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Abstract

Biliary atresia (BA) is a rapidly progressive and destructive fibrotic disorder of unknown etiology
affecting the extrahepatic biliary tree of neonates. Epidemiological studies suggest that an
environmental factor, such as a virus or toxin, is the cause of the disease, although none have been
definitively established. Several naturally occurring outbreaks of BA in Australian livestock have
been associated with the ingestion of unusual plants by pregnant animals during drought
conditions. We used a biliary secretion assay in zebrafish to isolate a previously undescribed
isoflavonoid, biliatresone, from Dysphania species implicated in a recent BA outbreak. This
compound caused selective destruction of the extrahepatic, but not intrahepatic, biliary system of
larval zebrafish. A mutation that enhanced biliatresone toxicity mapped to a region of the
zebrafish genome that has conserved synteny with an established human BA susceptibility locus.
The toxin also caused loss of cilia in neonatal mouse extrahepatic cholangiocytes in culture and
disrupted cell polarity and monolayer integrity in cholangiocyte spheroids. Together, these
findings provide direct evidence that BA could be initiated by perinatal exposure to an
environmental toxin.

INTRODUCTION

Biliary atresia (BA) is a disorder affecting neonates that is characterized by rapidly
progressive fibrotic damage to the extrahepatic biliary tree. Its etiology is currently
unknown. Although BA is a rare disorder (with an incidence ranging from 1:8000 to
1:15,000 live births), it is the most common indication for liver transplant in the pediatric
population (1). Patients present as neonates with obstructive jaundice and develop rapidly
progressive biliary fibrosis despite surgical correction of the extrahepatic atresia. Many
infants have liver cirrhosis at the time of diagnosis. About 10% of BA patients have
associated developmental abnormalities, such as situs inversus and polysplenia, although in
most the biliary disease is an isolated finding. The timing of biliary injury in isolated BA is
not known; however, a recent study suggests that the injury could occur prenatally (2).
Neither form of BA displays Mendelian inheritance, and most twin studies have shown
nonconcordance, thus arguing against a single genetic determinant. Genome-wide
association studies (GWAS) have led to identification of potential BA susceptibility loci on
several different chromosomes, and a recent study suggested an association between BA risk
and specific mitochondrial DNA haplogroups (3-6). Unfortunately, none of the affected
genes within these regions have been identified.

Nonrandom clustering of BA cases in space and time suggests an environmental cause,
either infectious or toxic (7-9). Supporting the former, infection of neonatal (up to 72 hours
old) mice with rhesus rotavirus (RRV) yields a BA-like syndrome that recapitulates many
features of human BA, particularly the immunological events associated with duct atresia.
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There is considerable overlap in the immune cell populations surrounding portal tracts and
the extrahepatic ducts in RRV-infected mice and BA patients; however, no definitive
evidence of rotavirus infection has been found in human BA (10, 11). Perinatal infection
with cytomegalovirus (CMV) has been associated with some cases of isolated BA (11),
although it remains controversial whether CMV infection is causative or acquired
secondarily. A role for reovirus has also been suggested, but the supporting data are
inconclusive (12).

Naturally occurring outbreaks of BA occurred in herds of sheep and, in one case, cows of
mixed genetic stock in New South Wales, Australia, in 1964, 1988, 2007, and 2013,
affecting 14 to 100%o0f newborn animals but sparing their mothers and other adult animals
(13, 14). In each of these years, there was severe drought, and animals, including pregnant
dams, were grazed on lands that are normally under water. Common to the flora of these
atypical pastures were chenopods in the genus Dysphania, suggesting a toxic cause of the
BA. The 2007 drought persisted through 2008, enabling us to harvest Dysphania species
plants from a pasture implicated in the 2007 episode. In an effort to identify biliary toxins,
we carried out sequential fractionation of the plants, guided by a zebrafish bioassay. We
report here the isolation of a previously uncharacterized toxin that causes selective atresia of
the extrahepatic biliary tree in zebrafish. Supporting studies in zebrafish and mouse biliary
cells suggest potential links between toxin-induced biliary injury and human BA.

Isolation and biochemical characterization of biliatresone

We harvested 3 kg of Dysphania species plants in 2008.A single plant analyzed at the Royal
Botanic Gardens in Melbourne was identified as Dysphania littoralis, although it is likely
that we harvested a mixed population of D. littoralis and Dysphania glomulifera ssp.
glomulifera because these species often grow together and can be differentiated only
microscopically. Plants were frozen immediately after collection and shipped to the United
States. A portion of the plant material was initially extracted with methylene chloride/
methanol (1:1, v/v). The resulting fraction was partitioned to petroleum ether and methanol,
with aqueous extraction of the remaining plant biomass, yielding three crude fractions
containing compounds over a wide range of polarities.

We exposed zebrafish larvae at 5 days postfertilization (dpf) (when the biliary system is
fully formed) to the initial three plant fractions (30 ug/ml) for 72 hours. Larvae were then
allowed to ingest the fluorescent lipid reporter PED-6 (a quenched phospholipid) and
Bodipy-C5 and Bodipy-C16 (short- and long-chain fatty acids, respectively) from their
aqueous medium (15). Exposure of larvae to the methanolic fraction (30 pg/ml) resulted in
markedly reduced fluorescence in the gallbladders and intestines in all of the larvae
surviving treatment (n = 25 surviving larvae of 50 treated; as indicated in Fig. 1, A and B).
In control experiments, neither this fraction nor purified toxin prevented fish from ingesting
the lipid reporter from the aqueous medium (fig. S1). Together, these findings pointed to the
presence of a biliary-specific toxin in the methanolic fraction.
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To purify the toxin, we performed 10 rounds of reiterative fractionation using the zebrafish
bioassay (95 individual fractions, each tested in triplicate; fig. S2). Ultimately, we isolated
and structurally characterized four pure compounds (Fig. 1C) from a complex active fraction
and determined that a single compound, the previously uncharacterized isochalcone,
biliatresone (4-methoxy-seco-betavulgarin), exhibited biliary toxicity in the zebrafish
bioassay, whereas the other three compounds were inactive. The active toxin had a yield of
1.84% of the dry weight of the plant. The three compounds without biliary or other toxicity
in the zebrafish assay were all structurally similar and likely a part of the same biosynthetic
pathway that includes biliatresone. Two are previously uncharacterized compounds, an
isoflavanone and a pterocarpan (Fig. 1C, compounds 3 and 4), but one was the previously
described isoflavonoid, betavulgarin (Fig. 1C, compound 2), which is found in medicinal
herbs and plants, including Beta vulgaris, a species with several edible varieties, including
chard, table beet, and sugar beet (16, 17). Screening of other subfractions with the zebrafish
assay showed that these fractions caused cardiac defects and/or lethality, suggesting that
there are likely additional toxic compounds but without the specific biliary effects reported
here. Purified biliatresone had comparable effects on the excretion of short- and long-chain
fatty acid reporters, which are absorbed through different mechanisms, further arguing that it
blocked bile secretion, rather than absorption of the lipid reporters (fig. S3).

Selective extrahepatic biliary toxicity of biliatresone

To characterize the effects of biliatresone on extrahepatic biliary morphology, we
immunostained larvae treated with escalating doses of the toxin using a monoclonal
antibody that recognizes zebrafish biliary and gallbladder epithelial cells, and then we
analyzed them using confocal microscopy. Larvae treated at 5 dpf with low doses of
biliatresone [0.0625 pg/ml (0.2 uM) and 0.125 pg/ml (0.4 uM)] showed only subtle
gallbladder defects (fig. S4), whereas larvae treated with higher doses had pronounced
morphological defects of the gallbladder and extrahepatic ducts (Fig. 1, D to G, and fig. S4).
Confocal microscopy allowed observation of altered morphology of the gallbladder
epithelium in 5 dpf larvae treated with the toxin (0.25 ug/ml, 0.8 pM) (fig. S4); the
gallbladder was severely dysmorphic, and the extrahepatic bile ducts were difficult to
recognize in larvae treated with higher doses of toxin [0.5 pg/ml (1.6 uM) and 1.0 pg/ml (3.2
uM); Fig. 1, D to G, fig. S4, and movie S1 for untreated control larva and movie S2 for
biliatresone-treated larva]. In general, gallbladder epithelial cells appeared more sensitive to
lower doses of the toxin than did epithelial cells lining the extrahepatic ducts (fig. S4).
Similar dose responsiveness to biliatresone was detected using a biliary secretion screening
assay to measure gallbladder fluorescence (fig. S5).

The intrahepatic ductal system, as visualized with confocal microscopy, was preserved in all
treated larvae (Fig. 1, D to G, figs. S4 and S6, and movies S1 and S2), thus indicating that
the toxin specifically targeted cholangiocytes within the extrahepatic ducts and gallbladder.
Larvae that were exposed to biliatresone beginning at 6 hours postfertilization (hpf) and 24
hpf (as opposed to 5 dpf) had normal morphology at 5 dpf, other than morphological
changes typical of a developmental delay (fig. S7). Cardiac and gut looping were not
affected by these earlier treatments, thus indicating that the toxin did not alter organ chirality
(n =4 groups of 24 larvae treated with biliatresone at doses of 0.0625, 0.125, 0.25, and 0.5
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ug/ml fromé6 to 36 hpf, all with normal cardiac and gut chirality). Identical extrahepatic bile
duct effects of the toxin were seen in older larvae (treatment initiated at 8 and 13 dpf) as in 5
dpf larvae, albeit at lower doses, suggesting greater sensitivity to the toxin at these
developmental stages (fig. S4, H and | versus C and D). Larvae exposed to doses of
biliatresone that cause severe gallbladder and extrahepatic duct defects at 5 dpf (1 ug/ml for
72 hours) did not survive longer than 12 dpf, even when the toxin was removed from the
aqueous medium at 8 dpf. A limited quantity of purified toxin has prevented us from
characterizing the activity of biliatresone in adult fish or mammalian models.

Histological analyses confirmed that biliatresone is an extrahepatic biliary toxin. All toxin-
treated larvae with altered extrahepatic morphology on confocal microscopy had severe
morphological defects of the extrahepatic bile duct and gallbladder in histological sections
(Fig. 2, A and B; n =10 larvae examined). Histological sections through the liver showed no
change in the appearance of hepatocytes, sinusoidal endothelia, or intestinal epithelia in
biliatresone-treated larvae (Fig. 2, A to D, and fig. S8). Because of their small size, the
intrahepatic bile ducts are not visible in histological sections (18); however, their
morphology was normal in the confocal projections of immunostained larvae (Fig. 1, figs.
S4 and S6, and movie S1). There was no obvious effect of biliatresone on hepatic synthetic
function, as evidenced by normal liver fluorescence in transgenic larvae that express red
fluorescent protein (RFP) under the control of a liver fatty acid binding protein promoter
fragment [Tg(Ifabp: RFP)] (Fig. 2, E to H).

Innate immune cell response to biliatresone

In some cases of human BA, a prominent inflammatory cell infiltrate consisting of T helper
and cytotoxic T cells and macrophages is detected within and surrounding the intrahepatic
ducts, and less frequently the extrahepatic ducts at the time of diagnosis (11, 19, 20).
Whether this arises purely as a response to cholangiocyte injury or involves direct activation
of the innate and/or adaptive immune systems is not known. An inflammatory infiltrate is
also present in livers of affected lambs with the Dysphania BA syndrome at late time points,
and in the RRV BA model, in which roles for lymphocytes [T helper, T cytotoxic, natural
killer (NK), regulatory T cells, and B cells], dendritic cells, and innate immune cells
(macrophages and granulocytes) have been reported (20-25). Recent work suggests that the
combined effects of a paucity of regulatory T cells in the neonatal mouse liver, coupled with
the presence of primed dendritic cell populations, trigger NK cell- and CD8* T cell-
mediated destruction of virus-infected cholangiocytes in the RRV model (26, 27).

Zebrafish adaptive immunity develops after the larval stages, between 4 and 6 weeks
postfertilization, indicating that it does not play a role in toxin-induced BA in fish (28). The
innate immune system, however, is active throughout most of embryogenesis and thus could
play a role in toxin-mediated injury (29). To examine the response of innate immune cells to
biliary injury in biliatresone-treated larvae, we exposed transgenic fish with green
fluorescent protein (GFP)-labeled macrophages [Tg(mpeg-1: GFP)] and neutrophils
[To(mpx: GFP)] to the toxin and then localized these cells using immunohistochemistry at
progressive time points (30, 31). This showed progressive accumulation of these innate
immune cells around the injured extrahepatic ducts and gallbladder in toxin-treated larvae
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(Fig. 3), suggesting a potential contributory role for the innate immune system in toxin-
induced biliary injury as identified in the RRV BA model (19). Late accumulation of
macrophages around injured intrahepatic ducts is also seen in RRV-infected mice (11),
where they are thought to attract neutrophils (32). Macrophage depletion also prevented duct
obstruction in the RRV model (33). Macrophages have been implicated as playing a role in
human BA (11), and a recent study demonstrated increased hepatic expression of the
neutrophil chemoattractant interleukin-8 in BA patients (34), thus suggesting a potential role
for neutrophils as a mediator of intrahepatic bile duct injury after the initial damage to the
extrahepatic system.

We examined the role of macrophages in toxin-induced biliary injury using a well-described
inducible cell ablation methodology (35). Bigenic larvae expressing an NfsB-mCherry
fusion protein in macrophages [Tg(mpeg-1: Gal4; UAS. NfsB-mCherry)] were treated
continuously with metronidazole (5 pM) from either 48 or 72 hpf to 120 hpf (5 dpf) to
induce macrophage apoptotic cell death. After this period of continuous metronidazole
treatment, larvae were exposed to the same metronidazole dose for 2 hours per day. During
this period (either 5 to 7 dpf or 5 to 8 dpf), they received continuous biliatresone (either 0.25
or 0.5 pg/ml) followed by immunostaining with the 2F11 antibody and confocal microscopy
to evaluate extrahepatic biliarymorphology. Macrophage ablation was monitored in live
larvae and showed reduction of mCherry-positive macrophages after exposure to
metronidazole. Of 27 larvae imaged for these experiments, 20 larvae had no detectable
mCherry-positive cells, and 7 larvae had a small number (<4) of mCherry-positive cells in
the intestine. All of these larvae were highly sensitive to biliatresone (fig. S6). These
experiments show that macrophages are recruited to bile ducts injured by biliatresone, but
that they are not required for biliatresone toxicity.

Bile flow requirement for biliatresone toxicity

We hypothesized that the selective biliary toxicity of biliatresone or one of its metabolites
resulted from its secretion and concentration in bile. To test this hypothesis, we examined
the effect of the toxin in larvae that lacked intrahepatic bile ducts, predicting that
biliatresone would be inactive in these larvae because bile flow to the extrahepatic system
was disrupted. We first examined biliatresone-treated wild-type larvae that had been treated
with the y-secretase inhibitor N-[(3,5--difluorophenyl)acetyl]-.-alanyl-2-phenyl]glycine-1,1-
dimethylethyl ester (DAPT), an inhibitor of Notch signaling that blocks intrahepatic bile
duct development (36). Although the gallbladder is small in DAPT-treated larvae
(presumably because of the absence of bile flow), we reasoned that the morphology would
be preserved after exposure to biliatresone, again because of the absence or marked
reduction of bile flow. Consistent with this prediction, gallbladder morphology was
indistinguishable in the DAPT-treated controls and toxin-treated larvae that were also
treated with DAPT (fig. S9 and table S1).

We next examined the effect of biliatresone in larvae that lack intrahepatic bile ducts
because of a genetic mutation. The mutant examined, ductbend, was identified in an
independent chemical mutagenesis screen formutations that disrupt biliary development.
ductbend exhibits a pattern of Mendelian recessive inheritance over five generations and is
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lethal by 10 to 12 dpf. Confocal microscopy of ductbend larvae immunostained with the
2F11 antibody showed few, if any, intrahepatic ducts, but a small gallbladder and patent
extrahepatic ducts (Fig. 4). Other phenotypic defects include delayed branchial arch
development and intestinal and liver hypoplasia (fig. S10), thus indicating that the affected
gene plays multiple developmental roles. Biliatresone was predicted to be inactive in
homozygous ductbend larvae because bile flow to the extrahepatic system is severely
reduced (as in DAPT-treated wild-type larvae). Unexpectedly, gallbladder and extrahepatic
duct morphology was disrupted in the toxin-treated mutant larvae compared with untreated
mutant larvae, and the degree of injury in many appeared greater than in toxin-treated wild-
type larvae (Fig. 4, A and B versus C and D, and fig. S11).

Together, the data from DAPT-treated and ductbend larvae argue that the selective biliary
toxicity of biliatresone arises as a result of its secretion and concentration in bile, but that
genetic modifiers can override this by sensitizing extrahepatic duct and gallbladder epithelial
cells to very low levels of the toxin present in either bile or extracellular fluid. In ductbend,
biliatresone could conceivably enter extracellular fluid either from the vasculature or
directly from the aqueous medium in which mutant larvae are reared.

Conserved synteny between ductbend and human BA susceptibility loci

To gain insight into the mechanism underlying the sensitization of ductbend mutants to
biliatresone, we carried out whole-exome sequencing of mutant larvae and their wild-type
siblings (n =100 larvae in each pool). In the mutant pool, we identified a region of
homozygosity located on chromosome 22 (nucleotides 27,387,718 to 27,758,148) that was
confirmed with genetic mapping (discussed below). Analyses of gene synteny in this region
showed that it was homologous to a region of human chromosome 10 (10925.1; formerly
10g24.2) that was identified as a BA susceptibility locus in a GWAS of Han Chinese
patients (Fig. 4E) (3). This association was confirmed in three independent studies of
Chinese, Thai, and Caucasian BA patients (37-39). Neither coding sequence mutations nor
consistent changes in expression levels have been found in BA patients for the two genes
adjacent to the 10g25.1 markers (XPNPEP-1, a prolyl aminopeptidase, and ADD3, which
encodes y-adducin, a cytoskeletal F-actin capping protein). Expression of add3 and
xpnpep-1 orthologs was comparable in ductbend mutant and wild-type larvae (fig. S12).
Coding sequence mutations were not seen in either gene in the exome sequencing.

The critical region surrounding the ductbend locus on zebrafish chromosome 22 also has
conserved synteny with genes that map to human chromosome 16 (16p13.3; Fig. 4E). A
singleton SNP (single-nucleotide polymorphism) within this region (rs17139085),
subsequently shown to be adjacent to the RBFOX1 gene, had the most significant disease
association in the human BA-GWAS study (3). No further analysis of this SNP was
performed in this or subsequent studies. The zebrafish RBFOX1 ortholog does not map to
chromosome 22, but the orthologs of several adjacent genes do. Three of these genes that are
in close proximity to each other (<0.3 Mb) had missense coding sequence mutations in
ductbend: sIx4, a scaffold protein that plays a role in DNA maintenance and repair (40);
glis2, a zinc finger transcription factor that is mutated in patients with recessive
nephronophthisis, a heritable cause of kidney failure (41); and adcy9, an adenylate cyclase
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(42). None of the mutations were predicted to alter gene function, and genetic mapping
experiments placed six4 ~1 ¢cM (>0.6 Mb) from the ductbend locus (six recombinants at
SNP 27434434 in 658 meioses; Fig. 4E), thus arguing that neither it, glis2, nor adcy?9 is the
responsible gene.

Although our current data are not sufficient to molecularly characterize the ductbend gene,
its proximity to human BA susceptibility loci orthologs (10g25.1 and 16p13.3 genomic
regions) does support the idea that a common mechanism underlies susceptibility to biliary
injury in the Dysphania BA syndrome and human BA. The pleiotropic developmental
defects present in homozygous ductbend mutants argue that in humans, BA susceptibility
would likely be imparted by hypomorphic rather than null alleles of the ductbend homolog.

Effect of biliatresone on mammalian cholangiocytes

We previously demonstrated that extrahepatic cholangiocyte primary cilia are decreased in
both human BA and the mouse RRV BA model (43, 44). For this reason, we examined cilia
in primary neonatal mouse extrahepatic cholangiocytes treated with either biliatresone or the
nontoxic isoflavanone-3 that copurifies with biliatresone. Cells treated with biliatresone, but
not with isoflavanone-3, had a reduction in primary cilia as determined by staining with
antibodies against acetylated a-tubulin (fig. S13, A to C and J). Immunostaining of these
cells for cellular tubulin demonstrated a dose-dependent decrease in visible microtubules
(figs. S13, D to F, and S14), suggesting that biliatresone, but not isoflavanone-3, decreased
microtubule stability. Mouse hepatocytes lack primary cilia; however, primary cultures of
neonatal mouse hepatocytes treated with biliatresone showed minimal changes in cellular
tubulin staining when treated with biliatresone at 3 pg/ml (fig. S13, G to ) and only mild
disruption of cellular tubulin when treated with the highest dose of biliatresone (5 ug/ml; fig.
S15, A and B). Primary adult hepatocytes also showed only mild changes in organization of
cellular tubulin after treatment with biliatresone even at doses as high as 5 pg/ml (fig. S15, C
and D).

Human BA and the BA-like syndrome seen in Sox17 haploinsufficient mice are both
characterized by loss of integrity of the epithelial monolayer lining the extrahepatic ducts
(45). Disruption of the gall-bladder epithelium is also an early finding in zebrafish larvae
exposed to biliatresone (Figs. 1 and 2 and fig. S4). We therefore examined the effect of
biliatresone on epithelial integrity in a three-dimensional mammalian cell culture system in
which cholangiocytes polarize and form spheroid monolayers with distinct lumens.
Treatment with isoflavanone-3 had no effect (fig. S16), but treatment with biliatresone
caused loss of epithelial monolayer integrity with lumen closure and disruption of apical-
basal polarity, as shown by staining for F-actin and the 3, integrin subunit (Fig. 5A).
Although closed spheroids were observed even in untreated or vehicle-treated cells, there
was a dose-dependent increase in partial and complete lumen closure, with loss of the
monolayer, after biliatresone treatment (Fig. 5B). In contrast, treatment with betavulgarin,
which had no effect on zebrafish larvae, did not disrupt polarity or result in loss of the
monolayer or lumen closure in cholangiocyte spheroids, but cells were consistently more
columnar and spheroid lumens were smaller than for vehicle-treated cells (Fig. 5A and fig.
S17).
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DISCUSSION

The etiology of BA is unknown, although there is evidence implicating an environmental
exposure—either infectious or toxic—in genetically susceptible individuals. We report here
the activities of the naturally occurring isochalcone, biliatresone, which we have isolated
and identified; it is the first toxin known to cause selective destruction of the extrahepatic
biliary tree. Zebrafish larvae exposed to biliatresone develop a pattern of extrahepatic biliary
damage that strongly resembles the pathology observed in BA in humans. These findings
suggest that exposure to structurally related compounds in food or from other environmental
sources could be an important triggering event in human BA.

The chemical structure of biliatresone has not been previously reported, and biliatresone is
the only structurally characterized plant isochalcone with an exomethylene ketonemoiety.
Although the synthetic pathway used by Dysphania plants to produce biliatresone is not
known, structural analyses suggest that biliatresone might result from the ring opening of
one of the copurifying compounds, either betavulgarin or the previously uncharacterized
isoflavanone-3. Alternatively, biliatresone may serve as a precursor to the other compounds
we isolated. A Clostridium species found in the human intestinal microbiota cleaves
isoflavonoids found in widely consumed soy products to produce a metabolite with the same
exomethylene ketone structure as biliatresone (46—48). This raises the intriguing possibility
that human intestinal bacteria could produce toxins resembling biliatresone through
modification of nontoxic precursors, such as betavulgarin, which is found in common foods,
including sugar beet, table beet, and chard (16, 17). It is conceivable that biliatresone itself
or a structurally related toxic compound is found in plants that are normally consumed by
humans.

The zebrafish and mammalian cell data presented here suggest that biliatresone can alter the
integrity of the cholangiocyte monolayer in the gallbladder and extrahepatic ducts. Over
time in vivo, this could result in duct obstruction, which is a defining feature of human BA
and is consistently observed in animal models of the disease, including the mouse RRV and
Sox17 haploinsufficiency models and epidemic BA in livestock (45, 49, 50). Although we
have not defined a mechanism to account for the effect of biliatresone on cholangiocyte
monolayer integrity, the spheroid data demonstrate that biliatresone disrupts apical-
basolateral polarity. On the basis of our cell culture experiments that demonstrate a
biliatresone-induced destabilization of cellular tubulin, we speculate that this could occur
through an effect on microtubules, which play an important role in lumen formation and
maintenance of polarity in several types of epithelial cells, including cholangiocytes (51,
52).

The effect of biliatresone on cholangiocyte primary cilia also suggests that disruption of
planar cell polarity (PCP) proteins may be part of the toxin’s mechanism of action on
cholangiocytes. PCP signaling is required for the assembly and maintenance of primary and
motile cilia (53, 54) and has been shown to play an important role in apical-basal polarity, in
part through an effect on microtubules (55). PCP signaling has been linked to biliary defects
in developing zebrafish (56). Although extrahepatic bile duct cilia are decreased in human
BA and the mouse RRV model of BA (44), neither toxin-treated zebrafish nor Sox17
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haploinsufficient mice demonstrated obvious abnormalities in ductal cilia; however, this
may reflect redundancy of vertebrate polarity pathways. Regardless, our data support an
effect of biliatresone on cholangiocyte polarity and monolayer integrity and suggest that
understanding how the toxin disrupts these may yield important mechanistic insights into
human BA.

The zebrafish model of biliary injury we describe here will also aid in understanding both
the pathogenesis and clinical course of human BA. The zebrafish is a powerful platform for
genetic and chemical modifier screens and has the potential to generate clinically relevant
insights into the toxin’s mechanism of action. As an example, our experiments showing
inactivity of biliatresone in DAPT-treated larvae argue that its selectivity for cholangiocytes
is in part related to its secretion into bile. Persistent activity of biliatresone in larvae in which
macrophages were ablated suggests that these innate immune cells do not play an important
role in the Dysphania BA model, unlike the RRV model. Neutrophil-mediated injury could
contribute to biliatresone-mediated biliary toxicity, and this will need to be tested when
transgenic lines for ablation of this cell type are available.

Our discovery of ductbend, its sensitization to biliatresone, and its genetic mapping to a
conserved BA susceptibility locus argue that the molecular characterization of this mutant
will generate insight into genetic factors influencing BA. Indeed, although it is conceivable
that the proximity of the ductbend gene to the zebrafish 10g25.1 and 16p13.3 orthologs
occurred by chance, this is statistically highly unlikely, and we believe that this is more
likely to be the result of its position within a large, ancestral gene cluster. Coexpression of
genes within such clusters is, in many instances, thought to arise from positive selection
rather than leaky expression (57, 58). On this basis, we speculate that a subset of the genes
within the ductbend cluster is required for biliary homeostasis. It is thus conceivable that
variants of several genes within this cluster, and not just the ductbend homolog, could alter
BA susceptibility in humans.

Syntenic relationships within large gene clusters often change during evolution (58, 59), and
the cluster spanning the ductbend locus was disrupted during the amphibian-to-reptile
evolutionary transition (www.ensembl.org). Should there be co-regulated expression of the
genes within the 10g25.1 and 16p13.3 human BA susceptibility loci, this must occur in
trans. Although this most likely involves the action of a shared transcription factor, it is
conceivable that a single regulatory element (an enhancer) modulates the expression of
genes that are now positioned on different chromosomes (60-62). Molecular
characterization of ductbend will help us address questions related to the organization and
interaction of these and other BA susceptibility loci.

In summary, we have shown that a previously uncharacterized plant isochalcone,
biliatresone, exerts a specific, localized destructive effect on the extrahepatic biliary system
in a zebrafish model. These data, combined with data showing disruption of cellular polarity
and lumen integrity in a mouse cholangiocyte spheroid model, lead us to conclude that
biliatresone is highly likely to be the toxic cause of the BA syndrome in the Australian
livestock. Whether exposure to biliatresone or a related environmental agent can be directly
linked to human BA is unknown, and understanding its relevance to this human disease will
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require further study. A detailed study of all of the manifestations of BA, including the
intrahepatic biliary injury that uniformly occurs after the initial extrahepatic injury in BA,
will require additional animal models: a chronic injury model in the zebrafish system and a
rodent model, which will require access to increased quantities of biliatresone. Nonetheless,
the in vitro and in vivo injury models we have developed should prove useful in
understanding both the mechanism of the inciting event in BA and biliary injury in general,
and in identifying similar toxic compounds to which humans are exposed.

MATERIALS AND METHODS
Study design

This study was designed to test the effect of Dysphania plant extracts using a screen for
biliary secretion in live zebrafish larvae. The in vivo screen is a surrogate for patency of the
extrahepatic biliary system and biliary anatomy. The effects of the toxin were confirmed
with morphological studies of the biliary system. All experiments were performed a
minimum of six times with a minimum of 50 individual larvae. The duration of the
treatments (endpoints) was chosen empirically on the basis of the effect of the toxin in the
screening assay. The screening and confirmatory assays were performed by four
investigators. Confirmatory assays performed in zebrafish and cultured cells were evaluated
by blinded investigators.

Plant material

A mixed sample of D. glomulifera ssp. glomulifera (Nees) Paul G. Wilson and D. Littoralis
R. Br. (Chenopodiaceae) (~2.8 kg) was collected from the exposed flats of the Burrinjuck
Dam, along the Hume Weir, near Albury, New South Wales, Australia (latitude —36.003°,
longitude 147.139°) in March 2008. The plants in the collection were identified at the Royal
Botanic Gardens, Melbourne, Australia; vouchers for the population are housed at the
National Herbarium of Victoria (Melbourne, Australia). The plants were frozen until
shipment (—18°C) and shipped on dry ice to the authors’ laboratories in April 2009 under a
plant import permit from Animal Plant Health and Inspection Service, U.S. Department of
Agriculture (permit no. P37-08-00668, 21 May 2008). Individual plants were removed from
the frozen material, and voucher specimens were deposited in the herbarium of the
University of the Sciences in Philadelphia. The plants were kept frozen at —80°C until
analysis. A brief scheme describing plant extraction and fractionation, with purification of
biliatresone, is described in fig. S2.

Zebrafish bioassay and analyses

Zebrafish embryos and larvae reared in 24- and 96-well plates were exposed to lyophilized
plant extracts resuspended in anhydrous DMSO for 24 to 72 hours (final concentration, 1%
DMSO in embryo medium). The concentrations of extracts varied with the subfraction. For
the original subfractions, concentrations of 5 to 50 pg/ml were tested. The final subfractions
were tested at 0.0625 to 1.0 pg/ml. Embryo medium with extract was exchanged daily. After
treatment, larvae were soaked in either PED-6 phospholipid (Invitrogen), the long-chain
fatty acid Bodipy-C16 (Invitrogen), or the short-chain fatty acid Bodipy-C5 (Invitrogen) for
4 hours as previously described (63). Gallbladder and intestinal fluorescence in the treated
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and control larvae were examined with a stereomicroscope (Olympus

MV X-10).Quantification of fluorescence was performed with ImageJ software to calculate
corrected total fluorescence over the region of the gallbladder (CTCF in ImageJ). Larvae
were processed for histology, immunostaining, and confocal microscopy as previously
described (36). All assays were performed in triplicate with at least 25 to 50 treated larvae
and an equal number of control larvae. Control experiments to assess the effect on
swallowing behavior were performed for each subfraction and for experiments using
purified biliatresone as described (64). Larvae were incubated in 50 uM DAPT or N-[N-
(3,5--difluorophenacetyl)-.-alanyl]-S-phenylglycine t-butyl ester (Sigma-Aldrich) (stock
solution of 100 mM in DMSQ) as previously described (36).

After treatments, larvae were fixed in 4% paraformaldehyde and immunostained with mouse
monoclonal antibody 2F11 (gift from J. Lewis) (65, 66) or processed for histology as
previously described (36, 67).

ductbend mutants were recovered in an N-ethyl-N-nitrosourea mutagenesis screen for
mutations that disrupt the metabolismor biliary secretion of fluorescent lipids [as described
in (15)]. ductbend larvae at 5 dpf have pleiotropic defects, most notably delayed branchial
arch development and digestive organ hypoplasia. The mutant larvae lack intrahepatic bile
ducts, and their gallbladder and extrahepatic ducts are patent but smaller than in wild-type
siblings. The mutation is recessive lethal by 10 to 12 dpf.

Exome sequencing of ductbend mutants

Genomic DNA was extracted from pools of 100 5-dpf ductbend and sibling larvae with
TRIzol (Sigma-Aldrich) and processed for whole-exome sequencing as described (68).
Mutation mapping was performed using the MMAPPR protocol (69).

Genetic mapping of the ductbend locus

A mapping cross was generated by crossing adult fish heterozygous for the ductbend
mutation with wild-type fish with the Wik background. F2 mutant ductbend larvae (n = 329)
were examined at 5 dpf for the presence of an SNP within the sIx4 coding region that was
identified by exome sequencing (A to G conversion at nucleotide 27434434). SNP mapping
of individual mutant larvae was performed via PCR with allele-specific primers generated
with dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html). The forward and reverse
primers to amplify the wild-type sIx4 allele were ttgccatagtaacagtcgaggcgtggec and
agtgtgtgtgaagccttgtaatgttgtt. Hpa Il digest of the wild-type PCR product generated 148-, 87-,
and 26-bp (base pair) fragments, whereas the mutant fragment gave 148- and 113-bp
fragments.

Mammalian cells

The small cholangiocyte cell line used for spheroid culture was as described (70). Neonatal
extrahepatic cholangiocytes were isolated by outgrowth from 0- to 3-day-old BALB/c
mouse pups. Briefly, ducts were dissected away from stroma and surrounding cells and then
embedded and cultured in a thick collagen gel (2 mg/ml) for 3 to 4 weeks. Cells were split
and cultured on thin collagen—coated (1 mg/ml) dishes for an additional 2 weeks before use
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(71). Mouse neonatal and adult hepatocytes were isolated as described; cells were cultured
for 48 hours after isolation before being treated with toxin (72). Cells from an entire litter of
pups (at least 10) were used for each individual experiment with neonatal hepatocytes or
cholangiocytes.

Toxin treatment and immunostaining

Cells were treated with vehicle (DMSO), biliatresone, betavulgarin, or isoflavanone-3 at
doses ranging from 0.5 to 5 pg/ml for 24 hours. Biliatresone was toxic to cholangiocytes
(but not hepatocytes) at doses greater than 2 ug/ml. Cells were fixed and stained with
antibodies against acetylated a-tubulin (1:5000; Sigma), as a marker of cilia, and cellular
tubulin (1:500; Sigma) and with the nuclear stain DAPI. Immunostaining with antibodies
against K19 (1:10, Developmental Studies Hybridoma Bank) for cholangiocytes and HNF4-
a (1:1000; Abcam) for hepatocytes confirmed that primary cells were at >95% purity. To
determine the percentage of cells with cilia, immunostained cilia visible in a given high-
power field were counted by a blinded observer (R.G.W.) and expressed as a percentage of
the total number of cells, as determined by DAPI nuclear staining.

Spheroid culture

Statistics

Cells were plated in a collagen-Matrigel mixture (collagen, 4 mg/ml; Matrigel, 3.7 mg/ml;
rat tail collagen | and growth factor-reduced, phenol red—free Matrigel; BD Biosciences) in
cell culture inserts (Millicell; Millipore) and incubated for 8 days. Media were changed
every 2 to 3 days. On day 7, cells were treated with vehicle (DMSO), biliatresone, or
betavulgarin at 2 ug/ml. Twenty-four hours after treatment, the cells were fixed with 4%
ethanol and stained for F-actin (1:1000; phalloidin-tetramethylrhodamine B isothiocyanate;
Santa Cruz Biotechnology) and with an antibody against the integrin 4 subunit (1:100;
Abcam). For quantification of the effect of biliatresone, spheroids were stained for F-actin,
and multiple confocal images were acquired. Lumens in the spheroids were assessed by a
blinded observer (O.W.-Z.) as being open, closed (no lumen visible), or partially open or
narrowed (small visible lumen). Only spheroids imaged at a level with a clearly visible
midsection were counted.

Statistical significance was calculated by either the one-tailed Student’s t test or one-way
analysis of variance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Biliatresone identification
(A and B) Lateral fluorescent image of a live 8 dpf wild-type (wt) control larva (A) and a

larva treated with biliatresone (B) for 48 hours beginning at 5 dpf (1.0 ug/ml). Both larvae
were soaked in Bodipy-C16 for 4 hours before imaging. Gallbladder fluorescence (arrow) is
absent, and intestinal fluorescence (arrowheads) is markedly reduced in the toxin-treated
larva. (C) Chemical structures of biliatresone and related isoflavones noted in the text.
Arrow points to site of C-ring cleavage during possible metabolism of betavulgarin to
biliatresone. (D to G) Confocal projections of the gallbladder and extrahepatic bile ducts of
8 dpf immunostained control (D) and toxin-treated (E to G) larvae. Insets show thin (1 pm)
confocal sections of gallbladders. Increased doses of the toxin caused progressive changes in
morphology of the gallbladder and extrahepatic ducts with preservation of the intrahepatic
ducts. The variation seen in intrahepatic duct morphology is within normal limits. g,
gallbladder; cd, cystic duct; cbd, common bile duct; ihd, intrahepatic bile ducts; hd, hepatic
duct. Scale bars, 100 um (A and B); 20 um (D to G).
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Fig. 2. Biliatresone tissue specificity

(A and B) Histological cross sections showing severe morphological defects of the
gallbladder (asterisks) and cystic duct (arrows) in an 8 dpf biliatresone—treated larva (B)
compared with a control larva (A). (C and D) Normal histological appearance of
hepatocytes and liver sinusoids in an 8 dpf toxin-treated larva (D) compared with a control
larva (C). Sinusoids (containing nucleated red blood cells; arrows) are the principal vascular
channel in the liver of zebrafish larvae; thus, branches of the portal vein and artery are not
seen in these histological sections. Intrahepatic bile ducts are too small to be seen. (E to H)
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Bright-field images of live 8 dpf control (E) and toxin-treated (F) Tg(Ifabp-RFP) larvae with
corresponding fluorescent images of the liver (G and H). Arrows, liver (E and F). Scale bars,
10 pm (A to D); 200 pm (E to H).
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Fig. 3. Innateimmuneresponsein biliatresone-treated larvae
Confocal projections through the liver of Tg(mpx: GFP) and Tg(mpeg-1: GFP) larvae

immunostained with the 2F11 monoclonal antibody (green) and anti-GFP antibody (red). (A
and D) Control larvae (5 dpf) show a well-formed gallbladder. (B, C, E, and F) Biliatresone-
treated larvae show progressive accumulation of neutrophils (B and C) and macrophages (E
and F) with increasing duration of treatment. Twelve-hour biliatresone treatment (B and E)
causes milder changes in gallbladder morphology compared with 48-hour treatment (C and
F). Biliatresone treatment was initiated at 5 dpf in all larvae. Scale bars, 20 pm.
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Fig. 4. Zebrafish ductbend sensitization
| (A to D) Confocal projections through the liver and extrahepatic biliary system of control

and toxin-treated wt and ductbend (dtb) larvae. Insets show thin sections through the
gallbladder (A and B) or gallbladder and extrahepatic duct (C and D). Compared to the
control larvae, extrahepatic BA (A) is evident in the treated wt larva (B), because the three
principal components of the extrahepatic system (gallbladder, common bile duct, and cystic
duct) distal to the common hepatic duct (chd) cannot be identified. (C) The control ductbend
larva lacks intrahepatic bile ducts and has a hypoplastic gallbladder. (D) Toxin-induced
damage to the extrahepatic system is more pronounced in the treated ductbend larva
compared with wt (C). wt and ductbend larvae were treated with biliatresone (1 ug/ml) from
5to 7 dpf. (E) Simplified genetic synteny map of the ductbend locus indicating the position
of genes relative to their human orthologs at the BA susceptibility loci (16p13.3 and
10925.1). Numbers refer to chromosomal location in Mb. Blue asterisks, positions of SNPs
in BA susceptibility loci; red asterisk, position of SNP 27434434, ~1 centimorgan (cM) (0.6
Mb) from the ductbend locus. ihd, intrahepatic bile ducts; g, gallbladder; cbd, commaon bile
duct; cd, cystic duct; chd, common hepatic duct; pd, pancreatic duct. Scale bars, 20 pum.
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Fig. 5. Biliatresone-induced mouse cholangiocyte injury
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(A) Confocal sections through cholangiocyte spheroids treated with vehicle, betavulgarin (2
ug/ml), or biliatresone (2 ug/ml) for 24 hours and stained with antibodies against F-actin or
the B1-integrin subunit, or with DAPI. The biliatresone-treated spheroid shows disruption of
the spheroid lumen and abnormal cholangiocyte polarity, as evidenced by altered
distribution of F-actin and by cholangiocyte stratification. Most betavulgarin-treated
spheroids demonstrated decreased lumen size, but there was no loss of polarity or disruption
of the monolayer (see fig. S17). Representative images from five independent experiments
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are shown. DAPI, 4’,6-diamidino-2-phenylindole. (B) Dose-response experiment showing
progressive increase in the percentage of abnormal biliatresone-treated spheroids beginning
at 0.5 pg/ml. Scale bars, 7 um. n = 48 to 89 spheroids counted per condition.
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