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Summary eBioMedicine
Background Hirschsprung disease (HSCR) is a rare, congenital disease characterized by the absence of enteric ganglia 292> 105680
in the hindgut. Common genetic variation contributes substantially to the heritability of the disease yet only three
HSCR-associated loci were identified from genome-wide association studies (GWAS) thus far.
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Methods We performed the largest multi-ancestry meta-analysis of GWAS to date, totalling 1250 HSCR cases and

7140 controls. Prioritized candidate genes were further characterized using single-cell transcriptomic data of
developing human and mouse gut for their roles in development of enteric nervous system (ENS). Functional
characterisation using human cells and zebrafish models was performed. Global and ancestry-matched polygenic
risk score (PRS) models were derived and evaluated for predicting risk of HSCR.

Findings We identified four HSCR-susceptibility loci, with three loci (JAG1, HAND2 and ZNF25) reaching genome-wide
significance and one putative locus (UNC5C) prioritized by functional relevance. Spatiotemporal analysis revealed
hotspots of gene dysregulation during ENS development. Functional analyses further demonstrated that knockdown
of the candidate genes impaired cell migration and zebrafish knockouts displayed abnormal ENS development. We
also demonstrated comparable performance for a PRS model derived from multi-ancestry meta-analysis to those of
ancestry-matched PRS models, supporting its potential clinical application in risk prediction of HSCR across populations.

Interpretation Overall, the meta-analysis implicated novel genes, pathways and spatiotemporal developmental
hotspots in the genetic aetiology of HSCR. Development of a PRS universally applicable irrespective of ancestries

may leverage its clinical utility in risk prediction.
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Research in context

Evidence before this study

Hirschsprung disease (HSCR) stands as a model for rare,
complex congenital disorders with substantial genetic
contribution from both common and rare variants. Thus far,
seven GWAS were performed, identifying three HSCR-
associated loci and implicating novel pathological pathways.
Still, a large proportion of disease heritability remains
unexplained.

Added value of this study

We performed the largest multi-ancestry GWAS meta-analysis
of HSCR to date, identifying four genomic loci, JAG1, HAND2,
ZNF25, and UNC5C associated with HSCR. Single-cell
spatiotemporal analysis of candidate genes together with the

Introduction

Hirschsprung disease (HSCR), also known as congen-
ital intestinal aganglionosis, is a rare congenital neuro-
cristopathy associated with the absence of enteric
ganglia in the myenteric and submucosal plexuses along
a variable length of the hindgut.' Short-segment HSCR
(S-HSCR), with aganglionosis limited to the sigmoid
region, is the most common subtype of HSCR, ac-
counting for approximately 80% of cases. Other more
severe but less common subtypes include long-segment
HSCR (L-HSCR; ~15%) and total colonic aganglionosis
(TCA; ~5%), in which the aganglionic segment extends
proximal to the sigmoid colon or beyond the ileocaecal
valve respectively. The estimated incidence of HSCR is 1
in 5000 live births globally but the rate varies signifi-
cantly by ethnic groups, with a twofold increase in
incidence among Asians compared to Europeans (28
and 15 cases per 100,000 live births among Asians and
Europeans, respectively).”*

HSCR is characterized by high heritability and non-
Mendelian inheritance in families.* To date, rare
damaging coding variants in more than 15 genes have
been linked to HSCR®; however, these rare variants
altogether only account for a limited portion of the overall
heritability of the disease. In addition to rare variants,
common regulatory variants in RET, NRGI, and
SEMA3C/D were also identified as being associated with
HSCR from multiple ancestry-specific genome-wide as-
sociation studies (GWAS). In particular, a recent genetic
model comprising four common variants, including
three variants in RET and one variant in SEMAC/D lodi,
was shown to have a comparable, if not greater, contri-
bution to risk of HSCR when compared to the combined
effect of all rare damaging variants.® Despite the failure of

functional validation in human cells and zebrafish models
supported their pathological relevance in HSCR. Based on the
findings of the multi-ancestry meta-analysis, an 11 SNPs PRS
model was developed and was shown to have good predictive
performance for risk of HSCR irrespective of ancestry.

Implications of all the available evidence

The multi-ancestry meta-analysis implicated etiological roles
of dysregulation of HAND2 and ZNF25, NOTCH signalling,
netrin/UNC5C ligand-receptor coupling for further functional
characterization. The potential development of a universally
applicable PRS irrespective of ancestries would be of clinical
relevance for disease risk prediction in the future and in
advancing precision medicine for HSCR.

the previous multi-ancestry meta-analysis of GWAS to
uncover any novel disease-susceptibility loci for HSCR, it
highlighted ancestry-specific associations and suggested
that a larger meta-analysis can potentially uncover the
hidden heritability.”

To fully exploit the heritability captured by SNP ar-
rays, we perform the largest multi-ancestry meta-anal-
ysis to date. The meta-analysis includes all seven
published GWAS on HSCR, effectively doubling the
sample size to 1250 HSCR cases and 7140 controls.
Through our analysis and subsequent functional char-
acterization and validation, we identify four novel
HSCR-associated loci and four secondary association
signals in RET. We also examine the spatiotemporal
expression of the HSCR-associated genes in mouse and
human foetal enteric nervous system (ENS), providing
new insights into disease-relevant cell types and
vulnerable developmental stages in the developing gut.
Additionally, we explore the ancestry-specific features of
the polygenic architecture of HSCR using polygenic risk
score (PRS) analyses and derive a global PRS model
which may have clinical significance in disease risk
prediction regardless of the population. Overall, our
findings contribute to a better understanding of the
genetic basis of HSCR and provide potential implica-
tions for clinical applications in the future.

Methods

Study subjects and quality controls

Raw genotyping data and/or summary statistics of
GWAS were collected from the seven research centres
for the multi-ancestry meta-analysis, which included
1250 HSCR cases and 7140 controls of European and
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East Asian ancestries. For the ancestry-specific meta-
analyses, the European-specific GWAS included 610
HSCR cases and 5658 controls whereas the Asian-
specific GWAS included 640 HSCR cases and 1482
controls. With this sample size, we estimated that we
have 80% power to detect association for a common
variant with an odds ratio of 1.34 and a risk allele fre-
quency of 0.63 at genome-wide significance threshold
(p = 5 x 1078). An overview of each study, including the
genotyping array, imputation reference panel, variant
quality control, number of samples and the de-
mographics, was provided in Supplementary Table S1.

Meta-analysis

Before performing the meta-analysis, we computed the
inflation factor, lambda ()), for each of the seven data-
sets to ensure the data quality (Supplementary
Figure S1). Due to the minor inflation (A = 1.17)
observed in the Chinese GWAS dataset, we corrected
the association test statistics of this dataset by genomic
control adjustment. For each SNP, we multiplied the
standard error of the effect (BETAs) by the inflation
factor and recalculated the corresponding association p-
value. After the adjustment, the inflation factor of this
cohort was successfully reduced to 1.002, indicating the
absence of inflation. Next, we used METAL® to perform
fixed-effect meta-analyses using the inverse-variance
method. We retained only those variants that were
present in at least two GWAS in the European- and
Asian-specific meta-analyses and three GWAS for the
multi-ancestry meta-analysis. Within each meta-
analysed set, we further confirmed the absence of
inflation of the meta-analysis test statistics using LD
score regression (LDSC).” Heterogeneity of effect was
assessed using Cochran’s Q statistics and 1* for the
significant loci.

Heritability estimation

We estimated the heritability explained by GWAS for
both European and Asian ancestries using LDSC with
default settings. The estimation was based on the
summary statistics for SNPs with MAF >0.01 from the
respective ancestry-specific meta-analyses and the pre-
computed LD scores derived from the 1000 Genomes
European and East Asian data. Estimates of heritability
were converted from observed scale to liability scale
using a population prevalence of 0.02% for European
and 0.028% for Asian, respectively.

Defining independently associated loci

We used the FUMA (Functional Mapping and Annota-
tion) software'® to map the significant and putative loci
of variants with associations surpassing genome-wide
significance threshold of p < 5 x 107 or false discov-
ery rate (FDR) <0.001 respectively with the default
setting. Here, we adopted a more rigorous suggestive
threshold FDR <0.001, as opposed to FDR <0.05
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suggested in other studies.'"'? This stringent approach
could increase the likelihood of detecting more true
positive signals while minimizing false discoveries for
functional follow-up. Briefly, independent association
signals were first obtained based on the LD between
markers (r* < 0.8). Independent signals with a distance
less than 250 kilobases apart were then merged to form
an independently associated locus. Finally, within each
independent locus, the SNP with the lowest p-value was
defined as the lead SNP.

Gene set and pathway enrichment analyses

MAGMA gene-set analysis implemented in FUMA was
performed for gene set and pathway enrichment ana-
lyses. Testing was done on the curated gene sets and
Gene Ontology (GO) terms from the Molecular Signa-
tures Database (MsigDB).”*'"* We used Bonferroni
correction to adjust for multiple testing. Accounting for
the number of terms (pathway/gene-set) examined,
genome-wide significance threshold for set-based anal-
ysis was determined at Py, = 3.2 x 107 (=0.05/15,485).

Estimation of age of the European-specific variants
DMLE + version 2.3 was used to estimate the age of the
two European-specific HSCR-associated variants using a
Bayesian approach. The method uses Markov Chain
Monte Carlo algorithm to estimate the mutation age
based on the observed LD between a disease variant and
linked markers of unrelated normal individuals and
affected patients. Demographic parameters of the Eu-
ropean population were applied, with an estimated
incidence of 0.02%, and a population growth rate was
set at 0.025.

Prioritization of candidate genes

We obtained the list of all potential candidate genes
mapped with positional, expression quantitative trait
loci (eQTL), and chromatin interaction evidence as
implemented in FUMA functional gene mapping anal-
ysis.® For each putative locus at FDR <0.001, we further
used ToppGene'" to prioritize the mapped candidate
genes using all available functional annotations. We
defined the training set as the HSCR candidate genes
summarized in our previously published review. To
determine the significance cut-off threshold of prioriti-
zation by chance, we tested a background set of 18,199
protein-coding genes and determined that a prioritiza-
tion p-value of less than 1.2 x 10™* could effectively
control the type I error rate at a level below 0.05. Among
the three putative loci associated at FDR <0.001, only
UNCS5C at 4q22.3 can be successfully prioritized with
prioritization p below this cut-off threshold. To ensure
the robustness of the prioritization, we further applied a
stepwise strategy to move the prioritized gene from the
testing to the training set and repeated the prioritization
analysis until all the remaining testing genes failed to
reach the significant cut-off threshold. After the
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iterations, no candidate genes other than UNC5C can be
prioritized, suggesting that UNC5C is the most likely
HSCR gene in the locus.

Fine-mapping

Assuming one causal variant per locus, we used
PAINTOR3'" to perform cross-population fine-mapping
to compute the posterior probabilities of causality (PP)
and to construct the 95% credible sets for the seven
HSCR-associated loci. Except the SEMA3D and ZNF25
loci showing European-specific association, we per-
formed fine-mapping using the summary statistics from
the combined multi-ancestry meta-analysis and tailored
the trans-ancestry LD matrices (hereinafter referred to
as EUR + EAS) of the pairwise correlations between
SNPs using the European (EUR) and East Asian (EAS)
samples from 1000 Genomes Phase 3 reference panel.
For SEMA3D and ZNF25, we computed the LD matrix
using the EUR reference panel only and fine-mapping
was performed on the summary statistics from the
European-specific meta-analysis. All variants within
100 kb (+50 kb on each side) of the lead variant were
included in the fine-mapping.

Defining significant independently associated
variants

To evaluate whether there is secondary association
signal for each HSCR-associated locus, we performed
association analyses while conditioning on the lead
variant of each ancestry using GCTA-COJO. Stepwise
conditional analysis was carried out to determine all the
independently associated variants in the RET locus.
Briefly, if there were more than one variant reaching
genome-wide significance, we added the variant with the
lowest p-value to the former regression model as co-
variate and re-performed the conditional analyses until
no secondary signal reached genome-wide significance.

Characterization of HSCR-associated genes using
single cell transcriptomes of human and mouse
foetal gut

To better understand the functional impact and the
underlying molecular mechanisms of the four newly
identified HSCR-associated genes in ENS development,
we explored the spatiotemporal expression pattern of
these genes in single cell transcriptomic profiles of (i)
human foetal gut from Gut Cell Altas,” (ii) mouse
developing ENS from two published datasets,’®" and
(iii) mouse small intestine at E14.5. Gut Cell Altas in-
cludes 62,849 cells isolated from 6 to 11 weeks post—
conception developing human gut, interrogating
expression of 26,609 GENCODE genes, including non-
coding RNA genes, in 21 intestinal cell types. We first
determined if the known and novel HSCR-associated
genes are differentially expressed during human ENS
development in each cell type or time point compared to
the remaining data using Scanpy.”” Differentially

expressed genes (DEG) were defined as having log2 fold
change larger than 1 (log2 FC >1) and q-value <0.01
based on Wilcoxon rank-sum test. Hypergeometric test
was then used to determine the cell type(s) or time
point(s) with significant DEG enrichment of the HSCR-
associated genes. For the characterization of gene
expression in the ENS lineage, we used the single cell
transcriptome data of ENS cells isolated from Wnt1-Cre;
R26-EYFP mouse embryos at E13.5" and Wntl-Cre;
R26R-Tomato mouse embryos at E15.5 and E18.5.*
Expression  matrices were downloaded from
SRR15465838 of Sequence Read Archive (SRA) and
GSE149524 of the Gene Expression Omnibus (GEO)
database respectively and processed using Seurat V4%
according to the methods and quality control parame-
ters stated in the original studies.

Polygenic risk score (PRS) modelling

To better understand the cumulative effects of common
variants, we derived PRS models using PRSice2.”? We
used the raw genotyping data of Korean and Interna-
tional HSCR Genetic Consortium (IHGC) cohorts as
testing datasets for Asian and European populations
respectively (Supplementary Table S1). To secure inde-
pendence between the training and testing cohorts, we
excluded the testing dataset and re-ran the meta-
analyses following the same steps mentioned above to
obtain the independent GWAS summary statistics for
PRS construction. For the clumping and thresholding
(C + T) method, we trained the PRS models with a series
of p-value thresholds (Pt =1 x 107, 5 x 1075, 1 x 1077,
1x107°% 1x 107, 1x 107, 1 x 107, 0.01, 0.02, 0.03,
0.04, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 1) and used the
ancestry-matched reference panels of the 1000 Ge-
nomes Phase 3 data (i.e., EUR, EAS, and EUR + EAS for
the European, Asian, and multi-ancestry combined
meta-analyses respectively) to perform LD clumping. A
multiple testing correction based on permutation
implemented in PRSice2 was used, and an empirical
p < 0.001 was regarded as the significance cut-off. The
prediction accuracy/performance was evaluated with
Lee’s R2 and Nagelkerke’s pseudo R2.

In an attempt to derive a predictive model that is
simple, transparent and globally applicable, we trained a
set of PRS models including only the 11 variants which
represented the most likely causal variants for the seven
HSCR-associated loci together with the four indepen-
dently associated variants from the conditional analysis
of RET. Four 11-SNP PRS models were compared,
namely (i) combined, (ii) hybrid, (iii) matched and (iv)
unmatched models, with effects sizes derived from
different meta-analyses. For the combined, matched and
unmatched models, we extracted the effect sizes from
the multi-ancestry, target ancestry-matched (e.g., Asian-
specific meta-analysis as training data for Asian target
samples), and target ancestry-unmatched training data
(e.g., Asian-specific meta-analysis as training data for
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European target samples), respectively. To train the
hybrid model, we used the target ancestry-matched
training data for variants showing significant heteroge-
neity in genetic effect and multi-ancestry training data
for those variants with homogeneous genetic effect.
Additionally, effect sizes of the four secondary associa-
tion signals from joint conditional analysis were used in
the hybrid model. The p-value threshold was set at 1 in
PRSice2 to force the inclusion of all 11 variants. For
comparison, we trained a PRS model with the 4 com-
mon variants proposed in Tilghman et al. (2019).° In
addition, to evaluate the prediction capability of the PRS
model on disease subtypes, we further stratified the
Korean cases into 47 L-HSCR/TCA and 75 S-HSCR as
the target testing data and assessed the performance of
the PRS model separately. Area under the ROC Curve
(AUC) analysis was also performed to evaluate the pre-
diction capability of the models. DeLong test was per-
formed to compare for the significant difference in the
predictive ability of the models based on AUCs. The
odds of HSCR for individuals at each decile of the PRS
was compared with the mid 40-50% decile (i.e. the 3rd
quantile) to obtain odds ratio estimates with 95% con-
fidence intervals.

Immunofluorescence staining

Intestine specimens from operation of the non-HSCR
paediatric patients was fixed in 4% (w/v) PFA/PBS
paraformaldehyde (Sigma #P6148) for 24 h at 4 °C,
dehydrated in graded series of alcohol, cleared in xylene
before being embedded in paraffin. Tissue sections of
6 pm in thickness were prepared and mounted onto
microscope slide. Sections were dewaxed in xylene, hy-
drated in a graded series of alcohol and finally in
distilled water. Antigen retrieval were performed by in-
cubation in 10 mM sodium citrate buffer (pH 6.0) at
95 °C for 10 min. After blocking in PBS-T (PBS with
0.1% Triton) supplemented with 5% donkey serum
(Bio-rad #CO06SB) for 1 h at room temperature, sections
were incubated with primary antibodies diluted in PBS-
T overnight at 4 °C. The sections were washed three
times with PBS before incubation with fluorochrome-
conjugated secondary antibodies diluted in PBS-T for
1 h at room temperature. After washing with PBS,
sections were incubated with DAPI (Thermofisher
#62248) 1:1500 in PBS for 10 min at room temperature.
After washing with PBS, the slides were mounted with
Prolong gold antifade reagent (Thermofisher #P36930).
Sections were imaged with upright LSM900 Confocal
Microscope (Imaging and Flow Cytometry Core, Centre
for PanorOmic Sciences, LKS Faculty of Medicine,
HKU). The primary and secondary antibodies used in
the study were listed in Supplementary Table S2.

Transwell migration assay

Human neuroblastoma cell line HTB11 (ATCC: SK-N-
SH) was used for the transwell migration assay to
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evaluate the impact of the candidate genes on cell
migration. The cells were cultured in DMEM medium
(Gibco) supplemented with 10% foetal bovine serum
(Gibco) and 100 U/mL of penicillin, 100 pg/mL strep-
tomycin (Gibco) at 37 °C in 5% CO2. The validation
information for HTB11 is in the reagent validation file
(see Supplemental Data). Small interfering RNAs (siR-
NAs) targeting HAND2, UNC5C and ZNF25 tran-
scripts, and a scrambled siRNA were purchased from
Origene. A total of 6 x 10° cells were seeded into each
well of the 6-well plates and incubated for 24 h. Cells
were then transfected with either gene-specific or
scrambled siRNA using Lipofectamine™ RNAIMAX
Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. After the incubation with
siRNAs for 48 h, cells were re-seeded to 24-well plates
with Transwell inserts containing 8-um pore size PET
membranes (Corning Inc.). A total of 10° cells/well were
plated into the upper chamber in serum-free medium
and complete medium was added to the lower chamber.
After overnight incubation, cells on the upper side of the
membrane were gently wiped off with cotton swabs.
Cells on the bottom surface of the membrane were fixed
in 4% paraformaldehyde for 15 min and subsequently
stained with 0.5% crystal violet for 15 min. Five
randomly selected fields were image captured with a
microscope (Nikon Eclipse E600). Number of migrated
cells were counted in triplicates and t-test was used to
test for the mean difference.

Zebrafish

The transgenic zebrafish Tg(-8.3phox2bb:Kaede) line,
which expresses strong Kaede fluorescent signal to serve
as a marker for enteric neurons, was used to function-
ally evaluate the role of the HSCR-associated genes in
the ENS development. The study was conducted in
compliance with the ARRIVE guidelines. Zebrafish
were kept in Zebrafish Core Facility (HKU). Mainte-
nance of zebrafish and culture of embryos were carried
out as described previously.”” Zebrafish were cultured at
28.5 °C and embryos were obtained by natural spawning
and staged by days post-fertilization (dpf).

Gene knockout by CRISPR/Cas9 in zebrafish model
The three zebrafish orthologs of the HSCR-associated
genes, jagla, hand2, and unc5c, were selected for func-
tional characterization. The design and synthesis of
short guide (sgRNA) were carried out as described.”
Briefly, we purchased predesigned or custom designed
sgRNA for each orthologue using the Alt-R CRISPR-
Cas9 system at IDT (Supplementary Table S3). Designs
with high predicted efficiency and low predicted off
target effect were chosen. Zebrafish embryos were ran-
domized for the co-injection of the sgRNA (150 pg/nl)
and Cas9 protein (667 pg/nl) to generate indels at the
target gene at 1-cell stage. The injected larvae and un-
injected control were cultured to 5dpf for phenotype
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checking and imaging. Larva was collected separately for
DNA extraction, T7 endonuclease I assay and Sanger
sequencing to confirm the presence of indel mutation
(Supplementary Figure S2). Enteric neuron counting
was performed based on the Kaede fluorescent signals
in the distal most 300 pm of intestine for the crispants
(hand2: n = 80; jagla: n = 66 and unc5c: n = 72) and wild
type control (n = 63) zebrafish. While the average
number of neurons counted from the intestine of a
single wild type zebrafish embryo is around 85 with a
standard deviation of 17. Assuming a reduction of
~20% of neurons (number of neurons ~68) for a gene
knockout, we estimated that we have >90% of power to
detect the association at p < 0.01 for >30 zebrafish
crispant  embryos. Kolmogorov—Smirnov test for
normality was performed to ensure the count of enteric
neurons following normal distribution and t-test was
used to test for the mean difference in number of
enteric neurons between conditions.

Ethics

Written informed consent was obtained from all human
participants and all study protocols were approved by the
institutional review boards of each centre.**** The Chi-
nese and HKUTRS GWAS were approved by the insti-
tutional review board (IRB) of the University of Hong
Kong and the Hospital Authority (UW_13-225). Korean
GWAS was approved by the IRB of each hospital (IRB
No. SMC_2010-02-028-003 of Samsung Medical Centre;
2010-0395 of Asan Medical Centre; 4-2010-0436 of
Severance Children’s Hospital; 1006-129-322 of Seoul
National University Children’s Hospital). Danish GWAS
was approved by the Danish Scientific Research Ethics
Committee of the Capital Region (Copenhagen) and the
Danish Data Protection Agency. The Finnish GWAS was
approved by the Ethics committee of the Hospital for
Children and Adolescents, University of Helsinki, by the
Pirkanmaa Hospital District and by the Ethics Commit-
tee at Karolinska Institutet, Stockholm. The US GWAS
was approved by the Institutional Review Board of Johns
Hopkins University School of Medicine.

All animal procedures were approved by the Committee
of the Use of Laboratory and Research Animals (CULATR
4871-18) at the University of Hong Kong. The study was
conducted in compliance with the ARRIVE guidelines.

Role of funders

The funders of the study had no role in the study design,
data collection, data analysis, interpretation, or writing
of this report.

Results

Overview of the multi-ancestry meta-analysis of
GWAS

To identify novel HSCR-associated loci, we first per-
formed a multi-ancestry meta-analysis of seven published

GWAS on HSCR using a fixed-effect model, totalling
1250 HSCR cases and 7140 controls (Supplementary
Table S1). European- and Asian-specific meta-analyses
were carried out to evaluate if there is heterogeneity in
genetic effects between populations. Using LDSC, we
estimated that the proportions of variance explained by
the current study were 27.9% (p = 0.059, linear regres-
sion) and 24.7% (p = 0.049) for Europeans and Asians
respectively. The consistency in the ancestry-specific es-
timates implied a comparable overall contribution of
common variants across populations.

Among the 8.6 million variants tested, we identified
six genome-wide significant loci at p < 5 x 107 and three
putative loci at a FDR of 0.001 (Fig. la; Supplementary
Table S4). Three of the GWAS-significant loci were
known to be associated with HSCR, including RET,
NRG1 and SEMA3D (Supplementary Figures S3-S8).
As reported previously, heterogeneity in effect were
detected for these known loci” The SEMA3D locus
showed a strong European-specific effect (Fig. 1b), with
the lead variant being monomorphic in Asians. In
contrast, the associations of RET and NRGI were
detected in both populations albeit with significantly
different effect sizes (p < 0.01 by Cochran’s Q test). In
Europeans, the genetic effect of the RET locus was
generally larger, while the effect of the NRG1 locus was
smaller compared to the Asian population (Table 1).
Gene set enrichment analysis by MAGMA highlighted
significant enrichment for HSCR-relevant GO terms of
“neural crest cell migration involved in autonomic ner-
vous system development” (Py,, = 0.014 after Bonfer-
roni correction) and “transmembrane receptor protein
tyrosine kinase activator activity” (Ppo, = 0.044).

Novel HSCR-associated loci at JAG1, ZNF25, HAND2,
and UNC5C

We next mapped the candidate genes of the three novel
GWAS-significant loci based on positional, eQTL, and
chromatin interaction mapping using FUMA. The
strongest novel association was detected for rs6032951
at 20p12.2 (p = 2.8 x 107'%; inverse-variance weighted
fixed-effect meta-analysis OR [95% CI] = 1.6 [1.4-1.8];
Fig. 1c; Supplementary Figures S9 and S10), which
mapped to JAG1 encoding a NOTCH1 ligand. The other
two GWAS-significant loci were mapped to ZNF25
(rs79812746: p = 1.3 x 107'}; OR [95% CI] = 6.8
[3.9-11.8]) and HAND2 (rs62337918: p= 1.0 x 107% OR
[95% CI] = 1.5 [1.3-1.7]) based on eQTL mapping
(Fig. 1d and e; Supplementary Figures S11-S14). Of
note, like SEMA3D, association of ZNF25 is European-
specific and contributed mainly by low frequency vari-
ants (MAF~0.017) in Europeans. Through evolution
analysis, we estimated that these European-specific
variants could have emerged approximately 414 gener-
ations ago, supporting the presence of a founder effect
within the European population (Supplementary
Figure S15).
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Fig. 1: Association results of multi-ancestry and ancestry-specific meta-analyses. Lead variant in each locus is marked as a red diamond. (a)
Manhattan plot of the multi-ancestry meta-analysis. The red line represents genome-wide significant threshold of p = 5 x 1078 and the orange
horizontal line represents FDR = 0.001. Candidate genes with lead SNP surpassing genome-wide significance and the prioritized putative gene
are shown. (b) Manhattan plots of European-specific (upper panel) and Asian-specific meta-analyses (lower panel). (c-f) Regional LocusZoom
plots for JAG1, ZNF25, HAND2, and UNC5C, respectively for the multi-ancestry meta-analysis. (g) Venn diagram showing the overlapping
candidate genes from the three meta-analyses of GWAS.
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Variant Position Alleles”  Multi-ancestry meta-analysis European-specific meta-analysis Asian-specific meta-analysis Gene*

p OR (95% Cl) EAF°  p

OR (95% Cl) EAF  p OR (95% Cl)

GWAS-significant loci

rs2506008 10:43,580,224  C/A 83x103 43 (3.9, 47) 0.30 32 x 107
15117617821  7:84,322,189 T 32x107% 42 (31, 5.6) 0.052 32x107%
157005606 8:32,401,501 G/T 9.0 x 107%? 1.7 (1.5, 1.8) 0.49 81x10°°
16032951 20:10,769,074  T/G 2.8 x 107%° 1.6 (1.4, 1.8) 0.25 26 x 1071
rs79812746 10:37,622,597  A/T 12 x 107 6.8 (39, 11.8) 0017 13x10"
rs62337918 4:174,750,895  G/C 1.0 x 107 15 (1.3, 1.6) 0.25 6.8 x 108
Prioritized putative loci at FDR <0.001
rs6532569 4:96,509,169  T/C 63 x107° 13 (1.2, 1.5) 0.76 2.4 x 107

?Alleles: effective/non-effective allele. "EAF: allele frequency for the effective allele. “Novel loci are highlighted in bold.

5.3 (4.6, 6.1) 058 95x10°  34(29,39) RET
42 (31, 5.6) 0 - - SEMA3D
1.4 (1.3, 1.6) 024 45x10™®  21(18,25  NRG1
1.7 (1.5, 2.0) 034 91x107 15(13,17)  JAG1
6.8 (3.9, 11.8) o0 - - ZNF25
15 (13, 1.7) 019 33 x107% 14 (12,17)  HAND2

13 (1.1, 1.6) 049 73 x107 1.3 (1.2, 1.5) UNC5C

Table 1: Association results of the top associated loci from the multi-ancestry and ancestry-specific meta-analyses of genome-wide association studies.

For the three putative loci associated at FDR <0.001,
we performed a candidate gene prioritization using
ToppGene with respect to their similarity in functional
annotations to reported known HSCR genes. Based on
the biological and functional evidence, we prioritized
one candidate gene, UNC5C, at 4q22.3 encoding a re-
ceptor that binds to the laminin-related secretory pro-
tein, netrin-1 (NTN1) (rs6532569: p = 6.3 x 1075 OR
[95% CI] = 1.3 [1.2-1.5]) (Fig. 1f; Supplementary
Figures S16 and S17). For these three novel HSCR-
associated loci besides ZNF25, no heterogeneity in ge-
netic effect was detected across populations (Cochran’s
Q test p > 0.1).

Secondary association signal analysis at RET

Complex genetic locus may harbour multiple causal
variants that are collectively detected as a strong asso-
ciation signal in an independently associated locus. To
investigate the presence of secondary association sig-
nals, we conducted conditional analysis using GCTA-
COJO within each of the three known and the four
newly identified HSCR-associated loci. Notably, in line
with the observed heterogeneity in effect for the lead
SNPs, significant difference in the secondary associa-
tion signals were observed across populations specif-
ically for the RET locus. In RET, three independently
associated variants (rs1774171, rs115530198, and

rs10899830) were detected in Europeans, whereas only
one variant (rs140184225) was shown to have indepen-
dent effect in the Asian population (Table 2). Two of
these variants, rs115530198 and rs140184225 discov-
ered in Europeans and Asians respectively, are ancestry-
specific and show very low allele frequencies (MAF
<0.002) in another population. The other two indepen-
dently associated variants also demonstrated much
larger effect among Europeans than Asians. Apart from
the RET locus, no secondary association signal was
detected in the other loci. Altogether, these findings
demonstrated that genetic heterogeneity substantially
underlies HSCR and such heterogeneity must be
considered when modelling genetic risk of HSCR to
improve the generalizability for prediction.

Fine-mapping

Fine-mapping of the truly causal variants within the
disease-susceptibility loci can often help delineate the
underlying molecular pathomechanisms. Taking
advantage of our diverse multi-ancestry GWAS cohorts,
we further performed cross-population fine-mapping
analysis using PAINTOR3. By leveraging the variability
in the local LD patterns across populations, we suc-
cessfully fine-mapped these HSCR-associated loci,
resulting in the 95% credible sets containing a median
of eight causal variants (Supplementary Table S5). In

Ancestry Variant Position Alleles” EAF® Ancestry-specific meta- Ancestry-specific joint
analysis conditional analysis®
European Asian p OR (95% Cl) p OR (95% Cl)

European 151774171 10:43,434,211 T 0.5944 07202 56 x10%*  22(20,26) 11x107° 1.9 (1.6,22)
rs115530198  10:43,587,326  T/C 0.0139 0 40x10° 4124, 68) 15x107° 5232 87)
rs10899830 10:44,069,863  A/G 0.1093 0.0605 3.4x10  20(1725  99x10° 18 (L5 23)

Asian 15140184225 10:43,759,346 T/C 0 0.0278 1.4 x 107 23 (1.6, 3.3) 5.5 x 1072 31 (21, 4.4)

?Alleles: effective/non-effective allele. "EAF: allele frequency for the effective allele. Joint conditional analysis result of the independently associated variants identified from

stepwise analysis together with the lead SNP.

Table 2: Secondary association signals in RET from ancestry-specific conditional analyses.
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particular, we narrowed down the causal variant of
NRG1 to single-marker resolution, with the lead SNP
having posterior probability of causality (PP) > 0.99. In
addition, the lead SNPs of SEMA3D, JAG1, and ZNF25
also showed high posterior probabilities (PP > 0.49) and
were likely to be responsible for the association signal in
the corresponding loci. The full list of all likely causal
SNPs within the 95% credible set was included in
Supplementary Table S5.

Functional annotation at single-cell level revealed
spatiotemporal hotspots for HSCR-associated genes
and provided mechanistic insights

Among the four newly identified HSCR-associated
genes, only HAND2 was previously reported to be
linked to ENS development in animal models. HAND2
encodes a transcription factor shown to promote neu-
rogenesis of bipotent neural crest cells.* Conditional
knockout of Hand2 in the neural crest cells resulted in
reduced numbers of enteric neurons, which prolonged
gastrointestinal transit times and impaired colonic
motility.*"** Immunofluorescence staining of these four
HSCR-associated genes in intestine of non-HSCR con-
trols revealed that all four genes were expressed in
enteric neurons of the myenteric and submucosal
plexuses (Fig. 2). Like HAND2, the three novel HSCR

200pm

200um

candidate genes are not neuron-specific and appeared to
be broadly expressed in various intestinal cell types.
Specifically, JAG1 and UNCS5C exhibited strong
expression in the intestinal stroma, which is consistent
with their expression patterns reported in the single cell
transcriptomic  data from the Gut Cell Altas
(Supplementary Figure S18). Additionally, we also
confirmed that JAG1 is expressed in GFAP" enteric glial
cells (Supplementary Figures S18 and S19a). Such pat-
terns of expression were consistently observed in
developing mouse small intestine at E14.5
(Supplementary Figures S19b, S20a and S21).

To explore the molecular function of the HSCR-
associated genes in human gut development, we
analysed the Gut Cell Atlas characterizing the tran-
scriptome of the 6-11 weeks post—conception devel-
oping human gut? First, we examined the
spatiotemporal expression of all seven HSCR-associated
genes with respect to the 21 cell types and nine devel-
opmental time points of the developing human gut.
After correcting for multiple testing, significant poly-
genic enrichment of these genes was found primarily in
cells of the ENS lineage, including enteric neurons
(p = 1.7 x 107, hypergeometric test) and neural crest
cells (p = 0.0099). Besides recapitulating the known cell
type—disease association, a mesenchymal subset, known

JAG1/TUJ1/DAP| S

b i
gk )
4

200um

Fig. 2: Immunofluorescence staining of the four newly identified HSCR-associated genes showing colocalization of expression in human
ENS. Representative immunofluorescence confocal images of HAND2, JAG1, ZNF25 and UNC5C (green) in the intestine tissues of non-HSCR
controls, showing colocalization with TUJ1 (red) in enteric neurons in the ganglion cells of the submucosal and myenteric plexuses. DAPI
nuclear staining is also shown (blue). The images at right panel represent the zoomed-in views of selected ganglion cells in submucosal (upper
right) and myenteric (bottom right) plexuses as indicated by the dotted boxes. m: mucosa; sm: submucosa; cm: circular muscle layer; Im:
longitudinal muscle layer. m, mucosa; sm, submucosa; cm, circular muscle; Im, longitudinal muscle.
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as FRZB fibroblast cells, was also enriched with HSCR-
associated genes identified from the meta-analysis
(p = 8.4 x 107°) (Fig. 3a). Temporally, we identified
two developmental hotspots, F6.1 (p = 0.0041) and F8.4

(p = 1.7 x 107°), where the HSCR-associated genes
showed overexpression (Fig. 3b). Interestingly, the
FRZB fibroblast cells, characterized by high expression
of FRZB and ZEB2, were exclusively detected in foetal
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Fig. 3: Spatiotemporal expression pattern of known HSCR genes and newly identified HSCR-associated genes in the developing intestine
of human and mice foetuses. (a) Spatial expression of the HSCR-associated genes. The three cell types (neural crest cells, enteric neurons, and
FRZB fibroblast cells) in human developing intestine enriched with HSCR-associated genes are highlighted in bold on the y-axis. Known and
novel HSCR-associated genes identified from the current meta-analysis are highlighted in bold and red respectively on the x-axis. Differentially
expressed genes (log2 fold change>1 and adjusted p-value <0.01, Wilcoxon rank-sum test) are marked by * (p < 0.01) and ** (p < 0.001) in the
corresponding cell type. Epi, epithelial cells; SMC, smooth muscle cells; FLC, fibroblast cells; ICC, interstitial cells of Cajal; EC, endothelial cells; (b)
Temporal expression of the HSCR-associated genes. Candidate risk genes demonstrated signals of overexpression primarily at two develop-
mental (F6.1 and F8.4) time points. (c) Expression patterns for the HSCR-associated genes in the developing ENS of mice using single cell
transcriptome integrated from data at E13.5, E15.5 and E18.5. Zfp9 represents the mouse orthologue to human ZNF25. Jag1 is mainly expressed
in the mesenchyme and thus the expression pattern of its receptor, Notch1, is shown. Branch A and B neurons were defined analogously to
human Gut Cell Altas based on the cell-type specific markers of Etvl and Bnc2 respectively. UMAP plots stratified by three developmental time
points are included in Supplementary Figure 522.
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colon at F6.1, whereby the ENS cells were predominately
migrating/proliferating NCC regionally.” Three of the
newly identified HSCR-associated genes, JAG1, HAND2
and UNCS5C, were also differentially expressed in this cell
type at F6.1. In particular, JAGI was mainly expressed in
the foetal gut mesenchyme and showed the strongest up-
regulation in these FRZB fibroblast cells. Synergistically,
upregulation of the receptor of JAGI, NOTCHI, was
observed in both NCC (log2 fold change (FC) = 2.44;
Pagjust = 9.6 x 10’299) and enteric neurons (log2 FC = 1.22;
Pagjuss = 4.7 x 10_26) at F6.1 and F8.4 as well; however,
whether and how the interaction of these ligands and
receptors between the NCC, enteric neurons, and FRZB
fibroblast cells affects the enteric NCC proliferation/
migration or neurogenesis remains largely unclear.

To further delineate the role of these novel HSCR-
associated genes in enteric neurogenesis and neuron dif-
ferentiation, we explored the differentiation trajectory of
the enteric NCCs in developing mouse ENS.*" All the
generic cell states of the developing ENS, from progenitor,
neuroblast, to the two major neuronal subtypes, were
represented in various proportions in the two published
datasets of three time points (E13.5, E15.5 and E18.5;
Supplementary Figure S22). By integrating these datasets,
we analysed the dynamic expression pattern of the novel
HSCR genes. Like the known ENS transcription factor
Phox2b, Hand2 was ubiquitously expressed along the dif-
ferentiation trajectory, from cycling enteric NCCs to
differentiated enteric neurons of both branches (Fig. 3c;
Supplementary Figure S22). Additionally, while the
expression of Jagl was low in mouse ENS, its receptor
Notch1 was highly expressed in the neural progenitors but
gradually downregulated after branching. This suggested
that JAG1/NOTCH1 signalling may be important in
maintaining the undifferentiated progenitor state of the
enteric NCCs. In contrast, we observed that Zfp9, the
mouse orthologue of ZNF25, exhibited increased expres-
sion during neurogenesis and this enriched expression
persisted in both branches of differentiated neurons.
Intriguingly, the expression of Unc5c was mainly limited to
the enteric neurons. Unlike Ret and Nrgl which were
strongly expressed in nitric oxide synthase positive (Nos1+
Branch A neuron) inhibitory neurons, Unc5c was pre-
dominately expressed in excitatory neurons that co-express
choline acetyltransferase (Chat) (Branch B neuron; Fig. 3c
and Supplementary Figure S22). The distinct pattern of
differentiation suggested that NTN/UNC5C signalling
may affect ENS development antagonistically or indepen-
dently from the RET signalling pathway. Meanwhile, it also
highlighted that defective differentiation into functional
excitatory motor neurons could underly the genetic aeti-
ology of HSCR.

Inhibition of the novel HSCR-associated genes
disrupted cell migration in vitro

Given the potential significance of these novel HSCR-
associated genes in ENS development, we sought to
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evaluate their roles in regulating cell migration in vitro.
As JAG1 appeared to be predominantly expressed in the
mesenchyme during human gut development and we
consistently did not observe colocalization of expression
of Jagl in p75N™® * enteric NCCs in developing mouse
intestine (Supplementary Figure S20b), we focused on
assessing the effect of inhibiting the expression of the
other three HSCR-associated genes, HAND2, ZNF25,
and UNCS5C, on cell migration. We knocked down these
three genes using siRNA in SK-N-SH cells. Transwell
migration assay showed delayed migration with
decreased expression of HAND2 (p = 0.020, t-test) and
ZNF25 (p = 0.020) (Fig. 4). Consisted with the distinct
expression pattern of UNC5C in differentiated neurons
following neuronal commitment, we did not observe
significant difference in cell migration capacity upon
downregulating UNCS5C (p = 0.35). Furthermore,
immunofluorescence staining further confirmed the
absence of Unc5c expression in migrating enteric NCCs
(Supplementary Figure S20c). Altogether our results
suggested that genetic dysregulation of HAND2,
ZNF25, and JAG1 could impair enteric NCC migration,
potentially leading to abnormalities in ENS development
and increased HSCR susceptibility.

Knockout of novel HSCR-associated genes resulted
in abnormal ENS development in zebrafish
Zebrafish has been a valuable model organism for
studying the molecular function of HSCR candidate
genes in ENS development.’** Previous studies using
zebrafish models demonstrated that ret homozygous
mutants displayed HSCR-like phenotype, characterized
by loss of enteric neurons from distal to proximal in-
testine, whereas knockdown of nrgl, sema3c, and sema3d
led to reduction of enteric neurons.*** We thus assessed
the effect of depletion of these newly identified HSCR-
associated genes on ENS development using the
Tg(—8.3phox2bb:Kaede) transgenic zebrafish. This re-
porter line allows fluorescent Kaede labelling of the
neural crest-derived enteric neuron precursors and
differentiated enteric neurons for screening HSCR-like
ENS phenotypes. As there is no zebrafish orthologue
for ZNF25, CRISPR/Cas9-mediated knockout was per-
formed only for the remaining three candidate genes.
Although all larvae of hand2, jagla, and unc5c crispants
displayed complete innervation of the gut up to the anal
opening, significant reduction in neuronal density were
observed (all p < 2.2 x 107'%; Fig. 5a and b). On average,
the numbers of enteric neurons were reduced by half in
these crispant lines. Notably, the crispant larvae with
greater numbers of neurons (above the upper quantile;
Fig. 5a, left panel) exhibited ENS phenotypes resem-
bling those seen below the lower quantile of the controls
(Fig. 5a, top right panel). The result provided additional
evidence supporting the genotype—phenotype associa-
tion, whereby the dysregulation of these genes may
contribute to an increased risk of developing HSCR.
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Fig. 4: Transwell migration assay showing migration defects with downregulation of the HSCR-associated genes. (a) Representative
images and quantification of the migrated cells are shown. (b) Number of migrated cells was counted in triplicates and is presented as
mean = standard error. Symbols denote the statistical significance of t-test (*p < 0.05, **p < 0.01).

PRS prediction models

PRS summarizes the combined effect of many genetic
variants derived from GWAS and can provide individ-
ualized polygenic risk prediction for complex diseases.
Despite having an overall similar contribution of com-
mon variants, our meta-analysis demonstrated an
evident genetic heterogeneity for HSCR across pop-
ulations. Such heterogeneity may reduce the perfor-
mance and transferability of PRS in predicting genetic
risk of HSCR. With the aim of better understanding the
polygenic component of HSCR and to develop a global
PRS applicable for genetic risk prediction across pop-
ulations, we derived and compared PRS using 2
methods: (i) clumping and thresholding (C + T) and (i)
11 SNPs models aggregating the genetic effect of the 11
independently associated variants across seven HSCR-
associated loci (see Methods).

The C + T method is a traditional method commonly
used for selecting independent variants in PRS con-
struction. For the PRS derived using this method, the
use of ancestry-matched training data gave optimal
prediction in both Asian and European populations
(Fig. 6a and b; Supplementary Table S6). However, in
Europeans, PRS derived from the multi-ancestry com-
bined meta-analysis performed equally well as those
derived from the ancestry-matched meta-analysis data.
Also, in Europeans, the performance of C + T PRS
models using ancestry-matched training data was
optimal at a lenient p-value threshold of 1 x 107, sug-
gesting the existence of additional HSCR-associated
variants not reaching genome-wide significance.

Though the ancestry-specific PRS models using the
C + T method achieved good prediction performance,

the use of different variants (7 SNPs for Asians and 66
SNPs for Europeans) and different effect sizes across
populations limited the generalizability of these PRS
models to other ethnic groups or admixed populations.
To address this limitation, we thus considered a
simplified 11-SNP model comprising only the 11 SNPs
independently associated with HSCR and tested the use
of different effect sizes trained from the ancestry-
matched/unmatched and the multi-ancestry meta-ana-
lyses (see Methods). Alternatively, we also considered a
11-SNP hybrid model using effect sizes derived from
the ancestry-matched meta-analyses for variants with
heterogeneous genetic effect across populations or
otherwise from the multi-ancestry combined meta-
analysis. Overall, using ancestry-matched training data,
the 11-SNP models achieved prediction performance
that are highly comparable with the PRS models pro-
duced by C + T method (Supplementary Table S7).
Intriguingly, the two models (combined and hybrid)
trained on the multi-ancestry meta-analysis demon-
strated the highest predictive power (Supplementary
Tables S7 and S8). Though the hybrid model margin-
ally outperformed the combined model on both Asians
and Europeans, the 11-SNP combined model can pro-
vide similar predictive accuracy when the underlying
ancestry of the target samples is uncertain. Regardless
of the inclusion of RET variants showing secondary as-
sociation, we observed a significantly higher PRS for
HSCR cases across groups stratified by the genotype at
the lead SNP (rs2506008) of RET, which demonstrates
the importance of the non-RET loci in predicting genetic
risk of HSCR (Supplementary Table S9). Compared
with the previously proposed 4-SNP combined model in
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Fig. 5: CRISPR/Cas9 knockout of hand2, jag1a, and unc5c impaired ENS development and resulted in decreased enteric neuronal number.
(a) Representative images of the wild type zebrafish (control), the hand2, jagla and unc5c crispant zebrafish with number of neurons above the
upper (left) and below the lower quantile (right) are shown. The image at the bottom right panel represents the zoomed-in view (indicated by
the dotted box) visualizing the Kaede-expressing enteric neurons (green dots) in the intestine. Asterisk (*) indicates end of the gut tube (anal
pore). (b) Significant reduction in the number of enteric neurons in hand2 (n = 80), jagla (n = 66) and unc5c (n = 72) crispants compared to

wild type control fish (n = 63). *** T-test p < 0.001.

Tilghman et al. (2019),° the 11-SNP combined PRS
model significantly improved risk prediction of HSCR
in Asian population (AUC from 0.70 to 0.81; r* from
0.032 to 0.103; DeLong test p < 1 x 107 Supplementary
Table S7) and modestly improved the prediction in
European population (AUC from 0.83 to 0.87; r* from
0.12 t0 0.17; p < 0.01) (Fig. 6b). Based on this combined
model, the odds ratio of HSCR for the top decile of PRS
(relative to the 3rd decile) was much higher than the
odds ratios of other deciles, being 31.1 (95% CI
7.0-137.2) for the European and 7.7 (95% CI 3.9-15.4)
for the Asian test samples (Fig. 6¢). A similar pattern of
association between risk of HSCR and deciles of PRS
was also observed for the best-performing C + T models,
which further demonstrated the robustness and the
generalizability of the 11-SNP combined PRS
(Supplementary Figure S23). Lastly, we observed a
similar distribution of PRS across HSCR subtypes,
indicating that this 11-SNP combined PRS model was
not only applicable to predict genetic risk of the most
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common form of S-HSCR but also equally powerful to
predict the risk of the rarer, severe subtype of L-HSCR
and TCA (Fig. 6d).

Discussion

Here, we combined the findings of all available GWAS
on HSCR to present the largest multi-ancestry meta-
analysis on this disease. In addition to confirming
previous associations, we identified four novel HSCR-
susceptibility loci, including JAG1, ZNF25, HAND2
and UNC5C, and four secondary association signals in
RET. By comparing the results between the two
ancestry-specific meta-analyses, we detected genetic
heterogeneity in effects specifically in RET and NRGI
between populations. Meanwhile, we highlighted the
European-specific association of ZNF25 in addition to
the known HSCR-associated SEMA3D locus. To gain
mechanistic insights into the genetic predisposition, we
performed functional annotation of the HSCR-

13


http://www.thelancet.com

Articles

a Asian European
0.125

0.125 == Asian

=@= Combined

0100 0100 == European
0.075 0.075
T T
(] ©
N N
o o
0.050 0.050
0.025 0.025
0.000 0.000
I S R T I ® @ & PP DS
\,e/Q <Oe,’° ,\/Q]Q ,\g,’g ,\/e,’o ,\/Q;'Q 090 & o N ,\/efg (,)e,’g ,\gfg ,\lz’g &,Q @9 09() & o NN
Threshold Threshold
Asian European
1.00 1.00
=== 11-SNP Combined
0.75 0.75

=== 11-SNP Hybrid
=== 4SNP model

sensitivity
o
(o]
o
sensitivity
o
[e
o

0.25 AUC = 0.797 0.25 AUC =0.872
AUC = 0.807 AUC =0.874
AUC = 0.695 AUC = 0.832
0.00 0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - specificity 1 - specificity
c d
40
i . Control
# Asian
30 - . Long+TCA
* European
& . Short
o o
230
o
[ =
£ 60+
o
[
o
g
3 20 -
i E
é 3 40 A
8
T
o4
1)
310
o 20+ J
o ee %o ©° 0. I -
1 2 3 4 5 3 2 1 0 1 2 3
Quantiles for Polygenic Score PRS

www.thelancet.com Vol 115 May, 2025


http://www.thelancet.com

Articles

associated genes using single cell transcriptomic data of
human and mouse developing gut, which suggested
spatiotemporal hotspots and novel biological pathways
underlying the defective ENS development in patients
with HSCR. Functional assays demonstrated that dys-
regulation of expression of these novel HSCR-associated
genes impaired cell migration and resulted in abnormal
ENS development in zebrafish model. Lastly, to assess
the clinical utility of our findings, we developed a global
PRS model aggregating the genetic effects of the most
likely causal variants strongly associated with HSCR as
well as the secondary association signals from the meta-
analysis. The global 11-SNP PRS model demonstrated a
substantially improved predictive ability on disease risk,
particularly on East Asian populations, suggesting the
potential of future clinical implementation of PRS in
improving genetic counselling.

Major HSCR genes, like RET, PHOX2B and SOX10,
were primarily expressed in cells of the ENS lineage.
Upon entering the foregut, the spatiotemporal expres-
sion of these ENS genes together with their interacting
partners modulate the migration/proliferation/differ-
entiation behaviour of the enteric NCC through sensor-
effector coupling. The identification of a subtype of
fibroblast cells (FRZB fibroblast cells) uniquely present
during colonization of the colon which are enriched
with HSCR-associated genes suggested an under-
estimated importance of these fibroblast cells in sup-
porting ENS development. Functional characterization
of interaction between these fibroblast cells, the ENS
precursors and enteric neurons in model organisms
may provide clues into the underlying molecular
mechanisms dysregulating ENS development in pa-
tients with HSCR. Of particular interest, these FRZB
fibroblast cells strongly expressed one of the novel
HSCR genes, JAGI. JAG1 expresses mainly in the
mesenchyme and is a crucial member of the NOTCH
signalling pathway implicated in the regulation of pro-
liferation and differentiation of the enteric NCCs. In
addition, reduced expression of NOTCH1 was detected
in the aganglionic segments of HSCR bowel.** Our
previous pathway-based analysis uncovered that
disruption of the epistasis between PTCHI of the
Hedgehog signalling and DLL3 of the NOTCH signal-
ling may increase risk of HSCR and suggested a novel
disease mechanism of Hedgehog/Notch-induced pre-
mature gliogenesis.”” In both mouse and human devel-
oping ENS, NOTCH1/2 is highly expressed in NCC

while some NOTCH ligands, like DLLI and DLL3, are
markers of neuroblasts governing neurogenesis; there-
fore, the early expression of JAGI in the developing
intestinal stromal niche may help co-ordinate stem cell
maintenance or binary neurogenic branching via inter-
action with other NOTCH signalling partners. Further
study to elucidate the underlying molecular mechanism
of disease pathogenesis in this locus is warranted.

In fact, in adult rat ENS, Notchl is preferentially
expressed in the cholinergic neurons but not in the
NosI™ inhibitory neurons.*® Coincidentally, our novel
HSCR gene, UNC5C, was also preferentially expressed
in excitatory neurons lacking NOSI. Like other netrin
receptors, UNC5C mediates chemoattraction or che-
morepulsion upon NTN1 binding to guide cell migra-
tion as well as axon guidance during nervous system
development.”” Based on the published microarray-
based expression profiles of the mouse intestine at
E11.5 and E15.5,% although UNC5C was not directly
implicated in ENS development, other ligand-receptor
couples of the netrin signalling pathway, e.g., Ntn4-
Unc5d, and Ntngl-Lrre4c, were implicated in the
orchestration of neuronal migration and synapse for-
mation of the enteric networks in the developing mice
ENS. The distinct expression pattern of Unc5c in the
developing ENS contrasts with those of Ret and Nrgl,
suggesting that NTN/UNC5C signalling may affect ENS
development antagonistically or independently from
RET signalling pathway and may have a complementary
role in neurogenesis and maturation of the excitatory
neurons. It also raised the possibility that genetic vari-
ants dysregulating the neuronal specification of excit-
atory neurons may also underlie disease pathogenesis.

Both HAND2 and ZNF25, the other two newly
identified HSCR-associated genes, function as tran-
scription factors. Consistent with the widespread
expression of Hand2 in developing mouse ENS,
HAND2 was found to be necessary for the specification
of neurons that produce the vasoactive intestinal peptide
(VIP), as well as their nitrergic and calretinin-expressing
equivalents.” Knockdown of Hand2 in enteric crest-
derived cells was shown to prevent neuronal develop-
ment. Conditional inactivation of Hand2 in migrating
NCC-derived cells resulted in absence of terminally
differentiated enteric neurons.” The current study pro-
vided compelling evidence supporting the association of
HAND2 with HSCR from a common-variant perspec-
tive. Unlike HAND?2, the precise molecular function of

Fig. 6: Risk stratification of HSCR by global and ancestry-specific polygenic risk score. (a) Proportion of risk variance in Asian (left) and
European (right) test samples explained by PRS derived from Asian, European or multi-ancestry training samples using C + T approach across
different p-value thresholds, showing superior performance in European than in Asian test samples. R2,q; refers to Lee's R>. (b) Receiver
operating characteristic (ROC) curves of Asian (left) and European (right) test samples to evaluate the performance of the 4SNP model and the
11-SNP combined and hybrid PRS models derived from the multi-ancestry meta-analysis. Area under curve (AUC) of the models are shown. (c)
Estimated odds ratios with 95% confidence intervals of HSCR in Asian and European test samples by PRS decile, relative to the 3rd decile for the
11-SNP combined PRS model. (d) Distribution of PRS of the 11-SNP combined PRS model for S-HSCR, L-HSCR and TCA samples relative to the

controls.
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ZNF25 remains relatively unexplored. Given the
elevated expression of Zfp9 during and after neuro-
genesis and the findings from our functional charac-
terization assay, ZNF25 may function similarly as
HAND?2 and contribute to the development of HSCR by
influencing cell migration.

While our current study is primarily focused on
identifying HSCR-associated genes, exploring the popu-
lation differences in genetic architecture as well as the
derivation of polygenic risk score to predict the genetic
risk of HSCR, the functional characterisation conducted
thus far may not be adequate to conclusively confirm the
proposed molecular pathomechanisms. Future research
could involve more in-depth functional assays, for
example, establishing transgenic murine models for
lineage tracing or generating genome-edited intestinal
organoids from induced pluripotent stem cells, to provide
a more comprehensive understanding of the underlying
pathological mechanisms linked with these genes.

Although it is well acknowledged that HSCR is
genetically heterogeneous, the collective contribution of
common variants to disease risk has been underappre-
ciated thus far. The previous genetic model advocated by
Tilghman et al. (2019) re-emphasized the importance of
common variants in genetic risk prediction such that
the majority of patients with HSCR of European
ancestry have genetic burden contributed largely by
common variants in RET and SEMA3D. However, this
4-SNP PRS model suffered from non-generalization
across populations because of the heterogeneous effect
of the RET variants and the non-inclusion of NRGI
which has a larger impact in Asians. PRS models
trained on Asian samples also failed to capture those
founder variants like SEMA3D that showed European-
specific associations. In the current study, we derived
a 11-SNP combined PRS model aggregating the effects
of 11 HSCR-associated variants and secondary associa-
tion signals based on the multi-ancestry meta-analysis
summary statistics. Making use of multi-ancestry data,
this global PRS model improves the generalizability
across populations, showing equally good predictive
power in both European and Asian populations. Alter-
natively, when the ancestry of the testing samples is
unambiguous, the hybrid model which utilizes a com-
bination of ancestry-matched and multi-ancestry
training samples can also be considered to further
enhance the prediction performance. Intriguingly, our
study also revealed a similar level of phenotypic variance
explained at a p-value cut-off at 1 x 107 for both pop-
ulations using the ancestry-matched C + T methods.
The similar proportion of variance explained by twice as
many variants at this nominal p-value compared to the
genome-wide significance threshold implied the pres-
ence of additional causal variants with moderate asso-
ciations yet to be discovered. Altogether, these findings
underscore the importance of expanding the size and

diversity of the HSCR cohorts in future GWAS to fully
understand the genetic basis of HSCR.

In conclusion, our multi-ancestry meta-analysis
implicated novel HSCR-associated loci and suggested
etiological roles of dysregulation of ZNF25, HAND2,
NOTCH signalling, netrin/UNC5C coupling in disease
development. The global PRS model, when integrated
additively with genetic models on rare coding and copy
number variants, will lead to an improved genetic risk
prediction for recurrence within family and aid genetic
counselling. It brings us one step closer to the clinical
implementation of genomic findings to improve clinical
management of HSCR in the future.
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