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Polycystic liver diseases (PLD) are inherited disorders
of the biliary epithelium, caused by genetic defects in
proteins associated with intracellular organelles,
mainly the endoplasmic reticulum and the cilium.
PLD are characterized by the formation and progres-
sive enlargement of multiple cysts scattered through-
out the liver parenchyma, and include different enti-
ties, classified based on their pathology, inheritance
pattern, involvement of the kidney and clinical fea-
tures. PLD should be considered as congenital dis-
eases of cholangiocyte signaling. Here, we will review
the changes in signaling pathways involved in liver
cyst formation and progression, and their impact on
cholangiocyte physiology. Each pathway represents a
potential target for therapies aimed at reducing dis-
ease progression.

Polycystic liver diseases (PLD) are a genetically and
clinically heterogeneous group of inherited cholan-

iopathies.1–3 Autosomal-dominant polycystic kidney
isease (ADPKD) occurs in 1:500 –1000 individuals; it is
haracterized by the formation of multiple cysts in the
idney, liver, and pancreas, and by a variety of vascular
bnormalities. Despite extensive cyst substitution of the
epatic parenchyma, liver function is well preserved, por-
al hypertension is rare, and the patient is asymptomatic,
nless complications develop (including compression,
yst infections or bleeding). The “isolated” polycystic liver
isease (PCLD) is a far less common disease that shares
any clinical features of ADPKD, except for the renal

nvolvement. Fibropolycystic diseases, namely, congenital
epatic fibrosis (CHF), Caroli disease (CD), and autosom-
l-recessive polycystic kidney disease (ARPKD) are also
are diseases, with a prevalence of 1:20,000 live births. CD
nd CHF are characterized by recurrent acute cholangitis
CD) and severe portal hypertension, owing to excessive
eribiliary fibrosis (CHF). CD patients have an increased
isk of cholangiocarcinoma. Other, rarer disorders asso-
iated with PLD, have been reviewed elsewhere.4 The

clinical approach to PLD has been recently reviewed.5

Herein we discuss the pathogenic aspects that are specific

to the liver.
Genetics of PLD
ADPKD is associated with mutations in 2 genes:

“PKD1 or PKD2” which encode polycystin-1 (PC1) and
olycystin-2 (PC2), respectively. PC1, a 460-kDA trans-
embrane protein, is localized in the primary cilium,

lasma membrane, and adherens junctions. PC1 func-
ions as a mechanoceptor that, sensing changes in apical
ow, stimulates PC2-mediated Ca2� signals.1 In addition,

cleaved fragments of the PC1 cytoplasmic tail, translocate
to the nucleus and bind to �-catenin, preventing its
transcriptional activity (fragment p200),6 or interact with
ignal transducer and activator of transcription 6, inter-
eukin-4 induced/P100 (fragment 112),7 or decrease the
xtracellular-regulated kinase (ERK)-dependent phos-
horylation of tuberous-sclerosis-2-complex.8 PC2 (tran-
ient receptor potential polycystic 2) is a 110-kDA trans-

embrane protein with both the N- and C-terminus
ocated intracellularly. PC1 and PC2 colocalize in the
ilium and physically interact through their C-terminus;
owever, the largest pool of PC2 is located in the ER.9,10

PC2 is a member of the transient receptor potential
channels (TRP) family and functions as a non-selective
Ca2� channel. TRP channels have the ability to multim-

Abbreviations used in this paper: AC, adenyl cyclase; AC6, adenylyl-
cyclases-6; ADPKD, autosomal-dominant polycystic kidney disease;
AKT, v-akt murine thymoma viral oncogene homolog 1; ARPKD, auto-
somal-recessive polycystic kidney disease; cAMP, cycle adenosine
monophosphate; CD, Caroli disease; CFTR, cystic fibrosis transmem-
brane conductance regulator; CHF, congenital hepatic fibrosis; DPM,
ductal plate malformation; ECM, extracellular matrix; EGF, epidermal
growth factor; ER, endoplasmic reticulum; ERK1/2, extracellular-reg-
ulated kinase-1 and -2; HIF, hypoxia-inducible factor; HNF-1�, hepato-
yte nuclear factor 1 homeobox B; IGF-1, insulin-like growth factor 1;
L, interleukin; IP3R, inositol 1,4,5-trisphosphate receptor; MEK, mito-
en-activated protein kinase kinase; MMP, matrix metalloproteinase;
TOR, mammalian target of rapamycin; PC1, polycystin-1; PC2, poly-

ystin-2; PCLD, “isolated” polycystic liver disease; PKA, protein kinase
; PLD, polycystic liver disease; PRKCSH, protein kinase C substrate,
0 Kda protein; Raf, proto-oncogene serine/threonine-protein kinase;
yR, ryanodine receptor; SEC63, SEC63 homolog (S cerevisiae);
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Mini-Reviews and Perspectives continued
erize with other proteins that determine their func-
tion.11–13 Thus, PC2 responds to mechanical stimuli
(bending of the cilium) or to biliary osmolarity or par-
ticipates in receptor-operated Ca2�-signaling, depending
on its interactions with PC1, transient receptor potential
vanilloid 4 (TRVP4), or inositol 1,4,5-trisphosphate re-
ceptor (IP3R).9,10 PC2 also interacts with the 2 major
ntracellular Ca2�channels (ie, ryanodine receptors [RyR]

and IP3R) and regulates cytoplasmic and endoplasmic
reticulum (ER)–Ca2� homeostasis.9,10

The protein kinase C substrate, 80 Kda protein
(PRKCSH) and SEC63 homolog (S cerevisiae) SEC63, the

enes responsible for PCLD,14,15 encode for proteins ex-
pressed in the ER that are associated with the processing
of glycoproteins in the ER. PRKCSH encodes for the
protein kinase-C-substrate 80K-H (or hepatocystin), a
protein that regulates the correct localization in the ER,
of enzymes involved in the quality control of newly syn-
thesized glycoproteins.15 The SEC63 gene encodes for a
component of the molecular machinery regulating trans-
location and folding of newly synthesized membrane
glycoproteins.14

Mutations in the PKHD1 gene cause ARPKD, CD, and
CHF.1 PKHD1 encodes for fibrocystin, a large protein

ith a single transmembrane domain, and sequence ho-
ologies with plexins and the hepatocyte growth factor

eceptor (C-Met). Fibrocystin is localized in primary cilia
nd basal bodies of several epithelia. Fibrocystin com-
lexes with PC2, and is involved in cell Ca2� homeostasis;
brocystin can also signal via the proteolytic cleavage of

ts C-terminus.16,17 A variety of functions have been pro-
posed for fibrocystin, from proliferation to secretion,
terminal differentiation, and tubulogenesis.18 Transcrip-
ion of PKHD1 is regulated by HNF-1�, a transcription

factor expressed in cholangiocyte.19

Cellular Mechanisms of Liver Cyst
Formation and Growth
In ADPKD and PCLD, liver cysts are scattered

throughout the parenchyma, without connection to the
biliary tree, which appears anatomically intact and with-
out accompanying fibrosis. By contrast, in fibropolycystic
diseases, liver cysts are connected to the biliary tree,
which appear distorted and embedded in abundant fi-
brotic tissue. Cyst formation is not a common reaction of
the biliary epithelium to liver damage. In response to
obstructive cholestasis, the biliary epithelium generates
multiple branching tubules, whereas in inflammatory
processes, reactive cholangiocytes form a ramified mesh
with cellular chords that do not encircle a lumen. Mice
with conditional PC knock-out show a progressive for-
mation of liver cysts, even when the induction is per-
formed weeks after birth.20,21 This indicates that polycys-

tins are necessary to maintain a normal biliary architecture
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during adult life. It is not clear whether the lack of polycys-
tin expression induces pathologic changes throughout the
biliary tree, or only in specialized portions that maintain
“developmental” capabilities. The pathogenic sequence
leading to liver cyst formation and progressive growth is the
subject of extensive investigation.

Altered Biliary Developmental Program
(Ductal Plate Malformation)
The biliary tree is a branching system of tubules

that begins at the canals of Hering, and then converges to
create ducts of progressively larger size. Biliary ontogen-
esis begins when periportal hepatoblasts surrounding
branches of the portal vein, undergo a phenotypic switch
and assemble into a layer of epithelial cells, called the
“ductal plate.”3,22 Over the following weeks, specific seg-

ents of the ductal plate form a second layer of cells,
hich eventually arranges into tubular structures that
ature and become incorporated into the mesenchyme

f the developing portal space. Non-duplicated ductal
lates are then reabsorbed by apoptosis (ductal plate
emodeling). PLD are characterized by macroscopic cysts
nd by the presence of multiple biliary microhamarto-
as, scattered throughout the liver parenchyma. Both

tructures resemble ductal plates that failed to remodel,
ustifying the inclusion of PLD among the ductal plate

alformations (DPM3,22).

Cilia and Beyond
Primary cilia are involved in the regulation of

fundamental biological activities of epithelial cells, in-
cluding differentiation, proliferation, and secretion. Sev-
eral proteins encoded by genes associated with PLD are
expressed in primary cilia; DPM is consistently observed
in mice defective for ciliary proteins. Cholangiocyte pri-
mary cilia are non-motile, but can bend in response to
changes in luminal fluid flow and transduce a mechanical
force into an intracellular calcium signal. Changes in
luminal flow increased [Ca2�]i and cycle adenosine

onophosphate (cAMP) production, an effect inhibited
y silencing PC1, PC2, or adenylyl-cyclases-6 (AC6).2,23 By

contrast proteins associated with PLD are not exclusively
expressed in cilia. For example, PC2 is also highly ex-
pressed in the ER, where it regulates calcium levels.9,13

Furthermore, hepatocystin and SEC63 (PCLD) are ex-
pressed in the ER, and yet, the clinical presentation is
similar.14

Altered Epithelial Fluid Secretion
Cholangiocytes possess secretory properties and

actively contribute to bile formation, thereby regulating
its volume, pH, and composition.24 The net amount of
fluid secreted is the end-result of several pro-secretory
and anti-secretory stimuli. Autocrine, paracrine, and en-

docrine stimuli are integrated at the level of adenyl cy-
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Mini-Reviews and Perspectives continued
clases (ACs),25 the enzymes that synthesize the second
essenger cAMP. The cystic fibrosis transmembrane con-

uctance regulator (CFTR), a cAMP/protein kinase A
PKA)-activated Cl� channel, is the main regulator of bile
ecretion. CFTR stimulates Cl� and HCO3

� efflux, inhib-
ts sodium-hydrogen exchanger 3– dependent Na� ab-

sorption, and facilitates apical release of ATP and puri-
nergic receptors activation.24 Of note, the severity of
ADPKD was milder in 2 cases in which ADPKD coexisted
with cystic fibrosis, a disease that impairs CFTR-depen-
dent Cl� secretion.26 However, fluid secretion is not the

ajor pathophysiologic mechanism leading to cyst
rowth in the liver. To account for the very slow growth
ates of the cysts, the net difference between absorption
nd secretion should be very subtle and constant in the
ace of increasing intraluminal pressure. However, the
ncreased intraluminal pressure may stretch the lining
pithelial cells and induce cell proliferation via apical
ecretion of purinergic agonists, and their interaction
ith P2X and P2Y purinergic receptors.

Increased Cholangiocyte Proliferation
The cystic epithelium has a high mitotic index (as

judged by PCNA and Ki67 expression),20,21 suggesting
that increased proliferation of cystic cholangiocytes is the
major determinant of cyst growth. Markers of prolifera-
tion and apoptosis are both present in liver cysts; how-
ever, the size of the liver progressively increases (about 2%
of the liver volume per year), indicating that apoptosis
does not match proliferation.

During cell division, the epithelial cells of a tubular
structure must align their mitotic spindle in such a way
that the daughter cells will grow along the longitudinal,
rather than the horizontal, axis. The ability to organize
cell division and the growth of the epithelial layer along
a specific plane (“planar cell polarity”) is an important
property of epithelia, regulated by the non-canonical Wnt
pathway; its malfunction may result in tubule enlarge-
ment rather than tubule elongation. In rodent models
with fibrocystin (Pkhd1) deficiency, the orientation of the
mitotic spindle of kidney cells is distorted.27 Direct ex-
perimental evidence for this model in ADPKD and in
cholangiocytes is yet to be produced.

Cystic fluid and conditioned medium of cultured cys-
tic cholangiocytes contain elevated levels of cytokines
and growth factors, which are able to promote cell pro-
liferation and cyst expansion. Among them, interleukin
IL-6, epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), and insulin-like growth factor
(IGF)-128,29 utilize autocrine loops to stimulate the pro-
iferation of cystic cholangiocytes. Their expression likely
epresents the phenotypic and functional signature of a

elative loss of cell differentiation. For example, the pat-
ern of angiogenic factor expression by cystic cholangio-
ytes in ADPKD is similar to that of the ductal plates.30

Estrogens31 and VEGF21,28 promote cyst growth via
ERK1/2, which is the main pathway of regulation of
cholangiocyte proliferation, whereas the PI3-kinase/v-akt
murine thymoma viral oncogene homolog 1(AKT)/mam-
malian target of rapamycin (mTOR) pathway is activated
by IGF-1 in ADPKD liver cysts.20 In cholangiocytes,
cAMP/PKA activates Ras and ERK1/2 and cell prolifera-
tion, an effect that is significantly increased in cystic
cholangiocytes. This is a major difference with kidney
cells in which cAMP inhibits replication in normal con-
dition, but stimulates replication if polycystin are defec-
tive. The reason for these differences may lay in the
differential sensibility to cAMP of Ras and cell-specific
B-Ras and C-Ras isoforms.

Autocrine and Paracrine Angiogenic
Signaling
DPM are frequently associated with an abnormal

vascular morphology, thereby resulting from increased
angiogenic signaling between bile ducts and liver vascular
structures. The anatomic relationship between intrahe-
patic bile ducts and hepatic arterial vascularization be-
gins during the developmental stages and is mediated by
VEGF released by maturing bile ducts.30 Cystic cholan-
giocytes overexpress VEGF, angiopoietin-1, and their cog-
nate receptors VEGFR2 and TEK tyrosine kinase. VEGF
and angiopoietin-1 stimulate cholangiocyte proliferation
and the formation of vessels around the growing cysts.28

VEGF production is controlled by hypoxia-inducible fac-
tor (HIF)-1�. Cystic cholangiocytes express more HIF-1�
than normal cholangiocytes, when cultured under the
same conditions, indicating expression of VEGF/HIF-1�
is caused by the loss of PC1 and PC2 function, rather
than by hypoxia of the cystic epithelium.21 HIF-1� levels
can be modulated in normoxic conditions by a number
of factors, (including IL-1, IL-6, EGF, hepatocyte growth
factor, transforming growth factor-�, 17-�-estradiol, and
GF-1),29 which can stabilize or phosphorylate HIF-1� via
I3K/AKT/tuberin/mTOR or proto-oncogene serine/
hreonine-protein kinase (Raf)/mitogen-activated protein
inase kinase (MEK)/ERK, or signal transducer and ac-
ivator of transcription 3. Inhibition of VEGF production
r blockage of VEGF receptor-2 in vivo in PC2 defective
ice inhibits cyst growth.21

Extracellular Matrix Remodeling
Remodeling of the extracellular matrix (ECM) is

necessary for the expansion of the cyst wall. Matrix met-
alloproteinases (MMPs) are involved in the breakdown of
ECM in embryonic development as well as in tissue repair
and remodeling. IL-8, a cytokine known to be up-regu-
lated in the liver cyst epithelium, stimulates MMP2 and

MMP9 production by endothelial cells and portal myo-
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Mini-Reviews and Perspectives continued
fibroblasts. MMP2 is increased in polycystic kidneys and
participates in the ECM remodeling necessary to accom-
modate cyst expansion.29 On the contrary, a major fea-
ure of ARPKD/CHF/CD, is the progressive establish-

ent of fibrosis in the hepatic portal space in close
icinity to aberrant bile ducts. The mechanisms of fibro-
enesis in fibropolycystic diseases are not clear.

Future Directions: PLD as Disorders of
Cholangiocytes Signaling
There is convincing evidence that PLD are disor-

ders of intracellular signaling; altered Ca2� homeostasis,
and increased production of cAMP being the main de-
fects. Lower intracellular Ca2� and higher cAMP levels

ave been consistently reported in cystic epithelia from
DPKD and ARPKD models.10,23 The mechanistic rela-

ionship between defective polycystins/fibrocystin and
he disorder of these second messengers is unclear. Here,
e will provide a reasonable, yet speculative, working
odel based on experimental evidence generated in
DPKD models (Figure 1). It is important to emphasize

hat the fine molecular tuning of these interactions re-
ains largely unknown.
Several studies, including our own observations in cys-

ic cholangiocytes, indicate that intracellular Ca2� levels
re lower in the cystic epithelium (�100 nmol/L).10,23
Figure 1. Alterations of intracellular sig

1858
PC2 functions as a membrane Ca2� channel, in response
to mechanical stimulations (in partnership with PC1) or
to variations in osmolarity (in partnership with TRVP4).32

PC2 also interacts both physically and functionally with
IP3R and RyR, thereby regulating Ca2� homeostasis in the
ER,9,10 the largest controllable intracellular Ca2� store in
non-excitable cells. Thus, a defect in PC2 may affect resting
[Ca2�] by reducing extracellular Ca2� entry and by altering
ER Ca2� homeostasis.

The amount of cAMP produced by a given cell is the
esult of the activity of several adenylyl cyclase (AC)
soforms, which respond to different stimuli and second

essengers. At least 7 of them are expressed in cholan-
iocytes.25 Among them, AC8 is regulated by Ca2�/cal-

modulin, whereas AC5 and AC6 are inhibited at physio-
logical Ca2� concentrations (100 –200 nmol/L), but can

e activated at the Ca2� concentrations measured in
polycystin-defective cells. Thus, at the [Ca2�]i measured
n cystic cholangiocytes, AC6 becomes more prone to
ctivation than AC8. Of note, AC6 gene silencing abol-
shes shear stress-induced signaling in polarized cholan-
iocytes.23

Thus, the increased cAMP level in cystic epithelia may
be related to the activation of AC6, facilitated by the
changes in intracellular Ca2� homeostasis. Increased ep-
thelial levels of cAMP stimulate fluid secretion and also
naling in PLD. See text for details.
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the proliferative activity of cystic cholangiocytes. Alpini
et al33 have shown that cAMP stimulates proliferation in
normal cholangiocytes via the PKA/Src/Raf/MEK/ERK1/2
cascade. In cystic cholangiocytes, the proliferative re-
sponse and ERK1/2 activation in response to cAMP is
significantly higher, suggesting that cAMP levels are not
the only determinant of ERK1/2 activation. In fact, poly-
cystin may have additional effects directly mediated by
the proteolytic cleavage and nuclear translocation of its
carboxy-terminal tail to the nucleus.

Activation ERK1/2 has a number of effects, including
stimulation of the mTOR pathway.20 Both ERK1/2 and
mTOR converge in stimulating cyclins and HIF1�. The
list of HIF1�-regulated genes is large, and includes genes
coding for proteins involved in energy metabolism, eryth-
ropoiesis, and cell proliferation, in addition to VEGF.
Mice deficient in PC2 show a severe liver phenotype, high
proliferation rate of the cystic epithelium, and high ex-
pression of VEGF and its receptor VEGFR-2. Expression
of pERK1/2, p-mTOR, and HIF1�, are also increased,
uggesting that wild-type PC2 acts as a repressor of the
AMP/PKA/Raf/MEK/ERK/mTOR cascade.20,21 The ob-
ervation that changes in Ca2�/cAMP signaling similar to

the one described in PC2 defective cells are common to
cystic diseases characterized by different genetic defects
and phenotypes suggests that PC2 is central to the patho-
genesis of all PLD forms.

The pathophysiologic relevance of this model is dem-
onstrated by the reduction of cyst growth in vivo, after
administration of SU5418 (inhibition of VEGFR2 signal-
ing), or rapamycin (inhibition of mTOR and of VEGF
production).20,21 Inhibition of cAMP production was also
xploited as a therapeutic strategy. Somatostatin re-
resses AC function through its receptor somatostatin
eceptor 2, which is expressed in the liver only by cholan-
iocyte. Octreotide, given in vivo to PCK rats, reduced
iver and kidney weight, hepatic and renal cyst volume
nd fibrosis, and diminished the rate of cell proliferation
n hepatic and renal epithelia.34 A recent randomized,
ontrolled, double-blind clinical trial revealed a 5% reduc-
ion in liver cyst volume in patients with symptomatic
DPKD/PLCD treated with the long-acting somatostatin
nalog lanreotide.35

Several open questions remain. The mechanism lead-

ing to reduced cellular levels of Ca2� are still obscure, and
he impact of the lack of polycystins on ER Ca2� homeo-
stasis, and the role of AC6 need better understanding. In
wild-type animals, the result of increased cAMP-depen-
dent proliferation is an expansion of the bile duct mass,
rather than cystic transformation. Thus, the above work-
ing model addresses the mechanisms of progression of
the established cysts, but does not explain how polycys-
tins and fibrocystins actually interfere with the morpho-
genetic mechanisms in the biliary tree.

Supplementary Material

Note: The first 5 references associated with this
article are available below in print. The remaining refer-
ences accompanying this article are available online only
with the electronic version of the article. To access the
remaining references, as well as additional online-only
data, visit the online version of Gastroenterology at www.
gastrojournal.org, and at doi:10.1053/j.gastro.2011.04.030.

References

1. Harris PC, Torres VE. Polycystic kidney disease. Annu Rev Med
2009;60:321–337.

2. Torres VE, Harris PC. Autosomal dominant polycystic kidney dis-
ease: the last 3 years. Kidney Int 2009;76:149–168.

3. Lazaridis KN, Strazzabosco M, Larusso NF. The cholangiopathies:
disorders of biliary epithelia. Gastroenterology 2004;127:1565–
1577.

4. Nigg EA, Raff JW. Centrioles, centrosomes, and cilia in health and
disease. Cell 2009;139:663–678.

5. Drenth JP, Chrispijn M, Nagorney DM, et al. Medical and surgical
treatment options for polycystic liver disease. Hepatology 2010;
52:2223–2230.

Reprint requests
Mario Strazzabosco, MD, PhD, Yale Liver Center & Digestive

Disease Section, Department of Medicine, Yale University School of
Medicine, 333 Cedar Street LMP 1080, 06520 New Haven,
Connecticut. e-mail: mario.strazzabosco@yale.edu

Acknowledgments
The authors thank Carlo Spirli, PhD, for critically reading the

manuscript.

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by NIH DK079005, by Yale University Liver Center (NIH
DK34989) and PKD Foundation to MS; DK51041 and DK54053 to S.S.

1859

http://www.gastrojournal.org
http://www.gastrojournal.org
mailto:mario.strazzabosco@yale.edu
http://dx.doi.org/10.1053/j.gastro.2011.04.030


1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

1859.e1 MINI-REVIEWS AND PERSPECTIVES GASTROENTEROLOGY Vol. 140, No. 7
References

6. Lal M, Song X, Pluznick JL, et al. Polycystin-1 C-terminal tail
associates with beta-catenin and inhibits canonical Wnt signal-
ing. Hum Mol Genet 2008;17:3105–3117.

7. Low SH, Vasanth S, Larson CH, et al. Polycystin-1, STAT6, and
P100 function in a pathway that transduces ciliary mechanosen-
sation and is activated in polycystic kidney disease. Dev Cell
2006;10:57–69.

8. Distefano G, Boca M, Rowe I, et al. Polycystin-1 regulates extra-
cellular signal-regulated kinase-dependent phosphorylation of tu-
berin to control cell size through mTOR and its downstream
effectors S6K and 4EBP1. Mol Cell Biol 2009;29:2359–2371.

9. Anyatonwu GI, Estrada M, Tian X, et al. Regulation of ryanodine
receptor-dependent calcium signaling by polycystin-2. Proc Natl
Acad Sci U S A 2007;104:6454–6459.

0. Geng L, Boehmerle W, Maeda Y, et al. Syntaxin 5 regulates the
endoplasmic reticulum channel-release properties of polycys-
tin-2. Proc Natl Acad Sci U S A 2008;105:15920–15925.

1. Giamarchi A, Padilla F, Crest M, et al. TRPP2: Ca2�-permeable
cation channel and more. Cell Mol Biol 2006;52:105–114.

2. Kobori T, Smith GD, Sandford R, et al. The transient receptor
potential channels TRPP2 and TRPC1 form a heterotetramer with
a 2:2 stoichiometry and an alternating subunit arrangement.
J Biol Chem 2009;284:35507–35513.

3. Li Y, Wright JM, Qian F, et al. Polycystin 2 interacts with type I
inositol 1,4,5-trisphosphate receptor to modulate intracellular
Ca2� signaling. J Biol Chem 2005;280:41298–41306.

4. Davila S, Furu L, Gharavi AG, et al. Mutations in SEC63 cause
autosomal dominant polycystic liver disease. Nat Genet 2004;
36:575–577.

5. Drenth JP, te Morsche RH, Smink R, et al. Germline mutations in
PRKCSH are associated with autosomal dominant polycystic liver
disease. Nat Genet 2003;33:345–347.

6. Hiesberger T, Gourley E, Erickson A, et al. Proteolytic cleavage
and nuclear translocation of fibrocystin is regulated by intracel-
lular Ca2� and activation of protein kinase C. J Biol Chem
2006;281:34357–34364.

7. Kaimori JY, Nagasawa Y, Menezes LF, et al. Polyductin under-
goes notch-like processing and regulated release from primary
cilia. Hum Mol Genet 2007;16:942–956.

8. Mai W, Chen D, Ding T, et al. Inhibition of Pkhd1 impairs tubulo-
morphogenesis of cultured IMCD cells. Mol Biol Cell 2005;16:
4398–4409.

9. Igarashi P, Shao X, McNally BT, et al. Roles of HNF-1beta in
kidney development and congenital cystic diseases. Kidney Int
2005;68:1944–1947.

0. Spirli C, Okolicsanyi S, Fiorotto R, et al. Mammalian target of
rapamycin regulates vascular endothelial growth factor-depen-
dent liver cyst growth in polycystin-2-defective mice. Hepatology

2010;51:1778–1788.
1. Spirli C, Okolicsanyi S, Fiorotto R, et al. ERK1/2-dependent
vascular endothelial growth factor signaling sustains cyst growth
in polycystin-2 defective mice. Gastroenterology 2010;138:360–
371.

2. Strazzabosco M, Fabris L. Functional anatomy of normal bile
ducts. Anat Rec 2008;291:653–660.

3. Masyuk AI, Masyuk TV, Splinter PL, et al. Cholangiocyte cilia
detect changes in luminal fluid flow and transmit them into
intracellular Ca2� and cAMP signaling. Gastroenterology 2006;
131:911–920.

4. Strazzabosco M, Fabris L, Spirli C. Pathophysiology of cholan-
giopathies. J Clin Gastroenterol 2005;39:S90–S102.

5. Strazzabosco M, Fiorotto R, Melero S, et al. Differentially ex-
pressed adenylyl cyclase isoforms mediate secretory functions in
cholangiocyte subpopulation. Hepatology 2009;50:244–252.

6. Xu N, Glockner JF, Rossetti S, et al. Autosomal dominant poly-
cystic kidney disease coexisting with cystic fibrosis. J Nephrol
2006;19:529–534.

7. Patel V, Li L, Cobo-Stark P, et al. Acute kidney injury and aberrant
planar cell polarity induce cyst formation in mice lacking renal
cilia. Hum Mol Genet 2008;17:1578–1590.

8. Fabris L, Cadamuro M, Fiorotto R, et al. Effects of angiogenic
factor overexpression by human and rodent cholangiocytes in
polycystic liver diseases. Hepatology 2006;43:1001–1012.

9. Nichols MT, Gidey E, Matzakos T, et al. Secretion of cytokines
and growth factors into autosomal dominant polycystic kidney
disease liver cyst fluid. Hepatology 2004;40:836–846.

0. Fabris L, Cadamuro M, Libbrecht L, et al. Epithelial expression of
angiogenic growth factors modulate arterial vasculogenesis in
human liver development. Hepatology 2008;47:719–728.

1. Alvaro D, Onori P, Metalli VD, et al. Intracellular pathways medi-
ating estrogen-induced cholangiocyte proliferation in the rat.
Hepatology 2002;36:297–304.

2. Gradilone SA, Masyuk AI, Splinter PL, et al. Cholangiocyte cilia
express TRPV4 and detect changes in luminal tonicity inducing
bicarbonate secretion. Proc Natl Acad Sci U S A 2007;104:
19138–19143.

3. Gaudio E, Barbaro B, Alvaro D, et al. Vascular endothelial growth
factor stimulates rat cholangiocyte proliferation via an autocrine
mechanism. Gastroenterology 2006;130:1270–12782.

4. Masyuk TV, Masyuk AI, Torres VE, Harris PC, Larusso NF. Oc-
treotide inhibits hepatic cystogenesis in a rodent model of poly-
cystic liver disease by reducing cholangiocyte adenosine 3’,5’-
cyclic monophosphate. Gastroenterology 2007;132:1104–
1116.

5. van Keimpema L, Nevens F, Vanslembrouck R, et al. Lanreotide
reduces the volume of polycystic liver: a randomized, double-
blind, placebo-controlled trial. Gastroenterology 2009;137:

1661–1668.


	Polycystic Liver Diseases: Congenital Disorders of Cholangiocyte Signaling
	Genetics of PLD
	Cellular Mechanisms of Liver Cyst Formation and Growth
	Altered Biliary Developmental Program (Ductal Plate Malformation)
	Cilia and Beyond
	Altered Epithelial Fluid Secretion
	Increased Cholangiocyte Proliferation
	Autocrine and Paracrine Angiogenic Signaling
	Extracellular Matrix Remodeling

	Future Directions: PLD as Disorders of Cholangiocytes Signaling
	Supplementary Material
	Acknowledgments
	References
	References


