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CFDP1 is a neuroblastoma susceptibility
gene that regulates transcription factors
of the noradrenergic cell identity
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Summary
Pleiotropicgenetic factors (e.g.,DNApolymorphisms)maybe involved in the initiationofneuroblastoma (NB) andcoronary arterydisease

(CAD) given their common origin from defects in neural crest development. To discover novel NB susceptibility genes, we conducted a

three-stage survey including ameta-analysis of NB and CAD genome-wide association data, prioritization of NB causal variants, and vali-

dation in an independent cohort of affected individuals–control subjects. The lead SNP, rs13337397 at the 16q23.1 locus, associatedwith

both diseases in the meta-analysis and with NB in the validation study. All the SNPs in linkage disequilibrium with rs13337397 were an-

notated using the H3K27ac epigenetic marker of neural crest cells (NCC) and NB cell lines. Indeed, we identified the functional SNP

rs13337017, mapping within an enhancer of NCCs and NB cell lines and showing long-range interactions with CFDP1 by Hi-C analysis.

Luciferase assays indicated that the risk allele of rs13337017 increasedCFDP1 expression inNB cell lines. Of note,CFDP1 high expression

associatedwith unfavorable prognosticmarkers in an analysis including 498NB transcriptomes.Moreover, depletion ofCFDP1markedly

decreasedviability andmigrationand increased apoptotic rates inNBcell lines. Finally, transcriptomeandqPCRanalyses revealed that the

depletion of CFDP1may affect noradrenergic neuron differentiation by downregulating master regulators of sympathetic noradrenergic

identity, including PHOX2B, HAND2, and GATA3. Our data strongly suggest that CFDP1 acts as oncogene in NB. In addition, we provide

evidence that genetic predisposition to NB can be mediated by the alteration of noradrenergic lineage-specific gene expression.
Introduction

Neuroblastoma (NB), the most common extracranial tumor

in childhood, is an aggressivemetastasis-prone tumor of the

sympathetic nervous system.1 Clinical and biological fac-

tors, including age at diagnosis, stage, tumor histopatholo-

gy, ploidy, and genomic aberrations, define distinct risk

strata and determine treatment plans for patients.1 In

young children, MYCN amplification and other chromo-

somal arm-level alterations, such as the deletion of 1p and

11q, gain of 17q2, and TERT rearrangements, have been re-

ported as poor prognostic features.3 Children older than 6

years present with unique structural variants, with 19p

loss and 1q gain being among the most frequent.4 Somatic

point mutations in ALK and ATRX5 and NB-specific active

regulatory elements6,7 have been reported in primary tu-

mors as cancer drivers with the potential to predict patient

prognosis. In addition, several variants and SNPs involving

genes of the base excision repair and of themRNApost tran-

scriptional modification pathways are known for their asso-

ciation with the occurrence of neuroblastoma.8,9
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Nevertheless, despite progress in discovering clinically

actionable alterations, NB still causes 15% of all deaths

due to cancer in children. Furthermore, less than 40% of

children survive for more than 5 years after being diag-

nosed with a high-risk disease.10

NB arises from the sympathetic ganglia and adrenal me-

dulla, which originate from the trunk neural crest (NC).

During early sympathetic neurogenesis, proper migration

and specification of human NC cells (NCC) is regulated

by a network of transcription factors, including three mas-

ter regulators of sympathetic noradrenergic identity of NB:

PHOX2B, GATA3, and HAND2.11 Notably, GATA3 and

HAND2 are also required for coronary artery development

and physiological formation of the outflow tract.12–14 In

addition, Arima and colleagues15 reported the involve-

ment of preotic NC in the development of smoothmuscles

in coronary arteries and adjacent cardiac tissues. Indeed,

they observed that ablation of preotic NCs in chick and

mouse embryos leads to coronary defects.

Recent genome-wide association studies (GWASs)16

have demonstrated that common single nucleotide
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polymorphisms (SNPs) are risk factors for NB and coronary

artery disease (CAD). In NB, GWASs have identified several

susceptibility loci, including CASC15, BARD1, LMO1,

DUSP12, HSD17B12, DDX4/IL31RA, HACE1, LIN28B,

TP53, MLF1, CPZ, CDKN1B, NEFL, and SLC16A1.17 Other

loci, including PCSK9, SORT1, MIA3, PHACTR1, LPA,

CDKN2A, CDKN2B, CXCL12, and LDLR have been associ-

ated with CAD.18,19 Some of these loci, such as LPA,

CDKN2A, CDKN2B, CXCL12, and LDLR, also play a role

in NB.20–24 For example, the genomic region of 9p21 con-

fers susceptibility to CAD. In addition, deletion of 9p21 is a

marker of poor prognosis for NB patients.25 Taken

together, given the common origins of NB and CAD, we

had strong suggestion that these two diseases might share

causal pathways. Furthermore, our hypothesis was also

supported by our previous work in which we found genetic

risk loci, regulating the expression of relevant genes of

NCC development, associated with both congenital heart

disease and NB susceptibility.26

Based on the above observations, we reasoned that pleio-

tropic DNA polymorphisms could be modestly associated

with both NB and CAD and that, in a single phenotype-

based GWAS, these SNPs could remain undetected at the

standard threshold for genome-wide significance, mainly

because of sample size limitations andmultiple testing cor-

rections. Previous studies have shown that new risk vari-

ants can be identified by combining GWAS results of two

or more disease phenotypes.27–29 Here, to identify novel

susceptibility loci for NB, we performed a cross-phenotype

meta-analysis of two large GWASs of NB and CAD,

including a total of 36,785 individuals and a replication

study of Italian NB affected individuals and control sub-

jects (N ¼ 1,716).

This strategy, coupled with biological investigations, al-

lowed us to identify CFPD1 as a novel NB susceptibility

gene that acts as an oncogene by influencing the transcrip-

tional regulatory circuitry of noradrenergic identity in NB.
Materials and methods

Meta-analysis
To identify genetic loci sharing the GWAS signal between NB and

CAD, we performed a cross-phenotype meta-analysis using two

large GWAS datasets.

In Stage 1 we analyzed the SNP genotyping data of a large CAD

GWAS dataset (n ¼ 15,420 affected individuals and n ¼ 15,062

control subjects) obtained from the CARDIoGRAMplusC4D Con-

sortium30 and the SNP genotyping data obtained from a recent

NB GWAS (n ¼ 2,101 affected individuals and n ¼ 4,202 control

subjects) published by McDaniel and colleagues.31 See details in

the supplemental information.

First, for each dataset, we performed whole-genome imputation

on a multipopulation reference panel to increase the number of

detected SNPs. We then combined the significant SNPs

(p < 0.05) of each dataset to test for shared genetic variants be-

tween these two diseases (cross-phenotype meta-analysis)

following a 2-fold approach in which we searched for SNPs with
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the same direction of association (same effect) and for SNPs with in-

verse direction of association in CAD (inverse effect).

In Stage 2, we annotated SNPs emerging from these two meta-

analysis studies (n ¼ 434) with epigenomic profiling of NC using

H3K27Ac chromatin immunoprecipitation sequencing (ChIP-

seq) data (GEO: GSM2664365, GSM2664367, GSE90683) to prior-

itize SNPsmapping in promoters and/or enhancers (active in NCs)

with a significance of association of p < 1.0 3 10�4.

In Stage 3 we selected four SNPs to perform direct genotyping by

TaqMan assay (TaqMan Universal PCR Master Mix; Applied Bio-

systems, Thermo Fisher Scientific) in an independent Italian

cohort of 636 NB affected individuals and 1,080 control subjects

(details are described in the supplemental information). This study

was approved by the Ethics Committee of the University of Naples

Federico II.

Hardy-Weinberg equilibrium was evaluated using the goodness-

of-fit chi-square test in control subjects. Two-sided chi-square tests

were used to evaluate differences in the distributions of allele fre-

quencies between patients and control subjects. Odds ratios (ORs)

and 95% confidence intervals (CIs) were calculated to assess the

relative disease risk conferred by a specific allele.

The statistical power was calculated by using the Genetic Asso-

ciation Study (GAS) Power Calculator (http://csg.sph.umich.edu/

abecasis/gas_power_calculator/index.html). The false positive

report probability (FPRP) for the significant SNP (rs13337397)

was calculated according to the method reported in the published

paper by Wacholder et al.32 We had a power of 82.3% to identify

disease-associated SNPs with p¼ 0.05, effect size of 1.35, and a dis-

ease allele frequency of 0.10. If we set the disease allele frequency

at 0.20 we were able to identify disease-associated SNPs with statis-

tical power of 95.8%.
Analysis of public ChIP-seq data
ChIP-seq reads from the GEO: GSE90683 public dataset were rean-

alyzed, as reported by Avitabile et al.33 Briefly, alignment to the

human reference genome (assembly GRCh37/hg19) was per-

formed using Bowtie2 (v2.3.4.3). Duplicate and low mapping

quality (MQ < 20) reads were removed. Enriched regions (peaks)

were detected with HMCan (v1.30) using the data from the input

DNA to subtract the background noise from the ChIP signals. To

identify enhancers and super-enhancers, we used the LILY

package.11

DNase-I hypersensitivity level (DHS) signal intensity files of the

SK-N-SH NB cell line (GEO: GSE96240) and fetal adrenal gland

(FAD) tissues (GEO: GSM530653, GSM817165, GSM1027310,

GSM1027311, and GSM817167) were downloaded from the

GEO database as processed files. The details are described in the

supplemental information.
Identification of causal variants at 16q23.1
To identify potential functional SNPs, we first selected variants

in linkage disequilibrium (LD) with the lead SNP rs13337397

(r2 R 0.8) (n ¼ 57). LD calculations (r2 and D0) were performed us-

ing the LDlink web tool and allele frequencies of Europeans from

the 1000 Genomes Project.

Next, we mapped the selected SNPs onto the predicted regulato-

ry elements (super-enhancers [SEs], enhancers, and promoters)

obtained in the previous step (see above). From this analysis, we

retained only the SNPs (n ¼ 12) that achieved the highest number

of SE annotations (SE ¼ 13). Finally, we selected, for further
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consideration, the rs13337017 SNP showing the highest levels of

both H3K27ac (in NB cell lines) and DHS signals (in FAD tissues).

To obtain additional functional annotations on the prioritized

loci and SNPs, we used the GeneHancer database.34 GeneHancer

assigns confidence scores to gene-regulatory element associations

based on a combination of evidence annotations. From the list of

CFDP1 associated regulatory elements, we selected those sup-

ported by two or more evidence sources.

HiC data analysis
In-house-generated HiC data of the SK-N-BE NB cell line were pro-

cessed as reported previously.35,36 Briefly, sequencing was per-

formed using an Illumina HiSeq platform. Paired-end reads of

150 base pairs (bp) were mapped to the reference genome (build

hg19/GRCH37) using Bowtie2. HiCExplorer (v3.7) was used to

(1) build the interaction matrix at a resolution of 10 Kb (bin

size ¼ 10 Kb), (2) normalize the observed read counts, (3) deter-

mine topologically associating domains (TADs, self-interacting

genome regions) and their boundaries, and (4) plot the results.

Subsequently, starting from the selected SNP coordinates, we

extended our region of interest of 0.5 Mb up- and downstream

and calculated the statistical significance of the interactions be-

tween bins with FitHiC (v2.0.8). p-values were corrected for multi-

ple tests using the Benjamini-Hochberg method (false discovery

rate, FDR), and the cutoff was set at 5%. Finally, we annotated

these bins using the R-Bioconductor package ChIPseeker (v

1.32.0) to map genomic bins to gene coordinates.

Cell cultures
Human HEK293T, SK-N-BE, SK-N-AS, and SH-EP cell lines were ob-

tained from the American Type Culture Collection (respectively

ATCC #CRL-3216, #CRL-2268, #CRL-2137, #CRL-2269). The cell

lines used for all experiments were re-authenticated and tested

as mycoplasma-free and grown in commercial media, as reported

in the supplemental information. Early passage cells were used,

and the cumulative culture length was less than 3 months after

resuscitation.

Treatment of cells with siRNA CFDP1
SK-N-BE, SK-N-AS, and SH-EP cells were plated into a six-well at

70% confluence. Cells were transfected with 10 nM of three

unique 27-mer small interfering RNA (siRNA) duplexes for

CFDP1 (human) (Origene, Locus ID 10428) and 10 nM of Tri-

lencer-27 Universal Scrambled Negative Control siRNA Duplex

(Origene) using X-tremeGENE (Roche). After 48 h of transfection,

the cells were used to assess the silencing of protein and mRNA of

CFDP1. The experiments were performed in triplicate, and three

experimental points were analyzed for each experiment.

In vitro functional assays
We used a luciferase reporter assay to assess the effects of the

rs13337017 alleles on gene expression. The functional implica-

tions of CFDP1 in regulating cell behavior and properties were as-

sessed on siRNA silenced (siCFDP1) and control (siScrambled) NB

cell lines using viability, wound-healing, and Caspase-3 activity as-

says. Moreover, we used NB cells to quantify the gene expression

of CFDP1 and regulated TFs by quantitative real-time PCR and to

assess CFDP1 protein concentrations by western blotting. Detailed

descriptions of the experimental conditions for each experiment,

quantitative real-time PCR primers, and antibodies are provided in

the supplemental information. In each case, the experiments were
Human
replicated, and the statistical significance of the results was as-

sessed using a t test.

Analysis of RNA-sequencing data and differential

expression
Total RNA was isolated from two biological replicates of the SK-N-

AS NB cell line under treated (siCFDP1) and control (siScrambled)

experimental conditions and processed as reported in the supple-

mental information. The RNA-sequencing (RNA-seq) data (ob-

tained on the Illumina platform) were first checked for quality us-

ing FastQC and then analyzed using the Tuxedo suite: TopHat

(v2.0.14) and Cufflinks v2.1.0. TopHat was run using the default

options by providing the reference genome and its related RefSeq

reference transcriptome (assembly GRCh37/hg19). Next, Cuf-

flinks was used to assemble the mapped reads into possible tran-

scripts and generate a final transcriptome assembly. Gene- and

transcript-level expression is reported as normalized fragments

per kilobase of exon per million fragments mapped (FPKM)

counts. Finally, Cuffdiff was used to detect differentially ex-

pressed genes and transcripts between the two experimental con-

ditions (siCFDP1 versus siScrambled). The results were analyzed

using the R-Bioconductor package CummeRbund (v2.16.0). We

deemed differentially expressed genes, those showing FDR below

0.05, and the Log2 transformed fold change greater than þ0.5

(up-regulated) or lower than �0.5 (down-regulated). Next, we

used the expression data of these genes to perform k-means clus-

tering (using k ¼ 4) to identify groups of genes showing similar

expression patterns. The four lists of differentially expressed

genes (DEGs) were then used to query the Gene Ontology data-

base of Biological Processes (GO BP) with the R-Bioconductor

package ClusterProfileR (v3.18.1). BPs were considered enriched

if FDR was less than 0.05.
Results

NB and CAD share risk polymorphisms

Candidate susceptibility loci were selected through a cross-

phenotype meta-analysis using two GWAS datasets

(Figure 1). The results of this analysis are presented below.

Stage 1: meta-analysis of NB and CAD GWAS data | We

conducted a fixed-effects meta-analysis of two large GWAS

studies, 2,101 NB affected individuals and 4,202 control

subjects31 and 15,420 CAD affected individuals and

15,062 control subjects.30 Whole-genome imputation of

the two GWASs was performed using a multipopulation

reference panel,36 which yielded up to 9 million SNPs. As

described in thematerials andmethods sectionanddetailed

in the supplemental information, we compared the GWAS

data (p value and odds ratio for 9,671,310 SNPs) of NB

and CAD using two approaches. First, meta-analysis across

NB and CAD returned 218 SNPs with the same direction

of association (same effect) (Table S1). With the second

approach, the meta-analysis across NB and CAD with in-

verted effects inCAD,weobtained193SNPswith an inverse

direction of association (opposite effect) (Table S2).

Stage 2: Identification of causal variants | To prioritize

the top potential functional SNPs, we integrated NB and

CAD meta-analysis data with H3K27ac epigenetic markers

using three publicly available ChIP-seq data of human
Genetics and Genomics Advances 4, 100158, January 12, 2023 3



Figure 1. Workflow of the cross-phenotype meta-analysis
Stage 1 | Combination of the summary statistics of two large NB
and CAD GWAS data using two approaches: (1) meta-analysis
study across NB and CAD and (2) meta-analysis study across NB
and CAD with inverted effect in CAD.
Stage 2 | Identification and prioritization of candidate causal SNPs
using epigenomic data.
Stage 3 | Replication study in an Italian cohort of 636 NB affected
individuals and 1,080 control subjects by direct, PCR-based,
genotyping.
NCCs 11,37 to select SNPs mapping in human promoters

and/or enhancers (active in NCs) with a p value of associ-

ation below 1.0 3 10�4 (Figure 1). We identified two

SNPs with the same direction of association (green in

Table S1) and two SNPs with opposite directions of associ-

ation (green in Table S2).

Stage 3: Replication in an Italian cohort of NB | We next

sought to replicate the results of the association for the

four prioritized risk loci in an independent cohort of Ital-

ian subjects (n ¼ 636 NB affected individuals and n ¼
1,080 control subjects) (Figure 1). We identified an associ-

ation of the minor allele A for rs13337397 SNP at 16q23.1

locus with the NB risk (p ¼ 0.033; OR ¼ 1.339, Table 1).
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Functional characterization of NB-CAD cross-associated

locus 16q23.1

In order to better understand the functional role of the

16q23.1 locus in NB biology, we further investigated a sub-

set of 57 SNPs in LD (0.8 < R2 % 1) with the lead SNP

rs13337397 (Table S3). We mapped the selected 57 SNPs

on predicted regulatory elements (SEs, enhancers, and pro-

moters) obtained by re-analysis of H3K27ac ChIP-seq

peaks of 25 NB cell lines and two human NCCs published

in Boeva et al.11 (GEO: GSE90683). Furthermore, the SNPs

were annotated using H3K27ac signal intensity levels from

the cell lines listed above. We have also added information

regarding the DHS of the SK-N-SH NB cell line (from GEO:

GSE96240) and FAD (N ¼ 5) DHS data from GEO:

GSE18927 (Figures 2 and S1 and Table S3).

To further filter the list of SNPs, we first selected those

SNPs (n ¼ 12) with the highest number of super-

enhancer annotations (n ¼ 13) (Table S3). Among the

12 SNPs, we focused on rs13337017, which showed the

highest levels of both H3K27ac and DHS (Figures 2 and

S1 and Table S3).

Subsequently, we used in-house Hi-C data from the

SK-N-BE NB cell line to assess the strength and signifi-

cance of long-range interactions between rs13337017

SNP and its surrounding genomic regions. We found

that rs13337017 and the CFDP1 locus were mapped

within the same topologically associated domain. Further-

more, rs13337017 significantly interacted with the CFDP1

locus (FDR %1.45 3 10�16) (Figure 2 and Table S4). We

also queried the GeneHancer database to retrieve the

known regulatory elements associated with CFDP1 and

found that rs13337017 fell within a regulatory element

(GeneHancer ID: GH16J075237), with multiple support-

ing evidence (including Ensembl: ENSR00000542243

and dbSUPER: SE_01027) for its association with CFDP1

(Figure 2). Our analyses of H3K27ac ChIP-seq data

strongly indicated the super-enhancer functions of our

prioritized locus at 16q23.1 in NB and NCCs. Neverthe-

less, we wanted to assess its regulatory activity in the ad-

renal gland tissues from which NB commonly arises.38 For

this purpose, we used the public database 3DIV (http://

3div.kr/). The analysis showed that long-range interac-

tions between the rs13337017 SNP and the promoter of

CFDP1 were maintained in the adrenal gland tissue

(Figure S2).

Taken together, these findings provide strong evidence

for the regulatory functions of our prioritized locus on

chromosome 16q23.1 (including rs13337017) in NB, and

are consistent with recent evidence that disease-associated

SNPs frequently affect regulatory regions that control tis-

sue-specific and developmental stage-specific gene

expression.39

The expression profile of CFDP1 in cells of origin of NB

and CAD is comparable

This study was based on the assumption that NB and CAD

share the same embryonic origin and regulatory pathways
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Table 1. Replication study in Italian cohort

dbSNP identifier Position (hg19) Major allele Minor allele MAF controls (n ¼ 1,080) MAF cases (n ¼ 636) p value Odds ratio CI 95% (low-high)

rs11879191 chr19:10,512,911 G A 0.18 0.18 0.90 1.02 0.803–1.284

rs4387287 chr10:105,677,897 C A 0.23 0.24 0.63 1.04 0.881–1.233

rs2838330 chr21:45,023,876 A T 0.44 0.42 0.33 0.93 0.807–1.074

rs13337397* chr16:75,295,639 C A 0.08 0.10 0.03 1.339 1.024–1.751

Significant SNPs obtained in Stage 2 (see Figure 1) were tested by direct genotyping in a cohort of Italian subjects (N¼ 1,080 healthy control subjects and N¼ 636
NB patients). MAF, minor allele frequency; CI, confidence interval. Genomic coordinates have been reported for the hg19 assembly. This significant association is
in bold. *False Positive Report Probability (FPRP) values equal to 0.11, 0.271, 0.804, 0.976, 0.998, and 1.000 according to the prior probability of 0.25, 0.1, 0.01,
0.001, 0.0001, and 0.00001, respectively.
in the early phases of development. NB arises from trunk-

NCC,40 whereas CAD originates from craniofacial-NCC.15

To exclude the differential regulation of CFDP1 in these

two branches of NC, we compared the expression profiles

of trunk-NCC and craniofacial-NCC in murine embryos

(GEO: GSE39191). As expected, we found no statistically

significant difference in CFDP1 expression between the

two NC derivatives (Figure 3A).
The rs13337017 acts as an eQTL for CFDP1

Expression quantitative trait loci (eQTL) analysis using

whole blood tissue from the GTEx database revealed

that rs13337017 acts as an eQTL for CFDP1 (p ¼
1.9 3 10�8, GTEx Release v7, Figure 3B). Moreover, we

observed a significant association of the eQTL in adrenal

gland tissues (p ¼ 0.021, Figure 3C). To assess the eQTL

function of rs13337017 genotypes in NB cell lines, we

first obtained CFDP1 expression profiles in a set of 13

NB cell lines using expression arrays (GEO: GSE78061).

We directly genotyped rs13337017 in this set of cell

lines (C/C ¼ 11, C/T ¼ 2, and T/T ¼ 0). Finally, we

compared CFDP1 expression according to the

rs13337017 genotype and found that the T risk allele

was significantly correlated with increased mRNA

expression of CFDP1 (p ¼ 0.018, Figure 3D). This associ-

ation was further confirmed by luciferase reporter gene

assays, which showed a higher enhancer activity for

the T allele than for the C allele (p < 0.01, Figure 3E)

in HEK293T and SK-N-AS cell lines.
High CFDP1 expression associates with worst patient

prognosis

The R2 Genomics Analysis and Visualization Platform

(http://r2.amc.nl) was used to query the transcriptomic

data of 498 NB samples (GEO: GSE62564). Our analysis

showed that high CFDP1 expression was associated with

poor overall and event-free survival probabilities (p %

5.2 3 10�7) (Figure S3A). Moreover, the expression of

CFDP1 was significantly higher in stage 4 tumors than in

lower tumor stages (p % 3.7 3 10�3) (Figure S3B). In addi-

tion, CFDP1 expression was significantly higher in four in-

dependent NB datasets (including 281 samples) than in

normal adrenal gland tissues (p < 1.0 3 10�4,

Figure S3C). Finally, by querying gene expression data
Human
from the Cancer Cell Line Encyclopedia (GEO:

GSE36133) (including 917 samples from 36 cancer types),

we found that NB cell lines showed higher expression of

CFDP1 than other cell lines (p ¼ 4.82 3 10�7; ANOVA)

(Figure S3D).
In vitro functional analysis of CFDP1

To investigate the biological role of CFDP1 in NB, we tran-

siently knocked down endogenous CFDP1 using specific

siRNA transfection. To conduct this experiment, we first as-

sessed the expression level of CFPD1 protein in NB cell

lines by western blotting (Figure S4). From this analysis,

we selected the SK-N-BE cell line given its high levels of

CFDP1 and the SK-N-AS cell line, given their intermediate

noradrenergic identity between NB and NCCs, as reported

in Boeva et al. 11 Compared with the control siRNA (siS-

crambled), three different siRNAs targeting CFDP1

(siCFPD1) significantly reduced its mRNA (Figure 4A) and

protein levels (Figure 4B) in SK-N-AS cells (p< 0.05). More-

over, depletion of CFDP1 markedly decreased cell viability

(p< 0.05) (Figure 4C), andmigration capabilities (p< 0.05)

(Figures 4D and 4E) and increased apoptotic rates

(p < 0.001) (Figure 4F) at different time points. The same

assays performed on SK-N-BE cells confirmed these results

(Figures S5A–S5F). These findings support the involvement

of CFDP1 in the initiation and progression of NB.
The depletion of CFDP1 affects noradrenergic neuron

differentiation

To elucidate the molecular mechanisms involved in

CFDP1, we sequenced the whole transcriptome (RNA-

seq) of the SK-N-AS NB cell lines under siCFDP1 and siS-

crambled experimental conditions (silenced and control,

respectively; see above) and performed differential gene

expression analysis. Details of the quality control of

RNA-seq analysis are reported in Figures S6A–S6C.

RNA-seq analysis confirmed that CFDP1 expression was

significantly decreased in siCFPD1 compared with that in

the control (Log2 FC ¼ �2.36; FDR ¼ 3.6 3 10�3)

(Figure 5A and Table S5). From the differential expression

analysis, we identified 278 significantly regulated genes

(FDR %0.05, Table S5). Subsequently, we performed

k-means clustering (k ¼ 4) to group the list of genes based

on their expression patterns. In siCFPD1 compared with
Genetics and Genomics Advances 4, 100158, January 12, 2023 5
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Figure 2. rs13337017 showed long-range significant interactions with CFPD1 in SK-N-BE NB cell line
The figure reports the genomic interactions from the rs13337017 point of view. The genomic tracks are named from top to bottom and
described below. The genomic coordinates are from human genome hg19. The interaction matrix is centered on rs13337017
(chr16:75,272,366-75272367) and extended of 0.5 Mb up- and downstream. Genomic coverage is of 500 Kb and the matrix resolution
is of 10 Kb (the interactions are calculated between bins of 10 Kb). Red-bordered triangles represent the Topologically Associated Do-
mains (TADs). The arcs track shows the interactions between rs13337017 and CFPD1 annotated bins. The normalized number of

(legend continued on next page)
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Figure 3. rs13337017 genotypes and
CFDP1 expression association
(A) Comparison of CFDP1 expression across
trunk-NCC and craniofacial-NCC of murine
embryos (GEO: GSE39191).
(B) Violin plot reporting the eQTL analysis
of rs13337017 in whole blood.
(C) Violin plot showing eQTL analysis of
rs13337017 in adrenal gland tissue.
(D) Boxplots reporting CFDP1 expression
grouped by rs13337017 genotypes of NB
cell lines in GEO: GSE78061.
(E) Barplots of luciferase reporter gene as-
says carried out in HEK293T and SK-N-AS.
Data shown are the mean 5 standard devi-
ation from nine independent transfection
experiments, each done in triplicate and
compared with promoter-less control.
**p < 0.001, t test. eQTL analysis performed
with GTEx Release v7.
the control, the Clusters 1, 3, and 4 showed increased gene

expression, whereas Cluster 2, including CFDP1, exhibited

decreased expression (Figure 5B). Next, we performed the

gene ontology (GO) enrichment analysis of biological pro-

cesses for the genes included in the four clusters. The re-

sults clearly showed that Clusters 1, 3, and 4 (up-regulated

genes) contained genes mainly involved in processes

related to inflammation, the interferon pathway, and the

immune system (Figure 5C and Table S6). The genes in

Cluster 2 (down-regulated genes) were mainly involved

in processes related to autonomic and sympathetic ner-

vous system development and differentiation of noradren-

ergic neurons (Figure 5C and Table S6). Notably, the Clus-

ter 2 contained genes known to be involved in conferring

noradrenergic cell identities in NB (PHOX2A, 41 INSM1, 42

TFAP2B 43).

To assess the reliability of RNA-seq data, we measured

gene expression by quantitative real-time PCR in our two

experimental conditions using seven DEGs that play key

roles in conferring noradrenergic and NCC-like identity to

NB cells. We confirmed the up-regulation of GADD45G,

MAFF, FOSL2, and CCL20 (p % 0.05) (Figure 5D) and

down-regulation of PHOX2A, TFAP2B, and INSM1 (p %

0.05) (Figure 5D) in siCFDP1 compared with the

siScrambled control. Based on these results, we also
interactions (a measure of the strength of interactions). The minus
taining the list of 58 in Linkage Disequilibrium SNPs (LD SNPs) wit
ulatory elements, from the GeneHancer database, showing strong
RefSeq genes (we plotted the longest transcript for each gene). A b
peak-based tracks show, from top to bottom, the DNase-I hypersens
(from ENCODE v3); the DHS signal of fetal adrenal gland (n ¼ 5) tis
GSM817165, GSM1027310, GSM1027311, GSM817167) in dark cya
GSE65664) in red; and H3K27ac peaks from two human neural cres
heatmap color keys are shown on the left of each track, when need

Human
assessed the expression levels of the transcription factors

(TFs)HAND2,GATA3, and PHOX2B,which together partic-

ipate in a complex network regulating noradrenergic

neuron differentiation.11 For this purpose, we silenced

CFPD1 in three different NB cell lines representative of

the three NB cell types: SK-N-BE (noradrenergic cell type),

SK-N-AS (intermediate cell type), and SH-EP (NCC type).

Quantitative real-time PCR showed down-regulation of

PHOX2B in SK-N-BE and SK-N-AS cells (p % 0.05), but not

in SH-EP cells (Figure 5E), whereas HAND2 and GATA3

were down-regulated in all three cell lines (p % 0.05)

(Figures 5F and 5G). In the RNA-seq data, we observed the

same decrease in the expression of these TFs without reach-

ing the statistical threshold of significance, probably

because of the low sensitivity of the method (Table S5).

CFDP1 and master regulators of noradrenergic cell

identity are co-expressed in NB tumors

Consequently, we assessed whether the observed positive

correlation between CFDP1 and noradrenergic-related TFs

(PHOX2B, HAND2, GATA3, PHOX2A, and INSM1) also sub-

sisted in NB tumors. By querying a public dataset of 498

NB (GEO: GSE62564), we confirmed the direct correlation

between CFDP1 and PHOX2B, GATA3, and PHOX2A

(R > 0.180; p % 5.24 3 10�5), but not with HAND2 and
Log10 of the FDR adjusted p value. The region of 30,631 bp con-
h rs13337017 is in green. The GeneHancer track reports the reg-
associations with CFDP1 (see materials and methods). The NCBI
rown-bordered rectangle highlights the CFDP1 locus. The ChIP
itivity levels (DHS) sites of the SK-N-SH NB cell line in dark green
sues from Roadmap Epigenomics Consortium (GEO: GSM530653,
n; the H3K27ac data of NB cell lines (from GEO: GSE90683 and
t cells (NCCs) (from GEO: GSE90683) in purple. Data ranges and
ed.
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Figure 4. The depletion of CFDP1 corre-
lates with decreased tumorigenicity in SK-
N-AS NB cell line
(A) Barplots showing the results of expres-
sion quantification by quantitative real-
time PCR of CFDP1 Control (siScrambled)
and CFDP1 silenced cells (siCFDP1).
(B) CFDP1 protein levels assessed using
western blot analysis in Scrambled and
siCFDP1 cells.
(C) Line plot reporting cell viability and
proliferation measured by MTT assay
in Scrambled and siCFDP1 cells. In
(A) to (C), the data (mean of three
experiments 5 standard deviation) are
represented as the fold change of
siCFDP1 compared with control (siS-
crambled) cells.
(D) Bright-light microscopy images report-
ing the results of wound-healing assay
observed at different time points (6, 24,
and 48 h). The wound distance was
measured with ImageJ software.
(E) Barplots reporting the quantifications of
distances obtained in (D). The experiments
in (D) and (E) were made in triplicate and
conducted on untreated, siScrambled, and
siCFDP1 SK-N-AS cells.
(F) Barplot of the Caspase-3 activity assay on
SK-N-AS cells. The data in siCFDP1 were
normalized on the negative (promoter-less)
control and reported in thousands (K).

Data are shown as the mean 5 standard deviation from three independent transfection experiments, each done in triplicate. In Panel
(A), (C), (E), and (F), statistical significance was assessed by t test. *p < 0.05; **p < 0.001; ***p < 0.0001.
INSM1 (Figures S7A–S7E). We can comment on the

latter result by speculating that other and more complex

regulatory circuitries could involve HAND2 and INSM1.

In an additional expression analysis, we observed that

CFDP1 and the noradrenergic-related TFs showed similar

expression trends from the undifferentiated NCs to

the differentiated adrenal glands (p % 8.23 3 10�3)

(Figures S8A–S8F). Together, these findings provide strong

evidence supporting a direct correlation between CFDP1

and master regulators of NB, and add a piece to the com-

plex mosaic of the regulatory circuitries of NB.
Discussion

Based on the hypothesis that NB and CAD are NCC-

derived diseases that may share the same genetic factors,

we conducted a cross-phenotype meta-analysis of GWAS

data and replication-based studies to identify novel pleio-

tropic variants that contribute to NB risk. This strategy ex-

ploits the pleiotropic effect of two distinct phenotypes to

increase the statistical power necessary for discovering

novel disease-predisposing variants discarded by stringent

multiple-testing correction in GWAS. We are aware that

the different sample size of our two cohorts in the Stage

1 analysis might represent a limitation of this work. How-

ever, the reliability of our data was assessed in the replica-

tion-based genotyping of an independent cohort of NB
8 Human Genetics and Genomics Advances 4, 100158, January 12, 2
affected individuals and control subjects that confirmed

the association of the SNPs selected in Stages 1 and 2.

The meta-analysis of NB and CAD GWASs identified the

rs13337397 SNP at 16q23.1, in an active enhancer of

NCCs, cross-associated with CAD and NB. The same SNP

replicated the genetic association with NB risk in an Italian

cohort of patients and control subjects. This genetic associ-

ation supports our hypothesis that the early phases of em-

bryonic development can be altered by pleiotropic risk

SNPs. We then focused on functional investigation of the

16q231 locus to unravel its involvement in NB initiation.

Fine mapping analyses indicated that the SNP

rs13337017 is a potential causative variant; indeed, it re-

sides in a regulatory region of NCCs, the fetal adrenal

gland, and NB cell lines. Notably, this genomic region

functions as a super-enhancer and strongly interacts with

CFDP1 in NB cells. Moreover, the minor allele of the

rs13337017 SNP was associated with increased NB risk

and higher CFDP1 expression in whole blood, adrenal

glands, and NB cell lines. Together, these data suggest

that NB and CAD are NC-derived diseases that may share

the same molecular mechanisms and that our strategy is

useful for the identification of novel disease susceptibility

genes. Interestingly, CFDP1 has also been reported as a

new CAD susceptibility gene44; however, its functional

role in CAD development remains unknown.

CFDP1 belongs to the evolutionarily conserved Bucen-

taur (BCNT) protein superfamily and is expressed during
023



Figure 5. The depletion of CFDP1 affects the expres-
sion of gene regulators of NB cell identity
(A) Barplots showing the expression levels of CFDP1
in control (siScrambled) and CFDP1 silenced cells
(siCFDP1) as measured by RNA-seq in SK-N-AS.
(B) Heatmap of the differentially expressed genes
grouped according to the k-means clustering algo-
rithm. Color key on the left.
(C) Dotplots reporting the Gene Ontology biological
process enrichment results of clustered gene lists.
(D) Barplot showing the results of expression quantifi-
cation by quantitative real-time PCR for four up-regu-
lated genes (red) and three down-regulated genes
(blue) in SK-N-AS.
(E) Expression quantification by quantitative real-time
PCR of PHOX2B in SK-N-AS and SK-N-BE NB cell lines.
(F) Expression quantification by quantitative real-time
PCR of HAND2 in SK-N-AS, SK-N-BE, and SH-EP NB
cell lines.
(G) Expression quantification by quantitative real-
time PCR of GATA3 in SK-N-AS, SK-N-BE, and SH-EP
NB cell lines. The data in (D) to (G) are reported as
fold-changes of induction in siCFDP1 compared
with control cells. In Panel (A), (D), (E), (F), and (G)
statistical significance was assessed using a t test.
early embryogenesis. In mice, CFDP1 is highly expressed

during neural tube development45 and its ablation causes

early embryonic lethality.45 Recent studies have proposed

CFDP1 involvement in craniofacial development and os-

teogenesis in vertebrates and linked this gene with
Human Genetics an
*p < 0.05; **p < 0.001; ***p < 0.0001.

Williams-Beuren syndrome, which is character-

ized by developmental disorders affecting many

body sites, including the heart, blood vessels,

bone, and eye.46 Craniofacial birth defects

involving bones can be caused by abnormal

development of NCC.47,48 Based on these obser-

vations, we propose that risk variants can

induce CFDP1 overexpression and contribute

to cellular malignant transformation in the

early phases of embryogenesis by altering the

normal program of NCC differentiation into

sympathetic neurons. Our hypothesis was sup-

ported by literature reporting predisposing vari-

ants with cis-effects on LIN28B in NB. 49 LIN28B

is involved in reprogramming of human and

mouse fibroblasts into pluripotent stem cells

during the embryogenesis.50,51

Our work demonstrated that the minor allele

of rs13337017 was correlated with increased

CFDP1 mRNA levels and conferred a risk of NB

development, suggesting that CFPD1 acts as an

oncogene. Accordingly, CFDP1 expression was

significantly higher in NB than in other types

of tumors andnormal tissues, andwas correlated

with poor clinical outcomes in patients withNB.

Transient knockdown ofCFDP1 results in signif-

icant growth inhibition and of apoptosis induc-

tion in NB cells. This result is consistent with

previous reports indicating that CFDP1 stimu-

lates cell proliferation and prevents apoptosis

in embryonic fibroblasts. 52
Evidence of high expression levels of CFDP1 has been re-

ported in a wide range of human tissues, including cancer

tissues.16,53 Furthermore, recent studies have associated

the 16q23.1 locus, which contains CFDP1, with different

cancer types, such as multiple myeloma,54 acute
d Genomics Advances 4, 100158, January 12, 2023 9



lymphoblastic leukemia,55 pancreatic cancer,56,57 and

breast cancer.58 Taken together, these results provide evi-

dence that CFDP1 may play an oncogenic role in NB and

potentially in other cancer diseases. Nevertheless, further

studies are necessary to assess the implications of CFDP1

in NB.

In addition, using RNA-seq, we investigated the possible

molecular mechanisms involving CFDP1 in NB cell lines.

We compared the transcriptome of CFDP1 depleted cells

with that of untreated control cells. Analysis of the DEGs

revealed that sympathetic nervous system development

and noradrenergic neuron differentiation were the most

significantly enriched GO terms among the down-regu-

lated genes. Interestingly, depletion of CFDP1 also reduced

the expression of three master regulators (PHOX2B,

HAND2, and GATA3) of noradrenergic cell identity in

NB.11 Since CFPD1 seems to play a role in chromatin orga-

nization59 and in promoting neural differentiation,48 we

speculated that its alteration could affect normal differen-

tiation programs controlled by the master regulators

PHOX2B, HAND2, and GATA3 and thus promote NB initi-

ation and/or progression.

In light of our results, additional studies, involving

mouse models, become necessary to better understand

the oncogenic role of CFPD1. Furthermore, they could

help in deepening the biochemical and physiological

processes behind the occurrence and development of

NB. In the future, such levels of information could also

be useful for alternative and personalized therapy

strategies.

In conclusion, our results indicate that a polymorphism

within a super-enhancer element influences NB suscepti-

bility by modulating CFDP1 expression leading to onco-

genic dependency in tumor cells, likely by altering the

control of noradrenergic differentiation. Furthermore,

this study demonstrated that using GWAS data through

cross-phenotype meta-analysis and integrating functional

genomics data could be a useful strategy to identify novel

disease susceptibility loci and genes.
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