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Abstract

Hepatocytes, like other epithelia, are situated at the interface between the organism’s exterior and
the underlying internal milieu and organize the vectorial exchange of macromolecules between
these two spaces. To mediate this function, epithelial cells, including hepatocytes, are polarized
with distinct luminal domains that are separated by tight junctions from lateral domains engaged
in cell-cell adhesion and from basal domains that interact with the underlying extracellular matrix.
Despite these universal principles, hepatocytes distinguish themselves from other nonstriated
epithelia by their multipolar organization. Each hepatocyte participates in multiple, narrow
lumina, the bile canaliculi, and has multiple basal surfaces that face the endothelial lining.
Hepatocytes also differ in the mechanism of luminal protein trafficking from other epithelia
studied. They lack polarized protein secretion to the luminal domain and target single-spanning
and glycosylphosphatidylinositol-anchored bile canalicular membrane proteins via transcytosis
from the basolateral domain. We compare this unique hepatic polarity phenotype with that of the
more common columnar epithelial organization and review our current knowledge of the signaling
mechanisms and the organization of polarized protein trafficking that govern the establishment
and maintenance of hepatic polarity. The serine/threonine kinase LKB1, which is activated by the
bile acid taurocholate and, in turn, activates adenosine monophosphate kinase-related kinases
including AMPK1/2 and Parl paralogues has emerged as a key determinant of hepatic polarity.
We propose that the absence of a hepatocyte basal lamina and differences in cell-cell adhesion
signaling that determine the positioning of tight junctions are two crucial determinants for the
distinct hepatic and columnar polarity phenotypes.

Introduction

Hepatocytes, like other epithelia, are situated at the interface between the organism’s
exterior and the underlying internal milieu and organize the vectorial exchange of
macromolecules between these two spaces. To mediate this function, epithelial cells,
including hepatocytes, are polarized with distinct luminal and basolateral domains that are
segregated by tight junctions. Lateral surfaces are engaged in cell-cell contacts while the
basal domains mediate the interaction with the underlying extracellular matrix (ECM).
Despite these universal principles, hepatocytes distinguish themselves from other
nonstriated epithelia by their multipolar organization. Each hepatocyte participates in
multiple, narrow lumina, the bile canaliculi, and has multiple basal surfaces that face the
endothelial lining. Hepatic cells also differ from all other epithelia studied to date in their
strategy to target luminal proteins in the biosynthetic pathway. They only transport polytopic
membrane proteins directly from the Golgi to the bile canalicular domain but lack polarized
protein secretion into the luminal domain and target single-spanning and
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glycosylphosphatidylinositol (GPI)-anchored bile canalicular membrane proteins via
transcytosis from the basolateral domain.

Our knowledge of principal mechanisms for the establishment and maintenance of epithelial
polarity are largely derived from culture models of the more common columnar epithelia
tissues such as the kidney, intestine, breast, or thyroid. In particular, Mardin Darby Canine
kidney (MDCK) cells, originating from distal kidney tubules have evolved as a widely used
model system to study all aspects of polarity from morphology to protein trafficking. By
contrast, few hepatic cell lines exist that develop polarity and they are less amenable to
experimental manipulation than the columnar epithelial lines. In this review, we will
introduce and evaluate the tools that have been utilized for the study of hepatic polarity and
will give an outlook on emerging new technologies and approaches. Experimental
limitations are the likely reason why the study of hepatic epithelial polarity has lagged
behind that of columnar epithelia (305). Consequently, we still have only limited knowledge
of which molecular features are common and which are distinct between the two epithelial
polarity phenotypes. This is an important question for understanding the potential of
hepatoblasts to differentiate into either hepatocytes or biliary cells (also called
cholangiocytes or ductal epithelial cells). The latter make up the liver bile ducts and are of
columnar polarity.

In the following sections, we will highlight the unique features of the hepatic polarity
phenotype and discuss molecular mechanisms for epithelial morphogenesis and the
organization of the polarized trafficking machinery. We will include polarity features that
have been elucidated in nonhepatic epithelial cells when they are also relevant for
hepatocytes, but the emphasis is on findings that were made in hepatocytes and hepatic
culture models. Furthermore, we will discuss how these findings either mirror or contrast
with what we know for columnar epithelial cells. Finally, we will illustrate how multiple
liver diseases are intimately linked to hepatocyte polarity, either because their underlying
reasons are polarity defects or because disease-causing agents highjack polarity proteins to
enter hepatic cells.

The Liver—the Functions of Hepatocytes

Liver. In the beginning of the 20th century, Ambrose Bierce humorously described it as a
large red organ thoughtfully provided by nature to be bilious with, noting as well the
ancients’ belief that the liver bore emotion and life itself. Thus, it was long established
historically, although perhaps not always scientifically, that the liver has a specific role in
digestion and, moreover, in some all-encompassing bodily function that we presently know
as homeostasis. Indeed, the liver is the largest metabolic organ in the human body,
responsible for production of bile acid, salt, pigment, cholesterol, and nearly all plasma
proteins, catabolism and absorption of nutrients, elimination of toxic compounds, and
processing of a large variety of viscerally produced hormones and cytokines. The liver’s
blood circuit is a unique system where venous blood from the gut, pancreas, and the spleen,
as well as arterial blood from the hepatic artery is delivered to the liver’s highly branched
network of fenestrated blood vessels known as the sinusoids. It is here, that the delivered
blood mixture has a near-direct access to the liver’s parenchymal epithelial cells—the
hepatocytes. Processed blood is delivered from the sinusoids to the central veins that then
empty into the vena cava inferior. The free access of blood to the parenchyma is made
possible by the high permeability of the endothelial lining of the sinusoids, and, at the same
time by the plate-like arrangement of the hepatic parenchyma, which is formed by single- or
double-cell thick layers of brick-like hepatocytes, with the faces of the plates set effectively
exposed to the sinusoidal space. Thus, the organization of hepatocytes provides that each
cell has an extensive basal fagade for epithelial-blood interface and maintains the sites of
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cell-cell adhesion laterally, along its perimeter. There is yet another functionally distinct
domain on the hepatocyte plasma membrane, known as the apical, or, canalicular domain,
which makes up a narrow lumen between two adjacent hepatocytes and serves as a site of
bile secretion. The luminal domains of every hepatocyte couplet are continuous with those
of the next, and the combined luminal structures extend throughout the length of hepatic
plates, forming a network of bile canaliculi. The bile canaliculi deliver bile secreted by
hepatocytes to the interlobular bile ducts, which are larger tubules encased by the connective
tissue of the portal tracts, which incidentally also house the hepatic arterioles and portal
venules, and which, in turn, empty into the larger ducts that join as the common bile duct of
the gastrointestinal tract, a minore ad maius (Fig. 1).

The Hepatic Polarity Phenotype

Hepatocytes have to sustain two countercurrent flow systems—the synthesis and secretion
of bile, and the uptake, processing, and secretion of sinusoidal blood components, including
ones of the bile itself returning through the portal venous blood. Their capacity to do so is
provided by the highly polarized state of healthy adult hepatocytes. The polarity of a
hepatocyte is multifaceted. It is manifested primarily by polarized plasma membrane domain
structure, identity, and distribution, but is rooted in intracellular pathways that control
polarized trafficking of proteins and cytoskeletal dynamics. Table 1 lists some of the best
studied hepatocyte membrane proteins that are targeted to and/or function at either the bile
canalicular or sinusoidal (and lateral) cell surface.

Domain segregation is a recurring theme in polarized epithelial cells, since most epithelial
tissues serve as an interface between two different physiological environments.
Interestingly, however, hepatic polarity constitutes a unique example of epithelial
morphology, as most other polarized nonstriated epithelia, including the cholangiocytes of
the interlobular bile ductules, manifest a much more prevalent columnar type of apicobasal
polarity. Tissues with columnar morphology, as the classification may imply, are comprised
of tightly packed cell monolayers with a continuous apical surface occluded by a belt of
tight junctions at the geometrical apex of the monolayer. The basolateral domain in
columnar cells provides adhesion between neighboring cells via desmosomes, adherens
junctions, and the aforementioned tight junctions, and conducts anchoring and signaling
functions through the interaction with the ECM components of the basal lamina. This type
of polarity is physiologically advantageous to the formation of larger luminal surface areas,
such as those found in the gut, kidney, and respiratory airway epithelia, and has been
extensively reviewed (56) (Fig. 1, biliary cells).

The canalicular domains of hepatocytes, on the other hand, develop on the perimeter of the
cells at the sites of lateral cell-cell contacts (Fig. 1, hepatocytes), albeit via similar tight-
junction occlusion principles as do the columnar apical domains (238). The canaliculus may
be shared with more than one neighboring cell and may encircle the entire perimeter of the
hepatocyte. /nn vivo canalicular size is relatively small compared to those in hepatic tissue
culture model systems, yet it accounts for 13% of the total hepatocyte surface area, courtesy
of its extensive microvilli (143, 484). A remarkable aspect of the canalicular structure is its
extremely dynamic turnover, which has been estimated at 10%/min for the outer membrane
leaflet, presumably due to the fact that the release of phospholipid vesicles from the
canalicular membrane is the primary source of phospholipids secreted in bile (87).

A further distinguishing characteristic of hepatocyte morphology has to do with the
basolateral domain. The basal surfaces of hepatocytes are flanked by subendothelial
sinusoidal spaces (better known as the space of Disse) that allow the access of hepatocytes
to the sinusoidal blood flow (Fig. 1, hepatocytes). Neither the sinusoidal endothelium, nor
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the hepatocytes themselves provide a dense basal lamina that is found in most epithelial
tissues, although a sparse basement membrane-like deposition of various collagens,
fibronectin, and proteoglycans is found around adult hepatocytes (293, 303, 491). A dense
basal lamina is also present in the liver, but is confined to the portal areas housing
vasculature and bile ducts. Thus, in the liver, there is a distinct correlation between the
presence and strength of the basal lamina and the corresponding columnar versus hepatic
polarization of the epithelium it supports, particularly since ECM is thought to be necessary
for proper differentiation of all hepatic cell types (303, 382, 415).

The acquisition of hepatic polarity during development

Although hepatic and biliary epithelia develop with their respective and distinct polarity
phenotypes, both tissues differentiate from common precursors in the vertebrate embryo. Let
us briefly consider the important embryological steps that are involved in the formation of
the adult liver, which are quite well documented in references (110) and (510) in detail.

The liver is one of the organs that develop from the endoderm. At the three-germ layer stage
of the embryo, the ventral endoderm develops a Wnt signaling gradient, which functionally
divides the cells of the endoderm along the anterior-posterior axis into the hind-, mid-, and
foregut regions, with Wnt respectively decreasing toward the latter (395). The resulting
foregut becomes the site of future liver development, the absence of Whnt signaling being a
requirement for hepatogenic competence (194). In addition to its hepatogenetic function, the
foregut also gives rise to the pancreas, the gall bladder, and the lungs.

The first step toward true hepatic delineation is the expression of FoxA and GATA
transcription factors, both of which promote transcription of serum albumin gene—a
principal hepatic hallmark, and of a hepatic-specified transcription factor HNF4a (42-44,
161). Two signaling mechanisms begin to act on the foregut to further induce hepatic
development—Fibroblastic Growth factor (FGF) coming from the cardiogenic mesoderm,
and Bone Morphogenetic Protein (BMP) coming from the septum transversum, both
producing hepatic gene expression and massive proliferation by embryonic day 9 in mice
(61, 214, 381). The proliferating cells of the hepatic endoderm proceed to thicken laterally
and, by day 11, delaminate and invade the neighboring mesenchyme of the septum
transversum. The resulting bulbous conglomerate of hepatoblasts is known as the liver bud,
which continues to expand, and assumes hematopoetic functions (the liver being the primary
hematopoetic organ during embryogenesis). During the progression of the liver bud, the
structure becomes vascularized and receives a wide array of growth factors and cytokines
from the mesenchyme it eventually invades. Importantly, these growth factor pathways have
been found to be active during liver regeneration and /n vitro differentiation as well (37,
316, 436).

Finally, by embryonic day 13.5 in mice, or 7 weeks in humans, the bipotent hepatoblasts of
the liver bud begin to differentiate into hepatocytes and cholangiocytes. The differentiation
of cholangiocytes is associated with signaling via Notch and transforming growth factor beta
(TGFB) (80, 234, 282). Hepatocytes, on the other hand, differentiate following stimulation
with Oncostain M and transforming growth factor alpha (216). Hepatcotye growth factor,
primarily required for proliferation and migration of hepatic cells, may also play a role in
proper differentiation and organization of hepatic tissue (218,314). The markers commonly
used to determine the identity of hepatic tissues are cytokeratine (CK) 19 for cholangiocytes,
and CK8, CK18, and albumin for hepatocytes (459).

So, what happens in the developing liver in terms of polarity? Our understanding of when
and how the mammalian fetal liver polarizes has thus far been limited to temporally static
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analysis of murine liver samples. However, the work of Hubbard, Hughes, and several other
groups yields some basis for a comprehensive picture of liver polarity during development.

Although hepatoblasts are essentially nonpolarized cells and do not see much contact with
each other due to being heavily interspersed with hematopoetic stem cells, the first signs of
their undergoing membrane differentiation may be observed in fetal rat liver at embryonic
day 12, where small zones of attachment appear on the few directly apposed cells. These
zones serve as the sites for the emergence of canalicular structures, which by embryonic day
13 are detectable by electron microscopy as fissures with irregular microvilli (23, 324, 494).
Biliary epithelium also emerges at embryonic day 14, as cuboidal biliary cells can be
observed around the portal vein in a structure known as the ductal plate. Following day 17,
as the hematopoetic stem cell populations decrease, hepatocytes increasingly proliferate and
fill the liver, forming extensive cell-cell contacts, and the first contiguous canalicular
structures (494). These early canalicular domains appear dilated, and are thought of as
common apical structures for several hepatocytes at a time. Central lumen-sharing
hepatocyte clusters (see Fig. 2), which form during developmental and regenerating
processes, are often referred to as acini (not to be confused with the conventional definition
of the liver acinus as the parenchyma centered around the terminal branches of the hepatic
artery and the portal vein that give rise to the zones of the liver lobule). Embryonic day 17
also marks a change in biliary morphology, starting a process known as ductal plate
remodeling. As part of this remodeling, biliary epithelium circumnavigating the portal vein
becomes sequestered into biliary tracts by the portal mesenchyme. True bile canalicular
profiles become apparent by embryonic day 21, and continue to develop for about 2 weeks
postnatally (123). Ductal plate remodeling is also complete around embryonic day 21 (149,
263).

Surface identity of embryonic hepatocytes is delineated quite early on in development, as
early as their initial differentiation. The dynamics of these early domain constituents are not
synchronized, and the distribution of different surface proteins that mark basolateral and
canalicular domains varies for prenatal, neonatal, and adult hepatocytes. Nonetheless,
canalicular proteins such as dipeptidyl peptidase 1V and HA 4, both widely used /n vivo and
in primary culture models as canalicular markers, as well as basolateral proteins such as
asialoglycoprotein receptor (ASOR) and CE-9 have been observed at their respective
domains starting at embryonic day 14 (23, 24, 123).

Hepatic polarity in liver regeneration

One of the most notable features that make the liver unique is its well-known and uncanny
capacity for regeneration following the loss of up to 70% of its mass. The phenomenon was
first observed in rabbit liver resection studies by Hermann Tillmanns at the end of the 19th
century, although insinuations at hepatic regeneration date back to ancient Greek literature.
Modern studies have elucidated a number of temporal and molecular steps of regeneration
following partial hepatectomy via surgical resection or damage with hepatotoxic agents such
as dimethyl-nitrosamine and carbon tetrachloride. The molecular mechanisms of
mammalian liver regeneration are well reviewed in references (122, 316), and we will, on
our part, go over the process while focusing on the morphology and polarity dynamics in the
regenerating liver.

Following partial hepatectomy, all tissues of the resected liver begin to proliferate, with the
hepatocytes being the first (DNA synthesis peaking at 24 h postsurgery) and the other cell
types following suit (DNA synthesis peaking 3—4 days postsurgery). All hepatocytes have
the potential to undergo cell division. However, there is a specific dynamic to their
proliferation in context of the space between the portal and central venules of the remaining
liver lobule mass. Hepatocytes nearest the central veins generally stay dormant, while those
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nearest the portal blood supply divide, progressively filling up the space toward the central
vein. Almost immediately after the start of the proliferation, the periportal hepatocytes
appear to have diminished canalicular networks. Furthermore, the canalicular structures of
the periportal hepatocytes at this stage resemble the multicellular acini that are observed
during embryonic liver development, complete with a dilated central lumen shared between
several hepatocytes at a time (422). After hepatocytes have significantly divided (around 3
days post-partial hepatectomy), and filled the space between the portal and central veins, the
emerging hepatic plates generally appear multicellular in thickness and the canalicular acini
remain abundant. By day 7 postsurgery, the regenerated hepatic plates appear as normal
single-cell thick structures with predominantly typical honeycomb network and very few
acini. Work of Stamatoglou and Odin and Obrink suggests that in regeneration, similarly to
embryonic polarity development, polarized markers such as intercellular adhesion molecule
C-CAM, fibronectin receptor AGp110, and zonula occludens-1 tight junction protein may be
diminished or mislocalized (340, 341). At the same time, observations by Hubbard and
Stamatoglou suggest that hepatocytes maintain canalicular domain identity and segregation
during proliferation (25). Taken together, it is apparent that hepatic polarity is generally
maintained in regenerating hepatocytes, it resembles rather the embryonic stages, where
junctional complexes are apparent but not fully matured and thus unable to maintain strict
domain occlusion.

But why do regenerating hepatocytes proliferate and polarize in a way that seems somewhat
counterintuitive to the maintenance of their metabolic function? Recent modeling and
validation of hepatocyte division following chemical hepatectomy suggest that, proliferating
hepatocytes may initially assume random orientation in the recovering liver mass, but must
ultimately align with the cytokine-producing sinusoidal endothelium to assume proper
hepatic plate structure (187). Thus, without the sinusoidal cues, as would be the case for
surgical hepatectomy, hepatocyte proliferation appears unstructured until sufficient
parenchymal density is achieved and the sinusoids reemerge.

All these suggest that the observed changes in hepatic plate structure and domain marker
distribution are part of a facultative reorganization that allows for hepatocytes to grow back
quickly and enmasse, before engaging proper secretory and metabolic function provided by
the typical hepatic morphology. However, it is necessary to note, that establishment of
polarity is not an after-effect that follows proliferation, but is an integral part of hepatic
regeneration. As mentioned previously, domain specificity and tight junction maintenance is
necessary for hepatic acini clustering and for the prevention of mixing between the
canalicular and sinusoidal spaces. Furthermore, mouse liver knockouts for Cdc42, a rho-
GTPase family member that interacts with Par3-Par6-aPKC polarity complex that in turn
maintains cell-cell junctions, develop aberrations in both the hepatic plate and canalicular
structures, are significantly slower to proliferate post-partial hepatectomy with attenuated
DNA synthesis peaks, and engage in excessive lipid accumulation, which may be indicative
of cytoskeletal and trafficking defects (503).

In conclusion, we want to emphasize once more that there are extensive parallels between
the morphogenetic events that lead to the organization of hepatocytes into cords that is
characteristic of the mature liver during embryonic development and during liver
regeneration, suggesting that the regenerating liver re-calls the embryonic differentiation
program. As we will see in Section “Hepatocellular carcinoma,” during the early stages of
transformation, hepatocytes revert to the embryonic organization of hepatocyte ascini (Fig.
2).
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In vitro Models for Hepatocyte Polarity

Primary hepatocyte cultures

Enzymatic digestion of the liver allows the isolation of hepatocytes. In the standard protocol,
the bulk of cells collected upon collagenase treatment of a perfused liver consists of
hepatocytes that are plated out mostly as nonpolarized cells. About 20% of the cells,
however, are hepatocyte couplets, which restore the bile canalicular-like space between
them upon plating and have been utilized to study signaling mechanisms that govern the
reestablishment of the canalicular domain and the trafficking of canalicular proteins (154,
155). Although hepatocyte couplets can be further enriched for by centrifugal elutriation to
represent up to 60% to 70% of all viable cells in a preparation, their usefulness is limited by
their short lifespan that prevents manipulations such as recombinant protein expression or
protein depletion.

When maintained as monolayers primary hepatocytes on substrates coated with ECM
protein such as collagen or fibronectin exhibit a spread morphology and remain
nonpolarized without distinguishable surface domains or junctional complexes. They also
rapidly lose expression of many of their differentiation markers including albumin and most
of their bile acid influx and efflux transporters. Remarkably, when overlaid with gelifying
collagen-1 or Matrigel (a laminin and collagen containing ECM extracted from Engelbreth-
Holm-Swarm tumor in mice) even a week after being maintained as a monolayer, rat
hepatocytes repolarize and form extensive, functional bile canaliculi lined with tight
junctions that accumulate fluorescent bile acid analogues (112, 310). Sandwich cultures
between double layers of ECM have become robust and reproducible /n vitro models for
hepatic polarity that can be maintained for up to 40 days (111, 261, 312). They have been
employed to elucidate signaling pathways that govern differentiation, including bile
canaliculi formation (33,37,134,274,312) and even to study protein trafficking of bile salt
export pump-yellow fluorescent protein (BSEP-YFP) from the perinuclear area to the
canalicular membrane (L. Homolya and I. Arias, personal communication). However, the
gelled ECM top support represents a mass transfer barrier that hinders the diffusion of
solutes from the culture medium and hampers live imaging studies. To alleviate such
limitations, “ECM-free” and optically transparent synthetic sandwich cultures have been
developed in which the natural ECM has been replaced by bioactive polymeric films that
contain sugar ligands [such as galactose which interacts with the sinusoidal ASOR (75,108)]
or cell adhesion peptides (92,375). Still, like most primary cultures the hepatocyte sandwich
cultures require animal sacrifices, are laborious to establish and exhibit some variability.
Therefore, hepatic cell lines have been developed as alternatives.

Hepatic cell lines

Immortalization is associated with cell transformation, which frequently involves loss of
epithelial cell polarity. Therefore, few model cell lines exist that allow the investigation of
polarity for any epithelial tissue. Hepatic cell lines that maintain luminal/basolateral cell
surface polarity with hepatic organization and assemble cell-cell junctional complexes are
limited to (i) the human hepatoma lines HepG2 and HepG2R, (ii) hybrids of the rat
hepatoma Fao cell line, and (iii) the AML12 line derived from livers of transgenic mice
overexpressing TGFa.. Typically, polarized hepatic lines do not develop bona fide bile
canaliculi, that is, arrange the luminal domains of neighboring cells into a continuous lumen
between the lateral domains of neighboring cells, but rather form intercellular lumina
between two or three cells (Figs. 3 and 4A).

HepG2—This is a human line established from a differentiated hepatocellular carcinoma
(HCC) (90, 226). It is the most widely used line for polarity studies because of its human
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origin and because it can be easily manipulated by transfection. HepG2 cells accumulate the
fluorescent bile acid derivative cholylglycylamidofluorescein in their bile canaliculi-like
lumina, indicating that they are capable of vectorial transport and have been shown to
possess functional bile acid efflux transporters at their luminal domains (57, 96). HepG2
cells also maintain the trafficking mode for luminal proteins that is characteristic of
hepatocytes /n vivo (413). As discussed in more detail below, hepatocytes target newly
synthesized single-membrane-spanning luminal proteins via transcytosis from the sinusoidal
surface to the bile canalicular-like domain. However, only 20% to 40% of HepG2 cells in a
monolayer polarize with bile canaliculi-like structures (462). The polarity of HepG2 cells
has been improved by growing them as multilayers on predeposited ECM, resulting in
elongated canalicular structures that appear as ascini involving multiple cells (182).

HepaRG—These cells (160) exhibit a heterogeneous phenotype with hepatocyte-like and
biliary-like cells. The hepatic population features functional expression of both sinusoidal
and canalicular drug transporters and have retained regulatory pathways controlling
transporter levels (230). These features, associated with high expression of drug
metabolizing enzymes in HepaRG cells, have made them interesting for the study of hepatic
drug detoxification pathways. Their bipotent nature has also made them of interest for
differentiation studies (162).

WIFB—These cells were derived from hybrid cells obtained by fusion of nonpolarized rat
hepatic Fao cells (101) with human fibroblasts (68, 200, 402). Similar to HepG2 cells, they
polarize and target bile canalicular and sinusoidal proteins as observed in hepatocytes /n
vivo (199, 200), and are capable of cholylglycylamidofluorescein accumulation in their
lumina (50). However, they show far more extensive polarization than HepG2 cells. WIFB
cells develop polarity in more than 90% of the monolayer, allowing for the biochemical
analysis of polarity features (200). Unlike HepG2 cells, they establish gap junctions (72),
which might regulate the establishment of other hepatocyte cell-cell junctions (see below).
On the downside, their hybrid nature and the fact that they have not been manipulated other
than by adeno- or retrovirus transduction, has hampered the popularity of WIFB cells as a
research tool for hepatic polarity studies.

Can 3-1 and Can 10 (357)—These lines were generated by culture of Fao cells in
spheroids, which promotes extensive cell-cell contacts and led to the appearance of zones of
polarized cells that could subsequently be isolated in monolayer cultures. Can 3-1 cells form
functional bile canaliculi-like domains in 95% of the monolayer when cultured at high
density while Can 10 cells establish long branched bile canaliculi structures in which the
luminal poles of ten or more cells are joined. This makes Can 10 the first hepatic cell line
with functionally highly developed bile canaliculi that resemble those /n7 vivo (Fig. 4B).
Their advantage over WIFB cells is their nonhybrid nature. They are attractive tools for the
elucidation of polarization pathways because their gene expression profile can be compared
to that of their parental nonpolarized Fao line. There are currently no published data
available on protein and lipid transport in these lines, so their full potential as research tools
still remains to be explored.

AML12—The AML12 line (497) establishes bile canalicular-like domains between
neighboring cells. Transmission electron microscopy analysis revealed luminal microvilli
and tight junctions. There is, however, little information about the polarized distribution of
polarity proteins and no data on protein trafficking in AML12 cells, which have been mostly
utilized for the study of cell signaling (53, 499).
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In summary, the tools and wealth of information accumulated for HepG2 and WIFB cell
studies make these two cell lines the primary choice for /n vitro hepatic polarity studies. The
reader is referred to an excellent recent review that evaluates the advantages and
disadvantages of the above-mentioned and additional hepatic cell lines for the study of
various aspects of hepatic physiology (96).

Models to study simple columnar versus hepatic polarity

As discussed in Sections “The acquisition of hepatic polarity during development and
“Hepatic polarity in liver regeneration”, during liver development, regeneration of the adult
liver or during neoplastic growth (see Section “Hepatocellular carcinoma”), hepatocytes are
frequently found in an acinar organization that had been interpreted as columnar phenotpye
(343, 422, 423). Hepatic acini disappear when the liver plate is properly (re-)established.
The available data have thus led to the hypothesis that hepatic differentiation involves
columnar intermediates. The capability of liver cells to switch between columnar and
hepatic polarity phenotypes is further suggested by liver regeneration studies that have
shown that hepatocytes can give rise to biliary cells and vice versa(311,358,359,501). The
question of what mediates the branching into either polarity phenotype has not been widely
posed, but there are several culture models available to address it.

Primary hepatocytes—Michalopoulos and colleagues devised a protocol to establish
organoid liver cultures from isolated rat hepatocytes (315). By growing hepatocytes in
collagen-coated pleated surface roller bottles (for sufficient aeration), the authors could
reconstruct a multilayered liver tissue composed of a superficial monolayer of biliary
epithelial cells with classical cobblestone morphology, an intermediate layer of polarized
hepatocytes that formed bile canaliculi interspersed with connective tissue and a basal layer
of endothelial cells. While the nonepithelial cell types are likely contaminants of the
hepatocyte preparation, Michalopoulos et al. demonstrated that the biliary layer was indeed
derived from the hepatocyte parenchyma (313). They further determined that the receptor
tyrosine kinase ligands epidermal and hepatocyte growth factors are required for the
maturation of the biliary layer at the surface of the organoid, while the steroid
dexamethasone was essential for the phenotypic maturation of the hepatocytes (314). With
the ability to selectively manipulate the cell types in the organoid, particularly the
maturation of biliary epithelia from hepatocyte precursors, liver organoid cultures represent
a promising tool to unravel signaling pathways that govern the development of the two
epithelial cell types of the liver (267). It will be difficult, however, from the plethora of
changes in cell fate and differentiation to dissect out signaling events that relate to changes
in the polarity phenotype. Hepatic cell lines with either flexible polarity phenotypes or with
defined columnar polarity might be better suited to yield initial insights into this question.

Hepatic cell lines—WIFB cell polarization appears to mimic the two-step process
proposed for the developing liver. Upon plating at low confluency, they initially adopt
simple columnar polarity. Then, over a 2-week period, columnar cells first lose their luminal
domains to become nonpolarized and proliferate before they subsequently repolarize with
hepatic polarity (84, 97). This feature makes WIFB cells a good model for high-throughput
approaches to identify compounds/molecules that block the transition from columnar-to-
hepatic polarity (Fig. 4A).

Cassio and colleagues, who had selected polarized clones derived from Fao hepatoma cells
grown as spheroids did not only establish lines that exhibit hepatic polarity (Can 3-1, Can
10) but with Can 11-3-5 also generated a Fao-derived line that develops columnar polarity
(357). Given their common parental precursor a comparison of the gene expression profile
between the Can3-1 and Can 11-3-5 lines might reveal key determinants of the two polarity
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phenotypes. Likewise, a HepG2 clone that exhibits columnar polarity has been developed,
which can be compared with the parental line (414).

Van ljzendoorn and colleagues established experimental conditions under which HepG2
cells can be coaxed into forming acinar-like lumina shared by multiple cells (182) and
develop complicated branching luminal structures (441). This makes them a useful tool to
study the transition from isolated bile canalicular pockets between two cells to larger ascini
and elaborate bile canalicular networks.

Nonhepatic cell lines—Utilizing the kidney-derived epithelial line MDCK as a model,
our group discovered with Parlb the first candidate protein to regulate the branching of the
columnar and hepatic epithelial differentiation programs. Par1b/MARK2/EMK1 is one of
four mammalian paralogues of Parl, a serine/threonine kinase originally identified as
polarity determinant in the one-cell embryo of Caenorhabditis elegans (227). Evidence from
Drosophila has since indicated an essential role for Parl in the maintenance of a columnar
monolayered follicle epithelium (86, 104). Parl also promotes the organized remodeling of
cell layers during morphogenetic processes such as gastrulation movement in Xenopus (246,
347) and vulva morphogenesis in C. elegans (196). Others and we found Parlb essential for
the morphogenesis of polarizing MDCK cells. Inhibition of PAR1b-function disrupted
various aspects of epithelial polarization, notably the establishment of a luminal surface
domain, the development of a columnar cell shape and the organization of an epithelial-
specific microtubule array (81, 83, 429). Additional findings from our group suggested a
role for Parlb not just in lumen formation per se but also in defining lumen position and
epithelial architecture. Interestingly, we found that recombinant expression of wild-type
Parlb promotes two hallmarks of the hepatic epithelial phenotype in MDCK cells, a model
for columnar epithelia. Parlb-overexpessing MDCK cells exhibited bile canaliculi-like
lateral rather than apical lumina and switched from a direct to an indirect mode of luminal
protein targeting (84) (Fig. 3, MDCK-Parlb cells). Thus, the elucidation of Parlb-signaling
pathways in MDCK cells will likely yield key mechanisms for the differentiation into either
the columnar or hepatic epithelial phenotype.

Signaling Molecules and Pathways for Hepatic Polarity

HNF-4a

The acquisition of epithelial polarity is but one aspect of a complex hepatic differentiation
program that is initiated by a sequentially operating set of signaling pathways. This
complexity makes it difficult to pinpoint the signaling events that explicitly shape epithelial
polarization and only a few key molecules have been characterized for their role in polarity.
Most, if not all of them, function in part by regulating hepatic protein traffic, which we will
elaborate on in more detail later.

HNF4-a (hepatocyte nuclear factor 4 alpha) is a transcription factor essential for expression
of a large array of genes that define hepatocyte function (265). In addition, HNF-4a is
required for the expression of many genes whose products are involved in cell junction
assembly and cell adhesion (420). Reduced expression of the latter proteins, among them E-
cadherin, ZO1, and CEACAML1, likely accounts for the fact that livers deficient in HNF-4a
not only exhibited metabolic defects but also an abnormal morphology (355). Hepatocytes
from these livers were small, failed to make proper cell-cell contacts, and lacked normal bile
canaliculi. In addition to cell-cell adhesion molecules, they also featured reduced expression
of connexins 32 and 26 that might participate in junction assembly in hepatocytes.
Interestingly, overexpression of HNF-4a in cultured fibroblasts was sufficient to convert
these cells to an epithelial phenotype. Surprisingly, however, when HNF-4a deficient
hepatocytes where grown /n vitro as primary cultures their wild-type cell morphology and
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polarity were restored, which prompted the authors to suggest an additional noncell
autonomous role for HNF-4a (177). Because the absence of HNF-4a has also been
associated with signs of stress response, such response may have contributed to the
deficiencies observed in HNF-4a.-null livers.

Oncostatin M

Oncostatin M (OSM) is an interleukin-6-related cytokine and glucocorticoid that is produced
and secreted by the hemopoietic cells that are interspersed with the fetal hepatocytes
[reviewed in reference (321)]. Members of the IL-6 family that also include leukemia
inhibitory factor, ciliary neutrotrophic factor, and cardio-trophin-1, are known as potent
inducers of tissue differentiation. As such, OSM functions as a paracrine mediator of
hepatocyte maturation. OSM binds to the gp130 receptor at the hepatocyte membrane and
induces multiple signaling cascades including activation of the transcription factors STAT3
(205) and HNF-4a (217) and of the G-protein K-Ras (184). HNF-4a activation likely
contributes to OSM-mediated heptoacyte polarization. In addition, the OSM-mediated
activation of Ras-signaling promotes cell-cell adhesion (297). Cultured murine hepatic cells
derived from a midembryonic stage form cadherin-dependent adherens junction when
treated with OSM. This effect was blocked by dominant-negative Ras, and in cultured cells
derived from K-Ras-knockout mice. K-Ras deficiency abolished OSM-induced formation of
adherens junction without an apparent effect on the expression of hepatic differentiation
markers. Ectopic expression of K-Ras cDNA restored the polarization signal. Hoekstra and
co-workers identified an additional OSM signaling pathway relevant for hepatic polarity
(458). They showed that addition of OSM to HepG2 cells increased the number of cells that
polarized with bile canalicular-like domains and sped up the kinetics of polarization marked
by an increased membrane flow from a subapical endosomal compartment (SAC) to the
luminal pole. The authors had previously observed a similar effect upon activation of protein
kinase A (PKA) (493, 505). OSM functions in this pathway by inducing the expression of
the cell cycle inhibitor p27KIP that keeps cells in G1. Forced G1-S phase transition indeed
rendered the cells insensitive to OSM-mediated lumen formation. The authors further
determined that G1-S transition prevented an OSM-mediated recruitment of PKA to the
centrosome and prevented the PKA-activated transport route to the luminal surface that is
important for luminal surface biogenesis (462). Thus, OSM-mediated activation of p27XIP
couples centrosome-associated signaling pathways to luminal pole directed membrane
traffic, which is essential for the genesis of bile canalicular-like luminal domains. Lazaro et
al. reported that OSM treatment promoted the formation of bile canaliculi in primary
cultures of fetal human hepatocytes, suggesting that the signaling pathway for lumen
formation in HepG2 cells might be relevant /n vivo (259).

LKB1 and LKB1-activated AMP-related kinases

LKB1/Par4 is a ubiquitously expressed serine/threonine kinase that was first described as a
polarity determinant in the one cell embryo of C. elegans (227). In humans, LKB1
inactivation is responsible for the Peutz-Jeghers syndrome, a rare genetic disease that leads
to hamartomas of the gastrointestinal tract and dramatically increases patients’ cancer risk at
multiple sites. LKB1 is also frequently mutated in spontaneous lung and cervical cancers
and for these reasons has been classified as a tumor suppressor, a rare distinction for a
kinase [reviewed in references (4, 208)]. LKBL1 activates AMPK and 11 AMP-related
kinases, including the four mammalian paralogues of Parl (275). AMPK is best known for
its role as energy sensor that regulates cell growth and proliferation through mammalian
target of rapamycin signaling pathways (170). In fact, LKB1’s inhibitory role on cell growth
and metabolism offers an attractive explanation for its tumor suppressor function (438). On
the other hand, an essential role for LKB1 in mammalian epithelial cell polarity as predicted
from Par4’s role in C. elegans, was not obvious in several epithelial cell lines analyzed
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(38,401). Moreover, LKB1-deficient embryonic mice did not show polarity defects until day
7 of development, after important polarization events have already occurred (502). This
might be due to the fact that at least some of the LKBL targets, notably AMPK and Par1-
paralogues, have additional activating kinases (197,444, 498). Recently however, two
studies, one /n vivo (495) and one /n vitro (134), have reported a major role for LKB1 in the
development of hepatic polarity. The liver along with the pancreas and skeletal muscle
indeed shows markedly higher expression of LKB1 than other adult tissues (382). Liver-
specific deletion of LKB1 led to defective canaliculi in hepatocytes and a lack of open
tubular bile ducts in the developing liver, which prevented the formation of a normal biliary
tree and caused impaired bile acid clearance and accumulation of bile acids in serum and
liver. The reason for the hepatocyte phenotype appeared to be the retention of the canicular
bile salt export pump BSEP in intracellular pools. In addition, the amount of the bile acid
influx transporters Oatpl and Ntcp at the sinusoidal membrane was reduced. Thus, it is
plausible that defects in protein trafficking to or their retention at the luminal pole could be
the primary defect in LKB1-deficient hepatocytes, which prevents the establishment of the
canalicular domain itself. The trafficking defects in turn could be caused by defects in the
organization of the subluminal actin cytoskeleton since the authors also observed reduced
Radixin staining at the canalicular domain. Radixin is a linker protein that connects the actin
cytoskeleton with the luminal membrane. Subluminal actin is indeed crucial for the retention
of membrane proteins at this pole (454). The bile duct phenotype resembles that of murine
models of Alagille syndrome, which is due to altered Notch signaling (144, 383). Although
no direct link between Notch and LKB1 has been reported to date, the LKB1 substrate Parl
has been shown to function upstream of Notch in developmental processes in Drosophila
and Xenopus (30, 348).

The hepatic polarity phenotype of LKB1-KO mice is consistent with the effect Arias and
colleagues observed when they expressed a dominant negative (DN) form of LKBL1 in
primary hepatic sandwich cultures (134). DN-LKBL1 inhibited the formation of an extensive
branched bile canalicular network that developed over 6 days in the cultures while LKB1
activators accelerated bile canalicular-network formation. The authors identified AMPK as
the LKB1 substrate responsible for polarization. They found AMPK levels and activity to go
up with polarity development, and reported that DN-AMPK inhibits polarization similarly to
DN-LKB1 expression. Importantly, the AMPK activators AICAR and 2-DG overcame the
inhibitory effect of DN-LKBL1, suggesting that both kinases operate in a linear pathway. DN-
AMPK not only prevented the establishment of hepatic polarity but also disrupted already
established bile canaliculi-networks in that /n vitro system. This is in contrast to LKB1-
knockout in the adult mouse liver, which caused no apparent polarity disruption (404). The
discrepancy might be due to redundancy in AMPK activating kinases in the adult liver that
would be prevented from operating in the dominant-negative approach. One likely
mechanism for AMPK function is to promote tight junction assembly (508, 509), possibly
through the phosphorylation of myosin regulatory light chain, which occurs downstream of
AMPK activation in the kidney-derived epithelial culture model MDCK (57). Indeed,
activators of LKB1 and AMPK all prevented the disruption of tight junctions that were
induced by Ca?* withdrawal in the heptocyte sandwich model. The recent identification of
28 novel AMPK substrates in an unbiased screen in nonpolarized kidney epithelial cells
(HEK293) suggests that AMPK participates in many more cellular processes than previously
thought (19). One substrate potentially relevant for hepatocyte polarization is the Rab11
effector Rab11-FIP1 that participates with Rab11 in the plasma membrane recycling system
(166). Rabl11a is a crucial regulator of lumen formation in WIFB cells by promoting protein
traffic to the luminal pole.

Is there a role for the LKB1 substrate Parlb in hepatic polarization as suggested by the
Parlb-induced hepatic polarity phenotype in kidney-derived MDCK cells? Our data indicate
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that similar to DN-AMPK in primary hepatocytes, DN-Parlb expression in WIFB cells
inhibits the formation of bile canalicular-like lumina (81). Similar to AMPK activity in
primary hepatocytes, we find Parlb activity to be increased during WIFB cell polarization
(our unpublished results). There is some evidence that AMPK-related kinases might have
overlapping substrate specificity (212). For instance, the rho-GTPase adaptor and actin-
filament regulating protein IRSp53/BAIAP2 that we identified as a Parlb substrate involved
in hepatic-type polarization of MDCK-Parlb cells (82) was subsequently also identified as
AMPK substrate (19). Moreover, Parlb and AMPK phoshorylate IRSp53 at the same site.
Similarly, we have identified several of the published AMPK substrates as Parlb substrates
in an unbiased substrate screen in MDCK cells (our unpublished data). Thus, it is possible
that both kinases operate at least in part redundantly downstream of LKBL1 in hepatocyte
polarization. Depletion, rather than dominant-negative approaches will be necessary to
assess their relative contributions.

Bile acid-induced signaling pathway(s) for polarity

The first observation that bile acids promote polarization of hepatic cells was made
accidentally by Ng et al. (335). The authors cultured nonpolarized hepatic Fao cells and a
derivative line in the presence of various bile acids with the intention to select for
spontaneously polarized clones that, they reasoned, would present higher resistance to the
cytotoxic effects of bile acids due to their ability to metabolize and secrete the products into
the bile canaliculus. Unexpectedly, rather than selecting for polarized cells, they found the
primary bile acid chenodeoxycholic acid to potently induce polarity in Fao clones. The
polarized clones exhibited bile canalicular structures that were positive for the apical
proteins APN, BSEP, Mrp2, and were sealed by tight junctions. The bile canalicular-like
structures were capable of metabolizing and secreting carboxyfluorescin diacetate dye.

Bile acid synthesis, turnover, and secretion are sparse in the fetal liver, but rapidly increase
postnatally (272), (271), concomitant with hepatocyte polarization and development of a
branched canalicular network. That led Arias and coworkers to assess the effect of
taurocholic acid, the major primary bile acid, on the development of polarity in their primary
hepatocyte sandwich culture model (135). They observed an acceleration of the polarization
process similarly to that seen upon experimental AMPK activation. By employing specific
inhibitors of known taurocholate signaling pathways, the authors pinpointed the effect to a
stimulation of c-AMP production by unknown G protein-coupled receptors. They
subsequently determined that activation of the exchange protein directly activated by c-Amp
(Epac) rather than PKA was important for polarization downstream of c-AMP. Further
downstream in the signaling cascade Epac activated the Ras-like small GTPase Rapl that is
involved in many cellular events, including proliferation, junction formation, and polarity.
Expression of a Rap1Gap that maintains Rapl in the GDP bound, inactive form prevented
the taurocholate and Epac-induced acceleration of polarization. Similarly, pharmacological
inhibition of the Rap1l effector MEK blocked the taurocholate-polarity signaling cascade.
Excitingly, the authors linked the taurocholic acid effects to activation of LKB1/AMPK
downstream of MEK. How MEK activates LKBL1 in this system remains to be established.
In some cell types, ERK and p90 ribosomal S6 kinase have been implicated in LKB1
activation (117,126,388). While this is the first bile acid-induced signaling pathway that
governs hepatocyte polarization, taurocholic acid has likely additional, AMPK-independent
effects on polarity since it could partially overcome the detrimental effect of DN-AMPK
expression on bile canalicular formation.

As summarized in Figure 5, all of the signaling pathways discussed above converge on the
establishment of adherens and tight junctions and on the development of the luminal/apical
domain. As hallmarks of the epithelial phenotype, these features essentially served as
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readouts for hepatocyte polarity. Further mechanistic insight is required to determine the
common and divergent molecular targets these signaling pathways regulate.

The Role of Cell Adhesion in Hepatocyte Polarity

The ECM is a complex macromolecular structural network that surrounds stromal cells and
underlies the majority of endothelial and epithelial cells. It is a mechanical scaffold for
adhesion and migration and provides signaling platforms by sequestering or releasing
cytokines and by anchoring processing enzymes. Importantly, the direct interaction of ECM
molecules with cell surface receptors, notably the integrins, leads to their activation, which
triggers intracellular signaling effects (outside-in signaling). ECM receptors are connected to
a variety of cytoplasmic plaque proteins that serve as signaling hubs and connect the ECM
receptors to the cellular cytoskeleton. Conversely, intracellular signaling events can
modulate the interaction of integrins with the ECM (inside-out signaling), which results in
complex feedback signaling cascades [for review, see references (45, 334)].

The final step of hepatocyte differentiation that takes place 7 days after birth in rodents is
critically dependent on signaling of ECM proteins via integrins (219). In addition to
induction of a set of genes relating to adult liver function and down regulation of growth-
related genes, terminal hepatocyte differentiation also involves the reorganization of
hepatocytes from ascinar structures into one-cell-thick liver plates, that is, a transition from
columnar to hepatic polarity. The role of ECM signaling in the hepatocyte differentiation
process has also been appreciated in the longstanding efforts toward the development of a
bioartificial liver that have led to constant improvements in culture conditions to maintain
highly differentiated and polarized hepatocytes in either monolayers or spheroids for weeks
(33, 332). These studies established that it is the chemical and physical properties of the
surrounding ECM that largely define the hepatic differentiation status. Thus, when plated on
a matrix of either collagen or matrigel, hepatocytes rapidly dedifferentiate. The degree of
polarity loss is inversely correlated with the density of the matrix and the extent of cell
spreading. Even dedifferentiated monolayers can be “rescued”; however, when overlaid with
a gelling matrix at the free cell surface (111). The nature of the ECM gel appears to be
unimportant; even agarose has been reported to be efficient (111) and recently synthetic
matrices containing galactose ligands that mediate cell adhesion via the ASOR have been
employed (75). These data suggest that the overlay may simply provide a suitable scaffold
that favors accumulation of ECM molecules secreted by the hepatocytes themselves that
may sequester other factors (e.g., growth factors). Indeed, cultured hepatocytes in collagen
sandwiches secrete their own matrix proteins including laminin, collagen, and fibronectin
(119). Thus, being surrounded by hepatocyte-derived ECM molecules on both
noncontacting surfaces appears to be crucial for polarization /n vitro. This is also the
situation for hepatocytes /n vivo as they are surrounded in the space of Disse by a low-
density ECM that is of basement membrane-like composition [reviewed in reference (294)].
Notably, however, unlike all other epithelia heptocytes /in vivo are not attached to a bona
fide basal lamina (193, 294). The basal lamina (also referred to as basement membrane) is a
tough, two-dimensional, flexible sheet of matrix molecules secreted by epithelial cells and
the underlying connective tissue. It is organized into sheets primarily by laminin and fibrous
collagen 1V networks that are connected with each other via nidogen and the proteoglycan
perlecan. The absence of laminin and nidogen in the ECM-surrounding mature hepatocytes
accounts for the lack of an obstructive basement membrane in the space of Disse, a feature
that appears to be important for the intimate contact between hepatocytes and the fenestrated
endothelium for the exchange of macromolecules [discussed in reference (295)]. The
deposition of a basement membrane in the hepatic sinusoids that transforms the space of
Disse into a densely fibrous interstitium is a hallmark of liver cirrhosis, and is associated
with impaired hepatic function (292, 295, 398) (see also Section “Liver fibrosis and
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cirrhosis”). Interestingly, a comparison of the ECM compositions of embryonic, adult and
regenerating livers revealed that, while absent from mature liver parenchyma, laminin was
present around hepatocytes of embryonic and in regenerating livers (17,296,489) hinting at a
crucial role for laminin in the differentiation and repolarization process [discussed in
reference (295)].

Is the unique ECM distribution around hepatocytes responsible for the distinct hepatocyte-
specific lumen polarity? Evidence for a correlation between ECM deposition and
establishment of the epithelial luminal domain came first from work with the columnar
MDCK cells. When plated on a substrate, in the absence of all other cues, single MDCK
cells establish their luminal domain at the free, nonsubstrate-contacting surface (465). The
ECM molecules MDCK cells secrete become trapped and can assemble into a basal lamina
only at the substrate-contacting surface (386). It was proposed that localized ECM signaling
constitutes the polarization cue to establish the luminal surface away from the basal lamina
(380,474). Furthermore, when plated on collagen | and subsequently overlaid with
additional collagen at the apex, MDCK cells rapidly remove their apical surface. MDCK
sandwich cultures subsequently reorganize into two columnar cell layers that form an
enclosed lumen between them, away from the surrounding ECM (168,399). From those
observations, it became apparent that the presence of ECM is not compatible with the
establishment or maintenance of a luminal domain. Thus, for hepatocytes /n vivo, the ECM-
filled space of Disse prevents the establishment of a luminal pole at either of the sinusoids,
leaving as the only option the surface between neighboring cells. Interestingly, MDCK-
Parlb cells, which organize with hepatic lumen polarity when plated on plastic, have
reduced collagen-1V and laminin staining at the substrate contacting surface and at the same
time display ECM molecules at their apex, mimicking the low-density, symmetric ECM
distribution of hepatocytes /n vivo [(82) and Lazaro-Dieguez, Cohen, Fernandez, van
Ijzendoorn and Misch, in preparation]. Supplementing the basal ECM of MDCK-Parlb
cells with collagen IV reverted lumen polarity back to a columnar phenotype (Lazaro-
Dieguez, Cohen, Fernandez, van ljzendoorn and Misch, in preparation). Thus, we propose
that a steep ECM gradient along the apical-basolateral polarity axis favors columnar lumen
position while a low-density symmetric ECM distribution (as in the hepatocyte collagen
sandwich configuration and MDCK cells upon Parlb overexpression) promotes the hepatic
polarity phenotype (Fig. 6A).

The role of Intercellular Junctions in Hepatic Polarity

In polarized epithelia, the contacting membranes form intercellular junctions that are
comprised of tight junction, anchoring junctions and gap junctions. Tight junctions provide a
barrier and a fence within the membrane by regulating paracellular permeability and
diffusion of membrane proteins between the apical and basolateral domains, thus
maintaining cell surface polarity and enforcing vectorial transport of macromolecules across
epithelial cells. Anchoring junctions, which include adherens junctions and desmosomes
couple cytoskeletal elements to the plasma membrane, providing mechanical integrity to
tissues, while gap junctions allow for cell-cell communication by allowing the passage of
small molecular weight solutes (up to 1 kD) directly between neighboring cells. Recent
evidence indicates that intercellular junctions participate in signal transduction pathways
that regulate gene expression, differentiation, proliferation, and morphogenesis. The
formation, detailed composition and complex functions of these junctional complexes have
been extensively reviewed elsewhere [for instance, see references (29, 59, 153, 158, 174,
191, 406) for the most recent updates]. Here, we will summarize findings that specifically
relate to their role in the development of hepatic polarity.
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E-cadherin is considered a key determinant and trigger for epithelial differentiation and
polarization (434). As a Ca2*-dependent homophilic cell-cell adhesion molecule, E-cadherin
provides the platform for the assembly of adherens junctions, a protein complex that links
cell-cell contacts to the actin cytoskeleton; the circumferential actin belt that pulls neighbors
together via their adherens junctions is responsible for the tight apposition of epithelial cells.
Like the cytoplasmic plaques assembled on integrins, E-cadherin mediated junctions also
serve as signaling platforms and can mediate outside-in signaling. Thus, MDCK cells
cultured in the absence of Ca2* do not polarize, even when plated at confluency (150).
Addition of CaZ* in millimolar concentrations to those cultures is sufficient to trigger the
polarization program that is initiated by homophilic E-cadherin interactions (69, 467).
Notably, E-cadherin-based adherens junctions organize the tight junctions and the
establishment of luminal and basolateral surfaces in this and other epithelial model systems
(163, 202, 480). Loss of cadherin-based adhesions, on the other hand, is a hallmark of
carcinogenesis and correlates with tumor progression. In many epithelial-derived tumors,
including hepatocarcinoma, E-cadherin expression is downregulated, leading to loss of cell
adhesions, increased proliferation, and tumor invasiveness (13, 262, 434, 456). Not
surprisingly, E-cadherin knockout mice are embryonic lethal, failing to develop past the
trophoectoderm, 32-cell stage (255, 346). In the embryonic mouse liver, E-cadherin
expression is induced at embryonic day 12.5 in hepatoblasts (338), which correlates with the
onset of differentiation into hepatic and biliary epithelial cells. The precise role of E-
cadherin for hepatic polarity is being elucidated in cell culture models, and has so far
yielded some surprising results. Unexpectedly, a HepG2 cell line that failed to target E-
cadherin and B-catenin to the cell surface still established functional tight junctions, bile
canaliculi-like luminal domains (albeit with delayed kinetics), and developed basolateral
polarity, suggesting that E-cadherin contributes, but is not absolutely essential for the
establishment of hepatic polarity. Curiously, E-cadherin inactivation altered the biosynthetic
targeting of the apical protein DPPIV from a transcytotic to a direct route (441). As indirect
apical protein targeting is a hallmark of the hepatic polarity phenotype, it will be important
to elucidate how E-cadherin and/or B-catenin regulate this process. Konopka et al. found
instead that increased E-cadherin levels disrupted hepatic polarity in HepG2 cells (241). The
authors depleted HepG2 cells of the membrane protein junctional adhesion molecule-A
(JAM-A), a cell-adhesion protein of the 1gG superfamily that has been found at primordial
cell-cell contact sites and at tight junctions and has been implicated in tight junction
formation. JAM-A depletion resulted in the loss of bile canalicular-like luminal domains and
in the organization of the tight junctions in a chickenwire arrangement, consistent with
columnar polarity. The authors went on to show that this polarity change was largely due to
an increase in E-cadherin expression in JAM-A depleted cells. Braiterman et al. reported a
similar disruption of hepatic polarity in JAM-A depleted WIFB cells, but they did not
observe changes in E-cadherin levels (48). Substitution of endogenous E-cadherin in MDCK
cells for an adhesion-defective mutant that lacked the extracellular cell-cell contact-forming
domain and thus was defective in outside-in signaling, but still capable of protein
interactions via their cytoplasmic domain (453), promoted a transient polarization of MDCK
cells with hepatic polarity (85).

Collectively, these data suggest a model in which the nature or extent of E-cadherin-
mediated adhesion signaling determines whether tight junctions assemble with either
parallel or vertical orientation to the ECM contacting surface; tight junction position then in
turn dictates lumen position. Thus, E-cadherin mediated cell-cell adhesion might contribute
to the decision to polarize with hepatic or columnar polarity (Fig. 6B). The composition of
the tight junction protein complex itself might also be important for the orientation of the
tight junction belt. Thus, sSiRNA-mediated depletion of the integral tight junction protein
Claudin-2 from WIFB cells resulted in a “chickenwire” tight junction organization (418). It
should be added that gap junctions, although not directly implicated in epithelial polarity,
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might also contribute to tight junction development (237, 238). In hepatocytes, gap junctions
occupy a particularly large membrane surface area, as much as 3% of the total membrane.
Their presumed primary function is to aid the synchronized periodic contractions of the bile
canaliculi to stimulate bile flow. There is accumulating evidence that gap junction
membrane proteins, particularly connexin Cx32 in hepatocytes, colocalize, and physically
interact with tight junction proteins, namely the transmembrane proteins Occludin and
Claudin-1 (237). It has been proposed that this interaction might contribute to the clustering
of tight junction proteins as a prerequisite for tight junction assembly. However, no solid
evidence for such a scenario has been presented so far.

Epithelial Polarity Complexes

In addition to cell-cell interaction proteins, an evolutionary highly conserved physically and
functionally interconnected network of polarity determinants has been described, which
stakes out the future apical, lateral and junctional domains of differentiating columnar
epithelial cells. It is the subject of several extensive recent reviews (302, 309, 421, 478) and
will, therefore, only be briefly mentioned here. Three major protein complexes with distinct
membrane domain localization have been characterized. The apically localized Crumbs-
Patj-PALS complex provides apical membrane identity. It is linked, via PALS, to the apical-
junctional Par3-Par6-aPKC complex that promotes the establishment of tight junctions and
contributes to apical surface formation, in part by activating Crumbs. The lateral Lgl-Dlg-
Scribble complex defines basolateral domain identity. The mutually exclusive localization of
the three complexes is at least in part accomplished by inhibitory phosphorylation. Thus,
aPKC phosphorylation of Lgl removes it from the apical surface and junctional region,
while Par3 phosphorylation by Parl, the latter being present at the lateral domain, removes
Par3 from the basolateral surface.

In the adult liver, immunohistochemical analysis has determined that aPKC iota and zeta
and Par3 are colocalized with tight junction markers, specifically ZO1, Occludin and
Claudin-3 at the boundary between bile canaliculi and sinusoidal membranes, suggesting
that they function in apical junctional complexes as in other epithelial cells (433). The
basolateral polarity determinants Scribble and Lgl-2 have been localized to the sinusoidal
domains in WIFB cells and Scribble has been shown to mediate similar protein-protein
interactions in WIFB and MDCK cells (215). The available data, therefore, suggest that the
polarity complexes that determine epithelial surface domains in columnar epithelia also
operate in hepatocytes, although whether and how they contribute to the hepatic-specific
polarity phenotype remains to be elucidated.

Polarized Vesicular Protein Trafficking in Hepatic Cells

To establish and maintain polarized surface domains and to mediate polarized protein
secretion, epithelial cells have evolved strategies to target newly synthesized proteins to
either the luminal/apical or basolateral domains in the biosynthetic pathway and to recycle
endocytosed proteins faithfully back to their membrane domain of origin. Some membrane
proteins are targeted from the basolateral to the apical surface, in a pathway termed
transcytosis to deliver ligands from the blood to the epithelial lumen. Polarized protein
trafficking is based on address signals in the targeted proteins themselves and on the cellular
machinery that recognizes and interprets them. Although not as strictly polarized as proteins,
lipids also show domain-selective enrichment and hence polarized intracellular traffic and
membrane retention. Thus, sphingolipids, although contributing less than 5% to the cellular
lipid pool, are highly enriched in the outer leaflet of the apical domain. Sorting of some
apical proteins has been linked to the formation of lipid microdomains that are formed by
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clusters of sphingolipids and cholesterol at the trans-Golgi network (TGN), in recycling
endosomes and the plasma membrane.

The study of the polarized trafficking machinery in epithelial cells began in the 1970s with
the introduction of the canine kidney-derived MDCK model (70, 317). MDCK cells have
remained the primary workhorse for the ongoing refinement of old and the establishment of
novel techniques and approaches to polarized protein targeting that have subsequently been
adapted to other epithelial lines of columnar polarity, most prominently the human intestinal
CaCo-2 cells, the Fisher rat thyroid (FRT) cells and retinal pigment epithelial cells. The
study of polarized trafficking in hepatic cells, however, has lagged behind. This is, in part,
due to the fact that few model cell lines exist for the study of hepatic polarity and that these
cell lines are generally less amenable to experimental manipulation and require different
approaches than those developed for MDCK cells. It has nevertheless become clear that
hepatocytes differ from all other nonstratified epithelial cells in several key aspects of
protein trafficking: (i) they lack a mechanism for polarized exocytosis of secretory proteins
to the luminal surface. (ii) They further distinguish themselves by targeting all apical single-
spanning and GPI-anchored membrane proteins studied to date via a detour to the
basolateral surface prior to their arrival at the luminal pole. (iii) Interference with protein
trafficking to the luminal pole in hepatic cells frequently prevents the formation of a luminal
domain altogether, which is not the case in other epithelial models. In the following
chapters, we will review our current knowledge of the exocytic and endocytic trafficking
pathways in hepatic cells in comparison to that in nonhepatic epithelial cells.

Tools and approaches

Protein targeting in vivo analyzed upon subcellular fractionation of the
perfused liver—Hepatic protein trafficking was first studied on the isolated, perfused rat
liver that was subjected to cell fractionation (24). The authors combined an /n vivo pulse-
chase protocol with cell fractionation that allowed them to establish the targeting itinerary of
newly synthesized membrane proteins. Their protocol still represents the gold standard for
the analysis of protein trafficking in hepatocytes. It is in fact the only /in7 vivo approach to
protein trafficking for any mammalian epithelium.

When injected into the tail vein, 3°S-methionine first reaches the liver and is mostly
incorporated into newly synthesized hepatocyte proteins. When followed by the injection of
cold methionine the investigator can set a metabolic pulse and analyze the fate of the newly
synthesized protein pool at different chase times. For each chase point, rat livers were
homogenized and the plasma membrane sheets separated from other intracellular
compartments by a series of differential centrifugation steps followed by a single floatation
through a one-step sucrose gradient. Sonication of the isolated plasma membrane sheets then
resulted in the formation of vesicles derived from either the luminal or the basolateral
domains. The two resultant vesicle populations were separated by equilibrium sucrose
gradient centrifugation. The Hubbard group later combined the /n vivo pulse-chase approach
with an immuno-depletion/adsorption scheme to demonstrate that newly synthesized DPPIV
was present in plgA-containing vesicles, indicating that both proteins shared the same
transcytotic carriers (20). /n vivo pulse-chase experiments have also been performed to
analyze polarized secretion of albumin and the shedding of transcytosed pIgR into either the
bile or the blood (253).

Quantitative analysis of protein arrival at distinct cell surface domains in
cultured epithelial cells—The culture of polarized columnar epithelial cells on
permeable filter substrates allows for their domain-specific manipulation (379,412) (Fig. 7,
left panel). To study the kinetics and polarity of the arrival of newly synthesized proteins at
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either the apical or basolateral surface domain, polarized epithelial cultures that express
recombinant apical and basolateral model proteins, are subjected to a metabolic pulse

with 35S-methionine/cysteine. The labeled protein fraction is subsequently chased through
the secretory pathway in the presence of an excess of cold amino acids. At different chase
points, the apical and basolateral surface domains of the filter cultures are selectively labeled
with a succidimidoester of biotin that becomes covalently linked to primary and secondary
amino groups in the extracellular domains of membrane proteins. Tight junctions prevent the
paracellular leakage of the small molecule from the apical into the basolateral filter chamber
and vice versaensuring domain-specific surface labeling (see Fig. 7). Upon cell lysis, and
immunoisolation of the cargo proteins, their respective apical and basolateral surface
populations are reisolated on immobilized streptavidin that interacts with the biotin on the
labeled surface pool (270, 389). In a variation of this assay, polarized protein secretion into
the apical and basolateral milieu can be assessed by collecting the medium in the apical and
basolateral filter chambers at different chase times and by subsequently analyzing their
radioactive protein content by polyacrylamide gel electrophoresis. Routinely used in
columnar epithelial cell cultures, this assay is not applicable to polarized hepatic cell
cultures as their luminal domains are not experimentally accessible (see Fig. 7, right panel).
Hence a similar quantitative analysis of membrane protein targeting has not been performed
in hepatic cell lines, although a semiquantitative assay has been developed that employs a
morphological “pulse-chase” analysis where changes in relative fluorescence intensities of a
membrane protein at the apical or basolateral PM at different times upon inhibition of
protein synthesis was plotted (372). However, the polarity of secretion has been determined
in WIFB cultures grown on coverslips utilizing a variation of the MDCK targeting assay.
After the medium, representing the basolateral secreted population, was collected, the
luminal domain of WIFB cells was opened up by inducing the disruption of the adhesion
and tight junctions through Ca2* withdrawal. Proteins secreted into the luminal space could
then be collected (27). The accuracy of the measurement was critically dependent on the
high polarity index (>95%) of the WIFB cultures, and could not be conducted in HepG2
cells (with only 20-40% of the cells polarized).

Analysis of protein exit from the TGN—Metabolic labeling techniques combined with
subcellular fractionation of perfused livers have also been utilized to immunoisolate post-
Golgi transport carriers en route to the sinusoidal membrane. These studies identified
distinct transport carriers enriched in membrane and soluble proteins (392) and distinct
albumin and heparan sulfate proteoglycan containing vesicles (336), respectively. While
providing valuable /in vivoinsight into cargo segregation, these approaches are too
cumbersome for mechanistic studies, which instead have been developed in cell lines. Pulse
labeled apical and basolateral cargo proteins reversibly accumulate in the TGN at 20°C in
most if not all cell lines, including WIFB cells (159). Although the reason for that
phenomenon has remained obscure, it has been exploited as a tool to stage membrane and
secretory cargo at the site of apical-basolateral protein sorting in MDCK cells prior to their
synchronized exit from the Golgi toward the plasma membrane. The /n vitro reconstitution
of the release of TGN-derived vesicles from isolated Golgi membrane fractions or from
semi-intact MDCK cells has not only established that apical and basolateral proteins exit the
TGN in distinct transport carriers in these cells but has also allowed the identification of
machinery that mediates the distinct TGN-derived trafficking pathways
(330,331,410,449,473). Although principally applicable to hepatic cells, these biochemical
assays have not been utilized to study protein sorting in hepatic cell lines. They have more
recently been replaced in MDCK cells by live cell imaging based pulse-chase assays that
allow the analysis of protein sorting and exit from the TGN in intact cells (225, 242). In
those assays, a pulse of fluorescently labeled apical and/or basolateral cargo is set by
microinjecting the encoding cDNA(s) into the nucleus of glass- or filter-grown MDCK cells,
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which results in their expression and appearance in the endoplasmic reticulum 1to 2 h
postinjection. In the presence of cyclohexamide, which prevents further protein synthesis,
the cargo pool is chased to the TGN at 20°C where exit from the TGN can be studied upon
release of the temperature block. cDNAs, recombinant proteins or antibodies expected to
interfere with protein exit can be microinjected into the same cells and their effects on
protein exit and/or sorting be tested. Fast dual color high-resolution imaging has allowed the
observation of distinct apical and basolateral transport carriers exiting the TGN in MDCK
cells (225,387), while imaging at lower spatial and time resolution has been employed to
resolve the kinetics of TGN-to-surface transport (95, 242, 329) (see Fig. 8). Similar assays
have still to be reported for hepatic cells. One technical caveat is that WIFB cells are very
sensitive to microinjection and easily lose polarity, that is, their morphologically defined
luminal domain disappears when touched by a microinjection needle.

Analysis of polarized endocytic and transcytotic pathways—Upon endocytosis
proteins either recycle to their originating membrane domain, are sent to lysosomes for
degradation or undergo transcytosis to the opposite membrane domain. To analyze their fate
fluorescent or radiolabeled ligands that have been bound to their cell surface receptors at
4°C, are allowed to be internalized at 37°C. Subsequently, any ligand remaining at the
original surface is stripped from its receptor by an acid wash. During the subsequent chase
in the presence of excess unlabeled ligand in the apical and basolateral medium,
respectively, the fluorescent or radiolabeled ligand pool that reappears in either apical or
basolateral medium is collected and quantified. In addition, the cell-associated acid
precipitable, that is, protein bound, fluorescence, or radioactivity is counted. The total
amount recovered in all three fractions allows one to calculate how much of the ligand has
been degraded (351, 479). A similar experimental approach has been taken to follow
membrane proteins by labeling their domain-specific surface pool with antibodies against
their ectodomains, which in turn can be detected with a labeled secondary antibody after the
chase (Fig. 9A). As explained for the secretory pathway, however, this approach is not
feasible in hepatic cells, where the apical domain is sequestered from the medium. Only
qualitative, or at best semiquantitative observations have been made in hepatic cells.
Notably, antibody uptake experiments have revealed that single-spanning membrane
proteins undergo transcytosis from the basolateral to the apical domain (199, 204, 372, 454)
(Fig. 9B). It should be noted, however, that quantitative assays to measure basolateral
recycling and internalization have been developed for use in WIFB cells (372). For a review
on techniques in the study of protein trafficking, see reference (203).

From the above, it is apparent that new efforts are required to establish and adapt modern
technologies to allow the research of protein transport in hepatocytes catch up with that in
columnar epithelial cells.

Trafficking routes

Trafficking routes in the biosynthetic pathway—Work over the last decade has
dramatically expanded our picture of protein trafficking pathways in epithelial cells (Fig.
10A,B). Since the 1980s, epithelial cells were known to operate three distinct routes for the
biosynthetic targeting of apical and basolateral proteins: a direct pathway from the TGN to
the basolateral domain, a direct pathway from the TGN to the apical domain, and an
“indirect” pathway for apical proteins that takes them from the TGN first to the basolateral
domain, from where they then reach the apical domain via transcytosis (379, 412). Different
epithelial cells utilize the direct and transcytotic apical pathways to different extents. While
MDCK cells target all apical proteins directly, intestinal CaCo2 cells employ direct targeting
for some and transcytotic targeting for other proteins. These premises were established from
measurements of surface arrival of newly synthesized proteins as described above. The
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elegant pulse chase experiments conducted by A. Hubbard’s group in the liver had further
revealed that hepatocytes target sinusoidal proteins directly, while all bile canalicular
membrane proteins the authors investigated, where targeted via transcytosis (24). The
hepatic HepG2 and WIFB cell lines were later found to mimic the hepatocyte targeting
pattern, although as explained above, a quantitative appreciation of the extent of direct
versus transcytotic trafficking for a given apical membrane protein was not possible in those
culture models (199, 413). In some instances, the same protein (e.g., DPPIV and GFP-GPI)
was shown to be targeted directly in MDCK and indirectly in WIFB cells, indicating that the
two epithelial cell types interpret the apical sorting information differently (24, 67, 189, 199,
280, 352, 454). In addition to membrane protein targeting, secretion in hepatocytes is
predominantly directed into the sinusoidal space. In contrast to MDCK or CaCo?2 cells, no
endogenous or recombinant proteins are known to be secreted with apical polarity in
hepatocytes (26,27). It should be noted that while albumin is found in the bile canaliculi, this
population represents a small fraction compared to the amount secreted into the sinusoidal
space (27,253,391). Similar to the situation for membrane proteins, the difference between
hepatocytes and the simple epithelial cells studied appears to be the interpretation of sorting
signals by the secretory machinery. Thus, while clusterin, known as gp80 in MDCK cells is
secreted apically in these cells (455) and in CaCo2 cells (10), the hepatocyte clusterin serum
SP-40,40 is secreted basolaterally (211). Likewise, hepatitis surface antigen (HBSAQ) is
released in particles associated with host-derived lipids from the basolateral domain in
hepatocytes (445), but when transfected into MDCK cells, it is secreted apically (151). In
addition, an engineered soluble form of the membrane proteins DPPIV is secreted apically
in MDCK cells (485) but into the sinusoidal space in hepatocytes (27).

Thus, it was concluded that hepatic cells do not utilize a direct pathway between the TGN
and the bile canalicular domain to target luminal proteins. Then, in 2000, Kipp and Arias
challenged that paradigm when they revisited the original pulse-chase studies in the liver,
this time analyzing a different repertoire of apical proteins (230). Remarkably, the authors
could distinguish two classes of apical proteins: cCAM105, which contained a single-
transmembrane domain, was targeted by transcytosis and the polytopic membrane proteins
and ATP-binding cassette (ABC) transporters MDR1, MPR2, and BSEP/SPGS were
targeted from the TGN directly to the apical domain, that is, without first appearing at the
basolateral surface. Thus, hepatocytes operate at least two apical targeting routes: for
polytopic and for GPI-anchored and single-spanning membrane proteins, respectively.

More recently, assays designed to detect the meeting of newly synthesized proteins with
endosomal compartments and mostly performed in MDCK cells, have revealed that different
endosomal compartments are obligate transit points for some apical (p75 neurotrophin
receptor, influenza HA, and GPIl-anchored proteins) and basolateral (e.g., TfR, plgR, VSVG,
and E-cadherin) proteins en route to the apical and basolateral plasma membrane domains
[reviewed in references (152, 486)]. These findings imply the presence of even more
pathways to either domain, which could provide the cells with the ability to selectively
regulate the targeting of individual groups of membrane proteins. They also suggest that
endosomal compartments may increase sorting fidelity or, in case of the common recycling
endosome (CRE) where apical and basolateral proteins mix (see below), serve as an
alternative sorting stations to the TGN. For a detailed list of all known proteins that take the
individual pathways, the reader is referred to Figs. 6.2—6.4 in reference (49). These figures
also list all components of the machinery that are known for each pathway.

Trafficking routes in the recycling and transcytotic pathways—Since half of the
proteins of a typical plasma membrane are endocytosed every hour, protein sorting in the

endosomal system is as, if not more important than sorting in the biosynthetic pathway for
the maintenance of cell surface polarity (425). In the liver in particular, an estimated 8% of
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the hepatocyte basolateral surface area is internalized per minute per cell (87). From studies
of fluid phase transcytosis, it has been calculated that approximately 600 to 850 vesicles fuse
with the bile canalicular membrane every minute. To maintain membrane identity and
polarity in the face of such membrane flux, a precise regulation of the endocytic pathways is
imperative.

Quantitative three-dimensional (3D) microscopy in hepatocytes has revealed a
tubulovesicular endocytic reticulum that squeezes between organelles and stretches from the
basolateral to the apical pole. Although it makes up only 2% of cell volume, its surface area
equals twice that of the canalicular membrane (290). Whether trafficking within that
network occurs via maturation, by vesicle budding and fusion, or a combination of both
processes is still not understood. However, kinetic, immunological, and topographic analysis
allows for the elucidation of distinct steps and itineraries (Fig. 11). Proteins endocytosed
from either domain are first found in spatially and biochemically distinct basolateral or
apical early endosomes (BEEs and AEESs) (39, 405), where plasma membrane proteins are
segregated from soluble proteins that are targeted to the lysosome for degradation [reviewed
in reference (301)]. Interestingly, apical proteins that are sorted into distinct apical transport
carriers at the TGN of MDCK cells, are endocytosed via distinct clathrin-dependent and
independent mechanisms from the basolateral domain of hepatic cells during their
transcytotic targeting (2) (Fig. 11). From the AEE and BEE, proteins may rapidly recycle to
their originating membrane domain without intermediate. For instance, a fraction of
basolaterally internalized TfR takes that route. The majority of TfR, however, is targeted
from the BEE to the CRE from where it is recycled back to the basolateral surface [reviewed
in reference (301)]. The CRE is a tubular organelle with distinguishable subdomains that
receives endocytic cargo from both surfaces and represents a major sorting station for apical
and basolateral -directed cargo (342,405,443,476). The CRE has recently also been
identified as an intermediate between the TGN and the cell surface for multiple basolateral,
but so far for only one (artificial) apical protein (7). It is likely, therefore, that the CRE does
not replace the TGN as the main sorting site that specifies domain-specific surface arrival of
apical and basolateral proteins upon their synthesis, but has a sorting function mainly in the
endocytic pathways.

From the CRE, proteins internalized from the basolateral domain are either redirected there
without further intermediate or, when designated for basolateral-to-apical transcytosis, are
targeted to the apical domain via an apical recycling endosome (ARE) (9, 21, 147). While
well established in MDCK cells, in hepatocytes the identity and nomenclature of apical/
basolateral sorting endosomes and endosomes that specifically carry apically directed cargo
is still controversial.

Hoekstra and colleagues as well as Landmann’s group refer to an apically localized, tubular
endosome that contains apical and basolateral cargo and thus would be the hepatic
equivalent of the CRE as SAC (188,290,370). The Hoeckstra group also characterized the
SAC as a central compartment for the apical/basolateral sorting of sphingolipids. As
mentioned above, spingolipids display a polarized distribution in epithelial cells. Thus,
glycosylceramide (GlcCer) is enriched at the apical domain while sphingomyelin (SM) is
concentrated at the basolateral domain. In addition to their function as signaling molecules,
GlcCer together with cholesterol participates in apical protein sorting, as we will discuss
below, and is essential for basolateral-to-apical transcytosis in hepatic cells (339). Utilizing
fluorescent acyl chain-labeled lipid analogues, Hoeckstra and colleagues initially determined
that newly synthesized NBD-GlcCer and NBD-SM are sorted at the TGN in HepG2 cells
(504). When added to the basal domain, however, both fluorescent lipids first undergo
basolateral-to-apical transcytosis, are re-endocytosed and subsequently sorted in the SAC
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from where NBD-GlcCer recycles apically while NBD-SM undergoes transcytosis back to
the basolateral domain (461, 463).

Work from the Hubbard group on the other hand, had defined the SAC as a crescent-shaped
organelle that is localized adjacent to the apical domain and functions more distal in the
transcytotic pathway. It contains only apical proteins as well as endolyn-78, a lysosomal
protein that appears to reach its destination via the SAC (20, 199). According to the former
view, the ARE is a subdomain of the SAC that contains sorted apically destined proteins and
is characterized by the presence of Rab11, Rab25, and Rab3 (188).

Recently, the ARE has been identified as an intermediate in TGN-to-apical surface targeting
of two apical proteins in MDCK cells (88), and of BSEP in rat heptocytes (230) indicating
that the direct route from the TGN to the luminal pole also involves passage through the
ARE, at least for some apical proteins. Thus, the CRE/SAC and ARE model for hepatocytes
would match the scenario described for MDCK cells (Fig. 11, model 1). The alternative
model proposes instead that the SAC is a unique compartment distinct from both the CRE
and the ARE and a unidirectional weigh station for apical proteins en route from the
basolateral to the apical domain. According to the latter model, the pathways of apically
endocytosed proteins and of proteins targeted from the TGN to the apical domain via apical
endosomes does not intersect with that of proteins that reach the apical domain via
transcytosis from the basolateral domain [see Fig. 4 in reference (49)] (Fig. 11, model 2).

On the other hand, there is an agreement that all transcytotic markers reach the apical
domain via a common pathway. Thus, DPPIV and pIgR in WIFB cells (20) and B10 and
plgR in primary hepatocytes (180), are internalized at the basolateral membrane via different
mechanisms, yet are transported in common transport carriers in the transcytotic pathway
after being segregated from basolateral proteins in sorting endosomes.

Regardless of its role in the exocytic pathway, the ARE has also been implicated as a
holding cell for bile canalicular proteins that are internalized and re-inserted into the luminal
membrane in a signal-dependent and dynamic manner (see below) (471). Indeed, defects in
ARE-to-bile canalicular surface targeting usually result in the loss of a morphologically
distinguishable luminal pole in hepatic cells, presumably because much of the luminally
directed membrane traffic depends on that transport leg.

Sorting signals and their recognition

The address signals for their destination are encoded in the structure of membrane and
secretory proteins. To consider a moiety a bona fide sorting motif its deletion/mutagenesis
must result in missorting of the carrier protein and it must be sufficient to confer targeting
information when transplanted onto a reporter protein that lacks inherent polarity.
Membrane proteins can contain multiple sorting signals, even to different destinations, but
one always prevails. Basolateral sorting signals are usually dominant over apical ones, and
in many proteins, inactivation of basolateral sorting information unmasks a subordinate
apical signal.

Basolateral signals that have been delineated in single-spanning membrane proteins are
often comprised of minimal amino acid motifs in the cytoplasmic domain. They can be (i) a
short degenerate sequence based around a tyrosine residue or a dileucine motif that is
colinear with endocytic determinants; (ii) tyrosine-based, di- or mono leucine motifs that do
not function as endocytic signals, (iii) or unique signals that do not conform with any
consensus sequence [for a detailed list, see references (65, 109)]. Some proteins have
bipartite sorting motifs, in the case of the low-density lipoprotein receptor (LDLR) or
aquaporin 4, a tyrosine-based motif and a cluster of acid residues (286, 299). There is little
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known about the 3D structure of those signals, although a type 1 beta turn may be a
conserved feature for at least some of them (206, 326). It is believed that the cytoplasmic
basolateral sorting motifs are recognized by cytosolic adaptor protein complexes that couple
the recruitment of basolateral cargo to the generation of coated transport vesicles [reviewed
in references (40,41)]. The tyrosine and dileucine-based signals are recognized by the
heterotetrameric clathrin adaptors AP-1, AP-2 [reviewed in references (345)] (178), and
tyrosine-based signals also by the nonclathrin adaptor AP-4 (409). Adaptor protein
complexes are composed of two large, a medium, and a small subunit. Biochemical and
structural studies have determined that the tyrosine motif engages the medium p subunit of
the adaptor complexes (345, 349) while the interaction mode for dileucine motif signals is
still under debate. The p-chain is apparently able to bind a variety of basolateral signals.
Gravotta et al. recently demonstrated an interaction of the AP1-p chain with the
noncanonical signals of TfR and LDLR by yeast-two-hybrid analysis (156).

Some cytoplasmic signals serve to anchor proteins at the basolateral (or apical) domains and
thus promote their domain-selective retention. Among them are binding domains, usually at
the very C-terminus, for PDZ proteins, which are named after their three founding members
(PSD-95, Disc Large, and Z0O-1). As scaffolding proteins, PDZ proteins often contain
multiple of the 80 to 100 amino acid long PDZ modules to organize protein complexes. In
hepatocytes, the scavenger receptor-B1 and the organic anion transporter protein-1
(OATP-1) are retained by the multi-PDZ protein PDZK1 at the sinusoidal membrane (76,
233, 477). More rigorous approaches are necessary to determine whether PDZ motifs also
serve as targeting signals.

Apical signals are mostly present in the luminal or transmembrane domains of single-
spanning membrane proteins, although cytoplasmic signals have also been reported [for a
detailed list, see reference (486)]. Apical signals often represent posttranslational
modifications as is the case for the first rigorously identified apical targeting signal, the
glycolipid GPI (54, 269). The GPI anchor becomes covalently attached to the C-terminus of
proteins in the endoplasmic reticulum and mediates their membrane anchorage. Thus, GPI-
anchored proteins contain neither a transmembrane nor a cytoplasmic domain. A second
group of signals comprises N-glycans and O-glycans that are added to the luminal domain as
proteins traverse from the endoplasmic reticulum to the TGN. Treatment of cells with the
GIcNACc analogue tunicamycin that inhibits the first step in N-glycosylation, and the
removal of N- or O-glycosylation sites by mutagensis have all been shown to lead to the
mislocalization of some apical membrane as well as secretory proteins in MDCK cells
[reviewed in reference (486)]. Among them, the bile salt export pump BSEP requires two N-
linked glycans to maintain efficient localization at the apical domain in MDCK cells (322).
Unlike basolateral signals, the apical transmembrane and luminal signals cannot engage the
cytoplasmic vesicle generating machinery that is characteristic of most intracellular
trafficking events. In fact, none of the known coat or adaptor complexes has been linked to
the release of apical transport carriers from the TGN to the cell surface, perhaps indicating
that the generation of apical carriers is mediated by an unconventional mechanism.
Regardless of their nature, what luminal and transmembrane domain sorting signals appear
to have in common is their ability to cluster apical cargo. The GPI anchor and the
transmembrane domain of some apical proteins such as that of influenza HA confer affinity
for microdomains of glycosphingolipids and cholesterol (lipid rafts) that are assembled at
the Golgi complex and that are also present at the plasma membrane and on recycling
endosomes (411, 464). Raft assembly presumably results from the ability of
glycospingolipids to readily self-associate and tightly pack into membranes. Cholesterol has
been proposed to stabilize the boundaries between microdomains. Depletion of cholesterol
results indeed in missorting of GPl-anchored proteins and influenza HA in MDCK cells
(224, 512). The tight packing of the sphingolipid-containing domains makes them relatively
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insoluble to certain nonionic detergents (such as Triton X-100 or Lubrol WX) and allows
their isolation as insoluble domains. Association with detergent resistant lipid domains is
indeed the operational way to determine protein association with such lipid rafts.

Sugar moieties are thought to mediate apical protein clustering via lectins. Galectins have
recently emerged as candidates in this process. Depletion of Galectin-4 impaired apical
trafficking of raft-associated proteins in polarized intestinal HT-29 cells (99, 424), while
Galectin-3 is essential for raft-independent apical trafficking in MDCK cells (98,100). Since
galectins are excreted from cells in a mechanism that bypasses the secretory pathway and
have only been found in the apical endosomal membrane system, presumably after
endocytosis from the extracellular milieu, they are more likely to mediate protein clustering
and sorting in the lumen of endosomal sorting stations than in the TGN (192,394). Much
needs to be learned about what makes apical protein clusters specific and how they are
translated into apical sorting platforms. Lipid raft association and glycosylation by itself
does not necessarily correlate with apical membrane targeting, as basolateral proteins can
also partition into lipid rafts and are glycosylated to the same extent as apical proteins. In
FRT cells, raft-associated GPIl-anchored proteins are targeted basolaterally (511) and some
raft-associated GPIl-anchored proteins are targeted basolaterally in MDCK cells [discussed
in reference (353)]. Some of the targeting differences might be due to differences in the
nature of the GPI-attachment signal and the GPI moiety (31). However, other evidence
suggests that additional clustering mechanisms are necessary to convert lipid rafts into
apical sorting domains [discussed in reference (378)]. Several TGN-proteins have been
specifically implicated in apical raft formation: (i) VIP17/MAL-1 (myelin and lymphocyte
protein) is present in lipid microdomains, and interacts with GPI-anchored proteins (73,
367). Spontaneously forming clusters of MAL-1 have been shown to concentrate markers of
sphingolipid rafts in COS-7 cells (287). Importantly, MAL-1 depletion in MDCK cells
affected the polarity of raft-associated influenza HA (73, 367) while its over-expression in
the kidney of transgenic mice amplified the apical surface area (368). Interestingly, MAL-1
is absent in WIFB cells, which target apical proteins to the basolateral domain from the
TGN. Strikingly, upon exogenous MAL-1 expression in these cells, a GPI-anchored reporter
and several apical proteins with single transmembrane domain were targeted from the TGN
to the apical pole (372). MAL-1 might thus have a critical role in clustering raft-associated
proteins into membrane domains that will yield apical TGN-derived transport carriers. (ii)
FAPP2 (P1(4)P adaptor protein) is a second candidate. Its depletion interfered with TGN-
derived apical protein transport in MDCK cells. FAPP2 binds Glc-Cers, the apically
enriched lipid that is synthesized at the cytoplasmic leaflet of the Golgi and might contribute
to the formation of apical-destined protein-lipid clusters (468). In addition, annexins,
notably annexin 2 and 13b, have been shown to interact with lipid rafts and to participate in
apically directed transport of channel proteins and influenza HA, respectively (124, 148,
248, 457). Recently, annexin 13b has been proposed to also participate in the apical
trafficking of nonraft proteins (14). Whether MAL-1, FAPP2 and annex-ins complement
each other in the same apical pathways or function in parallel pathways, remains to be
established.

Vectorial transport to the apical domain critically involves microtubules, and some evidence
suggests that microtubule-motors actively participate in the generation of apical TGN-
derived transport carriers [reviewed in reference (328)]. Microtubules associate with TGN
membranes via microtubule-anchoring proteins such as the CLIP-associating proteins
(CLASPs) (114), and it is, therefore, feasible that TGN-associated microtubule-motors
walking on TGN-associated microtubules could generate the amorphously shaped tubular
structures enriched in apical cargo that are seen released from the Golgi in live imaging
experiments (242). Dynein and the conventional kinesins KIF5B and KIF5C have been
shown to determine the polarity of different apical proteins in MDCK cells (15, 210, 430).
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Kinesin function-blocking antibodies blocked the exit of an apical reporter protein, NTRp75,
from the TGN in MDCK cells (242) and microtubule-disruption led to missorting of apical
proteins in MDCK cells (243). These functions are not readily explained with just
motorizing the movement of vesicles along microtubule highways, since in this case,
microtubule motors would be expected to determine the kinetics of protein delivery but not
their generation or polarized targeting (see also below).

Targeting machinery

As mentioned above, basolateral protein targeting from the TGN and also from the CRE
appears to involve the formation of coated vesicles that are assembled via adaptor proteins,
which recognize the basolateral cytoplasmic signals. Clathrin-coated buds had been
observed at the TGN and at recycling endosomes in both nonpolarized and polarized
epithelial cells (137, 260, 377). Both organelles also contain the clathrin adaptor AP-1, but
only recently has an involvement of AP-1 and clathrin in basolateral sorting been
established. Rodriguez-Boulan and colleagues demonstrated in an elegant set of experiments
that knock-down of the clathrin heavy chain in MDCK cells caused loss of basolateral
polarity due to transport and sorting defects both in the biosynthetic and recycling pathways
(95). They also clarified the role of AP-1 in basolateral targeting. This adaptor complex
exists in two isoforms, a ubiquitous (AP-1A) and an epithelial-specific one, (AP-1B) that
only differ in the sequence of their . chains, which are involved in cargo recognition (129).
Folsch et al. first reported an essential role for AP-1B in the targeting of a subset of
basolateral proteins (128). Gravotta et al. have now resolved that AP-1B operates at the
CRE, both in the biosynthetic and recycling routes (64,157) while AP-1A mediates
basolateral vesicle formation at the TGN (156). From double knockdown experiments in
MDCK cells, the authors determined that AP-1B can largely compensate for the lack of
AP-1A at the TGN, whereas AP-1A was unable to correct the missorting of basolateral
proteins in the recycling pathway caused by AP-1B deficiency. Basolateral proteins targeted
from the TGN of AP-1A-deficient cells passed through the CRE on the way to the
basolateral domain to a greater extent than in wild-type cells. That let the authors suggest
that AP-1A promotes a direct TGN-to-surface pathway, while AP-1B participation at the
TGN (even under normal circumstances), promotes the indirect route. Significantly,
hepatocytes and WIFB cells lack AP-1B but utilize the CRE as apical/basolateral sorting
station. It is apparent that they must have evolved distinct machinery to mediate basolateral
protein sorting, at least in the recycling pathway.

The vesicle-generating machinery in the apical pathways remains obscure, but microtubules
likely play a role. Microtubules and microtubule motors have not only been implicated in
TGN-derived apical carrier formation as mentioned above, but also in the apically directed
transport out of the CRE, that is, in the basolateral-to-apical transcytotic pathway (51,195),
[reviewed in reference (8)].

The Golgi apparatus, endosomes, and the plasma membrane are all linked to an actin
cytoskeleton. Thus, both the generation and fission of transport carriers from a donor
organelle and their docking at the acceptor membrane likely involves a remodeling of the
local actin cytoskeleton [reviewed in references (8, 105, 138)]. Several actin-regulating
proteins (such as Cdc42, LIMK, and Cofilin) (244, 329, 387) and several motors of the
myosin family (Myol, Myoll, MyoVI, and MyoVb) (5, 16, 71, 88, 167, 330, 470) have been
implicated in post-Golgi trafficking.

Live imaging experiments have further revealed that transport carriers are linked to
microtubules for long-distance transport when they are released from the TGN or from
endosomal compartments (365, 416). In WIFB cells, different microtubule populations have
been identified for different trafficking routes: stable microtubules for the TGN- to surface
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transport of basolateral proteins and dynamic, short-lived microtubules for protein secretion
and in the basolateral-to-apical transcytotic pathway (366). In HepG2 cells, on the other
hand, microtubules were dispensable for sphingolipid transport in the transcytotic route, and
only required for the direct targeting of fluorescent sphingolipid analogues from the TGN to
the apical pole (506). Whether the differences are due to cell-specific roles for microtubules
or due to different transport carriers for sphingolipids and apical transcytotic proteins
remains to be determined. In the transcytotic pathway, vesicular carriers are also propelled
by the assembly and disassembly of short actin filaments, which are under the control of the
formin INF2 and the GTPase Cdc42 (285). The actin comet tails have been proposed to
shuttle MALZ2 in tubulovesicular carriers between the subapical zone and more peripheral
endosomes. MAL2, a transmembrane protein with similarities to MAL1 discussed above,
encounters internalized transcytotic cargo after internalization and ferries it to subapical
endosomes. In the absence of MAL?2 transcytotic cargo fails to reach the apical domain but
instead accumulates in sorting endosomes (93, 94).

The coordination of cytosolic coat assembly, recruitment of actin-regulating proteins, of
actin- and microtubule-based motors and of the vesicle docking machinery is under the
control of a family of small GTPases, the Rab proteins [for review, see reference (198)].
More than 60 members are known in humans. They are localized to distinct intracellular
membranes and regulate virtually all intracellular transport events, with multiple Rab
proteins cooperating in each of the transport steps. Rab GTPases function as molecular
switches that alternate between two conformational states: the GTP-bound “ON” state, in
which they are recognized by multiple effector proteins, and the GDP-bound inactive form
that terminates effector functions.

Employing a combination of proteomics, immunofluorescence analysis, and /n vitro
microtubule motility assays with isolated early and late rat liver endosomes, Wolkoff and
colleagues have characterized the role of several Rab proteins in the regulation of
microtubule plus- and minus-end directed endosome motility in hepatic cells. They
determined that Rabla promotes minus-end directed motility of early endosomes by
recruiting the minus-end directed kinesin KIFC1 (327), while Rab4 activates KIFC2, which
engages in a tug of war with the plus-end directed Kinesin 1 to induce fission of early
endosomes, a process associated with protein sorting in the endocytic pathway (18).

Only few Rab proteins with a specific role in apical/basolateral protein trafficking have been
described so far. The best characterized ones are Rab8 and Rab10, which control TGN-to-
basolateral surface traffic, most likely between the TGN and the CRE (181,190,396), and
Rab25 and Rab11a, which operate at the ARE (470, 479). It should be noted, however, that
Rab8-knockout mice showed missorting of apical peptidases and transporters in the small
intestine, suggesting that Rab8 has additional roles in apical targeting at least in same cell
types (390). Interestingly, hepatocytes feature Rab3D on plgA-containing transcytotic
vesicles. Rab3D is thought to specifically mediate regulated secretory and exocytic events,
which raises the question whether even constitutively secretory cells regulate distinct
secretory pathways such as basolateral-to-apcal transcytosis (253, 254).

The targeting of transport carriers to the right acceptor membrane is regulated on multiple
levels. That includes the action of tethering factors and docking complexes (55), of which
the exocyst, an 8 subunit protein complex involved in the fusion of basolateral vesicles with
the plasma membrane, is the best characterized (273). Ultimate fusion specificity, however,
is thought to be provided by SNARE proteins on the vesicle and the acceptor membrane,
respectively (417). The vesicle SNARE (v-SNARE) and the SNARE on the target
membrane (t-SNARE) need to match like a key its lock to execute membrane fusion (304).
Proteins of the SNARE family are tail-anchored membrane proteins that upon pairing of a v-
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SNARE with its cognate t-SNARE on opposing membranes assemble into trans-v/t-SNARE
complexes. On the structural level, the SNARE complexes are four-helix bundles, in which
three of the helices are contributed by two t-SNARE proteins and one helix by the v-SNARE
protein (354). Those “SNAREpins” pull the opposing membranes together to allow the lipid
bilayer merger. /n vitro studies have established that SNARES comprise the minimal
membrane fusion machinery (482). Cultured epithelial cells and epithelial tissues express
four plasma membrane SNARESs: Syntaxin 2, 3, 4, and Snap23 (136, 266, 276, 279). In all
epithelial cells analyzed to date, including hepatic cells, the SNARE Syntaxin 3 is polarized
to the apical domain. Disruption of Syntaxin 3 function using antibodies, overexpression or
by ablating its apical targeting signal, inhibited all apically directed traffic in MDCK and
intestinal CaCo2 cells (52,249,277,403,439). The available data suggest that Syntaxin 3
together with the SNARE protein SNAP23 form the functional t-SNARE for apical fusion
events. Two distinct v-SNAREs have been identified that can fuse with the Syntaxin3/
Snap23 t-SNARE complex. They are VAMP7 (also termed Ti-VAMP, because of its
resistance to tetanus toxin, which targets other SNARE proteins) and VAMPS8 (139, 249). In
CaCo2 and FRT cells, RNA interference studies determined that VAMP7/Ti-VAMP
mediates the fusion of apical transport carriers in the direct pathway while VAMPS is the v-
SNARE in the transcytotic pathway (364). Immuno-EM and immunofluorescence studies in
hepatocytes have suggested VAMP3/cellubrevin to function in fusion events of plgA-
containing carriers along the transcytotic route prior to fusion with the apical domain (62).
VAMP3/cellubrevin has been identified as the only v-SNARE in the basolateral pathway so
far (125, 201). The basolateral t-SNARE has been proposed to be comprised of Syntaxin 4
and Snap23 based on the fact that Syntaxin 4 is the only syntaxin with a strictly basolateral
localization in several epithelial cell types, including MDCK cells and hepatic cells (136,
276). The experimental evidence, however, is circumstantial, based on an efficient and
specific coprecipitation of recombinant Cellubrevin with Syntaxin 4 (125). Recently, Reales
et el. showed that disruption of the basolateral targeting signal of Syntaxin 4 inhibited the
overall development of epithelial polarity in MDCK cells but no specific effect on
basolateral vesicle fusion was reported (373). Recombinant Syntaxin 2 has a nonpolarized
distribution in MDCK cells; but endogenous Syntaxin 2 is enriched at the bile canalicular
domain in hepatocytes. While the significance for these differences remains unclear, no
involvement for Syntaxin 2 in vesicle fusion with either membrane domain has been
reported to date; instead, Syntaxin 2 has been implicated in the abscission step after
cytokinesis (278).

The formation and maintenance of the hepatic canalicular pole—a central role for the

ARE?

The journey of apical proteins does not end when they reach the bile canalicular domain.
The hepatic luminal surface area would double every 15 to 20 min if vesicle targeting to the
canalicular pole would not be compensated by endocytosis (87). Bile canalicular proteins
that are removed from the membrane are either sent to late endosomes and lysosomes for
degradation, or maintained in intracellular compartments. The bile acid ABC transporters in
particular, which have a half-life of approximately 5 days cycle many times between the
plasma membrane and intracellular compartments during their life time in a regulated
manner (471). The intrahepatic reservoir for ABC transporters is at least sixfold greater than
the content of those proteins at the canalicular membrane. It is mobilized to cope with
increased demand on bile acid secretion by two major physiological stimuli: the bile acids
that circulate in the enterohepatic circuit and by post-prandially secreted peptide hormones
that increase cAMP production in hepatocytes (471). Treatment of rats with taurocholate or
CAMP can increase the amounts of their canalicular MDR1, MPR2 and BSEP abundance by
approximately threefold (142, 231). This effect occurs independently of novel protein
synthesis, highlighting the importance of these dynamic intracellular apical storage
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compartments. The available data suggest that taurocholate and cAMP activate distinct
signaling pathways to mobilize ABC transporters to the cell surface (320). Whether they
activate distinct populations or the same pools by distinct routes is currently not clear.
Administration of cAMP results in a PKA-dependent stimulation of PI3K activity and PI3K
inhibitors blocked the cAMP effect, but not the taurocholate stimulated incorporation of
BSEP into the canalicular membrane in WIFB cells (320). As mentioned above, recent
evidence by the Arias group has suggested that taurocholic acid activates a cAMP
dependent, but PI3K independent pathway that results in the activation of AMPK, which is
crucial for bile canaliculi formation and maintenance (see Section “Bile acid-induced
signaling path-way(s) for polarity”) and might operate by regulating luminal-directed
protein targeting (135). The actin cytoskeleton that is prominent around the bile canalicular
lumen appears to have critical roles in the cycling of ABC transporters. Disruption of actin
filaments with Cytochalesin D or Latrunculin A inhibited the cAMP-mediated increase in
bile acid secretion /n vivo (320) and Radixin knockout mice showed impaired apical
trafficking of MRP2 and the disappearance of other canalicular ABC transporters from the
canalicular membrane (229). Radixin crosslinks the actin cytoskeleton to the underlying
luminal membrane. Experiments in BSEP-YFP expressing WIFB cells indicate that actin
filament disruption inhibits cycling of the protein (470). Actin-filament disruption also
affected the distribution of single-spanning membrane proteins in WIFB cells. Upon
Latrunculin A treatment they were not retained at the canalicular-like domain and were
mistargeted to the basolateral surface (454).

Immunofluorescence studies with YFP-tagged BSEP and MDR1 in WIFB cells localized the
intracellular transporters to endosomal compartment(s) adjacent to the micrtotubule
organizing center and to vesicular structures. Colocalization studies revealed a high degree
of colocalization of BSEP-YFP with the ARE marker Rab11a, suggesting that the ARE
serves as the main dynamic storage compartment for the intracellular transporters (470).
Although it is still controversial whether the ARE is also an obligate transit point for apical
proteins that are delivered in the transcytotic route and it is unclear at present to which
extent the ARE participates in direct protein targeting from the Golgi, it is clear nevertheless
that this compartment occupies a central role in luminal surface identity. It is not surprising,
therefore, that inhibition of Rabl11a function by expressing a DN form of the GTPase, or
inhibiting one of its effectors Myosin Vb, not only blocked ARE-to-luminal surface
targeting of individual proteins, but in a more profound manner, prevented the establishment
of a canalicular pole altogether (470). We expect that as more details of this transport step
are elucidated, the signaling roles of bile acids, OSM, and of polarity determinants such as
Parlb, LKB1, and AMPK will become associated with the ARE and apical transport.
Interestingly, Parlb-overexpression in MDCK cells did not only promote hepatic lumen
organization but also a switch from direct to indirect apical protein targeting (84). Thus,
Parlb substrate(s) are also expected to operate at the TGN.

So how is hepatocyte protein trafficking different?

The tremendous amount of proteins that hepatocytes secrete into the sinusoidal space might
have made a protein targeting system that emphasizes basolaterally directed traffic from the
TGN an evolutionary favorable solution. A basolateral detour for apical membrane proteins
might be detrimental mainly for the vectorial transport of bile acids in the enterohepatic
circuit and perhaps that is why ABC transporters evolved a direct route from the TGN to the
apical pole.

Does all direct apical targeting occur via the same mechanism or do different
ABC transporters employ different signals and distinct routes?—Data obtained
in different experimental systems suggest the latter. (i) The kinetics of TGN-to-surface
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transport between BSEP and MDRL1 in vivo differ vastly and BSEP but not MDR1 has been
observed in the ARE (230). (ii) In HepG2 cells, MDR1, but not MPR2 targeting was
dependent on a Golgi PKA Rlla anchoring protein and on ceramide (492). Identification of
the individual targeting signals and their recognition machinery in combination with high
resolution live imaging will be required to solve this important question.

Does the hepatic TGN possess sorting ability for different classes of apical
and basolateral proteins?—This is another open question, although some evidence for
multiple distinct sorting and clustering mechanisms has been obtained. In HepG2 cells,
Hoeckstra and colleagues reported that the directly targeted polytopic membrane proteins
MDR1-GFP and ATP7B cluster into cholesterol-based lipid rafts that were Lubrol WX
resistant but soluble in Triton X-100, while GPI-GFP, an indirectly targeted apical protein,
was present in Tx100 resistant but Lubrol extractable lipid rafts at the Golgi. A third,
indirectly targeted apical protein, DPPIV showed no raft association, consistent with their
clustering behavior in other epithelial cell types (413). While these biochemical features do
not prove functional sorting platforms, they nevertheless suggest the presence of distinct
lipid microdomains in the hepatocye TGN capable of sorting of different protein classes. A
more direct evidence for TGN-based sorting comes from Tuma and colleagues who showed
that MAL-2 depletion (a protein previously only implicated in the transcytotic pathway) has
distinct effects on basolateral surface delivery of pIgR (a basolateral protein) and DPPIV (an
apical protein) from the Golgi in WIFB cells, suggesting that they are mediated by different
machineries (204). Earlier work by Saucan and Palade showed that basolaterally secreted
proteins in hepatocytes /n vivo are delivered to the basolateral surface in different vesicles
than newly synthesized basolateral recycling receptors or plgA-R (391).

Do apical and basolateral proteins exit the TGN in common or separate
transport carriers and what is their nature?—Despite evidence for protein sorting in
the TGN, it remains unknown whether apical proteins are targeted to the basolateral domain
in cognate apical carriers separate from basolateral vesicles, whether apical carriers
piggyback onto basolateral ones for transport or vice versa, or whether in a third possible
scenario, apical and basolateral proteins reach the basolateral domain in common transport
carriers (Fig. 10B). Any common carriers would likely travel directly from the TGN to the
basolateral domain, bypassing the CRE that serves as apical/basolateral sorting station in the
recycling/transcytotic pathway. This scenario would be due to the lack of a functional TGN
sorting mechanism for either apical or basolateral proteins, resulting in the generation of
carriers that may either share features with basolateral vesicles generated in other epithelial
cells or have unique characteristics. If instead apical and basolateral proteins are packaged
into different transport carriers, it can be expected that basolateral proteins are transported,
as in MDCK cells, via AP1A/clathrin-coated vesicles, while the apical carriers may differ
from those in MDCK cells by their targeting directionality, perhaps due to the attachment of
different microtubule motors. Because Syntaxin 3 is delivered to the apical domain via
transcytosis, the SNARE protein is also present at the basolateral membrane in heptocytes
(although at much lower levels than at the apical pole) and could thus mediate apical vesicle
fusion at both plasma membrane domains (136). High-resolution live cell imaging, and
interference with machinery known to specifically mediate apical and basolateral targeting
in MDCK cells, will be required to elucidate the TGN-derived pathways in hepatic cells.

What makes the sorting endosome the dominant sorting station in
hepatocytes?—~For single-spanning membrane proteins, the CRE rather than the TGN is
the apical/basolateral sorting station in hepatocytes. It has long been believed that both
organelles employ the same protein sorting mechanisms and machinery since they share
many features believed to be central to sorting, notably the presence of lipid microdomains,
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the microtubule dependence of apically directed transport that occurs in tubular structures
from both organelles, and the generation of clathrin-coated vesicles that had been postulated
to mediate basolaterally directed transport. However, recently mechanistic differences have
become apparent in MDCK cells. While basolateral vesicles at the TGN are generated
utilizing the AP-1A adaptor complex, those vesicles are formed by AP-1B at the CRE (156).
So, it is conceivable that the hepatocyte CRE differs functionally from the TGN in either
apical/basolateral protein segregation, and/or in linking apical sorting platforms to the
generation of apically directed carriers. Thus, while MAL-1 can drive apical targeting from
the TGN, it is dispensable for apical sorting in the CRE of hepatic cells. Unraveling the
differences in the protein sorting machinery at both locales promises to yield key insights
into the different epithelial targeting strategies that are employed by MDCK cells and
hepatocytes, respectively.

Hepatic Polarity in Disease

Cholestasis

The concept of hepatocyte polarity extends onto the mechanisms that underlie many
pathological states of the liver. Frequently, in liver disease the proper polarized state of
hepatic cells is compromised, as we have already mentioned briefly for HCC. In this section,
we will look more closely at this and several other diseases whose mechanisms are tied with
hepatic polarity and its defects.

Cholestasis is a disease where the normal secretion and flow of bile from the hepatocytes to
the biliary tree and ultimately to the digestive organs is altered, resulting in accumulation of
excess bile components in the liver and the ensuing damage this inflicts on the hepatic
tissue. Cholestatic disorders may arise from toxin or genetic mutation-induced (and thus
mainly hereditary) failure of hepatocytes to transport and secrete the different components
of bile to the canalicular space, or, alternatively, from a physical obstruction of bile flow
presenting outside of the hepatic tissue, such as in the cases of bile duct stricture or
gallstones in humans. Depending on the root site of the pathogenesis, the types of cholestatic
disease are defined as intrahepatic or extrahepatic, accordingly.

Generally in cholestasis, the backup of bile salts in the bile canaliculi or the bile ductules,
and the resulting increased biliary pressure cause altered hepatocyte morphology and the
disruption of polarity at the apical pole. Studies of cholestatic rat liver models as well as /n
vitro hepatocyte cultures have elucidated that common morphological features of cholestasis
include diminished contractility of the canaliculi, canalicular dilation, disorganized
pericanalicular actin-myosin network, reduced microvilli, loss of gap junctions, and
disorganized tight junctions that result in increased paracellular permeability (102, 213, 223,
360, 369, 451). Thus, as bile cannot be cleared from hepatocytes in the forward direction,
the canaliculi dilate and stiffen, eliminating canalicular contractions that normally promote
forward bile clearance, while the tight junctions open to an extent, creating an osmotic
retrogradient for the flow of bile from the hepatocytes to the sinusoidal blood to relieve the
former of the toxic bile salt accumulation.

In intrahepatic cholestasis, the issue of altered bile flow stems from the failure of
hepatocytes to efficiently secrete bile acids to the canalicular space, leading to their
accumulation inside the hepatocytes themselves. Such incapacity comes from improper
localization and intracellular trafficking of the ABC transporters, which as discussed above,
are mobilized from apical endosomal populations to the bile canalicular domain. Mutations
in ABCB11 (encoding BSEP) and ABCC2 (encoding MRP2) that result in their absence
from the canalicular membrane have been associated with such defects as progressive
familial intrahepatic cholestasis and conjugated hyperbilirubinemia in Dubin-Johnson
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syndrome (229, 250, 356, 428)). In response, conjugated bile acid transporters such as
MRP3 and MRP4 become expressed at the basolateral surface to secrete the bile acids and
anionic bilirubin conjugates into the plasma so as to relieve the producing hepatocyte from
bile toxicity (469). The concept of regulation of organic transporters in response to
cholestatic conditions is in fact a prevalent one. Canalicular bile acid transporter BSEP was
successfully upregulated at the canaliculi in hypo-osmotic rat hepatocytes following
stimulation with taurocholate, a bile salt that acts on the components of P13-K signaling
cascade (namely, mitogen-activated protein kinase and extracellular signal-regulated kinase)
(176). PI3-K signaling is also responsible for the taurocholate-induced up-regulation of
other canalicular and basolateral export pumps (319). We will come back to this
phenomenon again in Section “Hepatocellular carcinoma.”

In most cases of intra- and extrahepatic cholestasis, altered hepatocyte protein trafficking is
apparent. Hepatocytes from cholestatic livers accumulate apical proteins in special
intracellular vacuoles (223,298,450), similar to those observed in intestinal microvilli-
inclusion disease (6) or in nonpolarized cultured MDCK cells (466). It has been proposed
that hepatic vacuolar apical compartments serve to regurgitate bile contents into the
sinusoidal space to relieve the fluid and pressure build up in the cholestatic liver. However,
their mode of generation, the itineraries, and destinations of their contents are not known.
Cholestasis induced by bile duct ligation (a model for mechanically induced biliary
obstruction) led to the acute accumulation of vesicles under the canalicular membrane that
rapidly disappeared after the release of the block. Secretion of pIgA into the bile canaliculi
was reversibly inhibited (427). PIgA accumulated in Rab3D and Rab11 positive endosomes,
suggesting blockage at a preapical transport step (253). In addition, several studies of
experimental cholestasis reported the basolateral mislocalization of canalicular membrane
proteins, both a multitopic membrane protein (132) that is directly targeted from the Golgi,
and of single-spanning membrane proteins that traffic via transcytosis from the basolateral
surface (252, 427). Together, these findings suggest that cholestasis leads to the inhibition of
protein trafficking specifically to the apical pole, both in the direct and transcytotic
pathways. By contrast, no defects in basolateral endocytosis or basolateral protein polarity
were observed (427) and the kinetics of basolateral-directed exocytosis of secretory and
membrane proteins appeared unaltered (253). Thus, altered apical membrane properties and
apical cytoskeletal organization might result in trafficking defects that could either further
exasperate defects in bile acid secretion into the biliary tree or, alternatively serve to relieve
the backup of bile acids in the bile canaliculi by secreting them into the sinusoidal space.

Liver fibrosis and cirrhosis

Liver fibrosis is the hepatic tissue’s response to chronic liver injury, manifested through
excess matrix deposition in the space of Disse between hepatocytes and sinusoidal
endothelium, thus reducing the basolateral access of hepatocytes to the sinusoidal blood
flow. The deposition of ECM results in distortion and scarification of the hepatic
parenchyma. As fibrosis induces progressively increasing damage to the hepatocytes, the
liver in turn attempts to repair its parenchyma through regeneration. Fibrotic ECM
depositions, however, collapse and enclose the newly formed hepatocytes into nodules of
regenerating cells. The excess scar tissue and highly apparent nodules constitute liver
cirrhosis, an end-stage liver disease that results in liver failure and requires transplantation.

Fibrosis and cirrhosis arise from some form of chronic metabolic liver injury, with
preexisting genetic conditions or pathogenic events, such as Wilson disease, Hepatitis B and
C, alcoholic liver disease, and nonalcoholic steatohepatitis, forming the basis for
inflammatory damage and repair cycles that lead to the progressive scarification of the liver.
In addition, the fibrosing or cirrhotic liver may give rise to further complications, such as
HCC.
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From the mechanistic point of view of polarity and organization, fibrosis may be thought of
as a misadaptation of an otherwise natural repair mechanism that serves to organize a
regenerating liver. There are several steps in the changing ECM environment during fibrosis
that need to be considered. First, there is a general substitution of the collagens of the space
of Disse, from the normally predominant type IV to more fibril-forming types I and 111 (232,
408). The changing collagen composition engages in a feedback loop with fibrogenic stellate
cells where (i) activity of GTP-binding proteins increases due to ECM stimulation of stellate
cells, causing them to contract and migrate (500), (77), and (ii) stellate cells deposit new
ECM at sites of migration throughout the space of Disse (209, 344). In addition, matrix
metalloproteases become activated as a result of increased matrix formation, yet their
activation leads to release of growth factors normally bound within the matrix, which
contribute to further growth and further fibril deposition (32, 431, 432). Thus, although
ECM signaling is required for differentiation and organization of regenerating hepatic
plates, excessive integrin receptor signaling, and matrix stiffness destroy the functional
organization of hepatic units in the case of fibrosis (145, 371, 487). Collagen-1 deposition is
a feature of fibroblastic cells, and a-smooth muscle actin-positive myofibroblasts derived
from activated hepatic stellate cells through transdifferentiation have been considered the
major source of matrix deposition (133,447). Recently, however, the field has been imbued
with the concept that epithelial to mesenchymal transition (EMT) of hepatocytes and biliary
epithelial cells contribute to the rapid mobilization of large numbers of fibrogenic cells after
injury. EMT constitutes the loss of key epithelial characteristics, including apical/basolateral
polarity, cell-cell adhesion, and epithelial-specific organization of the actin, intermediate,
and microtubule cytoskeletons and promotes a motile and invasive phenotype. Hepatocyte
lineage-tracing experiments in experimental mouse models of liver fibrosis have led
different authors to opposite conclusions and the issue remains controversial (437, 507).
However, recent questions about the specificity of a single fibroblastic marker utilized in
most studies, the generally poorly defined criteria for EMT and difficulties to specify the
source of any extracellular protein such as collagen /n vivo, have cast serious doubt on the
studies that forwarded the concept that EMT contributes to ECM deposition in hepatic
fibrosis [discussed in references (362, 488)]. It nevertheless remains appreciated that injury-
activated EMT does occur in chronic fibrogenic disorders. Rather than leading to
myofibrobasts and ECM deposition, however, this genetic reprogramming into a less
adhesive, migratory phenotype might enable injured hepatocytes to escape “hostile” sites of
injury toward a more hospitable microenvironment where they have a chance of resettling if
they reprogram or otherwise eventually undergo apoptosis. Either fate is better than that of
necrosis at the site of injury [hypothesis from reference (362)]. Thus, EMT might be a
mechanism of limiting rather than propagating fibrogenesis.

Viral hepatitis, frequently referred to simply as hepatitis, is an infection of the liver by one
of the seven known human hepatitis viruses, with hepatitis B and hepatitis C (HBV and
HCV, respectively) presenting the greatest health concern due to their ability to persist in the
infected tissue and cause chronic hepatitis (333). HCV specifically presents the greatest
medical challenge, due to the lack of available vaccines or post-exposure prophylaxis, the
relatively low 50% cure rate of the most prevalent HCV genotype variant even with the best
available treatments, and the fact that acute stages of HCV infection are usually
asymptomatic and clinically undetectable (288, 289, 490). HCV infection manifests in
continuous inflammation of the liver and often precipitates in fibrosis, cirrhosis and,
eventually, HCC (407).

Hepatitis virus infection occurs in several steps that encompass virus particle capture via
extracellular receptors, and a crucial binding step to a membrane protein on the basolateral
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surface of the hepatocyte. Studies in HepG2 cells have shown that ASOR plays the role in
viral capture and uptake in HBV infection (452). In the case of HCV infection, the virus
binds tight junction proteins, and then undergoes clathrin-mediated endocytosis and fusion
with the early endosomes (91, 308). Hepatitis virus infection thus relies on the polarized
distribution of membrane proteins in the hepatocyte, and in the case of HCV, actually
requires binding to a polarity-determining protein complex. Most epithelia-infecting viruses
that utilize the tight junction complexes for entry invade from the lumen that is in contact
with the body’s exterior and hence have direct access to the tight junctions (165). In HCV
infection, however, the situation is more complicated, as the virus enters from the circulating
blood and encounters the sinusoidal and lateral membranes where cell-cell adhesion
junctions preclude direct virus access to tight junction molecules (91).

Initial enrichment of the HCV particles in the liver may occur via the interaction of the
positively charged N-terminus of HCV envelope glycoprotein E2 with heparan sulfate
proteoglycan, lectins, and LDLR expressed on the basolateral domains of hepatocytes and
on the surface of the sinusoidal endothelium (1, 22, 281). Following this initial capture, four
additional factors are required for the binding and endocytosis of the virus particles. These
factors are tetraspanin CD81, scavenger receptor class B type I, and tight junction complex
proteins Claudin 1 and Occludin (58). The latter two have been shown to be essential for
conferring viral entry in human (Claudin 1), and nonhuman (Occludin) cells, confirming the
tight junction complex to be crucial for HCV infection (91, 118, 363). Coexpression of
CD81, SR-BI, Occludin, and Claudin-1 rendered nonliver cells permissive for HCV entry,
demonstrating that these four proteins constitute the minimal viral receptor machinery (106).
HCV binding to Claudin-1 and Occludin is mediated by the small population of these tight
junction proteins that is present on the basolateral surfaces of hepatocytes (376). Thus, initial
infection is essentially opportunistic; it occurs via minimally mislocalized proteins on the
hepatocyte basolateral domain. Presumably, the preceding loose electrostatic interactions
with hepatic and sinusoidal surface moieties are necessary to capture and/or enrich the virus
for subsequent uptake via the tight junction protein-containing receptor complex.
Biochemical and live imaging experiments have shown that CD81 and Claudin-1 are
associated with each other, that they are coendocytosed in vesicles that fuse with Rab5
positive early endosomes and that their endocytosis is enhanced by HCV (121, 172, 173).
However, the precise roles of the individual receptor proteins for virus endocytosis and/or
intracellular postendocytic events are currently not understood. Interestingly, once HCV
infection is initiated, an increase in the basolateral distribution of Claudin-1 is observed
suggesting a positive feedback loop that allows more viruses to be taken up (376). The
increasing uptake of virus at the basolateral surface is further aided by the export of newly
synthesized viral particles to the basolateral domain of the infected hepatocyte. Studies with
polarized HepG2 cells of HBV and HAV infection and export suggest that the viruses may
take advantage of the hepatocytes’ post-Golgi vectorial transport system, which delivers
most of the newly synthesized membrane proteins and specific sphingolipids, such as SM, to
the basolateral domain of the cell, although data from animal models and human clinical
studies shows antigens to both viruses to be detectable in bile over the course of infection as
well (35, 186, 361, 397, 414).

Several signaling molecules have been linked to Claudin-1 mislocalizion in hepatic cells and
their regulation has been shown or predicted to increase or decrease susceptibility to HCV
infection. Thus, increased activity of PKA, a cytoskeletal remodeling regulator, has been
associated with Claudin-1 mislocalization in HepG2 cells (307). Studies have also linked
VEGF-induced reduction in polarity of HepG2 and WIFB cells to mislocalized Occludin
and increased HCV susceptibility (172, 306). On the other hand, treatment with either
Oncostatin M or PKA inhibitors promoted Claudin-1 association to tight junctions in HepG2
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cells (307). PKA inhibitor treatment was also able to reduce HCV entry into Huh7 cells
(120).

Hepatocellular carcinoma

HCC is the primary cancer of the liver’s parenchyma and is the most common form of
hepatic cancer. It usually results from chronic liver injury from preexisting pathological
states such as chronic hepatitis or alcohol-induced cirrhosis. Although HCC presents
dramatically altered hepatic morphology and abrogated function, it is most remarkable that
the onset of such catastrophic condition bears close similarity to certain morphological and
polarity-affecting events that take place in the developing and the regenerating liver.

Chemically induced carcinogenesis of rat hepatic tissue has been extensively utilized as a
model to study the emergence of HCC and its progression from hyperplastic nodules to full-
blown cancer. Following HCC induction with 2-acetyl-aminofluorene, Ogawa and
colleagues have established that the initially transformed cells form acinar structures that are
made up of multiple hepatocytes surrounding an irregular and dilated central lumen (Fig. 2).
Such structures are indeed observed during normal development of embryonic hepatocytes,
during regeneration, and, to a very small extent even in healthy adult tissue. The
hyperplastic acini, however, are significantly more irregular and exhibit more distended
lumen, and enlarged intercellular space between acinar hepatocytes than those observed in
regeneration and development (239, 343). Further dissection of the HCC morphology
demonstrated defects in the distribution of canalicular proteins even in preneoplastic
hepatocytes. Thus, canalicular proteins such as alkaline phosphatase and ATPase are
mislocalized and may be found spread across the entire surface membrane (220), (221). In
fully neoplastic lesions, canalicular antigens are often no longer detectable at the canalicular
membrane, indicating further abrogation in their delivery to the apical plasma membrane
and/or downregulation of their expression (400). By contrast, basolateral domain identities
appear preserved in HCC based on the localization of their specific antigens. In addition to
the loss of bile canaliculi function, fully transformed hepatocytes exhibit changes in
microfilament- and microtubule-organization, cell junctions are compromised or lost to
varying degrees, which altogether results in a change from an epithelial to a migratory,
mesenchymal-like morphology.

A frequent hallmark of the progression of EMT in HCC is the loss of the transcription factor
HNF-4a. As discussed in Section “Signaling Molecules and Pathways for Hepatic Polarity,”
HNF-4a is required for the epithelial differentiation program starting around embryonic day
14 and onward, by inducing the expression of a number of junctional proteins including E-
Cadherin, Claudin-1, and Eppk1, and down-regulation of HNF-4a. in transformed
hepatocytes results in diminished tight and gap junctions and ECM-adhesion proteins (28,
257, 258). Expression of exogenous HNF-4a in rat livers following adenoviral transduction
attenuates dimethyl-nitrosamine-induced fibrosis by preventing collagen deposition, and
most remarkably, decreases the carcinogen-induced EMT by upregulating junctional
integrity and by reducing nuclear p-catenin signaling. As part of the same study, HNF-4a-
transduced HepG2 cells treated with TGF@, a mesenchymal inducer, have shown resistance
to the transformation (337).

In addition to transcriptional loss of HNF-4a.-dependent polarity proteins, aberrant activity
of Rho-GTPases and loss of Phosphatase and tensin homolog (PTEN) has been implicated in
HCC progression. While these proteins have been linked to a myriad of signaling pathways
implicated in cancer, those also include crucial roles in epithelial polarity (146, 222). PTEN
phosphatase antagonized P13K signaling. As an epithelial polarity determinant, it is
responsible for sequestering the phosphoinositides PIP2 and PIP3 to the apical and
basolateral domains, respectively, which in turn is a prerequisite for the maintenance of the
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apical-basolateral surface identities (141,291). PTEN null mice show increased tumorigenic
and adipogenic events, and develop fibrosis as in human nonalcoholic steatohepatitis, and
eventually—HCC (481). RhoA, which plays a role in regulating actin microfilament
network organization at cadherin-dependent cell-cell attachment sites and at focal adhesions
(79), has been shown to be upregulated in fibrotic regions and HCC neoplasms in human
specimens, associated with excessive matrix deposition, and epithelial-mesenchymal
transition in intrahepatic metastasis (393, 475). Depletion of Cdc42, a regulator of apical
surface formation and polarized protein targeting (291, 329) resulted in distended canaliculi,
damaged hepatic and biliary tissues, and HCC in mouse livers (460). Overexpression of
TIAM1 GTP-exchange factor that activates Racl and is required for junctional assembly
(79) has been found in human HCC samples (103).

Of note, it is necessary to mention that in specific cases, hepatocellular carcinogenesis does
not present a loss of what appears as normal hepatic polarity. Thus, the bile canaliculi, or the
propensity of hepatocytes to polarize with canalicular lumina /in vitro, may be retained in
cells of HCC origin. Examples of this phenomenon come from histological data on human
HCC, as well from the different hepatic cell lines that were mentioned in earlier sections of
this review, such as WIFB and HepG2, and Can10 cells (60, 113, 200, 226, 357). Moreover,
certain pathways that promote hepatic polarization may incidentally be upregulated in
hepatic carcinogenesis. An example of this is Galectin-1 (Gal-1), a p-galactosidase binding
protein that interacts with different integrin family members and glycoproteins of the ECM
(115). Gal-1 has been found to be overexpressed in HCC and at metastasizing HCC sites,
and, it has been demonstrated that both the size and metastatic rate of mouse liver HCC
increases after inoculation with HepG2 cells transfected with Gal-1 (116, 240, 419, 496).
HepG2 cells grown /in vitro, however, exhibit enhanced cell-ECM interactions, and an
increase in the number of emerging bile canaliculi following addition of exogenous Gal-1
(116). Furthermore, canalicular localization of the transporters MDR1 and MRP2 was not
perturbed in this case. One way in which Gal-1 is thought to act on the polarization process
of canalicular proteins is by mediating integrin and P13K signaling, which play a regulatory
role in choleresis by promoting the transport and insertion of canalicular BSEP, MRP2, and
MDR1 and 3, as well as basolateral Ntcp to their respective domains on hepatocytes (116,
176, 245, 318, 319, 483). This effect demonstrates once more, the parallel between aspects
of normal hepatic growth and polarization and HCC.

In conclusion, some of the morphological changes associated with the development of HCC,
notably the reorganization of hepatocytes into ascini during early stages and the loss of
HFN4a expression closely resemble developmental events in the liver in reverse, a notion
that has been invoked in other epithelial-derived malignancies as well. In fact, since cancer
is primarily an epithelial disease, drawing connections between carcinogenic events and
normal epithelial morphogenesis is a recurring concept in cancer biology (435).

Wilson’s disease

Wilson’s disease, also known as progressive hepatolenticular degeneration, is a genetic
disorder of copper metabolism that is characterized by hepatic and neurological pathology. It
is a rare recessive disease, with incidence of between 1 in 30,000 and 1 in 100,000 births,
with a late onset, but it is fatal if left untreated (3). The pathology of Wilson’s disease is
caused by impaired clearance of copper from the body due to mutations in the copper-
transporting ATPase ATP7B. The toxic accumulation of intracellular copper leads to
chronic hepatitis, cirrhosis, and liver failure (3, 284). As we will see below, Wilson’s disease
is a protein trafficking disorder.

Copper, coming primarily from dietary sources, is normally absorbed in the gut, taken up by
the liver and stored in the hepatocytes conjugated to the cuproproteins, such as the principle
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six copper atom-containing enzyme ceruloplasmin located in the TGN (63, 179, 268, 440).
The internalization and processing of copper consists of several steps. The first one is its
uptake by copper transporter 1 and divalent metal transporter 1. The internalized copper is
quickly bound by cofactors, most importantly a copper metallochaperone ATOX1, which
assists in translocating it to the TGN (34). At the TGN, ATOX1 binds and transfers the
metal to ATP7B—a copper transporting P-type ATPase, which translocates copper into the
TGN lumen for its incorporation into cuproproteins, such as the aforementioned
ceruloplasmin, which is then secreted into the blood (34,472). In hepatocytes, ATP7B also
mediates the excretion of excess ATP7B-chelated copper into the bile via TGN-derived
transport carriers that are observed in the subapical domain and either fuse directly with the
canalicular surface and release the metal into the bile canaliculi or serve as intermediates for
apical copper excretion (247). To execute its dual function of TGN uptake and canalicular
secretion of copper, ATP7B cycles between the TGN and the canalicular domain in a
manner dependent on the TGN-copper-load. Under conditions of excess copper, ATP7B
relocalizes from the TGN to subapical vesicles, from which the transporter might
constitutively communicate with the luminal surface via endocytosis and recycling. In
Wilson’s disease, ATP7B mutations at either the N-terminus or C-terminus of the
transporter result in two cell biologically distinguishable functional and trafficking defects,
each resulting in impaired copper clearance (47, 228). Experimental observations in WIFB
cells have shown that mutations in the C-terminal region of ATP7B render the transporter
insensitive to copper loading levels at the TGN, cause decreased TGN retention, and failure
of ATP7B retrograde transport from subapical vesicles to the TGN (47). In turn, mutations
in the N-terminus result in the constitutive targeting of ATP7B from the TGN to the
basolateral surface (46, 164). Although the precise mechanisms behind ATP7B mistargeting
are unknown, it can be speculated that impaired recycling and TGN retention of the C-
terminal mutant proteins results from defects in apical postendocytic sorting events at either
the AEE, the ARE or even the SAC, preventing targeting of the transporter to the TGN or
rapidly deliver defective ATP7B to lysosomes for degradation. N-terminal mutations, on the
other hand, likely cause protein sorting defects at the TGN that divert ATP7B into
basolaterally rather than apically destined transport carriers. It has not been resolved whether
basolaterally targeted ATP7B can subsequently undergo transcytosis to the canalicular
surface, but in any case, the mistargeted mutant ATP7B species are unable to clear the
noncuproprotein-associated copper from the cell (46, 47).

Familial hypercholesterolemia and low-density lipoprotein receptor

Familial hypercholesterolemia (FH) is a genetic disorder characterized by elevated plasma
levels of LDL, which in turn results in cardiovascular disease and premature coronary
atherosclerosis. In the vast majority of FH cases, the underlying cause of the disease is one
of approximately 150 mutations in the gene encoding LDLR, which mediates LDL uptake
from the sinusoidal plasma in the liver, and whose synthesis, processing, or transport are
altered as a result of the mutation (185, 446).

Since LDLR is active at the basolateral surface of the hepatocytes, where it mediates
endocytic uptake of LDL, the correct targeting of LDLR to the basolateral plasma
membrane is both crucial and what is often disrupted in FH. Work from the Ira Mellman
group has identified two tyrosine-dependent targeting signals in the LDLR cytoplasmic tail,
which are required for the normal sorting of LDLR from the Golgi or the endosomes to the
basolateral membrane. The two determinants, which lie proximally and distally to the
plasma membrane, act independently to modulate both the basolateral delivery (via either
signal) and endocytosis (via the proximal signal) (299). Moreover, the group identified a
cluster of acidic residues flanking both signals, and, specifically for the distal signal, a
glycine residue, that was required for efficient basolateral localization of the receptor (300).
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It has been speculated that such structures, with an acidic residue stretch downstream of a
tyrosine signal, bear similarity to those of other receptors, such as plg-R, and may be
important for their initial or ultimate basolateral targeting (11, 66, 300).

The mechanistic evidence for an FH mutation directly responsible for missorting of LDLR
and leading to abnormal LDL metabolism was shown by Koivisto et al. for (FH)—Turku
LDLR allele, prevalent in Finnish population (236). The allele presents an aspartic acid
substitution for the glycine residue flanking the tyrosine signal of the distal targeting
determinant of LDLR. Koivisto et al. demonstrated that such single amino-acid substitution
of the glycine residue is sufficient to cause missorting of LDLR to the apical domain of
MDCK and WIFB cells, and to cause defective LDL clearance in mouse livers transduced
with the FH-Turku allele (235). The decreased presence at the basolateral surface and the
transcytotic delivery to the apical surface seen with the FH-Turku LDLR indicate that the
missorting occurs due to the absence of a strong basolateral retention signal structure. It has
been speculated that the signal structures containing a negatively charged amino acid cluster
with varying degree of reliance on proximally located tyrosine show similarity between
LDLR and other receptors, such as plg-R, which normally undergoes transcytosis (12, 300,
325). The FH-Turku mutation may therefore point out the signaling itinerary differences that
may be important for regulating basolateral retention versus transcytosis of surface proteins
in hepatocytes.

Conclusions and Future Directions

Many of the important insights into hepatocyte polarity from the last decade such as the
discovery of a direct apical targeting pathway or the identification of LKB1 and AMPK-
related kinases as key polarity determinants have been made utilizing “old” and long-
established methodology. Meanwhile, polarity research in nonliver epithelia has benefited
tremendously from the adaptation of new technologies, particularly in the area of light
microscopy and the development of new fluorophores and fluorescent proteins. Live-cell
imaging has made Drosophilaand C. elegans, which have long been used as genetically
tractable /n vivo models for epithelial polarity research, amenable for cell-biological studies.
Fast, high resolution, and recently even superresolution microscopy, as well as correlative
light- and electron microscopy applied to cultured epithelial cells have revolutionized the
field of polarized protein trafficking. The routine application of RNAI techniques in
epithelial cultures has made loss-of-function analysis easy and the gold standard for the
characterization of a proteins function. All these techniques and technologies have yet to be
exploited to their full potential in hepatic polarity research. Their implementation will help
answer many of the open questions in the field that we have mentioned throughout the text.
In addition, novel concepts and strategies that are specifically aimed at tackling questions of
hepatic polarity should be developed and embraced. Some of the emerging ideas are
mentioned here:

I. Hepatocyte proliferation after partial hepatectomy results in a discontinuous, less
extensive canaliculi network, in multicell thick plates and later in acinar structures
before the normal biliary architecture is reestablished (175, 433, 448). There is still
surprisingly little known about how these morphogenetic rearrangements come
about and how the liver maintains a reasonably functional integrity during the
regeneration process. One important question is how hepatocytes divide and how
they prevent the mixing of blood and bile during the period of extensive cell
divisions. In fixed cell sections of dividing hepatocytes, the cleavage furrow is
rarely seen cutting through a bile canalicular domain (25, 422). This is in sharp
contrast to the well-established mode of cell divisions in columnar epithelial cells,
where the cleavage furrow always halves the apical domain to yield two equal
daughters (374). Does the alignment of the cytokinesis axis in hepatocytes lead to
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asymmetric divisions or to a random distribution of luminal surfaces in these
multipolar cells? Do hepatocytes seal off the part of their canalicular network that
intersects the plane of the division furrow by forming tight junctions between the
cells that face a mitotic cell as proposed by Hughes and colleagues (422)? To
unequivocally answer these and other questions regarding the mechanisms of
reorganizing and maintaining polarity, hepatic cells must be analyzed in their entire
three-dimensionality and morphological processes need to be followed over time,
which means four-dimensional liver imaging approaches are required. This should
be an attainable goal given the recent advances in three areas of tool and
technology development: (i) an ever expanding list of bright and photostable
cDNA-encoded fluorescent probes is becoming available for live cell imaging,
particularly in the less cytotoxic red and infrared spectrum (426). (ii) Tail-vein
injections of recombinant adenoviruses have proven an efficient and relatively
selective method to transiently express exogenous proteins or ShRNA constructs in
hepatocytes (183). In addition, naked DNA can be efficiently delivered to
hepatocytes by rapid injection of a large volume into the tail vain of rodents (10%
of the animals weight is injected in 5-7s). It targets mostly hepatocytes, has low
toxicity (only ~2% hepatic cell death), and acceptable efficiency (~50% of
hepatocytes contain siRNA 5min following injection and average target gene
inhibition is 40-60%) (264). Neither approach requires specialized equipment or
surgical expertise. Tail vein injection under nonhydrodynamic conditions coupled
with immediate electroporation of liver lobes results in even more effective and
exquisitely specific gene delivery (207, 350). These methods allow fast and
inexpensive expression of fluorescently-labeled marker proteins for live cell
imaging and at the same time can also deliver cONAs to manipulate the
polarization process that will be followed. (iii) The greatest challenge will be to
establish /n situ imaging protocols that yield sufficient subcellular resolution and
can be performed over several hours. High-resolution live imaging of exposed liver
lobes in anesthetized mice has been pioneered to track malaria parasites as they
cross from the sinusoidal lumen into the liver parenchyma and as they are released
from hepatocytes into the bloodstream (130, 131, 442). In those experiments,
conventional confocal and spinning disc confocal microscopy have been employed
and imaging sessions for up to 2h were reported to follow the highly motile
fluorescent Plasmodium parasite within a depth of 80 wm into the tissue.
Comparable resolution at lower imaging frequency, but longer imaging times will
be desirable to follow morphological events such as mitosis and cytokinesis.
Multiphoton microscopy, which offers the advantage of deep tissue penetration
with minimal cell damage, should also be evaluated for such studies.

Vertebrate models, particularly zebrafish (Danio rerio) that are faster and easier to
manipulate than mice are beginning to be explored for the study of hepatic polarity
development during embryogensis. Analysis of liver morphogenesis in mice is
focused mostly on liver regeneration and maintenance of liver function since it is
inherently difficult to study and manipulate embryogenesis /in utero. There is
significant overlap in the pathways and genes that control liver development,
regeneration, recovery from injury, and cancer development (78). Thus,
complementary approaches in the adult mouse liver and the study of hepatogenesis
in Zebrafish will be the most effective way to elucidate major hepatic polarity
pathways. The ability to conduct forward genetic screens combined with live real-
time imaging of developmental processes in transparent fish embryos that develop
outside of the mother makes the zebrafish a powerful model to study
morphogenetic events /n vivo. Transgenes are also easily expressed in a tissue-
dependent fashion and hepatocyte-specific and endoderm-specific promotors have
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been characterized. Although classical reverse-genetic approaches whereby a
specific gene is inactivated and the resulting phenotype analyzed, are limited and
transient gene knock downs with antisense morpholinos are restricted to early
embryonic events, recent novel technologies such as TILLING and zinc finger
nucleases promise to facilitate targeted gene mutation in zebrafish (107, 127, 323).
Basic transcription factors and signaling pathways in early development that drive
hepatic lineage and suppress pancreas formation are well conserved between
zebrafish and mice. Histologically, hepatocytes are identifiable 36 hpf (hours
postfertilization), the extrahepatic billiary duct by 52 hpf and endothelial-lined
sinusoids at 3dpf. Bile production, serum protein secretion, glycogen storage, and
other liver functions are fully operational and can be measured by day 5 [reviewed
in reference (78)]. There is also evidence that liver regeneration and
hepatocarcinogenesis are similar to mammals (251, 384). Regarding liver
morphology, the basic arrangement of bile canaliculi drained by a hierarchy of
ducts is identical in mammals and in fish. There are, however, also differences: the
fish liver lacks portal triads but is composed of hepatocyte plates that are lined by
sinusoids and biliary ductules. Thus, while in mammals the major intralobular
biliary structure is the canaliculus, only 4 to 9 fish hepatocytes line a canaliculus
that merges into preductal passageways. The hepatocytes are joined to a
preductular epithelial cell analogous to the Canal of Hering at the junction site
between canaliculus and ductile (169,171,385). These differences notwithstanding,
all distinct liver epithelial cell types and phenotypes are present in the fish.
Morphological studies are still in their infancy, but have already revealed important
insights, such as a role for endothelial cells in hepatocyte apical surface
development (385), or for tight junction proteins in the development of the biliary
network (74) and thus validated the zebrafish as a promising model for polarity
studies in the liver.

It has recently been appreciated that cell shape and the mechanical properties of the
cellular environment can induce cell fate decisions leading to differentiation. In
particular, mechanical forces such as shear stresses and tensile loads, as well as the
rigidity and topography of the ECM have been shown to induce significant changes
in the morphology and fate of stem cells (89). This phenomenon appears to be
distinct from conventional ECM-mediated signaling, but rather involves yet
unknown mechanotransduction signaling cascades, that may well merge with ECM
signaling pathways on the same cytokeletal targets. Several lines of evidence
indicate that mechanosignaling might be important for the differentiation of
hepatocytes, including their polarization. Reid and colleagues cultured human
hepatic stem/progenitor cells in hyaluronic acid-based hydrogels of similar
chemical composition but different stiffness and observed differences in their gene
expression profiles related to their differentiation state (283). In addition, they
reported an example of protein regulation on the translational level that was
dependent on the mechanical properties of the cell environment. Laurent et al.
measured the expression of differentiation markers and transcription factors,
namely, of HNF-4a in several established human hepatic cell lines and found that
it correlated with a spherical cell shape that could be induced either in 3D-matrix
culture or simply by pharmacological disruption of the actin cytoskeleton (256).
Most importantly for the field of polarity, Cassio and co-workers induced
permanent polarity in a subset of nonpolarized Fao cells simply by growing the cell
lines as spheroids, that is, in the absence of an exogenously provided ECM, in
conditions that favor intense cell-cell contacts and tight packing of the cells (357).
It is likely that the cell shape induced by these culture conditions triggered
permanent cell fate changes that caused the polarized clones to subsequently
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maintain polarity even under conventional culture conditions over many passages.
Thus, the emerging area of mechanosignal transduction is likely to impact hepatic
polarity studies.

V. The two LKB1-activated kinases AMPK and Parlb have been suggested to play
key roles in the development of hepatic polarity (81,134). Both kinases have few
known substrates in epithelial cells. Therefore, unbiased AMPK and Parlb
substrate screens in hepatic cells seem to be warranted. K. Shokat’s group has
devised a chemical genetics approach in which the ATP-binding pocket of a kinase
is altered to accommodate bulky ATP analogues that when offered as phosphate
donor in complex mixtures can only be utilized by the engineered kinase to
selectively phosphorylate its substrates. The ATP analogues contain a chemical
affinity tag that is transferred onto the substrates and allows their isolation and the
identification of the phosphorylation sites by LC-MS/MS analysis (36). This
approach has recently yielded 28 previously unidentified AMPK substrates in
HEK?293 cells (19) and should be repeated in a polarized hepatic cell line and/or
primary hepatocytes. In a similar screen, we have identified more than 60 putative
novel Parlb substrates in MDCK cells that we are currently validating and plan to
evaluate for their role in the hepatic polarity phenotype in these cells (Fernandez,
Callaway, Angeletti, Misch, manuscript in preparation). We expect that these
substrate data will provide the starting point for a concerted effort by many
laboratories to delineate essential polarity pathways as they relate to cytoskeletal
organization or protein trafficking in hepatic cells.
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Figure 1. Thetwo epithédlial cell typesin theliver

(A) The mammalian biliary tree is characterized by a network of bile canaliculi, the luminal
domains of adjacent hepatocytes, which are organized in one or two-cell-thick cords. The
bile canaliculi connect to the bile ducts located in the portal triad that also encompasses the
hepatic artery and portal vein. Ducts are composed of biliary epithelial cells that exhibit
columnar polarity. (B) The domain organization of hepatocytes and cholangiocytes. Red:
luminal domains, dark blue: lateral domains engaged in cell-cell adhesion, gray: basal
domain in contact with a basal lamina (cholagiocytes) or facing the space of Disse
(hepatocytes). Adapted, with permission, from Color Textbook of Histology by Leslie
Gartner and James Hiatt, 2"d Edition, Chapter 18: Digestive System I11. Glands (140),
Copyright Elsevier (2001).
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Normal hepatic plate

"2

Figure 2. The organization of hepatocytesin theinjured liver

Scanning electron micrographs of left: normal hepatic plate. Note the continuous, linear and
lateral canaliculi (BC); Sinusoids (S) are separated by single-cell thick plates of hexagonal
hepatocytes. Right: hyperplastic acinus. Notice a prominent central lumen (BC with arrows)
shared by several neighboring hepatocytes; other canaliculi are short and discontinuous;
sinusoids (S) are separated by multiple cells. K, Kupffer cell; RBC, red blood cell; x1530.
Adapted by permission from Macmillan Publishers Ltd. on behalf of Cancer Research UK:
[Br J Cancer] (Ogawa et al., Vol. 40: 782-90) (343), copyright (1979).
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Figure 3. The hepatic and columnar polarity phenotypes

columnar epithelia, for example, kidney-derived Mardin Darby Canine kidney (MDCK)
cells establish their luminal domains at the apex. When cultured in three-dimensional (3D)
collagen matrices, they organize a luminal domain (labeled by the apical marker gp135)
between two layers of cells. Phalloidin, an actin filament label, outlines all cell surfaces.
Hepatocyte luminal domains are grooves interrupting the lateral surfaces of neighboring
cells. When cultured in collagen sandwiches, primary rat hepatocytes remain monolayered
and form an elaborate network of bile canaliculi labeled by the luminal protein DPPIV.
MDCK cells overexpressing the kinase Parlb organize with hepatic polarity, they form their
gpl135-positive luminal surface between neighboring cells and remain monolayered in 3D
collagen matrices. Unlike in hepatocytes, however, MDCK-Parlb lumina do not align to
form interconnected bile canaliculi but remain cyst-like extracellular spheres between two
cells. MDCK, MDCK-Parlb images are, with permission, from Cohen D et al., originally
published in J Cell Biol. 164(5):717-27 (81).
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(A) | Two step polarization of WIFB cells | (B) | Canaliculi in Can-10 cells
DPPIV/ZOA CE9/Z01

Figure 4. Examples of hepatic cell culture models

(A) In two-dimensional (2D) cultures, WIFB cells initially acquire columnar polarity (day 5
after plating) with apical DPPIV and with a “chickenwire” tight junction belt (ZO1). The
lateral protein CE9 lines the sites of cell-cell contacts. Cells subsequently repolarize with
hepatic lumen organization over a time course of 10 days. The spherical luminal domains
between neighboring cells appear as translucent holes in phase images and are surrounded
by the tight junction marker ZO1. Note also that CE9 remains present at the cell-contacting
surfaces but is absent where they are interrupted by the lumina. Adapted, with permission,
from Cohen D et al. 2004; originally published in J Cell Biol. 164(5): 717-27 (81). (B) In
2D cultures of Can10, the luminal domains of adjacent cells align to form elaborate
canalicular networks that label for the bile acid transporter MRP2 and the tight junction
marker ZO1. Adapted, with permission, from Peng X et al. Cell Tissue Res 2006; 323:233—
243 (357); reproduced, with permission, from Springer Verlag.
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Figure 5. Signaling Pathways that determine hepatocyte polarization
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Bile acids, the transcription factor HNF-4a and the cytokine Oncostatin M (OSM) have all
been linked to two main aspects of hepatocyte polarization, the formation of tight (TJ) and
adherens (AJ) junctions and the generation of an apical domain. The kinase LKB1 and its
downstream target adenosine monophosphate kinase (AMPK) have evolved as key effecters

of taurocholic acid signaling to promote both polarity features. LKB1 can also act as

activating kinase for Parl paralogues but has not yet been shown to do so in hepatocytes.
Parlb regulates cell-cell adhesion and promotes a hepatic polarity phenotype in MDCK
cells, in part by inhibiting the rho-GTPase adaptor protein IRSp53 in its role in cell-matrix

signaling. For details, see text.
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Figure 6. Modelsfor therole of cell adhesion and E-cadherin-mediated junction formation in

epithelial polarization

(A) In cultured columnar epithelial cells, the basal lamina provides a polarity cue to
establish the apical (AP) domain on the free surface. In cultured hepatic cells, strong
asymmetric integrin signaling on collagen or matrigel causes a nonpolarized, spread
phenotype; on adhesive nonextracellular matrix (ECM) substrates and even more so in

spheroid culture without any substrate contact, hepatic cells acquire a cuboidal cell shape
and might develop luminal domains; best lumen polarity is achieved in ECM sandwich

cultures. (B) In the absence of E-cadherin-mediated adhesion, cultured nonpolarized
columnar and hepatic cells maintain luminal proteins in an intracellular organelle. In

polarizing cells, adhesion (brown) and tight junction (blue) proteins are not yet separated
(1). Strong E-cadherin clustering, induced by myosin 1, promotes tight junction maturation
with a chickenwire phenotype, parallel to the basal domain (columnar). Weak E-cadherin
clustering results in a tight junction belt parallel to the cell-cell contacting surface (hepatic)
(2). Apical surface formation follows the established tight junction pattern (3). AP, apical;

BL, basolateral.
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Manipulation of filter grown cells

Columnar Hepatic

AP

Basal

Figure 7. Experimental accessto the apical and basolateral domain and secretory compartments
in columnar and hepatic cells

Columnar: when grown on polycarbonate filter inserts that are suspended in clusterwell
culture dishes, the tight junctions of Mardin Darby Canine kidney cells provide a diffusion
barrier for small molecules that generate separate apical and basal chambers. These culture
conditions allow for the quantitative study of apical (AP) and basolateral membrane and
secretory proteins. Hepatic: filter cultures allow experimental access to the entire basolateral
but not apical domain, but the luminal/apical domain is sequestered from experimental
access.
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Figure 8. Studying protein targeting by live cell imaging

Microinjection of cDNAs encoding interfering cDNASs and proteins into individual cells to
study their effect on cargo protein transport has proven an extremely effective strategy for
the discovery of the apical and basolateral protein targeting machinery in Mardin Darby
Canine kidney cells. To set a pulse of newly synthesized apical and/or basolateral proteins,
cDNAs encoding fluorescent cargo proteins are comicroinjected with the interfering cDNAs
into the nucleus [(1) for columnar or (2) for hepatic cells]. Upon protein expression from the
cDNAs 1 to 3 h postmicroinjection (3), the cargo protein (an apical marker is shown here in
green) is chased to the trans-Golgi network (TGN) in the presence of cyclohexamide to
prevent further protein synthesis (4). At this point, toxins or function-blocking antibodies
can be injected into the cytosol of cells. Protein exit from the TGN and arrival at the cell
surface are determined after release of the TGN block (4). Cargo exit from the TGN is
measured as decrease of Golgi-associated cargo (5). A fluorescent Golgi marker serves to
define the Golgi area. Arrival at the cell surface is assessed with antibodies to the
extracellular domain of the apical protein, added to unpermeabilized cells (5).
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Figure 9. Example of a domain-selective targeting experiment in filter-grown columnar Mardin

Darby Caninekidney cells

(A) Monovalent antibodies (Fab) to the extracellular domain of a membrane protein are
bound to its basolateral population at 4°C (1). The fate of the labeled membrane protein after
a chase period at 37°C (2) is determined by the addition of anti-Fab antibodies to either the
apical (3) or basolateral (4) domain. (B) In hepatic cells, a similar quantitative assessment
cannot be performed. Basolateral-to-apical transcytosis has only been documented in a
qualitative manner by the appearance of basolaterally added antibodies in the luminal

domain.
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Figure 10. Targeting pathways from the trans-Golgi network (TGN) to the apical/canalicular
and basolateral surfacesin Mardin Darby Canine kidney (M DCK) and hepatic cells

(A) Known pathways in MDCK cells. Apical (AP) pathways (green arrows): Depending on
their presence in detergent-insoluble microdomains, raft-dependent and independent apical
routes have been distinguished. Membrane and secretory proteins have been shown to
traverse the apical recycling endosome (ARE) (in a MyoVb and Rab11-dependent manner)
or the apical early endosome (AEE) before reaching the apical domain. Basolateral (BL)
pathways (blue arrows): basolateral protein exit from the TGN is clathrin and AP-1A
mediated. Multiple pathways have been distinguished: some basolateral proteins reach the
basolateral domain without intermediate, others traversing either the basolateral early
endosome (BEE) or the common recycling endosome (CRE) (in an AP-1B-dependent
manner) prior to arriving at the basolateral domain. (B) Known and hypothetical pathways
in hepatic cells. Two classes of apical proteins have been distinguished: those traveling from
the TGN to the apical domain directly and those that first reach the basolateral domain. It is
likely that, as in MDCK cells additional distinctions apply. Thus, some proteins might pass
the ARE en routeto the apical domain and there is evidence for raft and nonraft association
in the TGN of apical proteins that take the transcytotic route. It is not resolved whether (A)
apical and basolateral proteins are sorted into distinct transport carriers in the TGN and if so,
whether basolateral proteins follow the same pathways as in MDCK cells, or (B) whether
apical and basolateral proteins travel in common carriers to the basolateral domain.
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Hepatocyte targeting pathways from the plasma membrane
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Figure 11. Proposed tar geting pathways from the apical proteins (AP) and basolateral (BL)
plasma membranein hepatocytes

Model 1: upon endocytosis from the canalicular domain APs are sorted in the apical early
endosome (AEE) into either the late endosomal/lysosomal pathway or for recycling to the
apical recycling endosome (ARE). Apical proteins that have reached the basolateral surface
from the trans-Golgi network are internalized via clathrin-coated vesicles (nonraft) or in a
clathrin-independent, flotillin-dependent manner (raft), and reach the (subapical endosome)
SAC via basolateral early endosomes (BEE). From the SAC they are targeted to the apical
surface via the ARE (green arrows). BL resident proteins (blue arrows) undergo fast
recycling from the BEE directly or via the SAC where they are sorted from apical proteins
that reach the SAC in the transcytotic pathway. As the AEE, the BEE also sorts proteins for
degradation to the lysosome (LY'S). Pathways similar to model 1 have been described in
MDCK cells. Model 2: differs from model 1 in the definition of the SAC and in the itinerary
of apical proteins undergoing basolateral-to-apical transcytosis. Apical proteins reach the
bile canalicular membrane via the SAC after being sorted from basolateral proteins in the
CRE. The SAC is also involved in the targeting of some lysosomal proteins such as
endolyn-78. It is distinct from the ARE, which handles apical protein recycling.
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Table 1
List of Selected Membrane Proteins that are Targeted to Either the Canalicular or Sinusoidal Membrane of
Hepatocytes
Abbreviation Name Function

Basolaterally targeted and simusoidal membrane proteins

NTCP
OATPs
OCT-1
OCT-2
MRP6
MRP3

Na*/K*ATPase
NHE-1
ASOR

plgR

Tf-R
LDL-R
HA321

CE9/EMMPRIN/CD147

Sodium-taurocholate cotransporter
Organic anion transporting proteins
Organic cation transporter-1

Organic cation transporter-2
Multidrug-resistance-associated protein-6

Multidrug-resistance-associated protein-3

Sodium-potassium ATPase
Na*/H*-exchanger isoform1

Asialoglycoprotein receptor

Polymeric immunoglobulin receptor

Transferrin receptor
Low-density lipoprotein receptor
HA321

Rat CE-9, cluster of differentiation 147,
EMMPRIN

Apical/luminal membrane proteins

MDR1

MDR3

BSEP/SPGS

MRP2

BRCP
ABCG5/G8
AE-2

MATE-1
HA4/cCAM105
DPPIV/Cd26

APN/CD13
LAP
GGT

Multidrug-resistance-1
P-glycoprotein

Multidrug-resistance-3
Phospholipid transporter

Bile salt export pump/sister of P-glycoprotein
Multidrug-resistance-associated protein 2

Breast cancer resistance protein
Sterolin-1/2

Anion exchanger-2

Multidrug and toxin extrusion protein-1
Cell-cell adhesion molecule 105 kD

Dipeptidyl peptidase 1V

Amino peptidase N
Leucine aminopeptidase

Gamma-glutamyltranspeptidase

5’-ribonucleotide phosphohydrolase

Principal carrier for bile salt uptake from portal vein

Uptake of organic solutes from portal vein

Uptake of small organic cations

Uptake of drugs and prostaglandins

ATP-dependent transport of small peptides and organic anions

ATP-dependent transport of small peptides and organic
anions; induced in cholestasis

Pumps out Na* and exchange for K*
Regulates intracellular pH

Lectin that removes glycoprotein without sialic acid from the
circulation via receptor-mediated endocytosis

Transcellular transport of IgA and IgM from the bood into the
bile

Iron import via receptor-mediated endocytosis
Endocytosis of cholesterol-rich LDL
Lateral membrane protein of unknown function

Matrix metalloprotein inducer

ATP-dependent excretion of organic cations, xenobiotics, and
cytotoxins into bile

Canalicular phospholipid flippase that mediates excretion of
phospholipids

ATP-dependent bile salt transport into bile, stimulates bile
salt-dependent bile flow

ATP-dependent multispecific organic anion transport (e.g.,
bilirubin and diglycoronide) into bile

ATP-dependent multispecific drug transporter
Heteromeric ATP-dependent cholesterol transporter

Sodium-independent chloride-bicarbonate anion exchanger;
generates hydroionic fluxes into secretion

Organic cation/H* exchanger, excretes xenobiotics
Homophilic cell-cell adhesion molecule and ecto-ATPase

Ectopeptidase; regulates extracellular concentration of
biologically active peptides, function at the BC not clear

Metallo exoprotease, function at BC not clear
Metallo exopeptidase, function at BC not clear

Catalyzes the transfer of the gluthatione gamma-glutamyl
moiety to an acceptor; drug and xenobiotic detoxification,
elevated in HCC and alcoholic liver disease

GPI-anchored ectonucleotidase; catalyzes the hydrolysis of
nucleotides; mediates extracellular adenosine formation from
AMP in injured cells, which promotes fibrosis
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Abbreviation

Name Function

ALP

Liver alkaline phosphatase GPI-anchored ectophosphatase; dephosphorylates nucleotides,
proteins, alkaloids
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