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Abstract Biliary atresia (BA) is a progressive fibro-

obliterative cholangiopathy affecting the extra- and intra-

hepatic biliary tree to various degrees and resulting in

obstructive bile flow, cholestasis and icterus in neonates. It

is the most common cause of pediatric liver transplanta-

tion. The etiology of BA is still unclear, although there is

some evidence pointing to viral, toxic, and multiple genetic

factors. For new therapeutic options other than liver

transplantation to be developed, a greater understanding of

the pathogenesis of BA is indispensable. The fact that the

pathology of BA develops during a period of biliary growth

and remodeling suggests an involvement of developmental

anomalies. Recent studies indicate an association of the

etiology of BA with some genetic factors such as laterality

genes, epigenetic regulation and/or microRNA function. In

this paper, we present an overview of recent advances in

the understanding of the disease focusing on bile duct

developmental anomaly.
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Introduction

Biliary atresia (BA) is a progressive fibro-obliterative

cholangiopathy affecting the extra- and intrahepatic biliary

tree to various degrees and resulting in obstructive bile

flow, cholestasis and icterus in neonates [1–3]. Without

treatment such as the Kasai procedure, a hepatoportoent-

erostomy performed to establish bile drainage from

microscopic residual bile ductules within the liver, pro-

gressive hepatic fibrosis leads to cirrhosis, portal hyper-

tension, liver failure and death by the age of 2 years [1, 2].

It is a rare disease in the Western world, with an incidence

of 1:15000–19000 live births [3], whereas in Asia the

incidence is clearly higher, for example, ranging from

1:5400 to 5800 live births in Taiwan [4] and 1:9000–

10000 live births in Japan. BA is classified based on the

level of extrahepatic obstruction of the biliary tree [1]. In

type 1 BA (about 5 %), the biliary duct is obstructed at the

level of the common bile duct. In type 2 BA (about 2 %),

obstruction occurs at the level of the common hepatic

duct. In type 3 BA ([90 %), the most proximal part of the

extrahepatic biliary duct in the hepatic portal region is

obstructed and fibrotic without any macroscopic remnants

of the hepatic ducts. Additional cystic dilatation of the

extrahepatic bile duct remnants may be present. Even in

type 3 BA, microscopic residual bile ductules of variable

size remain in continuity with the intrahepatic biliary tree.

BA can also be separated into two clinical entities, namely

an embryonic or fetal (congenital) form and a postnatal

progressive (posteriori) form. Some patients with the

congenital form of BA also present with a constellation of

anomalies known as biliary atresia splenic malformation

(BASM) syndrome. These patients (10–20 % in the

Western world) are more often female, and they exhibit

variable combinations of associated malformations

including asplenia/polysplenia, abnormal abdominal situs,

intestinal malrotation, abdominal vascular anomaly, con-

genital heart disease and/or pancreatic malformations.

In the remaining 80 % of cases, BA occurs in isolation

without any associated disorders.
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In this paper, we describe recent advances in the study

of the etiology of BA, especially focusing on understanding

it as a developmental anomaly.

Abnormal developmental theory for BA

The pathogenesis of BA is unknown. It is likely to be

multifactorial, in that environmental and genetic factors

may interact in the process of its development into an

obstructive cholangiopathy [1, 5]. Viral infection, autoim-

munity, inflammation, abnormal development, and genetics

have all been proposed as potentially involved [6–8]. A

theory proposed by Mack [9] suggests that BA is caused by

a specific perinatal hepatobiliary viral infection. In this

view, immune-mediated damage in response to infection

leads to the eventual obliteration of the bile ducts. As an

alternative explanation, BA is thought to result from

developmental anomaly, lead to the leakage of bile and

consequent inflammation.

During human embryogenesis, the transverse septum

takes on a ventral position where an endodermal projection

of the ventral portion of the primitive gut (the hepatic

diverticulum) gradually develops and gives rise to the liver.

From the caudal segment of the hepatic diverticulum, cells

differentiate to form the gallbladder and the cystic, hepatic,

and common bile ducts. Adjacent endoderm cells undergo

pancreatic specification and form the endocrine and exo-

crine pancreas [10]. Bile drains from the hepatocyte-lined

bile canaliculi into intrahepatic bile tracts through a tran-

sitional region called the Canal of Hering. Both hepatocytes

and cholangiocytes are derived from hepatoblasts. Several

steps of differentiation and morphogenesis are required for

normal intrahepatic bile duct development. First, periportal

hepatoblasts are induced to differentiate into cholangiocyte

precursors, forming ring structures known as ductal plates

around the portal vein branches. At discrete locations within

the ductal plates, tubular structures known as primitive

ductal structures (PDS) form; these eventually give rise to

bile ducts. Subsequently, precursors that fail to be incor-

porated into the bile ducts regress, leaving mature ducts in

place [11–13]. While extrahepatic bile ducts are more

severely affected, BA involves both the extrahepatic and

intrahepatic biliary systems. The abnormal development

explanation for BA centers on the concept that develop-

mental errors occur somewhere in the differentiation and

morphogenesis of the biliary system.

Genetic factors for biliary atresia

Since the congenital form may be associated with duc-

tal plate malformations characterized by an abnormal

persistence of ductal plate-like structures, it is suggested

that a mutation in the genes regulating bile duct develop-

ment could act as a susceptibility factor or a modifier gene.

In one genetic study that examined 102 cases of BA, nine

patients harbored a missense mutation in jagged 1, a Notch

signaling ligand [14]. Another study investigated the

expression of Notch receptors in BA livers and found that

notch 3 expression was increased in neovessels and mes-

enchymal cells [15]. These results suggest that abnormal

Notch signaling may predispose to BA. It is important to

note that about 10 % of BA patients also have additional

congenital defects related to left–right axis abnormalities,

suggesting that proteins regulating left–right patterning

may be involved in the disease. These include the cilium-

associated protein Inversin, the Nodal co-factor Cryptic

(CFC1) and the zinc finger transcription factor ZIC3. For

example, mice with a deletion of the invs gene exhibit

BA-like disease [16]. However, anomalies of biliary sys-

tem were not found in humans with INVS mutations [17].

A heterozygous mutation in CFC1 was found in a patient

with BA and polysplenia [18], and a CFC1 polymorphism

(Ala145Thr) was identified in 5 out of 10 patients, twice

the frequency observed in control patients [19]. This

alteration in CFC1 is not sufficient to induce BA, however:

BA occurred in only one of two brothers harboring the

same amino acid substitution [20]. Two patients with BA

and congenital heart defects had mutations in ZIC3 [21].

Moreover, a comparative analysis of genes expressed in

livers exhibiting the congenital and posteriori forms of BA

revealed a unique pattern of gene expression in the con-

genital form. A number of chromatin-modifying genes and

imprinted genes were upregulated, but, most significantly,

the expression of the laterality genes SPROUTY4, LEFT-

YA and ZIC3 differed between the congenital and poste-

riori forms of BA [22]. An analysis of genes in livers

exhibiting posteriori forms of BA revealed anomalies in the

expression of several genes involved in morphogenesis,

fibrogenesis, transcriptional regulation and cell signaling

[23]. However, whether these gene anomalies indicate

pathogenic mechanisms or result from the progression of

the disease remains uncertain at the moment.

Animal models of extrahepatic biliary duct anomalies

Although the extrahepatic and intrahepatic biliary systems

are ultimately in direct contact, their origins are distinct:

lineage tracing studies have shown that the extrahepatic

biliary system and the ventral pancreas may share common

progenitor cells that are distinct from those that form the

liver. It has been demonstrated using a Pdx1 transcription

factor-cre mouse strain that both the extrahepatic biliary

system and the ventral pancreas are derived from
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Pdx1-positive cells, while the liver and intrahepatic bile

ducts are not [24].

The Sox17 transcription factor, a protein involved in the

formation of endodermal organs, controls specification of

the liver and bile ducts. On approximately embryonic day

(E) 8.5 in mice, cells in the ventral foregut express both

Pdx1 and Sox17. Subsequently, the Sox17?/Pdx1?

domain becomes divided into a Sox17? biliary primor-

dium and a Pdx1? pancreatic primordium. Inactivation of

Sox17 in the ventral foregut causes the loss of induction

into extrahepatic biliary ducts and leads to the formation of

ectopic pancreatic tissue, while misexpression of Sox17 in

the Pdx1? domain suppresses pancreatic development and

induces a ductal epithelial fate, suggesting that Sox17

regulates the extrahepatic biliary duct/pancreatic cell fate

decision [24].

The appropriate differentiation of the extrahepatic bili-

ary duct and ventral pancreatic lineages is also regulated by

Hes1, a transcriptional effector of Notch signaling. In

Hes1-deficient mice, the extrahepatic biliary duct differ-

entiates towards a pancreatic phenotype, suggesting that

Hes1 represses the differentiation of extrahepatic biliary

ducts toward a pancreatic fate [25, 26]. This phenotype is

similar to that of Sox17 conditional knock-out mice, sug-

gesting an interaction between Hes1 and Sox17 during

extrahepatic biliary duct development. Indeed, inactivation

of Sox17 results in a down-regulation of Hes1 expression,

while inactivation of Hes1 leads to a paradoxical expansion

of the Sox17-domain [24, 27], suggesting the existence of a

Sox17–Hes1 feedback loop.

Other factors required for appropriate extrahepatic bili-

ary duct development include HNF6, HNF1b, and Hhex.

The transcription factors HNF6 and HNF1b were the first

to be identified as transcriptional regulators of biliary

development [11, 28]. In the absence of either factor the

ducts develop as cystic structures of variable size, and at

birth there is an abnormal persistence of ductal plate-like

structures, a feature typical of ductal plate malformations

described in human biliary diseases. HNF6 can bind to the

Hnf1b gene, suggesting that the two factors are linked in a

gene cascade regulating biliary differentiation and mor-

phogenesis. Ablation of Hhex at the hepatic diverticulum

stage results in hypoplastic liver with loss of hepatoblast

marker expression. Around E16.5–E18.5, these livers start

to express hepatocyte/hepatoblast markers but also develop

numerous cysts which are lined with a mixed population of

epithelial cells displaying biliary and hepatobiliary phe-

notypes [29]. Misexpression of Sox17 results in an

upregulation of HNF6, HNF1b and Hhex expression [24],

suggesting that these transcription factors are downstream

effectors of Sox17. Given the extrahepatic biliary duct

anomalies seen in mice deficient in Hnf6, Hnf1b, FoxF1,

Hes1, Pdx1 and Hhex, these genes may be involved in the

etiology of extrahepatic biliary cysts, but no genetic evi-

dence presently supports this hypothesis [30].

MicroRNAs and BA pathogenesis

MicroRNAs (miRNAs) are small noncoding RNAs that

bind to target mRNAs and induce mRNA cleavage,

destabilization or translational repression. Although miR-

NAs are involved in several diseases of the gastro-intesti-

nal tract [31], information on the function of miRNAs in

liver development remains insufficient. Inhibition of miR-

NA synthesis by liver-specific knockout of Dicer, which is

required for the processing of all miRNAs, using albumin-

cre or Alfp-cre mice strains, results in postnatal liver

defects [32, 33]. In these experiments, however, Cre-

mediated recombination of the Dicer locus did not occur

early enough to allow analysis of miRNA function in the

prenatal period. On the other hand, a genome-wide study

identified a set of 38 miRNAs whose expression in liver

changes significantly during the process of liver develop-

ment (from late gestation to the perinatal period) [34].

Among these 38 miRNAs, miR-30a and miR-30c are found

to be expressed specifically in cholangiocytes. Addition-

ally, removing miR-30a in zebrafish caused defects in bile

duct formation, suggesting that miR-30a is required for

biliary development. Potential targets of miR-30a include

the epidermal growth factor (EGF) receptor, a regulator of

cholangiocyte proliferation, as well as Activin A, a secre-

ted factor that belongs to the TGFb family and may control

biliary differentiation. MiR-15a, a repressor of cdc25a, also

represses proliferation of cholangiocytes [35].

Recently, it was reported that miR-29a/29b-1 are

upregulated in the Rhesus rotavirus (RRV)-BALB/c model

of BA. Consistent with this increase in miR-29 levels,

levels of DNA methyltransferase 3, a direct target of miR-

29, are likewise decreased [36]. The reciprocal relation

between miR-29 and methyltransferase gene expression in

experimental BA is remarkable given the recent observa-

tion that DNA hypomethylation leads to bile defects in a

zebrafish model and correlates with clinical BA [36, 37].

We also found that, among 12 miRNAs highly expressed in

a normal intrahepatic biliary epithelial cell line (HIBEpiC)

[38], five of them, including miR-29b, exhibited specifi-

cally increased expression in BA livers compared with

normal livers and those with other metabolic diseases

(unpublished data). However, recent reports suggest that

miR-29 is also involved in the synthesis of collagen type I

in liver fibrosis [39, 40], suggesting that miR-29 was

upregulated as a result of the progress of fibrosis resulting

from BA.

On the other hand, recent studies have identified stable

populations of miRNAs present in cell-free plasma and
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serum preparations [41–44]. As these circulating miRNAs

can have altered expressions or be released from injured

and diseased tissues, their concentrations can be indicative

of certain related disorders [45–47]. In BA, it has been

demonstrated that the miR-200b/429 cluster is significantly

increased in the sera of BA patients, suggesting that cir-

culating miR-200b/429 levels are diagnostic values for BA

[48], although the elevation of miR-200b/429 in BA sera

may result from the destruction of the extrahepatic bile

duct, and the exact relation between miR-200b/429 and BA

pathogenesis is unknown.

DNA modification and BA pathogenesis

DNA methylation is the only genetically programmed

DNA modification process in mammals that is involved in

the regulation of several biological processes, including

gene transcription, X-chromosome inactivation, genomic

imprinting and chromatin modification [49–51]. Methyla-

tion of cytosine at CpG residues leads to repression of gene

expression [52], and changes in DNA methylation can be

elicited by drugs, toxins, viruses [53] and genetic defects

[54]. It has been demonstrated that DNA methylation is

significantly reduced in bile duct cells from BA patients

compared to patients with other infantile cholestatic dis-

orders. Intrahepatic biliary defects and upregulated hepatic

expression of IFN-c pathway genes are caused by genetic

or pharmacological inhibition of DNA methylation in

zebrafish, suggesting a possible etiologic link between

decreased DNA methylation, activation of IFN-c signaling,

and biliary defects in patients [37]. In addition, defective

maintenance of DNA methylation may lead to the devel-

opment of many autoimmune diseases, including systemic

lupus erythematosus (SLE), rheumatoid arthritis and mul-

tiple sclerosis [55–57]. It was demonstrated that the

expression of CD11a is significantly decreased in CD4? T

cells derived from BA patients. The hypermethylation of

promoter regulatory elements contributes to the lower

CD11a expression in CD4? T cells of infants with BA, and

this abnormal expression of CD11a may contribute to the

pathogenesis of BA [58]. These results suggest the

importance of abnormal DNA methylation in the devel-

opment of BA disorders.

Genome-wide association studies for BA

Genome-wide association studies have identified BA sus-

ceptibility loci on several chromosomes [59, 60]. Leyva-

Vega et al. [60] identified two unrelated BA patients with

overlapping heterozygous deletions of 2q37.3. Patient 1

had a 1.76 Mb (280 SNP) heterozygous deletion containing

30 genes. Patient 2 had a 5.87 Mb (1346 SNP) heterozy-

gous deletion containing 55 genes. This suggests that the

overlapping 1.76 Mb deletion on chromosome 2q37.3 from

240936900 to 242692820 contains the critical region and

that the genes within this region could be candidates for

conferring susceptibility to BA. On the other hand, Garcia-

Barcelo et al. [59] identified a susceptibility locus for BA

on 10q24.2. They showed that the likelihood of developing

BA is influenced by DNA variants in a region spanning

129 kb and encompassing the XPNPEP1 and ADD3 genes.

These studies indicate that the identification of putative BA

susceptibility loci not only opens new fields of investiga-

tion into the mechanisms underlying BA but may also

provide new clues for the development of preventive and

curative strategies [59].

Conclusion

Although the etiology of BA is unknown, developmental

anomalies have been proposed as an explanation for its

pathophysiology. It is suggested that some proteins regu-

lating left–right patterning may be involved in BA patho-

genesis, though these gene anomalies do not appear to be

solely responsible for the pathogenic mechanisms. Studies

carried out in twins have demonstrated that non-genetic

factors also play an important role in mediating BA path-

ogenesis [61], but the identities of these remain obscure, as

no common environmental factor that triggers disease

progression has yet been identified. Recent studies indicate

that epigenetic factors such as DNA methylation or novel

regulatory factors such as miRNAs may be involved in BA

pathogenesis. Genome-wide association studies using next-

generation sequencing technology may provide novel

insights into BA pathogenesis in the future. In addition,

studies of iPS cells derived from BA patients may reveal

abnormal differentiation into cholangiocytes in BA.

BA remains the most serious liver disease in children.

Even using the best available surgical techniques to correct

BA, the outcome and prognosis are still inadequate. A

better understanding of the etiology and pathogenesis of

BA is needed in order to develop new strategies for early

diagnosis, treatment and prevention, as well as the avoid-

ance of surgery-related complications.
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