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SUMMARY ][]

Hepatocytes form a crucially important cell layer that separates sinusoidal blood from the
canalicular bile. They have a uniquely organized polarity with a basal membrane facing
liver sinusoidal endothelial cells, while one or more apical poles can contribute to several
bile canaliculi jointly with the directly opposing hepatocytes. Establishment and
maintenance of hepatocyte polarity is essential for many functions of hepatocytes and
requires carefully orchestrated cooperation between cell adhesion molecules, cell
junctions, cytoskeleton, extracellular matrix and intracellular trafficking machinery. The
process of hepatocyte polarization requires energy and, if abnormal, may result in severe
liver disease.

A number of inherited disorders affecting tight junction and intracellular trafficking
proteins have been described and demonstrate clinical and pathophysiological features
overlapping those of the genetic cholestatic liver diseases caused by defects in canalicular
ABC transporters. Thus both structural and functional components contribute to the final
hepatocyte polarity phenotype. Many acquired liver diseases target factors that determine
hepatocyte polarity, such as junctional proteins. Hepatocyte depolarization frequently
occurs but is rarely recognized because hematoxylin-eosin staining does not identify the
bile canaliculus. However, the molecular mechanisms underlying these defects are not
well understood. Here we aim to provide an update on the key factors determining

hepatocyte polarity and how it is affected in inherited and acquired diseases.



Key points 1.
Hepatocyte polarity
Structural polarity
¢ Each hepatocyte contributes apical membrane domain to one or more canaliculi.
¢ Bile canaliculi are sealed by tight junctions and form a complex interconnected
network.
e Microvillae dramatically increase the surface area of canalicular membrane.
Functional polarity
e Polarised flow of various molecules across canalicular and basolateral (sinusoidal)
membranes.
¢ Intrahepatocyte retention of bile components due to the genetic defects in
canalicular ATP Binding Cassette (ABC) transporters leads to structural

depolarization.

Key points 2.
Polarisation elements
e Extracellular matrix provides a scaffold for adhesion of hepatocytes and a
signaling platform that determines hepatocyte differentiation.
e Cell junctions including tight and adherens junctions, desmosomes and gap
junctions connect hepatocytes. Loss of tight junctions results in hepatocyte

depolarization.



¢ Intracellular protein trafficking: newly synthesized proteins are sorted at trans
Golgi network into specific trafficking pathways. Rabl1a positive recycling
endosomes, dynamic microtubules and actin filaments play crucial roles in
determining localization of apical transmembrane transporters.

¢ Mitochondrial energy production is essential for polarization and is regulated by

AMPK.

Key points 3.
Protein defects in inherited disorders of polarity
Tight junction proteins:
¢ C(Claudin 1 (NISCH syndrome),
e TJP2 (PFIC-4 and Familial Hypercholanaemia)
Intracellular trafficking proteins:
e VPS33B or VIPAR (ARC syndrome),
¢ MyosinSB (MVID)
Canalicular membrane transporters:
e ATPSBI (PFIC-1),
e ABCBI11 (PFIC-2),
e ABCB4 (PFIC-3),
e ABCC2 (Dubin Johnson syndrome),
Basolateral membrane transporters:

¢ Combined OATP1B1 and OATP1B3 defect (Rotor syndrome)



A defining feature of metazoans is the existence of polarized layers of epithelium
which give rise to the three dimensional shapes of body parts and types. The formation
and maintenance of a polarized epithelium is complex and requires specific cell adhesion
molecules, cytoskeletal factors and intracellular trafficking components [1]. These give
rise to apical and basolateral plasma membrane domains which separate interior from
external environments and permit directional absorption and secretion of proteins and
other solutes. Most epithelial cells, such as intestinal and renal tubular cells, are polarized
in the plane of the tissue [2]. In contrast, hepatocytes have a unique polarization
arrangement in which each of two adjacent cells contributes an apical plasma membrane
to form one or more capillary-like structures, the bile canaliculus, which is the smallest
branch of the bile ductal system (Fig. 1) [3]. The bile canaliculus (BC) is functionally
sealed by tight junctions (TJs) and, with‘its microvilli, constitutes ~13% of total
hepatocyte plasma membrane [4]. Defects in hepatocyte polarization lead to major

pathophysiological consequences.

Basic understanding of hepatocyte polarity

Hepatocyte polarity mechanisms may be divided into structural and functional
components. Structural polarity includes morphologic integrity of TJs and apical plasma
membranes with their microvilli, and BC network formation. In cultured hepatocytes and
cell lines, reversion to planar polarity phenotype and loss of BC has been demonstrated as
a result of deletion or inhibition of individual components of the complex polarization
machinery [5,6,7]. In contrast, functional polarity is predominantly defined by the action

of canalicular ATP Binding Cassette (ABC) transporters. The scope is expanding to



include acquired diseases although pathologists rarely comment on hepatocyte
polarization because BC cannot be visualized by hematoxylin and eosin staining and
require imaging of canalicular proteins such as 5’nucleotidase, ABCB1, ABCB11 or
others [8]. In presence of functional polarity defects canalicular morphology is initially
retained but eventually can be damaged as a consequence of intracellular retention of
biliary components, particularly bile acids [9].

Although most basic studies of components and mechanisms of polarity were
identified in polarized cell lines, such as MDCK, WIF-B and HepG2; corroborating
investigations in mammalian hepatocytes generally support similar mechanisms. Cell
lines and primary hepatocyte cultures have significant limitations for polarization studies;
however, collagen sandwich cultures of mammalian hepatocytes have proven useful
because they are non dividing, do not undergo autophagy, have stable gene expression for
about 2 weeks and, most importantly, sequentially form a canalicular network similar to

that seen in vivo (Fig. 2) [6,10].

When and how does polarity become manifest?

Embryologically, hepatoblasts are nonpolarized and give rise to hepatocytes on
stimulation by Oncostatin M (OSM) and TNF-[!lpha, and cholangiocytes, which are
signaled by NOTCH and TGF-[leta [11,12,13]. In mice, hepatocytes begin polarization
on fetal day 14; however, mature BC do not appear until fetal day 21 [14,15]. Early
canalicular network occurs by day 20 and rapid postnatal network formation occurs

within 2-3 days after birth. During development, tight junctional complexes form, and



apical and basolateral proteins including transporters become associated with specific
plasma membrane domains (Fig. 3) [16]. These changes are associated with activation of
7-1lpha-hydroxylase and synthesis of bile acids which may participate in regulating
canalicular network formation similar to effects observed in hepatocyte cultures in which
bile acids acting through a cAMP-Epac-MEK-AMPK pathway accelerate canalicular
network formation (Fig. 4) [7].

Acquisition of polarity requires an evolutionarily conserved interconnected network of
determinants that have been discovered in Drosophila and which specify future
polarization domains in differentiating epithelial cells [17,18]. Crumbs complex
(including Crumbs, Patj and Pals1) provides apical identity and is linked to Par complex
(Par3, Par6 and alpha-PKC), which promotes TJs and apical targeting after
phosphorylation of Par3 and Crumbs by alpha-PKC. Scribble complex (containing Lg1,
Dlg and Scribble) defines the basolateral domain. How these systems work in
hepatocytes is unknown. The complexity of subsequent processes makes it difficult to
identify specific signaling events, which explicitly shape polarization. These events, for
the most part, involve protein trafficking, which has been extensively studied in canine-
derived MDCK cells and to a limited extent in hepatocytes [19]. In only a few cases have
the signaling events involved in canalicular network formation been demonstrated. For
example, bile canalicular network formation is impaired in HNF-4alpha [20] and LKB1
knockout mice [21,22], and accelerated by STAT3 [23] and OSM [24]. OSM is an IL-6-
related cytokine secreted by the hematopoietic cells in the fetal liver [25] and is able to
activate transcription factors STAT3 and HNF-4alpha [23,26] as well as G-protein K-

Ras [27]. OSM promoted cell-cell adhesion and adherens junction formation in cultured



embryonic murine hepatic cells and bile canalicular formation in fetal human hepatocytes
[28,29]. It has been shown that OSM functions in protein kinase A pathway by inducing
the expression of the cell cycle inhibitor p27KIP that keeps cells in G1 and may couple

centrosome-associated signaling to canalicular domain formation [24,30,31,32].

The Key Elements in Polarization

Hepatocyte polarization and canalicular network formation require coordinated
expression of several key evolutionarily conserved elements each of which consists of
many components. These elements are extracellular matrix, adherens and tight junctions,
intracellular protein trafficking machinery including recycling endosomes, cytoskeleton

and energy production.

Extracellular Matrix

The extracellular matrix (ECM) is a complex macromolecular structural network
which forms a scaffold for adhesion and provides a signaling platform by sequestering or
releasing cytokines, anchoring processing enzymes and activating hepatocyte surface
integrins which trigger intracellular signaling [33,34]. Chemical and physical properties
of the ECM largely determine hepatocyte differentiation. Unlike other epithelia,
hepatocytes are not attached to a tough basal lamina. Instead they are surrounded by a
low density ECM, that contains hepatocyte secreted components. Mature hepatocytes are

embedded in ECM that lacks laminin which, however, is present during hepatocyte



differentiation in liver development and regeneration, suggesting a crucial role for
laminin during polarisation [35]. The absence of a basal lamina allows the exchange of
macromolecules between the sinusoid and Disse space through endothelial cell fenestra
which exclude cells. In cirrhosis excess deposition of ECM into the space of Disse results
in distortion of liver architecture and abnormal hepatocyte function [36]. Collagen
sandwich cultures demonstrate in vitro that the trapping of hepatocyte secreted ECM
proteins, such as collagen IV, laminin and fibronectin, and possibly growth factors on
both non-opposing surfaces is required for the development of hepatocyte polarity
phenotype [6, 37].

Experiments in MDCK and WIF-B cells demonstrated that Parlb, a serine/threonine
kinase activated by LKB1 (see below) is a crucial determinant of hepatocyte-like polarity
phenotype [38]. MDCK cells with overexpressed Parlb demonstrated hepatocyte-like
polarity with interrupted staining of collagen IV and laminin at the basal surface and
appearance of collagen IV and laminin at the apical surface [39]. Interestingly, seeding
Parlb overexpressing MDCK cells on high collagen IV concentration ECM reverted the
phenotype back to columnar [38]. In parallel reduced expression of Parlb in WIF-B cells
disrupted hepatocyte-like polarity. Studies in HepG2 cells proposed RhoA GTPase as the
effector of ECM signaling that determines the position of the lumen [40,41]. Work in
MDCK cells and hepatocyte cell lines established that integrins, cadherins and junctional
adhesion molecule A (JAMA) act as transducers that transfer the signal from the ECM to
RhoA GEFs and GAPs in order to induce the cytoskeletal changes required to establish a

biliary lumen [34,42,43,44].



Cell Junctions

Hepatocytes connect through intercellular tight, anchoring (adherens and
desmosomes) and gap junctions [45,46,47]. The tight junctional complex consists of
several claudins, occludins, TJP (also called ZO) proteins [48], and prevents paracellular
flux of molecules. Disruption of the TJs in transgenic mice [49], collagen sandwich
cultured hepatocytes and tissue sections of various hepatobiliary diseases results in
depolarization and eventual hepatocellular injury. In nonpolarized hepatocytes and other
epithelial cells, TJ proteins and some apical transporters relocate to intracellular sites
including the microtubular organizing center where they colocalize with Rabl1a and
Myosin 5b [5]. Identification of pathogenic mutations causing disruption of TJP2 and
Claudinl in patients with severe liver disease confirms the importance of TJs in

maintaining hepatocyte structure and function [50,51].

Intracellular Protein Trafficking

Apical protein trafficking in hepatocytes involves at least two distinct pathways
(Fig. 3). Hepatocytes target polytopic membrane proteins, such as ATP transporters, from
the Trans Golgi Network (TGN) either directly to the bile canalicular domain or to the
Rabl1a recycling endosome (RE) pool from which they cycle to the canalicular
membrane [52,53]. In contrast, hepatocytes target single membrane spanning and GPI-
anchored bile canalicular membrane proteins to the basolateral plasma membrane from

which they transcytose in endosomes through the cell to the canalicular membrane



[16,53]. A specific pathway that targets copper (Cu) transporter ATP7B to the canalicular
membrane via lysosome exocytosis has recently been reported [54]. It was found that in
response to increasing intracellular concentrations of Cu, ATP7B is trafficked to a subset
of lysosomes where Cu gets stored until the threshold concentration is reached. Once the
threshold level is reached ATP7B is delivered to the canalicular portion of PM and Cu
gets released. How cargo for the transport pathways is sorted at the TGN or elsewhere,
and whether these pathways intersect in recycling or other endosomes has not been fully
established in hepatocytes (Figs. 3 and 5). Several studies in HEPG2 and WIFB cell lines
identified candidate lipid and protein determinants that contribute to sorting of canalicular
proteins into distinct pathways [55,56,57]. The presence of different mechanisms may
relate to the extensive secretion of proteins from hepatocytes into the circulation in
contrast to the selective secretion of bile acids, metabolites, etc into the bile [1]. Precise
regulation of membrane sorting and of the endosomal recycling system is required to
sustain hepatocyte polarity and specificity of function in the various plasma membrane
domains. Approximately half of the proteins of a typical plasma membrane are
endocytosed per hour, whilst only ~8% of the hepatocyte basolateral plasma membrane is
internalized per hour [58]. The difference in trafficking of different types of canalicular
proteins and the importance of the Rab5 dependent endosomal pool to trafficking of GPI
anchored proteins, such as DPPIV and proteins trafficked via RE such as ABCB11, was
demonstrated in an in vivo knockdown (kd) of Rab5 homologues. In mice with Rab5 kd
DPPIV remained at the basolateral membrane, whilst ABCB11 relocated to REs [59]. In
contrast the localization of ABCC2 was unaffected suggesting an independent trafficking

mechanism for this protein.



Largely based on studies in cell lines and schematized in Figures 3 and 5, the
TGN is the site for release and sorting of proteins destined for the apical plasma
membrane. The involvement of specific endosomal pools has not been characterized in
hepatocytes but has been revealed in pulse chase experiments in liver and in cell lines.
RE constitutes a large reservoir for ABC transporters which is at least 6 times greater
than the content of those proteins in the canalicular membrane [52]. The pool is
mobilized by bile acids which circulate in the enterohepatic circuit, and by postprandially
secreted peptide hormones which increase cAMP production in hepatocytes to cope with
the increased demand for bile acid secretion. Taurocholate and cAMP activate distinct
signaling pathways to mobilize ABC transporters to the canalicular domain [60].
Regulation of these two responses differs. Increase in cAMP concentration results in
PKA-mediated stimulation of PI3K but not taurocholate stimulated incorporation of
ABCBI11 into the canalicular membrane (Fig. 4) [61].

The RE component of the secretory pathway plays a critical role in apical as well
as basolateral localization of various proteins [62]. This cargo-bearing structure contains
a complex including one or more Rab protein GTPases and an actin-associated molecular
motor, Myosin 5b; as well as adaptor proteins Rabl1a Fipl and Fip2 as shown by the
work in the MDCK cells [63]. Inhibition of Rabl1a or Myosin 5b prevented polarization
in WIF-B cells and primary hepatocytes and, when introduced into polarized cells,
prompted depolarization and internalization of apical proteins [5]. These observations
indicated that the RE is a major determinant of polarization not due to its ABC
transporter cargo. Some of the endosome components which provide cues for apical

membrane polarization have been previously characterized [64,65,66,67,68]. Mutations



in MYOS5B encoding Myosin 5b, which acts as a molecular motor not only for Rabl1a,
but also Rab11b, Rab25, and Rab8, cause MicroVillus Inclusion Disease (MVID) in
which malabsorption results from the absence of the intestinal brush border [69]. Recent
studies reveal that many patients with MYOS5B mutations also manifest cholestasis and
progressive liver disease [70]. Mouse Rab8 conditional knockouts mimic MVID;
furthermore, patients with MVID without Myosin 5b defects were found to have
mutations affecting Syntaxin 3, an apical membrane SNARE (family of membrane
proteins that ensure fusion between opposing membranes), suggesting that Myosin 5b,
Rab8 and Syntaxin 3 may be involved in the same trafficking pathway [71,72]. As the
liver disease in mice with Rab8 deficiency or MVID patients with Syntaxin 3 defects has
not been described so far it is possible that Rab8 and Syntaxin 3 role in this pathway is
not as important in hepatocytes as it is in the intestine. Discovery of loss of function
mutations in genes encoding RE-associated proteins such as Myosin 5b in MVID,
VPS33B and VIPAR in Arthrogryposis, Renal dysfunction and Cholestasis syndrome
(ARC) [73] supports the importance of the RE in establishment and maintenance of

hepatocyte polarity (Fig. 6).

Cytoskeletal Microfilament and Microtubular Systems

Proper endosomal trafficking and recycling of proteins to all plasma
membrane domains requires an intact actin and microtubular cytoskeletal system [74,75].
In particular, dynamic microtubules mediate trafficking of secreted and canalicular

proteins [76]. Newly synthesized ABCB11, the canalicular bile acid transporter, and



other canalicular ABC transporters traffic from the TGN along microtubules [77].
However, microtubules do not attach to the canalicular membrane and their cargo
endosomes are transferred to the pericanalicular actin system (Fig. 5). The complete
mechanism for cargo transfer is not known; however, microtubules become associated
with actin through a pericanalicular actin-binding complex containing CLIP170,1QGap,
APC, Hax-1 and cortactin proteins [78]. Live cell imaging studies reveal that selective
plasma membrane localization of transporter proteins is predominantly due to the
localization of specific docking proteins. In polarized WIF-B cells, ABCB11 and ABCB1
were shown to traffic along microtubules throughout the cell but only attach to sites on
the canalicular membrane [77]. The docking site has been proposed to be Syntaxin 3 that
facilitates fusion of protein sorting vesicles with the inner leaflet of the canalicular
membrane [79,80]. Radixin also participates in this process and links some cargo
molecules such as ABCC2, to the pericanalicular actin system [81]. Radixin knock out
mice manifest impaired ABCC2 localisation to the canalicular domain which becomes
progressively devoid of microvilli resulting in hepatocyte injury [82]. Assembly and
disassembly of short actin filaments involved in endosomal transport are under the
control of formin [83]. Work in HepG2 hepatoma cell line demonstrated requirement for
INF2, CDC42 and transmembrane protein MAL2, for trafficking of canalicular

membrane proteins in the transcytotic pathway.

Energy

Hepatocyte polarization is energy-dependent but the mechanism is unclear. AMPK, a

serine threonine kinase containing a catalytic alpha subunit and a regulatory beta and



gamma subunits, controls energy metabolism within cells by sensing the cellular AMP to
ATP ratio [84]. Activation of AMPK by phosphorylation of the alpha subunit Thr172
decreases energy consumption and increases energy production during cellular stress
such as hypoxia, glucose deprivation and ischaemia, and has an important role in hepatic
metabolism through effects on glucose, lipid and protein homeostasis and mitochondrial
biogenesis (Fig. 4) [85]. Long-term effects involve regulation of the glycolytic and
lipogenic pathways [86]. In collagen sandwich hepatocyte cultures, AMPK activation by
metformin, cCAMP activators, 2 deoxyglucose, AICAR or taurocholate increased
canalicular network formation [6]. Phosphorylation of AMPK Thr172 is performed by
LKB1, an upstream serine threonine kinase which is activated by various growth factors
[87]. AMPK and LKBI1 regulate polarity in drosophila, polarized cell lines, neurons and
hepatocytes [86]. In collagen sandwich cultured hepatocytes, the stress of isolation
resulted in depolarization, ATP depletion and mitochondrial fragmentation [7,88].
Mitochondrial fusion occurred within 2 days associated with increased ATP synthesis
from oxidative phosphorylation and canalicular network formation. Subsequent AMPK
activation upregulated glucose uptake, glycolysis and a further increase in ATP. These in
vitro studies reveal that, after stress, hepatocytes preferentially restore polarity even at
low ATP levels, suggesting that polarity is a prime requirement for cellular activity [7].
Mitochondrial fission and fusion are important in polarity maintenance. In other studies,
LKB1 conditional liver knockout mice reveal polarity defects, cholestasis and liver injury
[21,22]. Whether LKB1 and/or AMPK enhance polarization through direct effects on
mitochondrial bioenergetics and/or specific phosphorylation of downstream polarity

components, such as TJs, RE or cytoskeleton, is unknown.



Disorders of Polarization

Typically, diseased liver loses its polarized structure. Polarity defects are seen in single-
gene rare inherited disorders (Table 1 and Fig. 6) as well as common infections such as
hepatitis C, in which damage to hepatocyte polarization can be restored by treatment [89],
and multifactorial diseases like cancer, as genes involved in polarity have been implicated

in its pathogenesis (Table 2) [90].

Inherited Defects in Junctional Proteins

Defects in several apical junction proteins have been associated with inherited human
liver diseases (Fig. 6). CLDNI and TJP2 encode integral TJ proteins; mutations in
CLDNI were found in neonatal ichthyosis-sclerosing cholangitis syndrome (NISCH) and
TJP2 mutations cause familial hypercholanemia (FHC) and a newly described subtype of
Progressive Familial Intrahepatic Cholestasis syndrome (PFIC-4) [50,51,91]. Patients
with NISCH are born with generalized skin, hair and nail abnormalities. The liver disease
is said to affect both cholangiocytes and hepatocytes and the biopsy appearance varies
even in patients with the same mutation, and can demonstrate typical sclerosing
cholangitis features or non-specific hepatocellular and canalicular cholestasis with normal
bile ducts [92]. The variability of phenotype expression suggests that variants in other

genes may influence liver disease severity. The likely mechanism for liver injury is



increased paracellular permeability due to abnormal TJ formation, resulting in bile
regurgitation [93].

FHC patients have elevated serum bile acid concentrations, pruritus and fat
malabsorption. FHC can be caused by defects in several proteins including TJP2 and also
enzymes involved in bile acid biogenesis. FHC patients have normal liver enzymes apart
from increased serum alkaline phosphatase activity, and variable findings on liver biopsy
that include canalicular cholestasis and minimally active chronic hepatitis. Symptoms
usually respond to treatment with ursodeoxycholic acid. Some patients have a
combination of homozygous missense V48A mutations in 7JP2 with a heterozygous
BAAT (Bile acid-CoA:amino acid N-acyltransferase) M76V mutation (which in the
homozygous state can also cause FHC).

Frame shift deletions and duplications, and splice site 7JP2 mutations identified in all
patients with PFIC-4 so far are predicted to result in the absence of the protein product
[S1]. The described patients had normal gamma glutamyl transpeptidase (gamma-GT)
cholestasis and progressive liver disease course, with most children requiring life saving
early liver transplantation. Two patients with severe 7JP2 mutations were reported to

have developed hepatocellular carcinoma at 24 and 26 months of age [94].

Inherited Defects in Intracellular Trafficking

Defects in four intracellular trafficking machinery proteins (Myosin 5b, Syntaxin 3,

VPS33B and VIPAR) cause related inherited disorders with polarity defects

[69,70,72,73]. Abnormalities in Myosin 5b and recently described defects in Syntaxin 3



cause MVID which typically presents in infants with intractable diarrhea and
characteristic features include hypoplastic villous atrophy with intracytoplasmic
inclusions of brush-border microvilli detected by electron microscopy. Many patients
with MVID develop cholestatic liver disease similar to that in PFIC-1 and -2 [70].
Cholestasis becomes particularly prominent when parenteral nutrition is introduced.
Immunostaining of ABCB11 and Rabl1a in liver biopsies from patients with Myosin 5b
defects demonstrated abnormal distribution of these proteins, suggesting that
mislocalization of ABCB11 due to abnormal trafficking could be responsible for the liver
disease, at least in this subgroup of MVID [70]. Liver disease has not yet been described
in patients with Syntaxin 3 defects. As mentioned above Myosin 5b is an actin-based
molecular motor whose mechanism of action is closely linked with the RE-associated
Rab family proteins, which regulate polarized epithelial protein trafficking. Syntaxin 3 is
an apical membrane SNARE that may act as a hepatocyte docking site for the vesicles
delivering canalicular membrane transporter proteins from the recycling endosomes.

ARC is an autosomal recessive multisystem disorder caused by mutations in VPS33B
and VIPAS39 encoding VPS33B (vacuolar protein sorting 33 homologue B) and VIPAR
(VPS33B imteracting protein, apical-basolateral polarity regulator). Characteristic
presentation of ARC includes neonatal cholestatic jaundice, renal tubular acidosis,
arthrogryposis and severe failure to thrive. Patients have normal [Jamma-GT but
significantly increased alkaline phosphatase activity, consistent with the canalicular
damage [95]. Patients’ liver biopsies show evidence of giant cell hepatitis, bile duct
hypoplasia and accumulation of intrahepatocyte lipofuscin granules. Most patients

described so far carry severe nonsense, splice site or frame shift mutations resulting in the



absence of protein product, and fail to survive past the first year of life. However,
affected children with an attenuated ARC phenotype have been identified. A splice site
c.1225+5 G>C mutation in VPS33B results in production of an abnormal protein
transcript that retains some function and appears to confer the mild phenotype [96].
VPS33B and VIPAR form a stable complex and interact with Rablla suggesting a role
for the VPS33B-VIPAR complex in RE trafficking pathway. Moreover, localization of
bile salt export pump ABCB11, which is trafficked to canalicular membrane via Rablla
positive RE was predominantly cytoplasmic in the liver ‘of ARC patients [73].
Localisation of other canalicular membrane proteins in ARC patients’ liver was found to
be variable. For example CECAMS, which is a GPI anchored protein was predominantly
localized to the basolateral membrane, while the location of MRP2 in hepatocyte
canaliculi was unchanged. Furthermore structural and functional abnormalities in the
apical junction complex (AJC) was found in mIMCD3 cells with VPS33B and VIPAR
knockdown, although the mechanism behind this defect is not clear and is likely to be
caused by transcriptional downregulation of some AJC proteins such as E-Cadherin and

Caludin-1 [73].

Functional Polarity Defects

Defects in hepatocyte transporter proteins are the commonest collective cause of inherited
forms of cholestasis. A scope of severity has been demonstrated with more severe protein
defects manifesting in infants, with milder abnormalities conferring susceptibility to drug

induced and pregnancy induced cholestasis.



Inherited Defects in Canalicular Membrane Transporter Proteins.

Progressive Familial Intrahepatic Cholestasis types I and II (PFIC-1 and PFIC-2) are
characterized by persistent cholestasis with normal [Jamma-GT and progressiveliver
damage that often requires liver transplantation in childhood. Reduced concentrations of
primary BA are found in bile [97,98]. A scope of severity exists in PFIC and a range of
mutations resulting in the absence or mistrafficking of the proteins has been described.
The majority of patients with this phenotype have mutations in ATP8B1 (PFIC-1) and
ABCBI11 (PFIC-2) although patients with a similar phenotype and mutations in 7JP2
(PFIC-4) were described recently (see above) [51,99, 100]. ABCB11, also known as bile
salt export pump (BSEP) is responsible for the transport of salts of primary bile acids
across the canalicular membrane [101]. Patients with ABCB11 mutations are at increased
risk of hepatobiliary malignancy [102]. ATP8B1 is a member of the type 4 subfamily of
P-type ATPases and is present in the apical membrane of many epithelial cells, including
hepatocytes and enterocytes. It was found to translocate aminophospholipids such as
phosphatidylserine (PS), from the outer to the inner leaflet of the plasma membrane
bilayer [103,104,105]. The extrahepatic manifestations of ATP8B1 deficiency include
diarrhoea, recurrent pancreatitis, sensorineural deafness, delay in growth and puberty and
elevated sweat chloride concentration [106].

Patients with milder missense mutations in ABCB11 or ATP8B1 that may confer partial
instability to the protein display a benign recurrent intrahepatic cholestasis (BRIC)

phenotype, in which cholestasis can completely resolve between relapses [107].



Mutations in ABCB4 encoding ABCB4 are associated with PFIC-3 [108]. ABCBA4, also
called multidrug resistance protein 3 (MDR3) is a P-glycoprotein that translocates
phospholipids from the internal to the external leaflet of the canalicular membrane [109].
Unlike PFIC-1, -2 and -4, PFIC-3 patients have high serum [ Jamma-GT values, ductular
reaction and early fibrosis on liver biopsy. ABCB4 deficiency cause abnormal
phosphatidylcholine secretion into bile leading to hepatocyte and cholangiocyte damage
due to absent emulsification of bile acids [110]. A number of cholestatic disorders have
been associated with partial ABCB4 deficiency, including neonatal hepatitis and biliary
cirrhosis [111,112].

Mutations in ABCC2 cause Dubin-Johnson syndrome. Patients with this condition have
recurrent episodes of jaundice without plasma bile acid accumulation. The liver biopsy
demonstrates intrahepatocyte deposits of dark pigment often without any obvious
hepatobiliary injury [113]. Treatment is recommended only for severe neonatal cases.
Up-regulation of other transporters such as ABCC3 in Dubin Johnson syndrome patients

may explain a mild phenotype [114].

ABCC?2 encodes ABCC2 or MRP2, which is a member of the multidrug resistance
protein subfamily that exports anionic glutathione and glucuronate conjugates (including
bilirubin) from hepatocytes into canaliculi [115]. ABCC2 is expressed on the apical
membranes of many epithelial cells including hepatocytes, proximal renal tubules,

gallbladder, small intestine, bronchi and placenta [116].

Basolateral membrane protein defects



Rotor syndrome is caused by simultaneous recessive mutations in SLCO1BI and
SLCO1B3 genes and phenotypically is similar to Dubin-Johnson syndrome [117]. It
manifests with mild jaundice that can be detected in the neonatal period or childhood. In
contrast to Dubin-Johnson syndrome there are no intrahepatocyte pigment deposits
present and delayed plasma clearance of unconjugated bromsulphthalein can be found
[118]. SLCOIBI and SLCOI1B3 encode organic anion transporting polypeptides
OATP1B1 and OATP1B3, which localize to the sinusoidal membrane of hepatocytes and
mediate sodium-independent cellular uptake of multiple compounds, including bilirubin

glucuronide, bile acids, steroid and thyroid hormones, as well as numerous drugs [119].

Hepatocyte polarity determinants and acquired liver diseases

MicroRNA

MicroRNAs (miRNAs), are small 18-24 nucleotide noncoding RNAs that regulate gene
expression by binding to mRNAs and interfering with translation [120, 121]. Typically,
miRNAs downregulate expression of their target genes by binding to the 3' untranslated
region (UTR). However miRNAs may also upregulate target gene expression when
interacting in a non-3' UTR-dependent fashion. More than 1000 mammalian miRNAs are
known [122]. The miRNA-target gene interaction is complex and probably exist as part
of carefully regulated transcription factor networks [123]. More than one miRNA can
affect expression of the same gene and each miRNA can influence dozens of gene

transcripts. The exact roles of miRNAs in the establishment and maintenance of



hepatocyte polarity are not known, but evidence is emerging that miRNA influence
expression of adherens and tight junction proteins and cytoskeleton remodelling. miR-
155 was found to be upregulated after TGF-beta induction in an epithelial cell line
NMuMG which resulted in loss of polarity [124]. Moreover numerous studies identified
specific alterations in miRNAs signatures in different liver diseases. ZEB1 and ZEB2, the
transcriptional repressors of E-cadherin are influenced by members of the miRNA-200
family and lead to epithelial to mesenchymal transition [125, 126]. Upregulation of
miRNAs miR-200a and miR-200Db in liver fibrosis is consistent with their influence in
this disease mechanism [127]. A role in regulating the PTEN - TGF-beta axis was
ascribed to a network of miRNAs (including miR-106a, miR-106b, miR-18a, miR-18b,
and others) that results in EMT of hepatocytes thus suggesting potential for this miRNA

network to promote neoplastic transformation of hepatocytes [128].

Liver Cancer

Cancer cells become depolarized and there is evidence for the role of disturbed polarity
pathways in oncogenesis. Beta-catenin is a constituent protein of adherens junctions and
is critical for establishment and maintenance of epithelial polarity. It can dissociate from
the junctions and is translocated to the nucleus where it may transmit the contact
inhibition signal. Mutations that lead to accumulation of intracytoplasmic and nuclear
Beta-catenin were identified in more than half of patients with sporadic hepatoblastoma
(HB), a malignant childhood liver tumour [129]. Such Beta-catenin translocation is likely

to upregulate the Wnt signaling pathway. Furthermore mutations in CTNNBI, which



encodes Beta-catenin are associated with increased Wnt signaling were identified in ~
20% of patients with hepatocellular carcinoma (HCC), including a patient with primary
PFIC-2 diagnosis [130].

Inactivating mutations in APC cause familial adenomatous polyposis and approximately
10% of patients with HB have germline APC mutations [131,132]. APC is a tumor
suppressor that downregulates the Wnt signaling pathway by decreasing the amount of
translocated Beta-catenin. APC forms a complex with glycogen synthase kinase 3 beta
(GSK3B) and AXINI1 that binds and phosphorylates cytoplasmic Beta-catenin,
facilitating its ubiquitination and proteasomal degradation. Understanding signaling
events underlying HCC lead to development of novel treatments. A complete resolution
of tumours in an in vivo mouse model of HCC with Beta-catenin mutations was recently
demonstrated after treatment with a “locked nucleic acid” antisense approach to
inactivation of Beta-catenin driven Wnt signaling [133]. In another project MET/AN90--
catenin mutant model of HCC was employed to test the effect of in vivo nanoparticle
mediated siRNA inhibition of integrin subunits slowed down progression of HCC and
was proposed as a possible novel treatment for this tumour [134]. Germline mutations in
PTEN and more recently PIK3CA and AKT1 were found in patients with “Cowden” or
“multiple hamartoma” syndrome, an inherited disorder that leads to multiple hamartomas
including biliary hamartomas, and predisposes patients to several types of cancer.
PIK3CA encodes the catalytic subunit of PI3K, which adds a phosphate to
phosphatidylinositol-4,5-biphosphate (PIP2) to form phosphatidylinositol-3,4,5-
triphosphate (PIP3) at the cellular membrane. PTEN dephosphorylates PIP3, which is

required for recruitment of AKT1 to the cell membrane where it is phosphorylated. The



PIP3 pathway is important for apical membrane formation. PI3KCA somatic mutations

are also occasionally seen in hepatocellular carcinomas and other cancers [135].

Viral Hepatitis

Hepatitis B and C both promote hepatocarcinogenesis, which is associated with E-
cadherin downregulation and Beta-catenin activation. Hepatitis C virus (HCV) enters
hepatocytes using the tight junction proteins claudinl and occludin as co-receptors and a
tetraspanin CD81 [136,137,138,139]. Hepatitis B virus (HBV) entry into hepatocytes is
dependent upon hepatocyte polarization and it is suggested that the putative viral cell
receptor is located in the basolateral membrane, although it’s identity is not yet known
[140]. HBV X protein is thought to activate the Wnt signaling pathway by binding to
APC [141].

The work in hepatoma cell lines demonstrated that HCV infection upregulates VEGF
which disrupts tight junction integrity promoting viral transmission [89].

HCV core protein expression was associated with disrupted apical polarity in MDCK
cells, which may be a result of deactivation of PI phosphatase SHIP2 which converts
PtdIns(3,4,5)P3 to PtdIns(3,4)P2 [142]. Furthermore, HCV induced liver inflammation is
associated with upregulation of Wnt signaling and increased miR-155 expression [143].
Expression of another HCV protein, HCV-NSS5A, in primary hepatic precursors and
immortalized hepatocyte cell lines led to epithelial to mesenchymal transition (EMT)
through activation of Twist2, which regulates EMT [144].

HCV entry into via hepatocyte tight junctions was targeted by the novel approach to



therapy. Inhibition of HCV entry using anti-CLDN1 antibody in human liver-chimeric
mice successfully treated chronic HCV infection and provides a novel therapeutic

approach to this devastating disease [145].

Primary Biliary Cirrhosis

Genome wide association studies are helping to unravel pathways involved in the
pathogenesis of common human diseases. Primary biliary cirrhosis is the most common
autoimmune liver disease primarily affecting women over the age of 40. Recent studies
found significant association between defects in several molecular pathways and primary
biliary cirrhosis, including known polarity pathways such as mTOR, PI3K, MAPK, Hh
and Wnt signaling, and adherens junctions [146]. In cirrhosis and inflammatory hepatic
diseases, depolarization of hepatocytes occurs; however its frequency and contribution to
pathology have not been studied in depth. A recent study has shown that induction in
oxidative stress by administration of carbon tetrachloride disrupted Par-3 - alpha-PKC
complex formation resulting in disassembly of tight junctions and depolarization of
hepatocytes. These changes led to cholestasis and cirrhosis [147]. The mobilization of
fibrogenic cells has been proposed to involve conversion of polarized hepatocytes and
biliary epithelial cells into mesenchymal cells with concomitant loss of epithelial

polarization and acquisition of a mobile phenotype, but this is controversial [148,149].

Conclusions



Improved understanding of hepatocyte polarisation benefited from the work in
cell lines, model organisms and discoveries of inherited mutations in patients with
cholestatic diseases. The unique role of the canalicular membrane in bile acid secretion
and the deleterious intracellular effects of their retention prompt the hypothesis that links
polarity, bile acid retention, mitochondrial damage, energy metabolism and cholestasis.
Hepatocyte polarisation and canalicular membrane formation are likely to be dependent
upon stimulation by bile acids and LKB1 phosphorylation of AMPK and Parlb, as well
as activation of STAT3 and TNFa transcription factors by cytokine OSM. The unique
importance of ECM composition and localisation in hepatocyte differentiation has been
further defined by research efforts in the liver regeneration field. Hepatocytes have
specific trafficking pathways for GPI anchored and single transmembrane domain
canalicular membrane proteins that utilise the transcytotic route while polytopic ABC
transporters traffic from TGN, either via RE or directly to the canalicular membrane.
Cholestasis of various etiologies eventually results in inhibition of the direct and
transcytotic protein trafficking pathways resulting in bile acid retention within
hepatocytes and damage to mitochondria, Golgi and other organelles (150,151,152).
Interdependence of polarization and mitochondrial damage may well underlie cholestasis
associated with viruses, drugs, shock and other factors.

Identification of the molecular defects responsible for pathogenesis of rare and common
diseases affecting liver polarity provides desirable targets for drug design, and although
there are no known therapeutic agents that can restore hepatocyte polarity, the research

into drug development has already benefited from the understanding of the involvement



of polarity factors in disease. Researchers have successfully tested an antisense

oligonucleotide approach to treating HCC in an in vivo model with Beta-catenin

mutations. This treatment can potentially benefit more than 20% of patients with this
tumour that is driven by Wnt signaling activation. Furthermore blocking HCV entry via
claudinl with a monoclonal antibody approach eliminated chronic HCV infection, which
is one of the most common causes of liver cancer. Better understanding of the miRNA
role in liver polarity and disease will provide new RNA based approaches to treatment.

For these reasons a better understanding of hepatocyte polarity and the increasing arsenal

of potential therapeutic approaches give optimism for future treatment development in

liver diseases.

References

[1] Treyer A, Miisch A. Hepatocyte polarity. Compr Physiol 2013;1:243-287.

[2] Bryant DM, Mostov KE. From cells to organs: building polarized tissue. Nat Rev
Mol Cell Biol 2008;9:887-901.

[3] Slim CL, Lazaro-Diéguez F, Bijlard M, Toussaint MJ, de Bruin A, Du Q, et al.
Par1b induces asymmetric inheritance of plasma membrane domains via LGN-
dependent mitotic spindle orientation in proliferating hepatocytes. PLoS Biol
2013;11:e1001739.

[4] Braiterman LT, Hubbard AL. Hepatocyte surface polarity: its dynamic maintenance
and establishment. 2009 in The Liver: Biology and Pathobiology, 5th edition.
Editors: Arias IM, Alter HJ, Boyer, JL, Cohen DE, Fausto N, Shafritz DA and

Wolkoff AW. Publisher: John Wiley & Sons, Ltd. Chichester, UK.



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Wakabayashi Y, Dutt P, Lippincott-Schwartz J, Arias IM. Rabl1a and myosin Vb
are required for bile canalicular formation in WIF-BO cells. Proc Natl Acad Sci U S
A 2005;102:15087-15092.

Fu D, Wakabayashi Y, Ido Y, Lippincott-Schwartz J, Arias IM. Regulation of bile
canalicular network formation and maintenance by AMP-activated protein kinase
and LKB1. J Cell Sci 2010;123:3294-3302.

Fu D, Wakabayashi Y, Lippincott-Schwartz J, Arias IM. Bile acid stimulates
hepatocyte polarization through a cAMP-Epac-MEK-LKB1-AMPK pathway. Proc
Natl Acad Sci U S A 2011;108:1403-1408.

Lagana SM, Salomao M, Remotti HE, Knisely AS, Moreira RK. Bile salt export
pump: a sensitive and specific immunohistochemical marker of hepatocellular
carcinoma. Histopathology 2015;66:598-602.

Jacquemin E. Progressive familial intrahepatic cholestasis. Clin Res Hepatol
Gastroenterol 2012;36:S26-S35.

Michalopoulos GK, Bowen W, Nussler AK, Becich MJ, Howard TA. Comparative
analysis of mitogenic and morphogenic effects of HGF and EGF on rat and human
hepatocytes maintained in collagen gels. J Cell Physiol 1993;156:443-452.
Kamiya A, Gonzalez FJ. TNF-alpha regulates mouse fetal hepatic maturation
induced by oncostatin M and extracellular matrices. Hepatology 2004;40:527-536.
Clotman F, Jacquemin P, Plumb-Rudewiez N, Pierreux CE, Van der Smissen P,
Dietz HC, et al. Control of liver cell fate decision by a gradient of TGF beta
signaling modulated by Onecut transcription factors. Genes Dev. 2005;19:1849-

1854.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Lozier J, McCright B, Gridley T. Notch signaling regulates bile duct
morphogenesis in mice. PLoS One 2008;3:e1851.

Feracci H, Connolly TP, Margolis RN, Hubbard AL. The establishment of
hepatocyte cell surface polarity during fetal liver development. Dev Biol
1987;123:73-84.

Wood RL. An electron microscope study of developing bile canaliculi in the rat.
Anat Record 1965;151:507-529.

Bartles JR, Braiterman LT, Hubbard AL. Endogenous and exogenous domain
markers of the rat hepatocyte plasma membrane. J Cell Biol 1985;100:1126-1138.
McCaffrey LM, Macara IG. Signaling pathways in cell polarity. Cold Spring Harb
Perspect Biol 2012;4.

St Johnston D, Sanson B. Epithelial polarity and morphogenesis. Curr Opin Cell
Biol 2003;14:2689-2705.

Mellman I, Nelson WJ. Coordinated protein sorting, targeting and distribution in
polarized cells. Nat Rev Mol Cell Biol 2008;9:833-845.

Parviz F, Matullo C, Garrison WD, Savatski L, Adamson JW, Ning G, et al.
Hepatoeyte nuclear factor 4alpha controls the development of a hepatic epithelium
and liver morphogenesis. Nat Genet 2003;34:292-296.

Woods A, Heslegrave AJ, Muckett PJ, Levene AP, Clements M, Mobberley M, et
al. LKB1 is required for hepatic bile acid transport and canalicular membrane

integrity in mice. Biochem J 2011;434:49-60.



[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Homolya L, Fu D, Sengupta P, Jarnik M, Gillet JP, Vitale-Cross L, et al.
LKB1/AMPK and PKA control ABCBI11 trafficking and polarization in
hepatocytes. PLoS One 2014;9:91921.

Ito Y, Matsui T, Kamiya A, Kinoshita T, Miyajima A. Retroviral gene transfer of
signaling molecules into murine fetal hepatocytes defines distinct roles for the
STATS3 and ras pathways during hepatic development. Hepatology 2000;32:1370-
1376.

van der Wouden JM, van [Jzendoorn SC, Hoekstra D. Oncostatin M regulates
membrane traffic and stimulates bile canalicular membrane biogenesis in HepG2
cells. Embo J 2002;21:6409-6418.

Miyajima A, Kinoshita T, Tanaka M, Kamiya A, Mukouyama Y, Hara T. Role of
Oncostatin M in hematopoiesis and liver development. Cytokine Growth Factor
Rev 2000;11:177-183.

Kamiya A, Inoue Y, Gonzalez FJ. Role of the hepatocyte nuclear factor 4alpha in
control of the pregnane X receptor during fetal liver development. Hepatology
2003;37:1375-1384.

Hirano T, Nakajima K, Hibi M. Signaling mechanisms through gp130: A model of
the cytokine system. Cytokine Growth Factor Rev 1997;8:241-252.

Lazaro CA, Croager EJ, Mitchell C, Campbell JS, Yu C, Foraker J, et al.
Establishment, characterization, and long-term maintenance of cultures of human
fetal hepatocytes. Hepatology 2003;38:1095-1106.

Matsui T, Kinoshita T, Morikawa Y, Tohya K, Katsuki M, Ito Y, et al. K-Ras

mediates cytokine-induced formation of E-cadherin-based adherens junctions



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

during liver development. Embo J 2002;21:1021-1030.

Wojtal KA, Diskar M, Herberg FW, Hoekstra D, van Ijzendoorn SC. Regulatory
subunit I controlled protein kinase A activity is required for apical bile canalicular
lumen development in hepatocytes. J Biol Chem 2009;284:20773-20780.

Zegers MM, Hoekstra D. Sphingolipid transport to the apical plasma membrane
domain in human hepatoma cells is controlled by PKC and PKA activity: A
correlation with cell polarity in HepG2 cells. J Cell Biol 1997;138:307-321.

Van ISC, Theard D, Van Der Wouden JM, Visser W, Wojtal KA, Hoekstra D.
Oncostatin M stimulated apical plasma membrane biogenesis requires p27(Kip1)-
regulated cell cycle dynamics. Mol Biol Cell 2004;15:4105-4114.

Nelson CM, Bissel MJ. Of extracellular matrix, scaffolds, and signaling: tissue
architecture regulates development, homeostasis, and cancer. Annu Rev Cell Dev
Biol 2006;22:287-309.

Gkretsi V, Apte U, Mars WM, Bowen WC, Luo JH, Yang Y, et al. Liver-specific
ablation of integrin-linked kinase in mice results in abnormal histology, enhanced
cell proliferation, and hepatomegaly. Hepatology 2008;48:1932-1941.
Martinez-Hernandez A, Amenta PS. The extracellular matrix in hepatic
regeneration. FASEB J 1995;9:1401-1410.

Schuppan D. Structure of the extracellular matrix in normal and fibrotic liver:
Collagens and glycoproteins. Semin Liver Dis 1990;10:1-10.

Ezzell RM, Toner M, Hendricks K, Dunn JC, Tompkins RG, Yarmush ML. Effect
of collagen gel configuration on the cytoskeleton in cultured rat hepatocytes. Exp

Cell Res 1993;208:442-452.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Cohen D, Brennwald PJ, Rodriguez-Boulan E, Musch A. Mammalian PAR1
determines epithelial lumen polarity by organizing the microtubule cytoskeleton,
J.Cell Biol 2004;164:717-7217.

Lazaro-Diéguez F, Cohen D, Fernandez D, Hodgson L, van I[jzendoorn SC, Miisch
A. Parlb links lumen polarity with LGN-NuMA positioning for distinct epithelial
cell division phenotypes. J Cell Biol 2013;203:251-264.

Herrema H, Czajkowska D, Théard D, van der Wouden JM, Kalicharan D,
Zolghadr B, et al. Rho kinase, myosin-II, and p42/44 MAPK control extracellular
matrix-mediated apical bile canalicular lumen morphogenesis in HepG2 cells. Mol
Biol Cell 2006;17:3291-3303.

Marjoram RJ, Lessey EC, Burridge K. Regulation of RhoA activity by adhesion
molecules and mechanotransduction. Curr Mol Med 2014;14:199-208.

Konopka G, Tekiela J, Iverson M, Wells C, Duncan SA. Junctional adhesion
molecule-A is critical for the formation of pseudocanaliculi and modulates E-
cadherin expression in hepatic cells. J Biol Chem 2007;282:28137-28148.
Braiterman LT, Heffernan S, Nyasae L, Johns D, See AP, Yutzy R, et al. JAM-A is
both essential and inhibitory to development of hepatic polarity in WIF-B cells. Am
J Physiol Gastrointest Liver Physiol 2008;294:G576-588.

Cohen D, Tian Y, Miisch A. Parlb promotes hepatic-type lumen polarity in Madin
Darby canine kidney cells via myosin II- and E-cadherin-dependent signaling. Mol
Biol Cell 2007;18:2203-2215.

Theard D, Steiner M, Kalicharan D, Hoekstra D, van Ijzendoorn SC. Cell polarity

development and protein trafficking in hepatocytes lacking E-cadherin/beta-



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

catenin-based adherens junctions. Mol Biol Cell 2007;18:2313-2321.

Kojima T, Murata M, Go M, Spray DC, Sawada N. Connexins induce and maintain
tight junctions in epithelial cells. ] Membr Biol 2007;217:13-19.

Spray DC, Hanstein R, Lopez-Quintero SV, Stout RF Jr, Suadicani SO, Thi MM.
Gap junctions and bystander effects: good Samaritans and executioners. Wiley
Interdiscip Rev Membr Transp Signal 2013;2:1-15.

Baum B, Georgiou M. Dynamics of adherens junctions in epithelial establishment,
maintenance, and remodeling. J Cell Biol 2011;19222:907-917.

Kojima T, Sawada N, Chiba H, Kokai Y, Yamamoto M, Urban M, et al. Induction
of tight junctions in human connexin 32 (hCx32)-transfected mouse hepatocytes:
connexin 32 interacts with occludin. Biochem Biophys Res Commun.
1999;266:222-229.

Hadj-Rabia S, Baala L, Vabres P, Hamel-Teillac D, Jacquemin E, Fabre M, et al.
Claudin-1 gene mutations in neonatal sclerosing cholangitis associated with
ichthyosis: a tight junction disease. Gastroenterology 2004;127:1386-1390.
Sambrotta M, Strautnieks S, Papouli E, Rushton P, Clark BE, Parry DA, et al.
Mutations in TJP2 cause progressive cholestatic liver disease. Nat Genet
2014;46:326-328.

Kipp H, Arias IM. Transporters on demand: intrahepatic pools of canalicular ATP
binding cassette transporters in rat liver. J Biol Chem 2001;276:7218-7224.

Kipp H, Arias IM. Newly synthesized canalicular ABC transporters are directly
targeted from the Golgi to the hepatocyte apical domain in rat liver. J Biol Chem

2000;275:15917-15925.



[54] Polishchuk EV, Concilli M, Iacobacci S, Chesi G, Pastore N, Piccolo P, et al.
Wilson disease protein ATP7B utilizes lysosomal exocytosis to maintain copper
homeostasis. Dev Cell. 2014;29:686-700.

[55] Wojtal KA, de Vries E, Hoekstra D, van Ijzendoorn SC. Efficient trafficking of
MDR 1/P-glycoprotein to apical canalicular plasma membranes in HepG2 cells
requires PKA-RIIalpha anchoring and glucosylceramide. Mol Biol Cell. 2006
Aug;17(8):3638-50.

[56] Slimane TA, Trugnan G, Van IJzendoorn SC, Hoekstra D. Raft-mediated
trafficking of apical resident proteins occurs in both direct and transcytotic
pathways in polarized hepatic cells: role of distinct lipid microdomains. Mol Biol
Cell 2003 14:611-624.

[57] Ramnarayanan SP, Cheng CA, Bastaki M, Tuma PL. Exogenous MAL reroutes
selected hepatic apical proteins into the direct pathway in WIF-B cells. Mol Biol
Cell 2007 18:2707-2715.

[58] Crawford JM. Role of vesicle-mediated transport pathways in hepatocellular bile
secretion. Semin Liver Dis 1996;16:169-189.

[59] Zeigerer A, Gilleron J, Bogorad RL, Marsico G, Nonaka H, Seifert S, et al. Rab5 is
necessary for the biogenesis of the endolysosomal system in vivo. Nature
2012;485:465-470.

[60] Misra S, Ujhdzy P, Varticovski L, Arias IM. Phosphoinositide 3-kinase lipid
products regulate ATP-dependent transport by sister of P-glycoprotein and
multidrug resistance associated protein 2 in bile canalicular membrane vesicles.

Proc Natl Acad Sci U S A 1999;96:5814-5819.



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Misra S, Varticovski L, Arias IM. Mechanisms by which cAMP increases bile acid
secretion in rat liver and canalicular membrane vesicles. Am J Physiol Gastrointest
Liver Physiol 2003;285:G316-G324.

van [Jzendoorn SCD. Recycling endosomes. J Cell Sci 2006;119:1679-1681.
Baetz NW, Goldenring JR. Rabl1-family interacting proteins define spatially and
temporally distinct regions within the dynamic Rabl 1a-dependent recycling
system. Mol Biol Cell 2013;24:643-658.

van [Jzendoorn SC1, Hoekstra D. Polarized sphingolipid transport from the
subapical compartment changes during cell polarity development. Mol Biol Cell
2000;11:1093-1101.

van [Jzendoorn SC1, Hoekstra D. (Glyco)sphingolipids are sorted in sub-apical
compartments in HepG2 cells: a role for non-Golgi-related intracellular sites in the
polarized distribution of (glyco)sphingolipids. J Cell Biol 1998;142:683-696.

van [Jzendoorn SC1, Zegers MM, Kok JW, Hoekstra D. Segregation of
glucosylceramide and sphingomyelin occurs in the apical to basolateral transcytotic
route in HepG2 cells. J Cell Biol 1997;137:347-357.

Van lJzendoorn SC1, Maier O, Van Der Wouden JM, Hoekstra D. The subapical
compartment and its role in intracellular trafficking and cell polarity. J Cell Physiol
2000;184:151-160.

Ohgaki R1, Matsushita M, Kanazawa H, Ogihara S, Hoekstra D, van Ijzendoorn
SC. The Na+/H+ exchanger NHEG6 in the endosomal recycling system is involved
in the development of apical bile canalicular surface domains in HepG2 cells. Mol

Biol Cell 2010;21:1293-1304.



[69] Miiller T, Hess MW, Schiefermeier N, Pfaller K, Ebner HL, Heinz-Erian P, et al.
MYOS5B mutations cause microvillus inclusion disease and disrupt epithelial cell
polarity. Nat Genet 2008;40:1163-1165.

[70] Girard M, Lacaille F, Verkarre V, Mategot R, Feldmann G, Grodet A, et al.
MYOS5B and bile salt export pump contribute to cholestatic liver disorder in
microvillous inclusion disease. Hepatology 2014;60:301-310.

[71] SakamoriR, Das S, Yu S, Feng S, Stypulkowski E, Guan Y, et al. Cdc42 and
Rab8a are critical for intestinal stem cell division, survival, and differentiation in
mice. J Clin Invest 2012;122:1052-1065.

[72] Wiegerinck CL, Janecke AR, Schneeberger K, Vogel GF, van Haaften-Visser DY,
Escher JC, et al. Loss of syntaxin 3 causes variant microvillus inclusion disease.
Gastroenterology 2014;147:65-68:

[73] Cullinane AR, Straatman-Iwanowska A, Zaucker A, Wakabayashi Y, Bruce CK,
Luo G, et al. Mutations in ' VIPAR cause an arthrogryposis, renal dysfunction and
cholestasis syndrome phenotype with defects in epithelial polarization. Nat Genet
2010;42:303-312.

[74] Miisch A. Microtubule organization and function in epithelial cells. Traffic
2004;5:1-9.

[75] Zegers MM, Zaal KJ, van IJzendoorn SC, Klappe K, Hoekstra D. Actin filaments
and microtubules are involved in different membrane traffic pathways that transport
sphingolipids to the apical surface of polarized HepG2 cells. Mol Biol Cell. 1998
Jul;9(7):1939-49.

[76] Poiis C, Chabin K, Drechou A, Barbot L, Phung-Koskas T, Settegrana C, et al.



[77]

[78]

[79]

[80]

[81]

[82]

[83]

Functional specialization of stable and dynamic microtubules in protein traffic in
WIE-B cells. J Cell Biol 1998;142:153-165.

Wakabayashi Y, Lippincott-Schwartz J, Arias IM. Intracellular trafficking of bile
salt export pump (ABCB11) in polarized hepatic cells: consitutive cycling between
the canalicular membrane and rab 11-positive endosomes. Mol Biol Cell
2004;15:3485-3496.

Ortiz DF, Moseley J, Calderon G, Swift AL, Li S, Arias IM. Identification of HAX-
1 as a protein that binds bile salt export protein and regulates its abundance in the
apical membrane of Madin-Darby canine kidney cells. J Biol Chem
2004;279:32761-32770.

ter Beest MB, Chapin SJ, Avrahami D, Mostov KE. The role of syntaxins in the
specificity of vesicle targeting in polarized epithelial cells. Mol Biol Cell
2005;16:5784-5792.

Fujita H, Tuma PL, Finnegan CM, Locco L, Hubbard AL. Endogenous syntaxins 2,
3 and 4 exhibit distinct but overlapping patterns of expression at the hepatocyte
plasma membrane. Biochem J 1998;329:527-538.

Li M, Wang W, Soroka CJ, Mennone A, Harry K, Weinman EJ, et al. NHERF-1
binds to Mrp2 and regulates hepatic Mrp2 expression and function. J Biol Chem
2010;285:19299-19307.

Kikuchi S, Hata M, Fukumoto K, Yamane Y, Matsui T, Tamura A, et al. Radixin
deficiency causes conjugated hyperbiliruinemia with loss of Mrp2 from bile
canalicular membranes. Nat Genet 2002;31:320-325.

Madrid R, Aranda JF, Rodriguez-Fraticelli AE, Ventimiglia L, Andrés-Delgado L,



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Shehata M, et al. The formin INF2 regulates basolateral-to-apical transcytosis and
lumen formation in association with Cdc42 and MAL2. Dev Cell 2010;18:814-827.
Hardie DG. AMP-activated protein kinase: an energy sensor that regulates all
aspects of cell function. Genes Dev 2011;25:1895-1908

Shaw RJ, Kosmatka M, Bardeesy N, Hurley RI, Witters LA, De Pinho RA; et al.
The tumor suppressor LKB1 kinase directly activates AMPK-activated kinase and
regulates apoptosis in response to energy stress. Proc Natl Acad Sci USA
2004;101:3329-3335.

Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: metabolism and growth
control in tumour suppression. Nat Rev Cancer 2009;9:563-575.

Bass AF, Kuipers J, van der Wel NN, Battle E, Koerten HS, Peters PJ, et al.
Complete polarization of single intestinal epithelial cells upon activation of LKB1
by STRAD. Cell 2004;116:457-466.

Youle RJ, van der Bliek AM. Mitochondrial fusion, fission and stress. Science
2012;337:1062-1065.

Mee CJ, Farquhar MJ, Harris HJ, Hu K, Ramma W, Ahmed A, et al. Hepatitis C
virus infection reduces hepatocellular polarity in a vascular endothelial growth
factor-dependent manner. Gastroenterology 2010;138:1134-1142.

Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y, Pelletier L, Maad IB, et al.
Integrated analysis of somatic mutations and focal copy-number changes identifies
key genes and pathways in hepatocellular carcinoma. Nat Genet 2012;44:694-698.
Carlton VE, Harris BZ, Puffenberger EG, Batta AK, Knisely AS, Robinson DL, et

al. Complex inheritance of familial hypercholanemia with associated mutations in



[92]

[93]

[94]

[95]

[96]

[97]

[98]

TJP2 and BAAT. Nat Genet 2003;34:91-96.

Paganelli M, Stephenne X, Gilis A, Jacquemin E, Henrion Caude A, Girard M, et
al. Neonatal ichthyosis and sclerosing cholangitis syndrome: extremely variable
liver disease severity from claudin-1 deficiency. J Pediatr Gastroenterol Nutr
2011;53:350-354.

Grosse B, Cassio D, Yousef N, Bernardo C, Jacquemin E, Gonzales E. Claudin-1
involved in neonatal ichthyosis sclerosing cholangitis syndrome regulates hepatic
paracellular permeability. Hepatology 2012;55:1249-1259.

Zhou S, Hertel PM, Finegold MJ, Wang L, Kerkar N, Wang J, et al. Hepatocellular
Carcinoma Associated with Tight-Junction Protein 2 Deficiency. Hepatology 2015
[Epub ahead of print].

Gissen P, Tee L, Johnson CA, Genin E, Caliebe A, Chitayat D, et al. Clinical and
molecular genetic features of ARC syndrome. Hum Genet 2006;120:396-409.
Smith H, Galmes R, Gogolina E, Straatman-Iwanowska A, Reay K, Banushi B, et
al. Associations among genotype, clinical phenotype, and intracellular localization
of trafficking proteins in ARC syndrome. Hum Mutat 2012;33:1656-1664.
Tazawa Y, Yamada M, Nakagawa M, Konno T, Tada K. Bile acid profiles in
siblings with progressive intrahepatic cholestasis: absence of biliary
chenodeoxycholate. J Pediatr Gastroenterol Nutr 1985;4:32-37.

Bull LN, Carlton VE, Stricker NL, Baharloo S, DeYoung JA, Freimer NB, et al.
Genetic and morphological findings in progressive familial intrahepatic cholestasis
(Byler disease [PFIC-1] and Byler syndrome): evidence for heterogeneity.

Hepatology 1997;26:155-164.



[99] Bull LN, van Eijk MJ, Pawlikowska L, DeYoung JA, Juijn JA, Liao M, et al. A
gene encoding a P-type ATPase mutated in two forms of hereditary cholestasis. Nat
Genet 1998;18:219-224.

[100] Strautnieks SS, Bull LN, Knisely AS, Kocoshis SA, Dahl N, Arnell H, et al. A gene
encoding a liver-specific ABC transporter is mutated in progressive familial
intrahepatic cholestasis. Nat Genet 1998;20:233-238.

[101] Oude Elferink RP, Paulusma CC, Groen AK. Hepatocanalicular transport defects:
pathophysiologic mechanisms of rare diseases. Gastroenterology 2006;130:908-
925.

[102] Knisely AS, Strautnieks SS, Meier Y, Stieger B, Byrne JA, Portmann BC, et al.
Hepatocellular carcinoma in ten children under five years of age with bile salt
export pump deficiency. Hepatology 2006;44:478-486.

[103] Paulusma CC, Folmer DE, Ho-Mok KS, de Waart DR, Hilarius PM, Verhoeven AlJ,
et al. ATP8B1 requires an accessory protein for endoplasmic reticulum exit and
plasma membrane lipid flippase activity. Hepatology 2008;47:268-278.

[104] Paulusma CC, Groen A, Kunne C, Ho-Mok KS, Spijkerboer AL, de Waart DR, et
al. Atp8bl deficiency in mice reduces resistance of the canalicular membrane to
hydrophobic bile salts and impairs bile salt transport. Hepatology 2006;44:195-204.

[105] Verhulst PM, van der Velden LM, Oorschot V, van Faassen EE, Klumperman J,
Houwen RH, et al. A flippase-independent function of ATP8B1, the protein
affected in familial intrahepatic cholestasis type 1, is required for apical protein
expression and microvillus formation in polarized epithelial cells. Hepatology

2010;51:2049-2060.



[106] Pawlikowska L, Strautnieks S, Jankowska I, Czubkowski P, Emerick K, Antoniou
A, et al. Differences in presentation and progression between severe FIC1 and
BSEP deficiencies. J Hepatol 2010;53:170-178.

[107] Houwen RH, Baharloo S, Blankenship K, Raeymaekers P, Juyn J, Sandkuijl LA, et
al. Genome screening by searching for shared segments: mapping a gene for benign
recurrent intrahepatic cholestasis. Nat Genet 1994;8:380-386.

[108] de Vree JM, Jacquemin E, Sturm E, Cresteil D, Bosma PJ, Aten J, et al. Mutations
in the MDR3 gene cause progressive familial intrahepatic cholestasis. Proc Natl
Acad Sci U S A 1998;95:282-287.

[109] Smit JJ, Schinkel AH, Oude Elferink RP, Groen AK, Wagenaar E, van Deemter L,
et al. Homozygous disruption of the murine mdr2 P-glycoprotein gene leads to a
complete absence of phospholipid from bile and to liver disease. Cell 1993;75:451-
462.

[110] Oude Elferink RP, Paulusma CC. Function and pathophysiological importance of
ABCB4 (MDR3 P-glycoprotein). Pflugers Arch 2007;453:601-610.

[111] Ziol M, Barbu 'V, Rosmorduc O, Frassati-Biaggi A, Barget N, Hermelin B, et al.
ABCB4 heterozygous gene mutations associated with fibrosing cholestatic liver
disease in adults. Gastroenterology 2008;135:131-141.

[112] Gotthardt D, Runz H, Keitel V, Fischer C, Flechtenmacher C, Wirtenberger M, et
al. A mutation in the canalicular phospholipid transporter gene, ABCB4, is
associated with cholestasis, ductopenia, and cirrhosis in adults. Hepatology
2008;48:1157-1166.

[113] Dubin IN, Johnson FB. Chronic idiopathic jaundice with unidentified pigment in



liver cells; a new clinicopathologic entity with a report of 12 cases. Medicine
(Baltimore) 1954;33:155-197.

[114] Donner MG, Keppler D. Up-regulation of basolateral multidrug resistance protein 3
(Mrp3) in cholestatic rat liver. Hepatology 2001;34:351-359.

[115] Paulusma CC, Bosma PJ, Zaman GJ, Bakker CT, Otter M, Scheffer GL, et al.
Congenital jaundice in rats with a mutation in a multidrug resistance-associated
protein gene. Science 1996;271:1126-1128.

[116] Paulusma CC, Kool M, Bosma PJ, Scheffer GL, ter Borg F, Scheper RJ, et al. A
mutation in the human canalicular multispecific organic anion transporter gene
causes the Dubin-Johnson syndrome. Hepatology 1997;25:1539-1542.

[117] van de Steeg E, Stranecky V, Hartmannova H, Noskova L, Hrebicek M, Wagenaar
E, et al. Complete OATP1B1 and OATPI1B3 deficiency causes human Rotor
syndrome by interrupting conjugated bilirubin reuptake into the liver. J Clin Invest
2012;122:519-528.

[118] Wolpert E, Pascasio FM, Wolkoff AW, Arias IM. Abnormal sulfobromophthalein
metabolism in Rotor's syndrome and obligate heterozygotes. N Engl J] Med
1977;296:1099-1101.

[119] Hagenbuch B, Gui C. Xenobiotic transporters of the human organic anion
transporting polypeptides (OATP) family. Xenobiotica 2008;38:778-801.

[120] Ambros V. The functions of animal microRNAs. Nature 2004;431:350-355.

[121] Szabo G, Bala S. MicroRNAs in liver disease. Nat Rev Gastroenterol Hepatol
2013;10:542-552.

[122] Schoof CR, Botelho EL, Izzotti A, Vasques Ldos R. MicroRNAs in cancer



treatment and prognosis. Am J Cancer Res 2012;2:414-433.

[123] Bracken CP, Li X, Wright JA, Lawrence DM, Pillman KA, Salmanidis M, et al.
Genome-wide identification of miR-200 targets reveals a regulatory network
controlling cell invasion. EMBO J 2014;33:2040-2056.

[124] Kong W, Yang H, He L, Zhao JJ, Coppola D, Dalton WS, Cheng JQ. MicroRNA-
155 is regulated by the transforming growth factor beta/Smad pathway and
contributes to epithelial cell plasticity by targeting RhoA. Mol Cell Biol
2008;28:6773-6784.

[125] Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition by
targeting ZEB1 and SIP1. Nat Cell Biol 2008;10:593-601.

[126] Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines the
epithelial phenotype of cancer cells by targeting the E-cadherin repressors ZEB1
and ZEB2. Genes Dev 2008;22:894-907.

[127] Murakami Y, Toyoda H, Tanaka M, Kuroda M, Harada Y, Matsuda F, et al. The
progression of liver fibrosis is related with overexpression of the miR-199 and 200
families: PL.oS One 2011;6:¢16081.

[128] Jung CJ, Iyengar S, Blahnik KR, Jiang JX, Tahimic C, Torok NJ, et al. Human ESC
self-renewal promoting microRNAs induce epithelial-mesenchymal transition in
hepatocytes by controlling the PTEN and TGFp tumor suppressor signaling
pathways. Mol Cancer Res 2012;10:979-991.

[129] Taniguchi K, Roberts LR, Aderca IN, Dong X, Qian C, Murphy LM, et al.

Mutational spectrum of beta-catenin, AXIN1, and AXIN2 in hepatocellular



carcinomas and hepatoblastomas. Oncogene 2002;21:4863-4871.

[130] Vilarinho S, Erson-Omay EZ, Harmanci AS, Morotti R, Carrion-Grant G,
Baranoski J, et al. Paediatric hepatocellular carcinoma due to somatic CTNNB1 and
NFE2L2 mutations in the setting of inherited bi-allelic ABCB11 mutations. J
Hepatol 2014;61:1178-1183.

[131] Gupta A, Sheridan RM, Towbin A, Geller JI, Tiao G, Bove KE. Multifocal hepatic
neoplasia in 3 children with APC gene mutation. Am J Surg Pathol 2013;37:1058-
1066.

[132] Aretz S, Koch A, Uhlhaas S, Friedl W, Propping P, von Schweinitz D, et al. Should
children at risk for familial adenomatous polyposis be screened for hepatoblastoma
and children with apparently sporadic hepatoblastoma be screened for APC
germline mutations? Pediatr Blood Cancer 2006;47:811-818.

[133] Delgado E, Okabe H, Preziosi M, Russell JO, Alvarado TF, Oertel M, et al.
Complete response of Ctnnbl-mutated tumours to B-catenin suppression by locked
nucleic acid antisense in a mouse hepatocarcinogenesis model. J Hepatol
2015;62:380-387.

[134] Bogorad RL; Yin H, Zeigerer A, Nonaka H, Ruda VM, Zerial M, et al.
Nanoparticle-formulated siRNA targeting integrins inhibits hepatocellular
carcinoma progression in mice. Nat Commun 2014;5:3869.

[135] Villanueva A, Chiang DY, Newell P, Peix J, Thung S, Alsinet C, et al. Pivotal role
of mTOR signaling in hepatocellular carcinoma. Gastroenterology 2008;135:1972-
1983.

[136] Evans MJ, von Hahn T, Tscherne DM, Syder AJ, Panis M, Wolk B, et al. Claudin-1



is a hepatitis C virus co-receptor required for a late step in entry. Nature
2007;446:801-805.

[137] Ploss A, Evans MJ, Gaysinskaya VA, Panis M, You H, de Jong YP, et al. Human
occludin is a hepatitis C virus entry factor required for infection of mouse cells.
Nature 2009;457:882-886.

[138] Pileri P, Uematsu Y, Campagnoli S, Galli G, Falugi F, Petracca R, Weiner AJ,
Houghton M, Rosa D, Grandi G, Abrignani S. Binding of hepatitis C virus to
CD8I. Science. 1998 Oct 30;282(5390):938-941.

[139] Harris HJ, Clerte C, Farquhar MJ, Goodall M, Hu K, Rassam P, et al. Hepatoma
polarization limits CD81 and hepatitis C virus dynamics. Cell Microbiol
2013;15:430-445.

[140] Schulze A, Mills K, Weiss TS, Urban Hepatocyte polarization is essential for the
productive entry of the hepatitis B virus. Hepatology 2012;55:373-383.

[141] Hsieh A, Kim HS, Lim SO, Yu DY, Jung G. Hepatitis B viral X protein interacts
with tumor suppressor adenomatous polyposis coli to activate Wnt/p-catenin
signaling. Cancer Lett 2011;300:162-167.

[142] Awad A, Sar S, Barré R, Cariven C, Marin M, Salles JP, et al. SHIP2 regulates
epithelial cell polarity through its lipid product, which binds to DIg1, a pathway
subverted by hepatitis C virus core protein. Mol Biol Cell 2013;24:2171-2185.

[143] Zhang Y, Wei W, Cheng N, Wang K, Li B, Jiang X, et al. Hepatitis C virus-
induced up-regulation of microRNA-155 promotes hepatocarcinogenesis by
activating Wnt signaling. Hepatology 2012;56:1631-1640.

[144] Akkari L, Grégoire D, Floc'h N, Moreau M, Hernandez C, Simonin Y, et al.



Hepatitis C viral protein NS5A induces EMT and participates in oncogenic
transformation of primary hepatocyte precursors. J Hepatol 2012;57:1021-1028.

[145] Mailly L, Xiao F, Lupberger J, Wilson GK, Aubert P, Duong FH, et al. Clearance
of persistent hepatitis C virus infection in humanized mice using a claudin-1-
targeting monoclonal antibody. Nat Biotechnol 2015 [Epub ahead of print].

[146] Kar SP, Seldin MF, Chen W, Lu E, Hirschfield GM, Invernizzi P, et-al. Pathway-
based analysis of primary biliary cirrhosis genome-wide association studies. Genes
Immun 2013;14:179-186.

[147] Horikoshi Y, Kitatani K, Toriumi K, Fukunishi N, Itoh Y, Nakamura N, et al.
Aberrant Activation of Atypical Protein Kinase C in Carbon Tetrachloride-Induced
Oxidative Stress Provokes a Disturbance of Cell Polarity and Sealing of Bile
Canalicular Lumen. Am J Pathol. 2015 [Epub ahead of print]

[148] Taura K, Miura K, Iwaisako K, Osterreicher CH, Kodama Y, Penz-Osterreicher M,
et al. Hepatocytes do not undergo epithelial-mesenchymal transition in liver fibrosis
in mice. Hepatology 2010;51:1027-1036.

[149] Zeisberg M, Yang C, Martino M, Duncan MB, Rieder F, Tanjore H, et al.
Fibroblasts derive from hepatocytes in liver fibrosis via epithelial to mesenchymal
transition. J Biol Chem. 2007;282:23337-23347.

[150] Fricker G1, Landmann L, Meier PJ. Extrahepatic obstructive cholestasis reverses
the bile salt secretory polarity of rat hepatocytes. J Clin Invest 1989;84:876-885.

[151] Stieger B, Meier PJ, Landmann L. Effect of obstructive cholestasis on membrane
traffic and domain-specific expression of plasma membrane proteins in rat liver

parenchymal cells. Hepatology 1994;20:201-212.



[152] Torok NJ1, Larusso EM, McNiven MA. Alterations in vesicle transport and cell
polarity in rat hepatocytes subjected to mechanical or chemical cholestasis.
Gastroenterology 2001;121:1176-1184.

[153] Miisch A. The unique polarity phenotype of hepatocytes. Exp Cell Res
2014;328:276-283.

[154] Geenes V, Chappell LC, Seed PT, Steer PJ, Knight M, Williamson C. Association
of severe intrahepatic cholestasis of pregnancy with adverse pregnancy outcomes:
A prospective population-based case-control study. Hepatology 2014;59:1482-
1491.

[155] Nakau M, Miyoshi H, Seldin MF, Imamura M, Oshima M, Taketo MM.
Hepatocellular carcinoma caused by loss of heterozygosity in Lkb1 gene knockout
mice. Cancer Res 2002:;62:4549-4553.

[156] Kim CJ, Cho YG, Park JY, Kim TY, Lee JH, Kim HS, et al. Genetic analysis of the
LKB1/STK11 gene in hepatocellular carcinomas. Eur J Cancer 2004;40:136-141.

[157] Yan D, Lin X. Opposing roles for glypicans in Hedgehog signalling. Nat Cell Biol
2008;10:761-763.

[158] Filmus J; Capurro M. Glypican-3: a marker and a therapeutic target in

hepatocellular carcinoma. FEBS J 2013;280:2471-2476.

Figure legends

Figure 1. Comparison of hepatocyte and columnar epithelial phenotypes. a) Adjacent



hepatocytes form bile canaliculi (green) at their cell-cell contacting domains (blue) and
are strengthened by surrounding tight junction belt (yellow). A single hepatocyte can
form bile canalicular lumina with three neighbours (BC). Hepatocytes can also have two
basal domains that face the adjacent sinusoids. b) Columnar epithelia feature a central
lumen formed by the apical domains of individual cells, which are perpendicular to their
cell-cell contacting domains (black) and separated from the latter by tight junctions
(yellow). The basal domains are in contact with a basal lamina (adapted with permission

from Miisch A. Exp Cell Res, 2014) [153].

Fig. 2. Progressive canalicular network formation in sandwich cultures of rat
primary hepatocytes. Immunofluorescence of the tight junction marker occludin (green)
and the apical marker ABCBI1 (red). Diagram of canalicular network formation. Mean
canalicular length (£s.d.) from three individual experiments (n, cell number) (adapted

from Fu et al. J Cell Sci, 2010){6].

Figure 3. Intracellular pathways to canalicular and basolateral plasma membranes.
Basolateral membrane proteins, including the LDL receptor, ASGP and other receptors,
and NTCP, the bile acid transporter, traffic directly to the basolateral domain from which
they are endocytosed and returned to the plasma membrane. The role of specific
endosomal and subapical compartments in transcytosis is uncertain. Canalicular
monotopic GPI-terminated proteins, mainly ectoenzymes (SNT, Aminopeptidase,
CECAMI05 etc) traffic from the TGN to the basolateral domain from which they

undergo transcytosis through the recycling endosome (ARE) pool to the canalicular



domain. In contrast, canalicular polytopic transporters ATP binding cassette proteins,
such as ABCB1, ABCB11, ABCC2 and ABCBA4, traffic from the TGN to the canalicular
membrane either directly or via the large apical recycling endosomal (ARE) compartment
from which they endogenously cycle to and from the canalicular membrane, or delivered
into the degradation pathway to lysosomes. Segregation of apical and basolateral cargo
proteins is thought to occur at the TGN although additional intracellular sorting sites have

been proposed.

Figure 4. Signaling pathways in hepatocyte polarity. The relation between LKB1,
AMPK and hepatocellular polarization is schematized based on experimental
observations in sandwich cultured mouse hepatocytes (adapted from Homolya et al 2014)
[22]. AMPK activation inhibits processes which utilize ATP with the exception of
polarization machinery. In addition, protein catabolism is enhanced. How LKB1
participates in polarization and apical trafficking of ABCB11 and other ABC transporters
is not known; however, the process is associated with AMPK activation and canalicular
network formation. Taurocholate stimulates microtubular-dependent trafficking by
activating the cAMP-Epac pathway, whereas, in Lkb1 " mice, the stimulating effect of
taurocholate and Epac is prevented; however, cAMP activation restores intra cellular
trafficking by a PKA-dependent mechanism which is independent of AMPK.
PP2C-protein phosphatase 2C removes phosphate from phosphor-AMPK. AICAR

activates AMPK in a manner similar to cAMP.



Figure 5. Suggested model for intracellular trafficking pathways of plasma
membrane proteins in hepatocytes. Trafficking of polytopic apical proteins from the
apical recycling endosome (ARE) compartment to the canalicular membrane is enhanced
by taurocholate and cAMP, requires PI-3K, Rabl1a and Fipl and 2 adaptor proteins,
Myosin 5b and energy in the form of ATP. Endocytosis of the apical membrane
proteins is clathrin-mediated and requires HAX-1, myosin light chain kinase MLCK and
most likely many other unidentified components. All intracellular trafficking requires an
intact dynamic microtubular system, subsequent transfer of cargo-containing endosomes
to the pericanalicular actin system, and binding to syntaxin 3 and possibly other SNARE
proteins which facilitate endosome fusion with the apical membrane. Apical membrane
targeting pathways in blue. Basolateral membrane targeting pathways in red. Bile

canalculus (BC), common recycling endosome (CRE), endoplasmic reticulum (ER).

Figure 6. Protein defects in hepatocyte polarity disorders. Protein trafficking
machinery proteins in yellow. VIPAR and VPS33B are associated with apical recycling
endosome protein Rabl1a (ARE). Unconventional motor Myosin 5b is associated with
ARE and assists with trafficking along dynamic microtutubules. Syntaxin 3 is a SNARE
protein that acts as a docking site at the canalicular membrane. Tight junctional proteins
TJP2 and Claudin] (green) associated with a range of cholestasis syndromes. Apical
membrane transporters (red) associated with inherited liver disorders include ABCBI11,
ABCB4, ATP8B1, ABCC2. Combined deficiency of basolateral organic anion

transporters OATP1B1 and OATP1B3 (white) causes Rotor syndrome.
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Table 1. Rare Disorders Affecting Hepatocyte Polarity.

Affected Gene
(inheritance, MIM

Disorder
(OMIM phenotype

Hepatic Disease

Other Abnormalities

Molecular pathology

Progressive Familial
Intrahepatic
cholestasis (PFIC)
PFIC-1 (211600)
Benign Recurrent
Intrahepatic
Cholestasis-1 (243300)
Cholestasis,
Intrahepatic of
Pregnancy (147480)

ATP8B1 (AR, 602397)

PFIC-1: severe pruritus,
infantile intrahepatic
cholestasis, canalicular
membrane defect on
electron microscopy,
hepatosplenomegaly,
normal gGT. Disease
progresses to fibrosis,
cirrhosis, liver failure.
BRIC-1: intermittent
episodes of cholestasis
that resolves within
weeks or months.

In some patients the
disease progresses as in
PFIC-1.

Heterozygous carriers of
mutations in ATP8B1
are prone to
intrahepatic cholestasis
of pregnancy [154].

PFIC-1: Sensorineural hearing
loss, diarrhoea, short stature,
recurrent pancreatitis,
malnutrition, osteodystrophy and
episodic hypocalcaemia.

Transport of phospholipids from
outer to the inner leaflet of
hepatocyte canalicular
membrane. Involved in signaling
to bile acid sensor FXR. Together
with ABCB4 protects hepatocytes
from bile salt damage [101].

PFIC-2, BRIC-2
(601847)

ABCB11 (AR, 603201)

PFIC-2: pruritus,
intrahepatic cholestasis
and giant cell hepatitis
in infancy. Progression

PFIC-2: Short stature.
Intrahepatic cholestasis of
pregnancy associated with
adverse pregnancy outcomes.

ABCB11 is a primary bile acid
transporter across canalicular
membrane.




to cirrhosis. Risk of
hepatocellular
carcinoma and
cholangiocarcinoma.
BRIC-2: intermittent
episodes of cholestasis,
rarely can progress to
more severe disease.
Female carriers
predisposed to
intrahepatic cholestasis
of pregnancy.

PFIC-3 (602347) ABCB4 (AR, 171060)
Cholestasis,

Intrahepatic of

Pregnancy, 3 (614972)

Gallbladder disease 1

(600803)

Recurrent cholestasis
from infancy progressing
to severe liver disease
with hepatosplenomegaly.
High gGT. Liver biopsy
with nonspecific portal
inflammation, extensive
portal fibrosis, and
cirrhosis.

Carriers are predisposed
to intrahepatic cholestasis
of pregnancy and
gallstones

ATP dependent translocation of
phospholipids from inner to
outer membrane of hepatocytes.
Together with ATP8B1 protects
hepatocytes from bile salt
damage [101].

PFIC-4 (615878) TJP2 (AR, 607709)

Only 12 patients from 8
families described so far.
Progressive liver disease
with normal or slightly
increased gGT. Liver
transplantation required
in early age in most

Dysfunction of hepatocyte tight
junctions.




patients. Incidence of
hepatocellular
carcinoma reported in 2
patients [94].

Familial
Hypercholanaemia
(607748)

EPHX1 (AR, 132819)
TJP2 (AR, 607709)
incomplete penetrance
BAAT (AR, 602938), also
modifier of T/P2 mutant
phenotype

Cholestasis with normal
liver transaminases,
raised alkaline
phosphatase. Chronic
active hepatitis in some
cases, canalicular

cholestasis in the others.

A combination of bile acid
biosynthesis defect and a defect
in the barrier function of
hepatocyte tight junctions [91].

Dubin Johnson

ABCC2 (AR, 601107)

Chronic or intermittent

Canalicular multispecific organic

syndrome conjugated anion transporter (cMOAT), also
(237500) hyperbilirubinaemia, known as MRP2.
associated with
intercurrent illness,
hepatocyte
accumulation of brown
pigment
Rotor syndrome SLCO1B1 (605495) Neonatal conjugated Simultaneous deficiencies of the 2
(237450) SLCO1B3 (604843) jaundice. Markedly proteins, which mediate uptake and
Digenic inheritence increased total clearance of conjugated bilirubin
coproporphyrin across the hepatic sinusoidal
excretion in the urine. membranes into bile.
No abnormal hepatic
pigmentation.
Arthrogryposis, Renal  /PS33B (AR, 608552) Mislocalisation of apical ~ Renal dysfunction including Disturbed intracellular

Dysfunction and
Cholestasis syndrome
ARCS1 (208085)
ARCS2 (613401)

VIPAS39 (AR, 613401)

membrane proteins
including BSEP, gGT,
CEA. Cholestasis,
neonatal hepatitis.

proteinuria, renal fanconi

syndrome; Arthrogryposis,
defective platelet alpha granule
biosynthesis; ichthyosis, failure

membrane trafficking affecting
canalicular membrane protein
localization.




to thrive.

Microvillus Inclusion

MYOS5B (AR, 606540)

Severe cholestasis Intractable diarrhoea.

Myosin 5b is an actin-based

Disease (251850) STX3 (AR, 600876) associated with molecular motor effector protein
parenteral nutrition is for recycling endosome-
described in patients associated Rab11 a/b, Rab25,
with MYO5B mutations Rab10 and Rab 8 which regulate
st et i BT polarized epithelial protein
ey trafficking from the endoplasmic

reticulum. Syntaxin 3 is an apical
membrane SNARE protein
proposed as a docking site on
canalicular membrane for vesicles
trafficking ABC transporters.

Neonatal Ichthyosis Variable liver Ichthyosis, leukocyte vacuoles, Abnormal formation of tight

Sclerosing Cholangitis histology: 1) sclerosing  alopecia, enamel dysplasia and  junctions in epithelial cells

syndrome cholangitis, 2) hypodontia. including hepatocytes and

NISCH (607626)

CLDN1 (603718)

congenital paucity of
bile ducts, 3) portal
fibrosis with bile duct
proliferation or 4)
intracellular and
canalicular cholestasis
with normal liver
architecture. Initially
normal gamma-GT in
some patients.

cholangiocytes leading to
increased paracellular
permeability.

AD - autosomal dominant, AR — autosomal recessive, XL —X-linked.




Table 2. Polarity Genes Associated with Common Liver Disorders.

STK11 (602216, Serine/Threonine
Protein Kinase 11, LKB1)

Mutations and allelic loss of
STK11 gene are frequently
found in hepatocellular
carcinoma [155,156].

Peutz-Jeghers syndrome
(175200)

STK11 is a kinase activating energy sensing kinase AMPK
that is activated during polarization and stimulates
increased energy production required for polarization.

CTNNBL1 (116806, Beta-catenin)

Somatic mutations are
associated with
hepatoblastoma and
hepatocellular carcinoma,

Adherens junction protein, essential for establishment and
maintenance. of the epithelial polarity. Involved in Wnt
signaling when undergoes cytoplasmic and nuclear
translocation.

APC (611731, APC)

Somatic mutations are
frequently seen in
hepatoblastoma and
hepatomas.

Familial Adenomatous
Polyposis (175100)

Multiple functions including negative regulation of beta-
catenin signaling, reorganization of intermediate filament
reorganization during cell migration,

AXIN1 (603816, Axis inhibitor 1)

Somatic mutations found in
hepatocellular carcinoma

AXINL1 binding of LRP5 and activation of LEF1 are
important for Wnt signaling via axinl Beta-catenin
binding.

PIK3CA (171834, Phosphatidyl
inositol 3-kinase, catalytic, alpha)

Somatic mutations found in
hepatocellular carcinoma

Cowden syndrome (158350)

Generates PIP3 important in apical membrane formation

INPPL1 (600829, INOSITOL
POLYPHOSPHATE
PHOSPHATASE-LIKE 1, SHIP2)

Decreased expression by
hepatitis C infection

Opsismodysplasia (258480)

Regulates polarity by converting PtdIns(3,4,5)P3 to
PtdIns(3,4)P2.

GPC3 (300037, Glypican3)

Hepatoblastoma occurs in
patients with Simpson Golabi
Behmel syndrome. Marker
and potential therapeutic
target in hepatocellular
carcinoma.

Simpson Golabi Behmel
syndrome type 1 (312870)

Glypicans are involved in cell polarity by regulating Shh
and Wnt signaling [157,158].

MIM — Mendelian Inheritance in Man http://omim.org/ .
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