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PREFACE

It has been recognized for centuries that cystic pathology of the liver
and kidneys, and occasionally other organs, can occur in the same
individual or within families and may have grave consequences. We
have learned over time that the inheritance pattern seen in many of
these conditions honors Mendelian genetics and that some conditions
have non-cystic syndromic associations. Our ability to categorize these
conditions has historically relied upon descriptive features observed
postmortem, surgically, or through radiological techniques. Over the
last decades, however, our understanding of the embryology, cellu-
lar pathogenesis, and genetic basis of these conditions has permitted
clearer clinical diagnoses and the ability to prognosticate and offer
therapies.

This is the first text to focus entirely on the fibrocystic diseases
that affect the liver and the state-of-the-art research that underlies our
current understanding of these conditions. We have brought together
experts in the related fields of hepatic fibrocystic disease. The book
provides a clear, in depth, and well-illustrated understanding of the
embryology and development of the ductal plate, cholangiocyte biol-
ogy, and the role of the biliary cilia in the pathogenesis of these
conditions. An update review of the complex genetics of these dis-
orders is reviewed in detail to allow further understanding of the
molecular pathogenesis of the conditions as well as the clinical phe-
notypes encountered. Additionally, the text reviews the radiological
and pathological methods important in diagnosis, the many clinical
manifestations of these conditions and associated features and syn-
dromes, the potential complications encountered in caring for affected
individuals, and the treatments available to ameliorate the symptoms,
progression, or complications of these diseases.

The text has incorporated a wealth of figures to illustrate the concepts
described and to serve as reference for pathological and radiological
findings of these conditions.

This book’s purpose is to serve as a reference for those caring for
patients with fibrocystic diseases affecting the liver and to offer an
authoritative analysis of the cause of these conditions, their clinical
manifestations, and the available strategies for managing for them.
Additionally, it is the hope of the editors that this text will provide a

vii
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unique conglomeration of the knowledge to date of these conditions
and hence serve as the nidus for further research advancements in the
understanding and treatment of these conditions.

Seattle, 2009 Karen F. Murray, MD
Dallas, 2009 Anne M. Larson, MD
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1 Embryology and Development
of the Ductal Plate

Clifford W. Bogue, MD
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Summary

Proper development of both the intrahepatic and the extrahepatic
biliary tracts is critical to the proper functions of the liver related to
bile production and excretion. Many disorders that result in fibro-
cystic disease of the liver have, at their origin, a defect in the early
development of the liver. In particular, disordered development of the
ductal plate can lead to severely debilitating hepatobiliary disorders
such as biliary atresia and fibrocystic disease of the liver. In this chap-
ter, I review current knowledge of the embryological development
of the extrahepatic and intrahepatic biliary trees with a focus on the
genes and molecular pathways that have recently been shown to play
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4 Bogue

critical roles in biliary development. Although the identification of
the genetic pathways involved in biliary development is still quite
incomplete, recent progress has shown that there are a number of
transcription factors and signaling pathways that regulate both hep-
atoblast differentiation and biliary morphogenesis. Building on this
exciting new knowledge will provide new avenues for both the diag-
nosis and the treatment of debilitating diseases that, up to this point,
have no definitive treatment or cure.

Key Words: Ductal plate, Embryology, Morphogenesis, Bile duct

INTRODUCTION

Bile production is an essential function of the liver. Bile, which
is produced by hepatocytes, is initially secreted into bile canaliculi.
The canaliculi are connected to a network of intrahepatic bile ducts
(IHBD), which transport bile into the extrahepatic biliary tract (EHBT),
comprised of the hepatic, cystic, and common bile ducts plus the
gallbladder. Both the IHBD and the EHBT are lined by specialized
epithelial cells termed cholangiocytes or biliary epithelial cells (BEC).
Over the past several years, much attention has been paid to the early
events in liver development, such as endoderm development and hepatic
specification (reviewed in [1]). Much less is known about the differen-
tiation of bile duct epithelium and morphogenesis of the biliary tract.
However, recent progress by our laboratory as well as others has shed
light on some molecular mechanisms of biliary tract differentiation and
morphogenesis.

LIVER SPECIFICATION AND BUDDING

During embryogenesis, the primitive gut forms during gastrulation
and is gradually patterned along its anterior—posterior axis into the
fore-, mid- and hindgut domains. Present in the foregut are the com-
mon endodermal precursors of the liver, pancreas, thyroid, and lung.
A series of reciprocal tissue interactions between the foregut endoderm
and the adjacent mesoderm progressively subdivides these broad prim-
itive gut tube domains into smaller regions that ultimately give rise
to discrete organs (Fig. 1.1). In mammals, the liver is derived from
both the endoderm of the ventral foregut and the adjacent mesenchyme
in the septum transversum. In the mouse, fate-mapping experiments
reveal that the liver arises from lateral domains of endoderm and the
developing foregut [2, 3] as well as from a small group of endo-
dermal cells tracking down the ventral midline [3]. In the mouse
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Fig. 1.1. Cell domains and signals for embryonic liver and pancreas specifica-
tion. (a) Fate map of progenitor cell domains before tissue induction; view
is into the foregut of an idealized mouse embryo at E8.25 (three- to four-
somite stage). Arrows indicate movement of lateral progenitor regions toward
the ventral-medial region. (b) Sagittal view of a mouse embryo several hours
later than in (a) showing the positions of the newly specified liver and pan-
creas tissue domains. Signals and cell sources that pattern the endoderm are
shown. Dashed blue line indicates plane of view in (a). Reproduced from
Zaret and Grompe [5] with permission from the American Association for the
Advancement of Science.

at E8.5 [corresponding to about 3 weeks of human gestation (see
Table 1.1)] the foregut undergoes morphogenetic closure during which
the medial and lateral domains come together as the hepatic endoderm
is specified. Based on embryo tissue recombination experiments as well
as genetic experiments in a number of vertebrates species, including
chick, frog, mouse, and zebrafish, both the liver and the pancreatic
domains of the foregut are specified within the endodermal epithe-
lium by inductive signals from nearby mesodermal cells (reviewed in
[4, 5]). Fibroblast growth factor (FGF) from the cardiac mesoderm and
bone morphogenetic protein (BMP) from the septum transversum mes-
enchyme (STM) coordinately induce the underlying endoderm to adopt
a hepatic fate [6, 7].

Another key factor expressed in the mesoderm that plays an impor-
tant role in hepatic specification is Wnt [8]. Initially, broad suppression
of mesodermal Wnt and Fgf4 signaling in the foregut permits liver and
pancreas induction, whereas mesodermal Wnt signaling in the posterior
gut suppresses liver and pancreas tissue fate and allows development
of the intestine. Studies of mice with a mutation in Hhex reveal that
the positioning of the ventral foregut relative to the cardiac domain is
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Table 1.1
Timing of human and mouse liver development. The major developmental
events that occur in liver development in humans and mice are shown, along
with the corresponding embryonic age at which these events occur in each

species

Human Mouse Developmental event

18 day embryo  ES8.5 Thickening of foregut endodermal
epithelium

23 day embryo E9.5 Endodermal cords of hepatoblasts
invade mesenchyme

8—12 weeks E13.5-15.5 Periportal hepatoblasts express
cytokeratin and ductal plate
forms

12 weeks El16.5 Ductal plate remodeling begins

25 weeks El17.5 Ductal plate becomes
discontinuous, bile ducts begin
forming

35 weeks Postnatal day 1-2 Most portal tracts have 1-2 bile
ducts

Birth-4 weeks Postnatal day 2-6 Maturation of biliary tree to >7

postnatal generations, complete regression

of ductal plate

important for the ventral foregut to receive the correct FGF signal from
the adjacent cardiac mesoderm and thus determines whether specific
endodermal cells will be induced to either a liver or a pancreatic fate
[9]. In addition to Fgf and Bmp, it appears that retinoic acid signal-
ing, most likely from mesodermal cells in the paraxial region of the
embryo, helps to further refine domains which will give rise to the liver
and pancreas [10].

One major question that arises upon the identification of various
mesodermal signaling factors that are necessary for liver specification
is what endodermally derived transcription factor networks preexist and
are necessary for liver specification and induction. Using genetic analy-
sis, it has been shown that the forkhead box-containing transcription
factors Foxal and Foxa2 are both required for hepatic specification
in the mouse [11]. In embryos deficient for both of these genes in
the foregut endoderm, no liver bud is formed and there is no expres-
sion of the hepatoblast marker alpha-fetoprotein (AFP). As well,
Foxal™~;Foxa2™~ endoderm failed to induce hepatic genes in culture
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in the presence of exogenous Fgf2. Thus, this study provides com-
pelling genetic evidence that the Foxa factors endow the endoderm
with the ability to respond to inductive signals from surrounding meso-
derm. More recently, it has been shown that the gene Hnflb (vhnfl,
TCF2) plays a crucial role in hepatic specification of the foregut endo-
derm. Previously, this was difficult to prove because Hnflb”~ mouse
embryos died before gastrulation due to a defect in the formation of
the extra-embryonic visceral endoderm. However, Lokmane et al. gen-
erated Hnf1b null embryos with a wild-type extra-embryonic endoderm
through the use of tetraploid embryo complementation [12]. Embryos
derived via tetraploid embryo complementation that are deficient in
Hnfbl1 have severe liver hypoplasia and the liver that does form is com-
posed almost entirely of cells derived from the mesenchyme — there was
no expression of genes that are markers of endodermally derived hep-
atoblasts. Furthermore, when Hnfl b~ endoderm is cultured with Fgf,
there is no expression of albumin, indicating an inability to respond
to Fgf signaling and a subsequent failure of hepatic specification. The
function of HnfIb in early hepatic induction is conserved in other ver-
tebrates as evidenced by similar failure of liver induction in zebrafish
embryos [12].

Once the hepatoblasts are specified, these endodermal cells undergo
a morphologic transition from a cuboidal shape to a columnar one.
Subsequently they become a pseudostratified columnar epithelium
within the foregut. The basal lamina surrounding hepatic pseudostrati-
fied epithelium then breaks down and the cells proliferate and migrate
into the surrounding stroma. The homeobox transcription factor Hhex
controls the morphogenetic process by which the hepatoblasts become
pseudostratified and is also important for the migration of hepatoblasts
into the septum transversum [13]. Other genes that are also critical for
this important step of bud formation include the homeobox transcription
factor Proxl, Onecutl, and Onecut2 [14, 15].

OVERVIEW OF BILIARY TRACT DEVELOPMENT

Development of the IHBD is similar in humans, rats, and mice [16].
IHBD development in the mouse begins at E13.5-14.5 when hepato-
blasts close to the portal vein mesenchyme begin to express biliary-
specific cytokeratins (reviewed in [17]). These cells are considered bile
duct precursor cells [18]. At E15.5, these biliary precursor cells form
a continuous layer of single cells around the portal vein, termed the
ductal plate (Figs. 1.2 and 1.3). By E16.5, the ductal plate is bilay-
ered and 1 day later (E17.5), focal dilations appear between the two
cell layers and these dilations will give rise to bile ducts and the rest of
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Fig. 1.2. Formation of the Ductal Plate. Cytokeratin immunohistochemistry on
wild-type mouse liver showing the formation of the ductal plate. (a) At E15.5,
cytokeratin staining is seen in hepatoblasts throughout the developing liver.
However, there is increased cytokeratin expression in cells adjacent to the por-
tal vein and these cells are beginning to form a continuous layer around the
portal vein (arrows). (b) By E16.5, the developing ductal plate is composed
of a bilayer of cytokeratin-expressing cells (arrows). At certain areas, focal
dilatations appear which will become mature bile ducts. (¢) At E18.5, the duc-
tal plate becomes discontinuous and bile ducts are clearly present (arrows) and
have become incorporated into the portal mesenchyme. (d) By the first postna-
tal week, the ductal plate has completely regressed and there are one to three
bile ducts surrounding each portal vein (arrow). BD = bile duct, PV = portal
vein, * = portal mesenchyme.

the ductal plate progressively regresses. At the time of birth or shortly
thereafter, the ducts are incorporated into the portal mesenchyme and
connect to each other forming an intricate interconnected network of
ducts. It is generally agreed that BDE differentiates from hepatoblasts
that are bipotential cells capable of developing into both hepatocytes
and BDE (reviewed in [17, 18]). This is based upon the expression
of specific immunohistochemical markers as well as transplantation
experiments showing that BDE derived from early hepatoblast cell lines
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Fig. 1.3. Morphogenesis of the intrahepatic bile ducts. During bile duct devel-
opment, the cholangiocytes first form a ring of cells (ductal plate) around the
branches of the portal vein. Hepatoblasts then come into contact with the duc-
tal plate and delineate the lumen of transiently asymmetrical ducts. When the
hepatoblasts on the parenchymal side of the asymmetrical ducts differentiate to
cholangiocytes, the ducts become symmetrical (totally delineated by cholan-
giocytes) and surrounded by portal mesenchyme. The ducts grow from the
hilum toward the periphery of the liver lobes, which is reflected by the obser-
vation that sections at different levels along the hilum-periphery axis reveal
different levels of duct maturation. Reproduced from Antoniou et al. (in press)
[61] with permission from Elsevier B.V.

(i.e., bipotential mouse embryonic liver cells or BMEL cells) can differ-
entiate into both hepatocytes and BDE in vivo [19, 20]. Interestingly, no
direct genetic lineage studies have ever been performed to conclusively
establish that all BDEs are derived from hepatoblasts.

HEPATOBLAST DIFFERENTIATION INTO BILIARY
EPITHELIAL CELLS

Several recent studies have shed important light on the factors involved
in cell-fate decisions in the hepatoblast. Clotman et al. showed convinc-
ingly that Onecut!™~ mice have ductal plate malformations (DPM),
develop biliary cysts, and have agenesis of the gallbladder [21]. In
particular, the livers of Onecutl™~ mice showed premature differenti-
ation of BECs with a greater percentage of hepatoblasts differentiating
into BECs. Additionally, they noted cord-like structures containing
BEC:s extending into the hepatic parenchyma instead of being spatially
limited to the areas adjacent to portal veins. Their results suggest that
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Onecutl normally restricts the differentiation of hepatoblasts into BECs
quantitatively, temporally, and spatially. These authors also showed
that Onecutl transactivated the HnfIb promoter in vitro, implicating
Hnflb as a molecular target of Onecutl. In turn, liver-specific dele-
tion of Hnflb using floxed mice bred to AFP-Cre mice revealed a
critical role for Hnflb in bile duct development [22]. Additional data
from zebrafish studies also indicate that Onecut! and Hnflb function
within the same genetic pathway that regulates biliary development
[23]. However, the zebrafish studies only support a role for Onecutl in
bile duct morphogenesis not in hepatoblast differentiation into BECs.

Several other genes have been implicated in BEC differentiation.
The expression of the Cebpa gene, which governs the transcrip-
tion of hepatocyte-specific genes, is suppressed in periportal hepato-
blasts, those cells that subsequently differentiate into BECs [24]. In
Cebpa™~ mice, hepatocyte differentiation is suppressed and the liv-
ers of these mice develop pseudoglandular structures throughout the
liver parenchyma [25]. Many of the cells in these pseudoglandular
structures express high levels of Onecutl and Hnf1b, suggesting that,
in the absence of Cebpa, the biliary differentiation program is acti-
vated, perhaps via Cebpa regulation of Onecutl and Hnf1b expression.
Additionally, in the Cepba™~ liver, the development of Hnf4a-negative
pseudoglandular structures preferentially near portal veins argues for
the presence of biliary-inducing factors/structures in the periportal
region.

The gene Thx3 is a member of the T-box gene family, which is a
family of genes defined by a common DNA-binding T-box domain and
known to play important developmental roles [26]. Functional analysis
of Thx3 both in vivo and in vitro indicates that it plays an important role
in hepatoblast proliferation and differentiation. In particular, Thx3~~
livers were small, the early hepatoblasts showed a markedly decreased
proliferation rate compared to wild-type mice, and the expression of
Cepba and Hnf4a was decreased, while the expression of Hnflb and
Onecutl was increased, suggesting that hepatoblast differentiation was
skewed toward the biliary lineage [27, 28]. Tbx3 is known to act as a
repressor of Cdkn2a (p192™) and hepatic epithelial cells from E12.5
Thx3~~ mice showed growth arrest as well as increased expression
levels of Cdkn2a and the biliary markers CK7 and CK19 [28, 29].
Inhibiting Cdkn2a using short hairpin RNA returned hepatoblast pro-
liferation to near-normal levels. As well, overexpression of Cdkn2a in
wild-type hepatic epithelial cells suppressed proliferation and increased
CK19 and CK7 expression, establishing a link between Cdkn2a,
cellular proliferation, and hepatoblast differentiation. However, it
remains unclear if there is a direct link between decreased hepatoblast
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proliferation and differentiation that is biased toward BECs since mice
deficient for the forkhead gene family member Foxmlb show decreased
hepatoblast proliferation and decreased numbers of BECs [30].

More recently, Clotman and colleagues extended their studies on the
role of Onecut transcription factors in liver cell-fate decisions by gen-
erating mice that had mutations in both Onecutl and Onecut2 [31].
They found that the absence of both transcription factors led to hepa-
toblasts differentiating into hybrid cells that display characteristics of
both hepatocytes and BECs as evidenced by the expression of both
Hnf4a and cytokeratin. Interestingly, this finding was associated with
disruption of the normal Activin/Tgfb expression gradient in the liver.
In wild-type liver, there is a gradient of Activin/Tgfb expression such
that Activin/Tgfb signaling is highest near the portal vein and decreases
as the distance from the portal vein increases. In Onecutl™~/Onecut2”~
mice, this gradient was perturbed resulting in increased Activin/Tgfb
signaling at a distance from the portal vein, which led to the dysregu-
lated differentiation of hepatoblasts into “hybrid cells” with molecular
characteristics of both hepatocytes and BECs. Thus, it appears that there
is a gradient of Activin/Tgfb signaling around the portal vein that is
modulated by Onecut factors and is required for segregation of the hep-
atocytic and biliary lineages. In addition, the expression level of the
Tgfb/Bmp pathway component Smad5 is elevated in early BECs that
form the ductal plate, while expression of chordin, an antagonist of the
Tgfb/Bmp pathway, is high in hepatoblasts that do not contribute to the
ductal plate [32]. This suggests that activation of Tgfb/Bmp signaling
correlates with hepatoblast differentiation into BECs.

The Notch signaling pathway has been shown, in multiple studies,
to be necessary for normal bile duct development. The Notch pathway
is an evolutionarily conserved signaling pathway in both vertebrates
and invertebrates that mediates changes in gene transcription via asso-
ciation with the DNA-binding protein Rbpj (also known as RBP-Jk).
In general, Notch regulates patterning in the early embryo by giving
fate instructions to adjacent cells, usually through the Hes/Hey fam-
ily of transcriptional repressors [33, 34]. In humans, genetic mutations
in Jagl, a Notch ligand, and in the Notch2 receptor have been identi-
fied in patients with Alagille syndrome [35-37]. Patients with Alagille
syndrome have intrahepatic bile duct paucity as well as cardiovascu-
lar and skeletal abnormalities. In vivo, as well as in vitro, studies in
mice confirm a requirement for Notch signaling in biliary develop-
ment but, until recently, the specific role that Notch signaling plays
in biliary differentiation was unclear [38—41]. Some studies implicated
Notch signaling in the regulation of hepatoblast differentiation [32, 39,
42]. On the other hand, mice with genetically engineered mutations in
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Notch2 or in the Notch target gene Hesl have altered bile duct mor-
phology but apparently normal BEC induction [38, 40]. In an elegant
series of experiments that has helped clarify the role of Notch signaling
in biliary development, Zong showed that Notch signaling acts dur-
ing embryogenesis to coordinate both biliary differentiation and bile
duct morphogenesis [43]. The strength of this study is the investiga-
tors’ approach using targeted deletion of the Rbpj gene to circumvent
possible functional redundancy in the Notch signaling pathway. Rbpj
is a necessary effector of canonical Notch signaling and its deletion
abrogates all Notch signaling [44]. Early deletion of Rbpj in hepa-
toblasts resulted in a decreased number of BEC precursors and bile
ducts, while activation of the Notch pathway using a notch intracel-
lular domain transgene led to ectopic biliary development throughout
the liver. Thus, using targeted gene deletion as well as over- and
misexpression studies in vivo, these investigators convincingly show
that Notch signaling plays a critical role in both biliary differentiation
and bile duct morphogenesis.

As mentioned previously, the homeobox gene Hhex is critical for
liver bud formation (see above). Expression studies revealed that Hhex
mRNA has been detected in the liver bud, the embryonic liver, the gall
bladder, and the extrahepatic bile duct [45, 46]. Furthermore, Hhex is
expressed in the adult liver in hepatocytes and IHBD cells and Hhex has
been shown to regulate the in vitro expression of the ntcp gene, which
encodes a bile acid transporter expressed in adult hepatocytes [45, 47,
48]. These findings suggest that Hhex has important roles during later
stages of hepatobiliary development and/or function. To address the
function of Hhex in the liver after liver bud formation, Hunter et al.
derived a Hhex conditional null allele using the Cre-loxP system and
employed the Foxa3-Cre [11] and Alfp-Cre [49] transgenes to eliminate
Hhex in the hepatic endoderm at distinct developmental stages [50].
Elimination of Hhex in the hepatic diverticulum (Foxa3-Cre; Hhex?%")
resulted in a severely hypoplastic and cystic liver, with major defects
in the development of the extrahepatic biliary tract. The liver-enriched
transcription factors Hnf4a and Onecut! were absent in hepatoblasts
of Foxa3-Cre;Hhex?%~ embryos at E13.5, which resulted in major
defects in hepatic epithelial development. By late gestation, there were
many “hybrid” cells expressing both Hnf4a and cytokeratin, similar to
the “hybrid” cells seen in Onecutl™=/Onecut2”~ mouse livers, indica-
tive of a hepatoblast differentiation defect. Hhex also plays a critical
role in bile duct morphogenesis (see below).

Other signaling pathways that are thought to have a role in hepa-
toblast differentiation include Fgf and Wnt/Ctnnbli(B-catenin). In the
chicken liver, both Fgf2 and Fgf7 induce differentiation of hepatoblasts
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to BECs in conjunction with Bmp4 and extracellular matrix compo-
nents in vitro [51]. There are no in vivo studies to confirm these
findings so the role of Fgfs and Bmps in BEC development remains
obscure. Several studies suggest a role for Wnt/Ctnnbl in hepatoblast
proliferation and cell survival [52, 53]. A role for Wnt/Ctnnbl in bil-
iary differentiation has also been suggested by both in vivo and in
vitro studies. Treatment of E10 liver cultures with anti-sense oligonu-
cleotides to Ctmnbl resulted in the absence of casein kinase-positive
biliary cells [53]. Conversely, treatment of early liver explants with
Wnt3a-conditioned media primarily led to proliferation and differen-
tiation of CK-19" cells, suggesting a bias toward biliary differentiation
[54]. Liver-specific deletion of Ctnnbl, achieved by crossing mice with
a floxed Cmnbl allele to mice expressing Cre-recombinase under the
control of the Foxa3 promoter, resulted in a hypoplastic liver with
defects in both hepatocyte and biliary differentiation [55]. Since there
is a defect in the formation of both hepatocytes and BECs in these mice,
it remains unclear from these studies if Ctnnbl plays a specific role in
biliary fate determination or if it plays a more global role in hepato-
blast survival. However, using a similar Cre-loxP mouse gene-targeting
approach to activate ectopic Ctnnbl expression in the embryonic liver
by inactivating the Ctnnbl suppressor Apcl, Decaens showed that
elevated levels of Cmnbl in hepatoblasts inhibited hepatocyte devel-
opment, while biliary cell development did occur [56]. Interestingly,
normal ductal plate structures did not form and ectopic ducts with BECs
formed throughout the liver, suggesting that Ctnnbl may affect bile duct
morphogenesis as well as hepatoblast differentiation. The mechanisms
by which Wnt signaling may regulate hepatoblast differentiation remain
unknown.

BILIARY TRACT MORPHOGENESIS

The biliary tract is composed of both an extrahepatic portion, which
consists of the hepatic ducts, the cystic duct, the gallbladder and the
common bile duct, and the intrahepatic portion, which consists of the
intrahepatic bile ducts. The current data suggest that the extrahep-
atic biliary tract (EHBT) develops from an outpouching of the ventral
foregut just caudal to the liver bud and closely associated with the
ventral pancreatic bud [57]. There appear to be common mechanisms
involved in the development of the EHBT and the pancreas. Mice in
which the expression of transcription factor Hes! is deleted have gall-
bladder agenesis and severe agenesis of the EHBT and the BECs of the
EHBT transdifferentiate toward the pancreatic lineage [58, 59]. Since
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Hesl is a key target of the Notch pathway, this suggests that Notch sig-
naling is necessary for normal EHBT development and may be involved
in repressing the pancreas phenotype in endodermal cells that would
otherwise form the EHBT.

It was originally thought that the IHBDs originated as a branch of
the EHBT near the porta hepatis and subsequently grew into the liver
in an infiltrative manner. However, Vijayan and Tan studied paraffin-
embedded tissue from human embryos or fetuses between 5.5 and 16
weeks of gestation [60]. This tissue was serially sectioned and the
images were aligned and used for generating three dimensional images
of the extrahepatic and intrahepatic biliary systems. Their study indi-
cated that IHBDs developed from the ductal plate, which remains in
contact with the extrahepatic bile duct from a primitive form through a
remodeling period to its definitive tubular structure. Thus, the IHBDs
form exclusively within the context of the ductal plate rather than by
elongation and branching of the extrahepatic bile duct. This process
takes place in a proximal-to-distal gradient starting at the porta hep-
atis and moving to the periphery of the liver. Morphologic analysis of
EHBT development suggests that the convergence of the EHBT and
the IHBD is at the hepatic ducts (reviewed in [57]). This is supported
by genetic evidence in mice that have a liver bud specific deletion of
Hhex. In these mice, in which Hhex is deleted at E9.5 in the foregut and
liver bud, there is complete absence of the EHBT and the hepatic ducts
are present [50]. Interestingly, the EHBT was replaced with tissue that
morphologically resembled duodenum, suggesting that the cells of the
EHBT may have the ability to transdifferentiate into duodenum as well
as pancreas.

As mentioned earlier, morphogenesis of the IHBD begins as cholan-
giocytes form a single continuous layer of cells around a portal vein
called the ductal plate. Shortly thereafter, focal areas of the ductal
plate become bilayered and develop luminal structures that form the
mature bile ducts. One important step in this process, about which lit-
tle is known, is the mechanism responsible for determining the location
within the ductal plate that mature bile ducts will form. It is unlikely
that this is a stochastic process because, if it were, the result would
be the formation of biliary structures at different locations within the
ductal plate (in reference to the proximal — distal axis), resulting in a
discontinuous biliary tree. It is tempting to speculate that the location
of bile duct formation within the ductal plate is influenced by the pres-
ence of a biliary structure located more proximally in the liver but there
have been no studies to specifically address this issue. Alternatively
there could be predetermined locations within the ductal plate where
bile ducts are formed, perhaps due to local signals emanating from the
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portal vein or the portal vein mesenchyme. This would suggest that
there is heterogeneity in the expression of signaling molecules in the
portal mesenchyme such that only specific and predetermined loca-
tions within the portal vein mesenchyme give rise to signals that induce
bile duct formation. However, the mechanism by which ducts elongate
along their longitudinal axes remains obscure.

Until recently, very little was known about the transcriptional control
of bile duct morphogenesis and biliary cyst formation. Studies over the
past several years have begun to elucidate a network of transcription
factors that are critical for biliary morphogenesis. Interestingly, many
of these genes play important roles in both biliary morphogenesis and
differentiation of hepatoblasts into BDE. Therefore, it is often diffi-
cult to establish if aberrant duct morphogenesis is due to a particular
gene’s role in regulating bile duct formation or is secondary to abnor-
mal hepatoblast differentiation, or both. For instance, both Onecutl =
embryos and embryos with a liver-specific deletion of Hnflb fail to
form morphologically normal IHBD in addition to displaying defects
in biliary cell differentiation and defective EHBT development [21, 22].
Additionally, as mentioned above, Onecutl appears to act upstream of
Hnflb and to directly regulate its transcription [21]. Onecut2”~ mice
also had cyst-like abnormalities of the ductal plate, which was more
pronounced in Onecutl™;Onecut2”~ mice, suggesting a genetic inter-
action between these two transcription factors that controls bile duct
morphogenesis [31]. Notch signaling has also recently been shown to
be necessary for both biliary fate determination and morphogenesis
[43]. In this study, the authors’ detailed analysis of biliary develop-
ment also revealed novel mechanism for duct morphogenesis that relies
upon sequential differentiation of adjacent layers of precursor cells.
This potentially new mode of tubulogenesis involves the formation
of radially asymmetric duct structures that are the precursors of sym-
metric, mature bile ducts (Fig. 1.3). Also, this study demonstrated
that Notch directly regulates tubulogenesis because ectopic expres-
sion of the Notch intracellular domain (NICD) throughout the liver
parenchyma resulted in ectopic tubule formation in the hepatic lob-
ules. Cepba™ mice show abnormalities of bile duct morphogenesis as
well as biliary cell differentiation [25]. Like mice ectopically expressing
NICD in the hepatic parenchyma, tubule formation was not limited to
the area of the ductal plate. Instead, many epithelial luminal structures
formed throughout the liver. This uncoupling of biliary differentia-
tion and epithelial lumen formation suggests separate and distinct roles
for Cepba in repressing biliary differentiation and in regulating bile
duct development/epithelial lumen formation. Similarly, gene-targeting
studies of the homeobox gene Hhex suggest separate roles in biliary
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differentiation and morphogenesis, depending on the timing of dele-
tion [50]. When Hhex is deleted in the foregut and liver bud at E9.5,
there is abnormal hepatoblast differentiation as well as the formation
of many epithelial luminal structures and cysts throughout the liver
parenchyma. However, the luminal structures and cysts are lined by
three cell types — cells that express only hepatoblast/hepatocyte-specific
protein (Hnf4a) and no biliary protein (CK-19), cells that express
both hepatoblast/hepatocyte and biliary proteins, and cells that only
express biliary proteins. In mice in which Hhex is deleted in the liver at
E11.5-12.5, hepatoblast differentiation proceeds normally yet the mice
have biliary morphogenesis defects as evidenced by the presence of
ductal plate malformations and cyst formation. Most recently, dele-
tion of the transcription factor Sox9 in the liver led to a delay in the
maturation of the early asymmetrical primitive bile ducts into mature
symmetrical ducts [61]. Sox9 appears to act downstream of Onecutl
and upstream of Hes/ and Cebpa as well as to interact with TGFB sig-
nals in the developing liver. This study also supports the concept that
bile duct tubulogenesis proceeds in a radially asymmetric fashion.

CILIA - A POTENTIAL LINK BETWEEN DEVELOPMENT
AND DISEASE

In many instances of abnormal biliary morphogenesis, the ductal plate
forms biliary cysts that persist into adulthood, suggesting a defect
in epithelial tubulogenesis that is similar to that seen in both human
polycystic kidney and liver disease. Thus, there may be common
mechanisms leading to the formation of both renal and hepatic cysts.
Evidence strengthening this association is the fact that humans with
some forms of polycystic kidney disease (PKD) develop hepatic cysts
and the fact that several mouse and rat mutant strains with PKD
also have hepatic cysts, including the Pck rat [62, 63], the inv mouse
[64], TG737 mouse (Ift88 mutation) [65], and the cpk mouse [66].
Interestingly, the evidence that has accumulated to date indicates that
alteration in the development and/or function of primary cilia is a
universal abnormality underlying renal cystic disease [67, 68]. Each
cholangiocyte, like each renal epithelial cell, contains a single cilium on
its surface [63]. In the PCK rat strain, mutation of the Pkhd1 gene (fibro-
cystin) leads to hepatic cysts and is associated with abnormalities in
ciliary morphology, thereby raising the possibility that cilia, and there-
fore the genes involved in ciliary biogenesis and function, are central
to bile duct morphogenesis and hepatic cyst formation. There are many
other examples of genes that are implicated in biliary tract morphogen-
esis/cyst formation whose function has been also associated with ciliary
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biogenesis/function (either in the liver or elsewhere), including
Onecutl, Hnflb, Ift88, Pkhdl, Invs [69, 70]. However, the develop-
ing ductal plate and BECs have not been examined for the presence
or absence of cilia in any of these mutants. The only data available to
support a potential role for cilia in BEC differentiation and/or bile duct
morphogenesis are from an analysis of the livers from human embryos
with the clinical diagnosis of Meckel syndrome (or Meckel syndrome),
an autosomal recessive disease consisting of a combination of renal
cysts, anomalies of the central nervous system, digit abnormalities, and
ductal plate malformations that are thought to be due to defective cil-
iary biogenesis/function [71]. Many of the specimens evaluated showed
classic ductal plate malformations, hepatoblast differentiation defects,
and absent cilia. While it is not clear whether the differentiation defect
led to the ciliary defect or vice versa, the end result was ductal plate
malformation. Candidate genes thought to be causative for Meckel syn-
drome are all involved in ciliary biogenesis and/or function, leading to
the strong possibility that cilia play a major role in development of the
biliary system.
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Fig. 1.4. Summary of the genetic factors involved in hepatoblast differentia-
tion and bile duct morphogenesis. Shown are both stimulatory and inhibitory
interactions. See text for details.

In summary, much recent progress has been made in elucidating
the genetic factors and pathways that play critical roles in early liver
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bud formation, hepatoblast differentiation, and bile duct morphogene-
sis. This newly acquired information, summarized in Fig. 1.4, allows
us to begin to understand the molecular control of key developmental
events in liver development as well as the underlying basis for many
forms of fibrocystic disease of the liver. But this picture is far from
complete. Future research focused on early hepatobiliary development
will provide the biological platform upon which we can build new diag-
nostic and therapeutic approaches to combat many debilitating liver
diseases in humans. As well, these advances will provide much needed
insight into critical biological processes such as cell signaling, the role
of cilia in development, and epithelial tube formation, which will also
have broad and important implications for diseases and developmental
disorders in organs other than the liver.
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Polycystic liver diseases are hereditary disorders that affect
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throughout the liver and kidney, they can often lead to severe life-
threatening complications. Polycystins and fibrocystin, the defective
proteins in the dominant and in the recessive form of the disease,
respectively, are mainly expressed in the primary (nonmotile) cilia of
cholangiocytes, the epithelial cells that line the intrahepatic biliary
tree. Important clues for understanding the pathogenesis of cystic
diseases come from understanding the biology and pathobiology
of cholangiocytes. In this chapter, cholangiocyte function and mor-
phology is first briefly described, with particular emphasis on the
regulation of their secretory properties and the complex intercellu-
lar signaling. Then, we discuss a number of possible mechanisms
leading to cyst formation and progressive growth of the cysts. In both
autosomal dominant and recessive forms, liver cysts arise from an
aberrant development of intrahepatic bile duct epithelium. During
cyst expansion, different factors, including excessive fluid secretion,
extracellular matrix remodeling, increased proliferation of the epithe-
lial cells lining the cyst, and aberrant hypervascularization around the
cyst wall, variably take part in promoting progressive cyst growth.
Many of these factors act via autocrine mechanisms. Each of them
represents a possible target for therapies aimed at reducing the growth
of liver cysts.

Key Words: Cholangiocytes, ADPKD, ARPKD, Polycystin-1,
Polycystin-2, Fibrocystin, VEGF, Cilium, Ductal plate malformation

INTRODUCTION

Polycystic liver diseases are genetic disorders that affect mainly the bile
duct and the renal tubule epithelia. Autosomal dominant polycystic kid-
ney disease (ADPKD) is one of the most common inherited diseases,
occurring in 1:400 to 1:1,000 individuals; it is characterized by the for-
mation of multiple cysts in the kidney, liver, and pancreas. Although
synthetic liver function is usually preserved in ADPKD, severe cyst
complications (mass effect, hemorrhage, infection, or rupture) may
develop and thus require urgent liver transplantation. Autosomal reces-
sive polycystic kidney disease (ARPKD) and its liver-related pheno-
types Caroli disease (CD) and congenital hepatic fibrosis (CHF) are, by
contrast, rare disorders with an estimated prevalence of 1:20,000 live
births. CD and CHF are characterized by recurrent acute cholangitis and
severe portal hypertension due to an excessive peribiliary fibrosis that
can be further complicated by the development of biliary malignancies.
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The even rarer “isolated” polycystic liver disease (PCLD) is phenotyp-
ically similar to ADPKD, except that the kidney is not affected. In all
cases of cystic liver disease, the pathologic condition targets the biliary
epithelium, justifying the inclusion of these forms among the genetic
cholangiopathies [1].

ADPKD is caused by mutations in one of two genes, PKD1 (poly-
cystic kidney disease 1) (85-90% of the cases) or PKD2 (10-15%)
encoding for polycystin-1 (PC1) and polycystin-2 (PC2), respectively.
Polycystins act as mechanoreceptors, chemoreceptors, and calcium
(Ca%*) channels, able to sense changes in apical flow. ARPKD/CD
and CHF are caused by mutations in the PKHDI (polycystic kid-
ney and hepatic disease 1) gene, encoding for fibrocystin, a protein
whose functions remain largely unknown. Polycystins and fibrocystin
are expressed in the primary cilia of cholangiocytes. In secretory epithe-
lia, primary nonmotile cilia are involved in the regulation of multiple
epithelial functions including secretion, proliferation, differentiation,
and interactions with cell matrix. In the liver, cilia are preferentially
expressed by cholangiocytes. Although the impact of ciliary dysfunc-
tion on cholangiocyte physiology is unknown, animal models with
defects in ciliary proteins, such as polycystins, fibrocystins, and polaris,
show different degrees of biliary dysgenesis. In the liver, both ADPKD
and ARPKD/CHF/CD are morphologically characterized by aberrant
development of the biliary epithelium that retains an immature, ductal
plate-like architecture with the formation of multiple biliary micro-
hamartomas that progressively dilate to macroscopic cysts, scattered
throughout the liver parenchyma.

The isolated polycystic liver disease (PCLD) on the other hand is
caused by mutations in PRKCSH, a gene coding for protein kinase
C substrate 80 K-H, also called hepatocystin, or in the SEC63 gene.
SEC63 encodes for a component of the molecular machinery reg-
ulating translocation and folding of newly synthesized membrane
glycoproteins. Hepatocystin and SEC63 are not expressed in cilia,
but in the endoplasmic reticulum, thus cystic diseases of the liver
can also be caused by defects in proteins that are not expressed in
cilia.

Diseases of the biliary epithelium caused by single-gene defects that
alter a critical physiologic process provide an invaluable clue for under-
standing epithelial function and pathophysiology. As a consequence, in
the last few years, interest for polycystic liver diseases has consistently
grown. In this chapter we will review the aspects of cholangiocyte biol-
ogy that more closely relate to the pathogenesis and treatment of cystic
diseases of the liver.
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MORPHOLOGY AND SECRETORY FUNCTIONS OF THE
NORMAL BILIARY EPITHELIUM

The biliary epithelium forms a branching system of conduits within
the liver where bile flows from the hepatocytes to the gallbladder and
intestine. The biliary tree is organized in a complex tridimensional
network that starts at the canals of Hering, located at the limiting
plate with hepatocytes, and forms tubules (<15 pm in diameter) which
gradually converge to create ducts of progressively larger size (up to
300-800 pm): interlobular, septal, major ducts, and hepatic ducts
embedded into the portal space [2]. The biliary tree is lined by
cholangiocytes. These are epithelial cells with absorptive and secre-
tory properties that actively contribute to bile formation, regulating
its volume, pH, and composition according to physiological needs.
Ductular secretion may account for about 40% of bile flow in humans,
a percentage that can be rapidly increased during the digestive phase.

The morphology of cholangiocytes, as well as their function,
varies along the biliary tree: cholangiocytes in the small interlob-
ular bile ducts are cuboidal epithelial cells, but become columnar
and mucus-secreting in larger ducts approaching the extrahepatic
portion [3]. This morphological heterogeneity also corresponds to
a functional regional specialization: cholangiocytes lining the large
interlobular and major ducts are mostly involved in secretory func-
tions. Conversely, cholangiocytes in the smaller bile duct branches,
cholangioles and ducts of Hering, perform other important biologi-
cal properties such as the ability to proliferate in response to liver
damage, participate in the inflammatory response, and undergo limited
phenotypic changes. Furthermore, liver progenitor cells are believed
to arise from subpopulations of cholangiocytes residing in the canal
of Hering [4]. This functional specificity is substantiated by the fact
that most cholangiopathies show a site-restricted bile duct injury.
For instance, primary biliary cirrhosis (PBC) targets specifically the
interlobular bile ducts, whereas primary sclerosing cholangitis (PSC)
affects the larger intrahepatic and extrahepatic ducts. Interestingly,
the “small duct” variant of PSC, where damage is restricted to the
finest branches of the biliary tree, has distinct clinical manifesta-
tions.

The biliary tree runs along the portal spaces between the hepatic lob-
ules, in close vicinity to a branch of the portal vein and to one or two
branches of the hepatic artery. While portal blood perfuses hepatocytes
in the hepatic lobules, the cholangiocyte blood supply is provided by
the hepatic artery. Branches of the hepatic artery, at the periphery of
the liver lobule, create a peribiliary vascular plexus (PBP), a network of
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capillaries which nourishes the cholangiocytes and eventually merges
into the hepatic sinusoids.

Bile formation starts at the hepatocyte canalicular membrane, with
the secretion of bile acids, other organic and inorganic solutes, elec-
trolytes, and water. As the primary bile flows through the bile ducts on
its route toward the duodenum, its composition is regulated by the intra-
hepatic bile duct epithelium that reabsorbs fluids, amino acids, glucose,
and bile acids, while secreting water, electrolytes, and immunoglobulin
A (IgA) [5, 6]. Fifteen years of investigation have partly unveiled the
complexity of the transport function of cholangiocytes and of its reg-
ulation (see Fig. 2.1). Here we will limit our discussion to the aspects
that may be relevant for understanding cystogenesis in the liver.

Ultimately, secretion and alkalinization in the bile ducts is mainly
associated with a net flux of chloride (CI") and bicarbonate (HCO;')
into the lumen which induces the secretion of water and regulates
bile pH. In contrast with hepatocytes, where the major driving force
for bile production is the active secretion of bile acids by adenosine
triphosphate (ATP)-driven transporters, cholangiocytes secrete fluid
and electrolytes in response to paracrine or endocrine stimuli. A num-
ber of different ion channels and transporters have been identified and
shown to be specifically located at the basolateral or apical membrane.
As in all mammalian cells, the driving force for facilitated mem-
brane transport in cholangiocytes is provided by the Na*/K* ATPase,
which actively extrudes sodium (Na*) from the cell and, together with
potassium (K*) channels, maintains the transmembrane potential. At
the basolateral side, the Na* gradient regulates the Na*/H" exchanger
isoform 1 (NHEI) and the Na*:HCO; symporter (or Na*-dependent
CI'/HCOj5 exchanger in humans, NCHE) which mediate the reabsorp-
tion of HCO; necessary for acid extrusion, while the Na*/K*/2CI~
cotransporter (NKCC1), a major determinant of fluid secretion, medi-
ates the chloride uptake into the cell. On the apical side of the cell,
CI™ efflux is mainly mediated by a cyclic adenosine monophosphate
(cAMP) activated, slow conductance, CI~ channel encoded by the cys-
tic fibrosis transmembrane conductance regulator (CFTR). The opening
of chloride channels (CFTR) in the apical membrane leads to an
efflux of CI™ and the generation of a osmotic gradient which induces
the release of water into the lumen through aquaporines (AQP-1 and
AQP-4). The CI~ gradient regulates the Na*-independent CI"/HCO;
exchanger (AE2) which extrudes bicarbonate into the bile providing bil-
iary alkalinization, in accordance with intracellular pH. Other carriers
such as the Na*-dependent glucose transporter (SGLT1), the gluta-
mate transporter, and the ileal bile acid transporter (iBAT) expressed
on the apical membrane of cholangiocytes mediate the reabsorption of
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Fig. 2.1. Secretory function of cholangiocytes and its regulation. Left: secre-
tion and alkalinization in bile ducts is ultimately associated with a net flux of
CI” (which induces fluidification) and HCO; (alkalinization) into the lumen
mediated by specific transporters localized to the apical or basal membrane of
cholangiocytes. The Na*/K* pump creates the membrane potential necessary
for cell homeostasis and maintains the Na* gradient across the membrane
necessary for facilitated transports. At the basolateral side, the Na*/H*
exchanger NHE1 and the Na:HCO; symporter NCHET mediate the reabsorp-
tion of HCO; into the cell and the acid extrusion, while chloride uptake occurs
through the Na*/K*/CI~ cotransporter NKCC1. On the apical side, the CI~ is
released into the bile by cystic fibrosis transmembrane conductance regulator
(CFTR) inducing a parallel osmotic movement of H,O through aquaporines.
The CI'/HCO; exchanger AE2 (located at both the basolateral and the apical
membrane) mediates carbonate release into the bile. Specific Na*-dependent
apical carriers, GT and iBAT, mediate the reabsorption of glutamate and tau-
rocholate, respectively. Biliary acids are then secreted in the peribiliary plexus
via t-ASBT. Right: Choleretic hormone secretin stimulates cAMP production
by adenylate cyclase with consequent activation of CFTR via PKA mediated
phosphorylation. CI” released by CFTR promotes HCO3 secretion by AE2
and bile alkalinization. Similarly luminal purinergic nucleotides can activate a
Ca™-dependent CI~ channel and stimulate secretion. In contrast, somatostatin
decreases bile secretion and alkalinization by adenylate cyclases inhibition.

biliary constituents, such as glucose and glutathione breakdown prod-
ucts and conjugated bile acids. This is particularly important because
bile acids can stimulate proliferation of biliary epithelial cells. Biliary
bile acids are then secreted in the peribiliary plexus via t-ASBT, a
truncated isoform of the apical sodium-dependent bile acid transporter
(ASBT), or via MRP3 (multidrug-resistant protein 3), a p-glycoprotein.
This cholehepatic circulation of bile acids is also important in the
overall regulation of bile secretion.
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The secretory function of the bile ducts is finely regulated by rapid
hormone-mediated signaling. The net amount of fluid and secreted
HCO; is determined by the integration of different pro-secretory
(secretin [5], glucagon [7], VIP [8], acetylcholine [9], bombesin [10])
and anti-secretory (somatostatin [11], endothelin-1 [12]) stimuli. All
these hormone signals ultimately act on the adenylyl cyclases (ACs),
the transmembrane enzymes that regulate the intracellular level of the
second messenger cAMP, converting ATP to cAMP. Secretin, the main
choleretic hormone, increases cAMP/PKA (protein kinase A). This
activates CFTR, and consequently stimulates CI” and HCO; efflux and
inhibits the Na*/H* exchanger (NHE)-dependent Na* absorption [13,
14]. Cholinergic agonists, $-adrenergic agonists, and HCO; -mediated
signals also regulate bile secretion through the cAMP and PKA path-
way. ACs may thus represent an important means of integration of
multiple secretory signals. So far nine different isoforms of AC have
been identified (AC1-9), each displaying tissue-specific expression and
regulation. Interestingly the AC6 isoform was found to be located in
cholangiocyte cilia, thus further suggesting a correlation between ductal
bile secretion and ciliary function [15].

The secretory functions of the biliary epithelium are also regulated by
molecules (such as bile salts, glutathione, and purinergic nucleotides)
secreted by hepatocytes into the canalicular bile and delivered to recep-
tors and transporters located in the apical membrane of cholangiocytes
[S]. For instance, ATP, which is released into the bile by hepatocytes
or by cholangiocytes themselves, can bind to apical P2Y2 purinergic
receptors and stimulate apical Ca>*-activated CI~ channels and basolat-
eral Na*/H* exchanger (NHE-1), thus promoting CI~ efflux into the bile
and basolateral HCO; influx [16]. Certain bile acids may also stimu-
late cholangiocyte secretion of HCO5 by inducing ATP dependent C1
secretion by CFTR and purinergic activation of apical Ca**-activated
or volume-activated CI~ channels [17].

CHOLANGIOCYTE REACTION TO DAMAGE

Cholangiocytes possess receptors for a number of cytokines,
chemokines, and growth factors and angiogenic factors that enable
an extensive cross talk with other liver cell types, including hepato-
cytes, stellate cells, and endothelial cells [6]. This property becomes
particularly relevant when the liver or the biliary tree is damaged.
In fact, the cholangiocyte compartment can significantly expand in
response to liver injury. Cholangiocyte proliferation occurs in most
pathologic conditions, including cholestasis, viral hepatitis, and hepatic
necrosis, and represents a key mechanism of regeneration and repair,
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which ensures the integrity of the biliary tree following liver dam-
age. These “reactive” or “activated” cholangiocytes are believed to
arise from a progenitor cell compartment located in close contact
with the smallest radicals of the biliary tree, the terminal cholangioles
at the canals of Hering. Reactive cholangiocytes show a less differ-
entiated secretory phenotype, but acquire the capability to secrete a
number of proinflammatory and chemotactic cytokines and growth fac-
tors. They can recruit inflammatory and mesenchymal cells and induce
them to proliferate and to produce extracellular matrix (ECM) com-
ponents [18]. There are, in fact, intimate contacts and exchange of
signals between mesenchymal cells and reactive cholangiocytes. While
mesenchymal cells are considered the effectors of fibrosis, reactive
cholangiocytes are considered the “pacemaker of liver fibrosis™ [19].
The list of cytokines, chemokines, inflammatory factors and growth fac-
tors, and receptors that mediate the epithelial/mesenchymal cross talk
in the liver is continuously increasing. It includes interleukin-6 (IL-6),
IL-8, tumor necrosis factor-a (TNFa), interferon-y (IFNy), monocyte
chemotactic protein-1 (MCP-1), cytokine-induced neutrophil chemoat-
tractant (CINC), and nitric oxide, which regulate the immune activity
of lymphocytes and polymorphonuclear cells. Reactive cholangiocytes
also produce growth factors such as vascular endothelial growth fac-
tor (VEGF), endothelin-1 (ET-1), platelet-derived growth factor-BB
(PDGEF-BB), transforming growth factor-f2 (TGF-f2), and connective
tissue growth factor (CTGF).

In addition to establishing paracrine communications with mes-
enchymal cells, cholangiocytes may also participate in the generation of
liver fibrosis through a process of epithelial to mesenchymal transition
(EMT). EMT is a process of cellular reprogramming whereby epithelial
cells acquire some of the phenotypic and functional characteristics of
mesenchymal cells, such as the expression of fibroblast-specific mark-
ers (FSP-1, vimentin), the ability to migrate by locally dismantling the
basement membrane upon which the epithelial sheet resides, and the
ability to generate different connective tissue components (fibronectin,
collagen, elastin, tenascin). EMT may thus contribute to the accumu-
lation of activated fibroblasts in association with the loss of bile ducts.
This biological process has also been described in the pathogenesis of
organ fibrosis in the kidney [20] and lung [21]. Recent studies suggest
that EMT may also be involved in liver fibrosis [22, 23].

In response to liver injury, reactive cholangiocytes also acquire a
neuroendocrine-like phenotype and express receptors that enable them
to respond to regulation by neural terminations. In fact, reactive cholan-
giocytes express Bl and B2 adrenergic receptors, the M3 acetylcholine
receptor [24], serotonin 1A and 1B receptors [25]. During cholestasis,
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cholangiocytes can also directly secrete serotonin, thus further lim-
iting the growth of bile ducts by an additional autocrine inhibitory
loop. Furthermore, in experimental cholestasis, cholangiocytes secrete
neuropeptides, such as nerve growth factor (NGF), that can stimulate
cholangiocyte proliferation [26]. A large number of other regulatory
neurotransmitters and neuropeptides are expressed by reactive cholan-
giocytes, but will not be mentioned here. The role of neuroendocrine
signaling in cyst growth in the polycystic liver diseases has not been
experimentally addressed yet.

MECHANISMS OF CYSTIC LIVER DISEASES: CILIA
AND BEYOND

A novel concept in biliary physiology is that primary cilia are involved
in the regulation of fundamental biological activities including cell
differentiation, proliferation, and secretion [27, 28]. The presence of
primary cilia at the apical domain of cholangiocytes has long been
known; however, their role in biliary physiology remained undefined.
The discovery that mutations in several proteins relevant to ciliary func-
tion are associated with cystic diseases in several organs, including
kidney, liver, and pancreas, strongly revived interest in the function of
this organelle [29].

Primary cilia of cholangiocytes, as opposed to cilia of lung epithelial
cells, are nonmotile, but can be bent in response to changes in luminal
fluid flow, thereby transducing a mechanical force into an intracellular
calcium signal [30]. Masuyk et al. investigated ciliary function in the
biliary epithelium using microperfused rat intrahepatic bile duct units
(IBDU) and showed that changes in luminal flow increased [Ca%*]; and
inhibited forskolin-stimulated cAMP production [15]. These changes
were significantly inhibited by removal of cilia with chloral hydrate
or by silencing of ciliary protein (such as PC1 or PC2) or of adenylyl
cyclases 6 (AC6) [15, 31]. PC2 is believed to function as a nonse-
lective Ca®* channel, activated by PC1 through its C-terminus, while
AC6 is a Ca’*-inhibitable AC expressed in cilia, which interacts with
PC2. Ciliary dysfunction in ADPKD would thus reduce intracellu-
lar calcium levels, thereby increasing AC6 activity and the levels of
cAMP. It is well known that cAMP stimulates cholangiocyte secre-
tion through the Src/Ras/MEK/ERK1-2 pathway and thus can promote
cyst formation. Additionally, PC1 may have a direct transcriptional
effect mediated by the proteolytic cleavage and nuclear translocation
of its carboxy-terminal tail to the nucleus [32]. In kidney cells, PC1
was also shown to regulate the signal transducer mTOR [33, 34]. The
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constitutive activation of both these pathways results in progressive cyst
growth [33].

Much of the attention has been focused on ciliary function; how-
ever, it should be noted that morphologic alterations of cilia have
not been consistently reported in cystic liver diseases. Recent electron
microscopy studies on human ADPKD liver described heterogeneous
abnormalities on the apical surface of cyst epithelium, depending on
cyst size [35]. The epithelial cells lining small cysts (1 cm) showed a
relatively normal apical surface with cilia and microvilli represented in
the expected number and size. On the other hand, the apical surface
of medium-sized cysts (2-3 cm) showed areas free of microvilli with
rare and shortened cilia, while large hepatic cysts (3 cm) totally lack
microvilli and primary cilia. These progressive morphological abnor-
malities of primary cilia and microvilli may represent a mechanic effect
of enhanced endoluminal pressure during cyst growth, rather than a
primary consequence of defective ciliary proteins.

Most “ciliary proteins” are not exclusively expressed in cilia. For
example, PC2 is also strongly expressed in the endoplasmic reticulum
(ER), where it interacts with ryanodine or InsP3 receptors to regulate
ER and cytoplasmic calcium levels. Furthermore, the proteins encoded
by the PRKCSH and SEC63 genes are not expressed in cilia, but in the
ER. Defects of other enzymatic activities associated with the ER, such
as xylosyltransferase 2, an initiator of heparin sulfate and chondroitin
sulfate biosynthesis, have been linked to the development of renal and
liver cysts [36].

It is interesting that cyst formation is not a common reaction of the
biliary epithelium to liver damage. In obstructive cholestasis the bil-
iary epithelium reacts by forming multiple branching tubules, while in
inflammatory biliary disease the epithelium forms a ramified mesh of
reactive cells that for the most part lack a lumen. On the other hand,
conditional PC1 or PC2 mice in which the genetic deletion is induced
after birth develop multiple cysts in the liver, indicating that polycystins
remain key determinants of biliary architecture during adult life.

An important property of epithelial sheets is planar cell polarity —
the capacity to orient the axis of cell division in such a way that the
growth of the epithelial sheet is “polarized” within the plane of the cell
sheet. This means, for example, that the epithelial cells of the kidney
align their mitotic spindle along the tubule axis so that the daugh-
ter cell will be inserted in a way that elongates the tubule rather than
increases the size of its lumen. Interestingly, in rodent models with
low Pkhdl expression, the orientation of the mitotic spindle is dis-
torted [37]. Pkhdl is also localized to the basal body [29, 38—40], a
sub-cellular organelle that originates from the mother centriole in the
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centrosome and is responsible for the assembly of the cilium. Centrioles
organize the mitotic spindle and serve as microtubule organizing center
(MTOC). An anomalous cell division would result in tubule enlarge-
ment rather than tubule elongation. Direct experimental evidence for
this model in cholangiocytes has not yet been produced.

CELLULAR MECHANISMS OF LIVER CYST FORMATION
AND GROWTH

Mechanisms leading to the progressive growth of liver and kidney
cysts are being actively investigated. In both autosomal dominant and
recessive forms, liver cysts arise from an aberrant development of intra-
hepatic bile duct epithelium. During cyst expansion different factors,
including excessive fluid secretion, extracellular matrix remodeling,
increased proliferation of the epithelial cells lining the cyst, and the
pericystic vasculature, variably take part to promoting the progressive
cyst growth.

Altered Biliary Developmental Program (Ductal Plate
Malformation)

The developmental role of polycystins is evident from studies in genet-
ically modified mice and was clear to early pathologists that recognized
a morphology suggestive of a blockage in ductal plate maturation. They
classified cystic liver disease as a malformative condition.

The ontogenesis of the intrahepatic biliary tree begins around the
8th week of gestation and proceeds centrifugally from the ileum to the
periphery of the liver. Still immature at birth, the biliary tree completes
its development during the first year of life. Its formation starts when the
periportal hepatoblasts surrounding branches of the portal vein undergo
a phenotypic switch and assemble into a sheath of small flat epithe-
lial cells, called “primordial ductal plate.” Over the following weeks,
some segments of the ductal plate perimeter are duplicated by a second
layer of cells (double layered ductal plate), while the remaining sin-
gle layer portions are deleted by apoptosis. The double layered ductal
plate then dilates and starts to form a tubular structure which is incor-
porated into the mesenchyme of the developing portal space (migratory
stage) and later undergoes a branching process to form the biliary tree
[41]. Ductal plate remodeling during fetal and postnatal development
is thus a fine balance between proliferative and apoptotic processes.
A failure in ductal plate remodeling causes a number of developmental
cholangiopathies, hence classified as ductal plate malformations (DPM)
of which PKD is one [42].
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However, in humans, cysts appear to develop throughout adult life.
Mice with conditional knockout of Pkdl or Pkd2 show a progressive
formation of liver and renal cysts reminiscent of human diseases even
when the induction is performed weeks after birth [43—45]. This indi-
cates that there is also a role for polycystin in maintaining a normal
biliary architecture during adult life. It is interesting to note that there
are fundamental structural differences between ADPKD and ARPKD
liver cysts. In ADPKD, the nascent cysts detach from the original duct
and form autonomous structures that no longer communicate with the
duct; in ARPKD, cysts mostly remain open. This fundamental dif-
ference helps to explain the different clinical manifestations between
ARPKD/CHF/Caroli and ADPKD.

Altered Epithelial Fluid Secretion

Studies performed by Everson et al. on ADPKD patients have shown
that hepatic cysts are able to generate ion secretion under basal
conditions and when stimulated with secretin [46]. The increased intra-
luminal pressure may contribute to cyst expansion as secretion into
the closed cyst would stretch the lining epithelial cells and induce
proliferation. In cell culture models of epithelial cysts, increasing intra-
luminal pressure increased the rate of cell proliferation [47, 48]. Stretch
may activate apical secretion of purinergic agonists [49], major play-
ers in the regulation of cholangiocyte secretion and proliferation [16,
50]. Studies in kidney cyst cells from both ARPKD and ADPKD have
shown that the cyst epithelium releases substantial amounts of ATP in
culture [51] and expresses P2X and P2Y purinergic receptors, along
with Ca’*-stimulated CI~ channel activation [52], leading to cystic
fluid accumulation. It is presently unclear if these findings apply to
cholangiocytes as well and if purinergic signaling is actually differ-
ent from the normal epithelium. Cystic cholangiocytes appear to have
an altered intracellular Ca?* homeostasis, so without direct experi-
mental evidence, it is difficult to predict the overall role of purinergic
activation.

On the other hand, there is important cross talk between the cAMP
and the Ca’*-dependent pathways. Increased cellular cAMP content
due to the reduced Ca”*-dependent inhibition of AC6 would favor
CFTR-dependent secretory events. It is interesting to note that the
severity of ADPKD was milder in two cases in which the diseases coex-
isted with cystic fibrosis [53], a disease that impairs CFTR-dependent
CI™ secretion [54]. Consistent with these reports and the role of CFTR-
dependent secretion, small molecule CFTR inhibitors slowed cyst
growth in experimental polycystic kidney disease [55, 56].
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In spite of the evidence of active fluid secretion in cystic kidney and
liver disease, there is no definitive proof that unregulated fluid secre-
tion is actually the major pathophysiologic mechanism leading to cyst
growth in the liver. Furthermore to account for the very slow growth
rates of the cysts, the net difference between absorption and secretion
should be very subtle and constant in the face of increasing intraluminal
pressure [57].

Cholangiocyte Proliferation

Most observations indicate that increased proliferative activity of the
cystic epithelium may be the major determinant of cyst growth. As
discussed earlier, cholangiocytes lining liver cysts present functional
similarities with the reactive ductules, and express a vastly similar array
of growth factors, growth factor mediators, cytokines, and chemokines.
While in reactive ducts this property facilitates progenitor cell-mediated
liver repair, their expression in cystic cholangiocytes likely represents
the phenotypic and functional signature of a relative loss of differentia-
tion. For example, we have shown that the pattern of angiogenic factors
expression by cystic cholangiocytes in ADPKD is similar to that of the
ductal plates.

Increased epithelial levels of cAMP is one of the factors determining
the increased proliferative activity of cystic cholangiocytes and fluid
secretion [58—60]. The increased cAMP level in cystic epithelia may be
related to changes in the intracellular Ca>* homeostasis and the cross
talk with the Ca**-inhibitable adenylate cyclase 6. The relevance of
cAMP in promoting cholangiocyte growth is demonstrated by the fact
that in vivo treatment of normal rats with the adenylate cyclase (AC)
stimulator forskolin induces cholangiocyte proliferation in association
with increased activity of protein kinase A (PKA) and the activation
of the cAMP/PKA/Src/ERK1/2 cascade [61]. Inhibition of cAMP pro-
duction has been exploited as a therapeutic strategy in ARPKD. In
particular somatostatin and its analogs, such as octreotide, were used
to inhibit the secretin-induced increases in cAMP levels observed in
cholangiocytes from bile duct-ligated (BDL) rats [62]. Somatostatin
represses AC function through its receptor SSTR2, which is expressed
in the liver only by cholangiocytes [63]. Masyuk et al. showed that
octreotide, given in vivo to PCK rats, reduced liver and kidney weight,
hepatic and renal cyst volume and fibrosis, and diminished the rate of
cell proliferation in hepatic and renal epithelia [60].

The cystic fluid from patients with ADPKD also contains elevated
levels of cytokines and growth factors that could potentially promote



36 Lecchi et al.

cell proliferation and cyst expansion [64—66]. These include high lev-
els of IL-8, IL-6, EGF, and VEGF [65, 67, 68]. Histological studies
have shown a marked over-expression of estrogen receptors, insulin-
like growth factor (IGF), IGF-receptor, growth hormone receptor, and
pAKT [35, 68, 69]. Estrogens and IGF-1 are major factors able to
induce proliferation of cyst epithelium, given their capability to activate
specific proliferative and/or survival pathways. Like cAMP, estrogens
[70], IGF-1 [71] and VEGF [71] may promote cholangiocyte growth via
the ERK pathway, which is the main pathway of regulation of cholan-
giocytes proliferation. However, the strong immunoreactivity for IGF1,
IGFR-1, and pAKT in liver cysts from ADPKD patients also indicate
activation of the PI3-kinase pathway. Through this pathway IGF1 can
activate mTOR (mammalian target of rapamycin) and thus promote cell
proliferation via cyclins. In fact, phospho-mTOR is over-expressed in
the liver cystic epithelium of ADPKD patients and mouse models. It
is interesting to note that mTOR can also stimulate HIF1a-dependent
VEGF secretion.

Cystic cholangiocytes over-express VEGF, angiopoietin-1, and their
cognate receptors VEGF receptors 1, 2 and Tie-2 [68]. Thus, VEGF and
angiopoietin-1 may exert an important autocrine proliferative effect and
promote the growth of liver cysts.

Autocrine and Paracrine VEGF Signaling

Ductal plate malformations are frequently associated with an abnormal
vasculature ramification: a morphologic feature known as “pollard wil-
low pattern” which derives from an alteration in the normal relationship
between bile ducts and portal vascular structures. The close anatomic
relationship between intrahepatic bile ducts and hepatic arterial vas-
cularization is already evident during the developmental stages and it
appears to be crucial for the maintenance of the integrity and function
of the biliary epithelium [72]. In immunohistochemical studies, Fabris
et al. investigated the expression of angiogenic growth factors (VEGF
and angiopoietins) and their cognate receptors during biliary and arte-
rial development in humans and showed that, during development,
VEGF released by cholangiocytes promotes the angiogenesis of the
PBP in close vicinity to the maturing bile ducts [73]. Likewise, the PBP
support is also fundamental during ductular reaction in response to liver
damage or disease. Indeed, in many forms of liver injury, cholangiocyte
proliferation is accompanied by an increase in number of the surround-
ing vascular structures [74]. In rat models of cholangiocyte proliferation
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(common bile duct ligation), Gaudio et al. observed that a marked pro-
liferation of the PBP became apparent only after the extension of the
bile duct system occurred, underscoring the role of proliferating cholan-
giocytes in directly promoting angiogenesis [75]. Indeed they showed
a significantly higher expression of VEGF in cholangiocytes isolated
from BDL rats compared to normal rats [71].

VEGEF is one of the most potent angiogenic factors and its role in
vascular proliferation associated with tumor growth or wound healing
has been widely documented in different organs. Also in human dis-
eases related to developmental ductal plate malformation (i.e., PKD)
the dysmorphic bile ducts are surrounded by hyperplasic vascular struc-
tures. Fabris et al. showed that in the cystic biliary epithelium of
fibropolycystic liver diseases (ADPKD and Caroli disease), VEGF and
angiopoietin-1 are markedly up-regulated, together with their receptors
VEGFR?2 and Tie2, and their enhanced expression is closely related
to the microvascular density around biliary cysts [68]. In polycystic
diseases, the biliary epithelium retains thus an immature phenotype
characterized by up-regulation of VEGF and angiopoietins. The grow-
ing cysts stimulate angiogenesis to meet their need of vascular supply
for metabolic support.

VEGF production is controlled in most tissues by hypoxia-inducible
factor 1 (HIF-1), one of the key regulators of oxygen homeostasis.
HIF-1 is a transcription factor active in hypoxic conditions, and the loss
of microvillar structure and decreased microvillar density in ADPKD
liver cyst epithelium are also features consistent with an ischemic
damage [35]. However, isolated cystic cholangiocytes also overpro-
duce VEGEF, indicating that this is the direct result of the loss of
PC1 and PC2 function, rather than the consequence of the cystic
epithelium becoming hypoxic (C. Spirli et al., submitted). Mice defi-
cient in PC2, in particular, show a severe liver phenotype with higher
proliferation rate of the cystic epithelium and higher expression of
VEGF and its receptor VEGFR-2, pERK1/2 and HIF1a, suggesting
that PC2 acts as repressors of the Raf/MEK/ERK cascade in physio-
logical conditions and the lack of its function leads to activation of this
pathway and the consequent increase in proliferation (C. Spirli et al.,
submitted).

The significance of this effect is even more relevant in light of
the fact that many of the growth factors that stimulate cholangiocytes
appear to act through this pathway. The list of HIF-1-regulated genes
is ample and includes genes coding for proteins involved in angiogen-
esis, energy metabolism, erythropoiesis, cell proliferation and viability,
vascular remodeling, and vasomotor responses. Interestingly, HIF-1a
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transcription can also be stimulated in normoxic conditions by a number
of growth factors, cytokines, and extracellular mediators (IL-1, IL-6,
EGF, HGF, TGFp, 17-B-estradiol, IGF-1) which can stabilize or phos-
phorylate HIF-1a via PI3K/AKT/tuberin/mTOR or Raf/MEK/ERK or
STATS3.

Extracellular Matrix Remodeling

In the normal liver ECM is scarce, and it is essentially composed of
elastin, fibronectin, collagen type I, and collagen types III, IV, V, and
VI in low quantity [76]. However, progressive accumulation of ECM
components with an altered composition in the portal tract is a common
feature in ADPKD, where a remodeling of the ECM is a prerequisite to
allow the expansion of the cyst wall [76, 77]. These ECM abnormalities
have also been found in the renal interstitium. The progressive estab-
lishment of fibrosis within the renal interstitium as well as within the
hepatic portal space is particularly abundant in ARPKD, where dense
fibrotic tissue is formed in close vicinity to aberrant bile ducts. In con-
genital hepatic fibrosis, Ozaki et al. recently showed that connective
tissue growth factor (CTGF) is diffusely retained in the heparan sul-
fate proteoglycan web in the portal tract where it can be responsible for
non-resolving fibrosis due to persistent activation of many mast cells
and portal myofibroblasts [78]. Not surprisingly, the growth of liver
cysts requires the enhanced degradation of ECM induced by an altered
interplay between matrix metalloproteinases (MMPs) and their specific
tissue inhibitors (TIMP). MMPs are typically involved in the break-
down of extracellular matrix in embryonic development as well as in
tissue repair and remodeling. IL-8, a cytokine that has been shown to be
up-regulated in the liver cyst epithelium of animal models of ARPKD,
stimulates MMP2 and MMP9 production by endothelial cells and portal
myofibroblasts [79, 80].

Studies in PKD rodent models [81, 82] and in cultured mouse renal
tubular cells [83] showed that MMP2 was consistently increased in
cystic epithelial cells: in the PKD mouse model (C57BL/6 J-cpk),
Rankin et al. observed an increased kidney cystic cell content of
MMP-2 both in vivo [81] and in vitro [83]. Once isolated, cultured
cells were able to migrate through collagen gels, further indicating
they possess proteolytic activity. In addition, high MMP2, MMP9,
MMP3, TIMP1, and TIMP2 levels were found in the culture medium
[83]. Thus, increased expression of MMPs contributes to the over-
all reorganization and restructuring of the ECM necessary for cyst
expansion.
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NEW THERAPEUTIC STRATEGIES IN PREVENTING
CYST GROWTH

In this chapter, we reviewed the aspects of cholangiocyte physiology
and pathophysiology that are relevant for polycystic liver diseases. In
particular, we have reviewed the anatomy and the function of the biliary
tree and the mechanisms of cholangiocyte secretion and its regulation.
We have discussed the role of some of the chemokines, cytokines,
and growth factors expressed by cholangiocytes in pathologic condi-
tions and in polycystic liver diseases. Many of these factors play a
role in liver cysts growth. We have also discussed the signaling path-
ways that mediate cholangiocyte function. Each pathway represents a
potential target for therapies aimed at reducing the growth of liver cysts.
For example, the VEGF and HIF-1a signaling pathways could be tar-
geted by inhibiting VEGFR2 or using blocking antibodies to VEGF
receptors. We have shown that the treatment of ADPKD mice mod-
els with VEGFR-2 inhibitors significantly reduced liver cysts area and
decreased the VEGF-induced pERK-1/2 activation providing a proof of
concept for the potential use of anti-angiogenic therapy in polycystic
liver diseases (C. Spirli et al., submitted).
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Summary

Primary cilia are nonmotile, tubular organelles extending from
the cell plasma membrane. They are important in maintaining nor-
mal cell physiology and in many clinical disorders (i.e., cilia-related
diseases or ciliopathies) associated with abnormalities in ciliary
structure and/or function.

In the intrahepatic bile ducts, primary cilia extend from the
cholangiocyte apical plasma membrane into the ductal lumen.
Cholangiocyte cilia are sensory organelles that recognize the cur-
rent state of bile, i.e., its flow, chemical composition, and osmolality,
and transmit the related information into intracellular signaling,
1.e., function as mechano-, chemo-, and osmosensors. In contrast,
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in ciliopathies, the structural and/or functional abnormalities of
these organelles in cholangiocytes lining liver cysts are associated
with activation or down-regulation of several intracellular signal-
ing pathways, in particular, cAMP and [Ca2+]i, leading to hepatic
cystogenesis.

Key Words: Cholangiocyte, Primary cilia, Cholangiociliopathies

GENERAL INTRODUCTION TO CILIA

Cilia and flagella are present in many organisms from Chlamydomonas
reinhardtii to Caenorhabditis elegans to mammals. Structurally cilia
(single cilium, Latin for “eyelash”) and flagella are identical; the only
differences are in their length, number per cell, and type of movement
[1, 2]. The term “cilia” was originally used to describe a large num-
ber of relatively short structures such as seen in Paramecium; the term
“flagellum” was applied to a single long structure in cells such as sperm
[3]. Cilia are centriole-derived organelles consisting of a set of micro-
tubules surrounded by a membrane [2, 4-6]. Based on the microtubule
arrangements, cilia are classified as 9 + 2 (nine peripheral microtubule
doublets arranged around a central core that contains two central micro-
tubules) and 9 + 0 (contain only nine peripheral microtubule doublets).
Multiciliated cells usually possess motile 9 + 2 cilia, while nonmotile
9 + 0 (called primary) cilia are present in uniciliated cells [1, 2, 5, 7,
8]. However, some evidence suggests that this rule has exceptions. For
example, single motile cilia with 9 + 0 arrangement are present in the
embryonic node, while olfactory neurons possess many immotile 9 + 2
cilia [2]. Protozoans (e.g., Chlamydomonas, Paramecium, sea urchin
embryos) have only motile cilia and use these organelles for locomo-
tion or for moving liquid over their surface, while nematodes (e.g., C.
elegans) have only primary cilia on their sensory neurons. In contrast,
all types of cilia are found in mammals [9-11].

Mammalian motile cilia are usually present in large numbers on
cell surfaces, such as epithelial cells lining airways, ependyma and
the choroid plexus in the brain, oviduct and epididymis of the repro-
ductive tracts. These cilia beat in an orchestrated wavelike fashion and
are involved in movement of mucus in the lung and cerebrospinal fluid
in the brain or in transport of ovum and sperm along the reproductive
tracts [12].

The term “primary cilia” originates from the process of ciliogene-
sis in airway epithelial cells. During differentiation, these cells start out
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with a single cilium, called a “primary cilium”, which has only a tran-
sitory existence [3, 13]. At a later stage of the development, numerous
motile cilia (i.e., “secondary” cilia) are produced forming a ciliated bor-
der [13]. Thus, by analogy with the initial single (primary) cilium of the
airway cells, a single cilium is called “a primary cilium.”

The primary cilium is a solitary, nonmotile, long, tubular organelle
extending from the plasma membrane of the cell. With few exceptions
(e.g., nucleated blood cells, hepatocytes), primary cilia are ubiquitous
in vertebrates. They are found on epithelial cells of the bile ducts,
kidney tubules, the pancreas, and the thyroid gland as well as on non-
epithelial cells such as chondrocytes, fibroblasts, smooth muscle cells,
and neurons.

While the existence of primary cilia has been known for over a
century, the interest of biomedical scientists in these organelles has
increased only recently triggered by recognition that cilia are important
in maintaining normal cell function and that many clinical disorders
(i.e., cilia-related diseases or ciliopathies) arise from aberrant forma-
tion or function of cilia. Ciliopathies include but are not limited to
polycystic kidney diseases (PKD), situs invertus, infertility, respiratory
diseases, hydrocephalus, blindness, obesity, polydactyly, and diabetes.
The pleiotropic nature of these disorders reflects the different functions
of cilia in cell physiology [1-4, 6, 8, 9, 12, 14-18].

In this chapter, we discuss the structure and functions of cholangio-
cyte cilia in normal and pathological conditions and the role of these
organelles in the development of ciliopathies in the liver, which we call
the cholangiociliopathies [19].

STRUCTURE OF MAMMALIAN CILIA

Structurally any type of cilium is cylindrical in shape and consists of
(1) the microtubule-based membrane-covered axoneme; (ii) the matrix;
(iii) the axoneme tip; and (iv) the basal body (Fig. 3.1) [2, 3, 9, 20].
The axonemes of motile and primary cilia extending from the cell
surface into the extracellular space are highly ordered structures of nine
peripheral microtubule doublets arranged around a central core that
contains (motile cilia) or does not contain (primary cilia) two central
microtubules (Fig. 3.1). Each doublet consists of a complete micro-
tubule A and incomplete microtubule B which shares part of its wall
with the A-tubule. In motile cilia, the A-tubule of one doublet and the
B-tubule of adjacent doublet are contacted by dynein arms, which gen-
erate a bending force by sliding one doublet past another. The outer
microtubules interact with the central pair of microtubules via radial
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Fig. 3.1. Architecture of motile and primary cilia and basal body. The basal
body in both types of cilia is the same and consists of 9 triplet microtubules.
In motile cilia, the axoneme is composed of 9 doublet peripheral microtubules
and a central pair of microtubules with a 9 + 2 arrangement. Dynein arms
that have ATPase activity necessary to generate power for ciliary motility
are attached to microtubules. Each microtubule connects by radial spokes to
the sheath surrounding the central pair of microtubules. Primary cilia have 9
doublet peripheral microtubules, while the central pair is lacking (i.e., 9 + 0
axonemal arrangement).

spokes. In primary cilium, radial spokes and dynein arms are missing
[2-4, 9, 14, 20-23].

The ciliary membrane is continuous with the plasma membrane
(Fig. 3.1) but is different in lipid and protein composition. The
ciliary membrane contains a number of receptors and channels at
a higher density compared to the plasma membrane [3, 4, 23,
24]. Hundreds of proteins are expressed in cilia (complete list
can be found on the Ciliomics and Cilia Proteome Web pages:
www.sfu.ca/~leroux/ciliome_home.htm and www.ciliaproteome.org).
Signaling proteins localized to this organelle include channels such
as TRPYV; the proteins associated with polycystic kidney and liver
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diseases — polycystin-1 and -2 and fibrocystin; receptors such as
SSTR3, serotonin, angiopoietin (Tie-1 and Tie-2), Smoothened, PDGF
(PDGFa), and P2Y 5 [1, 16, 23, 25-33].

The matrix contains the intraflagellar transport (IFT, see below)
machinery necessary to assemble and maintain the ciliary axoneme
(Fig. 3.1). It is also likely that the matrix contains the components of
the intracellular signaling pathways [1, 3, 12, 23, 34].

The basal body of a primary cilium is a mature mother centriole
(Fig. 3.1). In multiciliated cells, axonemes of motile cilia emerge from
multiple newly formed centrioles [3, 9, 13, 20]. Structurally, the basal
bodies and the centrioles are identical and consist of nine triplet micro-
tubules. The junction between the axoneme and the basal body is called
the transition zone or transition region that is thought to function as a
filter regulating the passage of molecules into or out of the axoneme
[2, 4, 5, 9]. Current evidence suggests that ciliary-targeted proteins
are transported from the Golgi as vesicles, secreted at the base of the
cilia, docked at the transition zone, and then loaded onto the transport
machinery for delivery to a cilium [1, 35]. Many proteins related to
ciliary functions (for example, fibrocystin, inversin, polycystin, MKS1,
BBS proteins) are accumulated in the vicinity of the basal bodies [12].
Several mechanisms involved in triggering of proteins to the ciliary
membrane have been proposed. One of them is protein myristoylation
that results in association of protein with lipid rafts and facilitate its
ciliary targeting/retention [36]. Recent studies have identified specific
ciliary targeting motifs in some proteins, such as Smoothened, SSTR3,
polycystin-2, and the odorant responsive cyclic nucleotide-gated chan-
nel, CNGB1b [1, 34, 37, 38]. However, absence of these motifs does
not exclude targeting of proteins to cilia [16, 31]. Ciliary targeting is
also dependent on protein phosphorylation [1, 39].

Cilia in Normal Cholangiocytes

Primary cilia were first described in cholangiocytes more than 45 years
ago (i.e., in 1963) [40]. Occasionally these organelles were also seen in
the fat-storing cells (Ito cells) of diseased livers [41] but have never been
seen in hepatocytes. In the portal triad of normal rats no visible cilia are
present in hepatocytes, portal vein, and hepatic artery (Fig. 3.2a). These
organelles are observed only in the intrahepatic bile ducts (Fig. 3.2b)
extending into the ductal lumen from the cholangiocyte apical plasma
membrane.

Interestingly, along the biliary tree axis, ciliary length is proportional
to bile duct diameter: in large bile ducts, they are longer compared
to small ducts (7.35 £ 1.32 wm and 3.58 4+ 1.12 pwm, respectively;



50 Masyuk et al.

Fig. 3.2. Primary cilia in whole rat liver. (a) No visible cilia are present in the
portal vein (PV) or in the hepatic artery (HA). Magnification: x900. Insets on
the right show close up view of hepatic artery and portal vein wall. (b) Cilia
were observed only in the intrahepatic bile ducts (BD) as shown by scanning
electron microscopy (SEM). Magnification: x6,000. (¢) In large bile ducts cilia
are ~2 times longer than in small ducts (d). Scale bars: 1 mm. Reproduced
from (Am J Physiol Gastrointest Liver Physiol, 2006) with permission from
American Physiological Society/hotwire press [42].

Fig. 3.2c, d). Since the biliary tree is heterogeneous with regard to
the diameter of bile ducts, composition of proteins, and responses to
proliferative stimuli, it is possible that in small and large bile ducts
cholangiocyte cilia might perform different functions [42].

In intrahepatic bile ducts isolated from normal rats by microdissec-
tion, a single primary cilium ~7 pm in length is clearly observed on
the cholangiocyte apical membrane by scanning electron (Fig. 3.3a, b),
transmission immunofluorescent (Fig. 3.3c), and confocal microscopy
(Fig. 3.3d).

In cultured normal rat cholangiocytes (NRCs) and normal mouse
cholangiocytes (NMCs), cilia progressively grow over time (up to day
14 of post-confluence) to the maximal length of ~7-10 pm (Fig. 3.4).

Transmission electron microscopy of longitudinal sections
(Fig. 3.5a, b) and cross section (Fig. 3.5¢) demonstrates the 9 + 0
axonemal arrangement of cholangiocyte cilia (Fig. 3.5¢, inset).
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Fig. 3.3. Primary cilia in microdissected intrahepatic bile ducts. a and b: SEM
of bile duct lumen (a) shows that cholangiocyte primary cilia (b) extend from
the apical plasma membrane. Presence of cilia stained with ciliary marker anti-
acetylated a-tubulin is confirmed in isolated bile ducts by transmission (c¢) and
confocal (d) immunofluorescent microscopy. Scale bars: 50 mm (a), | mm
(b, ¢), 10 mm (d). Reproduced from (Am J Physiol Gastrointest Liver Physiol,
2006) with permission from American Physiological Society/hotwire press
[42].

Cilia in Cholangiociliopathies

Cholangiocytes are the target of a large group of acquired and
inherited liver diseases, i.e., the cholangiopathies [43]. A number
of cholangiopathies are caused by mutations in the genes encoding
ciliary-associated proteins that account for the structural and functional
characteristics of cholangiocyte primary cilia. We propose this group
of hepatic disorders be called ‘“cholangiociliopathies” [19, 44]. The
cholangiociliopathies are characterized by liver cysts and/or hepatic
fibrosis and include but not limited to autosomal dominant polycys-
tic kidney disease (ADPKD), autosomal recessive PKD (ARPKD),
nephronophthisis (NPHP), Bardet-Biedl syndrome (BBS), and Meckel
syndrome (MKS) (also see Chapter 4). The list of cholangiopathies
in general and of the cholangiociliopathies, in particular, consistently
Srows.

The mechanisms involved in the pathogenesis of cholangiocil-
iopathies are obscure. Over the past years, several hypotheses for cyst
development have been proposed. One of them, the ciliary hypothesis
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Fig. 3.4. Presence of cilia in cultured normal rat cholangiocytes (NRCs)
and normal mouse cholangiocytes (NMCs) is shown by SEM (a, b), con-
focal immunofluorescent (¢, green), and merge image of immunofluorescent
and transmission microscopy (d, red). Scale bars 1 pm (a, b) and 10 pm
(¢, d). Nuclei are stained with DAPI (¢, blue). Reproduced from (Am J
Physiol Gastrointest Liver Physiol, 2006) with permission from American
Physiological Society/hotwire press [42].

Fig. 3.5. Structure of cholangiocyte cilia by transmission electron microscopy.
Longitudinal (a, b) and cross sections (c¢) show that cholangiocyte cilia have
9 + 0 axonemal structure. Scale bars: 50 mm (¢) and 100 nm (d, e). BB — basal
body. Reproduced from (Am J Physiol Gastrointest Liver Physiol, 2006) with
permission from American Physiological Society/hotwire press [42].
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of cystogenesis, is based on the following observations: (i) many iden-
tical proteins are localized to cilia, basal body, and centrosomes; (ii)
some of these proteins form functional complexes with each other and
are involved in similar signaling pathways; and (iii) ciliary-associated
proteins are widely expressed in different organs and tissues and their
mutations lead to a similar phenotype such as cyst formation and/or
fibrosis.

Proteins implicated in the development of ciliopathies are known to
affect ciliary function and/or ciliary morphology. In ADPKD, disrup-
tion of polycystin-1/polycystin-2 complex (proteins that are involved in
disease development) in renal cilia is believed to be a major cause of
cyst formation in kidney while the structure of the cilium itself is not
affected. In contrast, in ARPKD, the morphology of these organelles
in cholangiocytes lining liver cysts is abnormal with bulbous exten-
sions present on the tip or membrane of cilia. Cystic cilia are ~2 times
shorter (3.35 £ 1.96 wm) than in normal cholangiocytes (6.63 4 1.32
pm) ranging in length from 0.21 to 6.27 wm (Fig. 3.6).

PCE rat Normal rat

Fig. 3.6. Scanning (fop) and transmission (botfom) electron microscopy of
cholangiocyte cilia in normal and PCK rats demonstrates that cilia in the PCK
rat are heterogeneous in length (a and b) and malformed (d and e) compared
to normal cholangiocytes (¢ and f). Scale bars: 1 um (a, ¢, d and f); 500 nm (b,
e). Reproduced from (Am J Pathol, 2004) with permission from the American
Society for Investigative Pathology and Stanford University Libraries/highwire
press [81].
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Ciliogenesis

Formation of any type of cilia (i.e., ciliogenesis) requires dynamic intra-
cellular remodeling that consists of four major stages: (i) generation
of centrioles; (ii) migration of the mother centriole to the cell plasma
membrane; (iii) docking of the mother centriole to the plasma mem-
brane (i.e., formation of the basal body); and (iv) formation of ciliary
axoneme (Fig. 3.7) [20]. The primary cilium arises from the preexisting
centriole, whereas motile cilia require production of multiple centrioles
de novo. Once formed, centrioles migrate to the cell surface and give
rise to many cilia [5].

Resorption of

cilia and Centriole tCen?:ole d

centriole duplication e

liberation Ebgaion
a

LI

M Spindle
= formation

Basal body
formation

Basal body
docking

Fig. 3.7. Schematic representation of ciliogenesis. Entry into the cell cycle is
preceded by ciliary resorption and liberation of centrioles. During S phase of
the cell cycle and after ciliary reabsorption, centrioles are duplicated following
their maturation during G2/M. Cilia are assembled when cells exit the cell
cycle from mitosis into G1 phase.

Centrosome, Centrioles, and Pericentriolar Material

Centrosomes, the only non-membranous organelles in vertebrate cells,
are located near the cell center in close proximity to the nucleus and
composed of four main structures: centrioles, pericentriolar material
(PCM), y-tubulin complexes, and fibers (Fig. 3.8) [45, 46]. An ani-
mal cell typically possesses two centrioles — the mother centriole (the
older of two) and the daughter centriole that are linked by intercon-
necting fibers, surrounded by PCM and positioned at 90° angel to
each other. The centriole is composed of the barrel-shaped array of
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rings
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Fig. 3.8. Structure of centrosomes. Centrosomes are located near the cell cen-
ter in close proximity to the nucleus and composed of four main structures:
mother and daughter centrioles, pericentriolar material (PCM), y-tubulin com-
plexes responsible for microtubule nucleation, and fibers that are composed of
Sfilp and centrin and act as a connection between elements of centrosome.

nine microtubules that are triplets. They form a cylindrical core with
a slight twist and composed of complete A-tubule and incomplete B-
and C-tubules [5, 20, 47]. Centrioles are typically 300-500 nm long
and ~150-200 nm in diameter [5, 48]. They are structurally different
in the pair: the mother centriole has a set of appendages at the distal end,
whereas the daughter centriole does not. The appendages are essential
for anchoring of microtubules, and the daughter centriole acquires them
in the late G2 phase of the cell cycle [46, 49-51] (Fig. 3.8).

CENTROSOME FUNCTIONS

Recent data suggest that centrosomes comprising of hundreds of pro-
teins are important organelles not only for microtubule nucleation and
organization but also for cell cycle progression, migration, ubiquitin-
proteosome degradation, cell polarity, and cilia formation [3, 5, 45-47,
50, 52-54]. During the cell cycle, centrosomes play different roles
(Fig. 3.7). In the interphase, they serve as microtubule organizing
centers and function as a scaffold to direct organelles and vesicles traf-
ficking. During mitosis, centrosomes form the mitotic spindle that is
required for cell entry into the S phase [46], although they are not
essential for this process. Finally, centrosomes are involved in the for-
mation of primary cilia. In the G1/GO phase of the cell cycle, followed
centrioles duplication, the mother centriole is recruited to the apical
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membrane to become a basal body and to generate a primary cilium
[47, 49, 50, 52-56].

Consistent with their many functions, centrosomes have been impli-
cated in a variety of human diseases. Abnormalities in the centrosomes
number, their size, and morphology have been observed in nearly all
human tumors, including breast, colon, liver, bone marrow, cervical,
and prostate cancer [49, 54, 57, 58].

Centriole Duplication

A cell inherits one centrosome with two centrioles (Fig. 3.7).
Duplication of the centrosome is initiated in the G1-S phase of the cell
cycle and is controlled by the cyclinE—Cdk2 pathway. Following physi-
cal separation of the centrioles, the daughter centriole (pro-centriole) is
formed in the close proximity of each preexisting centrioles. The pro-
centrioles continue to elongate and to mature by recruiting additional
PCM proteins [5, 20, 47, 49, 50, 56, 59].

Centriole Migration and Docking

In the G1/GO phase of the cell cycle the mother centriole is recruited to
the plasma membrane to become a basal body and to generate a primary
cilium (Fig. 3.7) [5, 20, 47, 56, 60, 61]. The mother centriole is ultra-
structurally distinguished from the daughter centriole by the presence of
distal and sub-distal appendages which are essential for the membrane
docking [13, 20].

Factors that control the centriole migration and docking are
unknown. The involvement of actin—myosin network, the activation
of different signaling pathways, the planar cell polarity proteins, and
the helix forkhead/winged family of transcription factors have been all
shown to play an important role in this processes [51, 62—-64].

Formation of the Ciliary Axoneme

The final step of ciliogenesis (i.e., the formation of the ciliary axoneme)
includes the following: (1) initiation (during this steps, the distal end
of the mother centriole is associated with the concave—convex vesi-
cle called the primary ciliary vesicle); (2) elongation (during this step,
axonemal microtubules grow from the distal part of the basal body
against the membrane of the primary vesicle forming ciliary bud); (3)
fusion (during this step, a primary cilium is emerged as a result of
fusion of the ciliary bud with cell plasma membrane); and (4) the final
elongation of the ciliary axoneme [48].
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Recently the regulation of ciliogenesis has received a great atten-
tion. Many proteins, transcriptional factors, and kinases are known to be
involved in this process [65—71]. It appears that ciliogenesis of motile
cilia might be quite different from ciliogenesis of primary cilia: in
HFH-4 knockout mice classic 9 + 2 cilia are absent, but 9 + 0 cilia
are present; and in cells possessing motile cilia, centriole migration and
docking to the apical membrane is abnormal [64, 72].

Intraflagellar Transport (IFT)

The integrity and function of cilia completely depends on the antero-
grade and retrograde microtubule-based transport of molecules along
the length of the axoneme, a process called intraflagellar transport
(IFT). First described in Chlamydomonas [73, 74], IFT was later con-
firmed in other organisms including mammals [12, 75]. The IFT system
consists of two types of motor proteins (i.e., kinesis and dynein) and
15-20 polypeptides assembled into large group of IFT particles. IFT
particles are delivered from the base to the ciliary tip at a speed of
2.5 pm/s via kinesin-driven process (i.e., anterograde transport). Once
the IFT particles reach the tip, they undergo modification that results
in inactivation of the kinesin and facilitates their retrograde return
(tip to base transport) to the cell interior at speed of 4 wm/s through
a dynein-dependent mechanism [1, 34, 35, 76, 77]. IFT polypep-
tides are organized (based on their molecular weight) into two large
complexes — A (comprising of 4-5 proteins of ~550 kDa) and B
(comprising of 12 proteins of ~710 kDa) [1, 78, 79].

In C. elegans and Chlamydomonas mutants with mutation in A-
complex proteins, cilia are shorter and the IFT particles are accumulated
along the axoneme indicating the importance of A-complex proteins in
a retrograde transport [12]. Mutations in genes that encode B-complex
proteins also lead to shortened cilia but there is no particle accumula-
tion along the ciliary axoneme, suggesting that B-complex proteins are
involved in anterograde transport [74].

Before the IFT particles enter the cilium, they gathered to the dis-
tal end on the basal body near the ciliary base. Some IFT particles
(i.e., IFT20) were also found at the lateral site of the daughter centriole
[1, 80].

Ciliogenesis in Cholangiocytes

Recent data indicate that disruption of ciliary integrity (structural and/or
functional) is a primary contributor to the PKD. Indeed, as we discussed
above, cholangiocyte cilia in liver cysts of the PCK rat, an animal model
of ARPKD, are ~2 times shorter and malformed [29, 81].
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Since primary cilia extend from a single parental centriole, it may
suggest that not only ciliary defects but also centrosomal abnormali-
ties may contribute to disease pathogenesis. It has been shown that loss
of polycystin-1 function is sufficient to produce centrosome amplifica-
tion and multiple spindles in kidney epithelia [82]. Proper positioning
of centrosomes also appears to be essential for cell development, polar-
ization, and cell function. For example, centrosomes are required for
axonal polarity of neurons — after the last mitosis, centrosomes are
found in the area where the axon will form [83, 84].

In PCK rats, number of cholangiocytes with supernumerary centro-
some is significantly increased compared to normal rats. In normal
rat cholangiocytes, centrioles are usually positioned close to one of
the cell lateral junction. In contrast, in PCK rats this distance is
increased by ~50%, while the distance between two cellular lateral
junctions did not differ in normal and cystic cholangiocytes. Centrioles
in PCK rats are heterogeneous in length, whereas in normal animals
the length of centrioles is more uniform. Several electrodense spots
and extra appendages (all indicators of centrosomal abnormalities) are
also observed in centrioles of PCK rats. In addition, growth of ciliary
axoneme in cultured PCK cholangiocytes (i.e., the final step of cili-
ogenesis) is impaired. In sub-confluent and immediate post-confluent
monolayers of normal and PCK cholangiocytes cilia are absent. They
appear in both cell lines at day 3 of post-confluence and progressively
grow over time (up to day 14). Cilia are at average ~2 times shorter
and the number of ciliated cells is decreased in the PCK cultures. Taken
together these data suggest that ciliary abnormalities observed in the
PCK rat are linked to defects in centrosome morphology, position, and
their number in cystic cholangiocytes.

FUNCTIONS OF CHOLANGIOCYTE CILIA

Cholangiocyte cilia, like primary cilia in other epithelial cells, are
located on the apical plasma membrane domain and are the sensory
organelles. They recognize the current state of bile, i.e., its flow, chemi-
cal composition, and osmolality, and transmit the related information
into intracellular signaling, i.e., function as mechano-, chemo-, and
osmosensors [19].

Cholangiocyte Cilia as Mechanosensors

For the first time, the mechanosensory function of primary cilia was
demonstrated in renal epithelia. It has been shown that bending of a
single cilium by a micropipette or by alterations in perfusate flow rates
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increases intracellular Ca?* ([Ca*];) in MDCK cells, a cultured cell
line derived from the collecting duct of canine kidney [85-87], and in
cultured mouse renal epithelial cells [88, 89]. An acute increase in fluid
flow rates in microperfused cortical collecting ducts of the rabbit and
mouse nephrons also lead to ciliary-dependent elevation of [Ca®*]; in
epithelial cells [90, 91]. The mechanosensory function of renal cilia is
provided by a cell surface receptor, polycystin-1 (PC-1), and a Ca>*
channel, polycystin-2 (PC-2), which are the ciliary membrane proteins
that may form a functional mechanosensory complex [92, 93]. Indeed, a
flow-induced [Ca?*]; signaling response in renal epithelial cells was not
observed in mouse with mutated Pkd/ and Pkd2 genes, encoding PC-1
and PC-2, respectively, and in wild-type renal epithelial cells preincu-
bated with antibodies against extracellular but not intracellular domains
of PC-1 and PC-2 [88, 89].

Bending of cholangiocyte cilia by luminal fluid flow in microp-
erfused intrahepatic bile ducts also induces an increase in [Ca2*);
(Fig. 3.9), which in turn inhibits intracellular cAMP signaling [27]. The
mechanosensory function of cholangiocyte cilia is provided by PC-1,
PC-2, and Ca®*-inhibitable adenylyl cyclase 6 (AC6) (Fig. 3.9). AC6 is
known to be colocalized with Ca2* entry channels in discrete domains
of the plasma membrane (i.e., “lipid rafts”) where its activity is inhib-
ited by extracellular Ca?* [94, 95]. Given colocalization of PC-2 and
AC6 on cholangiocyte cilia, an analogous mechanism may exist in the
ciliary membrane, i.e., the activity of AC6 is inhibited by extracellular
Ca’* entering the cell via ciliary PC-2 [27].

Cholangiocyte Cilia as Chemosensors

Primary cilia express numerous receptors, ion channels, components
of the intracellular signaling pathways, i.e., proteins that may provide
chemosensory functions of these organelles [19, 30, 96]. For exam-
ple, specific G protein-coupled receptors (i.e., chemoreceptors) which
are activated by attractants, repellents, and pheromones are expressed
in primary cilia of the sensory neurons of C. elegans [97]. Activation
of ciliary chemoreceptors increases cGMP levels, which in turn trig-
gers the opening of cGMP-gated channels transducing chemostimuli
into the neuronal activity via the cGMP-signaling pathway [97]. The
chemosensory function of cholangiocyte cilia is provided by a puriner-
gic receptor, P2Y 2, and components of the cAMP signaling cascade,
which include adenylyl cyclases (AC4, AC6, and ACS), protein kinase
A (PKA), and exchange protein directly activated by cAMP (EPAC)
[32]. P2Y 3, is activated primarily by ADP and links to the cAMP sig-
naling pathway via G;, i.e., is involved in inhibition of cAMP signaling
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Fig. 3.9. Mechanosensory function of cholangiocyte cilia. (a) Cholangiocyte
cilia (stained with an antibody to a ciliary marker, acetylated a-tubulin, green),
express polycystin-1 (PC-1), polycystin-2 (PC-2), and adenylyl cyclase 6
(AC6, all in red). Nuclei are visualized by DAPI (blue). (b) In response to
flow, PC-1 and PC-2 form functional complex providing entry of extracel-
lular calcium into the cell which subsequently increases [Ca2+];. Elevated
[Ca2+]; suppresses previously activated (e.g., by secretin) cAMP signaling
pathway possibly with the involvement of AC6. Panel a reproduced from
(Gastroenterology, 2006) with permission from Elsevier [27].

(Fig. 3.10). ADP perfused through the lumen of isolated rat intrahep-
atic bile ducts or applied to the apical surface of normal ciliated rat
cholangiocytes in culture does not affect the basal cAMP levels but
inhibits a forskolin-stimulated cAMP increase. This effect of ADP is
abolished by pharmacological removal of cilia and by siRNAs to the
gene encoding P2Y |, suggesting that extracellular signaling provided
by biliary nucleotides is transduced by cilia into intracellular cAMP
signaling [32].

Cholangiocyte Cilia as Osmosensors

Primary cilia in C. elegans sensory neurons express OSM-9, a putative
TRP (Transient Receptor Potential)-like channel protein that provides
osmosensory functions of these organelles [98]. Recently, Transient
Receptor Potential Vanilloid 4 (TRPV4) channel was identified as
mammalian homologue of OSM-9 [99, 100]. TRPV4 is a nonselec-
tive cation channel highly permeable to Ca>* and exquisitely sensitive
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Fig. 3.10. Chemosensory function of cholangiocyte cilia. (a) Expression
of P2Y 1, in cholangiocyte cilia is shown by immunofluorescent confocal
microscopy (top panels) and by immunogold SEM (bottom panels). P2Y 1>
(green) in cilia is visualized by acetylated a-tubulin (red); nuclei are stained
with DAPI (blue). Conventional SEM and backscattered images demonstrate
the ciliary expression of P2Y ;. (b) ADP present in bile activates P2Y 1,
which is linked to ACs via Gj subunit. As a result, previously elevated (e.g.,
by secretin) cAMP levels are decreased. Panel a reproduced from (Am J
Physiol Gastrointest Liver Physiol, 2008) with permission from the American
Physiological Society/hotwire press [32].

to even minute changes in osmolality of extracellular milieu, being
activated by extracellular hypotonicity and inhibited by extracellular
hypertonicity [101]. Activation of TRPV4 results in an increase in
[CaZt); through influx of extracellular Ca®* into the cell; however, the
molecular mechanisms by which hypotonicity affects TRPV4 functions
remains unknown [102].

In epithelial cells lining the oviduct, TRPV4 is localized to motile
cilia, where it may perform multiple roles [26, 103]. TRPV4 is also
expressed on cholangiocyte cilia providing their osmosensory function
(Fig. 3.11) [25]. In cultured normal mouse cholangiocytes (NMC) and
in isolated rat intrahepatic bile ducts, ciliary TRPV4 is involved in func-
tional responses of biliary epithelia to changes in fluid (bile) osmolality.
In microperfused rat intrahepatic bile ducts, hypotonicity induces an
increase in [Caz’r]i and in secretion of bicarbonate ions, which are the
major contributor to ductal bile flow [25]. In NMC transfected with
TRPV4 shRNA to suppress its expression, increase in Ca®* induced
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Fig. 3.11. Osmosensory function of cholangiocyte cilia. (a) TRPV4 is
expressed in cholangiocyte cilia as detected by co-staining of rat liver sec-
tions with antibodies to TRPV4 (red) and acetylated a-tubulin (green); nuclei
are in blue. (b) Hypotonicity of bile induces an increase in [Ca®*]; with
the involvement of TRPV4 followed by ATP release. ATP binds to P2Y
receptors expressed on cholangiocyte apical plasma membrane and enhances
bicarbonate secretion subsequently increasing bile flow. Panel a reproduced
from (PNAS, 2007) with permission from National Academy of Sciences and
Stanford University/highwire press [25].

by hypotonicity was completely abolished. Removal of cilia by chlo-
ral hydrate and suppression of TRPV4 by specific siRNAs in isolated
rat intrahepatic bile ducts also abolished both an increase in [CaZt);
and bicarbonate secretion in response to hypotonicity. Taken together
these observations suggest that ciliary TRPV4 may monitor changes in
bile osmolality and induce cholangiocyte functional responses to such
changes.

CILIARY HYPOTHESIS OF CYSTOGENESIS

The data presented above strongly suggest that cholangiocyte cilia play
an important role in normal physiology of bile duct epithelial cells
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regulating cAMP/[Ca®**]; homeostasis. It has been shown in recent
years that many proteins (e.g., PC-1 and PC-2, fibrocystin, inversin,
polaris, cystin), mutations of which are linked to cyst formation and/or
fibrotic changes in liver and kidney, are expressed in cilia. The con-
nection between cilia and fibrocystic renal and hepatic disorders was
demonstrated in several animal models including orpk [74, 104, 105],
cpk [74], and Kif3A KO [106] mice and PCK rats [29]. In these
models, the disruption of ciliary-associated proteins by spontaneous
mutations or in response to experimental manipulation results in struc-
tural and/or functional abnormalities of cilia subsequently activating or
shutting down many different cellular pathways, in particular, cAMP
and [Ca2*];.

An increase in cAMP levels is one of the common features of the
renal cystic disease. Elevated cAMP was observed in polycystic kid-
neys in different animal models [107-109] and has been shown to
play a significant role in renal cystogenesis [110, 111] while reduction
in its levels in vivo attenuates disease progression [108]. [CaZ*]; has
been also implicated in renal cystogenesis. Indeed, in ARPKD patients
[Ca2*]; levels in kidney cysts are significantly low and in cultured nor-
mal kidney cells silencing of Pkhdl (gene which is mutated in ARPKD)
decreases concentration of [Ca?*]; resulting in cell hyperproliferation
[112, 113].

The interconnection between [CaZ*]; and cAMP homeostasis in
cholangiocytes and its role in hepatic cystogenesis is supported by
observations that cholangiocytes lining liver cysts in the PCK rat are
characterized by increased cAMP concentrations [114] and decreased
levels of [Ca®*]; [115]. The changes in activity of two intracellular
signaling pathways were associated with structurally abnormal and
malformed cilia [29, 81, 114]. The elevated cAMP is responsible for
hepatic cystogenesis in the PCK rat, while a decrease of cAMP content
by octreotide halts cyst expansion in vitro and in vivo [114]. Moreover,
elevation of [Ca®*]; levels in PCK cholangiocytes significantly reduces
the rate of cell proliferation and suppresses cyst growth in culture [115].
Thus, these data support the importance of ciliary integrity and the
cAMP and [Ca®*); intracellular signaling pathways in hepatic disease
progression.

CONCLUSION

Cholangiocyte primary cilia are unique organelles that perform
numerous functions critically involved in normal physiology of bil-
iary epithelia. On the other hand, defects in cholangiocyte cilia
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structure and/or functions are likely the reasons of cholangiocil-
iopathies. Cholangiocyte cilia, like primary cilia in other epithelial
cells, extending for several micrometers from the apical plasma mem-
brane into the ductal lumen, have strategic location, which may
allow these organelles to sense the current state of bile, i.e., its
flow, chemical composition, and osmolality, and transmit the cor-
responding information into the cell via the intracellular signaling
pathways.

Colocalization of PC-1, PC-2, AC6, P2Y |, and TRPV4 on cholan-
giocyte cilia and initial functional studies show that under normal
conditions primary cilia in biliary epithelia possess multiple sensory
functions coordinating activity of the cAMP and [Ca?*]; signaling path-
ways. In contrast, under pathological conditions, ciliary structural (i.e.,
shorter and malformed cilia) and functional (mistargeting of proteins
involved in mechano-, chemo-, and osmosensory functions of cilia)
abnormalities might lead to discoordination of [CaZ*];/cAMP home-
ostasis resulting in up-regulation of the cAMP and down-regulation
of [Ca**]; signaling pathways subsequently leading to hepatic
cystogenesis.
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categories of fibrocystic liver disease. Caroli’s syndrome (CS) and
CD probably represent different presentations of the same contin-
uum. CS refers to CD in association with CHF. CHF/CS and PLD are
often part of multisystem disorders associated with fibrocystic renal
involvement. These are collectively referred to as “ciliopathies,”
since the abnormal proteins involved function on the primary cilium
or its basal body. The inheritance pattern of CHF/CS is autosomal
recessive, with rare exceptions such as the CHF associated with
X-linked oral-facial-digital syndrome type 1. The inheritance pat-
tern of PLD is autosomal dominant; the majority of patients have
autosomal dominant polycystic kidney disease (ADPKD) caused by
mutations in the PKDI or PKD2 genes. Autosomal dominant poly-
cystic liver disease (ADPLD), in which PLD is not associated with
renal cysts, refers to a genetically distinct entity caused by mutations
in the PRKCSH or SEC63 genes. CHF/CS most commonly presents
in association with autosomal recessive polycystic kidney disease
(ARPKD) caused by mutations in the PKHDI gene. Multisystem
syndromes associated with CHF/CS include Meckel, Bardet-Biedl,
and Joubert syndromes and related cerebello-hepatorenal syndromes,
renal-hepatic-pancreatic-dysplasia, and ciliary skeletal dysplasias
such as Jeune’s chondrodysplasia. Many syndromic ciliopathies dis-
play marked genotypic heterogeneity with multiple different genes
causing the same disease. This chapter will review the molecular
genetic bases of these disorders and provide an overview of novel
targeted therapies.

Key Words: Hepatorenal fibrocystic disease, Polycystic liver disease,
Congenital hepatic fibrosis, Caroli’s syndrome, Caroli’s disease, Polycystic
kidney disease, Primary cilia, Centrosome, Nephronophthisis, Joubert syn-
drome and related disorders, COACH, Meckel syndrome, Bardet-Biedl syn-
drome, Polycystin 1, Polycystin 2, Fibrocystin, Hepatocystin, Sec63, EGFR-TKI
inhibitors, Src-inhibitors, Rapamycin, Somatostatin inhibitors

INTRODUCTION

Hepatic fibrocystic diseases can be grouped into three major descriptive
categories: congenital hepatic fibrosis (CHF), Caroli’s disease (CD),
and polycystic liver disease (PLD). Caroli’s syndrome (CS) refers to
CD in association with CHF [1-3]; CD and CS probably represent dif-
ferent presentations of the same continuum because they may coexist
in different members of the same family [2]. The liver cysts in CS
are non-obstructive, saccular, or fusiform dilatations of the intrahep-
atic biliary tree; hence, they are continuous with the biliary system [2].
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In contrast, the liver cysts in PLD are isolated cysts that originate from
biliary microhamartomas (von Meyenburg complexes) embedded in
fibrous tissue; they are not part of the intrahepatic biliary tree [4, 5].
The inheritance pattern of PLD is autosomal dominant in most fami-
lies. The majority of PLD patients have autosomal dominant polycystic
kidney disease (ADPKD). Autosomal dominant polycystic liver disease
(ADPLD) refers to a genetically distinct entity in which PLD is not
associated with kidney cysts [6].

The inheritance pattern of CHF/CS is autosomal recessive in most
cases. Two rare exceptions are X-linked CHF/CS in association with
oral-facial-digital syndrome type I (OFD1) [7] and autosomal dom-
inant CHF/CS in rare atypical ADPKD families [8]. In the majority
of patients, CHF/CS is part of a multisystem disorder (Fig. 4.1) com-
monly associated with renal involvement in the form of polycystic
kidney disease (PKD), nephronophthisis (NPHP), chronic tubuloint-
erstitial nephropathy, or an isolated urinary concentration defect [8].
CHF/CS can rarely appear as an isolated finding, but no gene causing
isolated CHF/CS has been identified to date. CHF/CS most com-
monly presents as part of autosomal recessive polycystic kidney disease
(ARPKD), the most common childhood ciliopathy with an estimated
frequency of 1 in 20,000 live births [9-11]. Although all patients with

+Joubert syndrome
+JSRD (COACH, Senior-Loken)

CHF/Caroli’s

*Meckel-Gruber Syndrome
*Meckel-like syndromes

+Bardet-Biedl syndrome

+Oral-facial-digital syndromes

*Renal-hepatic-pancreatic dysplasia

«Jeune’s chondodysplasia
Cranioectodermal dysplasia
+Ellis-van Creveld syndrome

+Glomerulocystic kidney disease
*Rarely in ADPKD

Fig. 4.1. CHF/CS is usually part of a multisystem disorder commonly associ-
ated with renal involvement. Many syndromes have CHF/CS included in their
phenotypic expression.
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ARPKD have CHF as a microscopic pathology at birth, abnormal liver
echogenicity and splenomegaly may not be detectable during early
childhood because periportal fibrosis and portal hypertension are time-
dependent pathologies that progress with age. Other disorders in which
CHF is a universal finding include Meckel syndrome (MKS) [12, 13],
COACH syndrome (a subset of Joubert syndrome and related disor-
ders (JSRD) with cerebellar vermis hypoplasia, oligophrenia, ataxia,
coloboma, and hepatic fibrosis) [14, 15], and renal-hepatic-pancreatic-
dysplasia (RHPD) [16-18]. Symptomatic CHF/CS, resulting in portal
hypertension, cholangitis, or mildly elevated liver enzymes, occurs in
a subset of patients with various other ciliopathies including JSRDs
[19-21], Bardet-Biedl (BBS) [22, 23], oral-facial-digital (OFD) syn-
dromes [7, 24-26], and ciliary skeletal dysplasias such as Jeune’s
chondrodysplasia [27-29]. Whether CHF as a microscopic pathology
is a universal finding in these syndromes remains to be determined.
Asymptomatic or mild to moderately symptomatic CHF/CS might be
under-diagnosed in these syndromes, given that pathologies of other
systems often become the focus of attention and life span can be limited.

Syndromic ciliopathies display marked genotypic heterogeneity with
multiple different genes causing the same disease. Several ciliopathies
especially JSRDs, MKS, and Bardet-Biedl syndromes (BBS) display
significant phenotypic and genotypic overlap. Some ciliary genes such
as CEP290 and MKS3 are associated with a wide spectrum of clinical
phenotypes ranging from severe perinatally fatal MKS to the milder
Joubert syndrome [8].

Most proteins encoded by genes mutated in hepatorenal fibrocystic
disorders localize to the primary cilium or its basal body, suggest-
ing cilia-associated disease mechanisms [30, 31]. Exceptions to this
include ADPLD and congenital disorder of glycosylation (CDG) type
Ib-associated CHF. Primary cilia are microtubule-based antenna-like
sensory organelles that extend outward from the surface of almost all
eukaryotic cells including renal and biliary epithelium [30]. Differing
from respiratory cilia, primary cilia number one per cell (monocilia)
and are non-motile (rigid). Similar to cilia of the renal tubular epithe-
lium, cholangiocyte cilia express proteins required for chemosensory
and mechanosensory functions such as detecting luminal fluid flow
[32]. Mutations in genes encoding these cystoproteins affect the
structure and/or function of cholangiocyte cilia and cause fibrocystic
pathology in the liver (Table 4.1).

This chapter will review the molecular genetic bases of the inher-
ited hepatic fibrocystic diseases and provide an overview of the novel
targeted therapeutic approaches enabled by recent advances in our
understanding of the cellular bases of these diseases.
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AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY
DISEASE (ADPKD)

Since ADPKD occurs in approximately 1 in every 1,000 individuals,
and the majority of ADPKD patients develop PLD [33], ADPKD rep-
resents the most common cause of cystic liver disease. CS [34] and
CHF complicated by portal hypertension are rarely associated with
ADPKD [8].

ADPKD is genetically heterogeneous, with two genes identified
to date: PKDI encoding polycystin-1 (PC1) and PKD2 encoding
polycystin-2 (PC2) [35-37]. A few families do not map to these loci,
suggesting a third locus [35]. Approximately 85% of ADPKD is caused
by PKDI and 15% by PKD?2 mutations. Patients with mutations in
PKDI] and PKD2 have similar clinical manifestations, but with dif-
ferent severity and age of onset; the PKD2 mutations cause milder
symptoms with later onset of renal insufficiency [38]. PLD develops in
both PKDI- and PKD2-related ADPKD [33]. No genotype—phenotype
correlation exists for PLD. Most ADPKD patients have an affected
parent, while approximately 10% of patients develop disease due to
new mutations. Mosaicism for PKD] mutation has been reported [33].
The mutation detection rates for PKDI and PKD2 are similar at
approximately 85-90% [33]. Although PKDI and PKD?2 sequencing
is available, the diagnosis of ADPKD is still made clinically, primarily
based on imaging studies. Molecular genetic testing by sequence analy-
sis is used when imaging results are not diagnostic or when a definitive
diagnosis is required for a young adult family member, such as during
evaluation to be a kidney donor.

The PKD1 gene maps to chromosome 16p13.3 and spans 50 kb [39].
It has 46 exons encoding a large transcript of 12,909 bp [35, 36]. More
than 300 different PKDI mutations scattered throughout the gene have
been described. Most lead to truncated protein products; some are mis-
sense mutations resulting in single amino acid change. Approximately
4% are larger deletions or duplications that can be detected by a multi-
plex ligation-dependent probe amplification (MLPA) assay [33]. More
than half of PKD/ mutations are unique to a single family. Sequencing
of the PKDI gene is complicated because of the presence of multi-
ple pseudogenes on chromosome 16. ADPKD patients with truncating
PKDI mutations do not have a more severe phenotype than those with
missense mutations [40, 41]. However, mutations in the 5’ half of the
PKD1 gene are more likely to be associated with intracranial aneurysms
than those in the 3’ half [42].

The PKD2 gene spans approximately 70 kb of chromosome 4q21
[43]. Its 15 exons encode a transcript of 2,904 bp [37, 44]. More than 90
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cleaved. (Used with permission from Harris and Torres [122]).

different mutations, most of which are truncating, are scattered through-
out the gene (HGMD — ADPKD mutation database); most are unique
to a single family [44].

PKDI1 encodes PC1, a 4,303-amino acid, receptor-like transmem-
brane protein, of approximately 500 kD (Fig. 4.2). PC1 has 11
transmembrane domains, a large extracellular region, and a small intra-
cytoplasmic tail. Its large extracellular N-terminal region has several
identifiable motifs including multiple Ig-like domains that participate
in protein—protein and protein—carbohydrate interactions [36, 45]. PC1
localizes to the plasma membrane of the primary cilium and at focal
adhesions, desmosomes and adherens junctions.

PKD2 encodes PC2,al110kD protein with six transmembrane
domains (Fig. 4.2). It is found in the plasma membrane, endoplasmic
reticulum, and, like PC1, in primary cilia. PC2 is a nonselective cation
channel capable of transporting Ca’* and is a new member of the tran-
sient receptor potential (TRP) family [37]. PC1 and PC2 physically
interact at their cytoplasmic domains and form the polycystin complex.
PC1 is cleaved at its G protein-coupled receptor proteolytic site (GPS
domain); the functional importance of this cleavage is not completely
understood [46]. In addition, similar to notch signaling, the C-terminal
tail of PCI is cleaved and migrates to the nucleus [47]. In bile duct
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or renal tubular epithelial cells, cilia project into the lumen, eliciting a
Ca”* influx in response to the flow of bile or urine. It has been hypothe-
sized that PC1 acts as the sensor of flow-induced ciliary bending, while
PC2 transduces the mechanical signal into an intracellular calcium
response by transporting extracellular Ca®* into the cell [48]. Epithelial
cells in mouse models with defective PC1 (Pkdl—/-) have normal
appearing cilia, but lack the fluid-induced Ca>* response seen in normal
cells, suggesting that an intact polycystin complex is required for the
mechanosensory function of the primary cilia [49]. Changes in intracel-
lular Ca2* concentration result in multiple downstream consequences,
including cell cycle regulation and differentiation.

AUTOSOMAL RECESSIVE POLYCYSTIC KIDNEY DISEASE
(ARPKD)

All patients with ARPKD, including perinatally symptomatic patients
with predominantly renal symptoms and those who present in child-
hood or in adulthood with liver-related symptoms, have mutations in
the PKHDI gene located on chromosome 6p12. PKHDI extends over
a 0.5 Mb genomic region and has at least 86 exons, with multiple alter-
natively spliced transcripts [50, 51]. Its longest, uninterrupted, open
reading frame contains 67 exons encoding a 16 kb mRNA [50, 52].
To date, more than 300 pathogenic mutations have been described in
PKHDI. Many are unique to single families [53]. Truncating PKHD1
mutations are associated with a more severe phenotype. ARPKD
patients who survive the neonatal period have at least one missense
mutation [54].

PKHDI encodes fibrocystin/polyductin (FC), a receptor-like,
membrane-associated protein of approximately 450 kD. FC contains a
single transmembrane domain, a short C-terminal intracellular tail, and
a large extracellular N-terminal region. Its extracellular portion con-
tains several immunoglobulin-like plexin-transcription factor domains
and parallel B-helix 1 repeats [50, 51].

FC is expressed in most tissues, especially the kidney. On a subcel-
lular level, FC is expressed in the basolateral membrane, cytoplasm,
and, like PC1 and PC2, in the primary cilium. Cholangiocytes isolated
from the PCK rat, the rat model of ARPKD, develop undersized and
dysmorphic cilia, suggesting an important role for FC in ciliogenesis
[55].

FC colocalizes with PC2 at the basal bodies of primary cilia, imply-
ing a close functioning relationship between the two. A ciliary protein,
kinesin-2, acts as a linker between FC and PC2, allowing for stimula-
tion of PC2 cation channel activity [56]. The functional link between
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FPC and PC2 suggests that the mechanisms of cytogenesis in ARPKD
and ADPKD have a common pathway [56].

AUTOSOMAL DOMINANT POLYCYSTIC LIVER DISEASE
(ADPLD)

ADPLD is a genetically heterogeneous disease [57]. To date, two genes
have been identified as mutated in ADPLD patients: PRKCSH and
SEC63, encoding the proteins hepatocystin and Sec63 [58—61]. Unlike
the proteins implicated in ADPKD and ARPKD, hepatocystin and
Sec63 are not ciliary proteins but are involved in the ER processing
of proteins [6]. These two proteins account for approximately one third
of the isolated PLD patients.

The PRKCSH gene resides on chromosome region 19p13.2-13.1
[57]. Before it was identified as one of the ADPLD genes, PRKCSH was
known to encode a previously described human protein called “protein
kinase C substrate 80 K-H” or the non-catalytic “beta-subunit of glu-
cosidase II” (GIIB). GIIB itself does not have enzymatic activity but
is essential for the maturation and conservation of Glla in the endo-
plasmic reticulum. Glucosidase II is an ER-resident enzyme that plays
a vital role in carbohydrate processing, accurate folding, and quality
control of newly synthesized glycoproteins (Fig. 4.3) [62]. GIIf has
since been referred to as “hepatocystin.” Hepatocystin is highly con-
served and localizes to the lumen of the ER. It contains a low-density
lipoprotein receptor domain class A and two EF-hand domains, which
are both potential Ca®* interacting motifs, suggesting that Ca®* plays a
role in its function. ADPLD patient mutations in PRKCSH are all pre-
dicted to cause premature chain termination leading to the loss of the
highly conserved terminal four amino acids, His-Asp-Glu-Leu, which
form an ER luminal retention sequence [59]. The loss of this sequence
results in failure to retain hepatocystin in the ER. Mutant hepatocystin
is then directed to the secretory pathway and trafficked out of the cell
[63, 64].

SEC6, the second gene associated with ADPLD, is located on chro-
mosome 6 and encodes a highly conserved integral membrane protein
of the ER. Sec63 is an 83 kD protein predicted to span the ER mem-
brane three times. It contains a luminal N-terminus, a cytoplasmic
C-terminus with a coiled-coil region, and a luminal DnaJ domain
between the second and the third transmembrane span [60]. Sec63
is part of the multicomponent translocon for integral membrane and
secreted proteins. It is involved in both the posttranslational and the
cotranslational pathways. Cotranslational maturation events include
transmembrane domain integration, signal peptide cleavage, disulfide
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Fig. 4.3. The role of Sec63 and hepatocystin in glycoprotein handling in the
endoplasmic reticulum (ER). Protein translocation into the ER is facilitated
by the translocon. The Sec61 translocon associates with a second oligomeric
membrane protein complex, the Sec62—Sec63 complex. This complex contains
a cytoplasmic signal sequence receptor site that binds to newly synthesized
glycoproteins. The luminal J-domain of Sec63 facilitates recognition by ER
chaperones at the luminal exit site of the translocon. After transfer of a gly-
coprotein into the ER lumen through the translocon, three glucoses (blue
triangles) are trimmed away by glucosidase I and II, respectively, and terminal
mannoses (green hexagons) by one or more different ER mannosidases (not
shown). Glucosidase II consists of a catalytic a-subunit and a non-catalytic b-
subunit (hepatocystin). This generates a monoglucosylated glycoprotein that
binds to calnexin and/or calreticulin, two ER chaperones that are specific for
monoglucosylated core oligosaccharides (note that only calreticulin is shown).
The protein is thereby exposed to another folding factor, ERp57, a thiol oxi-
doreductase, and associates with both chaperones. Cleavage of the remaining
glucose by glucosidase II terminates the interaction with calnexin and calreti-
culin. On their subsequent release, correctly folded glycoproteins can exit the
ER. If the glycoprotein is not folded at this time, the oligosaccharides are re-
glucosylated by UDP-glucose—glycoprotein glucosyltransferase (depicted as
UDP), which places a single glucose back onto the glycan and thereby pro-
motes a renewed association with calnexin and calreticulin. If the protein
is permanently misfolded, they are recognized by a quality control receptor
and targeted for re-translocation through the translocon (ERAD). (Used with
permission from Drenth [6]).
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bond formation, trimming and transfer of N-linked glycans, chaper-
one binding, and protein folding. N-linked glycans are vital for proper
protein folding. Chaperone proteins in the ER bind to the three glu-
cose residues on the core N-linked glycan and assist in the folding of
the protein portion of the glycoprotein. Both hepatocystin and Sec63p
are localized in the ER fraction of human liver [65]. Hepatocystin is
involved in the trimming and transfer of N-glycans, and, therefore, the
proper folding of glycoproteins. This is a process that occurs immedi-
ately downstream of the Sec translocon, suggesting a functional link
between PRKCSH and SEC63 (Fig. 4.3) [6]. It is possible that several
glycosylated ciliary cystoproteins such as PC1, PC2, and FC are pro-
teins processed by Sec63 and heptocystin. Loss of function of Sec63 or
heptocystin may lead to abnormal processing, less efficient folding, and
subsequent degradation of ciliary cystoproteins. The absence of kidney
involvement in ADPLD can be due to the presence of an alternative
pathway for the maturation of glycoproteins in kidney [59].

MECKEL (GRUBER) SYNDROME (MKS)

Meckel syndrome (MKS) is a genetically heterogeneous disease. To
date five MKS causative genes, MKSI, MKS3, CEP290, RPGRIPIL,
and CC2D2A, have been identified (Table 4.1) [66-71]. MKSI is
localized to chromosome 17q21-q24 and encodes a 559-amino acid
polypeptide that contains a conserved B9 domain [67]. MKS1 protein
localizes to basal bodies and the B9 domain is a typical component of
proteins involved in the flagellar apparatus and basal body proteome
associated with ciliary function. siRNA-mediated silencing of MKS/
blocks centriole migration to the apical membrane and formation of the
primary cilium [72].

The MKS3 (TMEMG67) gene is localized on chromosome 8q24;
it encodes a 995-amino acid transmembrane protein, meckelin [66].
Meckelin contains a signal peptide, a cysteine-rich domain, a 490-
amino acid extracellular region with four sites for N-glycosylation,
seven transmembrane domains, and a 30-amino acid cytoplasmic tail.
Consistent with the MKS phenotype, MKS3 is expressed in the kidneys,
liver, and digits. On a subcellular level, meckelin localizes both to the
primary cilia and to the plasma membrane. The MKS1 and meckelin
proteins physically interact; they are required for the migration of the
basal body toward the apical membrane during primary cilia formation
[72, 73].

The MKS3 gene displays frameshift, missense, and splice site muta-
tions in several classical MKS patients who died in the perinatal period
with occipital encephalocele, cystic dysplastic kidneys, and postaxial
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polydactyly [66]. Compared with patients having MKS/ mutations,
those with MKS3 mutations are less likely to have polydactyly and
encephalocele and more likely to have milder central nervous system
(CNS) phenotypes [74-76].

MKS3 splice site and missense mutations have been identified in
individuals with Joubert syndrome. These mutations are presumed to
represent hypomorphic alleles, creating milder phenotypes in compari-
son to the more lethal mutations in MKS3 that cause Meckel syndrome
[66, 75].

The CC2D2A gene is located on chromosome 4p15. It has 38 exons;
its cDNA is 5,067 bp and encodes a 1,620-amino acid polypeptide
[70]. Its calcium binding domain is thought to function in calcium-
dependent phospholipid binding and in membrane-targeting processes.
CC2D2A-mutated patient fibroblasts demonstrate that the cells lack
cilia, suggesting a critical role for CC2D2A in cilia formation.

The CEP290 and RPGRIPIL genes are reviewed under Joubert
syndrome.

Another locus for MKS has been mapped to chromosome 11q13; the
gene has not yet been identified [77].

JOUBERT SYNDROME

Joubert syndrome is also genetically heterogeneous. To date, eight
chromosomal loci have been mapped and mutations in AHII, NPHPI,
CEP290, MKS3 (TMEMG67), RPGRIPIL, and ARLI3B genes have been
documented in patients with Joubert syndrome [19, 78].

The AHI (Abelson helper integration site 1) gene maps to chromo-
some 6q23.3 [79, 80]. It consists of 31 exons and encodes Jouberin, a
1196-amino acid protein, which contains a coiled-coil domain, an SH3
domain, and six WD40 repeats. These WD40 repeats are thought to
contribute to a variety of important functions, such as RNA processing,
vesicular trafficking, and signal transduction. The identification of sev-
eral missense mutations in the WD40 domains suggests that they play
an important role in AHI1 function [81].

NPHP] gene is localized on chromosome 2q13 and it has 20 exons. It
is located in a region flanked by two large inverted repeat elements. An
approximately 290 kb homozygous deletion of NPHP1, originally asso-
ciated only with juvenile nephronophthisis, has been identified in some
individuals with Joubert syndrome. This homozygous deletion results in
an absence of nephrocystin-1 protein. The detection rate for this muta-
tion in Joubert patients is estimated to be 1-2% [82]. Sporadic point
mutations have also been identified in NPHP1 in patients with Joubert
syndrome [83]. Nephrocystin-1 is a 733-amino acid protein localized to
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the primary cilium of the cell as well as to cell-cell adherens junctions.
It contains an SH3 domain that may mediate interactions with other
proteins such as the products of the INVS, NPHP3, and NPHP4 genes
mutated in other forms of nephronophthisis [82].

CEP290, also referred to as NPHP, is a 55-exon gene on chro-
mosome 12q21.3. CEP290 accounts for about 10-15% of Joubert
syndrome cases [84]. CEP290 encodes a 290 kD centrosomal pro-
tein, nephrocystin-6, comprised of 2,479-amino acids and contains 13
coiled-coil domains, a nuclear localization signal, six RepA/Rep +
protein KID motifs, three tropomyosin homology domains, and an
ATP/GTP-binding site motif. Nephrocystin-6 modulates the activity of
ATF4/CREB?2, a transcription factor involved in cAMP-dependent renal
cyst formation [84]. Nephrocystin-6 also interacts with a centriolar
satellite protein, PCM-1, that is involved in microtubule organization.
Depletion of CEP290 therefore disrupts the cytoplasmic microtubule
network. CEP290 and PCM-1 are intrinsically involved in ciliogene-
sis by virtue of their roles in ciliary targeting of Rab8, a small GTPase
that interacts with the BBS protein complex (see below) to promote
ciliogenesis [85].

The gene RPGRIPIL is located on chromosome 16q12.2. Exon 15
appears to be a mutational hot spot, since approximately 50% of all
reported mutations are clustered within this exon. Both truncating and
missense mutations have been identified in RPGRIPIL among JSRD
patients, while MKS patients with mutations in this gene exhibit more
severe truncating mutations [78]. RPGRIPIL encodes a 1,315-amino
acid protein containing five coiled-coil domains and two central protein
kinase C conserved regions, both necessary for protein—protein inter-
actions. The protein localizes to the basal body centrosome and ciliary
axoneme and colocalizes with the NPHP proteins NPHP4 and NPHP6
(CEP290) [86].

BARDET-BIEDL SYNDROME (BBS)

Bardet—Biedl syndrome (BBS) is another genetically heterogeneous
ciliopathy with 12 genes identified to date [87]. BBS patients dis-
play similar clinical features independent of which gene is mutated.
Approximately 20-30% of BBS patients have no mutations in any of
the 12 known BBS genes, suggesting the existence of other BBS genes.
Several of the BBS proteins localize to the centrosome and basal body.
BBS1, BBS2, BBS4, BBSS5, BBS7, BBSS, and BBS9 are part of a sta-
ble multiprotein complex referred to as the BBSome [88]. The BBSome
complex localizes to non-membranous centriolar satellites in the cyto-
plasm and to the membrane of the cilium. Since cilia lack ribosomes, all
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proteins involved in their construction and function must first be docked
to the basal body and then shuttled along the ciliary axoneme by a raft of
proteins. The BBSome interacts with Rab8 GDP/GTP exchange factor,
which localizes to the basal body and promotes extension of the ciliary
membrane and transport of proteins to the cilia [73, 88]. These proteins
form a complex with PCMI that is involved in ciliogenesis by recruit-
ing proteins necessary for centrosome replication and in organizing or
anchoring microtubules [89].

BBS1 is located on chromosome 11ql13 and is composed of 17
exons [90]. It encodes a 593-amino acid protein that contains a pre-
dicted beta-propeller domain also found in BBS2 and BBS7 proteins.
In Caenorhabditis elegans, the beta-propeller domain is expressed
exclusively in ciliated cells and localizes to transition zones and the cil-
iary axoneme [91]. BBS] mutations are responsible for approximately
20-25% of cases of BBS. BBS2 is located on chromosome 16g21 and
is composed of 17 exons. BBS2 mutations are responsible for approxi-
mately 8% of all BBS patients. It encodes a 721-amino acid protein that,
like BBS1, contains a beta-propeller domain [91, 92]. BBS3 (ARL6)
is located on chromosome 3p12—ql13 and is composed of 9 exons. It
encodes a 186-amino acid ADP-ribosylation-like factor (ARL) protein
that belongs to the Ras superfamily of small GTP-binding proteins.
This family of proteins plays an important role in membrane-associated
intracellular trafficking and in microtubule assembly [93, 94].

BBS4 is located on chromosome 15q22.3—q23 and is composed of
16 exons. It encodes a 519-amino acid protein that includes at least
10 TPR domains predicted to be involved in protein—protein interac-
tions. The BBS4 protein localizes to the basal body and centrosome
and is suspected to function as an adaptor protein that facilitates cargo
loading for microtubule-dependent intracellular transport within the cil-
ium [95, 96]. The BBSS5 gene, located on chromosome 2q31, encodes
a 342-amino acid protein. In the mouse, the BBSS protein localizes
to the basal body as well as to the ciliary axoneme in the ependy-
mal cells lining the ventricles of the brain [97]. BBS6 (MKKS) is
located on chromosome 20p12, is composed of six exons, and causes
approximately 6% of BBS [98]. It encodes a 570-amino acid protein
with homology to eukaryotic T-complex-related proteins (TCPs) and
to archeobacterial chaperonins which belong to the type II class of
chaperonins. These groups of proteins are involved in ATP-dependent
nascent protein folding. The BBS6 protein localizes to the pericentrio-
lar material and, during mitosis, to the intracellular bridges. Silencing
of BBS6 in cultured cells leads to cytokinesis defects such as multinu-
cleation and multicentrosomalization [99]. The BBS7 gene, located on
chromosome 4q27, is composed of 19 exons and encodes a 672-amino
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acid protein [100]. Like BBS1 and BBS2, BBS7 contains a predicted
beta-propeller domain near the N-terminal, is expressed exclusively
in ciliated cells, and localizes to the transition zones adjacent to the
basal bodies and the ciliary axoneme in C. elegans. Mutations in BBS7
cause structural and functional ciliary defects as well as impaired
intraflagellar transport in C. elegans [91]. BBS8 (TTC8), located on
chromosome 14q32.1, is composed of 16 exons and encodes a 531-
amino acid protein with homology to the BBS4 protein. It contains
eight TPR domains, which are typically involved in protein—protein
interactions. BBS8 also localizes to the centrosome and basal body
of ciliated cells [101], and its mutations cause structural and func-
tional ciliary and intraflagellar transport defects [91]. BBS9, located
on chromosome 7p14, was originally identified as the parathyroid hor-
mone response gene B1. The BBSY protein is widely expressed and
shares no similarity to the other BBS proteins. Its specific function is
not yet known [102]. Mutations in the BBS/0 gene located on chro-
mosome 12q are responsible for approximately 20% of individuals
with Bardet—Biedl syndrome. BBS/0 encodes a 723-amino acid pro-
tein containing three functional, conserved, chaperonin domains [103].
Like BBS6, it contains a flexible protrusion region specific to group
IT chaperonins. The BBS/1 (TRIM32) gene, located on chromosome
9q31-q34.1, encodes a 652-amino acid ubiquitin ligase protein that is a
member of the TRIM family and contains the characteristic ring finger,
B-box, and coiled—coiled motifs. BBS11 is thought to have E3 ubiqui-
tin ligase activity; it binds to myosin and ubiquitinates actin, suggesting
a role in cytoskeletal regulation [104]. BBSI2 encodes a chaperonin-
like protein of 710-amino acids. Mutations in BBSI2 are responsible
for approximately 5% of Bardet—Biedl patients. The BBS12 protein,
like BBS6 and BBS10, is related to group II chaperonins and contains
vertebrate-specific chaperonin-like sequences.

ALAGILLE SYNDROME

Two genes causing AGS have been identified [105, 106]. JAGI, located
on chromosome 20p12, is composed of 26 exons and is mutated in
approximately 90% of AGS patients [106]. Missense, nonsense, splice
site, and frameshift mutations have been reported with no mutational
hot spot identified. In approximately 7% of AGS patients, deletion
of the entire JAGI gene has been documented using fluorescence in
situ hybridization (FISH) [107]. JAG!I encodes Jagged-1, a cell surface
protein that acts as a ligand for the NOTCH transmembrane receptors.

The NOTCH? gene, located on chromosome 1p13—p11, is composed
of 34 exons. Fewer than 1% of patients with Alagille syndrome have
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NOTCH?2 mutations. To date, only two AGS causing mutations have
been identified in NOTCH2. One is a splice site mutation removing
exon 33, while the other is a missense mutation that results in the loss
of a cysteine residue in one of the EGF-like repeats of the extracellular
domain [105]. NOTCH?2 encodes a notch family transmembrane recep-
tor. It consists of multiple epidermal growth factor-like (EGF) repeats
and an intracellular domain with seven ankyrin repeats known to func-
tion in protein—protein interactions. NOTCH proteins are involved in
development through their control of cell fate decisions. They are part
of a conserved intercellular signaling pathway regulating cell-cell inter-
actions [105]. JAGI’s and NOTCH?2’s involvement in AGS suggests that
the NOTCH signaling pathway is key in the development of the organs
affected in AGS, such as the heart, biliary system, kidney, skeleton, and
eyes.

NEPHRONOPHTHISIS (NPHP)

NPHP is inherited in an autosomal recessive fashion. In a subset
of patients, NPHP may be associated with extrarenal manifestations
including congenital hepatic fibrosis, retinal degeneration (Senior—
Lgken syndrome), and cerebellar vermis aplasia (JBTS) [108]. To
date, six novel genes have been identified as causing NPHP: NPHPI,
NPHP2/inversin, NPHP3, NPHP4, NPHP5, and NPHP6 [108]. Only
a subset of NPHP patients have mutations in these genes. Mutations
in NPHP] are responsible for approximately 25% of juvenile NPHP.
Other NPHP genes are mutated in fewer than 2% of all NPHP patients.
CHF is known to be associated with NPHP2 and NPHP3 mutations.
Whether all other NPHP genes will be associated with CHF is yet to
be determined. NPHP1 encodes nephrocystin-1, a protein that local-
izes to adherens junctions and focal adhesions involved in cell-cell and
cell-basement membrane communications, respectively. Nephrocystin
interacts with other NPHP proteins, including nephrocystin-2/inversin,
nephrocystin-3, and nephrocystin-4, and with cell-cell and cell-matrix
signaling components such as focal adhesion kinase 2, tensin, and
filamin A and B [109-111].

The NPHP2 (INVS) gene located on chromosome 9q21-—q31,
encodes inversin. Mutations in NPHP2 cause infantile NPHP, leading
to end-stage kidney disease before 3 years of age. Inversin localizes
to the primary cilium and interacts with nephrocystin-1 and with p-
tubulin, which makes up the microtubule axoneme of primary cilia
[112]. Mutations in NPHP3, encoding nephrocystin-3, cause adolescent
NPHP [113]. NPHP4 encodes nephrocystin-4 (nephroretinin), a protein
in a complex with other proteins involved in cell adhesion and actin
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cytoskeleton organization, such as nephrocystin-1, tensin, filamin, and
a-tubulin [114]. The NPHPS5 gene encodes nephrocystin-5, a protein
that localizes to the primary cilia of epithelial cells and to connecting
cilia of photoreceptors, consistent with the early-onset retinitis pigmen-
tosa seen in all type 5 NPHP patients [115]. NPHP6/CEP290, which
encodes a centrosomal protein, is the cause of NPHP type 6 and JBTS
type 5 (discussed under Joubert syndrome). AHII mutations have been
detected in patients with JBTS with and without NPHP.

JEUNE ASPHYXIATING THORACIC DYSTROPHY

A subset of patients with Jeune asphyxiating thoracic dystrophy (JATD)
have mutations in the IFT80 gene [116]. IFT80 is a component of
intraflagellar transport (IFT) complex B, which is essential for the
development and maintenance of motile and sensory cilia. Knockdown
of ITF80 in zebrafish causes cystic kidneys, and knockdown in tetrahy-
mena thermophila resulted in shortened or absent cilia [116].

ORAL-FACIAL-DIGITAL SYNDROME

OFD-1 is a male-lethal X-linked dominant multisystem disorder caused
by mutations in the OFDI gene [7]. OFDI encodes a centrosome/basal
body protein required for primary cilium assembly and for left-right
axis determination. Mutations in OFD/ were found in approximately
80% of OFD-1 patients. Genomic deletions of OFD1 account for
approximately 25% of patients with negative mutation screening by
DNA sequencing [117]. No genotype—phenotype correlation for poly-
cystic kidney disease or CHF/CS exists at this time.

MOLECULAR APPROACHES TO THERAPY

Better understanding of the molecular mechanisms underlying the hep-
atorenal fibrocystic diseases has stimulated the development of novel
targeted therapies (Fig. 4.4) [48, 118-122]. Most of the initial proof
of principal animal studies and human safety and efficacy trials are
focused on the effects of these treatments in kidneys. However, some
promising medications also ameliorate the severity and retard the
progression of rate of liver disease.

Renal cyst epithelium in various rodent models of ARPKD and
ADPKD exhibits certain common characteristics. Differing from the
normal epithelium that is well differentiated, absorptive, and polarized,
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Fig. 4.4. Cellular changes associated with polycystic kidney disease (PKD).
Components and pathways that are downregulated and upregulated in PKD are
indicated. Potential treatments that target these defective pathways are shown
in red. (Used with permission from Harris and Torres [122]).

with low rates of proliferation and apoptosis, cystic epithelium is char-
acterized by de-differentiation, defective epithelial polarity, increased
proliferation and apoptosis, abnormal cell-matrix interactions, and a
secretory phenotype [52, 123, 124]. Many proteins, such as epithelial
growth factor receptors (EGFR) and water channels (aquoporins), are
mislocalized and/or overexpressed in cystic epithelium. PKD mutations
induce complex changes in renal epithelial cell phenotype associated
with activation in cAMP/Ras/Raf/ERK signaling, downstream to which
mammalian target of rapamycin (mTOR) is activated and probably
contributes to the excessive tubular epithelial cell proliferation. Two
main abnormalities, common to both renal and biliary cystic epithe-
lia, are defective calcium homeostasis and elevated cAMP (Fig. 4.2)
[52, 124, 125]. In addition, the cyst epithelium shows an abnor-
mal proliferative response to elevated cAMP, in contrast to normal
cells that are growth inhibited by cAMP through inhibition of the
Ras/Raf/MEK/ERK pathway [126]. This switch from inhibitory to pro-
liferative response to cAMP is causally related to the disturbed intracel-
lular calcium homeostasis that is secondary to the presence of defective
PKD proteins (PC1, PC2, and FC). Other intracellular abnormalities
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due to disturbance of multiple downstream pathways include an over-
active EGFR axis, abnormal WNT signaling, and defects in cell-matrix
interaction. EGFR is overexpressed and mislocalized to the apical mem-
brane of cystic renal epithelial cells in the collecting tubules [127,
128]. Similarly, Na/K-ATPase is mislocalized to the apical membrane
of cystic renal tubular cells in a mouse model of ARPKD [129]. In
normal kidneys, canonical beta-catenin-dependent WNT signaling is
active during kidney development, but only during times of injury repair
after maturation is complete. When urine flow starts in the embryo,
flow-induced ciliary signaling switches the WNT pathway from the
canonical beta-catenin-dependent to the non-canonical beta-catenin-
independent state through increased expression of inversin, the protein
mutated in infantile nephronophthisis [130]. Abnormal activation of
beta-catenin-dependent WNT signaling in mature tubules results in
cyst formation. This process involves abnormal planar cell polarity and
disturbed mitotic spindle orientation.

Although most of the data on the characteristics of cystic epithe-
lium were generated using kidney tissue, recent work on cholangio-
cytes of the PCK rat by Masyuk et al. shows similar findings [32,
131]. Cholangiocyte cilia function as mechanosensors, osmosensors,
and chemosensors. In microperfused intrahepatic bile ducts, bend-
ing of cholangiocyte cilia by luminal fluid flow induces an increase
in intracellular calcium. PC1 and PC2 are required for this response
[132]. Within the cholangiocyte, cilia signaling occurs through cAMP
with the involvement of calcium and inhibitable adenylyl cyclase 6
(AC6). Transient Receptor Potential Vanilloid 4 (TRPV4), a mam-
malian homolog of OSM-9 localized to cholangiocyte primary cilia, is
involved in the functional responses of the cholangiocytes to changes in
bile osmolality and tonicity and regulates cilia-dependent bicarbonate
secretion [32]. P2Y 12, a receptor located on cholangiocyte cilia that is
activated by biliary nucleotides, causes changes in intracellular cAMP
levels [133]. Cholangiocyte cilia also contain the components of the
AKAP (A-kinase anchoring protein) signaling complex, which include
one isoform of EPAC, an exchange protein activated directly by cAMP
(i.e., EPAC2) [32]. In normal cholangiocytes, AQP1, CFTR, and AE2
proteins are targeted to the apical membrane in response to secretin
and cAMP stimulation [134, 135]. Cholangiocytes of the PCK rat (the
homologue of human ARPKD) overexpress AQP1, CFTR, and AE2 at
the basolateral membrane. Secretin-stimulated expansion of PCK cysts
is inhibited by the basolateral application of CFTR and AE2 inhibitors.
Elevated expression and altered topography of AQP1, CFTR, and AE2
are associated with hepatic cyst expansion in ARPKD.
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Modulation of cAMP signaling via vasopressin 2 (V2) receptor
antagonists results in a beneficial effect in rodent models of cystic kid-
ney disease. However, cholangiocytes do not express V2 receptors.
Another means to regulate cellular cAMP levels is through somato-
statin’s action on SST2 receptors present in the liver and kidney. cAMP
levels are markedly elevated in bile ducts and serum of the PCK rat
compared with normal rats [136]. A somatostatin analogue, octreotide,
decreases cAMP levels in cholangiocytes and decreases mitotic indices
in hepatic and renal epithelia, suppressing hepatic cyst growth and
reducing hepatic fibrosis in the PCK rat model of ARPKD [136]. A
phase 2-3 clinical trial (NCT00426153) of octreotide using liver vol-
ume as the primary outcome parameter is underway at the Mayo Clinic
[122]. Other human trials of somatostatin inhibitors are ongoing in the
Netherlands and Italy [137].

Sweeney et al. showed that c-Src inhibitor SKI-606 ameliorates both
renal and hepatic disease in the PCK rat, with a significant reduc-
tion in biliary ductal cyst development and fibrosis [121]. Treatment
with the EGF tyrosine kinase inhibitor, gefitinib inhibited the cystic
dilatation, and improved the liver fibrosis of the intrahepatic bile ducts
of PCK rats, without any beneficial affect on renal cyst development
[138].

Sirolimus (rapamycin) inhibits cell growth and proliferation and pro-
motes apoptosis by inhibiting mTOR-mediated signaling. Treatment of
the bpk and orpk mouse models with the mTOR inhibitor rapamycin
showed effective inhibition of PKD [139, 140]. Compared with nor-
mal biliary epithelia and noncystic areas of PLD, PLD cyst lin-
ing epithelia express high levels of activated mTOR and its down-
stream effector, p-Sé6rp [141]. Qian et al. retrospectively measured
the volumes of polycystic livers and kidneys in ADPKD patients
who had received kidney transplants and participated in a prospec-
tive randomized trial that compared sirolimus-containing immuno-
suppression to a non-sirolimus regimen. The patient group treated
with sirolimus for an average of 19.4 months had an 11.9 £ 0.03%
reduction in polycystic liver volume, whereas the group treated with
tacrolimus for a comparable duration had a 14.1 £ 0.09% increase.
Currently, a prospective clinical trial of Sirolimus is underway in
Switzerland [137].

In summary, several classes of new or existing drugs may be bene-
ficial in the treatment of CHF/CS or PLD. Several of these agents are
currently under phase II or III clinical trials [122]. Although most of
these trials are primarily focused on the kidney outcome, future studies
designed for measuring outcome of the liver disease are likely in view
of the recent promising results.
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Summary

Noninvasive evaluation of patients with suspected or known
fibrocystic liver diseases is widely available using cross-sectional
imaging techniques. The various types of fibrocystic diseases, as
well as important differential diagnostic entities, can be distin-
guished from each other confidently using morphologic and func-
tional criteria. Biliary atresia, for example, may not only be suspected
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by morphologic ultrasound appearance of the liver in combina-
tion with the appropriate clinical parameters but also be proven by
cholangiogram.

When specific questions, such as communication between the bil-
lary system and the small intrahepatic cysts, need to be answered
to find the correct diagnosis, endoscopic retrograde cholangiography
(ERC) can provide the best spatial resolution as well as functional
information. ERC is considered the gold standard for evaluation of
the biliary tree and, in selected cases, may be the only modality to
demonstrate key features differentiating biliary hamartomas, poly-
cystic liver disease, and Caroli disease. However, magnetic resonance
cholangiography (MRC) has reached a level of spatial resolution that
frequently allows noninvasive delineation of these small structures
confidently in many patients.

Choledochal cysts are often diagnosed on computed tomography,
magnetic resonance tomography, or endoscopic ultrasound inciden-
tally or when evaluating a complication such as cholangitis. ERC
may be indicated to clarify the type of choledochal cyst or treat
complications such as choledocholithiasis. More invasive methods,
such as percutaneous transhepatic cholangiography or postoperative
T-tube cholangiography, are predominantly performed as an inter-
ventional procedure for the treatment of complications of fibrocystic
hepatic diseases.

Key Words: Fibrocystic liver disease, Biliary atresia, Congenital hepatic
fibrosis, Hamartoma, Choledochal cyst, Autosomal recessive polycystic liver
disease, Caroli disease, Ultrasound, Computed tomography, Magnetic resonance
cholangiopancreatography, Endoscopic retrograde cholangiopancreatography

BILIARY ATRESIA

No single procedure is consistently 100% accurate in the neonate
and young infant in diagnosing biliary atresia and excluding other
potential causes of conjugated hyperbilirubinemia, such as choledo-
chocele and neonatal hepatitis. Since rapid diagnosis and treatment
are essential to ensure the best clinical outcome, radiographic tests
may not obviate liver biopsy and intraoperative cholangiography to
establish a diagnosis. However, radiological tests often can provide
useful information in the young child with obstructive jaundice, and
sometimes can establish a diagnosis. The various common radiological
modalities (ultrasound, hepatic scintigraphy, and magnetic resonance
imaging) will be reviewed with attention to their potential strengths and
weaknesses, and an imaging approach to the neonate with obstructive
jaundice will be presented.
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Ultrasound (US) evaluation of the liver and biliary tree is best accom-
plished in the fasting infant (4 h) using a 7.5 MHz curvilinear transducer
and a 13.5 MHz (high frequency) linear array transducer. The exam
consists of systematic evaluation of the liver parenchyma, biliary sys-
tem, gallbladder, pancreas, spleen, and hepatoportal vasculature. While
there are several sonographic findings that have been associated with
biliary atresia, no single finding is specific. Humphrey et al., in a study
of 90 infants with conjugated hyperbilirubinemia (30 with biliary atre-
sia), found a diagnostic accuracy of 98% by US if a constellation
of findings are discovered [1]. The criteria include the “triangle cord
sign” (Fig. 5.1a), which is an echogenic region along the portal vein
corresponding to fibrous tissue [2], gall bladder absence or abnormal
gall bladder size and morphology (Fig. 5.1b), increased hepatic artery
diameter, and absence of the common bile duct. They also stressed
the importance of evaluating other potential signs of syndromic bil-
iary atresia, which include polysplenia (Fig. 5.2) and an interrupted
inferior vena cava [1]. In addition, findings that may influence the
surgical approach to patients with biliary atresia, such as the pres-
ence of a preduodenal portal vein (Fig. 5.3), can be identified at US
and CT (Fig. 5.3b) and other potential causes of obstructive jaundice,
particularly choledochal cyst, may be excluded.

There are multiple potential pitfalls when utilizing US in this set-
ting. First, US is extremely operator dependent, and important findings
may be overlooked by inexperienced operators. Second, the individual
US findings associated with biliary atresia, in and of themselves, lack
both diagnostic sensitivity and specificity. For example, the common
bile duct is often not visualized in normal neonates and also may be
visualized in patients with certain types of biliary atresia. The trian-
gle cord sign has a reported 84% sensitivity and 98% specificity for
biliary atresia [3] but has also been a reported finding in patients with
neonatal hepatitis and advanced cirrhosis and periportal cirrhosis [4].
A more recent report found that the triangle cord sign was absent in 6
of 20 patients with biliary atresia [5]. In addition, 25% of patients with
biliary atresia may have a gall bladder that is normal in size and mor-
phology, and conversely, an abnormal gall bladder morphology and size
also may be seen in neonatal hepatitis.

Hepatobiliary scintigraphy (HIDA) relies on the uptake of a tech-
netium 99m (TC-99m) radiolabeled agent by the hepatocytes (hep-
atocyte clearance) and subsequent excretion into the biliary system
(hepatobiliary transit time). Images are obtained at various intervals,
up to 24 h after administration of the radiotracer. The evolution of
radiopharmaceuticals has resulted in the development of agents that
work well (with reported extraction of up to 70%) in patients with
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Long Left

Fig. 5.2. Ultrasound evaluation of a patient with syndromic biliary atresia
demonstrates multiple small spleens, or polysplenia (white and black arrows),
within the left upper quadrant.

serum bilirubin levels up to 20 mg/dL [6]. Pretreatment with phenobar-
bital augments hepatic function, and thus, uptake of radiotracer, and
is therefore generally recommended. In patients with biliary atresia,
no radiotracer activity will be detected within the bowel (Fig. 5.4). If
radioactivity is detected within the bowel, biliary atresia is excluded
from the differential diagnosis in a neonate or young infant with
jaundice (Fig. 5.5).

A potential limitation of hepatobiliary scintigraphy is that hepatocyte
function must be sufficient to clear the radiotracer from the blood pool.
If hepatocyte clearance is insufficient, a false-positive examination
mimicking biliary atresia may result [7].

The use of MRC in jaundiced infants was first described by Guibaud
in 1998 [8]. The technique relies on the fluid signal from bile or mucous
within the bile ducts for visualization of the biliary tree. Guibaud
reported a sensitivity of 96-97% in diagnosing biliary atresia using
MRC [8]. Follow-up studies by different authors show mixed results
ranging from an accuracy of 82 to 98%, sensitivity of 90 to 100%, and
specificity of 77 to 96% [9,10]. Of note, these studies involved relatively
small patient populations ranging from 24 to 26 patients. False posi-
tives were reported in patients who had decreased bile secretion due to
a variety of reasons, including metabolic disorders and severe cholesta-
sis. False negatives were seen in biliary atresia patients in whom the
disease primarily affected the intrahepatic ducts [9].

A recent report in 23 patients using the hepatic-specific MRC con-
trast agent Mangafodipir has shown promising results with 100%
accuracy, specificity, and sensitivity in diagnosing biliary atresia [11].
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24 HRIDELAY

Fig. 5.4. Hepatoscintigraphy of the same 8-week-old infant with biliary atresia
displayed in Fig. 5.1 demonstrates retention of radiotracer within the liver, and
no excretion into the bowel at 24 h.

Conventional MRC relies solely on the fluid signal from bile ducts for
their visualization, whereas Mangafodipir is taken up by hepatocytes
and then excreted into the bile, which then improves its visualization.
Mangafodipir-enhanced MRC is able to visualize both the biliary sys-
tem and the secreted contrast within the intestines in patients with
patent biliary ducts. Thus, both anatomical and functional information
can be obtained using this technique, although further studies are war-
ranted owing to the small patient population of this study. Furthermore,
both conventional MRC and contrast-enhanced MRC require that the
patient fast (4 h), often require sedation, and may be limited by res-
piratory or bowel motion. Mangafodipir is not currently available in
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5 HR DELAY

Fig. 5.5. Hepatoscintigraphy of an infant with neonatal hepatitis demonstrates
a patent biliary system with radioactivity detected within the bowel (arrow)
at5h.

the United States. Gadoxetate disodium (Gd-EOB-DTPA), another hep-
atospecific contrast agent which is also excreted in the bile, is now
available in the USA [12-14]. Its FDA approved indication, however,
is detection and characterization of hepatic lesions; its value in the
evaluation of the biliary pathology has yet to be confirmed.

Given the strengths and limitations of current radiological tech-
niques for evaluating the neonate or young infant that presents with
conjugated hyperbilirubinemia, abdominal ultrasound followed by hep-
atobiliary scintigraphy (ideally after pretreatment with Phenobarbital)
is recommended as the initial imaging workup. Ultrasound is useful
in evaluating for choledochocele as a potential cause of obstructive
jaundice and may detect some of the syndromic features that can
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be seen with biliary atresia. Hepatobiliary scintigraphy can exclude
biliary atresia from the differential diagnosis if intestinal activity
is detected. Finally, MRC, particularly contrast-enhanced MRC with
Mangafodipir, shows promise in evaluating both anatomy and function,
although larger studies are needed to verify its accuracy, sensitivity, and
specificity.

AUTOSOMAL RECESSIVE POLYCYSTIC KIDNEY DISEASE
AND CONGENITAL HEPATIC FIBROSIS

The spectrum of radiographic findings associated with autoso-
mal recessive polycystic kidney disease/congenital hepatic fibrosis
(ARPKD/CHF) mirrors the phenotypic variability (see Chapter 4 and
Chapter 14). Of note, the radiographic findings of CHF can also be seen
in Meckel syndrome, tuberous sclerosis, and, rarely, autosomal domi-
nant polycystic kidney disease (ADPKD), among other conditions. The
following discussion of ARPKD/CHF will emphasize the radiographic
findings within the liver and present recommendations for an imaging
algorithm.

Severe renal involvement and minimal hepatic disease, which is
typically seen by ultrasound as enlarged, echogenic kidneys and
normal hepatic parenchyma, represents one end of the spectrum of
ARPKD/CHEF. CHF and polycystic liver disease are characterized by
US as increased echogenicity of the hepatic parenchyma, particularly
along the portal tracts, which has been attributed to periportal fibrosis
(Fig. 5.6) [15]. The left lobe of the liver, both medial and lateral
segments, may be hypertrophied, a finding demonstrated by US or CT

Trans Left Liver

Fig. 5.6. Ultrasound image from a patient with ARPKD demonstrates hetero-
geneously increased echotexture of hepatic parenchyma.
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Fig. 5.7. MRCP from the patient shown in Fig. 5.6 demonstrates diffuse
intrahepatic biliary ductal dilatation.

Fig. 5.8. Contrast-enhanced CT also from the patient shown in Fig. 5.6
showing mild to moderately dilated bile ducts: (a) axial and (b) coronal
reconstruction.

[16]. There also may be biliary ductal dilatation, which can be more
readily apparent by MRC than by US or CT (Figs. 5.7 and 5.8a, b)
[17,18]. It is important to note that the radiographic constellation of
findings of periportal fibrosis and biliary ductal dilatation is identical
to that of Caroli syndrome. As the degree of periportal fibrosis pro-
gresses, radiographic signs of portal hypertension may be seen, such as
splenomegaly and varices.
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In a child with suspected ARPKD/CHF, ultrasound is a reasonable
screening tool to assess renal morphology and hepatic parenchyma. If
portal hypertension is suspected, US can also be used to evaluate for
splenomegaly, varices, and Doppler findings of portal hypertension. US
is favored over CT as a screening tool since it does not use ionizing
radiation or intravenous contrast. However, if specific assessment of
the biliary tree is desired in a patient with ARPKD/CHEF, then MRC
should be considered as it has proven to be a low risk and more effective
method than US or CT to assess the biliary tree in children and adults
with ARPKD/CHF [17,18].

SIMPLE HEPATIC CYSTS AND AUTOSOMAL DOMINANT
POLYCYSTIC LIVER DISEASE

Simple hepatic cysts are the second most common focal lesion of the
liver after cavernous hemangioma (see Chapter 18). They occur in
2.5-4.7% of the general population and 11% in a hospital population
when examined with ultrasound [19-22]. Their solitary occurrence is
random and not associated with other hepatic findings. Once their num-
ber exceeds 10, however, another form of fibrocystic liver diseases,
such as biliary hamartomas or autosomal dominant polycystic liver dis-
ease (ADPLD), should be considered. Also, if the lesion is greater
than 1 cm in diameter, other diagnostic considerations include para-
sitic diseases such as hydatid disease, abscesses, and neoplasms such as
cystadenomas; choledochal cysts must also be considered.

Incidentally discovered hepatic cysts are often 1 cm or smaller
in size. Subcentimeter cysts are often indistinguishable from small
metastases or abscesses by CT, MR, and positron emission tomogra-
phy [9,23]. Hepatic cysts are usually round or oval, and sometimes
lobulated. They may be unilocular or septated. They are smoothly
defined with a thin or absent wall, without mural nodularity [24].
Sonographically they show an anechoic content and posterior acoustic
enhancement (Figs. 5.9a and 5.10a). They may contain debris, which
may be mobile and settle during the examination.

US, however, is not absolutely specific, and small malignancies such
as necrotic or cystic metastases, biliary cystadenocarcinomas, and lym-
phoma may have a simple cystic appearance. Even though most simple
cysts are derived from small bile ducts, a spatial relationship to the por-
tal triad is rarely seen. In fact, the typical location of a hepatic cyst is
beneath the liver capsule. If the lesions are 1 cm or smaller, further char-
acterization by other modalities utilizing intravenously administered
contrast or radiotracers may not be helpful.
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Fig. 5.9. (a) Ultrasound: smooth delineation, anechoic content, and posterior
acoustic enhancement are typical sonographic characteristics of the simple
cyst. Note small echogenic focus at the lateral wall of the cystic wall (arrow)
representing a small vessel. Hyperechoic fatty parenchyma increases the con-
spicuity of anechoic cyst. (b) Contrast-enhanced CT of the same patient
demonstrates lobulated low attenuation cyst with water density. No nodular-
ity of the wall or solid components is detected. There are two small vessels at
the periphery of the cyst that should not be confused with nodular components
of the wall (arrows, one corresponding to vessel seen on ultrasound). Note
hypodense appearance of the surrounding liver parenchyma, representing fatty
transformation (Courtesy of Dr. Patrick C. Freeny, University of Washington
Medical Center, Department of Radiology).

In addition to ultrasound, CT is the most common modality by which
small simple cysts are detected incidentally. The finding usually con-
sists of a small round, oval, or lobulated, homogeneously hypodense
lesion, which does not enhance after contrast administration (Figs. 5.9b
and 5.10b, ¢). The accuracy of the quantification of density with or with-
out contrast enhancement in CT is strongly dependent on the size of
the lesion and on the reconstructed slice thickness. If the slice thick-
ness is too thick in relation to the size of the target, incorrectly high
attenuation coefficients are measured leading to the assumption that
the lesion is not cystic. However, if intravenous contrast is adminis-
tered following a non-enhanced exam, contrast enhancement of up to
20 Hounsfield units may be seen in a simple cyst. This enhancement is
often called “pseudo-enhancement,” since it does not reflect true con-
trast accumulation through vessels, but rather, densitometrically higher
values based on volume averaging, resulting from the proximity of nor-
mally enhancing adjacent liver parenchyma. CT is one of the most
commonly used diagnostic tools to detect simple cysts and its sensitivity
has increased substantially for small cysts with the use of thinner slices



5 Radiologic Findings in the Fibrocystic Diseases 117

Fig. 5.10. Large simple cyst in segment six of the liver. (a) Ultrasound: note
that increased through transmission can also be seen in this subcapsular loca-
tion, where the posterior acoustic amplification occurs over other than hepatic
parenchyma (black arrows delineate a hyperechoic artifact). (b) CT of the same
patient: non-contrast-enhanced CT demonstrates large homogeneously hypo-
dense cyst in the right lobe of the liver without perceptible wall. Note presence
of other smaller cysts. (¢) absent enhancement of cyst wall or contents charac-
terizes this lesion as a simple cyst (Courtesy of Dr. Carlos Cuevas, University
of Washington Medical Center, Department of Radiology).

utilizing multi-channel CT scanners. However, CT also has the lowest
specificity, since density and shape are its only diagnostic parameters.

MR offers several techniques in addition to intravenous contrast
administration; this may be helpful, although not always definitive, in
the distinction between a simple cyst versus a complex cyst or solid
mass. T1-weighted imaging techniques allow identification of compo-
nents such as hemorrhage, iron, fat, or calcium. T2-weighted imaging
generates fluid-specific signal characteristics that distinguish simple
cysts from solid non-enhancing masses (Fig.5.11).

Imaging modalities utilizing radioactively labeled tracer show simple
cysts as photopenic spots. This nonspecific finding in isolation often
does not allow differentiation of cysts from other lesions and requires
further correlation with other cross-sectional imaging.
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Fig. 5.11. MRC of simple cysts: three-dimensional MRCP (single shot tech-
nique with fat suppression) demonstrates all cysts as homogeneously hyperin-
tense well-defined structures, not related to the bile duct: large simple cyst in
the dome of the liver (long arrow) has similar signal characteristics compared
to numerous small cysts (short arrows). Note mild extrahepatic bile duct dilata-
tion is secondary to removed gall bladder, no intrahepatic bile duct dilatation
is seen.

It is, therefore, of paramount importance to interpret the finding of
a focal cystic liver lesion in the context of the patient’s clinical situa-
tion and, if available, to compare the imaging findings with previous
imaging. However, simple cysts may change their size, and variability
of cyst size over time does not exclude a hepatic cyst. Other imaging
modalities that may complement each other, such as a combination of
CT and US or US and MR, are often necessary.

The radiographic similarity of simple cysts to cystic malignan-
cies, such as metastases from adenocarcinomas, sarcomas, gastroin-
testinal stroma tumors (GIST), and lymphomas, may be problematic
(Fig. 5.12). Simple cysts may also mimic cystic degeneration of solid
neoplasms after chemotherapy or embolization, as well as liquefied
hematomas, and infections, particularly fungal and bacterial abscesses.
Cystic lesions in the liver are usually well seen with US, CT, or MR and
are therefore amenable to image-guided aspiration or biopsy, if tissue
sampling is needed to establish a definitive diagnosis.

Autosomal dominant polycystic liver disease or adult polycystic
liver disease (PLD) is characterized by the presence of innumerable
well-defined cysts within both lobes of the liver. Their size varies con-
siderably between 1 mm and greater than 12 cm, and this variability of
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Fig. 5.12. Contrast-enhanced CT: Incidental finding of multiple small focal
hypodense cysts in both lobes of the liver with variable density and size,
indistinguishable from small hypovascular metastases that may have a simi-
lar appearance (Courtesy of Dr. Patrick C. Freeny, University of Washington
Medical Center, Department of Radiology).

size within one patient is a diagnostic criterion to distinguish ADPLD
from other cystic entities of the liver such as hamartomas or Caroli dis-
ease [25]. Similar to biliary hamartomas, the cysts do not communicate
with the bile ducts, since ADPLD is thought to result from progressive
dilatation of the abnormal bile ducts in microhamartomas [26]. Most
cysts have imaging features of simple fluid, but hemorrhagic cysts are
encountered not infrequently and fluid—fluid levels may be observed.

The cystic walls are smooth and usually show no septations or nodu-
larity. However, thin calcifications of the wall may be seen, which is
considered to be a sequela of chronic or remote hemorrhage or inflam-
mation (Fig. 5.13a, b) [26]. Walls of the cysts do not enhance after
administration of intravenous contrast.

The overall size of the liver is often grossly enlarged by the number
and size of the cysts; the hepatic parenchyma, however, may be signifi-
cantly compressed or replaced to such a degree that it comprises only a
small portion of the overall liver volume.

Ultrasound, CT, or MR may all show the variable degrees of involve-
ment. Also, the characteristics of simple versus complex contents and
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Fig. 5.13. Polycystic liver disease with numerous partially calcified cysts. (a)
plain film of the abdomen demonstrates multiple thin calcifications, barely sug-
gesting cystic etiology of the calcifications (b) Axial CT of the same patient
demonstrates numerous cysts, many of them calcified. Note most calcifications
are not completely circular.

calcified walls may be demonstrated by all of these modalities. CT
and US, however, are most sensitive for the detection of thin calcifi-
cations. Technetium-99m (Tc-99m) DIHIDA scintigraphy may show
largely photopenic areas in the liver representing the cysts and may
allow distinction from Caroli disease, but since more specific findings
as described above are necessary to diagnose ADPLD, US, CT, or MR
are the preferred imaging modalities.

The complications of ADPLD are well identified by US, CT, or
MR. These include symptomatic mass effect on the stomach or duo-
denum by peripherally located cysts, intrahepatic mass effect on bile
ducts and portal veins, which may result in portal vein thrombosis and
portal hypertension, and hemorrhage, infection, rupture of cysts, and
Budd—Chiari syndrome in advanced stage.

Polycystic kidneys may coexist in 40% and multiple cysts in the pan-
creas in 9% of the autosomal dominant form of polycystic liver disease
(Fig. 5.14a, b) [27].

MICROHAMARTOMAS

Microhamartomas (also called biliary hamartomas or von Meyenburg
complexes) radiographically are also sometimes called simple hepatic
cysts that arise from the biliary ductal system. Rarely they are solely
fibrous in nature. Consequently, they often have the same imaging
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Fig. 5.14. ADPLD of two different patients demonstrating variable degree
of hepatic and renal involvement of ADPLD: (a) coronal non-enhanced CT
demonstrates only moderate amount of intrahepatic cysts (arrows) and massive
enlargement of both kidneys secondary to innumerable cysts of variable size.
Asterices delineate superior-most and inferior-most cysts within each kidney.
Note that left kidney is even larger than the liver. (b) T2-weighted axial MR of
another patient with liver dominant polycystic disease replacing the majority
of hepatic parenchyma. Note numerous but relatively small cysts in both kid-
neys indistinguishable from renal tubular ectasia, with substantial amount of
renal parenchyma left intact.

appearance as simple cysts. They are only distinguished from simple
cysts by their distribution, their uniformly small size, and typically large
number. Hamartomas are usually multiple simple cysts that measure
1.5 cm or smaller, located in both lobes of the liver (Fig. 5.15a). A
communication with bile ducts is not seen [25]. The biliary ductal sys-
tem is usually normal and not ectatic or irregular. Since hamartomas
are mostly cystic in nature, they typically show no contrast enhance-
ment. However, it has been reported that the fibrous stroma that may
surround the cystic portion of the hamartoma may show enhancement
[28]. Autosomal dominant polycystic liver disease is usually associated
with a more variable cyst size and with cystic findings in the pancreas
or kidneys. However, biliary hamartomas and ADPLD may coexist.

Since von Meyenburg complexes are not connected to the biliary
tree, imaging may demonstrate the absence of a connection, therefore
helping to distinguish multiple hamartomas from Caroli disease, where
a small communication between the bile duct system and the cyst is
considered diagnostic (see below).

Magnetic resonance cholangiography is the most widely accepted
noninvasive modality used to characterize multiple cystic liver lesions.
If the number and distribution of small cystic lesions are typical, and
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Fig. 5.15. Microhamartomas: (a) three-dimensional single shot heavily T2-
weighted MR demonstrating good overview of bilobar multiple cysts in only
one acquisition. Note normal caliber of CBD and intrahepatic bile ducts.
(b) Axial thin slice heavily T2-weighted MR of the same patient accentuat-
ing hyperintense cystic character of multiple small lesions and demonstrating
absence of communication to small intrahepatic bile ducts, typical for hamar-
tomas.

no communication between the cysts and the adjacent bile duct is seen,
hamartomas are favored. If a small communication between the ducts
and the cysts is seen, Caroli disease (i.e., type V choledochal cyst by
Todani’s classification) or Caroli syndrome is likely [29]. It is impor-
tant to adjust the parameters of the MR sequences so that only fluid
containing lesions are seen and thin slices are displayed; 1.5-2 mm
slice thickness with overlapping reconstruction is the most useful in
order to confidently exclude the presence of small thin communicating
bile ducts in heavily T2-weighted images (Fig. 5.15b). If uncertainty
persists, more invasive endoscopic retrograde cholangiography (ERC),
which offers the best spatial resolution available below 1 mm, may
be performed to exclude the presence of communication with the bile
ducts [30].

Radionuclide imaging does not have sufficient resolution to offer
any additional information to the evaluation. However, hepatobiliary
scintigraphy can be used to exclude or confirm other fibrocystic entities,
such as biliary atresia (see above).

The most important differential diagnosis of biliary hamartomas is
cystic metastases, which may have an identical appearance (Fig. 5.12).
Occasionally, image-guided biopsy may be indicated for definitive
diagnosis. Superinfection of biliary hamartomas or malignant transfor-
mation into cholangiocarcinoma has been reported but are extremely
rare [31]. Both may be detected by contrast-enhanced cross-sectional
imaging modalities.
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CHOLEDOCHAL CYSTS

Choledochal cysts are part of a spectrum of biliary pathology and have
been categorized by the Todani classification system [29]. The follow-
ing section first outlines the various advantages and disadvantages of
the different imaging options for diagnosing choledochal cysts. Next,
the imaging appearance of the different types of choledochal cysts is
discussed and recommendations for specific imaging studies are given
based on type of cyst.

While choledochal cysts may be incidentally visualized by CT or
MR, the current standard of care for diagnosis and classification of
choledochal cysts is MRC [32]. MRC allows a noninvasive depiction
of very small fluid containing structures within or outside the liver
without the use of intravenous contrast. The distinction between extra-
hepatic and intrahepatic biliary cysts or a combination of the two can
be made confidently with MRC. Multi-detector computed tomogra-
phy (MRCT), with its capability to allow isotropic reformations in
any imaging planes, also is capable of demonstrating with similar
confidence the spatial relationship between the biliary cysts and the
extrahepatic ducts or the liver parenchyma. However, the inferior con-
trast resolution of MDCT as compared to MRC can limit its ability to
identify a potential communication between bile ducts and intrahepatic
cysts, and thus hampers the differentiation of non-communicating bil-
iary hamartomas from type IV and type V choledochal cysts, the latter
of which is equivalent to Caroli disease [29]. MRC is also preferred
over Tc-99m hepatobiliary scintigraphy, which was used in the past to
identify biliary communications, because of its better spatial resolution,
ease of use, faster image acquisition, and lack of the use of ionizing
radiation or an intravascular contrast agent.

Of all of the imaging modalities, the best spatial resolution is pro-
vided by conventional ERC or equivalent intraluminal contrast studies
such as T-tube cholangiogram or percutaneous transhepatic cholangiog-
raphy (PTC). ERC is still considered the gold standard in diagnosing
bile duct-related abnormalities but is not always indicated as a first
diagnostic tool given its somewhat invasive character compared to
MRCP. An additional advantage of ERC is that it allows tissue sam-
pling via biopsy or brushing of ductal segments, if cholangiocarcinoma
is suspected.

The fusiform type I cyst of the common bile duct is typically eas-
ily appreciated by MR in a coronal two-dimensional reformation or
in a three-dimensional display mode. Three-dimensional MRC thick
slab technique gives the best initial overview of the extent of the cyst,
which is actually an ectatic ductal segment rather than a true cyst
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Fig. 5.16. Choledochal cyst type I, confirmed by surgery: MRC (three-
dimensional technique, coronal view) demonstrates diffusely and fusiformly
dilated CBD with mild transition of dilatation into the right and left hepatic
duct, but no separate intrahepatic dilatation. Note mass effect on main pancre-
atic duct, which is also mildly dilated (courtesy Dr. Carlos Cuevas, University
of Washington Medical Center, Department of Radiology).

(Fig. 5.16). Thinner two-dimensional slices allow a better analysis of
potential intraluminal filling defects or irregularities of the wall that
may help distinguish a type I cyst from obstructive causalities associ-
ated with extrahepatic bile duct dilatation. Axial images demonstrate a
well-defined cystic round or oval structure in the anatomic location of
the common bile duct.

Ultrasound also can show type I cysts, if an acoustic window allows
visualization of the entire common bile duct (CBD). If the pancreatic
segment is not seen, the etiology of a fusiform-dilated CBD remains
unclear, as an obstructing mass or stone causing extrahepatic bile duct
dilatation cannot be excluded. However, in the absence of intrahepatic
bile duct dilatation, the presence of a fusiform-dilated CBD is sugges-
tive of a type I choledochal cyst. It should also be noted that in patients
who are postcholecystectomy, the CBD may also be dilated up to 1.5 cm
with no or only subtle central intrahepatic bile duct dilatation.

Type II cysts are saccular ectasias of the common hepatic or com-
mon bile duct that are usually 2-3 cm in diameter, but can also be
gigantic, holding up to 8 L of bile. Such large cysts typically are
symptomatic [33]. Rarely, it can be a challenge to distinguish fusiform
type I cysts from saccular type II cysts of the extrahepatic bile ducts
(Fig. 5.17a, b).
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Fig. 5.17. Choledochal cyst type II of the common hepatic duct: T2-weighted
single shot fast spin echo MR of the liver in an asymptomatic patient with
prostate cancer, incidental finding on surveillance MR (a) axial images at the
level of the gallbladder (%) demonstrates well-defined cystic structure with
debris/fluid level (arrow) anterior to the non-dilated common hepatic duct. (b)
Coronal image: note non-dilated CBD (arrowhead).

Type III cysts (choledochoceles) are ectatic ampullary segments of
the CDB, frequently associated with mild bile duct dilatation. They may
protrude into the duodenum or may be located in the pancreatic head
without causing any mass effect (Fig. 5.18). They may be detected by
MRCEP or CT. Since they can be small and the pancreatic head cannot
always be seen, ultrasound is less useful. However, endoscopic ultra-
sound offers excellent spatial resolution and does not suffer from lack
of an acoustic window provided normal duodenal anatomy is present
(Fig. 5.18). CT and MRCEP, or at least T2-weighted MR, are quite sen-
sitive to the detection of choledochoceles and extrahepatic bile duct
dilatation. A subtle or moderately well-defined ectatic portion of the
ampullary segment of the CBD associated with mild at least extrahep-
atic bile duct dilatation is the main finding on cross-sectional imaging
modalities (Fig. 5.18).

Type IV choledochal cysts are a combination of extrahepatic and
intrahepatic segmental ectasias of bile ducts. Since intrahepatic short
segmental bile duct dilation might be difficult to see on ultrasound and
CT, MRC is preferred to display this type of cyst. ERC, however, is
considered the gold standard and offers immediate opportunity for diag-
nostic tissue sampling or therapeutic intervention (Fig. 5.19). Various
forms of synchronous intra- and extrahepatic choledochal cysts exist,
mostly categorized as type IVa and IVb [34].

Because of the distinct imaging appearance and clinical association
with other entities, such as congenital hepatic fibrosis, the intrahepatic
type V choledochal cysts, which is identical to Caroli disease, stands out
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Fig. 5.18. Choledochocele (a) tube cholangiogram through the stump (%) of the
cystic duct following cholecystectomy: incidental finding of a small choledo-
chocele (arrow) with no to minimal mass effect on the duodenal wall, outlined
by adjacent contrast. Subtle dilatation of the CBD might also be compen-
satory effect secondary to cholecystectomy (b) different patient than on (a):
74-year-old female with an asymptomatic choledochocele located within the
head of the pancreas in the region of the ampulla. Endoscopic ultrasound
(EUS) examination demonstrates communication between this choledochocele
(white arrow) and the common bile duct (yellow arrow), Courtesy Dr. Joo Ha
Hwang, University of Washington Medical Center, Department of Medicine.
(¢) Contrast-enhanced CT demonstrates small choledochocele (black arrow)
protruding into the fluid-filled duodenum (D), P = pancreatic head (different
patient). Bile duct dilatation is not depicted (Figures (a) and (c) are courtesy of
Dr. Patrick C. Freeny, University of Washington Medical Center, Department
of Radiology).

from other forms of biliary ductal cysts and will be discussed separately
below.

Imaging also has a role in the detection of associated complica-
tions. These are mainly the sequelae of mass effect by the dilated
extrahepatic bile ducts and include cholestasis and cholelithiasis,
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Fig. 5.19. Choledochal cyst type IV: ERC demonstrates large cyst type I of
the CBD associated with massive bile duct dilatation of the entire intrahep-
atic bile duct system. Note contrast filling defects in the left ductal system
(arrows) representing accumulation of debris, preventing exclusion of small
obstructing cholangiocarcinoma without performing brushing or biopsy sam-
pling (courtesy of Dr. Patrick C. Freeny, University of Washington Medical
Center, Department of Radiology).

cholangitis, pancreatitis, duodenal obstruction, bile leak, biliary cir-
rhosis, and portal hypertension. Detection of the rare development of
cholangiocarcinoma within the dilated ductal segments of any form
of ectasia is one of the most important and challenging tasks of
imaging.

CAROLI DISEASE

Caroli disease represents the type V choledochal cyst and manifests as
intrahepatic biliary ductal ectasias. Two forms of Caroli disease have
been described [35]: a non-hereditary form, which involves one hepatic
lobe only, usually the left, sometimes confined to a single segment, and
a hereditary form, which is the most commonly encountered, involving
both lobes with multiple biliary fusiform or saccular dilatations [36]. In
both forms, the retained communication between the bile ducts and the
sacculations distinguishes Caroli disease from all other forms of cysts
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related to fibrocystic diseases of the liver. Consequently, the demon-
stration of a persisting communication between bile ducts and “cysts”
is one of two main diagnostic criteria. MRC is capable of demonstrat-
ing not only segmentally dilated small bile ducts or small cysts in close
proximity to bile ducts but also the diagnostically important identifi-
cation of a communication between bile ducts and cysts (Fig. 5.20).
If doubt of a communication between bile ducts and “cysts” persists,
ERC may be indicated (Fig. 5.21). ERC was the gold standard to dis-
tinguish biliary sacculations from non-communicating cysts until MRC
was introduced.

Cross-sectional imaging modalities show biliary sacculations as
multiple segmental or bilobar simple cysts, often indistinguishable
from multiple simple cysts and biliary hamartomas. For better distinc-
tion, the “central dot sign” has been established for Caroli disease as
a second characteristic diagnostic criterion [37,38]. The central dot
sign represents the fibrovascular stalk of the portal triad surrounded
by the adjacent dilated segment of bile duct and is best seen on
contrast-enhanced CT or MR (Fig. 5.22). However, ultrasound and non-
enhanced MR can also show this feature [26,38]. Biliary cysts and
hamartomas have lost their communication to the bile ducts and are
detached from the portal triad. Thus, they do not surround the portal
triads and thus do not produce the central dot sign.

Fig. 5.20. Caroli disease: three-dimensional fat suppressed single shot MRCP
demonstrates normal central bile ducts and clear communication (arrows)
between peripheral small dilated bile ducts and globular ectasias (“cysts”).
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Fig. 5.21. Caroli disease: T-tube cholangiogram in a patient following chole-
cystectomy demonstrates non-dilated central intra- and extrahepatic bile ducts,
but massively ectatic terminal bile ducts peripherally within both lobes,
proving communication to “cysts.”

Caroli syndrome, defined as the combination of intrahepatic biliary
ductal ectasia and congenital hepatic fibrosis, may be detected by US,
CT, or MR. However, again, MRC is the most sensitive and specific at
identifying the communication between bile ducts and “cysts.”

Complications of Caroli disease include demonstration of cholan-
gitis, abscess formation, hepatolithiasis, and portal hypertension, the
latter particularly in the presence of hepatic fibrosis. Also, the detection
of cholangiocarcinoma, which is reported to have a prevalence of 7%
in patients with Caroli disease or syndrome, is an important imaging
contribution to the workup of these patients [39].
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Fig. 5.22. Caroli disease — central dot sign: (a) Contrast-enhanced fat sup-
pressed axial gradient echo T1-weighted MR in late arterial phase of same
patient as in Fig. 5.20 demonstrates dilated bile ducts surrounding a cen-
tral vessel (arrows), representing the portal vein. (b) Coronal image of the
same patient using the same technique demonstrates close spatial relationship
between portal vessels and dilated bile ducts (arrows) in a long orientation.

SUMMARY

Radiological imaging has a pivotal role in the diagnosis of fibrocys-
tic diseases. Functional imaging modalities, such as Tc-99 DIHIDA
scintigraphy, can demonstrate absence of bile ducts. Other cross-
sectional methods, such as US, CT, or MR, are indispensable tools to
identify and characterize cystic and fibrocystic abnormalities. These
modern imaging techniques, including MRC, allow noninvasive dis-
tinction between isolated intrahepatic cysts, biliary irregularities, and
communicating ductal sacculations. The radiological detection of often
severe complications of fibrocystic diseases, such as abscess formation,
portal hypertension, and cholangiocarcinoma, contributes significantly
to the management and thus the clinical outcome of these patients.
When differential diagnostic entities, such as cystic metastases or
complications such as cholangiocarcinoma cannot be excluded confi-
dently, image-guided tissue biopsy offers a relatively safe and reliable
alternative.
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Summary

Fibrocystic liver diseases may occur in isolation or present as auto-
somal dominant or recessive polycystic disease. Abnormal embry-
ologic development of the ductal plates is thought to be the common
underlying cause of this diverse group of hepatic and biliary tract
lesions. They also share common histopathological features includ-
ing intrahepatic bile ductal dilatation and hepatic fibrosis of various
degrees. These lesions can be clinically silent or lead to clinically
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obvious symptoms and signs. The pathology of these lesions is
discussed in this chapter.

Key Words: Fibrocystic disease, Polycystic liver, Ductal plate malformation

INTRODUCTION

Fibrocystic diseases of the liver constitute a spectrum of heteroge-
neous groups of related hepatic and biliary tract lesions. These lesions
share two common histopathological characteristics: dilatation of the
intrahepatic bile ducts and variable degrees of hepatic fibrosis. They
can occur alone or in association with abnormalities of other organs.
Abnormal embryologic development of the ductal plates is thought to
be the underlying etiology. These diseases may be asymptomatic or may
cause various signs and symptoms, including portal hypertension, gas-
trointestinal bleeding and infection. Each of these lesions has unique
pathologic features but may overlap to some degree in the gross or
microscopic findings (Tables 6.1 and 6.2). The following is a concise
review of the pathology of these diseases.

JAG1/NOTCH SEQUENCE AND ALAGILLE SYNDROME

Alagille syndrome, also known as arteriohepatic dysplasia, is a rare
autosomal dominant inherited disease. It occurs in 1 in 70,000 live
births. The disorder is associated with several developmental abnor-
malities including cholestatic liver disease, congenital heart disease,
peculiar facial appearance, posterior embryotoxon in the eye, and
butterfly-shaped vertebral arch deficits [1-4].

Mutations of the Jaggedl (JAGI) gene on chromosome 20p12 and
mutations of the Notch-2 receptor have been reported to cause Alagille
syndrome [5]. JAGI is a ligand of the Notch receptors. The Notch
signaling pathway plays a vital role in the regulation of cell differen-
tiation, thereby controlling neurogenesis, hematopoiesis, myogenesis,
somitogenesis, endocrinogenesis, and adipogenesis. Activation of the
Notch signaling pathway requires the binding of JAG/ to the Notch
receptors. Disruption of the JAG1/Notch sequence thus leads to embry-
onic developmental abnormalities of many organs, including the liver.
Notch signaling has been shown to be essential in the development of
the biliary tree during ductal plate remodeling. Hepatoblast and mature
hepatocyte transdifferentiation into cholangiocytes is controlled by the
Notch signaling pathway. It has been shown that mutation in the JAG 1
gene leads to overexpression of the hepatocyte growth factor (HGF)
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gene which has been demonstrated to be the most critical protein in
liver development. The overexpression of HGF is thought to result in
increased differentiation of the hepatic stem cells to hepatocytes and
less to biliary cells, thus causing bile duct paucity. Of note, alteration in
the expression of JAGI and Notch has also been reported in the course
of chronic liver diseases [1,2,4,6,7].

Cholestatic liver disease in Alagille syndrome is due to the paucity of
the intrahepatic bile ducts. The predominant histological finding in the
liver is the absence of bile ducts within the portal areas (Fig. 6.1). The
ratio of interlobular bile ducts to the number of portal areas is between
0.9 and 1.8 in normal children, whereas in Alagille syndrome, this ratio
is significantly reduced to between 0.0 and 0.4. Bile duct loss is pro-
gressive due to chronic, continuous damage to the biliary epithelium.
Cholangiodestructive lesions characterized by proliferation of reactive
ductules accompanied by portal inflammation and fibrosis are seen in
early infancy. Rare cases of extensive fibrosis and progression to cir-
rhosis and hepatocellular carcinoma have been reported [8]. The degree
of cholestasis varies, ranging from mild to progressive liver failure, and
is particularly prominent during the first year of life. Other histological
findings include giant cell transformation, patchy pseudoxanthomatous
change, and copper accumulation in periportal hepatocytes [7].

Fig. 6.1. A portal tract shows the absence of interlobular bile ducts in Alagille
syndrome (Masson trichrome stain, courtesy of Dr. Dhanpat Jain, Department
of Pathology, Yale University).

BILIARY ATRESIA

Biliary atresia is the most common cause of neonatal cholestasis and
the main indication for liver transplantation in young pediatric patients.
This congenital disorder occurs in approximately 0.5-3.2 of 10,000 live
births. It is a progressive inflammatory fibrosing obliterative disorder
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of the biliary tract of unknown etiology [9,10]. A single segment or
the entire extrahepatic biliary tree is completely fibrotic leading ulti-
mately to ductopenia, and eventual biliary cirrhosis. In the majority of
the patients, the bile ductal malformation is an isolated entity; however,
other abnormalities which have been designated as the biliary atresia
splenic malformation syndrome (BASM) (i.e., situs inversus, polysple-
nia, absence of inferior vena cava) are seen in approximately 10% of
affected infants [11].

Biliary atresia is classified into two forms. The “early” or embry-
onic/fetal form is seen in 15-35% of cases and the “late” or peri-
natal/acquired form affects 65-85% of cases [12]. It is also divided
into two anatomical subtypes: correctable and uncorrectable [13].
Chromosomal abnormalities such as trisomy 18, trisomy 21, or Turner
syndrome have been associated with the embryonic form [14].

The gross appearance of the liver changes as the disease progresses
from the early to the late stage. Initially, the liver appears enlarged
and dark green without regenerative nodules. As fibrosis progresses
and cirrhosis develops, the liver becomes finely nodular and subse-
quently diffusely cirrhotic (Figs. 6.2 and 6.3). The macronodular cir-
rhosis with peripheral micronodular fibrotic areas can grossly resemble
focal nodular hyperplasia. The bile ducts are dilated, sometimes with
thickened walls and are filled with dark green/black inspissated bile.
Microscopically, there are cholestasis and portal tract changes similar
to those seen in adult large bile duct obstruction. The portal tracts are
expanded by edema, neutrophilic infiltrate, and a prominent periportal
ductular reaction. Inspissated bile may be present within the ductular

Fig. 6.2. Gross photo of an explant with biliary atresia-induced cirrhosis,
characterized by the greenish nodules. Courtesy of Dr. Chao-Cheng Huang,
Department of Pathology, Chang Gung Memorial Hospital, Kaohsiung,
Taiwan.
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Fig. 6.3. Cirrhosis due to biliary atresia. The photomicrograph shows cirrhotic
nodules of variable sizes. Inspissated bile is present within the ductal structures
(hematoxylin and eosin stain, 100x magnification). Courtesy of Dr. Chao-
Cheng Huang, Department of Pathology, Chang Gung Memorial Hospital,
Kaohsiung, Taiwan.

Fig. 6.4. Early biliary atresia. The photomicrograph shows cholestasis and por-
tal tract changes similar to those seen in adult large bile duct obstruction.
Portal tracts are expanded by edema, inflammatory infiltrate, and prominent
periportal ductular reaction. There is fibrous portal expansion. Inspissated bile
is also present within the ductular structures (arrow) (hematoxylin and eosin
stain, 100x magnification). Courtesy of Dr. Chao-Cheng Huang, Department
of Pathology, Chang Gung Memorial Hospital, Kaohsiung, Taiwan.

structures (Fig. 6.4). Periportal fibrosis with bridging fibrosis may be
seen. Portal fibrosis is progressive and the severity depends on the age
at diagnosis and the duration of ductal obstruction. By 5 months of age,
the number of interlobular bile ducts is significantly reduced. About
15% of cases show giant cell transformation of hepatocytes [14,15].
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POLYCYSTIC KIDNEY DISEASE

Autosomal Recessive Polycystic Kidney Disease (ARPKD)

Polycystic kidney disease can be transmitted as either an autosomal
dominant or an autosomal recessive trait. Autosomal recessive poly-
cystic kidney disease (ARPKD), with an estimated incidence of 1 in
20,000, occurs less frequently than autosomal dominant polycystic kid-
ney disease (ADPKD). The clinical characteristics of ARPKD include
cystic dilatation of collecting ducts of the kidney and hepatic abnor-
malities (bile duct dysgenesis and periportal fibrosis). Mutations in a
single gene, polycystic kidney and hepatic disease 1 (PKHD1), located
on chromosome 6p21, have been identified as the cause of ARPKD
[16-18].

ARPKD is generally considered to be a disorder of infants. Detection
of greatly enlarged echogenic kidneys typically occurs in utero or dur-
ing the neonatal period in the majority of patients. In approximately
50% of cases, associated hepatic abnormalities develop, including hep-
atomegaly, increased hepatic echogenicity on ultrasound, and dilated
intrahepatic bile ducts. A small number of cases are diagnosed in older
children or teenagers. These older patients general present with the
manifestations of portal hypertension. Rarely, ARPKD is diagnosed in
adults [19, 20].

Individuals who survive beyond the neonatal period and into adult-
hood often have complications associated with both renal and hepatic
abnormalities. The kidneys are massively enlarged but usually still
maintain the normal shape. Numerous subcapsular microcysts less than
3 mm in diameter, running perpendicularly to the cortex, are grossly
visible. Microscopically, the nephrons show cystic dilatations, specif-
ically limited to the collecting tubules with a few cysts in other parts
of the nephrons. The cysts are lined by flattened epithelium. The
severity of the renal disease correlates with the number of affected
nephrons [21].

The hepatic lesions in ARPKD seldom give rise to grossly vis-
ible cysts. The liver shows portal enlargement, periportal fibrosis,
numerous dilated bile duct profiles (ductal plate malformation), and
hypoplasia of portal vein branches leading to portal hypertension.
Congenital hepatic fibrosis and/or Caroli disease is often seen in
ARPKD. It has been unclear whether isolated congenital hepatic fibro-
sis and Caroli disease are separate disease entities or part of the
spectrum of ARPKD. A recent study has suggested that congenital
hepatic fibrosis and Caroli disease are indeed part of the ARPKD
spectrum [22, 23].
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Autosomal Dominant Polycystic Kidney Disease and Polycystic
Liver Disease

Polycystic liver disease (PLD) is a benign, autosomal dominant congen-
ital disorder, existing either as an isolated condition or in association
with autosomal dominant polycystic kidney disease (ADPKD) [24].
PLD is rare, usually asymptomatic and incidentally diagnosed. Autopsy
series show a prevalence of 0.13-0.6%. Approximately 30% of cases of
PLD are associated with ADPKD [25]. Increasing age, severity of renal
cystic disease, severity of renal dysfunction, and exogenous female
steroid hormone ingestion are risk factors for hepatic cyst development
and progression. While the lifetime risk of PLD is equal among men
and women, greater numbers and larger sizes of hepatic cysts are seen
in women [26].

PLD has been linked to mutations in three distinct genes: PKDI,
PKD2, and PRKCSH (protein kinase C substrate 80 K-H). PKDI muta-
tions are more prevalent and lead to greater disease severity compared
to PKD2 mutations. Patients with PKD2 mutations develop later onset
of disease and have an increased life expectancy of approximately 16
years. Mutations in PKDI and PKD?2 are characteristically seen in
patients with concomitant renal and liver cystic disease. Patients with
isolated liver cystic disease typically have mutations in the PRKCSH
gene [24, 26].

In contrast to the renal function loss often seen in renal cystic dis-
ease, liver function is usually not diminished and liver failure rarely
occurs even with widespread hepatic disease. Symptoms can include
abdominal pain, early satiety, and shortness of breath secondary to
abdominal distention. Complications include infection, cyst rupture,
and hemorrhage [24, 27].

The development of multiple cysts within the liver is gradual and
spread widely throughout both lobes. The cysts vary in number and
size, ranging from <0.1 to 12 cm or greater in diameter (Fig. 6.5).
They contain serous fluid and have no communication with the biliary
tract. They are lined by cuboidal or columnar epithelium. However,
larger cysts are lined by flat epithelium (Fig. 6.6). When collapsed,
the cyst wall appears corrugated and loose connective tissue is seen
within the lumen. Pus and cholangitic abscess are seen when the
cysts are infected. Von Meyenburg complexes (a cluster of irregu-
larly shaped, duct-like structures embedded in a fibrous stroma) are a
frequent feature (Fig. 6.7) and are occasionally associated with cav-
ernous hemangioma. The supporting stroma is dense and/or hyalinized
in the area of the von Meyenburg complexes, otherwise it is scanty
[26]. A mild chronic inflammatory cell infiltrate may be seen within
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Fig. 6.5. A gross photo showing an autosomal dominant polycystic kidney dis-
ease (ADPKD)-associated polycystic liver with many variable-sized cysts that
contain serous fluid.

Fig. 6.6. The photomicrograph shows polycystic liver with the cystic cavity
lined by cuboidal, columnar to flat epithelium (hematoxylin and eosin stain,
200x magnification).

the stroma. Cholangiocarcinoma, congenital hepatic fibrosis, and mitral
valve prolapse have been reported to be associated with polycystic liver
disease [28-31].

CAROLI DISEASE AND CAROLI SYNDROME

Caroli disease (CD) is a congenital condition in which the larger
(segmental) intrahepatic bile ducts are dilated. Patients present with
recurrent episodes of fever and right upper quadrant pain [32].
Jaundice and elevated liver tests occur when there is blockage of the
common bile duct [33-36]. Complications include abscess formation,
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Fig. 6.7. Von Meyenburg complex. This is a frequent feature associated with
polycystic liver disease. The photomicrograph shows the presence of polycys-
tic liver (arrowhead) along with a von Meyenburg complex (arrows, cluster
of irregularly shaped, duct-like structures embedded in the fibrous stroma)
(hematoxylin and eosin stain, 40 x magnification).

cholangitis, septicemia, intrahepatic lithiasis, and amyloidosis [37-39].
Spontaneous rupture of a bile duct, adenocarcinoma, and hepatocellular
carcinoma have also been reported [39, 40].

The pathogenesis of CD is believed to be partial or complete arrest
of remodeling of the ductal plate of the large intrahepatic bile ducts
[41]. Caroli disease when associated with congenital hepatic fibrosis
is referred to as Caroli syndrome (CS). Caroli disease has also been
seen to be associated with infantile polycystic disease, adult polycystic
disease [42, 43], and choledochal cysts [44].

The large, extensively dilated bile ducts appear grossly as cystic cav-
ities that may be moniliform or saccular with fibrous cords extending
across. Intraductal polypoid projections containing small portal vein
branches indicative of the ductal plate malformation may be present.
Normal bile ducts may be seen in continuity with and between the
dilated ducts. Bile staining can often be seen lining the bile ducts.
Bilirubin calculi may be present in the lumen of the cavities.

Histologically, the liver shows dilated intrahepatic bile ducts with
thickened walls and severe chronic inflammation. Acute inflammation,
varying degrees of fibrosis, and mucous glands may be present within
the dilated ducts. The ductal epithelium consists of cuboidal to tall
columnar cells with focal hyperplasia and focal or diffuse ulceration.
Rarely, focal severe epithelial dysplasia may be seen.

Histomorphological features of congenital hepatic fibrosis are also
seen in Caroli syndrome. The liver shows diffuse periportal fibrosis.
The fibrous bands vary in thickness and often surround a single hepatic
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lobule or groups of lobules giving rise to the “jigsaw” pattern. Within
the fibrous septa are numerous small round or slightly dilated, irregular
bile duct lined by cuboidal or low columnar epithelial cells. The ducts
are usually arranged in an interrupted circular configuration, a feature
of ductal plate malformation.

Renal involvement in Caroli syndrome includes renal tubular ectasia
(medullary sponge kidney, cortical cyst), lesions of adult recessive or
autosomal dominant polycystic kidney disease [45].

CONGENITAL HEPATIC FIBROSIS

Congenital hepatic fibrosis is a developmental malformation and a com-
ponent of the fibropolycystic liver disorders. It can occur alone but
almost always occurs in association with autosomal recessive poly-
cystic kidney disease [46]. Congenital hepatic fibrosis associated with
Caroli disease (dilatation of intrahepatic bile ducts) is termed Caroli
syndrome (see above) [47]. The signs and symptoms of congenital
hepatic fibrosis are generally nonspecific, with complications of por-
tal hypertension being the most common presentation. Other clinical
manifestations include hepatosplenomegaly, esophagogastric varices,
and spontaneous gastrointestinal bleeding [48]. The age of onset ranges
from early childhood to the fifth and sixth decades of life [46]. Four
clinical forms of congenital hepatic fibrosis have been described: portal
hypertensive, cholangitic, mixed portal hypertensive-cholangitic, and
latent forms [49].

Grossly, the liver is generally enlarged and extremely firm with
fibrotic cut surfaces. The entire liver is usually involved; however,
involvement of only one or two lobes is occasionally seen. Diffuse
periportal fibrosis is a common histologic feature. Microscopically,
islands of unremarkable liver parenchyma are separated by bands of
fibrous tissue of varying thickness, giving rise to the classic “jigsaw
pattern” (Fig. 6.8). The fibrous bands contain numerous small, uniform
bile ducts, some of which can be dilated, irregularly shaped, and con-
tain bile and traces of mucin. The ductal lining consists of cuboidal
or low columnar epithelial cells. The bile ducts often have an inter-
rupted circular arrangement, a feature of ductal plate malformation. In
the portal hypertensive form, little or no inflammatory activity is seen
within the fibrotic areas. In contrast, marked neutrophilic infiltration
involving the bile ducts and fibrous bands is a feature of the cholangitic
form. Microabscess formation resulting from duct rupture can occur in
the cholangitic form which may lead to difficulty in differentiating this
form of congenital hepatic fibrosis from extrahepatic biliary obstruction
with ascending infection.
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Fig. 6.8. Congenital hepatic fibrosis. a. At low-power magnification, islands
of unremarkable liver parenchyma are separated by bands of fibrous tissue of
varying thickness. b. At higher magnification, the fibrous bands contain numer-
ous small, uniform bile ducts, some of which can be dilated, irregularly shaped,
and contain bile and traces of mucin. The ductal lining consists of cuboidal or
low columnar epithelial cells (courtesy of Dr. Dhanpat Jain, Department of
Pathology, Yale University).

SIMPLE HEPATIC CYST

Simple hepatic cysts, also known as benign liver cysts or non-parasitic
hepatic cysts, are a congenital disorder occurring in 2.5-7% of the pop-
ulation [50]. The majority of simple hepatic cysts are asymptomatic and
require no treatment. Cysts that are larger than 4 cm in diameter may be
followed for stability. The most common complications are intracystic
hemorrhage and infection. Rare complications include torsion, com-
pression of adjacent organs, rupture, and pulmonary embolism [51].
Rare cases of squamous cell carcinoma and adenocarcinoma arising
from non-parasitic hepatic cyst have also been reported [52, 53].

Simple cysts are well demarcated and have thin wall [54] in con-
trast to the typically thickened wall seen in choledochal cysts. The cyst
wall lining consists of a single layer of cuboidal to low columnar bil-
iary epithelial cells. The cyst usually contains clear serous fluid [55],
although hemorrhage can sometimes be seen within the cyst.

CHOLEDOCHAL CYST

Choledochal cysts are a congenital dilatation of the extrahepatic and/or
intrahepatic bile ducts. It is more commonly seen in East Asian
populations, with a female to male ratio of approximately 3.5:1 [56].
The majority of patients (60%) are diagnosed before the age of 10
but the disease can be diagnosed at any age [57]. The clinical features
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include right upper quadrant mass, jaundice (more commonly seen in
children), and signs and symptoms of cholangitis (more commonly seen
in adults). Affected individuals have an increased risk of developing
cholangiocarcinoma.

Choledochal cysts are classified into five types based on the Todani
modification of the Alonso-Lej classification. Type I is the most com-
mon type comprising 80-90% of all choledochal cysts and consists of
a solitary extrahepatic cyst. Type Il includes diverticulum of the com-
mon bile duct or the gallbladder. Type III, an intraduodenal cyst, is also
known as choledochocele. Type IV consists of intrahepatic and extra-
hepatic cysts. Type V consists of multiple intrahepatic cysts and is also
known as Caroli disease [58, 59].

Choledochal cysts vary in size and may contain as much as 10 L
of bile (Fig. 6.9). Microscopically, the cyst wall is fibrotic, thickened
(in contrast to simple hepatic cyst which has a thin wall), and chroni-
cally inflamed. Bile can be seen within the wall. The epithelial lining
of the cyst is usually denuded. When preserved, the lining consists of
columnar epithelial cells (Fig. 6.10). Intestinal metaplasia with abun-
dant mucinous glands is a feature which is seen in almost all patients
older than 15 years. Paneth cells as well as neuroendocrine differenti-
ation have also been noted in some choledochal cysts. Postganglionic
neural dysfunction has been suggested to be the etiology of choledochal
cysts due to the absence of ganglion cells in the narrow portion of a
choledochal cyst [60-64].

4 |

Fig. 6.9. A gross photo of a choledochal cyst. There are numerous blood
vessels overlying the surface.
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Fig. 6.10. The cyst wall of choledochal cyst is fibrotic, thickened, and chroni-
cally inflamed. The epithelial lining of the cyst consists of columnar epithelial
cells (courtesy of Dr. Dhanpat Jain, Department of Pathology, Yale University).

Patients have a risk of developing cholangiocarcinoma, which
increases with age. While adenocarcinoma is the most commonly
encountered tumor resulting from choledochal cysts, squamous cell
carcinomas, anaplastic carcinomas, and adenocarcinoma exhibiting
sarcomatous features have also been reported [65, 66].

VON MEYENBURG COMPLEXES (BILE DUCT
HAMARTOMA)

Von Meyenburg complexes, also known as biliary microhamartomas or
bile duct hamartomas, are benign hepatic lesions resulting from devel-
opmental malformation of the ductal plate [67]. They are seen in 5.6%
of adult and 0.9% of children at autopsy and often are associated with
polycystic kidney and liver disease [68].

Von Meyenburg complexes are relatively small cystic lesions, rang-
ing in size from less than 5 to 10 mm in diameter [69]. Microscopically,
they consist of irregularly shaped, dilated, branching bile ducts embed-
ded in a dense fibrous stroma (Fig. 6.11). The ducts have a cuboidal
epithelial lining and can contain bile [70].

Von Meyenburg complexes are considered part of the spectrum of
adult polycystic disease [71]. Both solitary bile duct cysts and the cysts
of polycystic liver disease are thought to derive from dilatation of von
Meyenburg complexes [23]. There have been rare reports of malig-
nant transformation to cholangiocarcinoma [72—75]. Rare association
with hepatocellular carcinoma and esophageal carcinoma has also been
reported [71, 76].

The various lesions described in this chapter represent a spectrum
of the hepatic fibrocystic diseases. While some may be incidental
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Fig. 6.11. Bile duct hamartoma (von Meyenburg complex). Histologically, it is
composed of a variable number of ductal structures embedded in a hyalinized
stroma. The ductal structures are variably dilated and may have microcys-
tic dilatation with bile in the ductal lumens. The ductal lumens are lined
by a flattened or a cuboidal epithelium (hematoxylin and eosin stain, 100x
magnification).

findings and may not cause clinically significant diseases, some may
have dismal outcome with ultimate loss of the bile ducts such as
Alagille syndrome or biliary atresia that require liver transplantation.
Therefore close clinical, radiographic, and pathologic correlations are
essential to differentiate these lesions and hence to facilitate appropriate
managements.
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Summary

Alagille syndrome (AGS) is a highly variable, autosomal dominant
disorder that affects the liver, heart, eyes, face, and skeleton. AGS is
caused by mutations in JAGGEDI, a ligand in the Notch signaling
pathway. This pathway is evolutionarily conserved and is involved in
cell fate determination. JAGGEDI mutations are identified in more
than 90% of clinically diagnosed probands. The majority of the muta-
tions are predicted to result in premature termination of the protein
in the extracellular domain. The finding that mutations in JAGGED1
and NOTCH?2 cause AGS indicates that Notch signaling is impor-
tant in the development of the organ systems affected. JAGGEDI
expression during normal embryogenesis is widespread in different
organ systems and overlaps with the clinical manifestations of AGS.
In situ hybridization studies have revealed JAGGEDI expression in
the cardiovascular system, renal tubules, eyes, inner ear, pharyngeal
arches, mesenchyme of limb buds, and developing nervous system.
The study of AGS, in particular in mutant mouse models, has shed
enormous light on Jagged—Notch signaling and this in turn has led to
further insights into bile duct and cardiac development.

Key Words: Jaggedl, Notch, Alagille, Alagille Syndrome

INTRODUCTION

Alagille syndrome (AGS) is a highly variable, autosomal dominant dis-
order that affects the liver, heart, eyes, face, and skeleton [1-3]. The
kidneys, pancreas, and the vascular system are also involved in many
cases, though these are not currently defining criteria [4, 5]. There is
significant variability in the extent to which each of these systems is
affected in an individual, if at all [6-8]. AGS has traditionally been
diagnosed based on the presence of intrahepatic bile duct paucity on
liver biopsy in association with at least three of the five major clini-
cal features: chronic cholestasis, cardiac disease (typically right-sided
lesions and most often peripheral pulmonary stenosis), skeletal abnor-
malities (usually butterfly vertebrae), ocular abnormalities (most likely
posterior embryotoxon), and characteristic facial features [4]. The text-
book frequency has been reported as 1 in 70,000 live births, though the
advent of molecular testing and the subsequent identification of mildly
affected individuals suggest that this is an underestimate [8].

AGS is caused by mutations in JAGGEDI, a ligand in the Notch
signaling pathway (Fig. 7.1) [9, 10]. This pathway is evolutionarily con-
served and is involved in cell fate determination. JAGGEDI (JAGI)
mutations are identified in more than 90% of clinically diagnosed
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Fig. 7.1. Schematic representation of Notch signaling pathway. NICD, Notch
intracellular domain; MAML, co-activator Mastermind-like; CSL, DNA-
binding protein; bHLH, basic helix—loop—helix genes.

probands [11]. Recently mutations in NOTCH2 have also been identi-
fied in a few patients with AGS who do not have JAGI mutations [12].
The study of AGS has shed enormous light on Jagged—Notch signaling
and this in turn has led to further insights into bile duct and cardiac
development.

IDENTIFICATION OF JAGGED1

AGS was recognized to have an autosomal dominant mode of inher-
itance in the first reports by Alagille [1] and Watson and Miller [3].
Based on the clues provided by cytogenetic analysis of families carry-
ing visible deletions on the short arm of chromosome 20 [13-16], in
1997, two groups identified mutations in JAG/ as the cause of AGS [9,
10]. Jagged] is a single-pass transmembrane protein, with an extracel-
lular and an intracellular domain (Fig. 7.2). The extracellular domain
contains a region conserved among all Notch ligands called the DSL
region (for ligands Delta and Serrate from Drosophila, and Lag-2 from
Caenorhabditis elegans), 16 epidermal growth factor-like repeats, and
a cysteine-rich region. There is a transmembrane domain and a small
intracellular region. The genomic sequence is composed of 26 exons,
and the standard strategy to screen for JAG/ mutations is to analyze the
coding regions of each of the exons, in addition to about 20 intronic
bases surrounding each exon in order to identify potential splice-site
mutations.
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Fig. 7.2. Schematic representation of JAG/ structure. SP, signal peptide; NT, N
terminus; DSL, Delta, Serrate, Lag-2 region; EGFR, epidermal growth factor-
like repeats; CR, cysteine-rich domain; TM, transmembrane domain.

JAGGEDI MUTATIONS IN ALAGILLE SYNDROME

To date, over 430 JAGI mutations have been identified in patients with
AGS. The frequency of mutation detection has been around 60-70%
in older studies [6, 17-26]. However, recently, a cohort of patients were
exhaustively studied, with sequencing of the genomic coding region and
cDNA, and the mutation rate was found to be 94% [11]. The frequency
of sporadic mutations (i.e., new in the proband) is approximately 56—
70%. Of affected parents with identified mutations, half were male and
half were female.

The JAGI mutations identified in patients with AGS have been
found distributed across the entire coding region, with no real hotspots
(Fig. 7.3) [25]. The majority of the mutations are predicted to
result in premature termination of the protein in the extracellular
domain. Approximately 70% of AGS patients have protein-truncating
(frameshift or nonsense) mutations [6, 11, 25]. Approximately 7% have

Number of Mutations

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

JAG1 Exon

Fig. 7.3. Distribution of JAGI mutations by exon.
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gene deletions, 9% have splice-site mutations, and 9% have missense
mutations. Haploinsufficiency, a decrease in the amount of the normal
protein, is hypothesized to be the mechanism causing AGS. However,
there is evidence to support the role of other potential mechanisms, such
as the dominant-negative effect of mutant transcripts [7, 27].

NOTCH SIGNALING PATHWAY

The Notch signaling pathway is a short-range intercellular signaling
system involved in the regulation of cell fate determination (Fig. 7.1).
It is evolutionarily conserved and functions in many different cell types
throughout development to regulate cell fate decisions [28]. The name
“Notch” derives from the characteristic notched wing found in flies
carrying only one functioning copy of the gene. Homozygous muta-
tions in Notch are lethal, and affected flies show hypertrophy of the
nervous system, indicating the inability of appropriate cells to adopt
an alternative cell fate. In mammals the key components of the path-
way are five ligands (Jaggedl, Jagged2, Delta-like 1, 3, and 4) that
signal to four Notch receptors (Notch 1-4). Jaggedl is a single-pass
transmembrane ligand belonging to the Delta, Serrate, Lag-2 (DSL)
family. Notch signaling is initiated by contact between a cell surface
ligand on one cell and a Notch receptor on an adjacent cell. Since
both receptors and ligands in the pathway are anchored to the cell
surface, signal transmission is restricted to cells that are physically adja-
cent. The Notch receptors appear on the cell surface as two associated
peptides, one large extracellular domain that consists of primarily epi-
dermal growth factor (EGF)-like repeats and the other consisting of the
transmembrane segment and the intracellular domain [29]. Binding of
a ligand (such as Jaggedl) promotes two proteolytic cleavage events
in the Notch receptor. The first cleavage is mediated by ADAM-family
metalloproteases and the second by y-secretase. The second cleavage
releases the Notch intracellular domain (NICD), which translocates into
the nucleus where it forms an active transcriptional tricomplex with the
DNA-binding protein CSL (also known as CBF1) and the co-activator
Mastermind. The assembly of this activator complex promotes tran-
scription of downstream genes, in particular the basic helix—loop-helix
genes Hes (Hairy and enhancer of split) and Hey family genes. These
are transcriptional repressors that mediate many of the downstream
responses of Notch signaling, usually to inhibit cellular differentiation
through lateral inhibition [29, 30].

The Delta ligands themselves also undergo cleavage by ADAM pro-
teases and y-secretase, resulting in the release of extracellular and
intracellular fragments. The physiologic function of these fragments is
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unclear. Jagged1 is also proteolytically cleaved at the cell surface by
metalloproteinase activity but shedding of the extracellular domain is
not yet well understood [31].

The finding that mutations in JAGI and NOTCH?2 cause AGS indi-
cates that Notch signaling is important in the development of the organ
systems affected, i.e., the liver, heart, skeleton, eye, face, and kidney.
Studies of the pattern of expression of the various Notch receptors
and ligands confirm that Jagged1 is expressed in the locations and at
the times expected for a gene that contributes to the normal devel-
opment of the organs affected in AGS (heart, liver, skeleton, kidney)
[32-36]. This is also supported by studies in the mouse, designed to
test the consequences of loss of Jag! or Notch2 [37-39]. To date, muta-
tions in seven other Notch signaling pathway genes have been found
to cause human disease (Table 7.1). Mutations in NOTCH1 are asso-
ciated with congenital cardiac disease [40] and T-cell neoplasms [41].
Mutations in NOTCH?2 have recently been demonstrated in two fami-
lies with clinical features of AGS [12]. In addition, NOTCH3 mutations
cause CADASIL (cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy), which is characterized by
stroke and early dementia, with onset in fourth or fifth decade of life
[42]. The autosomal recessive disorder spondylocostal dysostosis has
been shown to be caused by three different genes in the Notch signal-
ing pathway: Delta-like 3 (DLL3) [43], mesoderm posterior 2 (MESP2)
[44], and lunatic fringe (LFNG) [45].

Table 7.1
NOTCH signaling mutations in human (constitutional)
disease

Presenilin Alzheimer’s disease
NOTCHI Aortic valve disease, T-cell neoplasms
NOTCH?2 Alagille syndrome
NOTCH3 CADASIL?
DLL3, MESP2, Spondylocostal dysostosis

LFNG
JAGI Alagille syndrome

4CADASIL, Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy.

GENOTYPE-PHENOTYPE CORRELATIONS

Although the AGS phenotype is highly variable, there is no apparent
correlation with JAG/ genotype in the majority of patients. There is
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extreme variability of AGS phenotype within families, suggesting that
other genetic or environmental factors significantly contribute to the
clinical manifestations of the disease. A study of 53 JAGI mutation-
positive relatives of a cohort of AGS probands demonstrated that only
53% met the clinical criteria for a diagnosis of AGS [8]. This included
11 of 53 with clinical features that would have led to a diagnosis of AGS
and 17 of 53 (32%) who had mild features that would have been appar-
ent only on targeted evaluation following the diagnosis of a proband in
their family (i.e., discovery of elevation of liver enzymes or posterior
embryotoxon in an asymptomatic individual). This study was done in
an attempt to select a group of mutation carriers based on criteria other
than a diagnosis of AGS and the frequency of clinical findings stands in
contrast to those reported in patients with a clinical diagnosis of AGS,
where clinical features are apparent, by definition [8].

The observation that relatives of probands with AGS often have only
a partial manifestation of AGS led to the hypothesis that some patients
with a JAGI mutation will present with apparently isolated heart dis-
ease, in the absence of a family history of AGS. Multiple patients that fit
these criteria have now been reported [46—48]. In each of these reports,
mutations in the gene were identified that included gene deletion and
protein-truncating mutations [46], and missense mutations [47, 48].
These patients most likely represent one part of the spectrum for clin-
ical consequences of JAGI mutations. One exception to this pattern is
a relatively large family with cardiac disease in 14 individuals, which
segregated with a JAGI missense mutation (G274D) [47]. This fam-
ily is remarkable in that none of the mutation-positive individuals was
reported to have hepatic features of AGS. Previously reported expres-
sion and functional studies of this mutant have demonstrated that some
of the G274D protein molecules are normally processed and transported
to the cell surface where they function appropriately, while some of
them are incorrectly processed and transported [49, 50]. The missense
mutation C234Y was also found to be segregating with congenital heart
defects (tetralogy of Fallot, ventricular septal defects, and peripheral
pulmonic stenosis), deafness, and posterior embryotoxon in a single
family with eight affected individuals [48]. None of the affected indi-
viduals in this family had any evidence of hepatic dysfunction. Results
of functional and expression studies have not yet been reported for
this mutation. These results suggest that while haploinsufficiency of
JAG] is associated with the well-characterized phenotype of AGS, the
“leaky” G274D mutant, which allows more Jaggedl protein to reach
the cell surface, is associated with a cardiac-specific phenotype. This is
the first JAGI mutation identified with a phenotypic correlation; how-
ever, no additional studies have substantiated this correlation and there
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is little other evidence to support genotype—phenotype correlations
in AGS.

DISEASE MECHANISM IN ALAGILLE SYNDROME

Most JAGI mutations (70%) lead to a premature termination codon
and two pathogenic mechanisms have been proposed to induce disease
in AGS - haploinsufficiency or a dominant-negative effect of putative
truncated proteins. Under a model of haploinsufficiency, an alteration
in one of the JAGI genes leads to a complete lack of product or a
severely defective product, resulting in insufficient protein. This mech-
anism is supported by several observations. The fact that large deletions
of 20p12, which include the entire JAGI gene, cause AGS is good evi-
dence that some cases of AGS are caused by haploinsufficiency of
JAGI. In addition, there are no genotype—phenotype correlations in
AGS and patients with a deletion of JAG! are indistinguishable from
those with a protein-truncating or missense mutation. Studies of cer-
tain JAGI missense mutations (R184H, L.37S, and G274D) reveal that
they generate proteins which are abnormally glycosylated and do not
reach the cell surface [49, 50]. Finally, in patients with nonsense or
frameshift mutations, most of the transcripts containing premature ter-
mination codons may be degraded by the nonsense-mediated mRNA
decay pathway.

A dominant-negative effect is also a potential mechanism for a dom-
inant disorder. In this case, mutant protein antagonizes the activity of
the remaining wild-type protein so that normal function of the gene is
obliterated. It has been shown that some mutant transcripts can escape
nonsense-mediated decay and then lead to the synthesis of truncated
mutant proteins [27]. Furthermore, recent in vitro cell culture stud-
ies reveal that abnormal Jaggedl proteins (resulting from missense
or premature termination codons) can be translated, and, following
cleavage, the extracellular domain shed exerts biologic function by
inhibiting Notch signaling [31]. It should be noted, however, that wild-
type Jaggedl also had similar inhibitory effect, leading to speculation
that this may represent an innate regulatory mechanism rather than a
true dominant-negative effect.

In summary, most cases of AGS result from premature termination
codons and there is substantial evidence to support a haploinsufficiency
mechanism in most cases. However, it is apparent from in vitro studies
that AGS mutations can encode mutant proteins, which have biologic
activity, thereby supporting a dominant-negative mechanism in some
cases, though further studies are required to confirm this.
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JAGGEDI1 EXPRESSION IN ALAGILLE SYNDROME

JAGI expression during normal embryogenesis is widespread in dif-
ferent organ systems and overlaps with the clinical manifestations of
AGS. In situ hybridization studies have revealed JAGI expression in
the cardiovascular system, renal tubules, eyes, the inner ear, pharyngeal
arches, the mesenchyme of limb buds, and the developing nervous sys-
tem (Figs. 7.4 and 7.5) [32, 33, 35]. The main site of JAGI expression is
the cardiovascular system, specifically arterial structures and the devel-
oping cardiac outflow tracts. Of interest, JAGI expression in the liver
also occurs in developing blood vessels, in the vascular endothelium
of the hepatic arteries and portal veins [32, 33, 36, 51]. This has led to
the speculation that the paucity of interlobular bile ducts in AGS may be
secondary to underlying vasculopathy. However, immunohistochemical
techniques have also demonstrated hepatic JAG! expression in the duc-
tal plate [52]. Several studies have also shown that Jag/ is expressed in
portal mesenchyme adjacent to the ductal plate [39, 53]. The patterns of
Jagl expression in the developing liver have been studied extensively,
but are still somewhat controversial. The cell types involved in Notch
pathway interactions in the developing liver are as yet unclear. In the
adult liver, in contrast to embryonic stages, Jag/ is expressed in bile
ducts, blood vessels, and hepatocytes [51, 54], indicating that the role
of Jagl may change during adulthood.

Fig. 7.4. Jagl expression in a mouse embryo at E9.5. In situ hybridization
shows widespread expression of Jag/ at E9.5 in a mouse embryo. Specifically,
Jagl is strongly expressed in the otic vesicle (OV), the brain (B), and branchial
arches (arrowhead).
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Fig. 7.5. Jagl expression in a mouse embryo at E12.5. In situ hybridiza-
tion shows widespread expression of Jag/ at E12.5 in a mouse embryo.
Specifically, Jagl is strongly expressed in the cardiac outflow tract (arrow),
the vertebral column (small arrowheads), and hepatic blood vessels (circle),
correlating with the clinical phenotype in Alagille syndrome.

IDENTIFICATION OF NOTCH2

As described above, mutations in JAG/ are identified in 94% of indi-
viduals with clinically defined AGS and JAG! haploinsufficiency is
the likely primary mechanism of disease [11]. Total gene deletions
account for 3-5% of these cases [15, 22]. The homozygote Jagl
knockout mouse is embryonically lethal, and surprisingly, the Jagl
knockout heterozygote mouse does not phenocopy AGS. The Jagl
heterozygous mouse exhibits eye defects (isolated iris coloboma) and
inner ear defects but no other phenotypic features of AGS (Table 7.2).
Interestingly, a Jagl/Notch2 double heterozygote (Jag! null allele and
a Notch2 hypomorphic allele) was found to have liver, cardiac, ocular,
and renal manifestations similar to those seen in AGS patients [39].
Additionally, the spatial and temporal expression pattern of Notch2
in tissues involved in AGS made it an excellent candidate to be the
Jagged]1 interacting receptor [38, 39].

These data led to the screening of a cohort of JAG I mutation-negative
AGS patients for alterations in NOTCH2. To date, only two families
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Table 7.2
Selected notch pathway mutant mouse models

Genotype Phenotype

Jagl*"~ Mild anterior chamber defects and
inner ear defects; no liver disease
[37]

Jagl™~ Lethal at E10.5 due to vascular

Liver-specific conditional/null
Jag 1™~ AlfpCre

defects [37]
Increased bile duct numbers and
irregular bile duct structures

around portal tracts in adult mice
[58]

Cholestasis, bile duct paucity,
pulmonary artery hypoplasia,
renal anomalies, eye anomalies
[39]

Lethal at E11.5 due to increased
cell death [55]

Lethal at birth due to glomerular
hypoplasia; also exhibit bile duct
paucity and myocardial
hypoplasia [38]

Failure of ductal plate remodeling,
irregular ductal structures,
progressive portal inflammation,
and fibrosis [59]

Hes™~ Hypoplastic extrahepatic biliary
tree, conversion of extrahepatic
bile duct to pancreatic tissue
[56], failure of ductal plate
remodeling [53]

Jag1*"~, Notch2*/-

Notch2™~ (null)

Notch2/dell (hypomorphic)

Liver-specific conditional
Notch2™F AlbCre

(five individuals) have been reported with a NOTCH2 mutation [12]
and one additional family (five individuals) has been identified (unpub-
lished data, personal communication, Spinner 2008). The initial report
suggested a prominent renal phenotype in NOTCH?2 mutation carriers
but this has not yet been validated as insufficient affected individuals
have been identified.

The NOTCH2 protein, like the other Notch receptors, is a single-pass
transmembrane protein. The NOTCH2 gene is made up of 34 exons,
occupying 158,099 base pairs of genomic DNA, which codes for an
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11,433-base-pair message. Screening of this gene for mutations in AGS
patients has been accomplished by sequencing of the genomic DNA.

ROLE OF JAGGED1/NOTCH SEQUENCE IN BILE DUCT
DEVELOPMENT

The identification of JAG/ as the disease gene in AGS and the classic
histologic finding of bile duct paucity have led to interest in the role
of the Notch signaling pathway in intrahepatic bile duct development.
Mutant mouse models have been particularly important in studying this
area (Table 7.2). The doubly heterozygous Jag! null/Notch2 hypomor-
phic mouse has bile duct paucity and a few biliary cells adjacent to
the portal vein. Similar findings are seen in mice homozygous for the
Notch2 hypomorphic allele. This supports a role for JAGI and NOTCH?2
in bile duct development, but the mechanism of this role is only just
beginning to be revealed.

In normal embryonic bile duct development, hepatoblasts (hepatic
progenitor cells) are bipotential, i.e., those in the parenchyma become
hepatocytes and those adjacent to portal veins differentiate into biliary
cells [57]. Prior to birth, these form a single layer around portal vein
branches and become the ductal plate. The ductal plate becomes bi-
layered and certain areas give rise to tubular structures, which form
mature ducts. The remainder of the ductal plate disappears in the first
few weeks postnatally. The exact role of Notch signaling in this pro-
cess has been postulated to be involved in cell fate specification of
biliary cells or the development of ducts from the ductal plate. In the
Jag1/Notch2 doubly heterozygous mouse and the liver-specific Notch2
conditional knockout, the ductal plate forms normally but the ductal
plate remnants are present postnatally (unlike in controls) [58]. In sep-
arate work, liver-specific inactivation of Norch2 (but not Notchl) in
mice resulted in the presence of biliary cells but irregular ductal plate
structures and deranged postnatal development of bile ducts with asso-
ciated portal inflammation and fibrosis [59]. Both groups concluded that
Notch2 is required for bile duct formation and morphogenesis but is
not necessary for biliary cell specification from bipotential hepatoblasts
[58, 59]. It appears that the role of Notch signaling is in remodeling of
the ductal plate into mature bile ducts late in gestation and in the early
postnatal period. In further support of this notion, earlier data demon-
strate that Hes-deficient mice developed normal ductal plates but these
did not give rise to normal tubular structures [53]. Summarizing this
data would suggest a model of bile duct development in which JAGI
activates NOTCH?2 and downstream activation of HES/ in the ductal
plate induces duct formation.
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Zong and colleagues [60] have extensively studied temporal and
spatial roles of Notch signaling in mice models. They demonstrated
that Notch signaling plays a role in the differentiation of the second
biliary layer where it regulates tubulogenesis. Furthermore it appears
that Notch signaling maintains biliary epithelial cells postnatally and
can drive mature hepatocytes toward a biliary fate. These data will
help better explain the role of the Notch signaling pathway in normal
development and also in the pathogenesis of bile duct paucity in AGS.

The role of Jagl in liver and bile duct development has also been
investigated in a mouse model. Of note, mice carrying a Jag/ mutation
targeted to hepatoblasts had no significant phenotype, and the liver and
bile ducts were normal up to 1 year of age [61]. These findings indicate
that although Jag! expression has been identified in the ductal plate
in some studies, hepatoblast Jag/ expression is not crucial for normal
bile duct development. Mice doubly heterozygous for a Jag/ null allele
and a liver-specific Jagl conditional allele are remarkable for normal
intrahepatic bile duct development in the embryonic period; however, in
early adulthood, a subset of these animals develop a striking phenotype
of bile duct proliferation [61]. The hepatic phenotype in these animals is

Fig. 7.6. Bile duct phenotype in Jag! conditional/null adult mice. Mice het-
erozygous for a null mutation in Jag/ and a liver-specific conditional Jagl
mutation show increased numbers of irregular bile ducts around portal tracts
at 4 weeks of age (a, hematoxylin and eosin stain, arrows; b, cytokeratin 19
stain). Sirius red stain shows increased fibrosis and portal expansion (c).
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characterized by the early onset of fibrosis and disorganized bile ducts
surrounding portal tracts (Fig. 7.6). These studies point to an important
role of the Notch pathway in postnatal bile duct growth and remodeling.

ROLE OF JAGGED1/NOTCH SEQUENCE IN CARDIAC
DEVELOPMENT

A full discussion of cardiac development is beyond the scope of this
review; however, as would be expected on the basis of significant car-
diac involvement in AGS, the Notch signaling pathway has a key role in
this process [62]. The heart is the first organ to develop during embryo-
genesis and the early myocardium is derived from the primary heart
field, a region of mesoderm. As the heart tube develops, some cells
within this field develop into cardiomyocytes and several studies sug-
gest that Notch signaling inhibits this cardiac cell fate specification
[63]. Notch signaling also appears to influence atrioventricular canal
and valvular development as well as ventricular trabeculation [62].
Specifically Notch activation in endothelial cells is required for epithe-
lial to mesenchymal transition, which is fundamental to the formation
of endocardial cushions and valves.

The importance of Notch signalin