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Article History: Background: Biliary atresia (BA) is the most common obstructive cholangiopathy in neonates, often progress-
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Methods: We conducted whole exome sequencing on 89 nonsyndromic BA trios to identify rare variants con-
tributing 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
s . oxide (nNO), high speed video analysis and transmission electron microscopy.

Biliary atresia L. . . . . . . .
Whole exome sequencing Findings: We detected rare, deleterious de novo or biallelic variants in liver-expressed ciliary genes in 31.5% (28/
Rare variants 89) of the BA patients. Burden test revealed 2.6-fold (odds ratio (OR) [95% confidence intervals (CI)]= 2.58
Cilia dysfunction [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 mutations, implicating the intrinsic ciliary defects.
Interpretation: Our findings support strong genetic susceptibility for nonsyndromic BA. Ciliary gene muta-
tions leading to cholangiocyte cilia malformation and dysfunction could be a key biological mechanism in BA
pathogenesis.
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© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Available online xxx

Keywords:

* Corresponding authors at: Division of Paediatric Surgery, Department of Surgery,
The University of Hong Kong, LKS Faculty of Medicine Building, 21 Sassoon Road, Hong
Kong.

E-mail addresses: vchlui@hku.hk (V.C.-H. Lui), paultam@hku.hk (P.K.-H. Tam).

https://doi.org/10.1016/j.ebiom.2021.103530
2352-3964/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103530&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:vchlui@hku.hk
mailto:paultam@hku.hk
https://doi.org/10.1016/j.ebiom.2021.103530
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2021.103530
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom

2 W.-Y. Lam et al. / EBioMedicine 71 (2021) 103530

Research in context

Evidence before this study

Biliary atresia (BA) is a rare, complex hepatobiliary disorder
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 suggested that the
genetic vulnerability of the patient is critical for BA develop-
ment; however, the genetic etiology of BA remains largely
unexplored. Thus far, only one single gene has been linked to
syndromic form of BA while a few common variants were asso-
ciated 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 nonsyndromic BA,
such that rare, de novo or biallelic deleterious 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 nonsyndromic BA patients. Depletion of can-
didate ciliary genes can induce BA-like phenotype of reduced bile
flow in zebrafish models, implying that ciliary malformation and
dysfunction could be a novel disease mechanism of BA. The low
nasal nitric oxide levels detected in most of the BA patients carry-
ing ciliary mutations suggests a genetic predisposition to multi-
system 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 reported cholangio-
cyte ciliary abnormalities. Rare deleterious ciliary mutations pre-
disposed to higher risk of nonsyndromic BA. The predisposition to
ciliary dysfunction may act beyond the hepatobiliary system and
genetic screening for deleterious mutations in the cilia gene set
would allow patient stratification 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
genetic etiology. Patient stratification aided by transcriptomic and
immune profiling may help leverage statistical power and eluci-
date the polygenic etiology of BA.

1. Introduction

Biliary Atresia (BA) is a major cause of neonatal cholestasis, char-
acterized by progressive fibrosclerosing and inflammatory oblitera-
tion of the biliary system during the first few weeks of life. BA is
rare and varies widely in incidence among populations, being most
common in East Asia (1 in 5000 live births in Asians, compared to 1
in 18,000 live births in Caucasians) [1]. The occurrence of BA is
mostly sporadic, though a limited number of familial cases have
been reported previously [2]. The only current treatment is the
Kasai portoenterostomy to restore bile flow. Yet a high proportion
of patients, even when bile flow is reestablished, still develop pro-
gressive inflammation and sclerosis in the intrahepatic biliary tree,
leading to secondary liver cirrhosis. For these patients and those
with failed portoenterostomy, liver transplantation is the only treat-
ment option. In neonates, BA is the most common indication for
liver transplantation.

BA can be classified into two major groups. The syndromic form,
found in 5—20% of BA cases, is characterized by the coexistence of other
major congenital anomalies, most commonly laterality defects and
splenic malformation. This could be attributed to defective morphogen-
esis of the bile duct during embryonic development and chromosomal
anomalies are a possible genetic origin [3,4]. The nonsyndromic form of
BA accounts for over 80% of cases, often presenting with later onset of
pale stools and jaundice compared to the syndromic form. Nonsyn-
dromic BA is thought to be caused by a combination of environmental
insults and genetic predisposition [5]. It is hypothesized that a still
unknown exogenous factor, possibly viral infection (e.g. cytomegalovi-
rus) or toxins (e.g. biliatresone), meets the innate immune system of a
genetically predisposed individual and thereby induces an uncontrolla-
ble and potentially self-limiting immune response, which manifests as
liver fibrosis and atresia of the bile ducts [6,7]. To explore the genetic
contribution to BA, we conducted the first genome-wide association
studies on nonsyndromic BA and identified ADD3 as a susceptibility
gene, showing that common genetic variants could alter disease risk by
affecting ADD3 expression levels in liver [8,9]. Since then, there has
been growing evidence that common genetic variations contribute to
BA risk, with the identification of the additional susceptibility loci GPC
[10], EFEMP1 [11] and ARF6 [12]. Recent whole exome sequencing
(WES) study on syndromic patients with biliary atresia splenic malfor-
mation (BASM) uncovered potentially damaging rare variants in poly-
cystic kidney disease 1 like 1 (PKD1L1) involved in laterality
determination and ciliary function, which might account for the syn-
dromic presentation of BASM [13]. Yet, convincing evidence that genetic
factors act beyond common variant genetic susceptibility in the patho-
genesis of nonsyndromic BA remains to be found [14].

We hypothesized that rare coding variants predispose not only to
syndromic but also to nonsyndromic BA. Here, we report a trio-based
WES study on 89 BA trios (affected proband and unaffected parents),
which utilizes the inheritance models to discover a set of liver-
expressed ciliary genes enriched with rare, deleterious de novo or
biallelic mutations in nonsyndromic BA patients. Through functional
characterization of candidate ciliary genes in patients’ liver biopsies,
human cholangiocytes and fibroblast cells as well as zebrafish mod-
els, we demonstrated their functional impact on ciliary abnormalities
and their relevance to BA phenotype. Lastly, we assessed their clinical
impact on patients carrying the rare deleterious mutations with nasal
nitric oxide (nNO) test, respiratory evaluation, high speed video anal-
ysis and transmission electron microscopy (TEM).

2. Methods
2.1. Human subjects

A total of 91 unrelated nonsyndromic BA patients and their unaf-
fected parents from the Southeast Asian population participated in
the study, of which 45 trios were recruited from Queen Mary Hospi-
tal, Hong Kong and 46 trios from the National Hospital of Pediatrics
in Vietnam. BA was diagnosed by hepatobiliary scintigraphy and
operative cholangiography. After sequencing, we excluded two BA
trios due to problematic biological relatedness and sample contami-
nation, which resulted in 89 trios for subsequent genetic analysis. Of
these 89 BA patients analyzed, 38.2% of the subjects (n = 34) were
male and 88.8% (n = 79) had undergone Kasai hepatoportoenteros-
tomy at the average age of 2.2 months (range: 1-7 months).

2.2. Ethics

The study protocol was approved by the Institutional Review Board
of the University of Hong Kong - Hospital Authority Hong Kong West
Cluster (UW 05-282 T/945). Informed consent, or informed parental
consent for those under 18 years old, was obtained from all participants.
Liver biopsies of non-BA controls were taken during operations with full
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informed consent from parents or patients, and the study was approved
by Hong Kong West Cluster-Hong Kong University Cluster Research
Ethics Committee/Institutional Review Board (UW 16—052).

2.3. WES and bioinformatics analysis

Genomic DNA was extracted from blood samples for both BA cases
and their unaffected parents. We then performed WES on DNA using the
xGen Exome Research Panel v1.0 (xGen Lockdown®Probes) (83 BA trios)
or TruSeq Exome Enrichment Kit v1.0 (8 BA trios) for exome enrichment,
sequenced using the Illumina HiSeq 2000 platform at the Centre for Pan-
orOmic Sciences, University of Hong Kong. Sequence reads were aligned
by BWA [15] and processed according to the Genome Analysis Toolkit
(GATK) best practice [16] version 3.4 for calling single nucleotide variants
(SNVs) and small INDELs. Quality control was performed using PLINK
[17] and KGGseq [18] (Supplementary Methods).

2.4. Prioritization of rare, damaging de novo and biallelic mutations in
liver-expressed genes

De novo and biallelic variants were first identified using KGGseq. A
variant is defined as de novo if it is absent in both parents but present
in the affected child, while biallelic variants (whether homozygous or
compound heterozygous) refer to variants present in both the pater-
nally-inherited and the maternally-inherited copies of the same gene
in the affected child. Sanger validation was performed to validate the
de novo variants. Variants with the same genotype observed in
healthy parents as well as the BA probands were excluded (Supple-
mentary Methods). These variants were then annotated in KGGseq
with the relevant RefSeq gene features, population allele frequencies
in public databases, in silico deleteriousness predictions, and known
disease associations from the OMIM and ClinVar databases. To priori-
tize variants of BA association potential, we focused on protein-alter-
ing variants that were: (i) rare, (ii) predicted to be functionally
damaging and (iii) located in genes expressed in liver or biliary tis-
sues. 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 homozy-
gous variants were used. Functionally damaging variants included all
protein-truncating variants and all missense or inframe coding var-
iants that were predicted by SIFT as “deleterious”, by PolyPhen2 as
“probably damaging” or that had a CADD score > 20. Candidate gene
mRNA and protein expression in liver or bile duct tissue were
checked using the human tissue expression database in EMBL-EBI
Expression Atlas (www.ebi.ac.uk) and our in-house BA liver organoid
expression database [19]. The resulting rare, damaging biallelic var-
iants were visually checked using Integrative Genomics Viewer (IGV).
Sanger validation result of selected ciliary de novo mutations and IGV
plots for those rare, damaging liver expressed biallelic variants in cili-
ary genes were included as Supplementary Materials, Figs. S1-S3.

2.5. Functional enrichment analysis

Potential disease pathways and molecular mechanisms underly-
ing BA pathogenesis were identified by functional enrichment test of
the liver expressed genes with rare, damaging variants against the
gene ontology (GO) database, using g:Profiler. Overrepresented func-
tional terms were defined by adjusted p-value < 0.05 [20] after mul-
tiple testing correction using the default g:SCS algorithm.

2.6. Ciliary gene set

The list of ciliary genes was derived by combining: (i) SYSCILIA gold
standard cilia gene list (303 genes) [21] and (ii) genes with the annota-
tion “cilium” in the GO human database, searched for using AmiGO (791
genes) [22]. The resulting list contained 864 genes involved in ciliary

functions with gene products localized within and/or outside the ciliary
compartment (Supplementary Materials, Table S1). One-tailed hyper-
geometric test was performed to evaluate any over-representation of
ciliary genes in the set of liver-expressed genes.

2.7. Gene set burden test

We compared the mutation burden of rare, deleterious de novo
or homozygous variants between 81 (which passed quality check
out of 83) BA trios sequenced by xGen Exome Research Panel v1.0
capture kit and 148 ethnicity-matched control trios with non-
hepatic congenital condition (8 BA trios enriched by the TruSeq
Exome Kit excluded, to minimize any technical variation in
sequencing data). Whole genome sequence data of the control trios
(mean sequencing depth 39.1x) were processed using identical pro-
cedures and software versions to those of the BA variant calling.
Quality metrics for sequencing reads and variants in the exonic
regions of both cohorts can be found in Supplementary Materials,
Table S2. Four gene sets were subjected to burden testing: (a) all
protein coding genes exome-wide, (b) all selected ciliary genes in
our ciliary gene set (864 genes), (c) liver expressed ciliary genes
(586 genes), and (d) non-liver expressed ciliary genes (278 genes).
Burden tests were implemented using ProxECAT, a method formu-
lated by the ratio of the counts of functional to non-functional var-
iants, where the counts of non-functional variants are used as a
proxy for the confounding effect that may arise from technical var-
iations (e.g. sequencing techniques) in the case-control data [23]. In
each gene set, we tested for the difference in the mutation burden
of rare, damaging de novo and homozygous variants as previously
defined, while using the rare, synonymous variants in the corre-
sponding gene set as the non-functional proxy (Supplementary
Methods). Unless otherwise specified, all statistical analyses in this
study were implemented using the R package.

To assess if the BA phenotype was associated with rare, damaging
variants, in each of the four gene sets we carried out logistic regres-
sion using Firth’s method on the case-control status. We controlled
for any background variation effects by including an individual’s
count of rare, synonymous variants in the gene set as covariate.

For multiple testing correction, we used the Benjamini-Hochberg
method and obtained the FDR-adjusted p-value, using the p.adjust
function in R. An FDR-adjusted P< 0.05 over the four gene sets was
considered to be study-wide significant.

2.8. Immunofluorescence staining of liver sections

For BA patients with ciliary gene mutations of interest (BA634C:
KIF3B and BA650C: TTC17), we examined for the expression of ciliary
proteins, acetylated «-Tubulin (1/1000) and pericentrin (PCNT; 1/
200), by immunostaining of liver biopsy specimens obtained for diag-
nostic histopathology from the Kasai procedure or liver transplanta-
tion. A total of 11 and 12 bile ducts were examined in liver sections
of BA650C and BA634C patients, respectively. Non-tumour liver
biopsy specimens from hepatoblastoma (HB) subjects and liver
biopsy specimens from choledochal cyst (CC) subjects were used as
non-BA controls. Liver biopsies of non-BA controls were taken during
operations with full informed consent from parents or patients, and
the study was approved by Hong Kong West Cluster-Hong Kong Uni-
versity Cluster Research Ethics Committee/Institutional Review Board
(UW 16-052). Liver biopsies of BA patients with no mutation detected
in any of the ciliary genes were included as non-mutant BA. Collec-
tively, 83 and 65 bile ducts were examined in non-BA control and
non-mutant BA liver sections, respectively. Sections were also
immuno-stained for CK19 (1/300) plus PTCH1 (1/50) or GLI1 (1/100)
to assay for Sonic Hh signalling in BA and control bile ducts. For
details, see Supplementary Methods.
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Fig. 1. Absence of cilia staining in the bile ducts of BA livers of the two patients harboring
LOF mutations in the ciliary genes. Co-immunofluorescence staining for ¢-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). a-Tubulin immuno-reactivity was co-localised with
PCNT at the luminal surface of the bile ducts of Non-BA CTRL and Non-mutant BA liv-
ers. In contrast, only immuno-staining for PCNT were detected but expression of
«-Tubulin were absent in BA650C and BA634C patients’ bile ducts. Nuclei were stained
with DAPIL Representative photos were shown for comparison. Highlighted regions
were magnified as shown in inset. Number of patients examined 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).

2.9. Cell culture and transfection

Human foreskin fibroblast cells (B, CRL-2522; ATCC) were cul-
tured in DMEM with 10% fetal bovine serum (FBS) and penicillin
(100 TU/mL) and streptomycin (100 wg/mL) (Invitrogen). Human
intra-hepatic cholangiocytes were derived from liver biopsy via the
generation of bile duct organoids following our previously published
protocol [19]. Human cholagniocytes were cultured as a monolayer
on cover slip coated with Matrigel (356231; Corning Biocoat) in orga-
noid medium until ready for short interfering RNAs (siRNA) transfec-
tion. The siRNAs specifically target to PCNT, KIF3B, TTC17 and control-
scrambled siRNA were purchased from Santa Cruz Biotechnology.
The fibroblast cells and human cholangiocytes were transfected with
siRNAs via Lipofectamine® RNAIMAX reagent (Life technologies)
according to the manufacturer’s instructions. Fibroblast cells were
grown to 80% confluence on the day of transfection and starved of
serum for 48 h. Human cholangiocytes were grown to 80% confluence
on the day of transfection in organoid medium.

2.10. Scanning electron microscopy

For cilia imaging by scanning electron microscopy (SEM) of
human cholangiocytes, at 48 h post siRNA transfection, the culture
medium was removed and the cholangiocytes were fixed in 4%
PFA/PBS (paraformaldehyde in phosphate buffered saline) for 16 h,
dehydrated in a series of graded ethanol until 100% (EM grade) and
processed for SEM analysis by Electron Microscopy Unit (EMU) of
the Queen Mary Hospital, Hong Kong following standard protocols.
Samples were examined on Hitachi S-4800FEG (Tokyo, Japan) and
LEO 1530 FEG (Georgia Tech, Georgia Institute of Technology,
Atlanta, USA) scanning electron microscopes. At least 50 cells in
each siRNA transfected culture were examined for the presence of
cilia and the percentage of ciliated cells in each transfected cul-
tures were quantified. Each siRNA transfection were performed in
duplicate.

2.11. Real-time PCR

RNA was isolated from BJ cells with RNeasy Mini Kit (Qiagen) and
reverse-transcribed with PrimeScript™RT reagent Kit with gDNA Eraser
(Takara). Samples were assayed with iTaqg™ Universal SYBR Green Super-
mix (Bio-Rad). Real-time PCR was performed with ViiA 7 (Applied Biosys-
tems). Relative expression levels of PCNT, KIF3B and TTC17 in transfected
cells were determined using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as internal reference and 2 2% method. The relative fold
change of expression between scrambled and PCNT, KIF3B and TTC17
siRNA transfected cells were calculated taking the relative expression
level of PCNT, KIF3B and TTC17 in scrambled siRNA transfected cells arbi-
trarily as one, and expressed as mean =+ standard deviation (SD).

2.12. Immunofluorescence staining of cells

The cells were fixed with 4% PFA and incubated with anti-acety-
lated-oe-tubulin (1/1000) and anti-PCNT (1/200) antibodies. Alexa
Fluor® 488-conjugated goat anti-rabbit IgG and Alexa Fluor® 594
goat anti-mouse IgG secondary antibodies (1/300, Invitrogen) were
used. Cells were then counterstained with DAPL. Confocal images
were captured with the Carl Zeiss LSM 880 microscope. Image proc-
essing was performed with the ZEN 2.3 software. Images were ana-
lyzed with Image J.

2.13. CRISPR/Cas9 gene knockout in zebrafish model

We used wildtype zebrafish and transgenic zebrafish (Danio rerio)
lines (um14Tg[Tg(tp1-MmHbb:EGFP)um14] (ZL1950; Zebrafish Interna-
tional Resource Center (ZIRC), 5274 University of Oregon, Eugene, OR
97403-5274, USA)) as animal models to investigate the in vivo associa-
tion between candidate ciliary genes and the BA phenotype, by CRISPR/
Cas9 gene knockout. The um14Tg[Tg(tp1-MmHbb:EGFP)um14] trans-
genic fish expressed strong green fluorescent protein signal in bile ducts
and were used to investigate the biliary development in zebrafish
[24-27]. Bile flow was assessed in 51-57 independently injected
embryos per wildtype or gene-knockout test group, by measuring the
ability to process N-([6-(2,4-dinitro-phenyl)amino]hexanoyl)-1-palmi-
toyl-2-BODIPY-FL-pentanoyl-sn-glycerol-3-phosphoethanolamine
(PED6) [28], a fluorescent lipid reporter for examination of biliary func-
tion. We cultured gRNA-injected and un-injected embryos until 5 days
post-fertilization, after which they were released to swimina 5 M solu-
tion of PED6 for 2 h. During this period, images using an Olympus SZX7
fluorescent microscope with fixed fluorescence intensity were taken at
the same magnification with identical brightness and contrast settings at
30 min intervals. We analysed the microscopic images using Image] [29].
The total green fluorescence in the gall bladder was calculated as inte-
grated density (area x mean fluorescence intensity). Comparison of PED6
uptake between each mutant embryo group and wild type was per-
formed using t-test. P < 0.05 was considered to be statistically significant.

2.14. Measurements of nNO, ciliary beat frequency, beat pattern and
ultrastructure

Ten BA patients identified to have rare, damaging ciliary mutations
could be recalled and agreed to further clinical evaluation. We per-
formed tidal breathing nNO (TB-nNO) test using NIOX® (Nitric Oxide
Monitoring System) MINO hand-held electrochemical device sampling
at flow rates of 2 ml/s (MINO2) or 5 ml/s (MINO5) on these patients.
Nasal NO concentrations were measured with non-velum closure tech-
niques in parts per billion (ppb) and were compared against the device-
specific ranges previously published for healthy and primary ciliary dys-
kinesia (PCD) subjects [30]. Ciliated epithelial samples were obtained by
brushing the inferior nasal turbinate. Ciliary beat frequency (CBF) and
beat pattern were analyzed using high speed video microscopy (HSVM)
while ciliary ultrastructure were assessed using TEM as described
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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 < 0.0001, 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-c-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 < 0.0001, one-way ANOVA, two-sided test. All scale bars = 50 ..m. (For interpretation of the references to color in this figure

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

previously [31] (See Supplementary Methods). The CBF, beat pattern,
and ultrastructure of the ciliated epithelium and ciliary axonemes of the
BA patients were compared against the normal age-related healthy ref-
erence ranges established on Chinese children and adults [31].

2.15. Role of funding source

Funders had no role in study design, data collection, data analyses,
interpretation, or writing of the manuscript.

3. Results

WES was performed on 91 Southeast Asian nonsyndromic BA
trios, each with one affected patient plus their two unaffected

parents. A total of 89 BA trios passed quality controls and were sub-
ject to genetic analysis. The mean and median sequencing depths
were 31.9x and 28x, respectively.

3.1. Most BA cases carry rare, damaging de novo or biallelic (RDL)
variants in liver expressed genes

To identify potentially pathogenic variants, we filtered Rare, Damag-
ing protein-altering variants present in the BA proband but not in their
unaffected parents and in genes expressed in Liver/biliary tissues (here-
after known as RDL variants). Among 92% of the BA subjects (n = 82),
we identified 45 de novo RDL variants, of which 8 were predicted to
cause loss-of-function (6 stopgain and 2 frameshift), and 233 biallelic
(112 homozygous and 121 compound heterozygous) RDL variants,
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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 (arrowhead) 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.

distributed in 239 genes. Of these 239 genes, none had been linked to
any form of BA in previous studies nor case reports [14]. Only PKHD1
that was found to have a biallelic variant in one of our BA patient was
screened in a previous study of perinatal BA patients, but no pathogenic
mutation was found [32]. Three genes had multiple RDL variants
observed in > 2 BA patients but all of which are predicted as being toler-
ant to missense mutations according to the constraint score (missense
z-score: TIN, -1.10; PLEC, -2.57; USH2A, -2.47).

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

To gain insights into the major biological or molecular functions
associated with these 239 RDL genes, we performed functional
enrichment analysis using g:Profiler. We detected seven highly
related GO biological processes that were significantly enriched with
RDL variants (adjusted P < 0.05; Table 1), namely cytoskeleton orga-
nization, cilium organization, microtubule cytoskeleton organization,
microtubule-based process, cilium assembly, spindle organization,
and organelle assembly, covering ~20% (= 49/239) of the RDL genes
and half of (n = 26) which are ciliary genes. Similar enrichment of GO
molecular function terms were observed. In fact, microtubule is an
integral part of both cytoskeleton and cilia. It is a core component of
the cilium axenome and is essential in cilia assembly and in the regu-
lation of ciliogenesis. Specially, among the eight genes with protein
truncating de novo mutations that are considered as most pathogenic,
around 37.5% (n = 3; KIF3B, PCNT, and SPEF2) were ciliary genes (Sup-
plementary Materials, Table S3). Strikingly, 31.5% (28/89) of the BA
subjects carried at least one RDL variant in ciliary genes. The genetic
profiles of these RDL ciliary variants in BA patients were given in Sup-
plementary Materials, Table S4. To further delineate if the enrich-
ment of cilia-related GO terms could be biased simply due to the
selection of genes expressed in liver, we performed hypergeometric
test but did not find overrepresentation of ciliary genes in liver-
expressed gene set (P = 1.0). This implies that the GO enrichment is
specific to genes identified to contain rare, de novo or biallelic delete-
rious variants in BA patients. These findings corroborated with previ-
ous report of association of PKDIL1, also a ciliary gene, with

syndromic BA-BASM, leading us to hypothesize that the cilium is the
key organelle affected by the genetic mutations observed in nonsyn-
dromic BA subjects [13].

3.3. Excess of rare deleterious variants in ciliary genes compared to
controls

To further confirm the excess of ciliary mutations in nonsyn-
dromic BA patients, we performed gene set burden tests for rare, de
novo and homozygous variants relative to 148 population control
trios by ProxECAT and logistic regression while adjusted for counts of
rare synonymous variants. Considering all protein coding genes, no
enrichment of these rare deleterious mutations was found in patients
(odds ratio (OR) [95% CI]=1.12 [0.93—-1.35], false discovery rate (FDR)
adjusted P [P-adjusted]= 0.241; ProxECAT: P-adjusted= 0.484), dem-
onstrating the comparability of the case-control data (Table 2). In
contrast, when we considered only the liver expressed ciliary genes,
both tests consistently detected case-control differences and the
presence of an RDL ciliary variant increased risk of BA by 2.6-fold (OR
[95% CI]= 2.58 [1.15-6.07], P-adjusted = 0.034; ProxECAT: P-
adjusted = 0.048). Results for non-liver expressed ciliary genes were
mixed and the inconclusive result is probably due to the sparse vari-
ant counts in that gene set (around 5 synonymous/nonsynonymous
variants in the whole control cohort, Table 2) and/or the difference in
statistical power between the two methods. Irrespective of the gene
expression in liver tissues, excess burden was observed in patients
for all ciliary genes by both methods (OR [95% CI]= 3.24 [1.63-6.67],
P-adjusted = 0.030; ProxECAT: P-adjusted = 0.048). Further stratifica-
tion of the patients by ancestries (Chinese versus Vietnamese) and by
sex detected no difference between groups, implicating the robust-
ness of the enrichment (Supplementary Materials, Table S5).

3.4. High level of locus heterogeneity in nonsyndromic BA involving
diverse ciliary functions

For our nonsyndromic BA patients, instead of having excess muta-
tions in a single or a few major ciliary genes, there is high level of
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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 GOtermID  Genecount P

GO biological process
Cytoskeleton organization > G0:0007010 39 1.09 x 1073
Cilium organization *>¢ G0:0044782 18 322 x 1073
Microtubule cytoskeleton G0:0000226 22 423 x 1073
organization *°
Microtubule-based process *”  G0:0007017 26 5.84 x 1073
Cilium assembly *” G0:0060271 17 7.24 x 1073
Spindle organization *” G0:0007051 11 2.08 x 1072
Organelle assembly "< G0:0060271 26 338 x 1072

GO molecular Function
Cytoskeletal protein binding*  G0:0008092 34 409 x 107>
Cell adhesion molecule GO0:0050839 20 2.82x1073
binding
Protein-containing complex G0:0044877 31 1.68 x 1072
binding *
Ankyrin binding G0:0030506 4 450 x 1072

o

denotes the enriched GO term containing KIF3B.
denotes the enriched GO term containing PCNT.
denotes the enriched GO term containing TTC17.

o

a

locus heterogeneity in which multiple occurrence of these RDL var-
iants per ciliary gene was sparse (only DNAH8, PKD1 and USH2A with
RDL variants in > 1 BA cases; Table 3 and Supplementary Materials,
Table S4). A broad spectrum of ciliary genes with diverse localizations
and ciliary functions were involved (Table 3). For example, PCNT
located at the basal body that forms the pericentriolar material, a
nucleation site for microtubules, is involved in cilia assembly. The
GLI1 transcription factor on the axoneme mediates the Hedgehog
(Hh) pathway while KIF3B is an essential anterograde intraflagellar
transport (IFT) motor driver for cilia assembly and maintenance. On
the other hand, TTC17 localizes outside the ciliary compartment and
is involved in actin organization and pre-ciliogenesis. To evaluate the
potential impact of the ciliary mutations on cilia structure and BA
phenotypes, we selected three ciliary genes affected by de novo muta-
tions in our BA probands—KIF3B, PCNT and TTC17—as the representa-
tives of key ciliary localizations and functions in cilia assembly for
functional characterization.

3.5. Abnormal cilia in the bile ducts of BA patients

We first examined if the ciliary mutations correlated with cilia
formation in the bile duct of the corresponding BA patients. We
examined the cilia marker co-immunofluorescence staining of the BA
livers for patients carrying de novo stopgain and missense RDL var-
iants in KIF3B (BA634C) and TTC17 (BA650C), respectively compared
to the liver biopsies of non-BA controls (total n=8; including biopsies
of non-tumor liver of hepatoblastoma (HB; n = 4), liver of choledochal
cysts (CC; n = 4)), and non-mutant BA subjects without ciliary muta-
tion (n = 6) (Fig. 1). In contrast to an average of 3.6 ([S.E.M.] + 0.1)
and 3.2 ([S.E.M.] & 0.1) cilia detected per bile duct in non-BA control
and non-mutant BA livers, respectively, cilium axoneme were absent
in all bile ducts (n = 11 and 12) of the both mutant BA subjects.
BA634C has two de novo ultra-rare stopgain RDL variants not present
in any public databases, one in KIF3B and another in SPEF2. SPEF2 is
known to function in motile cilia, especially for sperm development
and tracheal cilia beating, since depletion in SPEF2 causes male infer-
tility and primary ciliary dyskinesia (PCD) in mice [33]. Therefore the
absence of primary cilia in cholangiocytes was more likely to be
attributed to the KIF3B mutation. The liver tissue sample of the BA
subject with PCNT mutation was not available, but a previous study
reported that PCNT depletion results in loss of primary cilia in human
epithelial cells [34]. Given the importance of primary cilia in Hh sig-
naling pathway in cholangiocytes, we further examined the

expression of sonic Hh markers, PTCH1 and GLI1, in the bile ducts of
these two BA subjects and compared the expression to those of non-
BA control (HB, n = 3; CC, n = 3) and non-mutant BA (n = 9) subjects.
Dysregulation of PTCH1 and GLI1 were observed in both mutant BA
subjects (Supplementary Materials, Fig. S4), suggesting correlation
between abnormal cilia and aberrant Hh regulation in mutant BA
patients.

3.6. Gene knockdown resulted in reduction in number of cilia in human
fibroblast and cholangiocyte cells

To directly assess the impact of loss of function of these ciliary
genes, we further knocked down KIF3B, PCNT and TTC17 by siRNA
transfection in human control cholangiocyte and fibroblast cells. A
significant reduction in the number of ciliated human fibroblast cells
was observed compared to controls transfected with non-specific
scrambled siRNA (Fig. 2). Effect of siRNA knockdown on cilia of
human cholangiocytes were also investigated by SEM analysis. Under
SEM examination, primary cilia appeared as a long and thick protru-
sion from the cholangiocyte cell surface as compared to the sur-
rounding short and thin microvilli (Supplementary Materials, Fig.
S5). Primary cilia could be identified in 40-50% of cells in scrambled
siRNA transfected cultures (Supplementary Materials, Fig. S5a). In
contrast, cilia were either undetected or detected at lower percen-
tages in KIF3B, PCNT and TTC17 siRNA transfected cultures (0-2% in
KIF3B siRNA transfected cultures; 0% in PCNT siRNA transfected cul-
tures; 10—12% in TTC17 siRNA transfected cultures) (Supplementary
Materials, Fig. S5b,c and data not shown). This reduction in the num-
ber of ciliated human cholangiocyte cells compared to controls trans-
fected with non-specific scrambled siRNA (Supplementary Materials,
Fig. S5) further confirmed the effect of abnormal cilia formation
caused by the depletion of the selected ciliary genes.

3.7. Ciliary gene knockout leads to impaired biliary function in zebrafish

We next assessed if ciliary gene depletion could cause BA pheno-
type in vivo using zebrafish model. Knockout of pcnt, kif3b and ttc17
was performed by CRISPR/Cas9-mediated genome editing. Introduc-
tion of INDEL in pcnt, kif3b and ttc17 genes was confirmed by T7E1
assay and reduced expression of pcnt, kif3b and ttc17 in injected
embryo was demonstrated by semi-quantitative RT-PCR (Supplemen-
tary Materials, Fig. S6). The biliary development of un-injected (Cas9
protein alone) and pcnt-, kif3b- and ttc17- gRNA injected 5-dpf
um14Tg|Tg(tp1-MmHbb:EGFP)um14] larvae were studied by examin-
ing the bile duct green fluorescence signal intensity under fluorescence
microscope. Zebrafish larvae with the knockout of pent, kif3b and ttc17
showed comparable biliary green fluorescence signal as control larvae,
which suggested that knockout of these genes did not cause gross
abnormal bile duct development in zebrafish (Supplementary Materi-
als, Fig. S7). To further examine the impact of the knockout of pcnt,
kif3b and ttc17 on bile flow from liver to the gall bladder in zebrafish,
we performed PED6 bile flow assay in pcnt, kif3b and ttc17 knockout
non-transgenic fish. Knockout of all three genes resulted in defective
bile flow in fish embryos, as measured by significantly lower inte-
grated density of PED6 in the gall bladder in the embryo mutant
groups compared to the control group (Fig. 3). This demonstrated that
BA-like phenotype of impaired bile blow in zebrafish model can be
ascribed to disrupted function of PCNT, KIF3B and TTC17.

3.8. Impaired respiratory ciliary function in majority of patients with
RDL variants

Clinically, disorders of cilia dysfunction often present with complex
multisystem involvement. Although nonmotile ciliopathies are clini-
cally distinct from motile ones (e.g. PCD), they sometimes display com-
mon clinical features, including hepatobiliary and kidney diseases, due
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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) 2.19 224 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 0.68 233 0.59 1.80 1.00
ProxECAT
p* 0.364 0.021 0.024 0.484
FDR-adjusted P 0.484 0.048 0.048 0.484

Logistic regression
Odds ratio (95% CI) ©
P a
FDR-adjusted P"

1.12(0.93-1.35)
0241
0.241

3.24(1.63-6.67)

0.007
0.030

2.58 (1.15-6.07)
0.021
0.034

3.36 (1.16-10.70)
0.026
0.034

2 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.
¢ 0dds ratio from logistic regression on the case-control status (in bold: both P and FDR-adjusted P < 0.05). CI, confidence interval.

to the common involvement of ciliary processes and underlying signal-
ing defects between the motile and primary cilia [35]. Prior to this
WES, we came across a syndromic BA patient with dextrocardia and
situs invertus. The patient was suspected to have PCD and displayed
high proportion of disarranged respiratory cilia upon respiratory cili-
ary test. Thus, we attempted to use a simple non-invasive nNO test, a
well-established first line screening test for PCD, on those BA patients
with RDL variants to indirectly assess ciliary dysfunction clinically
[36]. PCD patients with abnormal ciliary structure and/or function
have exceptionally low nNO levels. NO biosynthesis depends on nitric
oxide synthases (NOS) and NOS activity relies on normal ciliary func-
tion [37,38]. Production and release of NO may depend on the activa-
tion of cilia in response to fluid flow-generated shear stress and thus
measures of NO concentration may indirectly reflect ciliary function
and signaling [39]. Surprisingly, as shown in Table 4, eight out of the
10 BA patients with ciliary mutations have abnormally low nNO levels.
Four patients have nNO levels in the range suggestive for PCD while
the other four patients have low nNO levels outside the normal range
of healthy subjects. While motile respiratory cilia ultrastructure abnor-
malities detected by TEM were within the normal range (Supplemen-
tary Materials, Fig. S8) and the average ciliary beat frequencies (CBF)
and beat pattern detected using HSVM also appeared normal for all 10
BA patients, detailed side-view visual examinations revealed that three
patients have their CBF recorded at the lower end (<=7.5 Hz) in a pro-
portion of edges (1—3 in 10). Representative high speed videos of a BA
patient with abnormal CBF and a healthy subject were included in
Supplementary Materials, video S1 and S2. Altogether, the low nNO
levels and abnormal CBF for a subset of respiratory motile cilia sug-
gested subtle impaired ciliary function in BA patients with ciliary
mutations and highlighted the plausible multiorgan involvement in
this patient subgroup.

4. Discussion

BA clinically presents with obstruction, inflammation and fibrosis
in the biliary tree and is widely considered as multifactorial in origin,
involving poorly defined environmental and genetic factors. In this
largest WES study on nonsyndromic BA trios to date, we found an
excess burden of rare, deleterious mutations carried by BA patients,
in a wide spectrum of liver expressed ciliary genes that play different
roles in ciliary function and ciliogenesis. Cilia were found absent in
the liver of our BA patients with KIF3B or TTC17 mutations and the
corresponding zebrafish mutants (including PCNT) exhibited
impaired biliary function. We further demonstrated reduction of cilia

formation caused by the depletion of these genes independent of the
genetic background of the patients, which were consistent with other
experimental studies [34,40—42]. Clinical evaluation by nNO test
revealed abnormally low level of nNO in a majority (80%) of BA
patients with ciliary mutations, implicating intrinsic ciliary defects
and highlighting a subset of patients with potential pleiotropic phe-
notypes. Based on these findings, we suggest that genetic factors play
a major role in a substantial proportion of nonsyndromic BA cases.
Our findings also implicate defective ciliary structure and function as
one of the underlying mechanisms of BA pathogenesis.

We hypothesize that ciliary gene mutations can lead to the devel-
opment of BA phenotypes through two interconnected biological
mechanisms. First, it was suggested that defective cholangiocyte cilia
structure and function can in itself cause dysregulation of the Hh
pathway, which promotes dysfunctional tissue repair and leads to
hepatic inflammation and fibrogenesis [43]. The primary cilium is
indispensable in the Hh signaling pathway both physiologically and
biologically, interacting with various components at different points
of the signaling cascade to regulate liver regeneration and repair. The
Hh ligand receptors and transcription factors depend on primary cilia
for activation, mediation and suppression, and the core signaling
components are localized to cilia, thus requiring IFT for their traffick-
ing to the functional sites for regulatory activities [44]. However,
there have been growing evidence that non-canonical pathway
under the absence of cilia was also involved in liver pathophysiology
progressed from chronic liver injury [44,45] and tumorigenesis [46].
Secondly, it is likely that defective cilia would compromise the pro-
tective function of immature neonatal cholangiocytes against bile
acid insults, leading to chronic liver injury, which can also trigger Hh
signalling. In different tissue types, aberrant or absent cilia, or muta-
tions in IFT proteins were shown to cause Hh loss- or gain-of-function
phenotypes [46,47]. Indeed, shorter, misoriented, or less abundant
cholangiocyte cilia were commonly observed in several studies of
both syndromic and nonsyndromic BA patients [48—50], meanwhile
Hh activity was shown to be associated with jaundice-free survival of
BA patients in another study [51]. Our current study is the first to sug-
gest genetic defects might underlie these observations in nonsyn-
dromic patients. We showed convincing evidence that at least some
of the nonsyndromic patients with rare damaging mutations in ciliary
genes have no primary cilia in their bile ducts and concurrently with
deregulated Hh signaling. Elucidating the molecular mechanisms by
which the defective primary cilium dysregulate Hh signaling may
provide a better understanding of the disease pathogenesis and offer
potential targets for alternative therapies.
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Table 3

List of 26 ciliary genes with RDL variants in the BA probands categorized by ciliary localization and functions.

Gene Description Localization / functional category  Ciliopathy association * Inheritance ° [> 1 case]

KIF3B kinesin family member 3B IFT-kinesin De novo

DNAH8  dynein axonemal heavy chain 8 Outer dynein arm Spermatogenesis defects Homo [2]

BBS9 Bardet-Biedl syndrome 9 BBSome-IFT-associated, basal body Bardet-Biedl syndrome 9 Homo

GLI1 GLI family zinc finger 1 Axoneme (tip), transcription factor CompHet

MYO15A myosin XVA Axoneme (tip) CompHet

TEKT4 tektin 4 Axoneme Asthenozoospermia (M); subfertility (M) Homo

PKD1 polycystin 1, transient receptor Axoneme, membrane - signaling ADPKD CompHet [2]
potential channel interacting

PKHD1 PKHD1 ciliary IPT domain containing ~ Axoneme, basal body - signaling ARPKD CompHet
fibrocystin/polyductin

TTLL3 tubulin tyrosine ligase like 3 Axoneme modification CompHet

PCNT pericentrin Centrosome Microcephalic osteodysplastic primordial De novo
dwarfism, type II
HAUS1 HAUS augmin like complex subunit 1~ Centrosome Homo
CLASP1 cytoplasmic linker associated protein 1 Centrosome; microtubule plus-end Homo
CEP131  centrosomal protein 131 Centriolar Satellite De novo
PCM1 pericentriolar material 1 Centriolar Satellite CompHet
SPAG17  sperm associated antigen 17 Central Pair CompHet
SPEF2 sperm flagellar 2 Central Pair Spermatogenesis defects (M); PCD (M) De novo
USH2A usherin Basal body Usher syndrome; retinitis pigmentosa CompHet [3]
DCIN1 dynactin subunit 1 Subdistal appendage, basal foot ALS; Perry syndrome; neuropathy, distal CompHet

hereditary motor, type VIIB

TIC17 tetratricopeptide repeat domain 17 Actin filament polymerization De novo
DHRS3 dehydrogenase/reductase 3 Membrane Homo
PROM1  prominin 1 Membrane, endoplasmic reticulum Homo
NOTCH1 notch receptor 1 Signalling CompHet
PKHD1L1 PKHD1 like 1 Signalling CompHet

SYNE2 spectrin repeat containing nuclear
envelope protein 2

exocyst complex component 6

laminin subunit alpha 5

EX0C6
LAMAS

Trafficking, actin remodeling

Exocytosis - vesicle docking
Extracellular - integrin binding

Emery-dreifuss muscular dystrophy 5 Homo, CompHet

Homo
CompHet

¢ Abbreviation: (M), phenotypes specific to mice; ADPKD, Autosomal dominant polycystic kidney disease; ALS, Amyotrophic lateral sclerosis; ARPKD, autoso-
mal recessive polycystic kidney disease; BBSome, Bardet-Biedl syndrome complex; IFT, intraflagellar transport; PCD, primary cilia dyskinesia.
> Mutation type: Homo, homozygous; CompHet, compound heterozygous. Number in brackets indicates case count (> 1) of RDL variants.

One of the interesting findings is the low nNO levels in 80% of BA
patients with ciliary mutations. Although primary cilia (cholangiocyte
cilia) are structurally and functionally distinct from motile cilia
(respiratory cilia), the similarity in cilium—centrosome complex and
the shared signaling pathways (e.g. Hh signaling) across tissues with
ciliated cells may account for the involvement of multiple organ sys-
tems in ciliopathies generally. Genetic predisposition to dysregula-
tion of liver-expressed ciliary genes may thereby exert a functional
impact beyond the hepatobiliary system. Such predisposition may
not be necessarily sufficient for clinical manifestation as a ciliary
defect in nonsyndromic BA patients, rather milder or subclinical phe-
notypes may reside and other modifiers (genetic or environmental
factors) can play a pathogenic role in triggering ciliary dysfunction.
This finding suggested a further follow up and thorough clinical
assessment of this patient subgroup for any pleiotropic clinical fea-
tures to establish genotype-phenotype correlation and to improve
clinical management and disease outcome.

Familial aggregation of BA is rare with low recurrence in siblings,
even among monozygotic twins [52]. Mendelian form of inheritance
of rare causal variants with high penetrance is therefore unlikely to
account for the majority of BA etiology. Unlike syndromic BA with lat-
erality defects that can be caused by high penetrant ciliary mutations
similar to other ciliopathies, we hypothesize that RDL ciliary muta-
tions confer a strong genetic predisposition to risk of nonsyndromic
BA and provide a sensitized genetic background such that other
genetic and/or environmental factors may act as modifiers of pene-
trance or triggers for the disease manifestation. The synergistic effect
of genetic modifier(s) has been demonstrated in classical zebrafish
model of BA in which knockdown of both Egfr and Arf6 of the same
signaling pathway resulted in a more severe biliary defect compared
to minimal or no defects in intrahepatic biliary structure when
knockdown each gene alone [12]. Inherited common genetic

variations in BA susceptibility genes, e.g. ADD3 and GPC1, may further
contribute to the genetic susceptibility and disease expressivity
through perturbation of interconnected biological pathways includ-
ing Hh signaling [8,10,53]. Compared to the multiple occurrence of
rare damaging biallelic variants in a single gene, PKD1L1, in syn-
dromic patients with BASM, the scarce multiple occurrences
observed for individual variants or genes in nonsyndromic BA
patients has important implications on future genetic analyses of this
patient subgroup. Unlike the syndromic form, the nonsyndromic BA
is unlikely to have a single genetic etiology. Instead of focusing on
mutational burden on single gene-level, the genetic heterogeneity of
nonsyndromic BA calls for a gene set-based enrichment analysis
aggregating genetic effects across multiple genes in pathways or bio-
logical meaningful gene sets and possibly a more lenient damaging
criteria to detect the strong predisposing effect. Examining mainly
the top 0.1% damaging novel variants transmitted in a Mendelian
fashion might partially account for the lack of genetic association for
arecently published WES study on nonsyndromic BA [54].

The genetic contributions to cholangiocyte ciliary malformation
and ciliary protein dysfunction appear to be heterogeneous, demon-
strated by the diverse spectrum of liver expressed ciliary genes iden-
tified to carry RDL variants in BA cases in this study. We found almost
a third of BA subjects with rare, damaging, liver expressed ciliary
gene variants, whilst a previous descriptive histopathological study
observed cilia abnormalities in 86% of BA subjects [49]. The consider-
able gap could be attributed to the ciliary gene list we applied is rela-
tively conserved, including only genes from SYSCILIA gold standard
and GO databases for a list of confident ciliary genes, but not the can-
didate genes in other databases where stronger evidence of their cili-
ary nature are yet to be established. It could also be that the genetic
variations in the non-coding regions contribute to cilia abnormality.
Further genetic studies using whole genome sequencing along with
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Table 4

Analysis of ciliary beat frequency (CBF) and nasal nitric oxide (nNO) levels for 10 BA patients with rare deleterious ciliary mutations.

Ciliary mutation

Subject ID Inheritance mode® Gene

Amino acid change” Testing Age(years)

HSVM*© nNO test

Mean CBF (Hz) Number of edges Hand-held analyzer nNO concentrations

(out of 10) with (ppb)¢
visual CBF <=7.5
BA171C  CompHet MYO15A p.V2872M/p. 18 11.7 0 MINOS 341
13421M
BA230C  CompHet NOTCH1 p.G1195R/p.T1035S 13 10.7 0 MINO5 185
CompHet PKDI  p.R3046C/p.S1679R
BA307C  Homo PROM1  p.S281R 11 9.5 3 MINO2 152
BA596C  CompHet USH2A  p.R1870W/p. 114 0 MINO2 853
T3014N
Homo DNAH8 p.E972V
BA611C  CompHet USH2A  p.C729*+p.S333P Jp. 7 9.4 0 MINO2 168
A3438T
BA613C  CompHet PKD1 p.S699L/p.R2075C 7 115 1 MINO2 25
BA634C  De novo KIF3B p.R153* 7 9.2 2 MINO2 27
De novo SPEF2 p.Y473*
BA636C Homo CLASP1  p.S617P 6 9.5 0 MINO2 29
BA642C  CompHet PCM1 p.T1174A/p.T1513S 5 11.3 0 MINO2 102
BA645C Homo DNAH8 p.E972V 5 12.8 0 MINO2 16

2 CompHet: Compound heterozygous; Homo: Homozygous

b Amino acid changes for compound heterozygous variant are ordered by paternal/maternal inheritance
€ HSVM: high speed video-microscopy; The ranges (5th - 95th percentiles) of CBF are (i) 6.3 — 13.5 and (ii) 5.5 — 11.9 for healthy subjects with age (i) under 18 and (ii)

above 18, respectively as reported in Lee et al.[31].

4 Pppb:parts per billion; BA patients with nNO levels lower than the 1 standard error (SEM) of healthy subjects are bolded and those within the range of 1 SEM of primary cili-
ary dyskinesia (PCD) patients are italicized. The ranges (&1 SEM) of nNO levels are (i) 4 — 72 and (ii) 317 — 363 for (i) PCD patients and (ii) healthy subjects, respectively using
hand-held analyzer MINO5 and (iii) 51 — 97 and (iv) 693 — 811 for (iii) PCD patients and (iv) healthy subjects, respectively using hand-held analyzer MINO2.

further functional studies to delineate the complex effects that per-
turbation of cilia structure and function have on the Hh signaling
pathway in cholangiocytes in relation to the BA phenotype, are war-
ranted.

To conclude, our findings indicate that genetic factors have a more
direct role in nonsyndromic BA pathogenesis than previously
thought. The excess burden of mutations in liver expressed ciliary
genes, conferring absence of cilia in some patients’ bile duct, impli-
cate that malformed cilia or reduced ciliary function in the vulnerable
neonatal biliary system can lead to aberrant Hh signaling pathway.
Especially when exposed to bile acids, the ciliary abnormalities may
result in biliary fibrosis, inflammation, and eventually chronic liver
injury. Elucidation of disease mechanisms of BA may help in the
development of preventative or/and therapeutic strategies to
improve the clinical outcome.
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