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Abstract

Background & Aims: Biliary atresia (BA) is poorly understood and leads to liver 

transplantation (LT), with the requirement for and associated risks of lifelong immunosuppression, 

in most children. We performed a genome-wide association study (GWAS) to determine the 

genetic basis of BA.

Methods: We performed a GWAS in 811 European BA cases treated with LT in US, Canadian 

and UK centers, and 4,654 genetically matched controls. Whole-genome sequencing of 100 

cases evaluated synthetic association with rare variants. Functional studies included whole liver 

transcriptome analysis of 64 BA cases and perturbations in experimental models.

Results: A GWAS of common single nucleotide polymorphisms (SNPs), i.e. allele frequencies 

>1%, identified intronic SNPs rs6446628 in AFAP1 with genome-wide significance (p = 3.93E-8) 

and rs34599046 in TUSC3 at sub-threshold genome-wide significance (p = 1.34E-7), both 

supported by credible peaks of neighboring SNPs. Like other previously reported BA-associated 

genes, AFAP1 and TUSC3 are ciliogenesis and planar polarity effectors (CPLANE). In gene-set-

based GWAS, BA was associated with 6,005 SNPs in 102 CPLANE genes (p = 5.84E-15). 

Compared with non-CPLANE genes, more CPLANE genes harbored rare variants (allele 

frequency <1%) that were assigned Human Phenotype Ontology terms related to hepatobiliary 

anomalies by predictive algorithms, 87% vs. 40%, p <0.0001. Rare variants were present in 

multiple genes distinct from those with BA-associated common variants in most BA cases. AFAP1 

and TUSC3 knockdown blocked ciliogenesis in mouse tracheal cells. Inhibition of ciliogenesis 

caused biliary dysgenesis in zebrafish. AFAP1 and TUSC3 were expressed in fetal liver organoids, 

as well as fetal and BA livers, but not in normal or disease-control livers. Integrative analysis of 
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BA-associated variants and liver transcripts revealed abnormal vasculogenesis and epithelial tube 

formation, explaining portal vein anomalies that co-exist with BA.

Conclusions: BA is associated with polygenic susceptibility in CPLANE genes. Rare variants 

contribute to polygenic risk in vulnerable pathways via unique genes.

Graphical Abstract

Keywords

Biliary Atresia; Polygenic Susceptibility; Ciliogenesis; Portal Vein; Vascular Development; Tube 
Morphogenesis

Introduction

Biliary atresia (BA) affects 1 in 18,000 children of European ancestry and is the 

largest single indication for liver transplantation (LT) in children.1,2 Post-transplant 

immunosuppression incurs a lifelong risk of life-threatening infections and malignancies. 

Therefore, understanding the pathogenesis of BA that requires LT is essential to develop 

strategies that prevent liver disease and its progression, and enhance surgical management. 

Genetic susceptibility and a developmental basis are important components of this 

pathogenesis. Unremitting jaundice due to loss of extrahepatic bile ducts is evident shortly 

after birth. Despite surgical drainage, three-fourths of all children develop cirrhosis and liver 

failure and require LT. Up to a fifth of all BA cases also manifest extrahepatic anomalies 

of other abdominal organs, the genitourinary or the cardiovascular systems.3 Extrahepatic 

involvement also includes syndromic laterality defects in a tenth of BA cases. These defects 

range from asplenia to complete heterotaxy. Independent of extrahepatic involvement, up 

to half of all BA cases have portal vein anomalies which include poor portal venous 

hemodynamics and atresia or pre-duodenal location.4–6 As a result, up to a fifth of BA 

cases may require portal venous reconstruction at the time of LT.7 Patients with BA also 

experience a higher incidence of post-transplant portal venous thrombosis, compared with 

LT for other indications in children.8 Thus, BA which progresses to LT could yield novel 

insights to advance our understanding of disease pathogenesis. To date, susceptibility loci 

Glessner et al. Page 3

J Hepatol. Author manuscript; available in PMC 2023 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identified from genome-wide association studies (GWASs) show that exact replication can 

be challenging (Table S1).9–25 Examples include the association, in cases of European 

ancestry, of BA with mannosidase alpha class 1A member 2 (MAN1A2), which has very 

few single nucleotide polymorphisms (SNPs) in eastern populations. An SNP downstream 

of X-prolyl aminopeptidase 1 (XPNPEP1) on 10q24.2 showed the strongest association with 

BA in Chinese BA cases.16 Polymorphisms in this locus were subsequently found to affect 

the ADD3 gene. Toward understanding genetic susceptibility to BA, we have performed a 

GWAS of the largest multicenter cohort of BA cases of self-reported European ancestry. We 

have also corroborated our findings using supportive analyses and functional studies.

Patients and methods

The study design is summarized in Fig. 1. Additional details are provided in the 

supplementary methods.

Cases

The diagnosis of BA in each participant was confirmed by review of pertinent diagnostic 

liver biopsy, radiologic and surgical reports. BA cases of self-reported European ancestry 

included 556 participants enrolled in either of two prospective observational cohort 

studies, A Prospective Database of Infants with Cholestasis [PROBE; NCT00061828] 

or Biliary Atresia Study in Infants and Children [BASIC; NCT00345553]) within the 

NIDDK-funded multi-center Childhood Liver Disease Research Network (ChiLDReN, 

http://childrennetwork.org). Additional DNA samples from BA cases included 152 from 

Children’s Hospital of Pittsburgh (CHP) under Institutional Review Board approvals 

#19030279 (NCT#01163578), 63 from King’s College Hospital, London, UK, under 

National Health Services REC ref 18/WA/0009, and 40 from Birmingham Children’s 

Hospital (BCH), Birmingham, UK, under National Health Services, REC ref 19/LO/1103. 

CHP also participates in the ChiLDReN network. DNA samples from CHP were unique 

and not present among those provided from the ChiLDReN network. DNA was extracted 

at a core laboratory from blood samples collected under institution-specific IRB-approved 

protocols at participating centers in the US and Canada. RNA was extracted from snap 

frozen liver samples obtained at the time of transplant from 38 of 556 BA cases from 

ChiLDReN, snap frozen liver samples from 5 of 40 BA cases from BCH and from 21 liver 

samples collected in RNA-later in a subset of 152 BA cases from CHP and eight snap frozen 

normal liver samples under corresponding IRB-approved protocols. RNA was extracted as 

described.10

Controls

All 4,654 controls of self-reported European ancestry were recruited, and DNA was 

extracted as described, at the CAG-CHOP (Center for Applied Genomics of the Children’s 

Hospital of Philadelphia) under IRB#:06–004886.26

Genotyping and data analysis

All genotyping was performed at CAG-CHOP. The Omni2.5–8v1–1 chip subversion was 

used for 695 or 85.7% cases, and 4,252 or 91.4% controls. The remainder were genotyped 
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with the Omni2.5–8v1–3 chip subversion. Genome-wide significance was set at p <5×10–8, 

and suggestive association was defined as an average of one false positive association per 

GWAS in European populations, or p <1×10–5. No deviation from the expected p values 

was observed in the Q-Q plot (Fig. 2). The genomic inflation factor λ was estimated 

as 1.02079. MiniMac3 as implemented in the Michigan Imputation Server was used for 

imputation of all SNPs and indel variants annotated in the 1000 Genomes Project Phase 

3 v5 in BA cases and their respective controls.27 Variants that were imputed with low 

confidence (R2 <0.4), or with minor allele frequency (MAF) <0.01 were removed from 

subsequent association testing. Testing for association with BA under an additive genetic 

effect model, adjusting for the top twenty principal components (PCs), as well as age at 

transplantation, gender and chip version, was performed using PLINK for 811 European 

cases vs. 4,654 European controls (Fig. 2, Table S2). Regional association plots were 

obtained with LocusZoom (Fig. 2).28

Gene-based association testing and polygenic risk

The p values of each marker within 20 kb upstream and downstream of a ciliogenesis 

and planar polarity effector (CPLANE) gene (Table S3–S4) were used for gene-based 

association analysis in the BA cohort using the fastBAT function in the GCTA (Genome-

wide Complex Trait Analysis) tool version 1.92.3 beta3 Linux.29,30 fastBAT performs a 

fast set-based association analysis for human complex traits using summary-level data from 

GWASs and linkage disequilibrium (LD) data from a reference sample with individual-level 

genotypes.30 We also conducted gene-based association testing using VEGAS2: software for 

more flexible gene-based association testing (Table S5).31

Polygenic risk score

Polygenic risk score (PRS) values for all cases and controls were calculated using Bayesian 

Regression and Continuous Shrinkage Priors as implemented in PRS-CS, a Python tool that 

uses inputs GWAS summary statistics and an external LD reference panel to infer posterior 

SNP effect sizes under continuous shrinkage priors.32 The training (base) GWAS dataset 

was from Chen Y et al.13 and the test sample consists of independent samples in our current 

study.

Whole-genome sequencing

Whole-genome sequencing (WGS) of DNA from a test sub-cohort of 100 BA cases, all 

recruited at CHP and analysis of rare variants was performed using the GD Cross variant 

ranking and prioritization algorithm as described previously by us and others33–35 (see 

supplementary methods). The input diagnosis for each BA case was biliary atresia. Variants 

that were assigned Human Phenotype Ontology (HPO) terms by the variant prioritization 

algorithm were evaluated further.

Functional studies

Gene and protein expression of AFAP1 and TUSC3 was evaluated in fetal liver organoids, 

immunohistochemistry of residual formalin-fixed paraffin-embedded liver tissue explanted 

from children with BA and other cholestatic diseases as disease controls. The effects of 
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AFAP1 and TUSC3 knockdown on ciliogenesis were evaluated in mouse tracheal cells. 

Effects of disrupting ciliogenesis were evaluated with ciliobrevin D administration to 

zebrafish embryos (see supplementary methods).

Total RNA-sequencing and reverse-transcription quantitative PCR

RNA was extracted from 38 snap frozen BA liver samples (ChiLDReN), 5 snap frozen 

BA liver samples (BCH), 21 RNA-later preserved BA liver samples (CHP) and eight snap 

frozen normal liver samples (CHP). Total RNA-sequencing libraries were generated and 

sequenced using Illumina NovaSeq 6000 to get up to 40 M paired end reads at 100bp, as 

described in supplementary methods. Reverse-transcription quantitative PCR was performed 

using TaqMan gene expression assays targeting the TUSC3 and AFAP1 genes and the 

housekeeping gene GAPDH (see supplementary methods).

Integrative network analysis

An integrative analysis using protein-protein interactions (PPIs) was performed with 

STRING (version 11.0b, https://version-11-0b.string-db.org/) then visualized in Cytoscape 

(v3.8.2), a network visualization tool to identify clusters of genes that were well-connected 

within the functional enrichment results36,37 A PPI network was based on significantly 

upregulated genes in the BA liver transcriptome, and included those that were among 

the 102 CPLANE genes38 which conferred polygenic susceptibility, those in proximity to 

significant SNPs with p <0.0001 from GWAS results in Table S2, and the first neighbors of 

these genes (see supplementary methods).

Results

Samples and participants

The 811 cases included 321 or 40% males, while the 4,654 controls included 2,927 or 63% 

males. The median age at transplantation for cases (who are primarily pediatric) was 0.9 

years (range 0.151–36.5 and standard deviation 4.17), while the median age of controls was 

6 years (range 0–38 and standard deviation 5.78). The Omni2.5–8v1–1 chip subversion was 

used for genotyping 695 or 85.7% cases, and 4,252 or 91.4% controls. The remainder were 

genotyped with the Omni2.5–8v1–3 chip subversion.

GWAS implicates ciliary dysgenesis

This, the largest ever GWAS of BA, compared 811 cases with this rare disease, and 4,654 

healthy controls, both of self-reported European ancestry (see supplementary methods). 

We selected 1,433,639 common SNPs with MAFs >1% for imputation after quality 

control. High confidence (R2 >0.4) imputed SNPs, with <0.1 genotype missingness, MAF 

>0.01, and Hardy-Weinberg equilibrium p >0.00005 numbering 9,261,934 were tested for 

association using logistic regression in a generalized linear model, adjusted by covariates 

consisting of 20 PCs, sex, age at transplantation, and chip subversion. PC analysis, using 

1000 genomes as a reference for clustering, confirmed the European clustering consistent 

with the self-reported ethnicity. Among these cases vs. controls, the additive genetic effects 

model using the abovementioned covariates identified one BA-associated intronic SNP, 

rs6446628, chr4:7831935: A:C (hg19), MAF 0.348 vs. 0.285 in cases vs. controls with 
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genome-wide significance (p = 3.93E-8) and odds ratio = 1.4148 in the actin filament 

associated protein 1 (AFAP1) gene (Fig. 2, Table S2). We also found just below genome-

wide significance, another BA-associated SNP rs34599046, position chr8:15544872:C:G 

(hg19), MAF 0.324 vs. 0.263 in cases vs. controls, p = 1.34E-7 and odds ratio = 

1.40273, in the tumor suppressor candidate 3 (TUSC3) gene (Fig. 2, Table S2). Both SNPs 

were associated with credible peaks of SNPs in LD in corresponding genes. Gene-based 

association testing using VEGAS2v2 confirmed the ranking of AFAP1 (p = 1E-06) and 

TUSC3 (1E-05) as the first and second coding genes (Table S5).

AFAP1 and TUSC3 are members of the recently described CPLANE network (Table S3), 

as are five previously described BA-associated genes, GPC1, ARF6, ADD3, EFEMP1, and 

MAN1A2 (Table S1). Thus, we tested whether several CPLANE genes together conferred 

polygenic susceptibility to BA.

Polygenic susceptibility in CPLANE genes

We performed gene-set-based GWAS of self-reported cases and controls of European 

ancestry using all nominally significant (p <0.005) BA-associated SNPs in or 100 kb 

upstream and downstream of 2,436 known CPLANE genes (Table S3). A SNP-gene set 

of 6,005 SNPs in 102 genes (Table S4) was strongly associated with BA (p = 5.48E-15) 

confirming polygenic susceptibility. Liver and bile duct development is also facilitated by 

non-CPLANE genes, as evident from a suggestive association of rs75969446 in SOX17 (p 
= 9.4E-07, Table S2), and nominal association of the SOX17 gene with BA in SNP-based 

and gene-based GWAS (p = 0.015, Table S5). Given extensive experimental support for this 

non-CPLANE gene in BA pathogenesis, which is further addressed in the discussion, we 

hypothesized and subsequently found significantly higher genome-wide PRSs in BA cases 

(p <2.2E-16) compared with corresponding controls (Table S6, Fig. 2).

GWAS SNPs can reveal common causal variants in LD or synthetic association with rare 

causal variants.39 An efficient search for such common variants near 6,005 CPLANE SNPs 

or genome-wide SNPs would entail WGS of all 811 cases, greatly exceeding the scope of 

our ongoing study.

Rare variants associated with BA are enriched among CPLANE genes

To test for synthetic association with rare variants MAF <1%, we performed an exploratory 

genome-wide search with WGS of DNA from 100 BA cases, who were recruited at our 

center. After excluding false positive variant calls due to sequencing errors among the 

top-ranked variants of potential pathogenic contribution for each BA case, 517 rare variants 

were identified in 442 genes including 389 non-CPLANE and 53 CPLANE genes (Table 

S7). For the input diagnosis of biliary atresia, the GD Cross algorithm assigned 275 of these 

variants to seven HPO terms, biliary atresia, biliary tract abnormalities, abnormal biliary 

tract morphology, abnormality of the biliary system, abnormality of the abdominal organs, 

abnormality of the liver, and abnormalities of the digestive tract (HP: 0005912, HP:0001080, 

HP:0012440, HP:0004297, HP:0002012, HP:0001392, HP:0025031, respectively). These 

annotated variants were present in a larger fraction of CPLANE genes, 46 of 53 or 87%, 

compared with non-CPLANE genes, 153 of 389 or 40%, p <0.0001, Fisher’s test (Fig. 3). 
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The distribution of rare variants was 1.4 per CPLANE and 1.36 per non-CPLANE genes (p 
= n.s.). The variant type, whether non-synonymous, splice region or splice site, frameshift or 

inframe, stop gain, or intronic, was also comparable in CPLANE and non-CPLANE genes.

CPLANE gene variants were present in 47 BA cases, of whom 14 harbored 2–3 variants in 

1–3 genes, while the remaining harbored one variant in one gene. Noteworthy examples of 

CPLANE genes with ≥2 were HTT, PLEC, DYSF, CC2D2A, and DNAH5. Non-CPLANE 

gene variants were present in 91 of 100 BA cases, of whom 58 harbored 2–7 variants in 1–5 

genes. Noteworthy examples of non-CPLANE genes with multiple variants were DNAH9, 
GFI1, CDON, NEB, and GNA11.

Rare variants are independently associated with BA

We looked for overlap between a) BA-associated genes which were significant at p values 

of ≤0.05 in gene-based GWAS of all 811 BA cases (Table S5), and b) 46 CPLANE genes 

and 153 non-CPLANE genes with rare variants that were associated with seven HPO terms 

as described above. We found limited overlap between genes with common and rare variants 

(Fig. 3). Five of 46 CPLANE genes with rare variants, CNOT1, TSC2, BRIP1, PACS1 
and TUBB6 achieved nominal significance in gene-based GWAS with p values of 0.032, 

0.018, 0.021, 0.037, and 0.009, respectively. Seven of 153 non-CPLANE genes, PRKCG, 
TBL2, SERPINA1, LYST, COL5A2, SLC1A3, and RNF13 with rare variants achieved 

nominal significance in gene-based GWAS with p values of 0.024, 0.043, 0.026, 0.012, 

0.038, 0.031 and 0.039, respectively. Overall, rare variants were present in 97 of 100 BA 

cases, 77 of whom had multiple rare variants. Seven BA cases harbored variants in CPLANE 

genes, 50 in non-CPLANE genes, and 40 cases had variants in CPLANE and non-CPLANE 

genes. Rare variants were not identified in three BA cases. While the prioritized BA-related 

rare variants uncovered with WGS do not explain the common GWAS signals through 

synthetic association, these rare variants contribute independently from the common variants 

to disease risk in BA, as previously described in other diseases.40

Ciliary dysgenesis in liver development

In a fetal liver organoid model derived from human inducible pluripotent stem cells, single-

cell transcriptomics revealed expression of AFAP1 and TUSC3 in biliary epithelial cell 

(BEC) progenitors (Fig. 4).41 Immunostaining of AFAP1 in BECs was demonstrable in 

18-week fetal livers and BA livers explanted at LT, but not in the normal postnatal liver 

or a disease-control liver with PFIC1 (primary familial cholestasis type 1) (Fig. 4). TUSC3 
demonstrated similar staining patterns. Consistent with abnormal liver development in BA, 

we found that Arl13b immunostaining of cholangiocyte cilia was present in fetal liver, 

normal liver and livers with PFIC, but not BA (Fig. 4). Small-interfering RNA-mediated 

inhibition of Afap1 and Tusc3 in mouse tracheal cell cultures blocked formation of motile 

cilia (Video S1–S3). Ciliobrevin D-induced chemical inhibition of ciliogenesis led to biliary 

dysgenesis and abnormal cardiac looping in zebrafish, further confirming the role of cilia 

in BA (Fig. 5 and Fig. S1). AFAP1 and TUSC3 are poorly expressed in zebrafish liver 

precluding reliable in vivo perturbation studies.
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Supplementary video related to this article can be found at https://doi.org/10.1016/

j.jhep.2023.07.039

Vascular dysgenesis in liver development

To identify potential pathogenic mechanisms, we first identified 5,313 differentially 

expressed genes (DEGs, false discovery rate <0.05, log2 fold-change ≥0.58) by RNA-

sequencing of 64 cirrhotic BA livers removed at LT (in participants from our study) 

compared with eight healthy donor livers. To minimize the effect of the late disease stage 

in our cases, all of whom had developed cirrhosis, we compared these genes (Table S8) 

with those reported previously with microarray analysis of 64 BA liver biopsies obtained 

at the time of surgical drainage, when liver scarring was not advanced.42 The 345 common 

upregulated genes were enriched (adjusted p value <0.01) for Gene Ontology Biological 

Processes (GOBP) terms such as extracellular structure organization, supramolecular 

fiber organization, vasculature development, and tube morphogenesis (Table S9). Other 

enriched processes were related to cilia function, e.g. cell motility, regulation of cellular 

component movement, or inflammatory cytokine-mediated signaling. Downregulated genes 

were enriched for metabolic processes and reflected loss of function with progressive liver 

disease. These enrichments were also mirrored in transcription factors associated with 

upregulated and downregulated genes.

To develop an overview of possible mechanisms, we constructed a PPI network using 

1,389 DEGs in the BA liver transcriptome (Table S10). These DEGs corresponded with 

102 BA-associated CPLANE genes and their first neighbors, and 1,337 genes in proximity 

to SNPs with p <0.0001 from GWAS and their first neighbors in the STRING database. 

We found enrichment of 17 GOBPs among the 954 upregulated genes (adjusted p value 

<0.01, Table S11). The top-ranked GOBPs were cell migration, cell-matrix interactions and 

circulatory system development. The regulatory small GTPase-mediated signaling pathway 

was also enriched. A PPI interaction network with 308 unique genes for these processes 

and filtered further by ≥6 interactions yielded a final network with 149 genes enriched 

for tube morphogenesis and circulatory system development (adjusted p value <0.05, Table 

S12–S15, and Fig. 6). This restricted gene set was also enriched for regulation of several 

developmental and signaling pathways (unadjusted p value <0.05), thereby corroborating 

and further extending the significance of the gene networks generated from the RNA-

sequencing data.

Discussion

We report the novel association of BA requiring LT with the top-ranked AFAP1 and 

second-ranked TUSC3 genes in this largest ever GWAS of BA cases. These associations 

are based on an intronic lead SNP that achieves genome-wide significance in AFAP1, and 

a lead SNP just below genome-wide significance in TUSC3 (Table S2). Both lead SNPs 

are accompanied by credible peaks of other SNPs in LD in the corresponding genes. Gene-

based GWAS confirms this ranking among genes associated with BA in our study (Table 

S5). Inducible pluripotent stem cell-derived liver organoids and fetal liver immunostaining 

confirm that the corresponding proteins are present in developing BECs. Persistence of 
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corresponding proteins in explanted human livers with BA, but not other cholestatic 

diseases, suggests that bile ducts develop abnormally in BA, in part via disruption of 

ciliogenesis and ciliary function, as shown by knockdown of these genes in mouse tracheal 

epithelial cells.

AFAP1 modulates actin filament integrity, and has a previously reported association 

with glaucoma, but not liver disease.43 The TUSC3 protein participates in cellular 

magnesium uptake, N-linked protein glycosylation, and embryonic development, and has 

been associated previously with congenital disorder of glycosylation Type 1n, but not 

BA.44–46 Glycosylation disorders can affect the central nervous system, liver, heart, bones, 

and the immune system. AFAP1 and TUSC3 were upregulated 1.67-fold and 2.3-fold, 

respectively, by real-time qPCR in BA livers compared with normal livers. Both genes are 

members of the recently described CPLANE network comprising 2,436 unique genes (Table 

S3).38 Variants in CPLANE genes have been associated with birth defects of single and 

multiple organs, including the ciliopathies. Remarkably, the CPLANE network also includes 

five BA susceptibility genes identified in previous GWAS: GPC1, ARF6, ADD3, EFEMP1, 

and MAN1A2. Cilia mediate two-way signaling between cells and the microenvironment by 

sensing ion flow and chemical gradients from the cell surface, and cell movement.

Consistent with previously described associations of several CPLANE genes with BA, 

our analysis strongly implicates polygenic risk due to common variants represented by a 

SNP-gene set of 6,005 common variants in 102 CPLANE genes (p = 5.48E-15) in the 

pathogenesis of BA (Table S4). This association places BA on the spectrum of several 

other congenital anomalies. Examples of sporadic birth defects with polygenic susceptibility 

include transposition of the great vessels or tetralogy of Fallot, where most cases are 

non-familial, and rare variants are only present in a minority of cases.47,48 Polygenic 

susceptibility also provides a common mechanistic link between the aforementioned 

previously reported BA susceptibility genes. These genes participate in pathways such 

as hedgehog and epidermal growth factor signaling involved in branching morphogenesis 

during morphogenesis of organs like the liver.9–14 Thus, increasing reports of abnormal 

ciliogenesis in BA are to be expected, as are reports describing rare variants in ciliary 

genes in some BA cases.49–51 Using published genome-wide statistics from another GWAS 

study which included 215 BA cases from our current study, we have also found that 

genome-wide PRSs are higher in 596 remaining BA cases (p = 2.2E-16) compared 

with 4,654 controls. This finding indicates additional contributions from non-CPLANE 

genes to BA pathogenesis. In this regard, the suggestive or nominal association of the 

non-CPLANE SOX17 gene in SNP- and gene-based GWASs, respectively, is noteworthy. 

Haploinsufficiency of SOX17 leads to BA in mice, attesting to its role in regulating the 

development of the extrahepatic biliary tree from the common pancreaticobiliary duct.52,53 

The toxin biliatresone, which also leads to BA in animal models, does so by inducing 

SOX17 deficiency, a finding consistent with reduced SOX17 immunostaining in BECs 

from affected children.54,55 Other BA-associated SOX17 SNPs rs1692037, rs10958412, 

rs112233799 and rs7839526 in our GWAS further support this association and validate the 

extensive previously reported functional relevance of SOX17 in BA pathogenesis. Given this 

large number of BA-associated variants in CPLANE and non-CPLANE genes, polygenic 
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risk must be specified comprehensively with a search for novel common or rare variants 

‘tagged’ by disease-associated SNPs using WGS.

Our rare variant analysis also shows that common and rare variants converge on common 

pathways and mechanisms via unique genes to create disease susceptibility. In exploratory 

WGS of a subset of BA cases, CPLANE genes with rare variants were more likely to harbor 

variants assigned to seven BA-associated HPO terms by variant prioritization algorithms, 

compared with non-CPLANE genes, 87% vs. 40%, p <0.0001. However, these rare variants 

were less likely to be found in genes with disease-associated common variants, suggesting 

that rare variants confer disease risk independently from the common variants. Among 1,176 

nominally significant BA-associated genes (p ≤0.05) identified by gene-based association 

testing (Table S5), rare variants were only present in 5 of 125 CPLANE and 7 of 1,051 

non-CPLANE genes (Fig. 3). Second, at least one rare variant was present in 97 (nearly all) 

of 100 BA cases. The majority, or 77 of 97 cases harbored multiple rare variants in one or 

more CPLANE, non-CPLANE or both types of genes. This high prevalence of rare variants 

in a subset of BA cases in our study suggests that rare variants also confer multivariate risk 

by themselves, similar to and additively with polygenic risk due to common variants. In a 

final illustration of convergent pathways and mechanisms, each candidate gene list, whether 

based on common or rare variants or differential expression in the BA liver transcriptome 

(Tables S5, S7 or S8, respectively), included genes associated with diagnoses of isolated 

BA (ORPHA:30391) and syndromic BA (ORPHA:244283) in Orphanet. The numbers of 

genes associated with these two diagnoses were seven and one unique genes with common 

variants, respectively, two and four unique genes with rare variants, respectively, and 29 

and 18 unique DEGs, respectively (summarized in Table S16). Thus, several unique genes 

with common and rare variants are likely to contribute to BA pathogenesis via common 

pathways. This inference is also supported by a recent analysis of 394,783 exomes from the 

UK biobank, which showed that common and rare variants contribute additively to disease 

heritability.40

The association of BA with vascular development revealed by integrative analysis has 

clinical relevance in explaining the association of BA with cardiovascular defects and 

portal venous anomalies, and the high incidence of portal vein thrombosis after LT for 

BA. This association also highlights the role of early liver development processes in 

BA.56,57 During early liver development, portal endothelial and biliary epithelial networks 

develop interdependently, after the liver bud grows into the septum transversum, and 

acquires sinusoidal endothelial lakes with cells derived in part from the sinus venosus of 

the developing heart.56–59 This interdependence is regulated by the polarity of intervening 

hepatocytes.59 Planar polarity of cells also regulates BEC orientation and is disrupted in 

BA.59,60 Thus, BA likely originates during early gestation, precluding routine in utero 
surgical intervention. Regulatory processes identified in integrative analysis are suitable 

targets for preventive intervention. Modeled after prevention of neural tube defects with 

folate administration during pregnancy, interventions that could prevent BA include those 

that reduce oxidative stress and stabilize regulatory pathways like hypoxia signaling which 

are pivotal for normal organogenesis during fetal development.54,61
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We acknowledge the need for an independent cohort to replicate the observed genetic 

associations. The rarity of BA will require a multi-year international prospective collection 

to accrue a similar-sized independent cohort for this purpose. Another limitation is the need 

for experimental evidence to determine the additive effects of common and rare variants. To 

this end, we are planning experiments with multi-locus CRISPR editing of candidate regions 

with common and rare variants in F0 mouse generations used by one of us previously (CL).

BA is associated with polygenic susceptibility due to common variants in CPLANE genes. 

These defective genes promote ciliary dysgenesis during development but are less likely to 

contain potentially causal rare variants. A high prevalence of genome-wide rare variants with 

a preferential distribution in unique CPLANE genes is demonstrable in most BA cases in 

an exploratory sub-cohort analysis. These findings strongly suggest that common and rare 

variants confer additive risk via unique genes in common pathways in the pathogenesis of 

BA. Integrative analysis with the BA liver transcriptome indicates downstream disruption of 

vascular and epithelial tube morphogenesis, providing an explanation for portal vein atresia, 

which occurs in up to half of all cases with BA.
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Abbreviations

AFAP1 actin filament associated protein 1

BA biliary atresia

BECs biliary epithelial cells

ChiLDReN Childhood Liver Disease Research Network

CHP Children’s Hospital of Pittsburgh

CPLANE ciliogenesis and planar polarity effector

DEGs differentially expressed genes

GOBP Gene Ontology Biological Processes

GWAS genome-wide association study

HPO Human Phenotype Ontology

LD linkage disequilibrium

LT liver transplantation

MAF minor allele frequency

MAN1A2 mannosidase alpha class 1A member 2

PC principal component

PPI protein-protein interaction

PRS polygenic risk score

SNP single nucleotide polymorphism

SOX17 SRY-box transcription factor 17

TUSC3 tumor suppressor candidate 3
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Impact and implications

Liver transplantation is needed to cure most children born with biliary atresia, a poorly 

understood rare disease. Transplant immunosuppression increases the likelihood of life-

threatening infections and cancers. To improve care by preventing this disease and its 

progression to transplantation, we examined its genetic basis. We find that this disease 

is associated with both common and rare mutations in highly specialized genes which 

maintain normal communication and movement of cells, and their organization into 

bile ducts and blood vessels during early development of the human embryo. Because 

defects in these genes also cause other birth defects, our findings could lead to preventive 

strategies to lower the incidence of biliary atresia and potentially other birth defects.
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Highlights

• GWAS of common SNPs in 811 BA cases that required liver transplantation 

and 4,654 controls.

• BA is strongly associated with polygenic susceptibility in 102 ciliogenesis 

and planar polarity effector genes.

• Functional data implicate ciliary dysgenesis, abnormal biliary epithelial cell 

development and vasculogenesis.

• Rare variants enriched for relevant Human Phenotype Ontology terms occur 

in several unique genes in most BA cases.
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Fig. 1. Study design.
BA-associated common SNPs were identified using GWAS in 811 BA cases and 4,654 

controls. Candidate genes underwent functional validation with immunostaining, fetal 

liver organoids, mouse tracheal cilia, and zebrafish. Whole-transcriptome sequencing was 

performed on 64 BA livers and eight normal donor liver samples. An integrative analysis 

was performed using genes identified by GWAS and differentially expressed genes in BA 

livers. BA, biliary atresia, GWAS, genome-wide association study; SNPs, single nucleotide 

polymorphisms.
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Fig. 2. Genome-wide association study.
(A-C) Genome-wide (A) and regional Manhattan plots (B and C) indicate robust genome-

wide association signals for the AFAP1 (B) and TUSC3 (C) loci. Each locus shows 

a lead SNP (purple diamond) coupled with elevated significance of SNPs in linkage 

disequilibrium and flanking SNPs with low significance (dark blue dots). (D) PCA plot for 

cases (blue) and controls (orange). (E) Q-Q plot for association results. (F) Polygenic risk 

score distribution in cases and controls. PCA, principal component analysis; SNPs, single 

nucleotide polymorphisms.
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Fig. 3. Rare variants in BA.
(A) CPLANE and non-CPLANE genes with rare variants. (B) Proportions of CPLANE 

and non-CPLANE genes in Fig 2A, with rare variants which are associated with HPO 

terms. (C) BA cases with no rare variants (n = 3), single rare variants (light grey) and 

multiple rare variants (dark grey). (D) Distribution of CPLANE and non-CPLANE genes, 

and genes in both categories with rare variants among BA cases. (E) Venn diagram shows 

overlap between CPLANE and non-CPLANE genes with rare and common variants. BA, 

biliary atresia; CPLANE, ciliogenesis and planar polarity effector; HPO, Human Phenotype 

Ontology.
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Fig. 4. Single-cell RNA-sequencing and immunostaining.
(A) Single-cell RNA-sequencing data from inducible pluripotent stem cell-derived human 

fetal liver organoids. Spindle plots show expression of AFAP1 (upper panel) and TUSC3 
(lower panel) in progenitors of hepatocytes, biliary epithelial cells, stellate cells and 

endothelial cells (H, BEC, Stel, EC, respectively). Expression of both genes is enriched 

in BEC and Stel populations. (B) Immunoperoxidase staining shows expression of AFAP1 

(upper panels) and TUSC3 (lower panels) in 18-week-old human fetal liver, normal human 

liver, and liver samples from individuals with biliary atresia and disease controls (primary 

familial intrahepatic cholestasis type 1, PFIC1). AFAP1 staining is predominantly seen in 

cholangiocytes. TUSC3 staining is more diffuse, in cholangiocytes, endothelial cells and 

other cells.

Glessner et al. Page 23

J Hepatol. Author manuscript; available in PMC 2023 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Functional studies.
(A) Immunoperoxidase staining of Arl13b, which is expressed in primary or motile cilia 

shows luminal staining in 18-week-old human fetal liver, normal human liver, and liver 

disease-control (primary familial intrahepatic cholestasis type 1, PFIC1). Arl13b staining is 

absent in livers with BA. (B) Panels from left to right show mouse tracheal cell cultures 

before (left) and after treatment with Afap1 siRNA and Tusc3 siRNA. Treated cultures do 

not demonstrate the normal distribution of motile cilia seen in untreated cultures (Video S1). 

(C) The relative expression of Afap1 and Tusc3 in mouse tracheal epithelia cell cultures 

shows the effectiveness of KD after siRNA transfection (Video S2 and Video S3). (D) CilD 

treatment impairs left-right asymmetry and hepatic biliary function in zebrafish. Upper left. 

Whole-mount in situ hybridization images showing myl7 expression in cardiomyocytes at 26 

hpf. The embryos were treated with 5 μM CilD from 8 to 26 hpf. Dotted lines outline the 

heart. Two patterns of heart looping (normal and midline) were observed. Lower left panels. 

Epifluorescence images showing PED-6 accumulation in the gallbladder (arrowheads). The 

larvae were treated with 2.5 μM CilD from 3 to 6 dpf. Based on PED6 levels in the 

gallbladder, larvae were divided into three groups: normal, small/faint, and absent. Right 

panel. The length of cilium in cholangiocytes was significantly reduced in CilD-treated 

larvae (n = 6) compared to controls (n = 4) at 6 dpf. CilD, ciliobrevin D; Dpf, days post 

fertilization; Hpf, hours post fertilization; KD, knockdown; siRNA, small-interfering RNA.

Glessner et al. Page 24

J Hepatol. Author manuscript; available in PMC 2023 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Protein-protein interaction network of 149 highly connected nodes with ≥6 interactions 
identified in integrative analysis of RNA-sequencing and GWAS genes.
Target genes were upregulated in the BA transcriptome and selected from among 1,389 

genes including 102 BA-associated CPLANE genes and genes in proximity to SNPs with 

significant differences between 811 BA cases and 4,654 controls (p <0.0001) and the 

first neighbors of these gene sets in the STRING database. These genes were present 

in significant gene ontology biological processes (adjusted p value <0.01). Node colors 

indicate the biological processes associated with the genes. Rectangular outlines identify 

CPLANE genes. Details for 149 network genes and associated pathways are provided 

in Tables S12–S15. BA, biliary atresia; GWAS, genome-wide association study. BA, 

biliary atresia, CPLANE, ciliogenesis and planar polarity effector; GWAS, genome-wide 

association study; SNPs, single nucleotide polymorphisms.
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