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Abstract

Autosomal recessive polycystic kidney disease (ARPKD) is a developmental disorder that mainly affects the kidneys and the biliary tract.
Affected patients often have massively enlarged cystic kidneys as well as congenital hepatic fibrosis (CHF) characterized by dilated bile
ducts and associated peribiliary fibrosis. This review will examine what is known about ARPKD-associated liver disease and will highlight
areas of ongoing research into its pathogenesis and potential treatment. Clin Trans Sci 2011; Volume 4: 460-465
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Introduction

Autosomal recessive polycystic kidney disease (ARPKD) is a rare
genetic disorder that causes cystic kidneys in the developing fetus
in utero and frequently results in pulmonary insufficiency after
birth. Along with renal manifestations, affected patients also
have abnormal biliary development with dilated bile ductules
and peribiliary fibrosis, collectively termed as congenital hepatic
fibrosis (CHF). ARPKD results from mutations in the PKHDI
gene, which encodes fibrocystin/polyductin (FC/PD), a protein
located primarily in the primary cilia and apical surfaces of
biliary and renal tubular epithelial cells. Little is known about
the mechanism whereby mutations in FC/PD lead to ductal plate
malformation and fibrosis is evident even in newborn infants.

Clinical Features

ARPKD is estimated to occur at a frequency of 1 in 20,000 live
births, affecting all ethnic groups, including Caucasians, Africans,
and Asians."” Approximately, half of the patients present in the
neonatal period with enlarged, cystic kidneys and pulmonary
hypoplasia,® 30-50% of afflicted neonates have pulmonary
insufficiency severe enough to result in death.* ARPKD patients
who survive the neonatal period, however, have a good long-
term prognosis, with some surviving into their sixth decade.’
Most patients will eventually develop systemic hypertension and
many will develop chronic renal insufficiency that requires kidney
transplantation. A total of 29-68% of patients also develop portal
hypertension due to progressive liver fibrosis, with bleeding from
esophageal varices contributing significantly to the morbidity
and mortality of the disease."” A subset of patients develops
recurrent or persistent bacterial cholangitis due to dilated bile
ducts and stagnant bile flow. Overall, 7% of patients surviving
the neonatal period will eventually require liver transplantation
for complications of portal hypertension or cholangitis.? There
is also an increased incidence of liver tumors, particularly
cholangiocarcinomas, in ARPKD patients.®”

In contrast, ADPKD occurs at a much higher frequency
of 1:400-1:1,000.® The majority of ADPKD patients present in
adulthood, although there have been rare infantile cases. Kidney
cysts that eventually progress to kidney failure are the main
clinical feature of ADPKD. Less commonly, patients can also
develop liver and pancreatic cysts. Rarely, patients may develop
massive polycystic liver disease that requires surgical resection.
There have been case reports of ADPKD patients with liver

disease characterized by ductal plate malformation as seen in
ARPKD’'" as well as patients who develop portal hypertension
secondary to compression effect of the portal vein from extensive
liver cysts.'?

Pathologic Findings

Liver disease in ARPKD is the result of a developmental defect.
During normal intrahepatic biliary development, bipotential
hepatoblasts adjacent to the portal mesenchyme begin to express
biliary specific cytokeratins and form a single-layer ring called
the ductal plate. This ring of cells then becomes bilayered and
undergoes remodeling to give rise to bile ducts. The part of the
ductal plate that does not become bile ducts undergoes regression
starting at the hilum and progressing to the liver periphery.?
In ARPKD, there is a failure of ductal plate remodeling, with
persistence of embryological bile duct structures embryological
bile duct structures (Fig. 1); these eventually become massively
dilated. The dilated bile ducts can go on to become macroscopic
cysts that are in connection to the intrahepatic bile ducts and can
be detected by imaging modalities. Associated portal veins are
often abnormal, demonstrating an increased number of smaller
portal vein branches. This pattern is thought to be intrinsic to the
disease rather than reactive since the abnormal venous structures
can be seen prior to the onset of significant portal hypertension.'*
There is often a significant amount of fibrosis in the portal tract
even at birth, and as these affected children age, the amount
of fibrosis increases, frequently resulting in hepatomegaly and
portal hypertension. Interestingly and for unclear reasons,
ARPKD-affected livers often demonstrate proportionally larger
left lobes compared to the right lobes.”

Caroli Disease vs. Caroli Syndrome

The relationship between ARPKD, Caroli disease and Caroli
syndrome is often confused. Jaques Caroli was a French physician
who first described congenital dilation of the intrahepatic bile
duct in 1958. Caroli disease refers to isolated dilation of the
intrahepatic biliary tree that can be segmental. Caroli syndrome
describes dilated bile ducts along with fibrosis surrounding the
portal tracts, and it is most commonly associated with ARPKD.
Caroli disease is much more rare, and can occur sporadically or
be inherited in an autosomal-dominant fashion, while Caroli
syndrome is inherited in an autosomal recessive fashion.
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Figure 1. Liver explant specimen from a patient with ARPKD/CHF. The bile ducts
are in a ring-like pattern surrounding the portal vein. The portal tract is expanded
with dilated bile ducts surrounded by fibrous tissue. The liver parenchyma is well
preserved. This is typical of ductal plate malformation. H&E100x magnification.

In addition to ARPKD, there are several other diseases that
cause CHE, including Bardet-Biedl syndrome, Meckel Gruber
syndrome, Joubert syndrome, nephronophthisis, orofacial
digital syndrome, congenital defect of glycosylation type 1b,
and rarely, the autosomal-dominant form of polycystic kidney
disease (ADPKD). Since the identification of the genes involved
in these conditions, the term Caroli syndrome has been gradually
replaced by the name of the specific syndrome associated with
the gene defect.

Genetic Defect

Polycystic kidney and hepatic disease 1 (PKHDI), the defective
gene in ARPKD that encodes the protein FC/PD, is located on
chromosome 6p12 and is one of the largest human genes, with
at least 86 exons. The longest open reading frame consists of 66
exons (exon 2-67), encoding a protein with a molecular weight
of 447 kD." It is a large receptor-like protein with the majority
of the protein residing in the extracellular domain, with a single
transmembrane region and a short cytoplasmic tail.'® There
are multiple alternatively spliced transcripts, including those
without the transmembrane domain, presumably a secreted form.
However, the functional significance of the various splice forms
is not known. It is also important to note that all of the clinically
relevant mutations have been described within the exons in the
open reading frame; the function of the additional exons is also
not known."”

PKHDI transcript expression is limited to the kidneys, liver,
pancreas, and lungs, with the highest expression in the developing
kidneys by RT-PCR and northern blotting.'® There is no mRNA
expression in brain, heart, spleen, colon, thymus, and skeletal
muscle in the adult mouse tissue. However, during mouse
development, there is wide expression of PKHDI in the neural
tube, gut, bronchi, and vascular system prior to the appearance in
the meatanephric primordium and liver by in situ hybridization
and immunostaining. The function of FC/PD during this stage
of development is unknown, although presumptively plays a role
in the morphogenesis of primary tubules.'

Within kidney tubular cells, FC/PD expression is
predominantly located on the primary cilia of polarized epithelial
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cells and colocalizes with polycystin-2, one of the proteins
responsible for ADPKD by immunostaining.'® It also interacts
genetically with Pkd1," the gene encoding polycystin-1, a second
protein associated with ADPKD. Together, these proteins are
thought to be important in tubulogenesis and maintenance of
the ductal structure.”

FC/PD undergoes Notch-like proteolytic processing via a
y-secretase dependent mechanism. The released cytoplasmic tail
then translocates to the nucleus, although its direct downstream
target is not known.?"? Mutations in ARPKD have been found
throughout the gene, without clustering to a specific region.
There is a clear genotype-phenotype correlation with patients
having two truncating mutations being the most severely affected,
and generally dying in the perinatal period.?** In our clinical
experience, however, affected members of the family, presumably
carrying the same mutation, can sometimes have markedly
different clinical manifestations with regard to the severity of
their liver and kidney disease.

Primary Cilia

Mutations in FC/PD seem to act at the level of the primary
cilia. Primary cilia are nonmotile structures possessed by most
mammalian cell types. They arise from basal bodies or centrosomes,
and are formed by nine doublets of microtubules. Primary cilia
are sensory organelles that detect various extracellular stimuli,
depending on the cell type, and have been highly conserved
through evolution.”*® In addition to ARPKD, there are several
other genetic disorders that have been described to result from
defective proteins associated with the primary cilia, and result in
abnormally formed cilia, or ciliopathies. Most of them, including
Bardet-Biedl syndrome, Meckel Gruber syndrome, Joubert
Syndrome, nephronophthisis, and orofacial digital syndrome,
are associated with cystic kidneys as well as hepatic ductal plate
malformations.”?

There are multiple cell types in the liver that possess primary
cilia, including portal fibroblasts (PF) and hepatic stellate cells
(HSC), the predominant precursor cell types that cause fibrosis
during liver injury. In contrast, hepatocytes do not have primary
ciliaand do notappear to express FC/PD (our unpublished finding).
Masyuk et al. demonstrated by immunofluoresence staining that
FC/PD localizes to the primary cilia in normal rat cholangiocytes
and the primary cilia appears malformed in polycystic kidney
(PCK) rat cholangiocytes by electron microscopy.?*

Experimental Models

Animal models have enhanced our ability to study the mechanism
of disease in ARPKD. There are several animal models of ARPKD,
some of which are orthologs of human ARPKD and some are
phenotypically similar but not orthologous models.

The best-characterized model is the PCK rat that arose from a
spontaneous mutation in Sprague-Dawley rats. The mutated gene
on aregion of rat chromosome 9 was later found to be the ortholog
of the PKHDI gene, with a splicing mutation IVS35-2A—T.** PCK
rats have abnormally shaped primary cilia on the cholangiocytes
by electron microscopy. Similar to the human disease, this rat
model has both renal and hepatic involvement. Kidney cysts
are noted at 3 weeks of age while dilated intrahepatic bile ducts
and expanded portal tracts are present at birth.**> Masyuk et al.
characterized the segmental dilation and focal budding features of
biliary tree in the PCK rats by three-dimensional reconstruction.®
As the animal ages, there is worsening of kidney cysts, biliary
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rather than localizing to the primary

Model Gene Protein  Liver involvement Pancreas
cilia as in the normal cholangiocytes. By
AL 2800 25 (E1E ) el activating TRPV4 with activators, there
Exon 2 Yes (1 month) Yes, in females Yes is restoration of intracellular calcium
only, 9 months as well as increased AKT activity and
Exon 3-4 Yes Yes Yes (33.3% at | decreased ERK activity. This increase
9 months) in intracellular calcium is associated
Exon 4 Yes (2 weeks) Normal Yes with decreased proliferation as well as
pk CysT Cystin Yes Yes fiecreased cystogenesis in cholangiocyt.es
] isolated from PCK rats. However, in
bpk Bicci Bicaudal Yes Yes in vivo experiments where young PCK
Inv Invs Inversin Yes, early onset Yes rats were administered TRPV4 activator
cholestasis daily for 8 weeks, the TRPV4 activator
orpk | TgN737Rpw | Polaris Yes Yes was only effective in reducing kidney
_ cysts and kidney fibrosis but had no
Table 1. Murine models of ARPKD. significant effect on fibrocystic disease
of the liver at the dose administered.
dilation, and hepatic fibrosis. The biliary dilation can eventually ~ Cyclic AMP

progress to large cysts that are disconnected from the rest of the
biliary tree as shown by microimaging.*® These rats do not have
pancreatic abnormalities.

There are several orthologous PKHDI mice, including those
with target deletions in exon 40, exon 2, exon 3-4, and exon
4.133-35 All of these animals have liver disease that is characterized
by ductal plate malformation, but not all have kidney involvement.
Some of the models have pancreatic cysts as well.

In addition to the PKHDI orthologs, several other murine
models have been used to study ARPKD (Table 1), including
cpk, bpk, orpk, and inv mice, which have mutations in cystin,
Biccl, Inversin, and Polaris, respectively.**-** All of these mice
have ciliopathies with cystic kidneys and biliary dysgenesis that
are inherited in an autosomal recessive fashion.

Factors implicated in ARPKD-associated congenital hepatic
fibrosis

In ARPKD, tubular epithelial cells are thought to be
hyperproliferative’® with increased apoptosis.”” The roles of
various growth factors and other soluble mediators that contribute
to this phenotype have been explored in detail in recent years.

Calcium influx

Intracellular calcium is important in maintaining many important
cellular processes, such as cell proliferation, gene expression,
cell differentiation, and apoptosis. Primary cilia on renal
tubular epithelial cells and cholangiocytes are thought to act as
mechanosensors.***! When the primary cilia are bent from shear
force, there is calcium influx followed by release of calcium from
intracellular stores. Polycystin 1 and polycystin 2, the defective
proteins in ADPKD, are thought to function together to mediate
the mechanotransduction from primary cilia to the intracellular
calcium response.***? Since FC is found in a complex with
polycystinl and polycystin 2 in the primary cilia, it is thought to
play a role in the mechanotransduction process as well.

In cholangiocytes isolated from PCK rats, there is decreased
intracellular calcium,* which is thought to be associated with
cellular hyperproliferation.®** Gardilone et al. showed that
transient receptor potential vanilloid 4 (TRPV4), a calcium entry
channel, is overexpressed in the cholangiocytes of PCK rats as
well as in the ARPKD patients.**** However, the overexpressed
TRPV4in PCK cholangiocytes are mainly localized intracellularly
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Along with calcium, cyclic AMP (cAMP), an intracellular
second messenger, is an important regulator of proliferation in
different cell types. cAMP is thought to promote cystogenesis
by stimulating chloride-driven fluid secretion, and is increased
in the cholangiocytes of PCK rats. Masyuk et al. demonstrated
that in animals treated with Octreotide, a somatostatin analog
that inhibits cAMP, there is a decrease in hepatic cyst volume,
fibrotic score, and mitotic indices.*® A vasopressin V2 receptor
(VPV2) antagonist has also been shown to lower renal cAMP
and inhibits renal disease progression in PCK rats.” However,
the VPV2 receptor is not expressed in the liver and the antagonist
does not improve fibrocystic liver disease in PCK rats.*

cAMP has two downstream effectors, Epac and protein
kinase A (PKA). cAMP binds to the regulatory unit of PKA
and causes release of the catalytic unit, which then regulates
phosphorylation of various proteins, including MEK and ERK,
which are important intracellular signaling molecules in the MAP
kinase pathway, regulating cell growth. Banales et al. showed
that Epac activation causes increase in proliferation of both
normal and PCK cholangiocytes while PKA causes increased
proliferation in PCK cholangiocytes but decreased proliferation
in normal cholangiocytes.” This group also showed that there
is decreased intracellular calcium in PCK cholangiocytes, and
that restoration of intracellular calcium inhibits both baseline
proliferation of PCK cholangiocytes as well as PKA-associated
proliferation.

Epidermal growth factor

Epidermal growth factor (EGF) plays a major role in epithelial
growth and differentiation. It binds to the EGF receptor and
activates the mitogen-activated protein kinases (MAPKs), which
are serine/threonine specific kinases. The MAPK cascade consists
of three protein kinases, an MAPK kinase kinase, an MAPK kinase
(MAPK/ERK kinase, or MEK), and an MAPK (extracellular
signal-regulated kinase or ERK). Primary cholangiocytes
isolated from a recessive murine model of PCK disease (BPK
mouse) demonstrate exaggerated proliferation in response to
EGE?® Similar responses were found in PCK cholangiocytes, with
increased downstream activity of MEKS5, which subsequently led
to increased phosphorylation of ERK5.% Sato et al. administered
Gefitinib, an EGF receptor tyrosine kinase inhibitor, to PCK rats
and found that it led to improved fibrocystic liver disease, but no
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significant effect on cystic renal disease.*® In vitro, Gefitinib also
resulted in decreased cyst formation and proliferation of PCK
cholangiocytes.

AKT/mTOR

Akt is a serine/threonine protein kinase that plays a key role in
cell proliferation, apoptosis, transcription, and cell migration.
It is activated by phosphoinositide 3-kinase (PI3K), and is an
important upstream regulator of mTOR (mammalian target of
rapamycin). In ADPKD, aberrant activation of the AKT/mTOR
pathway is thought to contribute to the disease,”"**and inhibition
of mTOR by sirolimus results in improvement in cystic kidney
and liver disease in ADPKD animal models.”**” Furthermore,
sirolimus has been anecdotally shown to decrease native kidney
and liver cystic volume of ADPKD patients who have undergone
renal transplant and taken sirolimus as immunosuppression.®*>*
However, in recent prospective clinical trials of ADPKD patients,
the results are mixed.”® In one study, sirolimus did not halt cystic
kidney growth while in another study, there was a decrease in
the rate of kidney cystic growth without significant effects on the
progression of renal impairment.

In ARPKD, the AKT/mTOR pathway has also been shown
to be overexpressed in kidney tubular epithelial cells.' However,
sirolimus treatment fails to improve fibrocystic liver and kidney
disease in the PCK rat.®

Renin-angiotensin system

The renin-angiotensin system (RAS), in addition to being a
circulating hormone system, has also been recognized as a tissue-
based system that mediates fibrosis in several organs, including
heart, kidney, vessels and liver.***” Angiotensinogen is a zymogen
that is cleaved by renin into angiotensin I. Angiotensin I is then
converted to angiotensin II by angiotensin-converting enzyme
(ACE), and it is the major bioactive product of RAS. In ARPKD, the
systemic level of angiotensin I and IT has found to be unchanged.®®
However, there is increased intrarenal expression of renin, ACE,
and angiotensin IL;* there is also increased expression of ACE
and angiotensin II in the portal tract by immunostaining.” Jia
et al. demonstrated that PCK rats treated with an ACE inhibitor,
Lisinopril, have an improvement in collecting duct cysts and
decreased ERK activities in the kidneys.”" There is no reported
result on the effect of chronic ACE inhibition in fibrocystic liver
disease associated with ARPKD.

Others

Recently, Pioglitazone, a PPAR-y agonist, was found to be effective
in decreasing hepatic fibrosis and cystic lesions as well as cystic
kidney disease in PCK rats.”? PPAR-y is a nuclear receptor that
is activated by naturally occurring fatty acids and fatty acid
derivatives. It has a variety of functions, including in adipocyte
differentiation and the inflammatory response of endothelial cells
as well as in renal fibrosis and hepatic regeneration.””~”* Yoshihara
etal. propose that Pioglitazone improves fibrocystic liver disease
in PCK rats by inhibiting ERK and TGF- without affecting the
mTOR pathway, while in the kidneys, it inhibits both ERK and
mTOR.

Proliferating bile duct epithelium has been shown to be a
major source of connective tissue growth factor (CTGF).” In
ARPKD, there is increased expression of CTGF in the portal
area and this may be a contributor to liver fibrogenesis in this
disease as well.””
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Liver Fibrosis and ARPKD

Despite the various factors implicated in the cyst formation
in ARPKD, there has been no clear connection between the
development of hepatic cysts and the development of hepatic
fibrosis. In the liver, there are two major myofibroblastic cell
types, HSC and PE. HSC reside in the sinusoids while PF reside
in the periportal area. In chronic liver injury, these cells may
undergo myofibroblastic differentiation to become myofibroblasts,
responsible for collagen production in the fibrotic liver.
Myofibroblasts from both cell types acquire a-smooth muscle
actin (a-SMA) during activation. HSC have been well studied, and
found to be involved in many models of liver fibrosis.”*” PF have
recently come under the spotlight as an important population
of myofibroblastic precursors, and shown to be particularly
important in biliary fibrosis.**® By immunohistochemical
staining, PF appear to be the major myofibroblastic precursor in
ARPKD/CHEF (our unpublished finding). There is evidence that
interactions between cholangiocytes and PF are important in
the progression of liver fibrosis®* and these interactions may be
critical in the pathogenesis of hepatic fibrosis in this disease.

Future Directions

Much progress has been made in understanding the pathogenesis of
fibrocystickidney and liver disease of ARPKD over the past 10 years,
since the mutated gene was identified. Most studies on ARPKD-
associated CHF to date have focused on the hyperproliferative
properties of cholangiocytes. However, the morbidity of the
fibrocystic liver disease mainly results from progressive portal
fibrosis leading to significant portal hypertension. There is very
little known about the mechanism whereby FC/PD mutations
and ciliopathies lead to progressive liver fibrosis. It will be critical
in the future to develop a better understanding of the role of
abnormal FC/PD in the myofibroblastic differentiation of PF so
that future therapy may direct at halting and possibly reverse the
fibrosis process. Antifibrosis therapy has the potential to not only
improve hepatic manifestations of ARPKD, it may also improve
renal function since prior therapy for PCK disease aimed at
decreasing renal cystic volume has failed to stop the deterioration
of kidney function.
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