-

ment of NKX2.4 and GATA4 on immunoprecipitated

DNA by ddPCR using an rs452384 Taqman genotyping

probe. This indicated a significant increase in the

rs452384 T/C enrichment ratio for NKX2.4, compared

with the hypothetical T/C ratio of 1 representing an

absence of allelic enrichment (two-sided t test, p ¼
0.007), and a non-significant trend toward a decrease in

the T/C ratio for GATA4 (p ¼ 0.053) (Figure 4F). Taken

together, these results confirm that NKX2.4 is the strongest

and most specific rs452384 interactor, preferentially bind-

ing rs452384-T, whereas GATA4 is enriched in rs452384-C.

NKX2.4 knockdown increases TERT and CLPTM1L mRNA

levels

Given the genomic position of the enhancer element en-

compassing rs452384 within CLPTM1L and near the

TERT promoter (Figure 1A), we tested whether siRNA-

mediated depletion of NKX2.4 could impact the expres-

sions of CLPTM1L and/or TERT in the Mel202 and

OMM1 cell lines. The Mel202 cell line was chosen for its

homozygous rs452384-TT status, the genotype preferen-

tially bound by NKX2.4, whereas OMM1 served as compar-

ison with the opposite genotype (rs452384-CC). Due to

the very low expression levels of TERT in UM tumors

and cell lines, we assessed TERT and CLPTM1L expression

by ddPCR. In Mel202 (rs452384-TT), NKX2.4 knockdown

resulted in a small yet consistent increase in CLPTM1L

expression and a more pronounced increase in TERT

expression compared with the negative control (‘‘siCTRL’’),

resulting in significant fold changes of 1.54 for TERT

and 1.24 for CLPTM1L (TERT relative expression:

siCTRL ¼ 0.020 5 0.004; siNKX2.4 ¼ 0.031 5 0.006;

p ¼ 7.32 x 10�3; CLPTM1L: siCTRL ¼ 2.19 5 0.20,
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Figure 3. rs452384 preferentially binds nuclear proteins
Electrophoretic mobility shift assays (EMSAs) using double-stranded biotinylated DNA oligonucleotides containing either rs452384-T
(protective allele) or rs452384-C (risk allele) in the MP41 and OMM2.5 UM cell lines.
(A) Nuclear complexes preferentially bind to the protective allele (T) or to the risk allele (C) (black arrows). Upon addition of specific
unlabeled competitor probes of the same allele in 100X molar excess, these complexes disappear or are strongly attenuated.
(B) Nuclear complex that is preferentially bound to C probe (bottom horizontal arrow) is more displaced with unlabeled C probe
compared with unlabeled T probe added in 100X excess (bottom angled arrows), and vice versa for complex preferentially bound to
T probe.
siNKX2.4¼ 2.715 0.35, t test p¼ 1.28 x 10�2) (Figure 4G).

GATA4 knockdown, however, did not alter CLPTM1L or

TERT expression significantly, although there was a trend

toward decreased expression for both genes. By compari-

son, in OMM1 (rs452384-CC), NKX2.4 knockdown did

not lead to any clear change in either CLPTM1L or TERT

expression levels (Figure S10). These results suggest that

NKX2.4 might act as a repressor of CLPTM1L and TERT

in an rs452384-T context. Of note, overexpression of

NKX2.4 and/or GATA4 did not induce changes in

CLPTM1L or TERT expression in Mel202 cells (Figure S11).

Taken together, our results show that NKX2.4 regulates

TERT and CLPTM1L expression and they corroborate our

previous findings indicating that rs452384 influences

both CLPTM1L and telomere length, itself regulated by

TERT. These findings link rs452384 to NKX2.4 through a

common functional role in gene regulation, further sup-

porting their DNA-TF interaction demonstrated by mass

spectrometry.
Discussion

In this study, we functionally characterized within the

5p15.33 UM risk locus identified by GWAS a regulatory re-

gion16 harboring active chromatin marks and three of the

most significant UM risk variants (rs421284, rs452932, and

rs370348). We identified rs452384 as a functional SNP at

this locus, which induces allele-specific gene regulation,

and further evidenced NKX2.4 differential binding to

this variant. We finally suggest that UM risk conferred by

these regulatory elements acts through transcriptional
The American Jour
regulation of CLPTM1L and TERT, the latter influencing

telomere length.

We identified NKX2.4 and GATA4 as TFs enriched with

rs452384-T and -C respectively, where NKX2.4 is a

T-specific interactor (UM protective allele) and GATA4 is

preferentially enriched with the C (risk) allele, as shown

by in vitro mass spectrometry experiments and confirmed

by in vivo ChIP approaches. The preferential binding of

NKX2.4 to rs452384-Tover -C in allele-specific ChIP exper-

iments, along with the weak but significant increase in

CLPTM1L and TERTexpression levels uponNKX2.4 knock-

down, is in accordance with the low penetrance of this pre-

disposing locus over a person’s lifetime.

NKX2.4 belongs to the NKX2 homeobox family of tran-

scription factors, which recognize the core consensus DNA

sequence 5’-TNAAGTG-3’,35 have highly tissue-dependent

expression patterns, and play a critical role in lineage-spe-

cific regulation of organ development.36–38 NKX2.4 is

poorly characterized, probably because of its low RNA

expression levels in normal tissues except in the hypothal-

amus and the pituitary gland (The Human Protein Atlas).39

It shares high homology with NKX2.1, a driver of thyroid-

and lung-specific gene expression.40 Interestingly,

rs452384, identified here as a functional variant in UM,

is also a risk variant in lung adenocarcinoma (LUAD) and

has been reported to bind to NKX2.1 in an allele-specific

manner in LUAD that carries the rs452384-Tand not -C ge-

notype.41 Another NKX2 member, NKX2.5, has a C-termi-

nal inhibitory (repressor) domain that is removed upon

GATA4 co-binding, resulting in a sharp increase in tran-

scriptional activity.34,42 This result is in agreement with

our ChIP experiments in OMM1 (rs452384-CC), in which

both GATA4 and NKX2.4 are enriched, and our siRNA
nal of Human Genetics 109, 2196–2209, December 1, 2022 2203
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Figure 4. NKX2.4 is an allele-specific interactor of rs452384-T regulating TERT and CLPTM1L, whereas GATA4 is enriched in
rs452384-C
(A and B) Quantitative mass spectrometry analysis after DNA pulldown using either rs452384-T, rs452384-C, or negative control (NEG)
biotinylated probes, showing enrichment of proteins with C or T alleles. Each condition was performed in n ¼ 5 independent biological
replicates, and proteins with at least three distinct peptides and a Benjamini-Hochberg adjusted p value of % 0.05 (see Methods) were
kept for analysis.

(legend continued on next page)
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knockdown experiments, where repressor activity for

NKX2.4 (but not GATA4) binding to rs452384-T (protec-

tive) allele is demonstrated by the observed increase of

CLPTM1L and TERT upon NKX2.4 knockdown. Similarly,

we showed here that NKX2.4 binds a DNA motif

disrupted by rs452384-C, whereas GATA4 binds slightly

upstream of rs452384, and its core consensus sequences

is only marginally affected by the SNP. A hypothesis is

that NKX2.4 and GATA4 compete for a partially overlap-

ping binding site with a common -AAG- core sequence

(Figure 4D), and that NKX2.4 T-allele binding might

displace or prevent GATA4 binding. Conversely, one could

also hypothesize that GATA4 binding prevents NKX2.4

from exerting its repressor activity, which would be consis-

tent with dual knockdown of NKX2.4 and GATA4 in

Mel202, attenuating the effects of individual knockdowns

(Figure S11).

Interestingly, although they do not function as TFs, we

found in our mass spectrometry experiment proteins

belonging to the high mobility group (HMG) superfamily

of non-histone chromatin proteins, such as HMGB2 and

HMGA1, to be significantly enriched with the IP sample

containing rs452384-C (risk) probe (Table S3). The

observed binding of TFs to rs452384 described here might

thus also be accompanied by allele-specific chromatin re-

modelling complexes, as suggested by the preferential

binding of HMG proteins to rs452384-C.

TERT and CLPTM1L, which both lie in the 5p15.33 risk

locus, remain the most plausible genes regulated by

rs452384, although we cannot exclude a role of more

distant genes. Our previous work showed that rs421284
(A) Volcano plot of all proteins enriched in rs452384-T or -C probes, d
as log2(fold change C/T) on the x-axis and –log10(p value) (y-axis). A
% 0.05, whereas the vertical green lines indicate the absolute fold ch
scription factors are shown; only those written in bold are also signi
(B) Correlation plot comparing enrichment ratios T/NEG (y-axis) to C
change threshold ofR1.5. Proteins that specifically bind to Tor C alle
whereas those preferentially enriched in one allele (but still enriched
black dashed diagonal deliminates the T (left)- or C (right)-enriched
(C) Supershift EMSAs using rs452384-T or -C probes, nuclear extrac
GATA4-flag-tag (right) expression vectors, and 2mg of anti-flag antibo
supershift (top arrows) of NKX2.4-flag with rs452384-T probe, wherea
seen with GATA4-flag. Both complexes without addition of antibod
100X excess of unlabeled competitor C and T probes.
(D) rs452384T>C on chr5p15.33 disrupts a predictedDNA bindingmo
vorsGATA4binding comparedwith rs452384T (the corebindingmotif
(E and F) Chromatin immunoprecipitation (ChIP) experiments of Me
fection with NKX2.4-HA expression vector) or an anti-GATA4 anti
measured by qPCR, compared with two other regions within CL
Table S2) and compared with IP with empty vector (EV) (for NKX2.4
sentative experiment (n ¼ 3 independent experiments in total). In (F
rs452384 was measured by ddPCR, relative to input DNA allelic ratio
tervals for n¼ 3 independent experiments; an unpaired two-sided t te
with the hypothetical ratio of 1 (dashed line) representing equal enr
(G) siRNA-mediated knockdown ofNKX2.4 andGATA4. TheMel202 U
fected with siRNAs targeting either NKX2.4 or GATA4, or with a nega
are shown in Figure S11A. Resulting expression of TERT and CLPTM1
ddPCR using Taqman gene expression assays and compared with si
siNKX2.4 and n¼ 3 times for siGATA4. Graphs represent relative gene
replicate. Unpaired two-sided t tests were used to compare expression
** for p < 0.005, and *** for p < 0.001.
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(highly linked to rs452384, r2 > 0.9) risk (C) genotype is

positively correlated with CLPTM1L expression, in the

same direction of effect as rs465498 in cutaneous mela-

noma (r2 > 0.9).17 Strikingly, the GTEx database indicates

an inverse directionality of effect for rs452384 genotype

in skin tissues (whether sun-exposed or not), where the

C (risk) allele is negatively correlated with CLPTM1L

expression. A potential explanation is illustrated by the

study of Zhang and colleagues,31 who pointed out the het-

erogeneity of skin samples from the GTEx database, in

which primary melanocytes – cell-of-origin of both UM

and cutaneous melanoma – only represent a minor frac-

tion of the skin tissue, resulting in major differences in

eQTL directionality of effect between skin tissues and me-

lanocytes. Indeed, our reanalysis of these datasets for the

5p15.33 locus showed that rs452384 and other linked

risk alleles are negatively associated with CLPTM1L in

skin tissues, but, as in primary UM, positively associated

in primary melanocytes (to a higher extent than in the

UM TCGA dataset, highlighting the importance of cell-

type-specific eQTLs). The basis of this cell-type-specific

gene regulation of the CLPTM1L locus is presently

unknown.

The function of CLPTM1L and its implication in tumor-

igenesis has not yet been studied in UM to our knowledge,

but the protein is overexpressed in pancreatic, ovarian, and

lung tumor cells, and it was shown to contribute to RAS-

dependent transformation.43 CLPTM1L has also been

described to act as an anti-apoptotic factor upon endo-

plasmic reticulum stress, to promote growth, and to confer

resistance to chemotherapy.44–47 More studies, such as
enoted by arrows pointing left and right, respectively, represented
horizontal red line represents the significant p value threshold of
ange threshold R 1.5 of C/T and T/C enrichments. Enriched tran-
ficantly enriched against NEG probe.
/NEG (x-axis) on a log2 scale. Green lines indicate an absolute fold
les are found in the top left and bottom right squares, respectively,
in both alleles vs NEG) are found in the top right corner, where the
interactors.
ts of MP41 cells transfected with either NKX2.4-flag-tag (left) or
dy (Ab) or negative anti-IgG control. Results show an allele-specific
s a preferential supershift in rs452384-C probe compared with -T is
y (bottom arrows) disappear or greatly diminish upon addition of

tif for NKX2.4 (JASPAR database),33 whereas the rs452384C allele fa-
itself remainsunaltered,butC ispreferredoverTat the10thposition).
l202 (E) and MP41 cells (F) using an anti-HA antibody (after trans-
body. In (E) enrichment at the rs452384 genomic position was
PTM1L exons 3 and intron 4 (green squares in Figure 1A and
-HA) or IgG (for GATA4). Graphs represent mean 5 SD for a repre-
), allele-specific enrichment of MP41 immunoprecipitated DNA at
. Graph represents T/C allelic ratios 5 68% Poisson confidence in-
st was used to compare allelic enrichment in each group compared
ichment of C and T alleles.
M cell line homozygous for rs452384 protective Tallele was trans-

tive siRNA control (siCTRL). Knockdown efficiencies of both genes
L relative to that of the GUSB housekeeping gene was measured by
CTRL. Independent experiments were performed n ¼ 5 times for
expression5 68% Poisson confidence intervals for each biological
levels between conditions. P values: ns for p > 0.05, * for p < 0.05,
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Table 1. Protein candidates identified by quantitative mass spectrometry to be significantly enriched in rs452384-T or -C alleles

Protein rs452384 allele specificitya T/C fold change ratiob Adj. p-valc T/NEGd fold change ratio Adj. p valc

NKX2.4 T-specific 13.05 3.1 x 10�31 6.40 2.0 x 10�28

DLX6 T-enriched 2.96 1.3 x 10�8 8.89 4.7 x 10�19

Protein rs452384 allele specificitya C/T fold change ratiob Adj. p valc C/NEGd fold change ratio Adj. p valc

GATA4 C-enriched 2.98 4.4 x 10�23 36.32 3.5 x 10�18

PITX2 C-enriched 1.73 4.4 x 10�5 4.90 2.9 x 10�9

a‘‘C-’’ or ‘‘T-enriched’’ proteins refer to proteins enriched in both (C vs NEG) and (T vs NEG) quantifications that were more enriched in one allele over the other;
‘‘T-specific’’ proteins refers to proteins only enriched in (T vs NEG) quantifications but not enriched in (C vs NEG), suggesting clear specificity for the T allele.
bFold change ratio represents the relative enrichment of candidate proteins between the two conditions tested (T/C or C/T).
cAdj. p val: Benjamini-Hochberg adjusted p value.
dNEG: negative control probe.
CLPTM1L-targeted inhibition and its effect on cell growth

and survival, will be needed to decipher any tumorigenic

role of CLPTM1L in UM.

On the other hand, TERT, encoding the catalytic compo-

nent of the telomerase enzyme, maintains genome integ-

rity by elongating telomeres at chromosome ends, prevent-

ing chromosomal fusions and rearrangements that might

induce cell senescence.48 Telomere maintenance has

been extensively linked to cancer, and TERT reactivation

is a possible mechanism by which tumor cells could main-

tain abnormal cell survival and promote cancer develop-

ment.49 Several lines of evidence support a role of TERT

in rs452384 allele-specific UM risk: (1) the GTEx database

indicates a correlation between rs452384 and TERT expres-

sion in oesophagus; (2) 5p15.33 risk SNPs (including some

within CLPTM1L introns) in lung carcinomas and others

are associated with TERT, but not CLPTM1L, expres-

sion;19,50 and (3) TERT SNPs play a significant role in pre-

disposition to many solid tumors, including cutaneous

melanoma.20,21,51 As previously mentioned, TERT mRNA

is barely detectable in UM tumors,17,52 making it chal-

lenging to assess for genotype-expression correlations.

Because TERT is a key regulator of telomere length in

normal tissues, we measured telomere length in PBMC of

individuals with UM and healthy controls as a potential

surrogate marker of TERT expression. We showed longer

telomeres within the rs452384-CC (UM risk) genotype,

corroborating a potential role for this SNP in the differen-

tial regulation of TERT (and thus of telomere length) in

UM risk at the 5p15.33 locus, although we cannot rule

out that telomere length is also affected bymechanisms in-

dependent of TERT-driven regulation at the 5p locus. The

fact that rs452384-T alleles are associated with shorter telo-

meres than rs452384-C alleles in PMBC is consistent with a

possible long-term effect of a decrease in TERT expression

(not directly observable) in an rs452384-T context, down-

regulated by NKX2.4. The 1.5-fold increase in TERT expres-

sion upon NKX2.4 knockdown might be enough to

mediate changes in telomere length, as the telomerase

enzyme is usually found in low abundance and its activity

is tightly regulated, making telomere length sensitive to

even very subtle changes in TERT expression.53 Thus, the
2206 The American Journal of Human Genetics 109, 2196–2209, Dec
absence of detectable TERT expression in UM tumors

does not rule out a role of the regulation of this gene by

risk haplotype in UM development prior to tumorigenesis,

such as in normal uveal melanocytes or during neural crest

differentiation andmigration. Because the telomere length

analysis was done in the hematopoietic tissue, studies in

the poorly accessible healthy uveal melanocytes would

nevertheless be required for definitive conclusions.

While no other risk signal independent from the peak

marked by rs370348 has been identified by our GWAS,16

we cannot rule out that other untested variants also

participate in mediating UM risk in the 5p15.33 region.

This analysis prioritized UM risk variants that are enriched

in H3K27ac marks based on ENCODE data, and therefore

noteworthy limitations to this study are that (1) ENCODE

annotations used here are based on cell lines other than

melanocytes, and thus cell-type-specific regulatory anno-

tations such as melanocyte-specific enhancers might

have been missed; and (2) we cannot exclude that other

candidate (and untested) SNPs within the CLPTM1L re-

gion might also increase UM risk, as part of the same

risk signal as rs452384. Of note, the candidate region

harboring regulatory elements marks contains a large tan-

dem-repetitive minisatellite 3kb region lying next to, and

for some repeats within, the tested region (Figure 1A).

This poorly mappable region precludes assessment by

standard techniques, both in silico, due to poorly defined

polymorphisms in this region, and in vitro, due to its

sequence instability in cloning approaches. Therefore,

although thorough functional analysis of the tested re-

gion definitely points toward a role for rs452384 in medi-

ating UM risk, long-read sequencing approaches and syn-

thetic DNA fragments represent the next steps for

assessing the presence of additional causal variants in

this minisatellite region.

In summary, this work elucidates some of the biological

mechanisms underlying the 5p15.33 TERT/CLPTM1L sus-

ceptibility region in UM, one of the three major indepen-

dent low-penetrant risk loci in UM. We identified

rs452384 as a functional variant, located in a region of

active chromatin elements behaving as an enhancer and

implicated in allele-specific gene regulation. Using
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different approaches (EMSA, mass spectrometry, siRNA-

mediated silencing, and ChIP) we showed that NKX2.4

preferentially binds to the low-risk (T) allele of rs452384

and represses the transcription of the surrounding region,

which contains two genes already involved in tumorigen-

esis. Our results implicate CLPTM1L and TERT as target

genes and indicate a correlation between rs452384 geno-

type and telomere length. Future work will be required in

order to establish a causal link between rs452384 alleles

and CLPTM1L and TERT expression levels, such as through

chromatin interaction experiments (3C and derived tech-

niques) and rs452384 isogenic cell line models. Altogether,

our work unraveled some of the complex regulatory mech-

anisms at the 5p15.33 susceptibility region in UM, paving

the way for a thorough assessment of TERT, CLPTM1L, and

telomere length in UM tumorigenesis.
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of Institut Curie. L.M. was supported by the Horizon 2020 pro-

gram UM Cure (No. 667787). D.L. was supported by ‘‘Région Ile-

de-France’’ and Fondation pour la Recherche Médicale. M.R. was

supported by the «Interface Inserm » grant. This study was funded

by the Institut National de la Santé et de la Recherche Médicale
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