
Journal Pre-proof

Impaired redox and protein homeostasis as risk factors and therapeutic targets in
toxin-induced biliary atresia

Xiao Zhao, Kristin Lorent, Diana Escobar-Zarate, Ramakrishnan Rajagopalan,
Kathleen M. Loomes, Kevin Gillespie, Clementina Mesaros, Michelle A. Estrada,
Ian Blair, Jeffrey D. Winkler, Nancy B. Spinner, Marcella Devoto, Michael Pack

PII: S0016-5085(20)34754-5
DOI: https://doi.org/10.1053/j.gastro.2020.05.080
Reference: YGAST 63524

To appear in: Gastroenterology
Accepted Date: 27 May 2020

Please cite this article as: Zhao X, Lorent K, Escobar-Zarate D, Rajagopalan R, Loomes KM, Gillespie K,
Mesaros C, Estrada MA, Blair I, Winkler JD, Spinner NB, Devoto M, Pack M, Impaired redox and protein
homeostasis as risk factors and therapeutic targets in toxin-induced biliary atresia, Gastroenterology
(2020), doi: https://doi.org/10.1053/j.gastro.2020.05.080.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 by the AGA Institute

https://doi.org/10.1053/j.gastro.2020.05.080
https://doi.org/10.1053/j.gastro.2020.05.080




1 

 

Title:  Impaired redox and protein homeostasis as risk factors and therapeutic targets in 

toxin-induced biliary atresia 

Short Title: Mechanisms and therapeutics targets for BA 
 
Authors:   Xiao Zhao1, Kristin Lorent1, Diana Escobar-Zarate1, Ramakrishnan Rajagopalan2,  
 
Kathleen M. Loomes3, Kevin Gillespie4, Clementina Mesaros4, Michelle A. Estrada5, Ian Blair4,  
 
Jeffrey D. Winkler5, Nancy B. Spinner3, Marcella Devoto6,7,8, Michael Pack1,9* 
 
Affiliations:  
1Division of Gastroenterology, Department of Medicine, Perelman School of Medicine, 

University of Pennsylvania, Philadelphia, PA, USA.  

2Division of Genomic Diagnostics, Department of Pathology, The Children’s Hospital of 

Philadelphia and University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, 

USA.   

3Division of Gastroenterology, Hepatology and Nutrition, Department of Pediatrics, The 

Children’s Hospital of Philadelphia and University of Pennsylvania Perelman School of 

Medicine, Philadelphia, PA, USA. 

4Department of System Pharmacology and Translational Therapeutics, Perelman School of 

Medicine, University of Pennsylvania, Philadelphia, PA, USA.  

5Department of Chemistry, University of Pennsylvania, Philadelphia, PA, USA. 

6Division of Human Genetics, Children’s Hospital of Philadelphia, Philadelphia, PA, USA. 

7Departments of Pediatrics and of Biostatistics, Epidemiology and Informatics, Perelman School 

of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 

8Department of Translational and Precision Medicine, University La Sapienza, Rome, Italy. 



2 

 

9Department of Cell and Developmental Biology, Perelman School of Medicine, University of 

Pennsylvania, Philadelphia, PA 19104, USA.  

Grant support:  

This research was supported by NIH/NIDDK grants R01DK111547 to M.P., K08DK107910-

01A1 and KL2TR001879 to X.Z., and R01 DK090045 to NS, MD, by the Fred and Suzanne 

Biesecker Pediatric Liver Center, NIH/NIEHS P30ES013508 and NIH/NCI P30CA016520 to 

IAB, and NIH/NIEHS T32ES019851 to KPG.   

The Childhood Liver Disease Research Network is supported by U01 grants from the National 

Institute of Diabetes, Digestive and Kidney Disease (NIDDK): DK062481, DK062456, 

DK062497, DK084536, DK062500, DK062503, DK062466, DK062453, DK062452, 

DK062436, DK103149, DK103135, DK084575, DK084538, DK062470, DK103140 and 

DK062455.  In addition, the project was supported by UL1 grants from the National Institutes of 

Health Clinical and Translational Sciences Award (CTSA) program through the National Center 

for Advancing Translational Science (NCATS):  TR001872, TR001857, TR001108, TR002535, 

TR000454, TR000423, RR025014, TR000077 and TR000003. 

Correspondence: mpack@pennmedicine.upenn.edu 

Disclosures: None 

Authors’ contributions : XZ (study concept and design; acquisition of data; analysis and 

interpretation of data; drafting of the manuscript; critical revision of the manuscript for important 

intellectual content; statistical analysis; obtained funding), KL (study concept and design; 

acquisition of data; analysis and interpretation of data), DEZ (acquisition of data; analysis and 

interpretation of data; statistical analysis), RR (acquisition of data; analysis and interpretation of 

data), KML (analysis and interpretation of data; study supervision), KK (acquisition of data; 



3 

 

analysis and interpretation of data), CM (acquisition of data; analysis and interpretation of data), 

MAE (material support), IB (study supervision), JDW(material support; study supervision), NBS 

(study supervision), MD (drafting of the manuscript; analysis and interpretation of data; study 

supervision), MP (study concept and design; acquisition of data; analysis and interpretation of 

data; drafting of the manuscript; critical revision of the manuscript for important intellectual 

content; obtained funding; study supervision) 

Abbreviations: 17-AAG, 7-N-allylamino-17-demethoxygeldanamycin; BA, biliary atresia; bil, 

biliatresone; 8-Br-cGMP, 8-Bromoguanosine 3',5'-cyclic monophosphate; EHC, extrahepatic 

cholangiocytes; Gcl, glutamate cysteine ligase; GGA, geranylgeranyl acetate; gsr, glutathione 

reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; IHC, intrahepatic 

cholangiocytes; NAC, N-acetylcysteine; PDE5i, Phosphodiesterase-5 inhibitors; PQC, protein 

quality control; WT, wild-type 

 

 

 

 

 

 

 

 

 



4 

 

Abstract  

BACKGROUND and AIMS: Extra-hepatic biliary atresia (BA) is a pediatric liver disease with 

no approved medical therapy. Recent studies using human samples and experimental modeling 

suggest that glutathione redox metabolism and heterogeneity play a role in disease pathogenesis. 

We sought to dissect the mechanistic basis of liver redox variation and explore how other stress 

responses affect cholangiocyte injury in BA. 

METHODS: We performed quantitative in situ hepatic glutathione redox mapping in zebrafish 

larvae carrying targeted mutations in glutathione metabolism genes and correlated these findings 

with sensitivity to the plant-derived BA-linked toxin biliatresone. We also determined whether 

genetic disruption of HSP90 protein quality control pathway genes implicated in human BA 

altered biliatresone toxicity in zebrafish and human cholangiocytes. An in vivo screen of a 

known drug library was performed to identify novel modifiers of cholangiocyte injury in the 

zebrafish experimental BA model with subsequent validation.  

RESULTS: Glutathione metabolism gene mutations caused regionally distinct changes in the 

redox potential of cholangiocytes that differentially sensitized them to biliatresone. Disruption of 

human BA-implicated HSP90 pathway genes sensitized zebrafish and human cholangiocytes to 

biliatresone-induced injury independent of glutathione. Phosphodiesterase-5 inhibitors (PDE5i) 

and other cGMP signaling activators worked synergistically with the glutathione precursor N-

acetylcysteine (NAC) in preventing biliatresone-induced injury in zebrafish and human 

cholangiocytes. PDE5i enhanced proteasomal degradation and required intact HSP90 chaperone.  

CONCLUSION:  Regional variation in glutathione metabolism underlies sensitivity to the 

biliary toxin biliatresone, and may account for the reported association between BA transplant-

free survival and glutathione metabolism gene expression. Human BA can be causatively linked 
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to genetic modulation of protein quality control. Combined treatment with NAC and cGMP 

signaling enhancers warrants further investigation as therapy for BA. 

 
Keywords: Chronic Liver Disease, cholestasis, glutathione metabolism 
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Extra-hepatic biliary atresia (BA) is a fibrosing cholangiopathy of infancy that is the most 

common indication for pediatric liver transplantation.1, 2 Although genetic etiology has been 

implicated in syndromic BA,3 genetic factors have not been conclusively identified for the 

majority of cases, which occur in the absence of other defects (referred to as isolated BA). 

Indeed, the most commonly accepted mechanistic model posits that isolated BA results from late 

gestational exposure of genetically susceptible individuals to an environmental trigger, such as a 

toxin or virus,4,5 thus highlighting the importance of studying BA in the context of genetic-

environment interactions.  

 

Although suspected, environmental triggers for human BA have yet to be definitively identified. 

Naturally-occurring BA epidemics in newborn livestock, however, have been linked to maternal 

ingestion of biliatresone, a highly reactive isoflavone electrophile identified from Dysphania 

plant species that forms adducts with reduced glutathione (GSH), nucleic acids and amino acids 

in vitro.6,7 Despite its reactivity, in vivo biliatresone exposure is selectively toxic toward 

extrahepatic cholangiocytes (EHC), sparing intrahepatic cholangiocytes (IHC) and hepatocytes. 

Prior work in the zebrafish model causatively linked EHC susceptibility to their low redox 

reserve compared to the resistant cells. Consistent with this model, treatment of zebrafish larvae 

with N-acetylcysteine (NAC), a glutathione precursor used for treatment of acetaminophen 

overdose,8 temporarily delayed the onset of biliatresone-induced EHC injury, whereas 

pharmacological depletion of glutathione sensitized IHC to the toxin.9 

 

Although direct consumption of biliatresone by humans is unlikely, our findings from the 

zebrafish model were the first to argue that variations in redox metabolism could be a factor 
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driving human BA pathogenesis. Supporting this idea, high hepatic expression of glutathione 

metabolism genes was recently shown to be positively associated with transplant-free survival in 

infants with BA following Kasai portoenterostomy. NAC treatment also reduced liver injury and 

fibrosis in the rhesus rotavirus murine BA model.10  

 

To gain a better understanding of the factors affecting regional variations in cholangiocyte redox 

metabolism and how it might influence BA susceptibility and outcomes, we took advantage of 

the genetic and drug-screening capabilities of the zebrafish system to identify modifiers of 

biliatresone toxicity. These studies showed that EHC and IHC depend on distinct arms of the 

glutathione metabolism pathway to maintain redox homeostasis. Our work further revealed that 

protein quality control (PQC) mechanisms work in concert with redox responses following 

biliatresone exposure, and genetic disruption of the heat shock chaperone 90 (HSP90) pathway 

genes (STIP1, REV1), implicated in human BA via whole exome sequencing,11 altered 

biliatresone toxicity in the zebrafish and human cholangiocytes. Finally, we identified 

pharmacological activators of cGMP signaling as a class of drugs that work synergistically with 

NAC in attenuating biliatresone-mediated injury by enhancing PQC. These data highlight the 

complex nature of BA pathogenesis through demonstrating roles for both redox and protein 

homeostasis in cholangiocyte injury responses, and identified a novel treatment strategy that 

target both pathways. 

 

Materials and Methods 

Fish care and strains. The wild-type (WT) strains (TL, AB), transgenic strains (Tg (ef1a:Grx-

roGFP; Tg(Tp1:mCherry), (Tg(fabp10a:TRAP); (Tg(krt18:TRAP)) and mutant strains (gclm, 
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abcc2, gsr, stip1, rev1) were used for the present studies. All zebrafish experiments were 

approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania 

Perelman School of Medicine. 

 

Generation of targeted mutations in zebrafish using CRISPR/Cas9 system. The target 

sequences for gclm, abcc2, stip1, rev1 were identified using the website: 

https://chopchop.cbu.uib.no. The single-guide RNA was generated as described.12 Cas9 protein 

was obtained from PNABIO. Approximately 60 to 120 pg of sgRNA and 180 pg of Cas9 protein 

were co-injected into WT embryos at the one-cell stage. Details on subsequent genotyping are 

described in the supplementary methods. All experiments were performed on the animals of F3 

or subsequent generations. The genotyping primers for gclm, abcc2, stip1, rev1 mutants are 

listed in Table S1. The gsr mutant fish were genotyped using the KASP genotyping assays 

(KBioscience). 

 

Redox-Sensitive GFP Redox Mapping. Double transgenic (Tg(ef1a:Grx-roGFP; tp1:mCherry)) 

larvae in gclm, abcc2, gsr genetic background were used for the redox mapping of hepatocytes, 

IHCs, and EHCs. Conservation of the biosensor redox state was achieved with the thiol-

alkylating agent, N-ethylmaleimide (NEM), and tissue fluorescence redox imaging was 

performed as previously described.9, 13 

 

GSH Derivatization and Liquid Chromatography/Mass Spectrometry. The GSH content was 

measured in larval livers of WT and mutant fish treated with biliatresone vs DMSO as previously 

described.9 Five larval livers (including the extrahepatic biliary system) were used per sample.   



9 

 

 

Cell culture. H69 cells, an SV40-immortalized normal human cholangiocyte cell line, and low 

passage number normal human cholangiocytes (NHCs) were obtained from Nicholas F. LaRusso 

(Mayo Clinic) and grown in H69 media as previously described.14 

 

Drug Screen. 5 dpf zebrafish larvae were arrayed in 100 μl E3 media in 96 well plates; 6 larvae 

per well containing individual compound from the Johns Hopkins University Clinical Compound 

Library (JHCC) (20μM) and biliatresone (0.5ug/ml) for 24 hr, followed by bodipy-C16 exposure 

for 4 hr. Biliatresone was synthesized as previously described.15 Fluorescent images of larval 

gallbladder within the 96-well plates were obtained using an Olympus inverted compound 

microscope via the Metamorph software. Compounds were considered active if gallbladder 

morphology appeared normal in 3 or more larvae per well. Compounds demonstrating toxicity 

were re-tested at either 10 μM or 5 μM final concentration. Each 96 well plate included two 

control wells with larvae that received no compound and two that were exposed to biliatresone 

alone.   

 

Drug Treatments. Zebrafish larvae (5 dpf) or cultured cholangiocytes were exposed to 

biliatresone and/or indicated compounds at the specified dose and duration. Details on the 

chemical treatments can be found in the supplementary methods. The medium containing each 

compound was changed daily. All assays were repeated three times.  

 

Immunofluorescence; Nanostring nCounter assay and data analysis; siRNA Transfection; 

RNA Extraction and qRT-PCR; Protein Extracts and Western Blots; Cell Viability Assay; 
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Proteasomal Degradation Assay. Details are described in the Supplementary Methods. Primer 

sequences are listed in Table S2.  

 

Statistical Analyses. Data represent at least three independent experiments reported as means +/-  

SEM. The Student t test was used for comparison between two groups. Data from three or more 

groups were analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple 

comparisons test. p < 0.05 was considered to be significant. 

 

Results  

Genetic disruption of glutathione metabolism genes in zebrafish 

To gain insight into the differential sensitivity of zebrafish cholangiocytes to electrophilic stress, 

we analyzed the effect of biliatresone in larvae carrying loss-of-function mutations in glutathione 

metabolism genes. To study the role of glutathione synthesis and transport, we used CRISPR-

Cas9 genome editing to disrupt gclm, which encodes the regulatory subunit of the rate-limiting 

enzyme in GSH synthesis, glutamate cysteine ligase (Gcl),16 and abcc2,17 which encodes the 

canalicular glutathione transporter, Mrp2. Mrp2 plays a central role in biliary GSH metabolism, 

as hepatocyte GSH secreted into bile is metabolized into its constituent amino acids and then 

resynthesized by cholangiocytes. Compared to the gclm mutation, which disrupts GSH synthesis 

in all cell types, mutation in abcc2 specifically alters GSH synthesis in cholangiocytes. To study 

the role of GSH regeneration from its oxidized form GSSG,18 we analyzed larvae carrying a 

previously uncharacterized nonsense mutation in the glutathione reductase (gsr) gene (sa15125) 

that was generated via chemical mutagenesis (Fig. S1A; Table S1).  
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Zebrafish homozygous for each mutation developed normally with normal fertility and lifespan  

(Fig. S1B-D’’’). The mutations were confirmed via genomic and cDNA sequencing, with 

quantitative RT-PCR showing significantly reduced levels of each targeted transcript, 

presumably as a result of nonsense-mediated mRNA decay (Fig. S1E; Table S2). Mass 

spectrometry studies also confirmed that each mutation had the predicted effect on GSH levels, 

namely a pronounced reduction in the total hepatic GSH content of gclm mutants compared to 

their WT siblings, as well as a significant decrease in bile GSH measured in gallbladders 

dissected from adult abcc2 mutants (Fig. S1F, G). Total hepatic GSH was not affected in gsr 

larvae, similar to Gsr mice (Fig. S1F).19 

 

Mutations of glutathione metabolism genes alter cellular redox status 

To determine how mutations in glutathione metabolism genes affect the basal glutathione redox 

state of different liver cell types, we crossed the mutant lines into transgenic fish carrying a 

ubiquitously expressed cytoplasmic redox biosensor Grx-roGFP2 (hereafter, roGFP).9, 13 This 

highly sensitive and specific in vivo probe contains an engineered dithiol/disulfide switch that 

provides a ratiometric readout of fluorescence emission at two excitation wavelengths (405 and 

488 nm). A high 405nm:488nm excitation ratio indicates an oxidized sensor (low GSH:GSSG 

ratio), whereas a low ratio signifies a reduced state (high GSH:GSSG ratio).   

 

We found that homozygous gclm and gsr mutants exhibited an oxidized glutathione pool in all 

examined liver cell types (EHC, IHC and hepatocytes) compared to their wild-type (WT) and 

heterozygous sibling larvae, consistent with global disruption of GSH synthesis and 

regeneration, respectively (Fig. 1A-D). Predictably, the abcc2 mutation led to oxidization of the 
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glutathione pool in EHC and IHC, reflective of reduced GSH transport into bile, but had no 

effect on hepatocytes (Fig. 1E, F; S1G). Interestingly, the hepatic redox heterogeneity previously 

described9 was preserved in these mutant larvae with EHC remaining the most oxidized cell type 

at baseline compared to IHC and hepatocytes. 

Changes in redox status reveal cell-type specific responses to electrophilic stress 

Having defined the effects of glutathione metabolism gene mutations on basal redox status, we 

next asked whether they were predictive of sensitization to biliatresone in either EHC or IHC. 

We have previously shown that short duration exposure of larvae to biliatresone (4 hr) causes 

further oxidation of EHC, thus predicting overt injury that is first evident at 16-24 hr of 

continuous treatment.9 For this study, we used previously defined criteria for sensitization9 as 

severe EHC injury (complete to near complete gallbladder destruction) caused by a normally 

inactive low dose of the toxin (0.25 μg/ml, 24hr; Fig. 2A, A’, E), or IHC injury (hypoplastic 

intrahepatic ducts with short ductular projection) caused by either the low dose, or the standard 

dose (0.5 μg/ml, 24hr), which normally only induces EHC injury in WT larvae (Fig. 2A’’, F).  

 

Previous studies of biliatresone in the zebrafish model suggested that oxidizing mutations would 

sensitize cholangiocytes to biliatresone.9 Consistent with these predictions, we observed that the 

oxidized EHC of gclm, abcc2 and gsr mutants were all sensitized to low-dose biliatresone (Fig. 

2B’, C, C’, D’, E). The oxidized IHC of gclm homozygotes and abcc2 homozygotes were also 

sensitized to low and standard doses of the toxin, respectively (Fig. 2B’, C’’’, F). However, basal 

redox status was not always predictive of biliatresone sensitization. Specifically, we observed 

sensitization of IHC in abcc2 heterozygotes and EHC in gsr heterozygotes, even though their 

basal redox potential was not significantly different from their WT siblings (Fig. 2C’’, D, E, F). 
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Conversely, the IHC of gsr homozygotes were resistant (not sensitized) to biliatresone despite 

their oxidation (Fig. 2D’’, F). Collectively, these findings identify important differences in the 

way EHC and IHC maintain redox homeostasis in response to oxidative stress. EHC rely on 

GSH synthesis and regeneration, whereas GSH regeneration is not essential in IHC, presumably 

reflecting a greater synthetic capacity. Supporting this, the glutathione precursor NAC did not 

attenuate biliatresone-induced biliary injury in gclm or gsr mutants, but did rescue abcc2 

mutants. (Fig. 2A’’’, B’’, C’’’’, D’’’, E, F). 

 

Biliatresone induces proteomic stress and modulation of the Hsp90 chaperone machinery 

enhances biliatresone toxicity  

Prior hepatic expression profiling experiments showed that in addition to glutathione metabolism 

genes, genes involved in the maintenance of cellular proteostasis were also upregulated in the 

initial response to biliatresone.9 Quantification of polysomal mRNA isolated from larval biliary 

cells (EHC & IHC) and hepatocytes via translating ribosomal affinity profiling (TRAP) 

methodology19 confirmed the induction of heat shock response (HSR) and unfolded protein 

response/endoplasmic reticulum (UPR/ER) stress response genes in both cell types 4 hr after 

biliatresone exposure (Fig. 3A). To test the functional significance of these findings, we asked 

whether an Hsp90 inhibitor 17-N-allylamino-17-demethoxygeldanamycin (17-AAG)20 sensitized 

WT larvae to low-dose biliatresone. Conversely, we also examined whether pre-treatment with 

an activator of Hsp70 (geranylgeranyl acetate),21 which functions upstream of Hsp90 chaperone 

function, could blunt biliatresone-mediated injury. We found that inhibition of Hsp90 sensitized 

EHC to low-dose biliatresone (Fig. 3B, B’, C, C’, E), whereas pre-treatment with the Hsp70 

activator did not mitigate its toxic effect (Fig. 3B’’, D-E). Significantly, the GSH synthetic 
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precursor NAC was unable to attenuate the sensitization caused by Hsp90 inhibition (Fig. 3C’’, 

E). Altogether, these data suggest that the Hsp70/Hsp90 chaperone machinery plays a crucial 

role in the cellular response to biliatresone that is independent of the glutathione-mediated redox 

response. 

Validation of genetic variants linked to HSP90 as candidate BA risk factors  

Whole exome sequencing recently identified potentially deleterious heterozygous variants in 

genes encoding HSP90 interactors STIP1 and REV1 in two individuals with isolated BA.11 

STIP1 is an evolutionarily conserved co-chaperone of HSP90 and HSP70.22 REV1 is HSP90 

client protein and functions as a Y-family polymerase that plays a central role in translesion 

DNA synthesis during replication stress.23, 24 To test the hypothesis that comparable 

heterozygous variants in zebrafish stip1 or rev1 could exacerbate biliatresone-mediated injury, 

we first used CRISPR-Cas9 to engineer loss-of-function mutations in both genes (Fig. S2A). 

Interestingly, whereas STIP1 knockout mice do not survive past E10,25  homozygous zebrafish 

stip1 mutant larvae develop normally, but only a small percentage survive as adults (n=2 

genotyped fish derived from heterozygous mating versus 9 predicted). Hepatobiliary 

development was normal in both heterozygous and homozygous stip1 mutant larvae, however 

each was sensitized to low dose biliatresone (Fig. 4A-B’’, D), which was not attenuated by co-

treatment with NAC (4B’’’, D). Complementary observation of impaired stress tolerance was 

made in the rev1 mutants, which developed normally and survived as fertile adults (Fig. 4C-D).  

  

The BA-associated STIP1 variant is a stop-gain mutation that targets a primate-specific isoform 

that is also the longest transcript arising from this gene (isoform 1). To get a better understanding 

of this isoform, we examined its expression in biliatresone-treated H69 cells. Interestingly, we 
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found that while isoform-1 is not the predominant isoform in this cell type, its mRNA was up-

regulated by 3.5 fold after 6 hr of biliatresone exposure, whereas total STIP1 mRNA was only 

increased 1.5 fold. To determine if isoform-1 affects cholangiocyte responses to biliatresone, we 

asked whether its selective knockdown, via siRNA, sensitized H69 cells to a low dose of the 

toxin (0.5 μg/ml, 24 hr). RT-PCR showed significant reduction in STIP1-iso1 mRNA levels 

(70.6%) with no significant effect on total STIP1 expression (Fig. S2B; Table S2). This specific 

knockdown caused pronounced destabilization of microtubules in biliatresone-treated cells, as 

previously shown in mouse cholangiocytes,26 along with decreased cell survival, whereas neither 

occurred with the control siRNA (Fig. 4F-G’, J).  Similar sensitization to biliatresone was 

observed with siRNA that targets all STIP1 isoforms, which led to total STIP1 reduction at both 

mRNA (79.5%) and protein levels (49.9%) (Fig. S2B; 4E, H, H’, J).  

 

Loss of Stip1 triggers DNA double strand breaks in mouse embryonic fibroblast and fly ovary,25, 

27 thus we assessed for formation of nuclear foci of phosphorylated H2AX (γ-H2AX), a sensitive 

indicator of DNA damage and replication stress. Interestingly, knockdown of total STIP1 protein 

led to induction of γ-H2AX foci in H69 cells treated with low-dose biliatresone, whereas no 

change was observed with isoform-1 specific STIP1 knockdown (Fig. 4G-H’). Collectively, 

these data suggest that while STIP1 isoform-1 may play an important role in preventing 

cytoskeletal collapse mediated by exogenous electrophiles such as biliatresone, the other 

isoforms are essential for combatting oxidant-induced DNA damage. 

 

Similar experiments were conducted in human cholangiocytes to examine the effect of REV1 

depletion on biliatresone sensitivity. Treatment of H69 with REV1-specific siRNA resulted in 
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significant REV1 knockdown, at both the mRNA and protein levels (Fig. S2B; 4E). While 

unstressed REV1-deficient cells were normal, pronounced accumulation of γ-H2AX and reduced 

cell viability were observed in cells exposed to low-dose biliatresone (Fig. 4I-J). Of note, REV1 

knockdown did not lead to any apparent microtubule instability in cells treated with low-dose 

biliatresone, thus demonstrating a different injury mechanism compared with STIP1 knockdown. 

 

Activation of cGMP signaling rescues biliatresone-mediated cholangiocyte injury in zebrafish 

and human cholangiocytes 

The discovery that biliatresone affected PQC independently of redox homeostasis indicated that 

it might be possible to enhance the protective effect of NAC by activating this or other stress 

response pathways. To test this idea, we screened a library of known drugs (JHCC; Version 1.0) 

for their ability to blunt EHC damage in WT biliatresone-treated larvae. Of 1514 drugs screened, 

a consistent effect was only seen with two drugs, the phosphodiesterase inhibitors (PDEi) 

aminophylline and trequinsin. Aminophylline is a non-specific PDEi that blocks the hydrolysis 

of cAMP and cGMP in a broad range of cell types.28 Trequinsin preferentially targets PDE 

isoform 3 (PDE3), also leading to increased levels of cAMP and cGMP.29 To confirm the 

specificity of these results, we co-treated WT larvae with standard dose biliatresone and 

independently sourced PDEi for 72 hr (Fig. 5A, Table S3). These experiments confirmed the 

activity of aminophylline (Fig. 5C). However, the response to trequinsin was inconsistent (data 

not shown). Interestingly, two PDE5 inhibitors, vardenafil and tadalafil, which block cGMP 

degradation and are clinically approved for erectile dysfunction and pulmonary hypertension,30 

had a comparable effect as aminophylline (Fig. 5C’, E; S3B, D).  
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To confirm that PDEi-mediated rescue arose from activation of cGMP signaling, we examined 

the effect of the cGMP analog 8-Bromoguanosine 3',5'-cyclic monophosphate (8-Br-cGMP) and 

the heme-dependent and independent activators of soluble guanylate cyclase (sGC) (BAY 41-

2272 and BAY 58-2667)31 in biliatresone-treated larvae. All three treatments imparted resistance 

to biliatresone that was comparable to treatments with the PDEi (Fig. 5C’’, E; S3B’, B’’, D). In 

contrast, co-treatment with the adenylate cyclase activator, forskolin,32 which increases levels of 

cAMP, but not cGMP, did not reduce biliatresone-toxicity (Fig. S4). 

 

Activation of cGMP signaling had a comparable effect on biliatresone toxicity in two human 

cholangiocyte cell lines (H69 and NHC) (Fig. 5F; S5). On its own, standard dose biliatresone 

(1.0 μg/ml) disrupted microtubules and decreased cell survival in both cell lines (Fig. 5G, G’, J; 

S5A, A’, D) without affecting cGMP levels (Fig. S6). Both toxicity readouts were significantly 

reduced by treatment with PDEi and 8-Br-cGMP (Fig. 5H-H’’, J; S5B-B’’, D). These findings 

confirm that activation of cGMP signaling can rescue biliatresone-mediated injury in both 

zebrafish and human cholangiocytes. Furthermore, they suggest the rescue does not simply 

restore a global deficit in cGMP.  

 

cGMP signaling functions independently of glutathione anti-oxidant responses 

To examine the relationship of cGMP signaling to glutathione-mediated injury responses, we 

asked whether PDE5 inhibitors or 8-Br-cGMP enhanced the ability of NAC to delay EHC injury 

in biliatresone-treated zebrafish larvae. We found that activation of cGMP signaling in zebrafish 

significantly improved the effect of NAC, with 80-90% of larvae showing normal EHC or 

minimal EHC injury after 72 hr of treatment with standard dose biliatresone (Fig. 5D-E; S3C-D). 
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NAC monotherapy, on the other hand, was not effective at this treatment time point (Fig. 5B’’, 

E; S3A’’, D). Comparable effects were also observed in co-treatment of the human 

cholangiocyte cell lines exposed to biliatresone with NAC alone improving cell viability but not 

preventing microtubule destabilization (Fig. 5G’’, I-J; S5A’’, C-D). 

As further proof that cGMP signaling functioned independently of glutathione-mediated 

responses, we examined the effect of vardenafil and 8-Br-cGMP in biliatresone-treated gclm 

mutants and observed significant mitigation of both EHC and IHD injury in the mutant larvae 

(Fig. S7A-E). Importantly, they did so without altering total hepatic GSH levels, which were 

reduced comparably in the mutants regardless of whether they received vardenafil or 8-Br-cGMP 

(Fig. S7F).   

 

Inhibition of biliatresone-induced biliary injury by cGMP requires intact HSP70-HSP90 

chaperone machinery 

cGMP signaling has been shown to enhance proteasome-mediated degradation of misfolded  

proteins in cardiomyocytes.33 We found cGMP functioned comparably in human cholangiocytes 

as vardenafil or Br-cGMP significantly enhanced proteasomal activity in H69 cells co-exposed to 

biliatresone (Fig. 6A). In addition, cGMP modulators with and without NAC reversed 

upregulation of HSP70 in biliatresone-treated H69 cells as determined by RT-qPCR, further 

evidence of decreased protein folding burden (Fig. 6B). To address this question with greater 

specificity in an in vivo setting, we asked if 8-Br-cGMP could ameliorate biliatresone toxicity in 

larvae with genetically or pharmacologically altered Hsp70/Hsp90 chaperone machinery. While 

we found that 8-Br-cGMP reversed sensitization of stip1 homozygote mutants to biliatresone, the 

treatment failed to rescue biliatresone toxicity in zebrafish larvae co-exposed to the Hsp90 



19 

 

inhibitor 17-AAG, thus arguing that cGMP-mediated rescue requires an intact Hsp90 in the 

zebrafish. (Fig. 6C-E, G). 

 

While functional Stip1 is not required for cGMP-mediated amelioration of cholangiocyte injury 

in the zebrafish, modulation of this co-chaperone does impact the protective effect exerted by 

cGMP in biliatresone-treated human cholangiocytes. Specifically, we found that 8-Br-cGMP was 

able to mitigate biliatresone-induced disruption of α-tubulin in cells transfected with isoform-1 

specific siRNA, but not in cells with total STIP1 knockdown, arguing that cGMP in human 

cholangiocytes is sensitive to levels of STIP1 protein (Fig. 6H-J’). 

 

Although cGMP activity may be dependent on an intact HSP70/90 chaperone machinery, it does 

not appear to rely on the HSP90 interacting protein REV1. Namely, we found that exogenous 

cGMP administration was able to attenuate EHD injury in rev1 homozygous mutants and reverse 

γ-H2AX accumulation in biliatresone-treated REV1-depleted human cholangiocytes (Fig. 6F, G, 

K, K’).  

 

Combined use of cGMP activators and NAC blocks progressive biliary injury from biliatresone 

As an environmental trigger for human BA has not been conclusively demonstrated, the timing 

and duration of exposure remain speculative. The recent observation that a rising total bilirubin 

level had high sensitivity and specificity for BA in newborn infants34 suggests a prenatal 

exposure, presumably transient, can trigger progressive and irreversible biliary damage. 

Supporting this model of biliary injury, we found that short exposure (6 hr) to standard dose 

biliatresone induced minimal or no EHC injury in zebrafish that were examined immediately 
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after the toxin was removed, consistent with prior studies,9 however the injury progressed in 

64.3% of larvae examined 18 hr after toxin removal (Fig. 7A-C, F). This suggests that biliatreone 

triggered a self- perpetuating injury cascade, and we were able to halt this injury progression by 

initiating combined treatment with NAC & cGMP modulators at the time of toxin removal, but 

not with NAC alone (Fig. 7C’-F).  

 

Discussion 

There is an urgent need for new treatments for BA, which despite being a rare condition, is the 

most common indication for pediatric liver transplantation. Unfortunately, neither the inciting 

disease trigger, which leads to fibrotic destruction of the extra-hepatic biliary system, nor the 

cause of progressive intra-hepatic bile duct disease and subsequent liver failure, has been 

determined.35  The identification of biliatresone from Dysphania species plants was a significant 

advance for the field because it was the first conclusive evidence of an environmental toxin 

capable of causing a biliary injury pattern that recapitulates the cardinal features of human BA.6 

 
Our previous study established the importance of cholangiocyte redox heterogeneity in 

conferring susceptibility of EHC to biliatresone-induced oxidative injury.9 The work reported 

here provides mechanistic insights into this injury response through targeted genetic 

manipulation of the redox metabolism pathway coupled with in situ redox mapping. Specifically, 

we found that EHC rely on GSH synthesis and regeneration to maintain redox equilibrium under 

conditions of oxidative stress, as evidenced by their sensitization in gclm, abcc2, and gsr 

mutants. In contrast, IHC do not depend on GSH regeneration to prevent oxidative injury, but 

strongly depend on the re-synthesis of GSH secreted into bile by hepatocytes, as evidenced by 

the sensitization of abcc2 heterozygous and homozygous mutants to biliatresone, which was 
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reversed by the GSH precursor NAC.  Conversely, NAC failed to block EHC sensitization in gsr 

mutants, indicating that despite enhanced supply of cysteine, 16 which is rate limiting, EHC are 

unable to up-regulate GSH synthesis sufficiently enough to compensate for the loss of GSH 

regeneration. The underlying reason for these cellular differences in maintaining redox 

homeostasis, whether due to differential ability to 

absorb GSH metabolites in bile, differential activity of synthetic enzymes, or both, is not yet 

known, but will be a focus of future studies. 

 

Altogether, these data point to the possibility that gene variants affecting GSH metabolism can 

be otherwise silent risk factors for environmentally-induced BA in humans and affect liver 

recovery surgical restoration of bile flow. Supporting this, Lu et al., reported a positive 

correlation between transplant-free survival in BA patients and hepatic GSH metabolism gene 

expression measured at the time of Kasai portoenterostomy.10  

 
Cellular responses to injury are complex. The protective effect imparted by the glutathione 

precursor NAC against biliatresone in zebrafish and mouse neonatal extrahepatic cholangiocytes 

reported here and in previous studies was significant but transient.9, 26 Transcriptional profiling 

data led us to examine the role of HSR in the cellular response to biliatresone as it was 

upregulated contemporaneously with glutathione metabolism genes. These experiments showed 

that disruption of HSR, either by pharmacological inhibition of HSP90, or genetically 

manipulating two HSP90 interacting proteins (STIP1 and REV1) linked to human BA by whole 

exome sequencing, sensitized zebrafish larvae and human cholangiocytes to the toxin. The 

sensitization of stip1, rev1, or larvae treated with the Hsp90 inhibitor was not reversed by NAC, 

and hepatic GSH level was not reduced in stip1 mutants, thus arguing that HSR likely functions 
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as an independent arm of the stress response to biliatresone. To our knowledge, these are the first 

in vivo studies examining epistatic interactions between redox stress and proteomic stress 

responses in cholangiocytes and how the two pathways might intersect in the context of biliary 

disease. 

Previous work has linked Hsp90, Stip1 and Rev1 to mammalian stress responses in a variety of 

models,25, 36 thus we believe our observations regarding proteomic stress response elicited by 

biliatresone are applicable to human BA. Hepatic injury responses however are complex, and 

they are likely to be cell-type and context dependent. Thus, while Hsp90 inhibition exacerbated 

cholangiocyte injury from biliatresone and hepatic levels of HSP90 protein were significantly 

reduced in newly diagnosed BA infants,37 Hsp90 inhibition has been reported to have a 

protective effect in other injury models.38  

 

One of the challenges in studying complex diseases lies is assigning causality to associations 

with genetic variants. The BA-associated STIP1 and REV1 variants studied here have not 

previously been linked to human disease, and our findings argue that heterozygous loss of 

function variants are normally well tolerated, however under conditions of environmental or 

endogenous stress, such as with exposure to a toxicant or a toxin, like biliatresone, they can 

predispose carriers to BA and possibly other types of biliary injury. The STIP1 variant 

inactivates a primate-specific isoform that has not been studied previously, and our work here 

has highlighted its effect on cytoskeletal integrity upon oxidative stress exposure while the other 

STIP1 isoforms are needed for the DNA damage response. Collectively, these results 

demonstrate the crucial roles played by the HSP90 chaperone system in maintaining cytoskeletal 

integrity and genome stability, consistent with prior studies showing their interactions with 
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tubulin 39, 40 and various DNA repair proteins.23, 27  

 
The other novel finding to emerge from this study is the potential therapeutic role for cGMP 

signaling activators in BA. As cGMP levels were not decreased by biliatresone, the PDE5i and 

soluble guanylate cyclase stimulators studied here likely impart their protective effects by 

modulating compartmentalized cGMP signaling in cholangiocytes, which has been observed in 

other cell types,41 rather than simply restoring cGMP levels. Our studies suggest that the 

therapeutic benefit is mediated by the PQC machinery, at least in part by promoting proteasomal 

degradation of denatured proteins. Furthermore, we found that cGMP signaling depends on 

Hsp90, but not on the adapter protein Stip1 or the client protein Rev1, in the zebrafish 

larvae. This is consistent with prior studies showing the crucial role of Hsp90 in the assembly 

and maintenance of 20S proteasome.42 Future studies will be needed to elucidate the exact 

proteins targeted by biliatresone and how cGMP activators affect these interactions. And while 

our studies point to a role for these compounds in cholangiocytes, we have not excluded a 

contributory effect on hepatocytes or other liver cell types. 

 

Based on the additive ameliorative effects of NAC/cGMP in the biliatresone model, we believe 

that additional studies to explore the use of these approved compounds in preventing BA 

progression are warranted. We envision two potential points of entry for the combination 

NAC/cGMP therapy in the timeline of BA. First, near the onset of extra-hepatic duct obstruction, 

which can be determined by measurement of conjugated bilirubin at birth and at 2-3 weeks of 

age.34 This approach has a high sensitivity and specificity for detecting BA, and was recently 

validated in a larger multi-center study.43 Development of a reliable biomarker of cellular stress 

could potentially improve the predictive value of this diagnostic strategy, which is not optimal 
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given the rarity of BA. The second point of entry for administrating NAC/cGMP therapy would 

be at the usual time of diagnosis, at 1 to 2 months of age.34 At this stage, there is often 

irreversible damage to the extra-hepatic ductal system and varying degrees of portal fibrosis. The 

cause of progressive biliary fibrosis, even after restoration of bile flow, is not entirely know, but 

presumably reflects persistent activation of cholangiocyte damage pathways triggered by the 

inciting injury, combined with bile acid-mediated injury and secondary activation of adaptive 

immunity.44, 45 The potential therapeutic benefit of instituting NAC/cGMP combination therapy 

at this stage is supported by our observation using the zebrafish larvae that activation of damage 

pathways following a transient environmental exposure (i.e biliatresone) can be self-sustaining, 

but the progressive injury can be halted by employing this therapeutic strategy.  

 

Altogether, findings from this study demonstrate that while direct consumption of biliatresone by  

humans is unlikely, the toxin-induced BA model can provide novel insights into cholangiocyte 

injury mechanisms, and through this, insights into genetic risk factors and new treatment 

strategies. They also point to the power of using experimental models to identify pathogenic 

pathways, which can then be modulated to interrogate candidate genes, hence functionally 

connecting genetic variations with disease-relevant phenotypes and complementing ideas that 

have emerged from human genetic studies and other experimental BA models.  

 
 
 
 
 
 
 
 
 
 



25 

 

 
 
 
 
 
 
 
 
 
 
References  
1. A. Asai, A. Miethke, J.A. Bezerra. Pathogenesis of biliary atresia: defining biology to 

understand clinical phenotypes  Nat Rev Gastroenterol Hepatol, 12 (2015), pp. 342-352 
2.  A. Kilgore, C.L. Mack. Update on investigations pertaining to the pathogenesis of  

biliary atresia  Pediatr Surg Int, 33 (2017), pp. 1233-1241 
3. Berauer JP, Mezina AI, Okou DT, et al. Identification of PKD1L1 Gene Variants in 

Children with the Biliary Atresia Splenic Malformat ion Syndrome  Hepatology, 70 
(2019), pp. 899-910  

4. Tsai EA, Grochowski CM, Loomes KM, et al. Replication of a GWAS signal in a 
Caucasian population implicates ADD3 in susceptibility to biliary atresia   Hum 
Genet, (2014), pp. 235-43 

5. Garcia-Barcelo MM, Yeung MY, Miao XP, et al. Genome-wide association study 
identifies a susceptibility locus for biliary atresia on 10q24.2  Hum Mol Genet, 19 
(2010), pp. 2917-25 

6. Lorent K, Gong W, Koo KA , et al. Identification of a plant isoflavonoid that causes 
biliary atresia   Sci Transl Med, (2015), 7:286ra67 

7. Koo KW-Z, O; Wells, R; Pack, M et al. Reactivity of Biliatresone, a Natural Biliary 
Toxin, with Glutathione, Histamine and Amino Acids Chem Res Toxicol, 2 (2016), 
pp. 142-149   

8. Perry HE, Shannon MW. Efficacy of oral versus intravenous N-acetylcysteine in 
acetaminophen overdose: results of an open-label, clinical trial    J Pediatr, 132 
(1998), pp.149-52 

9. Zhao X, Lorent K, Wilkins BJ, et al. Glutathione antioxidant pathway activity and 
reserve determine toxicity and specificity of the biliary toxin biliatresone in 
zebrafish Hepatology, 64 (2016), pp. 894-907 

10.  Luo Z, Shivakumar P, Mourya R, et al. Gene Expression Signatures Associated With 
Survival Times of Pediatric Patients With Biliary Atresia Identify Potential 
Therapeutic Agents  Gastroenterology, 157 (2019), pp. 1138-1152  

11.   Rajagopalan R, Tsai EA, Grochowski CM, et al. Exome sequencing in individuals with 
isolated biliary atresia  Sci Rep, (2020), 10:2709 

12. Gagnon JA, Valen E, Thyme SB, et al. Efficient mutagenesis by Cas9 protein-
mediated oligonucleotide insertion and large-scale assessment of single-guide RNAs  
PLoS One, 2014, 9:e98186 

13. Albrecht SC, Barata AG, Grosshans J, et al. In vivo mapping of hydrogen peroxide 
and oxidized glutathione reveals chemical and regional specificity of redox 
homeostasis Cell Metab, 14 (2011), pp. 819-29 



26 

 

14. Tabibian JH, Trussoni CE, O'Hara SP, et al. Characterization of cultured 
cholangiocytes isolated from livers of patients with primary sclerosing cholangitis  
Lab Invest, 94 (2014), pp. 1126-33 

15. Estrada MA, Zhao X, Lorent K, et al. Synthesis and Structure-Activity Relationship 
Study of Biliatresone, a Plant Isoflavonoid That Causes Biliary Atresia  ACS Med 
Chem Lett, 9 (2018), pp. 61-64 

16. Lu SC. Glutathione synthesis  Biochim Biophys Acta, 1830 (2013), pp. 3143-53 
17. Jedlitschky G, Hoffmann U, Kroemer HK. Structure and function of the MRP2 

(ABCC2) protein and its role in drug disposition  Expert Opin Drug Metab Toxicol, 2 
(2006), pp. 351-66 

18. Yan J, Meng X, Wancket LM, et al. Glutathione reductase facilitates host defense by 
sustaining phagocytic oxidative burst and promoting the development of neutrophil 
extracellular traps  J Immunol, 188 (2012), pp. 2316-27 

19. Wilkins BJ, Gong W, Pack M. A novel keratin18 promoter that drives reporter gene 
expression in the intrahepatic and extrahepatic biliary system allows isolation of 
cell-type specific transcripts from zebrafish liver  Gene Expr Patterns, 14 (2014), pp. 
62-8 

20. Schulte TW, Neckers LM. The benzoquinone ansamycin 17-allylamino-17-
demethoxygeldanamycin binds to HSP90 and shares important biologic activities 
with geldanamycin  Cancer Chemother Pharmacol, 42 (1998), pp. 273-9 

21. Ikeyama S, Kusumoto K, Miyake H, et al. A non-toxic heat shock protein 70 inducer, 
geranylgeranylacetone, suppresses apoptosis of cultured rat hepatocytes caused by 
hydrogen peroxide and ethanol  J Hepatol, 35 (2001), pp. 53-61 

22. Rohl A, Wengler D, Madl T, et al. Hsp90 regulates the dynamics of its cochaperone 
Sti1 and the transfer of Hsp70 between modules  Nat Commun, (2015), 6:6655 

23. Pozo FM, Oda T, Sekimoto T, et al. Molecular chaperone Hsp90 regulates REV1-
mediated mutagenesis  Mol Cell Biol, 31 (2011), pp. 3396-409 

24. Yoon JH, Park J, Conde J, et al. Rev1 promotes replication through UV lesions in 
conjunction with DNA polymerases eta, iota, and kappa but not DNA polymerase 
zeta Genes Dev, 29 (2015), pp. 2588-602 

25. Beraldo FH, Soares IN, Goncalves DF, et al. Stress-inducible phosphoprotein 1 has 
unique cochaperone activity during development and regulates cellular response to 
ischemia via the prion protein  FASEB J, 27 (2013), pp. 3594-607 

26. Waisbourd-Zinman O, Koh H, Tsai S, et al. The toxin biliatresone causes mouse 
extrahepatic cholangiocyte damage and fibrosis through decreased glutathione 
and SOX17. Hepatology, 64 (2016), pp. 880-93  

27.  Karam JA, Parikh RY, Nayak D, et al. Co-chaperone Hsp70/Hsp90-organizing protein 
(Hop) is required for transposon silencing and Piwi-interacting RNA (piRNA) 
biogenesis  J Biol Chem, 292 (2017), pp. 6039-6046 

28. Essayan DM. Cyclic nucleotide phosphodiesterases  J Allergy Clin Immunol, 108 
(2001), pp. 671-80 

29. McBrinn RC, Fraser J, Hope AG, et al. Novel pharmacological actions of Trequinsin 
Hydrocholroide iprove human sperm cell motility and function  Br J Pharmacol, 176 
(2019), pp. 4521-4536 



27 

 

30. Unegbu C, Noje C, Coulson JD, et al. Pulmonary Hypertension Therapy and a 
Systematic Review of Efficacy and Safety of PDE-5 Inhibitors   Pediatrics, 139 (2017), 
e20161450 

31.  Boerrigter G, Costello-Boerrigter LC, Cataliotti A, et al. Targeting Heme-Oxidized 
Soluble Guanylate Cyclase in Experimental Heart Failure  Hyptension, 49 (2007), pp. 
1128-1133. 

32. Friis UG, Jensen BL, Sethi S, et al. Control of renin secretion from rat 
juxtaglomerular cells by cAMP-specific phosphodiesterases. Circ Res, 90 (2002), pp. 
996-1003 

33. Ranek MJ, Terpstra EJ, Li J, et al. Protein kinase g positively regulates proteasome-
mediated degradation of misfolded proteins  Circulation, 128 (2013), pp. 365-76 

34. Harpavat S, Garcia-Prats JA, Shneider BL. Newborn Bilirubin Screening for Biliary 
Atresia  N Engl J Med, 375 (2016), pp. 605-6 

35. P.K.H. Tam, P.H.Y. Chung, S.D. St Peter, et al. Advances in pediatric 
gastroenterology  Lancet, 390 (2017), pp. 1072-1082 

36. Clauson C, Scharer OD, Niedernhofer L. Advances in understanding the complex 
mechanisms of DNA interstrand cross-link repair  Cold Spring Harb Perspect Biol, 
(2013), 5:a012732 

37.  Dong R, Deng P, Huang Y, et al. Identification of HSP90 as potential biomarker of 
biliary atresia using two-dimensional electrophoresis and mass spectrometry  PLoS 
One, (2013), 7:e68602 

38. Abu-Elsaad NM, Serrya MS, El-Karef AM, et al. The heat shock protein 90 inhibitor, 
17-AAG, attenuates thioacetamide induced liver fibrosis in mice  Pharmacol Rep, 68 
(2016), pp. 275-82 

39. Wu Y, Ding Y, Zheng X, et al. The molecular chaperone Hsp90 maintains Golgi 
organization and vesicular trafficking by regulating microtubule stability  J Mol Cell 
Biol, (2019), mjz093 

40. Li J, Sun X, Wang Z, et al. Regulation of vascular endothelial cell polarization and 
migration by Hsp70/Hsp90-organizing protein  PLoS One 2012;7:e36389 

41. Perera RK, Sprenger JU, Steinbrecher JH, et al. Microdomain switch of cGMP-
regulated phosphodiesterases leads to ANP-induced augmentation of beta-
adrenoceptor-stimulated contractility in early cardiac hypertrophy  Circ Res, 116 
(2015), pp. 1304-11 

42. Imai J, Maruya M, Yashiroda H, et al. The molecular chaperone Hsp90 plays a role in 
the assembly and maintenance of the 26S proteasome  EMBO J, 22 (2003), pp. 3557-
3567  

43. Harpavat S, Garcia-Prats JA, Anaya C, et al. Early detection and improved outcomes 
with large scale bilirubin screening for biliary atresia in more than 120,000 
newborns AASLD Liver Meeeting (2019) Abstract  

44. Sousa T, Castro RE, Pinto SN, et al. Deoxycholic acid modulates cell death signaling 
through changes in mitochondrial membrane properties  J Lipid Res, 56 (2015), pp. 
2158-71 

45. Li M, Cai SY, Boyer JL. Mechanisms of bile acid mediated inflammation in the liver 
Mol Aspects Med, 56 (2017), pp. 45-53 

 
 



28 

 

 
 
 
 
 

 

 
  
 

Figure Legends 

Fig. 1. Glutathione metabolism gene mutations alter EHC, IHC and hepatocyte redox 

status. (A, C, E) In situ measurement of basal glutathione redox potential of 5 dpf gclm (A), gsr 

(C), abcc2 (E) bigenic mutant larvae Tg (e1f: Grx1-roGFP; tp1:mCherry). Glutathione redox 

status of EHC (gallbladder-dashed red circle), IHC, and hepatocytes was derived from the roGFP 

405nm/488nm fluorescence excitation ratio (higher excitation ratio-greater oxidation). EHC and 

hepatocytes localized by morphology. IHC localized by mCherry expression (pseudo-colored 

green). White dashed line - liver border. Scale bar, 10 μm. (B, D, F) Mean fluorescent 405 

nm/488 nm excitation ratios in hepatocytes, IHC, and EHC for each genotype. n =10 larvae per 

genotype, means +/- SEM, *p<0.02 in comparison to WT hepatocytes, IHC, or EHC 

respectively.  

 

Fig. 2. Glutathione metabolism gene mutations differentially sensitize cholangiocytes to 

biliatresone. (A-D’’’) 5 dpf WT (A-A’’’), gclm (B-B’’), abcc2 (C-C’’’’), gsr (D-D’’’) mutant 

larvae were exposed to low-dose or standard dose biliatresone with or without NAC for 24 hr. 

Confocal projections through the livers of larvae immunostained with anti-Annexin A4 antibody 

show destruction of EHC and IHC at the specified genotype and dose exposure. White arrow – 

gallbladder; red arrow – gallbladder remnant. * denotes liver with IHC injury. Scale bar, 20 μm. 
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(E & F) Percentage of larvae with severe EHC or IHC abnormalities at the indicated exposure(s) 

and genotype, respectively. n = 30-36 per genotype per condition, means +/- SEM, *p<0.01 in 

comparison to WT treated with low dose biliatresone.  

 

Fig. 3. Hsp90 inhibition sensitizes EHC to biliatresone. (A) Expression of heat shock response  

and unfolded protein response genes in biliatresone-treated WT larval hepatocytes and 

cholangiocytes versus controls. means +/- SEM, *p<0.02 in comparison to control larvae. (B-D’) 

Confocal projections through the livers of larvae immunostained with anti-Annexin A4 antibody 

show that Hsp90 inhibition via 17-AAG sensitizes EHC to low dose biliatresone at 24 hr (B, B’, 

C, C’) that is not mitigated by NAC (C’’). Pre-treatment with the Hsp70 activator GGA fails to 

attenuate EHC injury induced by standard dose biliatresone. (B’’, D-D’).  White arrow – 

gallbladder; red arrow – gallbladder remnant.  Scale bar, 20 μm. (E) Percentage of WT larvae 

with severe EHC abnormalities after indicated exposures. n = 30-32 per condition, mean +/- 

SEM, *p<0.01 in comparison to control larvae. 

  

Fig. 4. Stip1 and Rev1 disruption sensitizes zebrafish and human cholangiocytes to 

biliatresone. (A-C’’’) 5 dpf WT (A-A’), stip1 (B-B’’’), rev1 (C-C’’’) mutant larvae were 

exposed to DMSO versus low-dose biliatresone with or without NAC for 24 hr. Immunostaining 

with anti-Annexin A4 antibody followed by confocal microscopy show severe EHC injury in 

stip1 and rev1 mutant larvae that is not attenuated by NAC. White arrow – gallbladder; red arrow 

gallbladder remnant. (D) Percentage of WT, stip1 and rev1 larvae with severe EHC abnormalities 

post exposure to low-dose biliatresone with or without NAC. n = 30 per genotype and condition, 

mean +/- SEM, *p<0.01 in comparison to control larvae. (E) Western blot showing protein levels 
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of STIP1 and REV1 extracted from H69 cells 48 hr post transfection with the indicated siRNAs. 

(F-I’) Transfection with siRNA targeting STIP1-iso1 (G-G’), STIP1-total mRNA (H-H’) or 

REV1 (I-I’), sensitizes H69 cells to low dose biliatresone, as revealed by microtubule instability 

(anti-acetylated tubulin antibody; green) and/or accumulation of γ-H2AX foci (red) with DAPI 

(blue) counterstain. Scale bar, 10 μm. (J) Relative cell viability of H69 cells exposed to low dose 

biliatresone at the indicated transfections as determined by MTS assay. Results expressed as a 

percentage of control ± SEM, *p<0.01 in comparison to H69 cells treated with control siRNA 

and biliatresone. 

 

Fig. 5. cGMP signaling attenuates biliatresone toxicity in the zebrafish and human 

cholangiocytes.  (A) Experimental schematic showing 5 dpf WT larvae exposed to standard dose 

biliatresone with or without cGMP signaling enhancers (aminophylline, vardenafil, 8-Br-cGMP) 

+/- NAC for 72 hr. (B-D’’) Immunostaining with anti-Annexin A4 antibody followed by 

confocal microscopy show reduced EHC injury in biliatresone-treated larvae co-exposed to 

cGMP activators (C-C’’) that is further enhanced by NAC (D-D’’). NAC monotherapy not 

effective at this time point (B’’). White arrow – Gallbladder; red arrow – gallbladder remnant.  

Scale bar, 20 μm. (E) Percentage of biliatresone-treated larvae rescued by cGMP modulators +/- 

NAC. n = 30-36 per condition, mean +/- SEM, *p<0.01 in comparison to biliatresone-treated 

larvae. (F) Experimental schematic showing H69 cells exposed to standard dose biliatresone with 

or without cGMP modulators +/- NAC for 24 hr. (G-I’’) Tubulin immunostaining (green) and 

DAPI (blue) counterstain of H69 cells show cGMP enhancers with or without NAC prevent 

biliatresone-induced microtubule depolymerization. Scale bar, 10 μm. (J) cGMP enhancers +/- 
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NAC improve viability of biliatresone-treated H69 cells (MTS assay). Results are expressed as a 

percentage of control ± SEM, *p<0.01 in comparison to biliatresone-treated H69 cells.  

 

Fig. 6. cGMP rescue of biliatresone toxicity is dependent on heat shock proteostasis. (A) 

Relative proteasome activity of H69 cells treated with standard dose biliatresone with or without 

cGMP enhancers for 4hr. *p<0.02 in comparison to control cells. (B) Relative HSP70 expression 

in H69 cells treated with standard dose biliatresone for 24 hr with or without cGMP enhancers 

and NAC. n = 3 replicates per condition, mean +/- SEM, *p<0.01 in comparison to control cells. 

(C-D’’) Confocal projections through livers immunostained with anti-Annexin-A4 antibody 

show 8-Br-cGMP fails to mitigate biliatresone toxicity in 5 dpf larvae co-treated with 17-AAG 

for 24 hr. (E-F) Annexin-A4 immunostaining of stip1 and rev1 mutants show 8-Br-cGMP 

attenuates biliatresone toxicity at 24 hr. White arrow – Gallbladder; red arrow – gallbladder 

remnant. Scale bar, 20 μm. (G) Percentage of biliatresone-treated WT, stip1, or rev1 larvae with 

normal or minimally injured EHC following co-treatment with 8-Br-cGMP. n = 30 per genotype 

per condition, mean +/- SEM, *p<0.01 in comparison to larvae treated with standard-dose 

biliatresone. (H-K’) Tubulin immunostaining (green) with DAPI (blue) counterstain of H69 cells 

transfected with the indicated siRNAs followed by biliatresone with or without 8-Br-cGMP for 

24 hr. Scale bar, 10 μm.  

 

Fig. 7 cGMP blocks progressive biliary injury from biliatresone.  (A) Treatment protocol 

with standard dose biliatresone for 6 hr, followed by cGMP modulators +/- NAC for 18 hr. (B-

E’) Annexin A4 immunostaining followed by confocal microscopy show progressive biliary 

injury at 18 hr after temporary exposure to biliatresone for 6hr (B-C), which was blocked by 
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cGMP modulators +/- NAC (D-E’).  (F) Percentage of larvae exhibiting normal or minimally 

injured EHC after biliatresone exposure for 6 hr followed by treatments with NAC/cGMP 

modulators. n = 30-35 per condition, mean +/- SEM, *p<0.01 in comparison to control larvae.  

 

















What You Need to Know 

Background and Context 

Biliary atresia (BA) is an obstructive fibrosing cholangiopathy that is the leading indication for 

liver transplantation in the pediatric population. There are no known treatments to prevent 

progressive liver injury after surgical restoration of bile flow. 

New Findings 

The authors identify factors that affect susceptibility of cholangiocytes to oxidative injury using 

a toxin-induced BA model. This information is used to validate genetic risk factors for human 

BA and identified phosphodiesterase 5 inhibitor as a potential treatment for biliary atresia, alone 

or in combination with the anti-oxidant N-acetylcysteine. 

Limitations 

The studies were performed in animals and cell lines; further studies are needed in human tissue-

derived models and a larger cohort of BA patients. 

Impact 

The findings from this study provide a rationale for identifying new genetic risk factors that 

predispose to BA and for an interventional study to prevent progressive liver injury in this                                                                                                                              

enigmatic disease. 

 

Lay Summary 

This study uses zebrafish and human cell culture models to identify novel injury mechanisms, 

genetic risk factors and new therapies for the pediatric liver disease biliary atresia.  

 
 

 


