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a b s t r a c t 

Background: Biliary atresia (BA) is the most common obstructive cholangiopathy in neonates, often pro- 

gressing to end-stage cirrhosis. BA pathogenesis is believed to be multifactorial, but the genetic contribu- 

tion, especially for nonsyndromic BA (common form: > 85%) remains poorly defined. 

Methods: We conducted whole exome sequencing on 89 nonsyndromic BA trios to identify rare variants 

contributing to BA etiology. Functional evaluation using patients’ liver biopsies, human cell and zebrafish 

models were performed. Clinical impact on respiratory system was assessed with clinical evaluation, nasal 

nitric oxide (nNO), high speed video analysis and transmission electron microscopy. 

Findings: We detected rare, deleterious de novo or biallelic variants in liver-expressed ciliary genes in 

31.5% (28/89) of the BA patients. Burden test revealed 2.6-fold (odds ratio (OR) [95% confidence intervals 

(CI)] = 2.58 [1.15–6.07], adjusted p = 0.034) over-representation of rare, deleterious mutations in liver- 

expressed ciliary gene set in patients compared to controls. Functional analyses further demonstrated 

absence of cilia in the BA livers with KIF3B and TTC17 mutations, and knockdown of PCNT, KIF3B and 

TTC17 in human control fibroblasts and cholangiocytes resulted in reduced number of cilia. Additionally, 

CRISPR/Cas9-engineered zebrafish knockouts of KIF3B, PCNT and TTC17 displayed reduced biliary flow. 

Abnormally low level of nNO was detected in 80% (8/10) of BA patients carrying deleterious ciliary mu- 

tations, implicating the intrinsic ciliary defects. 

Interpretation: Our findings support strong genetic susceptibility for nonsyndromic BA. Ciliary gene mu- 

tations leading to cholangiocyte cilia malformation and dysfunction could be a key biological mechanism 

in BA pathogenesis. 

Funding: The study is supported by General Research Fund, HMRF Commissioned Paediatric Research at 

HKCH and Li Ka Shing Faculty of Medicine Enhanced New Staff Start-up Fund. 
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Research in context 

Evidence before this study 

Biliary atresia (BA) is a rare, complex hepatobiliary disor- 
der that usually presents during the first few weeks of life. 
Surgery is the only treatment, yet the outcome is notoriously 
poor, with less than 60% of patients having long term survival 
with native liver. Genetics and gene expression studies sug- 
gested that the genetic vulnerability of the patient is critical 
for BA development; however, the genetic etiology of BA re- 
mains largely unexplored. Thus far, only one single gene has 
been linked to syndromic form of BA while a few common 

variants were associated with increased risk of nonsyndromic 
BA. 

Added value of this study 

Using trio-based whole exome sequencing, this study for 
the first time demonstrated rare variant contribution to non- 
syndromic BA, such that rare, de novo or biallelic deleteri- 
ous variants in liver-expressed ciliary genes was associated 

with a significant two-fold increased risk of BA. This finding 
suggests that deleterious ciliary mutations may underlie the 
cholangiocyte cilia abnormalities observed in livers of non- 
syndromic BA patients. Depletion of candidate ciliary genes 
can induce BA-like phenotype of reduced bile flow in ze- 
brafish models, implying that ciliary malformation and dys- 
function could be a novel disease mechanism of BA. The low 

nasal nitric oxide levels detected in most of the BA patients 
carrying ciliary mutations suggests a genetic predisposition 

to multisystem ciliary abnormalities. 

Implication of all the available evidence 

This study provides novel evidence that genetic factors 
play a major role in a substantial proportion of nonsyndromic 
BA cases, and a strong genetic basis for the previously re- 
ported cholangiocyte ciliary abnormalities. Rare deleterious 
ciliary mutations predisposed to higher risk of nonsyndromic 
BA. The predisposition to ciliary dysfunction may act beyond 

the hepatobiliary system and genetic screening for deleteri- 
ous mutations in the cilia gene set would allow patient strat- 
ification to further assess the pleiotropic clinical features and 

to improve clinical management. As reflected by the high 

genetic heterogeneity of ciliary mutations uncovered in this 
study, the nonsyndromic BA is unlikely to have a single ge- 
netic etiology. Patient stratification aided by transcriptomic 
and immune profiling may help leverage statistical power 
and elucidate the polygenic etiology of BA. 

. Introduction 

Biliary Atresia (BA) is a major cause of neonatal cholesta- 

is, characterized by progressive fibrosclerosing and inflammatory 

bliteration of the biliary system during the first few weeks of life. 

A is rare and varies widely in incidence among populations, be- 

ng most common in East Asia (1 in 50 0 0 live births in Asians,

ompared to 1 in 18,0 0 0 live births in Caucasians) [1] . The occur-

ence of BA is mostly sporadic, though a limited number of familial 

ases have been reported previously [2] . The only current treat- 

ent is the Kasai portoenterostomy to restore bile flow. Yet a high 

roportion of patients, even when bile flow is reestablished, still 
∗ Corresponding authors at: Division of Paediatric Surgery, Department of 
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2 
evelop progressive inflammation and sclerosis in the intrahepatic 

iliary tree, leading to secondary liver cirrhosis. For these patients 

nd those with failed portoenterostomy, liver transplantation is the 

nly treatment option. In neonates, BA is the most common indi- 

ation for liver transplantation. 

BA can be classified into two major groups. The syndromic 

orm, found in 5–20% of BA cases, is characterized by the coex- 

stence of other major congenital anomalies, most commonly lat- 

rality defects and splenic malformation. This could be attributed 

o defective morphogenesis of the bile duct during embryonic de- 

elopment and chromosomal anomalies are a possible genetic ori- 

in [ 3 , 4 ]. The nonsyndromic form of BA accounts for over 80% of

ases, often presenting with later onset of pale stools and jaundice 

ompared to the syndromic form. Nonsyndromic BA is thought to 

e caused by a combination of environmental insults and genetic 

redisposition [5] . It is hypothesized that a still unknown exoge- 

ous factor, possibly viral infection (e.g. cytomegalovirus) or toxins 

e.g. biliatresone), meets the innate immune system of a geneti- 

ally predisposed individual and thereby induces an uncontrollable 

nd potentially self-limiting immune response, which manifests as 

iver fibrosis and atresia of the bile ducts [ 6 , 7 ]. To explore the ge-

etic contribution to BA, we conducted the first genome-wide as- 

ociation studies on nonsyndromic BA and identified ADD3 as a 

usceptibility gene, showing that common genetic variants could 

lter disease risk by affecting ADD3 expression levels in liver [ 8 , 9 ].

ince then, there has been growing evidence that common genetic 

ariations contribute to BA risk, with the identification of the ad- 

itional susceptibility loci GPC [10] , EFEMP1 [11] and ARF6 [12] . Re- 

ent whole exome sequencing (WES) study on syndromic patients 

ith biliary atresia splenic malformation (BASM) uncovered poten- 

ially damaging rare variants in polycystic kidney disease 1 like 1 

 PKD1L1 ) involved in laterality determination and ciliary function, 

hich might account for the syndromic presentation of BASM [13] . 

et, convincing evidence that genetic factors act beyond common 

ariant genetic susceptibility in the pathogenesis of nonsyndromic 

A remains to be found [14] . 

We hypothesized that rare coding variants predispose not only 

o syndromic but also to nonsyndromic BA. Here, we report a trio- 

ased WES study on 89 BA trios (affected proband and unaffected 

arents), which utilizes the inheritance models to discover a set 

f liver-expressed ciliary genes enriched with rare, deleterious de 

ovo or biallelic mutations in nonsyndromic BA patients. Through 

unctional characterization of candidate ciliary genes in patients’ 

iver biopsies, human cholangiocytes and fibroblast cells as well as 

ebrafish models, we demonstrated their functional impact on cil- 

ary abnormalities and their relevance to BA phenotype. Lastly, we 

ssessed their clinical impact on patients carrying the rare delete- 

ious mutations with nasal nitric oxide (nNO) test, respiratory eval- 

ation, high speed video analysis and transmission electron mi- 

roscopy (TEM). 

. Methods 

.1. Human subjects 

A total of 91 unrelated nonsyndromic BA patients and their un- 

ffected parents from the Southeast Asian population participated 

n the study, of which 45 trios were recruited from Queen Mary 

ospital, Hong Kong and 46 trios from the National Hospital of Pe- 

iatrics in Vietnam. BA was diagnosed by hepatobiliary scintigra- 

hy and operative cholangiography. After sequencing, we excluded 

wo BA trios due to problematic biological relatedness and sample 

ontamination, which resulted in 89 trios for subsequent genetic 

nalysis. Of these 89 BA patients analyzed, 38.2% of the subjects 

 n = 34) were male and 88.8% ( n = 79) had undergone Kasai hep-

mailto:vchlui@hku.hk
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toportoenterostomy at the average age of 2.2 months (range: 1–7 

onths). 

.2. Ethics 

The study protocol was approved by the Institutional Review 

oard of the University of Hong Kong - Hospital Authority Hong 

ong West Cluster (UW 05–282 T/945). Informed consent, or in- 

ormed parental consent for those under 18 years old, was ob- 

ained from all participants. Liver biopsies of non-BA controls 

ere taken during operations with full informed consent from 

arents or patients, and the study was approved by Hong Kong 

est Cluster-Hong Kong University Cluster Research Ethics Com- 

ittee/Institutional Review Board (UW 16–052). 

.3. WES and bioinformatics analysis 

Genomic DNA was extracted from blood samples for both BA 

ases and their unaffected parents. We then performed WES on 

NA using the xGen Exome Research Panel v1.0 (xGen Lock- 

own®Probes) (83 BA trios) or TruSeq Exome Enrichment Kit 

1.0 (8 BA trios) for exome enrichment, sequenced using the Il- 

umina HiSeq 20 0 0 platform at the Centre for PanorOmic Sci- 

nces, University of Hong Kong. Sequence reads were aligned by 

WA [15] and processed according to the Genome Analysis Toolkit 

GATK) best practice [16] version 3.4 for calling single nucleotide 

ariants (SNVs) and small INDELs. Quality control was performed 

sing PLINK [17] and KGGseq [18] (Supplementary Methods). 

.4. Prioritization of rare, damaging de novo and biallelic mutations 

n liver-expressed genes 

De novo and biallelic variants were first identified using KG- 

seq. A variant is defined as de novo if it is absent in both 

arents but present in the affected child, while biallelic variants 

whether homozygous or compound heterozygous) refer to vari- 

nts present in both the paternally-inherited and the maternally- 

nherited copies of the same gene in the affected child. Sanger val- 

dation was performed to validate the de novo variants. Variants 

ith the same genotype observed in healthy parents as well as 

he BA probands were excluded (Supplementary Methods). These 

ariants were then annotated in KGGseq with the relevant RefSeq 

ene features, population allele frequencies in public databases, 

n silico deleteriousness predictions, and known disease associa- 

ions from the OMIM and ClinVar databases. To prioritize vari- 

nts of BA association potential, we focused on protein-altering 

ariants that were: (i) rare, (ii) predicted to be functionally dam- 

ging and (iii) located in genes expressed in liver or biliary tis- 

ues. To define rare variants, population minor allele frequency 

MAF; Supplementary Methods) thresholds of < 0.005 for de novo, 

 0.01 for compound heterozygous variants, and < 0.05 for ho- 

ozygous variants were used. Functionally damaging variants in- 

luded all protein-truncating variants and all missense or inframe 

oding variants that were predicted by SIFT as “deleterious”, by 

olyPhen2 as “probably damaging” or that had a CADD score ≥ 20. 

andidate gene mRNA and protein expression in liver or bile duct 

issue were checked using the human tissue expression database 

n EMBL-EBI Expression Atlas ( www.ebi.ac.uk ) and our in-house BA 

iver organoid expression database [19] . The resulting rare, damag- 

ng biallelic variants were visually checked using Integrative Ge- 

omics Viewer (IGV). Sanger validation result of selected ciliary de 

ovo mutations and IGV plots for those rare, damaging liver ex- 

ressed biallelic variants in ciliary genes were included as Supple- 

entary Materials, Figs. S1–S3. 
3 
.5. Functional enrichment analysis 

Potential disease pathways and molecular mechanisms underly- 

ng BA pathogenesis were identified by functional enrichment test 

f the liver expressed genes with rare, damaging variants against 

he gene ontology (GO) database, using g:Profiler. Overrepresented 

unctional terms were defined by adjusted p -value < 0.05 [20] af- 

er multiple testing correction using the default g:SCS algorithm. 

.6. Ciliary gene set 

The list of ciliary genes was derived by combining: (i) SYSCILIA 

old standard cilia gene list (303 genes) [21] and (ii) genes with 

he annotation “cilium” in the GO human database, searched for 

sing AmiGO (791 genes) [22] . The resulting list contained 864 

enes involved in ciliary functions with gene products localized 

ithin and/or outside the ciliary compartment (Supplementary 

aterials, Table S1). One-tailed hypergeometric test was performed 

o evaluate any over-representation of ciliary genes in the set of 

iver-expressed genes. 

.7. Gene set burden test 

We compared the mutation burden of rare, deleterious de novo 

r homozygous variants between 81 (which passed quality check 

ut of 83) BA trios sequenced by xGen Exome Research Panel 

1.0 capture kit and 148 ethnicity-matched control trios with non- 

epatic congenital condition (8 BA trios enriched by the TruSeq Ex- 

me Kit excluded, to minimize any technical variation in sequenc- 

ng data). Whole genome sequence data of the control trios (mean 

equencing depth 39.1x) were processed using identical procedures 

nd software versions to those of the BA variant calling. Quality 

etrics for sequencing reads and variants in the exonic regions 

f both cohorts can be found in Supplementary Materials, Table 

2. Four gene sets were subjected to burden testing: (a) all pro- 

ein coding genes exome-wide, (b) all selected ciliary genes in our 

iliary gene set (864 genes), (c) liver expressed ciliary genes (586 

enes), and (d) non-liver expressed ciliary genes (278 genes). Bur- 

en tests were implemented using ProxECAT, a method formulated 

y the ratio of the counts of functional to non-functional variants, 

here the counts of non-functional variants are used as a proxy 

or the confounding effect that may arise from technical varia- 

ions (e.g. sequencing techniques) in the case-control data [23] . In 

ach gene set, we tested for the difference in the mutation bur- 

en of rare, damaging de novo and homozygous variants as pre- 

iously defined, while using the rare, synonymous variants in the 

orresponding gene set as the non-functional proxy (Supplemen- 

ary Methods). Unless otherwise specified, all statistical analyses 

n this study were implemented using the R package. 

To assess if the BA phenotype was associated with rare, dam- 

ging variants, in each of the four gene sets we carried out logis- 

ic regression using Firth’s method on the case-control status. We 

ontrolled for any background variation effects by including an in- 

ividual’s count of rare, synonymous variants in the gene set as 

ovariate. 

For multiple testing correction, we used the Benjamini- 

ochberg method and obtained the FDR-adjusted p -value, using 

he p.adjust function in R. An FDR-adjusted P < 0.05 over the four 

ene sets was considered to be study-wide significant. 

.8. Immunofluorescence staining of liver sections 

For BA patients with ciliary gene mutations of interest (BA634C: 

IF3B and BA650C: TTC17 ), we examined for the expression of cil- 

ary proteins, acetylated α-Tubulin (1/10 0 0) and pericentrin (PCNT; 

/200), by immunostaining of liver biopsy specimens obtained for 

http://www.ebi.ac.uk
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iagnostic histopathology from the Kasai procedure or liver trans- 

lantation. A total of 11 and 12 bile ducts were examined in 

iver sections of BA650C and BA634C patients, respectively. Non- 

umour liver biopsy specimens from hepatoblastoma (HB) subjects 

nd liver biopsy specimens from choledochal cyst (CC) subjects 

ere used as non-BA controls. Liver biopsies of non-BA controls 

ere taken during operations with full informed consent from 

arents or patients, and the study was approved by Hong Kong 

est Cluster-Hong Kong University Cluster Research Ethics Com- 

ittee/Institutional Review Board (UW 16-052). Liver biopsies of 

A patients with no mutation detected in any of the ciliary genes 

ere included as non-mutant BA. Collectively, 83 and 65 bile ducts 

ere examined in non-BA control and non-mutant BA liver sec- 

ions, respectively. Sections were also immuno-stained for CK19 

1/300) plus PTCH1 (1/50) or GLI1 (1/100) to assay for Sonic Hh 

ignalling in BA and control bile ducts. For details, see Supplemen- 

ary Methods. 

.9. Cell culture and transfection 

Human foreskin fibroblast cells (BJ, CRL-2522; ATCC) were cul- 

ured in DMEM with 10% fetal bovine serum (FBS) and peni- 

illin (100 IU/mL) and streptomycin (100 μg/mL) (Invitrogen). Hu- 

an intra-hepatic cholangiocytes were derived from liver biopsy 

ia the generation of bile duct organoids following our previously 

ublished protocol [19] . Human cholagniocytes were cultured as 

 monolayer on cover slip coated with Matrigel (356231; Corn- 

ng Biocoat) in organoid medium until ready for short interfer- 

ng RNAs (siRNA) transfection. The siRNAs specifically target to 

CNT, KIF3B, TTC17 and control-scrambled siRNA were purchased 

rom Santa Cruz Biotechnology. The fibroblast cells and human 

holangiocytes were transfected with siRNAs via Lipofectamine®

NAiMAX reagent (Life technologies) according to the manufac- 

urer’s instructions. Fibroblast cells were grown to 80% confluence 

n the day of transfection and starved of serum for 48 h. Human 

holangiocytes were grown to 80% confluence on the day of trans- 

ection in organoid medium. 

.10. Scanning electron microscopy 

For cilia imaging by scanning electron microscopy (SEM) of hu- 

an cholangiocytes, at 48 h post siRNA transfection, the culture 

edium was removed and the cholangiocytes were fixed in 4% 

FA/PBS (paraformaldehyde in phosphate buffered saline) for 16 h, 

ehydrated in a series of graded ethanol until 100% (EM grade) 

nd processed for SEM analysis by Electron Microscopy Unit (EMU) 

f the Queen Mary Hospital, Hong Kong following standard proto- 

ols. Samples were examined on Hitachi S-4800FEG (Tokyo, Japan) 

nd LEO 1530 FEG (Georgia Tech, Georgia Institute of Technology, 

tlanta, USA) scanning electron microscopes. At least 50 cells in 

ach siRNA transfected culture were examined for the presence of 

ilia and the percentage of ciliated cells in each transfected cul- 

ures were quantified. Each siRNA transfection were performed in 

uplicate. 

.11. Real-time PCR 

RNA was isolated from BJ cells with RNeasy Mini Kit (Qiagen) 

nd reverse-transcribed with PrimeScript TM RT reagent Kit with 

DNA Eraser (Takara). Samples were assayed with iTaq TM Univer- 

al SYBR Green Supermix (Bio-Rad). Real-time PCR was performed 

ith ViiA 7 (Applied Biosystems). Relative expression levels of 

CNT, KIF3B and TTC17 in transfected cells were determined using 

lyceraldehyde 3-phosphate dehydrogenase ( GAPDH ) as internal 

eference and 2 –��Ct method. The relative fold change of expres- 

ion between scrambled and PCNT, KIF3B and TTC17 siRNA trans- 
4 
ected cells were calculated taking the relative expression level of 

CNT, KIF3B and TTC17 in scrambled siRNA transfected cells arbi- 

rarily as one, and expressed as mean ± standard deviation (SD). 

.12. Immunofluorescence staining of cells 

The cells were fixed with 4% PFA and incubated with anti- 

cetylated- α-tubulin (1/10 0 0) and anti-PCNT (1/20 0) antibodies. 

lexa Fluor® 488-conjugated goat anti-rabbit IgG and Alexa Flu- 

r® 594 goat anti-mouse IgG secondary antibodies (1/300, Invitro- 

en) were used. Cells were then counterstained with DAPI. Confo- 

al images were captured with the Carl Zeiss LSM 880 microscope. 

mage processing was performed with the ZEN 2.3 software. Im- 

ges were analyzed with Image J. 

.13. CRISPR/Cas9 gene knockout in zebrafish model 

We used wildtype zebrafish and transgenic zebrafish (Danio 

erio) lines (um14Tg[Tg(tp1-MmHbb:EGFP)um14] (ZL1950; Ze- 

rafish International Resource Center (ZIRC), 5274 University 

f Oregon, Eugene, OR 97403–5274, USA)) as animal models 

o investigate the in vivo association between candidate ciliary 

enes and the BA phenotype, by CRISPR/Cas9 gene knockout. The 

m14Tg[Tg(tp1-MmHbb:EGFP)um14] transgenic fish expressed 

trong green fluorescent protein signal in bile ducts and were used 

o investigate the biliary development in zebrafish [24–27] . Bile 

ow was assessed in 51–57 independently injected embryos per 

ildtype or gene-knockout test group, by measuring the ability to 

rocess N-([6-(2,4-dinitro-phenyl)amino]hexanoyl)-1-palmitoyl-2- 

ODIPY-FL-pentanoyl-sn-glycerol-3-phosphoethanolamine (PED6) 

28] , a fluorescent lipid reporter for examination of biliary func- 

ion. We cultured gRNA-injected and un-injected embryos until 5 

ays post-fertilization, after which they were released to swim in 

 5 μM solution of PED6 for 2 h. During this period, images using 

n Olympus SZX7 fluorescent microscope with fixed fluorescence 

ntensity were taken at the same magnification with identical 

rightness and contrast settings at 30 min intervals. We analysed 

he microscopic images using ImageJ [29] . The total green fluo- 

escence in the gall bladder was calculated as integrated density 

area × mean fluorescence intensity). Comparison of PED6 uptake 

etween each mutant embryo group and wild type was performed 

sing t -test. P < 0.05 was considered to be statistically significant. 

.14. Measurements of nNO, ciliary beat frequency, beat pattern and 

ltrastructure 

Ten BA patients identified to have rare, damaging ciliary muta- 

ions could be recalled and agreed to further clinical evaluation. 

e performed tidal breathing nNO (TB-nNO) test using NIOX®

Nitric Oxide Monitoring System) MINO hand-held electrochemi- 

al device sampling at flow rates of 2 ml/s (MINO2) or 5 ml/s 

MINO5) on these patients. Nasal NO concentrations were mea- 

ured with non-velum closure techniques in parts per billion (ppb) 

nd were compared against the device-specific ranges previously 

ublished for healthy and primary ciliary dyskinesia (PCD) sub- 

ects [30] . Ciliated epithelial samples were obtained by brushing 

he inferior nasal turbinate. Ciliary beat frequency (CBF) and beat 

attern were analyzed using high speed video microscopy (HSVM) 

hile ciliary ultrastructure were assessed using TEM as described 

reviously [31] (See Supplementary Methods). The CBF, beat pat- 

ern, and ultrastructure of the ciliated epithelium and ciliary ax- 

nemes of the BA patients were compared against the normal age- 

elated healthy reference ranges established on Chinese children 

nd adults [31] . 
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Table 1 

Results of gene set enrichment analysis on 239 genes with RDL variants. List of overrepresented 

GO biological process and molecular function with adjusted p -value < 0.05. 

Term description GO term ID Gene count P 

GO biological process 

Cytoskeleton organization a , b , c GO:0007010 39 1.09 × 10 −3 

Cilium organization a , b , c GO:0044782 18 3.22 × 10 −3 

Microtubule cytoskeleton organization a , b GO:0000226 22 4.23 × 10 −3 

Microtubule-based process a , b GO:0007017 26 5.84 × 10 −3 

Cilium assembly a , b GO:0060271 17 7.24 × 10 −3 

Spindle organization a , b GO:0007051 11 2.08 × 10 −2 

Organelle assembly a , b , c GO:0060271 26 3.38 × 10 −2 

GO molecular Function 

Cytoskeletal protein binding a GO:0008092 34 4.09 × 10 −5 

Cell adhesion molecule binding GO:0050839 20 2.82 × 10 −3 

Protein-containing complex binding a GO:0044877 31 1.68 × 10 −2 

Ankyrin binding GO:0030506 4 4.50 × 10 −2 

a denotes the enriched GO term containing KIF3B . 
b denotes the enriched GO term containing PCNT . 
c denotes the enriched GO term containing TTC17 . 
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.15. Role of funding source 

Funders had no role in study design, data collection, data anal- 

ses, interpretation, or writing of the manuscript. 

. Results 

WES was performed on 91 Southeast Asian nonsyndromic BA 

rios, each with one affected patient plus their two unaffected par- 

nts. A total of 89 BA trios passed quality controls and were sub- 

ect to genetic analysis. The mean and median sequencing depths 

ere 31.9x and 28x, respectively. 

.1. Most BA cases carry rare, damaging de novo or biallelic (RDL) 

ariants in liver expressed genes 

To identify potentially pathogenic variants, we filtered R are, 

 amaging protein-altering variants present in the BA proband 

ut not in their unaffected parents and in genes expressed in 

 iver/biliary tissues (hereafter known as RDL variants). Among 92% 

f the BA subjects ( n = 82), we identified 45 de novo RDL vari-

nts, of which 8 were predicted to cause loss-of-function (6 stop- 

ain and 2 frameshift), and 233 biallelic (112 homozygous and 121 

ompound heterozygous) RDL variants, distributed in 239 genes. Of 

hese 239 genes, none had been linked to any form of BA in pre-

ious studies nor case reports [14] . Only PKHD1 that was found to 

ave a biallelic variant in one of our BA patient was screened in 

 previous study of perinatal BA patients, but no pathogenic mu- 

ation was found [32] . Three genes had multiple RDL variants ob- 

erved in > 2 BA patients but all of which are predicted as being

olerant to missense mutations according to the constraint score 

missense z-score: TTN , -1.10; PLEC , -2.57; USH2A , -2.47). 

.2. Ciliary genes are enriched for RDL variants in BA patients 

To gain insights into the major biological or molecular functions 

ssociated with these 239 RDL genes, we performed functional en- 

ichment analysis using g:Profiler. We detected seven highly re- 

ated GO biological processes that were significantly enriched with 

DL variants (adjusted P < 0.05; Table 1 ), namely cytoskeleton or- 

anization, cilium organization, microtubule cytoskeleton organiza- 

ion, microtubule-based process, cilium assembly, spindle organi- 

ation, and organelle assembly, covering ∼20% ( = 49/239) of the 

DL genes and half of ( n = 26) which are ciliary genes. Similar en-

ichment of GO molecular function terms were observed. In fact, 

icrotubule is an integral part of both cytoskeleton and cilia. It is 
5 
 core component of the cilium axenome and is essential in cilia 

ssembly and in the regulation of ciliogenesis. Specially, among 

he eight genes with protein truncating de novo mutations that 

re considered as most pathogenic, around 37.5% ( n = 3; KIF3B, 

CNT, and SPEF2 ) were ciliary genes (Supplementary Materials, Ta- 

le S3). Strikingly, 31.5% (28/89) of the BA subjects carried at least 

ne RDL variant in ciliary genes. The genetic profiles of these RDL 

iliary variants in BA patients were given in Supplementary Ma- 

erials, Table S4. To further delineate if the enrichment of cilia- 

elated GO terms could be biased simply due to the selection of 

enes expressed in liver, we performed hypergeometric test but 

id not find overrepresentation of ciliary genes in liver-expressed 

ene set ( P = 1.0). This implies that the GO enrichment is spe- 

ific to genes identified to contain rare, de novo or biallelic dele- 

erious variants in BA patients. These findings corroborated with 

revious report of association of PKD1L1, also a ciliary gene, with 

yndromic BA-BASM, leading us to hypothesize that the cilium is 

he key organelle affected by the genetic mutations observed in 

onsyndromic BA subjects [13] . 

.3. Excess of rare deleterious variants in ciliary genes compared to 

ontrols 

To further confirm the excess of ciliary mutations in nonsyn- 

romic BA patients, we performed gene set burden tests for rare, 

e novo and homozygous variants relative to 148 population con- 

rol trios by ProxECAT and logistic regression while adjusted for 

ounts of rare synonymous variants. Considering all protein cod- 

ng genes, no enrichment of these rare deleterious mutations was 

ound in patients (odds ratio (OR) [95% CI] = 1.12 [0.93–1.35], false 

iscovery rate (FDR) adjusted P [ P- adjusted] = 0.241; ProxECAT: P- 

djusted = 0.484), demonstrating the comparability of the case- 

ontrol data ( Table 2 ). In contrast, when we considered only the 

iver expressed ciliary genes, both tests consistently detected case- 

ontrol differences and the presence of an RDL ciliary variant in- 

reased risk of BA by 2.6-fold (OR [95% CI] = 2.58 [1.15–6.07], P - 

djusted = 0.034; ProxECAT: P -adjusted = 0.048). Results for non- 

iver expressed ciliary genes were mixed and the inconclusive re- 

ult is probably due to the sparse variant counts in that gene set 

around 5 synonymous/nonsynonymous variants in the whole con- 

rol cohort, Table 2 ) and/or the difference in statistical power be- 

ween the two methods. Irrespective of the gene expression in 

iver tissues, excess burden was observed in patients for all cil- 

ary genes by both methods (OR [95% CI] = 3.24 [1.63–6.67], P - 

djusted = 0.030; ProxECAT: P- adjusted = 0.048). Further strati- 

cation of the patients by ancestries (Chinese versus Vietnamese) 



W.-Y. Lam, C.S.-M. Tang, M.-T. So et al. EBioMedicine 71 (2021) 103530 

Table 2 

Mutation burden of rare, damaging de novo and homozygous variants in 4 gene sets: (a) all protein coding genes, (b) all ciliary 

genes ( n = 864), (c) liver expressed ciliary genes ( n = 586), and (d) non-liver expressed ciliary genes ( n = 278), in 81 BA trios 

compared to 148 ethnicity-matched control trios. 

All genes Ciliary genes 

Overall Liver expressed Non-liver expressed 

BA Control BA Control BA Control BA Control 

Per-person rare mutation count (mean) 

Synonymous (S) 2.19 2.24 0.14 0.15 0.08 0.11 0.06 0.03 

Damaging non-synonymous ( dNS ) 2.25 2.01 0.29 0.10 0.18 0.07 0.11 0.03 

dNS/S 1.03 0.90 2.09 0.68 2.33 0.59 1.80 1.00 

ProxECAT 

P a 0.364 0.021 0.024 0.484 

FDR-adjusted P b 0.484 0.048 0.048 0.484 

Logistic regression 

Odds ratio (95% CI) c 1.12 (0.93-1.35) 3.24 (1.63-6.67) 2.58 (1.15-6.07) 3.36 (1.16-10.70) 

P a 0.241 0.007 0.021 0.026 

FDR-adjusted P b 0.241 0.030 0.034 0.034 

a P -value of gene set burden test ( < 0.05 in bold) before multiple comparison adjustment. 
b FDR-adjusted p -value ( < 0.05 in bold) of the gene set burden test derived by Benjamini-Hochberg method. 
c Odds ratio from logistic regression on the case-control status (in bold: both P and FDR-adjusted P < 0.05). CI, confidence 

interval. 

a

r

3

d

t  

o

v

w

M

v

F

c

i

m

a

s

s

a

m

c

K

i

t

3

f

e

B

v

p

b

c

o  

3

d

i  

b

g

a

Fig. 1. Absence of cilia staining in the bile ducts of BA livers of the two patients harbor- 

ing LOF mutations in the ciliary genes . Co-immunofluorescence staining for α-Tubulin 

(TUB; red) and Pericentrin (PCNT; green) was performed on liver sections of Non-BA 

control (Non-BA CTRL; top left), BA patients with no ciliary gene mutation (Non- 

mutant BA; bottom left) and BA patients with ciliary gene mutation (Mutant BA; 

BA650C and BA634C; top and bottom right). α-Tubulin immuno-reactivity was co- 

localised with PCNT at the luminal surface of the bile ducts of Non-BA CTRL and 

Non-mutant BA livers. In contrast, only immuno-staining for PCNT were detected 

but expression of α-Tubulin were absent in BA650C and BA634C patients’ bile ducts. 

Nuclei were stained with DAPI. Representative photos were shown for comparison. 

Highlighted regions were magnified as shown in inset. Number of patients exam- 

ined in each group was indicated as “n ”. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 

e

d

i

c

t

w

t

G

c

m

j

n  
nd by sex detected no difference between groups, implicating the 

obustness of the enrichment (Supplementary Materials, Table S5). 

.4. High level of locus heterogeneity in nonsyndromic BA involving 

iverse ciliary functions 

For our nonsyndromic BA patients, instead of having excess mu- 

ations in a single or a few major ciliary genes, there is high level

f locus heterogeneity in which multiple occurrence of these RDL 

ariants per ciliary gene was sparse (only DNAH8, PKD1 and USH2A 

ith RDL variants in > 1 BA cases; Table 3 and Supplementary 

aterials, Table S4). A broad spectrum of ciliary genes with di- 

erse localizations and ciliary functions were involved ( Table 3 ). 

or example, PCNT located at the basal body that forms the peri- 

entriolar material, a nucleation site for microtubules, is involved 

n cilia assembly. The GLI1 transcription factor on the axoneme 

ediates the Hedgehog (Hh) pathway while KIF3B is an essential 

nterograde intraflagellar transport (IFT) motor driver for cilia as- 

embly and maintenance. On the other hand, TTC17 localizes out- 

ide the ciliary compartment and is involved in actin organization 

nd pre-ciliogenesis. To evaluate the potential impact of the ciliary 

utations on cilia structure and BA phenotypes, we selected three 

iliary genes affected by de novo mutations in our BA probands—

IF3B, PCNT and TTC17 —as the representatives of key ciliary local- 

zations and functions in cilia assembly for functional characteriza- 

ion. 

.5. Abnormal cilia in the bile ducts of BA patients 

We first examined if the ciliary mutations correlated with cilia 

ormation in the bile duct of the corresponding BA patients. We 

xamined the cilia marker co-immunofluorescence staining of the 

A livers for patients carrying de novo stopgain and missense RDL 

ariants in KIF3B (BA634C) and TTC17 (BA650C), respectively com- 

ared to the liver biopsies of non-BA controls (total n = 8; including 

iopsies of non-tumor liver of hepatoblastoma (HB; n = 4), liver of 

holedochal cysts (CC; n = 4)), and non-mutant BA subjects with- 

ut ciliary mutation ( n = 6) ( Fig. 1 ). In contrast to an average of

.6 ([S.E.M.] ± 0.1) and 3.2 ([S.E.M.] ± 0.1) cilia detected per bile 

uct in non-BA control and non-mutant BA livers, respectively, cil- 

um axoneme were absent in all bile ducts ( n = 11 and 12) of the

oth mutant BA subjects. BA634C has two de novo ultra-rare stop- 

ain RDL variants not present in any public databases, one in KIF3B 

nd another in SPEF2. SPEF2 is known to function in motile cilia, 
6 
specially for sperm development and tracheal cilia beating, since 

epletion in SPEF2 causes male infertility and primary ciliary dysk- 

nesia (PCD) in mice [33] . Therefore the absence of primary cilia in 

holangiocytes was more likely to be attributed to the KIF3B muta- 

ion. The liver tissue sample of the BA subject with PCNT mutation 

as not available, but a previous study reported that PCNT deple- 

ion results in loss of primary cilia in human epithelial cells [34] . 

iven the importance of primary cilia in Hh signaling pathway in 

holangiocytes, we further examined the expression of sonic Hh 

arkers, PTCH1 and GLI1, in the bile ducts of these two BA sub- 

ects and compared the expression to those of non-BA control (HB, 

 = 3; CC, n = 3) and non-mutant BA ( n = 9) subjects. Dysregula-
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ion of PTCH1 and GLI1 were observed in both mutant BA subjects 

Supplementary Materials, Fig. S4), suggesting correlation between 

bnormal cilia and aberrant Hh regulation in mutant BA patients. 

.6. Gene knockdown resulted in reduction in number of cilia in 

uman fibroblast and cholangiocyte cells 

To directly assess the impact of loss of function of these ciliary 

enes, we further knocked down KIF3B, PCNT and TTC17 by siRNA 

ransfection in human control cholangiocyte and fibroblast cells. 

 significant reduction in the number of ciliated human fibrob- 

ast cells was observed compared to controls transfected with non- 

pecific scrambled siRNA ( Fig. 2 ). Effect of siRNA knockdown on 

ilia of human cholangiocytes were also investigated by SEM anal- 

sis. Under SEM examination, primary cilia appeared as a long and 

hick protrusion from the cholangiocyte cell surface as compared 

o the surrounding short and thin microvilli (Supplementary Ma- 

erials, Fig. S5). Primary cilia could be identified in 40-50% of cells 

n scrambled siRNA transfected cultures (Supplementary Materials, 

ig. S5a). In contrast, cilia were either undetected or detected at 

ower percentages in KIF3B, PCNT and TTC17 siRNA transfected cul- 

ures (0-2% in KIF3B siRNA transfected cultures; 0% in PCNT siRNA 

ransfected cultures; 10–12% in TTC17 siRNA transfected cultures) 

Supplementary Materials, Fig. S5b,c and data not shown). This re- 

uction in the number of ciliated human cholangiocyte cells com- 

ared to controls transfected with non-specific scrambled siRNA 

Supplementary Materials, Fig. S5) further confirmed the effect of 

bnormal cilia formation caused by the depletion of the selected 

iliary genes. 

.7. Ciliary gene knockout leads to impaired biliary function in 

ebrafish 

We next assessed if ciliary gene depletion could cause BA phe- 

otype in vivo using zebrafish model. Knockout of pcnt, kif3b and 

tc17 was performed by CRISPR/Cas9-mediated genome editing. In- 

roduction of INDEL in pcnt, kif3b and ttc17 genes was confirmed 

y T7E1 assay and reduced expression of pcnt, kif3b and ttc17 

n injected embryo was demonstrated by semi-quantitative RT- 

CR (Supplementary Materials, Fig. S6). The biliary development 

f un-injected (Cas9 protein alone) and pcnt -, kif3b - and ttc17 - 

RNA injected 5-dpf um14Tg[Tg(tp1-MmHbb:EGFP)um14] larvae 

ere studied by examining the bile duct green fluorescence sig- 

al intensity under fluorescence microscope. Zebrafish larvae with 

he knockout of pcnt, kif3b and ttc17 showed comparable biliary 

reen fluorescence signal as control larvae, which suggested that 

nockout of these genes did not cause gross abnormal bile duct de- 

elopment in zebrafish (Supplementary Materials, Fig. S7). To fur- 

her examine the impact of the knockout of pcnt, kif3b and ttc17 

n bile flow from liver to the gall bladder in zebrafish, we per- 

ormed PED6 bile flow assay in pcnt, kif3b and ttc17 knockout non- 

ransgenic fish. Knockout of all three genes resulted in defective 

ile flow in fish embryos, as measured by significantly lower inte- 

rated density of PED6 in the gall bladder in the embryo mutant 

roups compared to the control group ( Fig. 3 ). This demonstrated 

hat BA-like phenotype of impaired bile blow in zebrafish model 

an be ascribed to disrupted function of PCNT, KIF3B and TTC17 . 

.8. Impaired respiratory ciliary function in majority of patients with 

DL variants 

Clinically, disorders of cilia dysfunction often present with com- 

lex multisystem involvement. Although nonmotile ciliopathies are 

linically distinct from motile ones (e.g. PCD), they sometimes dis- 

lay common clinical features, including hepatobiliary and kidney 

iseases, due to the common involvement of ciliary processes and 
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Fig. 2. Knockdown of PCNT, KIF3B and TTC17 resulted in reduced number of cilia in cells. (a) Examination of the knockdown efficiency by siRNAs in human fibroblasts 

by real-time quantitative PCR assay using GAPDH as internal controls. Three independent experiments were performed and data represented as means ± standard deviation 

(SD). ∗∗∗ p < 0.0 0 01, two-sided t -test. Cells transfected with non-specific scrambled siRNA were employed as negative controls and relative expression levels of PCNT, KIF3B 

and TTC17 to GAPDH in scrambled siRNA transfected cells were arbitrarily regarded as 1. (b) Effect of PCNT, KIF3B and TTC17 knockdown on cilia. Cells were transfected 

with siRNAs and serum-starved for 48 h, then immuno-stained for acetylated- α-tubulin (TUB; red) and pericentrin (PCNT, green). Nuclei were stained with DAPI (blue). 

Representative images of each of the siRNA transfection were shown. Ciliated cells (arrowheads) were abundant in scrambled siRNA transfected cells, whereas ciliated cells 

were scarce in siPCNT, siKIF3B and siTTC17 transfected cells. Ciliated cell and non-ciliated cells were magnified as shown as inset. (c) Percentage of ciliated cells in scrambled 

siRNA, siPCNT, siKIF3B and siTTC17 transfected cells was determined by counting ciliated cells and total number of cells. Two independent transfection experiments were 

performed for each siRNA, and over 100 cells were counted in each experiment. Data was shown as means ±SD. ∗∗∗ p < 0.0 0 01, one-way ANOVA, two-sided test. All scale 

bars = 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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nderlying signaling defects between the motile and primary cilia 

35] . Prior to this WES, we came across a syndromic BA patient 

ith dextrocardia and situs invertus. The patient was suspected to 

ave PCD and displayed high proportion of disarranged respiratory 

ilia upon respiratory ciliary test. Thus, we attempted to use a sim- 

le non-invasive nNO test, a well-established first line screening 

est for PCD, on those BA patients with RDL variants to indirectly 

ssess ciliary dysfunction clinically [36] . PCD patients with abnor- 

al ciliary structure and/or function have exceptionally low nNO 

evels. NO biosynthesis depends on nitric oxide synthases (NOS) 

nd NOS activity relies on normal ciliary function [ 37 , 38 ]. Produc- 

ion and release of NO may depend on the activation of cilia in 

esponse to fluid flow-generated shear stress and thus measures of 

O concentration may indirectly reflect ciliary function and signal- 
8 
ng [39] . Surprisingly, as shown in Table 4 , eight out of the 10 BA

atients with ciliary mutations have abnormally low nNO levels. 

our patients have nNO levels in the range suggestive for PCD 

hile the other four patients have low nNO levels outside the nor- 

al range of healthy subjects. While motile respiratory cilia ultra- 

tructure abnormalities detected by TEM were within the normal 

ange (Supplementary Materials, Fig. S8) and the average ciliary 

eat frequencies (CBF) and beat pattern detected using HSVM also 

ppeared normal for all 10 BA patients, detailed side-view visual 

xaminations revealed that three patients have their CBF recorded 

t the lower end ( < = 7.5 Hz) in a proportion of edges (1–3 in 10).

epresentative high speed videos of a BA patient with abnormal 

BF and a healthy subject were included in Supplementary Ma- 

erials, video S1 and S2. Altogether, the low nNO levels and ab- 
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Fig. 3. Knockout of pcnt, kif3b and ttc17 resulted in defective bile flow in mutant zebrafish. (a) Representative epifluorescence images and (b) line plot of pcnt ( n = 51), 

kif3b ( n = 55) and ttc17 ( n = 56) mutant embryo groups at 5 days post-fertilization showing significantly lower accumulated PED6 integrated density in gallbladder (arrow- 

head) after incubation for 30 min (left), 1 h (middle) and 2 h (right) compared to wild type ( n = 57). Data expressed as mean ± standard error of the mean (SEM). Results 

of pairwise t -test: ∗∗∗ , P < 0.001; ∗∗ , P < 0.01, ∗ , P < 0.05. 
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ormal CBF for a subset of respiratory motile cilia suggested sub- 

le impaired ciliary function in BA patients with ciliary mutations 

nd highlighted the plausible multiorgan involvement in this pa- 

ient subgroup. 

. Discussion 

BA clinically presents with obstruction, inflammation and fibro- 

is in the biliary tree and is widely considered as multifactorial in 

rigin, involving poorly defined environmental and genetic factors. 

n this largest WES study on nonsyndromic BA trios to date, we 

ound an excess burden of rare, deleterious mutations carried by 

A patients, in a wide spectrum of liver expressed ciliary genes 

hat play different roles in ciliary function and ciliogenesis. Cilia 

ere found absent in the liver of our BA patients with KIF3B or 

TC17 mutations and the corresponding zebrafish mutants (includ- 

ng PCNT ) exhibited impaired biliary function. We further demon- 

trated reduction of cilia formation caused by the depletion of 

hese genes independent of the genetic background of the patients, 

hich were consistent with other experimental studies [ 34 , 40–42 ]. 

linical evaluation by nNO test revealed abnormally low level of 

NO in a majority (80%) of BA patients with ciliary mutations, im- 

licating intrinsic ciliary defects and highlighting a subset of pa- 

ients with potential pleiotropic phenotypes. Based on these find- 

ngs, we suggest that genetic factors play a major role in a substan- 

ial proportion of nonsyndromic BA cases. Our findings also impli- 

ate defective ciliary structure and function as one of the underly- 

ng mechanisms of BA pathogenesis. 

We hypothesize that ciliary gene mutations can lead to the de- 

elopment of BA phenotypes through two interconnected biolog- 

cal mechanisms. First, it was suggested that defective cholangio- 

yte cilia structure and function can in itself cause dysregulation of 

he Hh pathway, which promotes dysfunctional tissue repair and 

eads to hepatic inflammation and fibrogenesis [43] . The primary 

ilium is indispensable in the Hh signaling pathway both physio- 

ogically and biologically, interacting with various components at 
9 
ifferent points of the signaling cascade to regulate liver regener- 

tion and repair. The Hh ligand receptors and transcription factors 

epend on primary cilia for activation, mediation and suppression, 

nd the core signaling components are localized to cilia, thus re- 

uiring IFT for their trafficking to the functional sites for regula- 

ory activities [44] . However, there have been growing evidence 

hat non-canonical pathway under the absence of cilia was also 

nvolved in liver pathophysiology progressed from chronic liver in- 

ury [ 44 , 45 ] and tumorigenesis [46] . Secondly, it is likely that de-

ective cilia would compromise the protective function of imma- 

ure neonatal cholangiocytes against bile acid insults, leading to 

hronic liver injury, which can also trigger Hh signalling. In differ- 

nt tissue types, aberrant or absent cilia, or mutations in IFT pro- 

eins were shown to cause Hh loss- or gain-of-function phenotypes 

 46 , 47 ]. Indeed, shorter, misoriented, or less abundant cholangio- 

yte cilia were commonly observed in several studies of both syn- 

romic and nonsyndromic BA patients [48–50] , meanwhile Hh ac- 

ivity was shown to be associated with jaundice-free survival of 

A patients in another study [51] . Our current study is the first to 

uggest genetic defects might underlie these observations in non- 

yndromic patients. We showed convincing evidence that at least 

ome of the nonsyndromic patients with rare damaging mutations 

n ciliary genes have no primary cilia in their bile ducts and con- 

urrently with deregulated Hh signaling. Elucidating the molecular 

echanisms by which the defective primary cilium dysregulate Hh 

ignaling may provide a better understanding of the disease patho- 

enesis and offer potential targets for alternative therapies. 

One of the interesting findings is the low nNO levels in 80% of 

A patients with ciliary mutations. Although primary cilia (cholan- 

iocyte cilia) are structurally and functionally distinct from motile 

ilia (respiratory cilia), the similarity in cilium–centrosome com- 

lex and the shared signaling pathways (e.g. Hh signaling) across 

issues with ciliated cells may account for the involvement of mul- 

iple organ systems in ciliopathies generally. Genetic predisposition 

o dysregulation of liver-expressed ciliary genes may thereby ex- 

rt a functional impact beyond the hepatobiliary system. Such pre- 
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10 
isposition may not be necessarily sufficient for clinical manifesta- 

ion as a ciliary defect in nonsyndromic BA patients, rather milder 

r subclinical phenotypes may reside and other modifiers (genetic 

r environmental factors) can play a pathogenic role in trigger- 

ng ciliary dysfunction. This finding suggested a further follow up 

nd thorough clinical assessment of this patient subgroup for any 

leiotropic clinical features to establish genotype-phenotype corre- 

ation and to improve clinical management and disease outcome. 

Familial aggregation of BA is rare with low recurrence in sib- 

ings, even among monozygotic twins [52] . Mendelian form of in- 

eritance of rare causal variants with high penetrance is there- 

ore unlikely to account for the majority of BA etiology. Unlike 

yndromic BA with laterality defects that can be caused by high 

enetrant ciliary mutations similar to other ciliopathies, we hy- 

othesize that RDL ciliary mutations confer a strong genetic pre- 

isposition to risk of nonsyndromic BA and provide a sensitized 

enetic background such that other genetic and/or environmen- 

al factors may act as modifiers of penetrance or triggers for the 

isease manifestation. The synergistic effect of genetic modifier(s) 

as been demonstrated in classical zebrafish model of BA in which 

nockdown of both Egfr and Arf6 of the same signaling pathway 

esulted in a more severe biliary defect compared to minimal or 

o defects in intrahepatic biliary structure when knockdown each 

ene alone [12] . Inherited common genetic variations in BA suscep- 

ibility genes, e.g. ADD3 and GPC1 , may further contribute to the 

enetic susceptibility and disease expressivity through perturba- 

ion of interconnected biological pathways including Hh signaling 

 8 , 10 , 53 ]. Compared to the multiple occurrence of rare damaging

iallelic variants in a single gene, PKD1L1, in syndromic patients 

ith BASM, the scarce multiple occurrences observed for individ- 

al variants or genes in nonsyndromic BA patients has important 

mplications on future genetic analyses of this patient subgroup. 

nlike the syndromic form, the nonsyndromic BA is unlikely to 

ave a single genetic etiology. Instead of focusing on mutational 

urden on single gene-level, the genetic heterogeneity of nonsyn- 

romic BA calls for a gene set-based enrichment analysis aggregat- 

ng genetic effects across multiple genes in pathways or biological 

eaningful gene sets and possibly a more lenient damaging crite- 

ia to detect the strong predisposing effect. Examining mainly the 

op 0.1% damaging novel variants transmitted in a Mendelian fash- 

on might partially account for the lack of genetic association for a 

ecently published WES study on nonsyndromic BA [54] . 

The genetic contributions to cholangiocyte ciliary malforma- 

ion and ciliary protein dysfunction appear to be heterogeneous, 

emonstrated by the diverse spectrum of liver expressed ciliary 

enes identified to carry RDL variants in BA cases in this study. 

e found almost a third of BA subjects with rare, damaging, 

iver expressed ciliary gene variants, whilst a previous descriptive 

istopathological study observed cilia abnormalities in 86% of BA 

ubjects [49] . The considerable gap could be attributed to the cil- 

ary gene list we applied is relatively conserved, including only 

enes from SYSCILIA gold standard and GO databases for a list 

f confident ciliary genes, but not the candidate genes in other 

atabases where stronger evidence of their ciliary nature are yet 

o be established. It could also be that the genetic variations in the 

on-coding regions contribute to cilia abnormality. Further genetic 

tudies using whole genome sequencing along with further func- 

ional studies to delineate the complex effects that perturbation of 

ilia structure and function have on the Hh signaling pathway in 

holangiocytes in relation to the BA phenotype, are warranted. 

To conclude, our findings indicate that genetic factors have a 

ore direct role in nonsyndromic BA pathogenesis than previously 

hought. The excess burden of mutations in liver expressed ciliary 

enes, conferring absence of cilia in some patients’ bile duct, im- 

licate that malformed cilia or reduced ciliary function in the vul- 

erable neonatal biliary system can lead to aberrant Hh signaling 
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athway. Especially when exposed to bile acids, the ciliary abnor- 

alities may result in biliary fibrosis, inflammation, and eventually 

hronic liver injury. Elucidation of disease mechanisms of BA may 

elp in the development of preventative or/and therapeutic strate- 

ies to improve the clinical outcome. 
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