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Abstract
Biliary atresia is a pediatric liver disease of unknown underlying etiology, in which fibro-
inflammatory destruction of the extrahepatic biliary system leads to obstructive cholestasis.
MicroRNAs are a class of short (18–23 nucleotide), non-coding RNA molecules which act as
negative regulators of target mRNA stability and translation. The importance of these molecules in
normal and diseased liver has been demonstrated, but their potential role in the pathogenesis of
biliary atresia has not been addressed. We have profiled changes in liver microRNA levels in an
established mouse model of the disease, identified significantly altered transcripts, and defined the
spatial expression patterns of selected microRNAs. Two of these, miR-29a/29b1 are up-regulated
in experimental biliary atresia. Using antisense oligonucleotide-mediated inhibition in mice, we
have delineated the full set of hepatic genes regulated by miR-29 and identified two mRNA targets
of potential pathological relevance in experimental biliary atresia, Igf1 and Il1RAP. We have used
reporter assays to confirm that Igf1 and Il1RAP are direct targets of miR-29.

Introduction
Biliary atresia (BA) is a fibro-inflammatory liver disease of infants in which a primary insult
of unknown etiology leads to progressive T-cell mediated destruction of the extrahepatic
biliary system (1–4). Loss of the large bile ducts that drain the liver results in severe, life-
threatening cholestasis, and patients present with hyperbilirubinemia and acholic stools,
typically by eight weeks of age. The only intervention currently available to restore bile flow
from the native liver is the Kasai portoenterostomy, which is successful in less than 80% of
cases. Of the patients with a successful short-term outcome from the Kasai procedure, 50%
will ultimately require liver transplant for chronic complications. BA is the leading indicator
for pediatric liver transplantation worldwide, accounting for 40–50% of pediatric liver
transplants (5).

The Rhesus rotavirus (RRV)-BALB/c model of biliary atresia is an excellent model of the
clinical disease (6). As in the human disease, there is a defined window of incidence
restricted to the early neonatal period; mice infected with RRV within the first day of life
progress rapidly from occlusion and destruction of the extrahepatic ducts, to cholestasis and
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death in approximately two weeks. As in the clinical disease, pathogenesis is T-cell
mediated: interferon gamma (Ifng) mutant mice, which do not mount a Th1 response, are
refractory to the RRV model, and conversely, inflammation of the extrahepatic ducts can be
induced in naïve mice by transplantation of T cells isolated from RRV-infected mice (7, 8).
Previous studies of gene expression in both clinical and experimental BA have demonstrated
that the parallels between the mouse model and the human disease extend to the molecular
level, and have been informative in guiding experimental design aimed at uncovering
potential therapeutic interventions (9, 10).

Here we explore the potential pathogenic role of the small, non-coding, regulatory RNA
molecules known as microRNAs (miRNAs), using the RRV-BALB/c model. We identify
specific, significant alterations in the liver miRNA transcriptome during the progression of
the disease model. Our results reveal dynamic changes in both spatial and temporal miRNA
abundance, some of which correlate with alterations in cell population due to infiltration,
while others exhibit widespread expression changes throughout the lobule, reflecting altered
cellular states. Among the latter group we have focused on miR-29a (co-transcribed with the
related miRNA, miR-29b1), which is significantly up-regulated in both infiltrating and
parenchymal cells following RRV infection. We present the first in vivo identification of
mRNA targets of miR-29 regulation, and directly link the overexpression of miR-29 to the
down-regulation of two mRNA targets of potential relevance to BA pathogenesis.

Materials and Methods
RRV Model of biliary atresia

The animals used in this study were humanely housed, in accordance with state and federal
guidelines under the supervision of the Institutional Animal Care and Use Committee at the
Children’s Hospital of Philadelphia. Mice were fed a standard rodent chow diet and water ad
libitum. Neonatal BALB/c pups were injected intraperitoneally either with 1 × 106

fluorescence-forming units of RRV, or with saline, within the first day of life as described
previously (9).

miRNA expression profiling
For the miRNA microarray experiment, RRV and saline injected animals were euthanized at
3, 8, and 14 days post infection (n=5 per treatment, per time point), and total RNA was
purified from liver using the mirVana™ miRNA Isolation Kit (Ambion) according to the
manufacturer’s instructions. A pooled common control was assembled from an equal RNA
mass from each of the samples, and samples and control were separately dye-labeled, and
hybridized to a miRcury v9.0 miRNA microarray (Exiqon) at the University of Pennsylvania
School of Medicine Microarray core facility. Sample hybridization intensities were scored
relative to the common control, and raw intensity data were normalized and analyzed using
the SAM add-in (11) for Microsoft Excel. MiRNAs exhibiting a fold-change of greater than
10% up or down, at a false discovery rate of 5% were chosen for further study. The
microarray data have been deposited at the NCBI GEO repository under the accession
number GSE33418.

To validate the results of the microarray we performed real time quantitative PCR Taqman
assays (Applied Biosystems) for candidate miRNAs.

Characterization of miRNA spatial expression
The spatial expression of miRNAs was characterized by in situ hybridization on frozen liver
sections using 3′-, or 5′- and 3′-double digoxygenin-labeled antisense LNA probes (Exiqon)
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(12). To ensure detection of miRNA with low expression a tyramide signal amplification
step was incorporated.

Bioinformatic analysis
Using the Partek software suite, we intersected previously published RRV model gene
expression data (9, 10), with our RRV miRNA microarray data, and used the predictions
from the Targetscan 5.1 algorithm to generate candidate miRNA-target pairs.

Gene expression microarray analysis of miR-29 mRNA targets
Adult BALB/c female mice were injected intraperitoneally with a single dose at 20 mg per
kg of antisense oligonucleotide either against miR-29a (5′-
TAACCGATTTCAGATGGTGCTA-3′) or against a scrambled sequence (5′-
TCATTGGCATGTACCATGCAGCT-3′ Antisense oligonucleotides contained 2′-O-
methoxyethyl (2′-MOE), 2′-flouro (2′-F) 2′-alpha-flouro units with a phosphorothioate
backbone (Regulus Therapeutics). Six days following the injection, liver was isolated, total
RNA was prepared as described above, and the RNA was amplified and biotinylated using
the MessageAmp Premier kit (Ambion). Samples (n=4 each experimental and control) were
hybridized to Affymetrix GeneChip Mouse Genome 430 2.0 Arrays in the Children’s
Hospital of Philadelphia Nucleic Acids Core Facility and analyzed with the assistance of the
Penn Bioinformatics Core. Probe intensities were normalized using the GCRMA method
(13) and the significance of the log2-transformed, GCRMA-normalized signal intensities
was determined using SAM (11). The microarray data have been deposited at the NCBI
GEO repository under accession number GPL14829. Gene Set Enrichment Analysis was
performed using the DAVID package (14–16).

Identification of direct targets of miR-29a
DNA from the 3′ UTR of mouse Igf1 and Il1RAP was amplified by nested PCR from C57B/
6 genomic DNA, and cloned into pMiRCheck2, a modified derivative of pSiCheck2
(Promega) in which the SV40 promoter/enhancer driving Renilla luciferase has been
replaced by the weaker PGK promoter from pL451(17). Sequences of the oligonucleotide
primers used, and pMiRCheck2 are listed in online-only Supplemental Table 4 (available at
http://links.lww.com/MPG/A84). In the case of miR-29a overexpression 3×104 NIH3T3
cells were seeded into 24-well plates with 900ng of expression plasmid and 100ng of dual
luciferase reporter plasmid per well, using 3ul of FugeneHD (Roche). For the antisense
oligonucleotide assays, 2ul of Lipofectamine 2000 (Invitrogen) was used to co-transfect
200ng of reporter plasmid with antisense oligonucleotide (Regulus Therapeutics, as
described above) at 20nM in 24-well format using the same seeding density. After 16 hrs the
cells were rinsed once with 1x PBS, and media was replaced with fresh media. After 24hrs
of additional outgrowth the cells were rinsed once with 1x PBS, lysed in 150ul of 1x Passive
Lysis Buffer (Promega), and firefly and Renilla luciferase activities were measured from a
10ul aliquot, on a GloMax Multi luminometer (Promega) using Stop and Glo reagents
(Promega), according the manufacturer’s instructions.

Relative light units were calculated as the ratio of Renilla to firefly luciferase activity, and
the reporters were normalized between the control expression plasmids or ASOs to correct
for non-specific effects of the differences between the experimental UTRs, and the empty
pMiRCheck2. Values from the empty pMirCheck2 samples for a given control treatment
were used to correct for non-specific effects of the treatment on the normalizer.
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Results
MiRNAs are differentially expressed with time and treatment in experimental BA

We isolated RNA from livers of RRV or saline injected BALB/c neonatal mouse pups at 3,
8, and 14 days post injection (dpi), and profiled the miRNA transcriptome by hybridization
microarray. Principal component analysis illustrates that at all three time points the RRV-
infected samples are clearly separated from their control counterparts, and become not only
more distinct from the control group but also more divergent within the infected group with
time, reflecting the variable nature of disease progression (Figure 1A). In contrast, the
control samples cluster together at all three time points.

We used statistical analysis of microarrays to identify miRNAs whose levels changed
significantly with treatment, time, or both (Figure 1B and online-only Supplemental Table 1,
available at http://links.lww.com/MPG/A81). Because more abundant transcripts in
parenchymal cells may mask changes in miRNA levels in subpopulations of cells within the
liver, we choose inclusive criteria for further study: miRNA whose abundance changed by
+/−10% relative to the corresponding controls, with a p-value of <0.05 after correction for
multiple testing. We validated the results of the hybridization microarray by confirming
changes in the abundance of selected miRNAs using individual Taqman assays (Figure 1C).

Spatial changes in miRNA expression in experimental BA
Increased levels of miRNAs in infected livers may reflect induction of higher transcription
in response to infection or cholestasis, a shift in cell population due to increased numbers of
infiltrating cells, or a combination of both factors. To explore the source of the miRNAs
most significantly increased in RRV samples, we performed in situ hybridization to
determine their expression patterns in infected and control liver sections throughout
infection. Consistent with previously published work (18), we observed strong miR-223
expression in infiltrating mononuclear cells (Figure 2A, arrows and inset). These are likely
to be granulocytes, in light of their morphology and the specific expression of miR-223 in
this cell type (12, 19). In contrast, miR-21 and miR-29a levels are elevated both hepatocytes
and cholangiocytes, with miR-29 also present in rare infiltrating mononuclear cells (Figure
2B–C). The pattern of increased expression is not uniform throughout sections, with a more
apparent increase surrounding portal tracts in the case of both miR-21 and miR-29a,
suggesting an underlying local effect that may originate with either the periportal
mesenchyme or the inflammatory infiltrate.

Endothelial miRNA levels decrease in response to RRV
Hybridization array data indicated that miR-126 is present at significantly lower levels at all
three time points in RRV infected animals (Supplemental Table 1). In situ hybridization
indicates that miR-126 is strongly expressed in vascular and sinusoidal endothelial cells
relative to the rest of the tissue in control animals, but that the levels in infected animals are
decreased (Figure 2D).

Inhibition of miR-29a in vivo identifies liver-expressed mRNA targets
Based on our array data, two miRNAs from a single transcript, miR-29b1 and miR-29a,
were predicted to have liver expression that was both highly abundant and significantly
induced in RRV-infected animals at 8 and 14 dpi. As miR-29 has previously been implicated
both in fibrosis and liver disease (20–23) we sought to delineate the full set of hepatic
miR-29 target genes by treating adult BALB/c mice with antisense oligonucleotides against
either miR-29a or a control scrambled sequence. We measured body and liver masses six
days after injection, and performed serological analysis for a panel of liver markers (ALT,
AST, GGTP, direct bilirubin, albumin, cholesterol) and measured fasting blood glucose. The
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ASO29a mice had significant decreases in both liver mass (control: 0.94±0.02g; anti-29a:
0.83±0.03g, p<0.02) and serum cholesterol (control: 53.8 ±1.5 mg/dl, anti-29a: 43.8 ±2.4
mg/dl, p<0.02) relative to animals injected with control ASO. There were no significant
differences between the two groups in any of the other metrics.

We isolated total liver RNA from antisense-injected animals and performed gene expression
microarray analysis. Using Significance Analysis of Microarrays (24), we identified 104
transcripts up-regulated by 1.5-fold or greater, and 70 similarly down-regulated transcripts
(at a false discovery of <10%) (online-only Supplemental Table 2, available at
http://links.lww.com/MPG/A82). We validated the microarray data by quantitative PCR
(Figure 3). Dnmt3a and Dnmt3b have previously been shown to be targets of miR-29a (25);
the up-regulation of both these genes (Figure 3) confirms that the ASO-based approach was
able to repress miR-29a targets. Consistent with recently published results implicating
miR-29 in the regulation of fibrosis (20–22), there is an over-representation of collagen
genes among the up-regulated transcripts. Pathways analysis using the DAVID functional
classification tool (14–16) indicates significant enrichment of collagen genes (33.7-fold
enrichment, p<9.6×10−12, and extracellular matrix (integrin) signaling pathway members
(20.6-fold enrichment, p<4.4×10−17), including laminin, elastin, fibrillin, matrix
metalloproteases, Sparc, and ADAM family genes. Pathways analysis on the down-regulated
transcripts indicates over-representation of xenobiotic and P-450 pathway components,
largely due to effects on multiple transcripts of glutathione-S-transferase family members.

Gene Set Enrichment Analysis (GSEA) indicates significant enrichment of the predicted
miR-29a/b/c gene set (normalized enrichment score [NES] 1.54; p-value <0.001; FDR,
0.35), and focal adhesion signaling (NES, 1.45; p-value <0.001; FDR, 0.40) gene sets. In
addition, gene sets representing Myc- and p53-targets were enriched (Myc: NES, 1.52; p-
value <0.001; FDR, 0.34; p53: NES, 1.59; p-value <0.001; FDR, 0.41). Both Myc and p53
regulate miR-29 (26, 27); these results suggest that there is a feedback relationship in which
miR-29 represses p53 and Myc-related pathways. The GSEA results are summarized in
online-only Supplemental Table 3 (available at http://links.lww.com/MPG/A83).

We examined the list of deregulated genes to identify candidates of potential importance in
BA pathogenesis. We focused on two genes: Igf1, previously shown to be important for
cholangiocyte survival, and Il1RAP, a modulator of IL1 signaling in the liver (28, 29), both
of which contained putative miR-29 binding sites in their 3′ UTRs. We first confirmed that
both genes are up-regulated in experimental biliary atresia (Figure 3).

Igf1 and Il1RAP are direct targets of miR-29
To test whether Igf1 and Il1RAP are direct targets of miR-29 regulation, we cloned the 3′
UTRs of each gene into a reporter plasmid (pMirCheck2) and performed dual luciferase
assays in NIH3T3 cells, while over-expressing miR-29a (Figure 4A). When miR-29a was
overexpressed, the reporters containing the Igf1 and Il1RAP 3′ UTRs were significantly
down-regulated relative to the empty reporter (Igf1, 1.41-fold, p<0.002; Il1RAP, 1.36-fold,
p<0.0002). Conversely, when the reporters were co-transfected with an ASO directed
against miR-29a, the normalized Renilla luciferase activity was increased relative to control
vector (Igf1, 1.81-fold, p<0.04; Il1RAP, 2.49-fold, p<0.02) (Figure 4B). Taken together,
these data strongly suggest direct regulation of both genes by the miR-29 family.

We have measured the expression of Igf1 and Il1RAP in experimental BA, and found that
Igf1 expression is significantly decreased at 8 and 12 dpi (5.4 and 2.8-fold respectively), and
Il1RAP is significantly decreased 1.9-fold at 12 dpi (Figure 4C). These results indicate that
the changes in miR-29 expression observed in the BA model are likely to be reflected in
multiple downstream pathways.
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Discussion
We have described for the first time the changes in the hepatic miRNA transcriptome in the
experimental model of biliary atresia. Changes in the abundance of miRNAs early in disease
progression reflect expected changes in the liver following viral infection: miRNAs in
clusters known to be associated with inflammation, cancer, cell proliferation, and apoptosis
(28–32) (miR-15a, miR-106a, miR-17, miR-93), and monocyte miRNAs (33) (miR-223,
miR-142-3p, which are abundant in granulocytes and T cells respectively) are increased in
abundance. In contrast, known epithelial cell miRNAs (34, 35) (miR-192, -194 and -215),
and previously described liver-expressed miRNAs (12, 36–38) (miR-30a, miR-30b,
miR-29a) are decreased in relative abundance. A similar pattern persists in later time-points
with increased abundance of miRNAs associated with cell proliferation (39, 40) (miR-21),
and immunity (31) (miR-16, miR-21, miR-142-5p, miR-15b) relative to healthy controls,
and decreased levels of epithelial cell miRNAs. The expression of miR-21, which is strongly
induced, likely reflects its importance in cellular growth, and its known expression in both
immune cells and cholangiocytes (39, 41). We have found decreased levels in miR-126, a
known endothelial miRNA (42, 43). Although endothelial cells are not typically viewed as
central to BA pathology, previous studies have identified gene expression changes in
endothelial cells in BA clinical samples. Decreased miRNA levels might result from loss of
miRNA due to cell death, to skewing of the normalized miRNA levels due to the shift in the
cellular population, to the recently described phenomenon of stress-related export of
miRNAs (44), or to a combination of these processes.

In addition to these changes, we observed increases of members of the miR-29 family,
miR-29a and miR-29b1. Of the two, miR-29a is both more abundant and more strongly
induced, and since the miRNAs are co-transcribed and are likely to have almost complete
overlap of target genes, we have used miR-29a as a surrogate for studying both.

Using in situ hybridization, we have localized the expression of miR-29a in control and
infected liver sections and shown that, while the miRNA is widely expressed throughout the
lobule, in infected livers there is both an overall increase in the level of the miRNA and a
greater increase in periportal region. Coincident with the increase in miR-29 levels is a drop
in the levels of a known miR-29 direct target, Dnmt3a. The reciprocal relationship between
miR-29 and methyl transferase gene expression in experimental BA is remarkable given the
recent observation that DNA hypomethylation leads to bile defects in a zebrafish model, and
correlates with clinical BA (45). To explore the potential role of miR-29 in BA
pathogenesis, we first delineated the hepatic targets of miR-29 in vivo by antisense
oligonucleotide mediated inhibition of miR-29a in healthy adult mice. Using the list thus
obtained, we have identified two direct targets of miR-29, Igf1 and Il1RAP, with roles in
cholangiocyte survival and the modulation of inflammation, respectively. This represents the
first genome-wide detection of miR-29a targets in vivo.

Consistent with previous in silico predictions and reporter assays, the genes whose
expression is increased when the repressive effect of miR-29 is blocked included multiple
collagen and extracellular matrix genes, as well as the DNA methyl transferase genes
Dnmt3a and Dnmt3b (22, 25, 46–48). Although miR-29a has been studied in stellate cells,
our results indicate that miR-29a is active in hepatocytes; the functions of miR-29a in
stellate cells versus hepatocytes will require selective inhibition of the miRNA in a single
cell type. Overall, these results provide the first in vivo support for miR-29a function in
hepatic fibrosis.

Among the genes up-regulated by ASO-inhibition of miR-29, we have focused on two, Igf1,
and Il1RAP, and used reporter assays to demonstrate that they are directly regulated by
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miR-29. High levels of Igf1 have previously been shown to be associated with cholangiocyte
survival in clinical primary biliary cirrhosis samples (49). In experimental BA, increased
expression of miR-29, which down-regulates Igf1, would be predicted to increase the
likelihood of cholangiocyte cell death, and may contribute to the cholangiopathy in children
with BA (50).

Il1RAP is involved in IL-1 signaling through its receptor, IL-1RA, and is believed to
promote IL-1 signaling (an alternatively spliced gene product, sIl1RAP, acts as a secreted
modulatory sink for IL-1) (51, 52). The regulation of Il1RAP expression by sites within its
3′UTR has previously been described (53). Here we link this regulation in a disease model
to over-expression of a specific miRNA, miR-29. In this context, miR-29 over-expression
may be an adaptive regulatory mechanism to temper the inflammatory response by down-
regulating signaling through the IL-1 receptor.

One limitation of our approach to detecting miR-29 targets was the use of adult mice for the
in vivo miR-29 inhibition, because there may be target genes expressed specifically in
juvenile animals. Furthermore, confirmation of a functional role for miR-29a in BA will
require successful inhibition of the miRNA in the context of the mouse model. To address
these limitations, we performed antisense IP injections in RRV-infected and control pups.
We utilized a range of doses, dosing schedules, and oligonucleotide chemistries (cholesterol
tagged locked nucleic acid, 2-MOE, or 2-MOE-alpha-fluoro; all with phosphothiorylated
backbones). Despite this, we were unsuccessful in inhibiting miR-29, as measured by up-
regulation of Dnmt3a/b or any other miR-29a target gene identified in the adult mice. This
precluded any functional analysis of miR-29a in the RRV model by antisense inhibition. The
failure of the ASO to function in the mouse pups may be due to a variety of factors,
including variable bioavailability via the intraperitoneal route, decreased liver absorption of
the ASO, or rapid growth of liver cells at this age. To circumvent this experimental
challenge, we are developing genetic tools to conditionally overexpress or inhibit selected
miRNAs in a manner that does not depend on oligonucleotide delivery. Use of this approach
will enable us to investigate the role of miR-29 in liver development, growth, function, and
disease models, including biliary atresia. Finally, in collaboration with the Childhood Liver
Disease Research and Education Network (ChiLDREN; childrennetwork.org), we will test
our findings in BA and other cholestatic diseases of infancy using clinical specimens.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MicroRNA microarray summary and validation. (A) Principal component analysis of
miRNA microarray data. Samples from saline-injected mice, cubes; RRV-injected,
tetrahedra. Red, blue, and green represent 3dpi, 8dpi and 14dpi time points respectively. (B)
Number of significantly increased and decreased miRNAs at each time point. See
Supplemental Table 1 for listing of miRNAs in Fig 1B. (C) Confirmatory qPCR of selected
miRNAs at the indicated time points.
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Figure 2.
In situ hybridization of (A) miR-223, (B) miR-21, (C) miR-29a, and (D) miR-126
(magenta), with simultaneous immunofluorescent detection of CK19 to detect
cholangiocytes (green). In (A), the inset shows a higher magnification view of infiltrating
monocytes (arrows). In (B) and (C), the insets include higher magnification views of bile
ductules. Liver sections from the 8 days post saline (control) or RRV injection were
hybridized with locked nucleic acid miRNA probes and a rabbit polyclonal CK19 antiserum.
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Figure 3.
In vivo inhibition of miR-29a: gene expression microarray validation. Relative transcript
abundance, normalized to 28S rRNA transcript levels, of genes deregulated in response to
miR-29a antisense injection, assayed by RT-qPCR of liver RNA (n=4 per group). *p<0.05.
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Figure 4.
Dual luciferase reporter assays: Igf1 and Il1RAP are direct targets of miR-29a. Igf1 and
Il1RAP expression in RRV versus saline. (A) Luciferase reporter assays to detect repression
of Igf1 and Il1RAP 3′ UTR sequences containing candidate miR-29a target sites by
exogenous miR-29a. Results are expressed relative to a control reporter without additional
UTR sequences. (B) Luciferase reporter assays to detect de-repression of Igf1 and Il1RAP 3′
UTR sequences containing candidate miR-29a target sites by a locked nucleic acid antisense
oligonucleotide-mediated miR-29a inhibition. Results are expressed relative to a control
oligonucleotide. (C) Relative abundance of Igf1 and Il1RAP in RRV infected mice, relative
to saline controls, assayed by RT-qPCR on liver RNA at the indicated time points (n=4 per
group). *p<0.05.
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