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Abstract

Neuroblastoma (NB) and malignant cutaneous melanoma (CMM) are neural crest cells (NCC)-derived tumors and may have a 
shared genetic basis, but this has not been investigated systematically by genome-wide association studies (GWAS). We took 
a three-staged approach to conduct cross-disease meta-analysis of GWAS for NB and CMM (2101 NB cases and 4202 controls; 
12 874 CMM cases and 23 203 controls) to identify shared loci. Findings were replicated in 1403 NB cases and 1403 controls of 
European ancestry and in 636 NB, 508 CMM cases and 2066 controls of Italian origin. We found a cross-association at locus 
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1p13.2 (rs2153977, odds ratio = 0.91, P = 5.36 × 10−8). We also detected a suggestive (P < 10−7) NB-CMM cross-association at 
2q37.1 with opposite effect on cancer risk. Pathway analysis of 110 NB-CMM risk loci with P < 10−4 demonstrated enrichment 
of biological processes such as cell migration, cell cycle, metabolism and immune response, which are essential of human 
NCC development, underlying both tumors. In vitro and in silico analyses indicated that the rs2153977-T protective allele, 
located in an NB and CMM enhancer, decreased expression of SLC16A1 via long-range loop formation and altered a T-box 
protein binding site. Upon depletion of SLC16A1, we observed a decrease of cellular proliferation and invasion in both NB and 
CMM cell lines, suggesting its role as oncogene. This is the largest study to date examining pleiotropy across two NC cell-
derived tumors identifying 1p13.2 as common susceptibility locus for NB and CMM risk.

Introduction
Cells that arise from the neural crest (NC) have a remark-
able capacity for motility, invasiveness, proliferation and 
pluripotency. These traits are essential during embryogenesis, 
but they can become a liability later in life as can contribute 
to malignancy and tumor metastasis (1). Neuroblastomas (NB) 
and cutaneous malignant melanomas (CMM) are NC-derived 
cancers which tend to be particularly aggressive and prone to 
metastasis (2,3). NB arises from the sympathetic ganglia and ad-
renal medulla, which originate from trunk NC, and is the most 
common extracranial malignant tumor in childhood (2). CMM 
is one of the most aggressive cancers worldwide (3) and derives 
from transformed melanocytes, which are pigment-producing 
cells originating from NC at all axial levels (1). In both two tu-
mors is frequent the observation of spontaneous regression of 
their metastatic forms (4,5). Auslander et al. have demonstrated 
some similarities between advanced NB and CMM with respect 
to their immune-related transcriptome, suggesting shared im-
mune mechanisms underlying spontaneous regression in 
these two cancer types (6). The existence of genetic risk factors 
common to NB and CMM has been suggested by the finding of 
the loss of function mutation E27X in CDKN2A in melanoma 
families who display NB (7).

Our genome-wide association studies (GWAS) have demon-
strated that common DNA variants are risk factors for these two 
diseases (8,9). Recent studies, by performing cross-phenotype 
association analysis, using GWAS results, have highlighted 
that different cancers share common genetic risk loci (10,11). 
Moreover, by using this type of analysis, it has been possible to 
identify new risk variants, which are hidden among signals dis-
carded by the stringent multiple-testing correction required in 
the analysis of GWAS data (10,11).

Based on these premises, we hypothesize that NB and CMM 
tumorigenesis could be the result of multiple genetic alterations 
and could share genetic and molecular features that are typ-
ical of embryonic development processes. However, so far, no 

single-nucleotide polymorphism (SNP) has been reported to be 
associated with risk of both cancers, and no study has leveraged 
the existent GWAS of NB and CMM to test whether these two NC 
cell-derived tumors may share associations with common gen-
etic loci that are discarded by the multiple-testing corrections.

Here, we combined data from the recently published GWAS 
of NB and CMM in a single two-cancer meta-analysis of 42 380 
individuals and replicated the results in two additional sets of 
cases and controls (n = 6016). We hypothesized that the substan-
tial gain in power afforded by the cross-cancer meta-analysis 
would enable us to identify new risk loci sharing association with 
the two diseases. We found evidence for a cross-association at 
1p13.2, which is significant at the genome-wide level (rs2153977, 
P = 5.36 × 10−8) and has the same effect on both cancer risk. In 
vitro and in silico analyses demonstrated that rs2153977 pro-
tective T allele, in an NB and CMM enhancer, decreased expres-
sion of SLC16A1 via long-range loop formation, suggesting its 
role in promoting tumor initiation and progression, which has 
been experimentally confirmed in NB and CMM cell lines.

Methods

Study strategy and description of NB and CMM 
data sets
This study was approved by the Ethics Committee of the Medical 
University of Naples and the Children’s Hospital of Philadelphia.

To identify NB-CMM cross-associated loci, we designed a multi-stage 
approach (Supplementary Figure 1A, available at Carcinogenesis Online) 
based on an NB-CMM GWAS meta-analysis and independent replication 
studies using cases and controls with different origins and genotyped by 
different technologies. We reasoned that this approach could identify pre-
viously unrecognized cancer risk loci that were shared by NB and CMM 
and achieved genome-wide significance only after combining data from 
the two cancers.

Stage 1
The CMM GWAS data set contained SNP-level summary statistics from 
stage 1 of a recently published meta-analysis (9) consisting of 11 data sets 
totaling 12 874 cases and 23 203 controls from Europe, Australia and the 
United States; this stage included all six published CMM GWAS and five 
unpublished ones (Supplementary Figure 1A, available at Carcinogenesis 
Online). We did not utilize the results of stage 2 of that study, where a fur-
ther 3116 CM cases and 3206 controls from three additional data sets were 
genotyped for the most significantly associated SNP from each region, 
reaching P < 10−6 in stage 1. Further details on these studies and clinical 
information of samples can be found in Supplementary Note to Law et al. 
(9). The NB GWAS data set (2101 cases and 4202 controls) contained SNP-
level summary statistics from association analysis recently published (8). 
We conducted a fixed-effects meta-analysis of NB and CMM GWAS studies 
using the summary statistics for all variants that were nominally associ-
ated (P < 0.05) with each of the two cancers. There is some evidence that 
alleles that increase risk of one cancer may confer protection from an-
other cancer (10). To search for such alleles in pairwise meta-analysis, we 
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reversed the signs on the effect size estimates in one of the two data sets 
and repeated fixed-effects meta-analysis as previously reported (10). After 
performing the meta-analysis, we retained only the SNPs with P < 1 × 10−4 
and P-values from meta-analysis less than those found in each study sep-
arately (N = 1805). These SNPs were defined as ‘candidate’ SNPs for asso-
ciation with NB and CMM risk. Clinical features are reported in previously 
published work (8).

Stage 2
The 1805 SNPs that passed the above-mentioned filters were tested for 
replication in a second data set of 1403 NB cases and 1403 controls. We 
used this data set as replication study and did not include it in the meta-
analysis with the larger NB set (Supplementary Figure 1A, available at 
Carcinogenesis Online) because it is well known that confirmation in in-
dependent data sets provides protection against false positives (12) and 
because the same strategy led us to identify several NB susceptibility loci 
in our previous GWAS (8,13–15). Furthermore, since we planned (i) to fur-
ther validate the SNPs selected in this stage by two additional replications 
(see Stage 3 section), (ii) to perform a combined meta-analysis of inde-
pendent case–control sets (see Stages 1–3 section) and (iii) in vitro experi-
mental studies, to avoid overlooking variants with small real effects, we 
considered as candidate associated SNPs those with a less stringent sig-
nificant threshold (P < 0.10) and with same effect direction as in the GWAS 
meta-analysis of stage 1 (candidate SNPs, N = 168).

Stage 3
Among the 168 candidate SNPs identified in the stage 2, 23 independent 
SNPs were selected (Supplementary Material, available at Carcinogenesis 
Online) and genotyped in 636 NB cases, 508 CMM cases, and 2066 controls 
of Italian origins (Supplementary Figure 1A and Supplementary Table 1, 
available at Carcinogenesis Online). The control set was divided into two 
subgroups by case-based splitting approach that distributes the shared 
controls proportionally according to the case sample sizes, resulting in 
1151 and 909 controls for NB and CMM, respectively. The genetic associ-
ations with P-values < 0.05 were considered as replicated.

Stages 1–3
The P-values and odds ratios (ORs) of these latter 23 SNPs obtained from 
the five genetic association studies (Supplementary Figure 1A, available 
at Carcinogenesis Online) were used to perform a combined meta-analysis. 
The SNPs that were associated with both NB and CMM risk in all of the five 
case–control studies and reached a P-value ≤ 5 × 10−8 after the combined 
meta-analysis were considered NB-CMM cross-associated SNPs, whereas 
those reaching a P-value < 10−7 were defined as ‘suggestive’ for the associ-
ation with NB and CMM risk.

All analyses were restricted to individuals of European ancestry. 
Genotypes in each GWAS data set had been imputed on to the April 2012 
release of the 1000 Genomes Project European ancestry reference panel 
(version 3 of the Phase 1 integrated variant release) (Supplementary 
Material, available at Carcinogenesis Online).

SNP genotyping
The 1403 NB cases and 1403 controls (stage 2) were genotyped by Illumina 
OmniExpress 770 array ran according to the manufacturer’s protocol. Prior 
to association testing (Supplementary Material, available at Carcinogenesis 
Online), we performed genome-wide quality control, principal compo-
nent analysis to confirm ancestry, and imputation using SNPs common 
for cases and controls in each set as previously described (8). We removed 
190K SNPs. The genomic inflation was equal to 1.033. The 636 NB and 508 
CMM cases, and 2066 controls (stage 3) were by genotyped by PCR-based 
KASP™.

Statistical analysis
Hardy–Weinberg equilibrium was evaluated using the goodness-of-fit 
chi-square test in control subjects. For the 23 genotyped SNPs, two-sided 
chi-square tests were used to evaluate differences in the distributions 
of allele frequencies between patients and controls. ORs and 95% confi-
dence intervals were calculated to assess the relative disease risk con-
ferred by a specific allele. Estimated magnitudes of association (OR) and 

standard errors for variants from each data set were combined assuming 
fixed effects using inverse-variance–weighted meta-analysis imple-
mented in METAL (16). Cochran’s Q statistic and I2 heterogeneity index for 
all SNPs were also calculated. All linkage disequilibrium (LD) calculations 
(r2 and D’) were performed using the LDlink suite (https://ldlink.nci.nih.
gov/?tab=home) and data from the 1000 Genomes Project European an-
cestry populations.

Identification of causal variants at 1p13.2
We obtained the regulatory elements (super-enhancer, enhancer and pro-
moter) by a re-analysis of H3K27ac ChIP-seq data (Supplementary Figure 
1B and Supplementary Material, available at Carcinogenesis Online) from 
26 NB cell lines and 6 patient-derived xenograft cell lines (GSE90683), 7 
human derived-melanoma (GSE75352) and 2 human neural crest cell 
(hNCC) lines (GSE90683) through the National Center for Biotechnology 
Information (NCBI). We first selected the variants in LD with rs2153977 
(0.5 < r2 ≤ 1) (n = 208) and occurring in regulatory genomic regions in CMM, 
NB and hNCC (n = 9). We then annotated these nine SNPs with non-coding 
prediction functional score using four programs: CADD (17), FATHMM-
MKL (18), GWAVA (19), DeepSea (20), and calculated for each SNP a tissue-
specific score given by the formula: 1/(sum of single rank score × 100) × 
(number of regulatory elements).

Causal gene analysis
For the genome-wide significant loci from the overall meta-analysis, we 
explored potential causative genes at each association locus using the 
PrixFixe method (21) (Supplementary Material, available at Carcinogenesis 
Online).

Chromosome conformation capture
Chromosome conformation capture (3C) assays were done essentially as 
described (PMID: 11847345)  and CMM and NB cells were used, CJM and 
SKNBE2, respectively. Briefly, cells (1 × 107 per sample) were fixed and lysed 
to obtain nuclei fraction. After samples were processed and cross-linked 
DNA was digested with EcoRI. T4 DNA ligase was added to the samples 
and after crosslink reversing phase DNA was extracted. DNA samples were 
dissolved in water and analyzed by PCR. We also, selected a negative and a 
positive control regions. The primers used are reported in Supplementary 
Material (available at Carcinogenesis Online). PCR products were analyzed 
semi-quantitatively using ImageJ software. Two biological replicates were 
prepared and analyzed in three technical repeats. Detailed protocol infor-
mation are in Supplementary Material (available at Carcinogenesis Online).

Electrophoretic mobility shift assays
Nuclear extracts were prepared according to the method of Dignam 
et al. Protein concentration was determined by Bradford assay (Bio-Rad, 
Hercules, CA). We used (Cy5)-labeled oligodeoxynucleotide duplexes 
as specific probes (Eurofins Genomics, Germany). The complementary 
oligonucleotides were annealed and the binding reaction was performed 
with nuclear extracts, poly (dI-dC) (Roche) and Cy5-probe in a binding 
buffer. Competition studies were performed with varying stoichiometric 
amounts of unlabeled competitor DNAs. The reactions were resolved on a 
5% non-denaturing acrylamide gel. The gels were scanned with Typhoon 
9400 imager. The sequences of the sense strands of the duplexes were 
reported in Supplementary Material (available at Carcinogenesis Online). 
Detailed protocol information are in Supplementary Material (available at 
Carcinogenesis Online).

In silico analysis using HaploReg and 3DIV tools
HaploReg v4.1, to identify cell type-specific enhancers enriched in risk 
loci, was run using the following set options: LD = 0; enhancer definition 
based on Core 15-state model; gene position according to GENOCODE and 
false discovery rate (FDR) ≤ 0.1. 3DIV was run using distance-normalized 
interaction frequency ≥ 2 to define significant enhancer–promoter inter-
actions in SKMEL5 and SKNDZ cell lines.

In vitro functional study
A detailed description of the culture conditions, luciferase assay and other 
experiments performed to evaluate the SLC16A1 effect on NB and CMM 
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cell line phenotype is reported in Supplementary Material (available at 
Carcinogenesis Online). From 2014 to 2019, the cell lines have been obtained 
from the American Type Culture Collection (ATCC; www.atcc.org) and have 
been reauthenticated (using short tandem repeat analysis) and tested as 
mycoplasma free.

Results

Stage 1: meta-analysis of NB and CMM GWAS data

The meta-analysis identified 922 SNP candidates for associ-
ation with NB and CMM risk (P  <  1  × 10−4) with the same dir-
ection of effect across the two cancers and with P-value from 
meta-analysis lower than that found in each study separately 
(Supplementary Figure 1A; Figure 1A; Supplementary Table 2, 
available at Carcinogenesis Online). We found 110 unique candi-
date cross-associated loci with P-value less than 1  × 10−4 (the 
index SNP, that is, the most significant SNP for each chromo-
some band, is colored in green in Supplementary Table 2, avail-
able at Carcinogenesis Online). By a comparison between the 
identified NB and CMM risk loci and GWAS Catalog database 
(https://www.ebi.ac.uk/gwas/), we found that 95 out of the 110 
loci were novel candidate risk loci for both tumors (Figure 1A 

and Supplementary Table 2, available at Carcinogenesis Online). 
We then reversed the signs on the effect size estimates in the 
CMM GWAS and repeated the fixed-effects meta-analysis as 
previously reported (10). We detected a total of 883 candidate 
SNPs with P  <  1  × 10−4, with opposite direction of effect and 
P-value from meta-analysis inferior to that found in each study 
separately (Figure 1B and Supplementary Table 3, available at 
Carcinogenesis Online). Among these SNPs, we found 80 unique 
(Supplementary Material, available at Carcinogenesis Online) 
cross-associated loci (the index SNP for each is colored in green 
in Supplementary Table 3, available at Carcinogenesis Online) and 
69 were not found in the GWAS Catalog, and might thus repre-
sent new candidate associations for NB and CMM.

Identification of cell type-specific enhancers, most 
likely causal genes and pathways

For enrichment analyses of cell type-specific enhancers, we 
conducted queries in HaploRegV4.1 program with the 110 
index SNPs (colored in green in Supplementary Table 2, avail-
able at Carcinogenesis Online) based on data from the Roadmap 
Epigenomics Consortium. We found an enrichment of risk SNPs 
(FDR < 0.10) in the enhancers of tissues such as fetal adrenal 

Figure 1. Manhattan plots and H3K27ac activity in the rs2153977 region and SNP-gene expression correlation. Manhattan plots of results from the combined NB and 

CMM meta-analysis (P < 1 × 10−4) of Stage 1. (A) The dots represent the variants with same direction of effect across the two cancers. (B) The dots represent the variants 

with opposite direction of effect across the two cancers. The red line corresponds to a threshold of P < 5 × 10−8. (C) The genomic region including SLC16A1 and rs2153977 

is shown on genome assembly hg19/GRCh37. SLC16A1 promoter is located at chr1:113495000-113500000 (green highlight). rs2153977 C/T maps at chr1:114080071 (red 

highlight) within an enhancer region (chr1:114079000-114080523). Here we show density profiles of H3K27Ac histone mark for NB (red), hNCC (purple), and CMM (or-

ange). Green bars on the bottom of density profiles denote the presence of super-enhancers and blue bars the presence of enhancers. (D–G) Microarray-based expres-

sion profiling on primary tumors demonstrates that lower SLC16A1 expression correlates with TT-rs2153977 genotype in (D–F) CMM and (G) NB. The N letter in the figure 

indicates exactly the number of samples of each genotype (H) Luciferase reporter assay carried out in SKNBE2, CJM and HEK293T cells confirms that the TT genotype 

correlates with a lower luciferase activity. Data shown are mean ± standard deviation from nine independent transfection experiments, each done in triplicate and 

compared with promoter less control. *P < 0.01; **P < 0.001, t-test. (I) Prediction of motif alteration by RegulomeDB.
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gland, fetal muscle, fetal thymus, fetal lung, skin, embry-
onic stem cells, embryonic neural progenitor cells, and blood 
cells (primary natural killer cells and primary neutrophils) 
(Supplementary Table 4, available at Carcinogenesis Online). 
When we performed the same enrichment analyses using the 
80 risk loci with opposite effect on NB and CMM risk, we found 
no significant enrichment (FDR < 0.10, Supplementary Table 5, 
available at Carcinogenesis Online).

To identify the most likely causal genes and pathways, we 
analyzed the 110 risk loci (colored in green in Supplementary 
Table 2, available at Carcinogenesis Online) by PrixFixe method (21). 
This method does not focus solely on genes closest to the asso-
ciated polymorphisms but uses genome-scale shared-function 
networks to identify sets of mutually functionally related genes 
spanning multiple GWAS loci. We thus ranked potential causal 
genes from the 110 candidate NB-CMM associated loci. We found 
622 candidate genes in loci with same direction of effect (score 
≥ 0.01, Supplementary Table 6, available at Carcinogenesis Online). 
Commonalities among high-scoring candidate genes can pro-
vide insight into the processes contributing to disease, and so 
we searched for GO terms that were over-represented among the 
highest-scoring genes (22). PrixFixe–ranked NB-CMM candidate 
genes in loci with same direction of effect (Supplementary Table 
7, available at Carcinogenesis Online) yielded significant enrich-
ment for 281 GO terms (ordered search, permutation tests with 
multiple-testing family-wise error rate < 0.05; Supplementary 
Table 7, available at Carcinogenesis Online, and Methods). The most 
significant enriched terms in our analysis have clear links to cell 
motility and migration, regulation of locomotion (Log10[OR] > 1.5 
and family-wise error rate < 0.05) that are fundamental charac-
teristics of both NC and cancer cells (1). We also found enriched 
terms that were highly relevant to both traits (Log10[OR] > 1.0 and 
family-wise error rate < 0.05) such as positive regulation of nucleo-
tide and hormone metabolism, regulation of T and B activation, 
and regulation of cell cycle G1/S phase transition (Supplementary 
Table 7, available at Carcinogenesis Online).

Stage 2: NB replication study

We next tested the genetic association of the 1805 NB-CMM can-
didate cross-associated SNPs (P < 1 × 10−4) (Supplementary Figure 
1A and Supplementary Material, available at Carcinogenesis 
Online, 922 SNPs with same and 883 with opposite direction 

of effects across the two tumors) in an independent GWAS of 
1403 NB cases and 1403 controls of European American origin 
(Supplementary Table 8, available at Carcinogenesis Online). We 
were able to test 1698 out of the 1805 SNPs and found 168 SNPs 
with P < 0.10. Among these SNPs, we identified 23 independent 
candidate risk loci (Supplementary Material, Supplementary 
Table 9, available at Carcinogenesis Online). Fourteen SNPs 
showed the same direction of association whereas nine SNPs 
showed opposite direction of association compared with that 
found in CMM data set.

Stage 3: NB and CMM replication in an Italian 
population and combined analysis

We next sought to replicate 23 independent risk loci in an in-
dependent Italian cohort of 636 NB cases and 1151 controls, 
508 CMM cases and 909 controls using PCR-based genotyping 
(Supplementary Table 9, available at Carcinogenesis Online). Two 
SNPs, rs2153977 at 1p13.2 (PNB_3 = 0.007 and PCMM_2 = 0.002) and 
rs1604144 at 2q37.1 (PNB_3  =  0.001 and PCMM_2  =  0.021, opposite 
direction) confirmed the genetic association (P  <  0.05) with 
both NB and CMM in the Italian cohort. Interestingly, these 
loci, validated in all of five cohorts, represented novel asso-
ciations for both tumors reaching genome-wide significance 
(Pcombined = P = 5.36 × 10−8, rs2153977, 1p13.2) and suggestive sig-
nificance (Pcombined = 6.42 × 10−8, rs1604144, 2q37.1), respectively 
after the combined analysis (Table 1).

Functional characterization of NB-CMM cross-
associated locus 1p13.2

The risk locus 1p13.2, reaching genome-wide significance 
(rs2153977, P = 5.36 × 10−8; OR = 0.91) and with same effect on NB 
and CMM development (Table 1), resulted to be independently 
validated in all of the five sets of cases and controls (Table 1). 
Therefore, we decided to further functionally analyze the 1p13.2 
locus (Supplementary Figure 1B, available at Carcinogenesis 
Online).

To highlight potentially functional variants, we annotated 
208 SNPs in LD (0.5 < r2 ≤ 0 1) with the lead SNP rs2153977, with 
the regulatory elements super-enhancer, enhancer and pro-
moter histone obtained by a re-analysis of H3K27ac ChIP-Seq 
data (Supplementary Material, available at Carcinogenesis Online) 
derived from 32 NB, 7 CMM and 2 hNCC cell lines (Supplementary 

Table 1. Results of associations between rs2153977 and rs1604144 and NB and CMM

Chr Index SNP Data set
Minor 
allele

Major 
Allele

MAF 
Ctrs

MAF 
Cases P ORa

CI 95% 
low

CI 95% 
high

1p13.2 rs2153977 NB_1 T C 0.31 0.29 0.030 0.89 0.84 0.99
  CMM_1 T C NA NA 2.89E-04 0.93 0.90 0.97
  NB_2 T C 0.30 0.28 0.063 0.90 0.76 1.01
  NB_3 T C 0.29 0.24 0.007 0.80 0.69 0.94
  CMM_2 T C 0.30 0.24 0.002 0.76 0.63 0.91
  Combined     5.36E-08 0.91 0.88 0.94

2q37.1 rs1604144 NB_1 T C 0.27 0.31 0.001 1.17 1.06 1.27
  CMM_1 T C NA NA 0.003 0.94b 0.91 0.98
  NB_2 T C 0.26 0.29 0.099 1.19 0.98 1.32
  NB_3 T C 0.19 0.23 0.001 1.34 1.12 1.60
  CMM_2 T C 0.19 0.15 0.021 0.77b 0.62 0.96
  Combined     6.42E-08 1.10 1.06 1.13

NB_1: 2101 cases and 4202 controls; CMM_1: 12 874 cases and 23 203 controls; NB_2: 1403 cases and 1403 controls; NB_3: 636 cases and 1151 controls; CMM_2 508 

cases and 909 controls. Chr, chromosome; MAF, minor allele frequency; Ctrs, controls; OR, odd ratio; CI, confidence interval; NA, not available.
aOR is for the minor allele.
bORs reversed when performed meta-analysis.
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Tables 1 and 10, available at Carcinogenesis Online, and Methods). 
To prioritize candidate causal functional variants in both tu-
mors, we first selected those SNPs overlapping at least one his-
tone marker in CMM, NB and hNCC (Table 2, Supplementary 
Table 10, Supplementary Material, available at Carcinogenesis 
Online). We then annotated the 9 SNPs with non-coding pre-
diction functional scores obtained by four different programs 
and calculated a global rank score adjusted for the cancer tissue 
specificity of the functionally active regulatory regions (Methods 
and Table 2). SNP rs2153977 was classified as the third most sig-
nificant SNP after rs61817589 and rs2797412 (Table 2) and was 
located in an enhancer element identified in 19 NB, 3 CMM and 
2 hNC cell lines (Figure 1C). Because rs61817589 and rs2797412 
were also located in a highly predicted functional region, we 
decided to test their genetic association in the Italian cohort. 
We typed only the most significant SNP, rs61817589, given its 
high LD with rs2797412 (r2 = 0.89, Supplementary Figure 2, avail-
able at Carcinogenesis Online). As reported in Supplementary 
Table 11 (available at Carcinogenesis Online), rs61817589 (within 
5′UTR region of PHTF1 gene), was not associated with either NB 
or CMM (PNB  =  0.41 and PCMM  =  0.08) even in the Italian popu-
lation. Furthermore, this SNP showed a moderate LD (r2 = 0.51) 
with rs2153977 and was not significantly associated with both 
NB and CMM in each of two the GWAS data set of the stage 1 
(Table 2).

SNP rs2153977 is located in an enhancer element in an in-
tron of MAGI3 (Figure 1C). Acetylation signals (H3K27ac) were 
not observed in other non-NB and non-CMM tissues from seven 
ENCODE cell lines (Supplementary Material, Supplementary 
Figure 3 and Supplementary Table 2, available at Carcinogenesis 
Online). These results are consistent with recent evidence that 
disease-associated SNPs frequently affect enhancers that are 
specific to disease-relevant cell lines and tumor histology, and 
control developmental stage and tissue-specific gene expres-
sion (23). Based on these results, we decided to further function-
ally characterize rs2153977.

Functional analysis of rs2153977

To identify genes whose expression is affected by the candi-
date SNP rs2153977, we performed cis-expression quantitative 
loci (eQTL) analysis on genes within ±1Mb surrounding the 
variant. Analysis using publicly available genome-wide expres-
sion and SNP arrays on NB and CMM tumors (Supplementary 
Material, available at Carcinogenesis Online) demonstrated that 
rs2153977 affected expression of SLC16A1. Specifically, the 
presence of the protective genotype TT significantly correlated 
with decreased SLC16A1 mRNA expression in three CMM sets 
(CMM_Set 1; P = 0.01; CMM_Set 2: P = 0.04; CMM_Set 3: P = 0.05) 
and in one NB set (P = 0.04) (Figure 1D–G and Supplementary 
Table 12, available at Carcinogenesis Online) suggesting a reces-
sive model for this association. When we performed logistic 
regression to test if an additive model could explain the asso-
ciation, no significant results were observed (data not shown). 
No other SNP-gene expression association was found to be 
significant in all of four data sets (Supplementary Table 12, 
available at Carcinogenesis Online). Furthermore, rs2153977 is re-
ported in the GWAS Catalog as associated with autoimmune 
thyroid disease and type 1 diabetes (24), and in GRASPAR v2.0 
(25) as associated with rheumatoid arthritis (26,27), fasting 
blood glucose (28), triglycerides and total cholesterol levels 
(29), and serum ratio of the metabolite 1-arachidonoylglycer
ophosphocholine*/1palmitoleoylglycerophosphocholine (30) 
(Supplementary Table 13, available at Carcinogenesis Online). 
SLC16A1 as transporter of monocarboxylates (31) (including Ta
b
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acetoacetate, β-hydroxybutyrate, short-chain fatty acids, pyru-
vate and lactate) is implicated in leukocyte migration, pyruvate 
and lipid metabolic processes, glucose homeostasis, regulation 
of insulin secretion, plasma membrane lactate transport (data 
from NCBI database, https://www.ncbi.nlm.nih.gov/gene/6566), 
and all of these biological processes are characteristic of the 
above-mentioned rs2153977-associated phenotypes. These ob-
servations strengthen the hypothesis of SLC16A1 as potential 
target gene of the rs2153977-enhancer locus because the bio-
logical processes in which SLC16A1 is involved are the same 
that are responsible for the rs2153977-associated phenotypes.

The induction of enhancer activity of the construct con-
taining the rs2153977-T allele was lower than that of the con-
struct containing the C allele as assessed by luciferase report 
gene assay in SKNBE2, CJM and HEK293T cells (Figure 1H, 
P < 0.01). The in silico examination of the sequence containing 
the rs2153977 polymorphism revealed consensus binding sites 
for different T-box proteins that are known to play a key role in 
early embryogenesis and carcinogenesis (Figure 1I) (32). In view 
of this, electrophoretic mobility shift assays were performed to 
determine whether the sequence containing rs2153977 actu-
ally binds nuclear proteins in SKNBE2 and CJM cells. Figure 2 
shows that both the canonical (C) and the variant (T) alleles are 
able to bind nuclear proteins in SKNBE2 NB (Figure 2A) and CJM 
melanoma cell lines (Figure 2B). Furthermore, competition as-
says with unlabeled probes representing canonical cis elements 
for T-box family members (TBX-F) support the involvement of 
factor(s) from this family in the binding to the polymorphic site 
in these cells. Figure 2C shows that the rs2153977-C allele com-
petitor probe is able to displace formation of the upper com-
plex with higher efficiency, compared with the T-competitor 
sequence. The corresponding dissociation curves for both al-
leles showed that the protein(s) responsible for the formation of 
the shifted complexes possessed a significantly greater affinity 
for binding to the rs2153977-C allele. Quantification of binding 
from three independent experiments showed, indeed, a signifi-
cant difference in binding affinity for the rs2153977-C and the 
rs2153977-T alleles (Figure 2D) accordingly, a decreased affinity 
of the nuclear proteins against the rs2153977-T allele was also 
observed in CJM melanoma cells (data not shown). Altogether, 
these data suggest that nuclear proteins belonging to the TBX 
family of transcription factors recognize and bind specifically to 
the rs2153977-C allele, with greater affinity, compared with the 
rs2153977-T allele. Accordingly, the rs2153977-T polymorphism 
likely alters the binding of such transcription factors, leading to 
decreased activity of the enhancer and in impaired transcrip-
tion of the SLC16A1 gene.

Physical linkage between polymorphic enhancer and 
SLC16A1 promoter

Our observation that rs2153977 is an eQTL for SLC16A1 sug-
gested that this SNP is located in an enhancer that loops to 
SLC16A1 (Figure 1C). To investigate this hypothesis, we interro-
gated the database 3DIV (33) that provides a list of long-range 
chromatin interaction partners for the queried locus obtained 
from HiC (high-throughput chromatin conformation capture) 
analysis of 80 different human cell/tissue types. We found that, 
in the NB (SKNDZ) and CMM (SKMEL5) cell lines, the promoter 
of the SLC16A1 significantly interacts with the enhancer where 
the NB-CMM cross-associated SNP rs2153977 is located (Figure 
3A and B). To further confirm such interaction, we performed 
3C analysis in CMM (CJM) and NB (SKNBE2) cells as previously 
published (34) (Figure 3C and Supplementary Material, avail-
able at Carcinogenesis Online). In addition to the promoter re-
gion of SLC16A1, we examined other chromosomal regions: a 

region that does not have typical characteristics of a regula-
tory element, which is located within an intronic region of the 
SLC16A1, and an additional chromosomal region possessing a 
high interaction frequency (data from 3DIV) called ‘control re-
gion’. Specific products were amplified in both cell lines with 
primers targeting the restriction fragments of enhancer/SNP 
and SLC16A1 promoter, in samples that had been cross-linked, 
but not in samples that were not cross-linked (Figure 3D and 
Supplementary Figure 4, available at Carcinogenesis Online). 
Interaction between the enhancer and control regions was de-
tected in both cell lines. Control PCRs with artificial amplifiers 
confirmed the absence of interaction between the intronic re-
gion and the promoter in any of the cell lines under analysis. 
Thus, the results of 3C confirmed the interaction between the 
SLC16A1 promoter and the regulatory element associated with 
the genetic variant rs2153977. In agreement with the results of 
chromatin interaction tests, our analysis to predict the target 
genes by PrixFixe indicated SLC16A1 as the most likely causal 
gene (score = 0.12) at 1p13.2 (Supplementary Table 6, available at 
Carcinogenesis Online).

Tumor expression of SLC16A1 and prognosis

To examine the relevance of SLC16A1 in tumor samples, we 
tested gene expression in four independent publicly available 
microarray data sets (Supplementary Material, available at 
Carcinogenesis Online). High SLC16A1 expression was associ-
ated with poor overall survival in all NB and CMM tumor sets 
(Figure 4A–D). We also observed SLC16A1 over-expression in NB 
advanced stages (Figure 4E). By RT–PCR analysis, we detected 
higher SLC16A1 levels in stage IV CMM tumors when com-
pared with stage III and normal skin (Figure 4F). Moreover, we 
performed an analysis across different data sets analyzed with 
the same chip type (Affymetrix U133 plus v2) and normalized 
by the same algorithm (MAS 5.0) to assess variation of SLC16A1 
expression among normal tissues and hNCC and tumor tissues. 
SLC16A1 expression was significantly higher in trunk hNCC 
when compared with normal tissues (P < 0.001, Figure 4G) and 
was significantly higher in CMM and NB tumors when compared 
with normal tissues (CMM 1 or CMM 2 versus normal tissues: 
P < 1 × 10−6; NB 1 or NB 2 versus normal tissues: P < 0.0001 and 
P = 0.09, Figure 4G). Together, these data support the hypothesis 
that SLC16A1 might play a biological role in carcinogenesis and 
hNCC development.

To investigate which pathways are regulated by SLC16A1, we 
performed correlation analysis in publicly available transcrip-
tome data on 498 NB (GSE62564 data) and 470 CMM (TCGA data) 
tumors (Supplementary Material, available at Carcinogenesis 
Online). A  total of 10423 and 10127 genes correlated with 
SLC16A1 expression in NB and CMM tumor sets, respectively 
(Supplementary Tables 14 and 15, available at Carcinogenesis 
Online). In both data sets, gene set enrichment analysis (35) 
on the positively correlated genes revealed enrichment (FDR 
< 0.05) for the hallmark and gene ontology gene sets involved 
in MYC, mTORC1 signaling, mRNA and DNA metabolic pro-
cesses and cell cycle including E2F targets, G2/M checkpoint, 
mitotic spindle and apoptosis (Figure 4H; Supplementary Tables 
16 and 17, available at Carcinogenesis Online). Enrichment was 
shown for inflammatory response processes, KRAS, IL6-JAK-
STAT, and TNFA pathway, immune response, cell locomotion, 
cell–cell adhesion and chemotaxis processes among the nega-
tively correlated genes (Figure 4H; Supplementary Tables 16 
and 17, available at Carcinogenesis Online). Similar biological 
processes were also found in the gene pathway analyses of 
the 110 NB-CMM-associated loci (Supplementary Table 7, avail-
able at Carcinogenesis Online). Interestingly, the first three most 
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significant enriched terms in both tumors were MYC and E2F 
targets and G2/M checkpoint (Figure 4H), whereas a stronger sig-
nature of metabolism-related changes (such as glycolysis, fatty 
acid metabolism and oxidative phosphorylation) was observed 
only in NB tumors (Figure 4H).

In vitro functional analysis of SLC16A1

The above-reported results suggest that SLC16A1 might have 
an oncogenic role in NB and CMM. Furthermore, a recent re-
search work reported that SLC16A1 is one of the major actors 
in promoting Merkel cell carcinoma, a skin cancer, by induc-
tion of elevated aerobic glycolysis (36). Therefore, to investigate 
the biological role of SLC16A1 in NB and CMM, we performed 
a transient knockdown of SLC16A1 in NB and CMM cell lines. 
We used three pooled siRNAs to deplete SLC16A1 in two NB 
(Supplementary Figure 5A and B, available at Carcinogenesis 
Online) and two CMM (Supplementary Figure 5C and D, 
available at Carcinogenesis Online) cell lines. As reported in 
Supplementary Figure 5, available at Carcinogenesis Online, 
SLC16A1 mRNA expression was significantly decreased in the 
SKNBE2, CJM, NGP and COLO829 si SLC16A1 cells compared with 
si Scrambled cells, used as control. We also assessed SLC16A1 
protein silencing in NB and CMM cell lines by Western blotting 
(Supplementary Figure 5, available at Carcinogenesis Online). To 
evaluate the effect of SLC16A1 expression on NB and CMM cells, 

we performed a viability and an invasion cell assay. We demon-
strated that SLC16A1 silencing, significantly reduce the growth 
ability of NB-CMM cell lines, and moreover, we observed a de-
crease of the number of invading cells upon SLC16A1 depletion 
compared with control cells (Supplementary Figure 5, available 
at Carcinogenesis Online).

Discussion
It has been long suggested that genetic analyses of multiple cor-
related phenotypes will increase power to detect trait loci suf-
ficiently to justify the statistical complexity. Because both NB 
and CMM originate from NCC and thus might share biological 
and genetic factors, it seemed likely that this would be a fruitful 
approach. We conducted a cross-cancer GWAS and replication-
based analyses investigating pleiotropic associations for these 
two NC cell-derived cancers. In stage 1, we identified 110 candi-
date NB and CMM cross-associated loci (P < 10−4).

The 110 risk loci were enriched in active enhancers of embry-
onic stem cells, diverse fetal tissues, and adrenal gland and skin tis-
sues from where the two tumors originate and were also enriched 
in cell motility and migration biological processes that are funda-
mental traits for the development of NCs and malignant transform-
ation of normal tissues (1). Taken together, our results suggest that 
risk loci for NB and CMM may affect the same biological signaling 

Figure 2. Electrophoretic mobility shift assays (EMSA). The rs2153977-C and -T alleles bind factors of the T-box family with different affinities. EMSA performed in NB 

(A) and CMM (B) cells, showing the binding of nuclear extract (NE) proteins to a Cy5-labeled allele C probe and allele T probe. Competition assays were performed using 

300-fold excess of unlabeled double-stranded oligonucleotides for the allele C or allele T sequence (specific competition), for a T-box family representative sequence 

containing the TCACACCT motif (TBX-F), and for an unrelated factor (AP-1, nonspecific competition). The main complex affected by T-box-related sequence is indicated 

by the top arrow; the arrow at the bottom indicates the migration of the free probe. C) Competition assays were performed with the indicated unlabeled competitors at 

various stoichiometric amounts (15-, 30-, 50-, 100-, 200-, 300-, 500-fold excesses) of allele C (left panel) and allele T (right panel). The allele C shows higher affinity for nu-

clear protein(s), as reflected by the more rapid attenuation of the DNA–protein complex with increasing concentrations of the unlabeled allele C competitor (lanes 3–9, 

left panel) compared with the unlabeled allele T competitor (lanes 3–9, right panel). (D) The chart reports the dissociation curves for the allele C and allele T-competitor 

probes. Band intensities derived from three independent experiments were plotted as a percentage of band intensity in the absence of competitor for each competitor 

concentration. There was significant difference (P ˂ 0.01) between the alleles.
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pathway that NCCs use during their developmental processes. 
Therefore, careful and comparative studies of key genes underlying 
the NB-CMM risk loci could unravel novel cancer mechanisms and 
prove immensely valuable in designing new strategies for cancer 
therapy and in particular those related to immunotherapy.

By a meta-analysis of three NB and two CMM genetic asso-
ciation studies, we identified a novel cross-association at the 
1p13.2 region with NB and CMM, neither of which was previ-
ously known to be associated with genetic variation in this re-
gion. Fine mapping of the 1p13.2 locus identified the lead SNP 
rs2153977 as the most likely functional genetic variant and 
demonstrated that it is located in an active enhancer in NB, 
CMM and hNC cells. Moreover, rs2153977 was an eQTL in both 
NB and CMM for the SLC16A1 gene. 3C in vitro and HiC in silico 
analysis confirmed the interaction between rs2153977 and the 
promoter region of SLC16A1. Prediction of causal genes at this 
locus by PrixFixe program again identified SLC16A1 as the gene 
with the highest score. Finally, through the GASPAR database, 
we showed that rs2153977 was associated with different traits 
including fat and glucose metabolism, and immune system 
which are linked with SLC16A1 functions (31,37). Nonetheless, 
we cannot unequivocally exclude other genes as the targets of 
the causal variant at this locus.

SLC16A1 (protein name MCT1) is a proton-linked monocarboxylic 
acid transporters (31) that transports monocarboxylates including 
acetoacetate, β-hydroxybutyrate, short-chain fatty acids, pyru-
vate and lactate. Different reports suggest a key role of SLC16A1 in 
promoting the development and progression of tumors by modi-
fying the metabolic program of cells (36,38–40). In this context, it is 
noteworthy that SLC16A1 is a target of Myc oncoproteins and that 

elevated SLC16A1 levels are a hallmark of human malignancies 
with MYC or MYCN involvement (41). These data emphasize the 
potential role of SLC16A1 in NB, which is a known Myc-expression 
malignancy; indeed, MYCN is amplified in ~20% of NB tumors (2) 
and in CMM where MYC gain has been found (42).

SLC16A1 constitutes an attractive target for cancer therapy 
(43). Fang et al. reported that SLC16A1 mRNA levels in fresh NB 
biopsy samples correlated positively with highly aggressive tu-
mors (44) and its inhibition, by lonidamine, induced an imme-
diate decrease in intracellular pH, suggesting SLC16A1 targeting 
as useful adjuncts to NB therapy, having particularly high activity 
where extracellular pH is low (44). Notably, a similar conclusion 
was made by Miriam et  al., which tested the potential role of 
SLC16A1 as therapeutic target in melanoma (45). Furthermore, 
MCT1 over-expression, in accord to our findings, has been found 
significantly associated with the unfavorable clinical stage III 
and IV, and shorter overall survival (46).

Our work demonstrates that the minor allele of rs2153977 
correlates with decreased level of SLC16A1 and protect against 
NB and CMM development. Accordingly, SLC16A1 mRNA ex-
pression levels were significantly higher in tumor metastasis 
and hNCC than in normal tissues and correlated with a worst 
clinical outcome in NB and CMM patients. Transient knockdown 
of SLC16A1 resulted in significant inhibition of growth and in-
vasion in NB and CMM cells. Notably, in silico predictions and 
electrophoretic mobility shift assay experiments suggested 
rs2153977 to alter the binding site of T-box proteins that during 
development have roles in differentiation, proliferation and the 
epithelial mesenchymal transition, which are processes that are 
also relevant to the development of cancer and metastasis (32). 

Figure 3. The enhancer containing rs2153977 interacts with the SLC16A1 promoter in CMM and NB cells. Plot of HiC data of NB and CMM cells. NB cells (SKNSH) (A) and 

CMM cells (SKMEL5) (B). One-to-all interaction plot of HiC data (3DIV database) is shown for rs2153977 enhancer region as bait. Y-axes in the left and the right indicate 

bias-removed interaction frequency and distance-normalized interaction frequency (dots), respectively. Horizontal line indicates the cutoff for distance-normalized 

interaction frequency. Shown is arc-representation of significant interaction for the given cutoff value defined by the Horizontal line. The boxes indicate the SLC16A1 

promoter. (C) Schematic representation of approximate positions regions analyzed and direction of transcription of genes, and EcoRI cutting sites within the area 

are displayed. Primers P1 and P2 were designed to amplify a novel ligation product formed between the restriction fragments that encode the promoter region and 

enhancer DNA, respectively. Intronic DNA fragment primers (P3 and P4) and a positive control primers (P5 and P6) are shown. LC is an internal region unaffected by 

digestion used as loading control. (D) A chromatin conformation capture (3C) assay was performed using the Enhancer/SNP region as an anchor (P2, P4, P6), and the 

interaction between the enhancer/SNP region and distal elements [intronic region (P3), promotor region (P1) and control region (P5)] in CJM and SKNBE2 cells was as-

sessed. The interaction frequency corresponds with the intensity of amplified PCR products analyzed gels are shown in Supplementary Figure 5 and Supplementary 

Material (available at Carcinogenesis Online). Data are shown as mean ± SD.
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Together, these results support an oncogenic role for SLC16A1 
in NB and CMM to promote cell proliferation, invasion and mi-
gration. Additional research efforts are needed to elucidate the 
molecular mechanisms of SLC16A1 in promoting malignant 
transformation of NB and CMM.

We have also investigated the biological functions of the 
gene sets positively and negatively co-expressed with SLC16A1 
in 498 NB and 470 CMM tumors. Interestingly, we observed 
the highest enrichment scores for MYC and E2F and G2/M 
check point processes in both tumors, and a strong signature 
of metabolism-related changes (such as glycolysis, fatty acid 
metabolism and oxidative phosphorylation) only in NB tu-
mors. Additional transcriptional programs that correlated with 
SLC16A1 expression included the inflammatory response, cell 
migration and adhesion, and immune response. These bio-
logical functions are in line with activities of monocarboxylate 
transporters in affecting pHi and as consequence the cell 
cycle (47), cell migration (48), drug resistance (39,41,43) and 
metastasis (40). Of note, SLC16A1 expression correlated with 
metabolic and immune processes that are implicated in the 

development of traits/diseases such as rheumatoid arthritis, 
type 1 diabetes, fasting blood glucose, triglycerides and chol-
esterol changes that show also an association with rs2153977, 
further strengthening the link between this SNP and SLC16A1. 
Interestingly, our in silico analysis confirmed the role of SLC16A1 
in the regulation of T cell activation (37,49). In this context, it 
is noteworthy that both CMM and NB probably share immune 
mechanisms underlying spontaneous regression (6) and for 
both tumors immunotherapy has been successfully included in 
clinical treatment settings (50). These observations again high-
lighted that NB and CMM share biological features implicated 
in tumor development and progression.

We have demonstrated that combining genome-wide asso-
ciation data across cancer types with same embryonic origin 
and performing replication studies can uncover risk loci that 
are shared by and represent novel findings for NB and CMM. Our 
in silico characterization provides evidence that target genes at 
putative NB and CMM cross-associated risk loci are involved 
in biological processes that are similar between hNCC devel-
opment and tumorigenesis and tumor progression such as cell 

Figure 4. SLC16A1 expression is associated with poor outcome in NB and CMM and is higher in hNCC NB and CMM tumors than normal tissues. (A–D) Kaplan–Meier 

analysis is shown, with individuals grouped by median of expression. Log-rank P-values are shown. (E) Box-plots showing the mRNA expression of SLC16A1 from an 

available gene expression data set across different NB stages (indicated as St.). (F) Box-plots showing the mRNA expression of SLC16A1, obtained by real-time (RT)–PCR, 

across human skin samples and stage-III and stage-IV (indicated as St.) CMM tumor samples. (G) Box-plots showing the mRNA expression of SLC16A1 across different 

data sets downloaded from R2 bioinformatics tool: GSE14340 for hNCC; GSE19234 for Metastatic CMM 1; GSE7553 for Metastatic CMM 2; GSE13136 for NB 1; GSE14880 

for NB 2; GSE7307 for Normal (N.) Tissues (hNCC versus Normal Tissues: P < 0.001; CMM 1 or CMM 2 versus Normal Tissues: P < 0.000001; NB 1 or NB 2 versus Normal 

Tissues: P < 0.0001 and P = 0.09). (H) Heatmap showing gene set enrichment analysis (GSEA) enrichment scores (with FDR < 0.05) for hallmark gene sets (MsigDB). Size 

of the circles indicates FDR value and the color indicates the normalized enrichment (NES) score. Positive values (red) indicate enrichment among the positively correl-

ated genes, whereas negative values (blue) indicate enrichment among the negatively correlated genes with SLC16A1 gene expression.
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cycle, migration, invasion and cell metabolism. Furthermore, 
we have demonstrated that a functional DNA variant in the en-
hancer region of SLC16A1 influences NB and CMM susceptibility 
and that high expression of SLC16A1 might play a role in malig-
nant neuroblastic and melanocyte transformation and disease 
progression, co-opting molecular features used by developing 
NC cells.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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