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Abstract
Biliary atresia (BA) is a progressive inflammatory process of the biliary tree resulting in biliary obstruction. No single known 
genetic or environmental factor has been established to cause BA. Cystic fibrosis (CF) is a rare cause of neonatal cholesta-
sis, and it has never been described in familial BA cases. Here, we investigate two siblings of first-degree consanguineous 
parents presenting with neonatal BA. Shortly after the Kasai operation, the proband developed severe respiratory symptoms 
attributable to a missed CF diagnosis. This was discovered after re-investigating the family history, which revealed a first-
degree cousin with CF who did not manifest BA. Afterwards, we identified a pathogenic variant (DeltaF508) in CFTR in 
both BA-affected siblings along with their cousin. This intrigued us to study the molecular etiology behind the familial BA 
presentations, which exclusively contributed to BA-pathogenesis in BA-CF-affected siblings and not in their CF-only affected 
cousin. We applied a multistep approach to investigate the variant profile of both siblings’ and their cousin’s exomes. We 
curated the genes whose variants were shared by the BA-CF siblings but absent or heterozygous in their CF-only-affected 
cousin. Consequently, we identified three candidate genes (SNAPC4, UCK1, and ZHX2) besides CFTR. We propose that 
these genes act cumulatively or individually in inducing BA-pathogenesis—either by aggravating the biliary damage in the 
context of CF or increasing the susceptibility of BA as a separate CF-comorbidity. To our knowledge, this is the first report 
of DeltaF508 in CFTR with familial neonatal BA cases.
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Introduction

Biliary atresia (BA) is a necro-inflammatory disease of the 
biliary tree that progresses to fibro-obliteration and biliary 
obstruction during the neonatal period (Haber and Russo 

2003). BA is the leading cause of pediatric hepatic trans-
plantation worldwide. The worldwide BA incidence ranges 
between 1 per 10,000 and 1 per 20,000 (Ruuska et al. 2019), 
while the incidence in the Middle East was not estimated.

The pathogenesis of BA is not well understood. Viral 
infections, immune dysregulations, and toxic exposures were 
proposed in inducing BA; nevertheless, inconsistencies in 
each of those proposed models were recorded (Vij and Rela 
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2020). A few chromosomal aberrations and other congenital 
anomalies were linked to inducing BA (M. Sergi 2019).

Familial BA recurrences were recorded. Both autosomal 
recessive (AR) and dominant modes of inheritance were 
described (Lachaux et al. 1988; Gunasekaran et al. 1992). 
These findings supported the hypothesis of BA’s genetic pro-
pensity. Despite decades of research into the genetic basis 
of BA, no compelling evidence for a single genetic etiology 
implicated in BA pathogenesis has been established.

Cystic fibrosis (CF) is an AR multisystemic disorder with 
an incidence rate of 1 per 2500 in Caucasians and 1 per 
2560 in Jordan (Nazer 1992; Kerem 1996). Around 70–90% 
of CF cases are caused by the DeltaF508 variant in CFTR 
gene (Ooi and Durie 2016). The main CF manifestations 
are present in the lungs, pancreas, and gastrointestinal tract. 
Uncommonly, a few CF cases developed biliary obstruc-
tions; however, the majority of them can be either asympto-
matic or incidental (Greenholz et al. 1997; Sheth et al. 2003; 
Pall et al. 2007; Ooi and Durie 2016).

Here, we studied a consanguineous family consisting of 
two siblings with BA and CF and their cousin, who is only 
affected by CF without developing BA. We proposed that 
the BA pathogenesis could have been caused by one of the 
following hypotheses: (i) The presence of one or more modi-
fier gene(s) increase the risk of developing BA as an atypical 
manifestation of CF. (ii) BA could be a CF co-comorbidity 
emerged by bi-allelic causative variants only shared by the 
CF-BA-affected siblings. Therefore, we explored the genetic 
background of those familial BA cases by contrasting their 

whole-exome sequence (WES) data using different tiered 
approaches. We identified three candidate genes with the 
potential to play a role in inducing BA pathogenesis.

Materials and methods

Enrollment and clinical evaluation

The Jordan University of Science and Technology (JUST) 
Research Committee and the Faculty of Medicine’s institu-
tional review board (IRB) approved this study, which is in 
concordance with the Declaration of Helsinki’s principles 
(approval code: 27/112/2018; approval date: 31/8/2018). A 
consanguineous family consisting of three patients with BA 
and/or CF was recruited to participate in this study (Fig. 1). 
Prior to the enrolment, the participant (IV-4) and the legal 
guardian of the siblings (IV-1 and IV-2) signed written 
informed consents. Unfortunately, the patient (IV-1) died 
prior to our study at the age of 7 months (Fig. 1). Peripheral 
blood samples were withdrawn using EDTA tubes from IV-1 
and IV-4 at the King Abdullah University Hospital’s pediat-
ric department, Irbid, Jordan.

Histopathology evaluation

The glass slides of the liver biopsies from the two patients 
(IV-1, and IV-2; Fig. 1) were retrieved from the Histopa-
thology Department archives at Jordan University Hospital 

Fig. 1   The pedigree of the par-
ticipating family. Two siblings 
(IV-1, and IV-2) of consanguin-
eous parents presented with 
both cystic fibrosis (CF; filled 
symbols) and biliary atresia 
(BA + sign), while their cousin 
(IV-4) only presented with CF 
without BA (BA-). Roman 
numbers, the generation num-
ber; + BA, affected by biliary 
atresia; – BA, unaffected by 
biliary atresia; filled symbols, 
affected by cystic fibrosis; white 
symbols, unaffected by cystic 
fibrosis; square, male; circle, 
female
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and reviewed by a gastrointestinal histopathologist. These 
slides were stained with routine hematoxylin and eosin 
(H&E) stain as well as a special liver stain panel performed 
routinely in the Histopathology Department. These include 
Periodic Acid Schiff (PAS) stain and PAS-diastase to assess 
glycogen content and alpha-1 antitrypsin globules, iron 
stain, orcein stain for copper, reticulin for liver architecture, 
and Masson trichrome for fibrosis.

DNA isolation and WES

gDNA was isolated from IV-1 and IV-4 using QIAprep Spin 
Mini-prep Kit. For the deceased older sibling (IV-2), the 
block of liver biopsy was retrieved, and DNA was extracted 
by QIAamp DNA FFPE Tissue Kit. The DNA extraction 
protocols were performed according to the manufacturers’ 
instructions. DNA from the proband (IV-1), her brother (IV-
2), and their cousin (IV-4) underwent WES as described by 
Azab et al. (Azab et al. 2020) with minor differences—the 
sequence reads were mapped to the NCBI reference sequence 
(GRCh38) by bwa-0.7.17. Variants’ calling was generated 
utilizing GATKv4.0.5.1. The following databases were used 
for variants’ annotation: dbSNP version 151 (https://​www.​
ncbi.​nlm.​nih.​gov/​snp/), Clinvar 07/2018 (https://​www.​ncbi.​
nlm.​nih.​gov/​clinv​ar/), 1000Genome Phase3 (https://​www.​
inter​natio​nalge​nome.​org/​1000-​genom​es-​brows​ers/​index.​

html), ESP version ESP6500SI_V2 (https://​evs.​gs.​washi​
ngton.​edu/​EVS/), and dbNSFP version dbNSFPv3.5c (http://​
datab​ase.​liulab.​scien​ce/​dbNSFP). The chromosomal coordi-
nates of the variants have been remapped to GRCh37/hg19 
using the Broad Institute LiftOver tool (https://​lifto​ver.​broad​
insti​tute.​org).

Variants’ filtration and prioritization

In order to identify the candidate disease-associated vari-
ants, we followed a multistep filtration approach using Vari-
ant Annotation and Filter Tool (VarAFT; version 2.17–1) 
(Desvignes et al. 2018). Rare variants with a minor allele 
frequency (MAF) of ≤ 1%, as well as variants potentially 
impacting the protein structure (i.e., missense and loss-of-
function variants) in the exonic and the flanking regions, 
were chosen to be further investigated. The WES analysis 
was performed utilizing two approaches: focused-gene list 
filtering and all-genes analysis. Our first-tiered approach 
was conducted by filtering the variants based on choles-
tasis/BA-related genes. These genes were compiled from 
relevant literature and HGMD database (Table S1). In our 
second-tiered approach, we compared the exomes of the 
three sequenced individuals (IV-1, IV-2, and IV-4) accord-
ing to the workflow depicted in Fig. 2.

Fig. 2   Flowchart of the filtration process to identify the candidate genes inducing biliary atresia presentation. BA, biliary atresia; CF, cystic 
fibrosis; ComHET, compound heterozygote
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Results

Overview of clinical history 

A 7.5-month-old girl (proband IV-1; Fig. 1) was born to a Syr-
ian consanguineous parent (first-degree cousins) through cesar-
ean section at term, due to breech presentation. At the age of 
2 months, she (IV-1) presented with persistent jaundice and a 
clay-colored stool and was diagnosed with an extrahepatic BA. 
Consequently, the patient (IV-1) underwent Kasai operation at 
the age of 2.5 months. Upon her regular follow-ups, she was 
found jaundiced and failing to thrive. As a result of the suspicion 
of a failed Kasai procedure, she was referred to the pediatric 
hepatology clinic for the evaluation of liver transplantation.

The proband (IV-1) had a positive family history of BA 
as her consanguineous parents gave her two siblings. One 
of whom (IV-2) had been diagnosed with BA, underwent 
Kasai operation, and had, unfortunately, died postoperatively 
secondary to massive bleeding at the age of seven months. 
The other sibling (IV-3) is in good health.

The mother stated that her child (the proband; IV-1) was 
feeding well on amino acid formula with no vomiting. She 
had a frequent, loose, yellow-green, oily, and foul-smelling 
stool. The mother denied any dark urine. She required fre-
quent hospitalizations over the last few months due to recur-
rent cough and significant wheezes and was recognized as 
having reactive airway disease.

At presentation at 7.5 months, her physical examina-
tion showed non-dysmorphic, pale, awake, with mild jaun-
dice. She looked malnourished, and her growth parameters 
were: length 60 cm (< 3rd centile), weight 4.5 kg (< 3rd 
centile), and head circumference 39 cm (< 3rd centile). 
She also had mild respiratory distress. Her chest showed 
expanded costochondral junctions (rosary beads), scat-
tered wheezes, and some coarse crepitations. She had a 
subcostal incision of previous Kasai, complicated by an 

incisional hernia. The liver edge was palpable but not the 
spleen. No significant sacral or lower limb edema was 
noticed.

Her liver panel showed direct hyperbilirubinemia, transam-
initis, and prolonged prothrombin time (Table 1). The patient 
started vitamin supplementation (A, D, E, and K), and urso-
diol at a dose of 20 mg/kg divided into two doses. In addition, 
MCT oil was added to her feeding routine. After 2 weeks, the 
patient was re-evaluated and showed minimal weight gain, 
but her respiratory symptoms worsened. She required multi-
ple visits to the emergency room for nebulizers and was dis-
charged on antibiotics.

Two months later, due to the patient’s respiratory 
manifestations and her minimal improvement in treat-
ment, the suspicion of having another pathology, namely, 
CF, was raised. However, her initial workup showed 
normal sweat chloride levels. Thus, the case was thor-
oughly re-evaluated, and the family’s medical history was 
retaken and revealed a first-degree cousin (IV-4; Fig. 1) 
with CF (sweat chloride test of 128 mmol/L; reference 
range < 60 mmol/L). On the contrary, the cousin (IV-4) 
did not develop BA. Moreover, her brother (IV-2), prior to 
his death, showed high levels of sweat chloride; neverthe-
less, he did not show any respiratory symptoms.

Therefore, sweat chloride testing was re-ordered for the 
proband (IV-1) and returned as 113 mmol/L. The patient 
started on pancreatic replacement therapy (PRT) and respira-
tory support therapy with chest physiotherapy and home nebu-
lizers. Her weight started to improve. Also, her respiratory 
symptoms improved significantly. Her liver enzymes stayed 
elevated, although her bilirubin normalized (Table 1).

Histopathological analysis of the liver

The histopathological slides of the two liver wedge biop-
sies obtained from the two affected siblings (IV-1, and 

Table 1   Results of the workups 
that were performed for the 
BA-CF affected proband (IV-1) 
upon first and last follow-ups

Investigations On admission for 
Kasai (2 Months old)

Last follow up (3 
Years old)

Reference range

Complete blood count Anemic Anemic
PT — 14 s 11–13.5 s
INR 1.33 — 0.8–1.1
Liver function test Total Bilirubin 6.5 mg/dL 0.38 mg/dL 0–1 mg/dL

Direct Bilirubin 5.5 mg/dL 0.05 mg/dL 0–0.25 mg/dL
Total protein 3.2 g/dL 5.01 g/dL 6–8.3 g/dL
Albumin 1.9 g/dL — 3.5–5.5 g/dL
SGOT (AST) 103 U/L 209 U/L 0–40 U/L
SGPT (ALT) 51 U/L 254 U/L 10–35 U/L
LDH 526 U/L —  < 450 U/L
ALP 1032 IU/L 881 IU/L  < 383 IU/L
GGT​ 194 IU/L 49 IU/L 5–39 IU/L
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IV-2) showed essentially similar histopathological fea-
tures. The sections exhibited preserved liver architec-
ture with normal cell plates composed of one or two cell 
layers. The proband’s (IV-1) liver histopathology; the 
portal triads were expanded by a mixed chronic inflam-
matory infiltrate (Fig. 3A and Fig. 4A) along with bile 
ductular proliferation, which was more pronounced in the 
proband’s brother (IV-2) (Fig. 4B) and associated with 
marked bile plugging (Fig. 4C). This ductular prolifera-
tion was less evident in the proband on the H&E section, 
and as such, a CK7 stain was used to highlight the biliary 
epithelium (Fig. 3B). Iron stain demonstrated increased 
iron deposition in macrophages (Fig. 3F and Fig. 3G), 
a feature seen in cholestasis-associated changes. There 
were no granulomas and no alpha-1 antitrypsin globules. 
These features were consistent with an extrahepatic BA 
associated with fibrosis. As mentioned, these histological 
features were more pronounced in the proband’s brother 
(IV-2), in whom the biopsy was taken at 6 months of age, 

whereas in the proband (IV-1), the biopsy was taken at 
2 months of age. The increased severity of the histologi-
cal findings reflects the fact that the features and clinical 
symptoms of BA worsen with time.

Genetic analysis

In pursuit of seeking the cause of the patients’ pathologic 
picture, WES was performed to investigate possible under-
lying genetic etiology. In all the CF-affected patients (IV-
1, IV-2, and IV-4), we identified a disease-causing vari-
ant (DCV) (c.1521_1523delCTT; p.Phe508del) in CFTR 
(Table 2; Fig. S1). Notably, the variant (p.Phe508del) in 
CFTR has never been previously discovered in any neonatal 
BA cases. Also, their CF-only-affected cousin, harboring 
the same CFTR variant, did not develop BA (Fig. S1B). 
Therefore, we hypothesized that there might be other genetic 
variants that might drive the BA pathogenesis in the BA-CF-
affected siblings.

Fig. 3   A sample of liver biopsy for proband IV-1 shows features of 
extra-hepatic biliary atresia with associated fibrosis. A Expanded por-
tal triads by a mixed chronic inflammatory infiltrate, H&E 200 × . B 
Bile ductular reaction, CK 7 stain 200 × . C Feathery degeneration 

of hepatocytes, H&E 200 × . D Giant cells, H&E 400 × . E Periportal 
bridging fibrosis, Masson Trichrome stain 200 × . F Iron deposition, 
Pearl’s Iron Stain 200 × . G Spotty necrosis, H&E 400
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To uncover the underlying etiology of BA, our first-tiered 
approach was to filter the two BA-affected siblings’ exomes 
(IV-1, and IV-2; Fig. 1) for any candidate disease-causing 
variants in genes previously reported to be associated with 
cholestasis and/or BA (Table S1), but no candidate variants 
were found.

Then, as our second-tiered approach, we attempted to 
compare the WES data of the three CF-affected patients. 
This was premised on the possibility that the familial neo-
natal BA presentation in the two BA-CF-affected siblings 
would be induced by a unique genetic profile that is lack-
ing in their BA-free, CF-only-affected cousin (Fig. 2). First, 
we filtered the homozygotes in both BA-CF-affected sib-
lings that are either absent or heterozygous in the BA-free, 
CF-only-affected cousin (Tables S2-S5). Then, we searched 
for any candidate genes that have possible combinations 
of compound heterozygotes that are present in both sib-
lings, but not in their cousin (Tables S6-S8). Thereafter, we 
compiled a total of 77 genes that fulfill the aforementioned 
criteria (Table S9). After thoroughly curating the collated 

sib-shared genes (Fig. 2), we identified three candidate 
genes that could play a role in the patients’ BA pathogenesis 
(SNAPC4, UCK1, and ZHX2). Each of these genes harbors 
a rare candidate homozygous variant that is shared by the 
BA-CF-affected siblings but absent or heterozygous in their 
CF- affected cousin, who does not have BA (Table 2; Figs 
S2-S4).

Discussion

In this study, two siblings of first-degree consanguineous 
parents presented with neonatal BA. Establishing a BA clini-
cal diagnosis is challenging, owing to several overlapping 
causes of cholestasis that mimic the BA features (Haber and 
Russo 2003). Liver biopsy is considered the “gold-standard” 
for revealing the differential diagnosis (Vij and Rela 2020). 
Here, liver biopsies were performed for both BA-affected 
siblings. Their histopathology findings showed ductular 
proliferation, bile plugs’ formation, and periportal fibrosis. 

Fig. 4   A sample of liver biopsy for the proband’s older brother (IV-
2) shows more extensive features of extra-hepatic biliary atresia with 
fibrosis. A Portal inflammation, H&E 200 × . B Hepatic ductular 
proliferation and bile plugs formation, H&E stain 20 × . C Ductular 

reaction, H&E 400 × . D Feathery degeneration, H&E 200 × . E Giant 
cells, H&E 400 × . F Extensive Fibrosis, Masson Trichrome 200 × . G 
Iron deposition, Pearl’s iron stain
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These features are exclusively evident in BA cases (Russo 
et al. 2011). Nonetheless, the histologic findings were more 
pronounced in the proband’s older brother (IV-2; 6 M.O) 
than in the proband herself (IV-1; 2 M.O)—implying that 
BA presentation can deteriorate over time.

Shortly after Kasai surgery, the proband failed to thrive, 
which was initially attributed to a failed Kasai procedure. 
The proband followed aggressive nutritional management, 
consisting of a high-caloric formula. This treatment is usu-
ally used to overcome the excessive caloric needs of mal-
absorption (Sundaram et al. 2017). Despite slightly gaining 
weight, the proband experienced unexplained pulmonary 
symptoms in addition to her persistent failure to thrive. 
Hence, the suspicion of her suffering from CF was raised, 
albeit her sweat chloride test was normal. After thoroughly 
re-taking the family history, her cousin’s (IV-4) CF inci-
dent was revealed. Consequently, the proband began a CF 
treatment regimen, and her respiratory symptoms improved, 
indicating that she also suffered from CF. The proband’s CF 
diagnosis was later confirmed with an elevated sweat chlo-
ride test. The proband’s proper diagnosis of CF was missed 
due to an initial false-negative sweat chloride test. In com-
pliance, previous CF cases also had initially normal results 
(Stewart et al. 1995). Notably, the proband’s brother also 
showed elevated levels of sweat chloride; however, he did 
not develop any CF-related manifestations prior to his death.

After utilizing genetic testing to study the three CF-
affected relatives (IV-1, IV-2, and IV-4), we identi-
fied a shared pathogenic homozygous variant in CFTR 
(p.Phe508del; formerly known as DeltaF508). While it is 
the most identified DCV in CF-patients (https://​cftr2.​org), 
it has never been reported in any neonatal BA cases. This 
raised our suspicion of other molecular etiologies driving the 
BA pathogenesis in two of the three CF-affected individuals.

The determination of the underlying etiology of BA is 
obscure. In concordance with our study, albeit rare, familial 
BA occurrences have been previously described, suggesting 
the presence of a predisposing genetic background (Smith 
et al. 1991). Recent advances in next-generation sequenc-
ing (NGS) have aided in the identification of novel putative 
genes associated with BA. Nevertheless, due to the paucity 
of familial cases, and the complexity of the disease, identify-
ing BA-causative genes is yet-to-be-established (Girard and 
Panasyuk 2019).

Although CF might lead to secondary cholestasis 
at advanced stages of the disease, CF has rarely been 
described as causing BA in infancy and has never been 
reported in BA-familial cases (Vij and Rela 2020). There-
fore, the presence of BA can be an atypical presentation 
of CF. Since the two BA-CF-affected siblings in our study 
are descending from consanguineous marriage and the 
absence of BA in their CF-affected cousin (IV-4), the sus-
picion of other genetic contributing factors (besides the Ta
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pathogenic variant in CFTR) was raised. This prompted 
us to study the underlying genetic background of BA. We 
hypothesized that one of the two following scenarios could 
have driven the pathogenesis of BA: the presence of CF 
with one or more mutated modifier gene(s) increased the 
susceptibility to developing BA as an atypical CF presen-
tation. On the other hand, the BA could have been exerted 
as an independent CF co-morbidity, triggered by other 
causative variants in one or more genes.

Consanguinity increases the inheritance of AR disorders 
(Hamamy 2012; Shawky et al. 2013; Bhinder et al. 2019). 
Therefore, to explore our hypotheses, we filtered the genes 
with a possible bi-allelic genotype that are only shared 
between the BA-CF-affected siblings’ (IV-1, and IV-2) 
exomes and are absent or heterozygous from their BA-free 
CF-affected cousin’s (IV-4) exome (Fig. 2). Afterwards, we 
curated the list of sib-shared genes (Table S9) and identified 
three candidate genes to be associated with BA (SNAPC4, 
UCK1, and ZHX2; Figs S1-S4). Nonetheless, this does not 
rule out the possibility of other heterozygous or intronic 
modifying variants being involved in driving BA pathogen-
esis. Further studies are needed to explore the validity of 
these possibilities.

We identified a novel missense variant (p.Gln217Arg) 
in SNAPC4 (Table 2; Fig. S2). The product of this gene, 
SNAPC4, is the largest subunit of at least five snRNA-acti-
vating protein complex (SNAPc) subunits, which is essen-
tial for activating the transcription of both RNA II and III 
snRNA genes. SNAPC4 serves as an assembly for the other 
SNAPc subunits (Ma and Hernandez 2001). The expres-
sion of SNAPC4 is ubiquitous; nevertheless, it is moderately 
expressed in the liver, gallbladder, and gastrointestinal tract 
(https://​www.​prote​inatl​as.​org).

In an in vivo zebrafish study by Schaub et al., mutant 
snapc4 caused intrahepatic bile duct degradation. Ini-
tially, the bile ducts underwent complete differentia-
tion. Afterwards, they were subjected to apoptosis and 
vanished (Schaub et al. 2012). Nevertheless, the gene’s 
impact on the extrahepatic biliary network remains to be 
elucidated. Interestingly, biliary cells’ apoptosis has been 
explored as a disease-causing mechanism inducing BA 
pathogenesis (Erickson et al. 2008). The clinical impli-
cations of SNAPC4 in humans have also been described. 
For instance, a homozygous missense variant in SNAPC4 
has been reported in an adolescent patient with benign 
recurrent intrahepatic cholestasis (IC) (Munther Odeh 
et al. 2018). Also, downregulation of SNAPC4 expression 
was detected in women with IC of pregnancy (Floreani 
et al. 2013). Taken together, SNAPC4 might have contrib-
uted to BA pathogenesis in both BA-siblings. Perhaps by 
encouraging the intrahepatic cholangiocyte apoptosis and 
hindering the secretion of bile salts from the hepatocytes.

The second candidate gene is UCK1. We identified a 
homozygous frameshift variant (p.His103AlafsTer19; 
Table 2; Fig. S3) in BA-CF-affected siblings and not in their 
CF-only cousin (IV-4). UCK1 plays a role in the nucleotide 
metabolism pathway. This gene has two isoforms; one is 
ubiquitously expressed, while the other is enriched in the 
kidney, heart, liver, and skeletal muscle (Van Rompay et al. 
2001).

Noteworthy, frameshift variants in UCK1 have been dis-
covered in 18 patients with neonatal sclerosing cholangitis 
(NSC) (Grammatikopoulos 2015). NSC is a serious hepatic 
disease that prompts inflammation and multi-focal bile duct 
structuring (Amedee-Manesme et al. 1987; Karlsen et al. 
2017). Even though the NSC’s clinical presentation may 
share some similarities with BA, both can be distinguished 
by cholangiography and/or liver biopsy (Amedee-Manesme 
et al. 1987; Lindor et al. 2015). NSC is frequently associ-
ated with unique hepatic histopathological features such as 
“onion skin” fibrosis and periductal fibrosis (Karlsen et al. 
2017). Neither of the findings was evident in our BA cases 
(Fig. 2 and Fig. 3). Instead, UCK1 might have rather induced 
the development of cholangiopathy in both siblings, leading 
to their BA presentation.

The third candidate contributing variant in the BA-CF 
siblings (p.Val388Ile) was in ZHX2 (Table 2; Fig. S4). This 
gene is a transcription repressor that is known to regulate 
the expression of several hepatic genes, including alpha-
fetoprotein, H19, and glypican 3. ZHX2’s targeted genes 
are active throughout the perinatal period and become sup-
pressed after delivery. These genes are reactivated during 
some conditions, such as hepatic development and cancer 
(Morford et al. 2007).

H19 is involved in the process of bile homeostasis and 
its expression is upregulated in a variety of liver diseases 
in both human and mouse models (Li et al. 2018). The 
elevated H19 expression in liver biopsies retrieved from 
BA patients was associated with increased BA severity 
(Xiao et al. 2019). Overexpression of H19 seems to induce 
essential bile acid receptor signaling, thus leading to bile 
acid accumulation, cholestatic injury, and cholangiocyte 
proliferation (Li et al. 2018; Xiao et al. 2019). Moreover, 
H19 knockout mice had inhibited cholangiocyte prolif-
eration along with reduced liver injury and inflammation 
(Xiao et al. 2019; Tian et al. 2021). Our BA-CF-patients 
harbor a variant in ZHX2 that is known to suppress H19 
expression, possibly leading to abnormal H19 upregulation 
that can ultimately induce cholangiocyte proliferation, a 
hallmark of BA-presentation. The maximum MAF of this 
variant (p.Val388Ile) in the population database gnomAD 
is 0.7%, with 5 reported homozygotes. Even though this 
variant’s frequency is rare in the population, it is deemed 
too common to be disease-causing in BA. Also, the high 
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number of reported homozygotes reduces the likelihood of 
this variant being a candidate in BA. However, this vari-
ant in ZHX2 might have played a role in increasing the 
susceptibility to BA development along with the other two 
variants identified in SNAPC4 and UCK1.

In conclusion, we presented familial BA-CF-cases 
descending from first-degree consanguineous parents. 
Despite having a positive CF family history, their BA-free, 
CF-only affected cousin did not develop BA. This raised 
the possibility of other shared genetic etiologies between 
the BA-CF-affected siblings, absent from their BA-free CF-
cousin, contributing to the familial BA pathogenesis. We 
applied multistep filtering approaches to find the genes with 
variants exclusively found in the BA-CF-affected siblings 
and not in their CF-only affected cousin. We curated the list 
of the sib-shared genes and consequently identified three 
candidate genes (SNAPC4, UCK1, and ZHX2). Based on 
previous evidence, the described genes can be implicated 
in inducing BA pathogenesis. We propose that these genes 
might have cumulatively or individually contributed to 
accelerating the biliary damage in the setting of CF. Alterna-
tively, these genes might have increased the susceptibility to 
BA pathogenesis as a separate CF-comorbidity. Our research 
paves the way for future studies to explore the described 
genes as candidate molecular etiologies of BA. To the best of 
our knowledge, this is the first study to report the DeltaF508 
variant in CFTR with familial neonatal BA presentation.
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