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Abstract

Transhepatic solute transport provides the osmotic driving force for canalicular bile formation.
Choleretic and cholestatic agents affect bile formation, in part, by altering plasma membrane
localizations of transporters involved in bile formation. These short-term dynamic changes in
transporter location are highly regulated post-translational events requiring various cellular
signaling pathways. Interestingly, both choleretic and cholestatic agents activate the same
intracellular signaling kinases, such as phosphoinositide-3-kinase (PI3K), protein kinase C (PKC)
and mitogen activated protein kinase (MAPK). An emerging theme is that choleretic and
cholestatic effects may be mediated via different isoforms of these kinases. This is most evident
for PKC-mediated regulation of plasma membrane localization of NTCP and MRP2 by
conventional PKCa (cPKCa), novel PKCS (nPKC38), nPKCe, and atypical PKCC (aPKCY).
Atypical PKCC may mediate choleretic effects by inserting NTCP into the plasma membrane and
nPKCe may mediate cholestatic effects by retrieving MRP2 from the plasma membrane. On the
other hand, cPKCa and nPKC8 may be involved in choleretic, cholestatic and anticholestatic
effects by inserting, retrieving and inhibiting retrieval of transporters, respectively. The effects of
PKC isoforms may be mediated via phosphorylation of the transporters, actin binding proteins
(radixin and MARCKS) and Rab proteins. Human NTCP plays an important role in the entry of
hepatitis B and D viruses into hepatocytes and consequent infection. Thus, PKCs by regulating
NTCP trafficking may also play an important role in hepatic viral infections.

l. Introduction

Bile provides an excretory route for endogenous and exogenous compounds. The
coordinated function of transporters located at the sinusoidal and canalicular membranes
results in the accumulation of solutes in the canalicular space providing the osmotic driving
force for bile formation. Cholestasis accompanying many liver diseases (1, 2) results from
inadequate solute transport across hepatocytes. During cholestasis, compounds normally
excreted in the bile accumulate in the liver and blood resulting in adverse effects. It is
becoming evident that cholestasis results from altered synthesis and localization of
transporters involved in bile formation.
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It is now well established that transporters involved in bile formation undergo transcriptional
as well as post-translational regulation. The transcriptional regulation of hepatocellular
transporters is mediated via nuclear receptor superfamily (3, 4) and assures long term
adjustments of transporter functions. The post-translational regulations involve short-term
rapid changes in plasma membrane (PM) localization of transporters (5-7) allowing for
rapid changes in bile formation. A number of signaling pathways are involved in the
regulation of these short-term changes.

Cyclic AMP, Ca2*, phosphoinositide-3-kinase (PI13K), protein kinase C (PKC), mitogen
activated protein kinases (MAPKS), Rab proteins and protein phosphatases (PPs) have all
been reported to be involved in short-term regulation (5-7). Paradoxically, both choleretic
and cholestatic agents activate the same intracellular signaling kinases, such as PI3K, PKCs
and MAPKSs. A possible explanation for this paradox may be that choleretic and cholestatic
effects result from activation of different isoforms of PI13K (8), PKC and p38-MAPK (9).
These isoform specific effects are most evident for PKCs. While many transporters are
involved in bile formation (2, 3, 5-7, 10), transporters shown to be regulated by PKC
isoforms include Na*-taurocholate cotransporting polypeptide (NTCP, SLC10A1), organic
anion transporting polypeptides (OATPs, SLCOs), bile salt export pump (BSEP, ABCB11)
and multidrug resistance-associated protein 2 (MRP2, ABCC2).

Il. Protein Kinase C isoforms

Protein kinase C belongs to a family of serine/threonine protein kinases and consists of at
least 12 isoforms (11, 12): conventional (cPKCa, BI, Il and ), novel (nPKCS, €, n and 6),
and atypical (aPKCZ and Ah) isoforms (Fig. 1) . PKCs expressed in rat hepatocytes include
cPKCa, nPKCS8, nPKCsg, and aPKC{ with the presence of cPKCBII being controversial (13—
15).

All PKC isoforms undergo a maturation process requiring phosphorylation at three sites in
the catalytic domain before they can be activated (11, 12). These phosphorylation events are
constitutive and hence are not regulated for conventional and novel PKCs, but are dependent
on agonists for atypical PKCs. Activation of the phosphorylated cPKCs and nPKC requires
binding of DAG and/or Ca2* and interaction with acidic membrane lipids. Since activated
PKCs bind and phosphorylate substrates at the membrane (11), membrane translocation is
often used as a read out for the activation of cPKCs and nPKCs. In contrast to cPKCs and
nPKCs, protein-protein interaction leads to the activation of aPKCs (12).

PI3K plays an important role in the activation of some, but not all PKCs in hepatocytes. For
example, activation of aPKC{ (16) and nPKCS (17, 18) is PI3K dependent. Interestingly,
taurolithocholate (TLC) induced activation of nPKCe is dependent on PI3K in rat
hepatocytes (19), but not in a human hepatoma cell line (20). The activation of cPKCs in
hepatocytes appears to be PI3K independent (21, 22). In addition to PI3K, activation of
guanylyl cyclase by oxidative stress activates nPKCs in rat hepatocytes (23).
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[1l. Role of PKC isoforms

Initial studies using broad spectrum pharmacologic activators and inhibitors of cPKCs and
nPKCs suggested that activation of PKCs produced cholestasis (5), inhibited basal and
cAMP-induced increases in TC uptake (24) and decreased transport of solutes by MRP3
(25) and OATP (26). However, both choleretic and cholestatic agents activate PKCs (Table
1) and PKCs are implicated in cholestatic, anticholestatic and choleretic effects of bile acids
and other agents. It is becoming evident that the opposing effects of choleretic and
cholestatic agents may be mediated via different isoforms of PKCs. Studies to date would
indicate that aPKC{ may mediate choleretic effects and nPKCe may mediate cholestatic
effects, while cPKCa and nPKC38 may be involved in choleretic, cholestatic and
anticholestatic effects by affecting insertion/retrieval of transporters involved in bile
formation (Fig. 2).

a. Role of cPKC/cPKCa

Tauroursodeoxycholate (TUDC) activates cPKCa in isolated rat hepatocytes (27) and
reverses TLC-induced reduction in PM MRP2 via PKC-dependent mechanisms (28).
Interestingly, TUDC-induced choleresis is not inhibited by G66976, an inhibitor of cPKCs
(29), although cPKCa stimulates rat MRP2 activity, when coexpressed in Sf9 cells, (30).
Thus, the anticholestatic and not the choleretic effect of TUDC may be mediated via
cPKCa. Further studies showed that TUDC-mediated reversal of TLC-induced cholestasis is
partially inhibited by combined inhibition of cPKC and protein kinase A (PKA) (31). It is
suggested that the anticholestatic effect of TUDC may in part be mediated via cooperative
post-translational cPKCa-/PKA-dependent mechanisms (31).

In contrast to potential anticholestatic effect, cPKCs/cPKCa have also been implicated in
cholestasis. For example, cPKCs/cPKCa mediate BSEP retrieval induced by phorbol
myristate acetate (PMA) (29) and oxidative stress produced by tertiary-butylhydroperoxide
(t-BHP) (32), estradiol 17p-D-glucuronide (E17G)-induced retrieval of rat BSEP and MRP2
from the canalicular membrane (33) and retrieval of MRP2 and rat NTCP in HepG2 cells
(21, 34, 35). On the other hand, TLC, a cholestatic bile acid, induces retrieval of NTCP (20)
and MRP2, but inhibits cPKCa (28) in rat hepatocytes. These results suggest that the
retrieval of NTCP and MRP2 by cholestatic agents/conditions may involve mediators in
addition to cPKCa.

The opposing effects of cPKCs/cPKCa in bile formation may be due to interactions with
different downstream regulators as suggested for the opposing effects of cPKCa in cell
survival (11). It is possible that activation of cPKCs by choleretic and cholestatic agents
involves translocation of cPKCs to different subcellular membranes resulting in activation/
inhibition of different downstream effectors. One such target may be the estrogen receptor
activated by cPKCa in E17G-induced cholestasis (36). Other potential downstream effectors
of PKCs are discussed below.
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b. Role of nPKC8

Studies in rat hepatocytes suggest that nPKCS is involved in hepatotoxicity induced by allyl
alcohol (37) and 4-hydroxynonenal (38). However, a recent study using molecular activators
and inhibitors of nPKC8 in HuH7-NTCP cells showed that activation of nPKCS by GCDC
actually induces a cytoprotective pathway by inhibiting JNK activation and down-regulating
pro-apoptotic JINK/BIM pathway (39). In addition, nPKC8 mediates CAMP-induced
translocation of NTCP and MRP2 to PM in HUH7-NTCP cells and rat hepatocytes (17, 18).
Thus, nPKC38 may mediate both toxic and beneficial effects in hepatocytes. The underlying
mechanism may be related to phosphorylation of nPKCS8.

Novel PKCS can either positively or negatively regulate apoptosis depending on nPKC8
sites phosphorylated by various stimuli (40, 41). Phosphorylation at Tyr311 followed by
caspase-3 mediated cleavage leads to the formation of the pro-apoptotic form of nPKC3
(11). On the other hand, the PI3K-dependent phosphorylation at Thr59% (42) is associated
with cell survival effect (43). These studies raise the possibility that activation nPKCS via
Tyr311 phosphorylation may lead to cholestatic effects, while activation via Thr50>
phosphorylation may lead to choleretic effects. Consistent with this hypothesis are the
findings that activation of nPKC8 by cAMP (18) and the nPKC8-mediated cytoprotective
effect of GCDC (39) are associated with Thr3%% and not Tyr311 phosphorylation in rat
hepatocytes. However, whether differential phosphorylation dictates the effect of nPKCS in
bile formation and cholestasis remains to be established.

c. Role of nPKCe

Studies in hepatocytes and hepatic cell lines show that TLC activates nPKCe (13, 20) and
induces retrieval of BSEP (44) and MRP2 (28, 45) from PM. Knock down of nPKCe
reverses TLC-induced retrieval of MRP2 in HUH7-NTCP cells (45). In addition, TUDC
reverses TLC-induced cholestasis and MRP2 retrieval by inhibiting TLC-induced activation
of nPKCse in perfused rat livers (19). Thus, nPKCe may mediate TLC-induced MRP2
retrieval. Rat MRP2 retrieval by oxidative stress induced by EA is mediated via nPKCs (23).
It is likely that EA-induced MRP2 retrieval is mediated via nPKCe, since nPKC3 is involved
in CAMP-induced MRP2 translocation to the membrane. Interestingly, TLC-induced
inhibition of TC uptake is not mediated via nPKCe in HUH7-NTCP cells (20). Thus, the
canalicular membrane may be the target of nPKCe and this is consistent with the finding that
TLC translocates nPKCe to the canalicular membrane in rat hepatocytes (13).

TUDC inhibits TLC-induced nPKCze activation and reverses TLC-induced cholestasis (28,
46) and retrieval of MRP2 (19, 28, 46). Our unpublished studies show that cAMP can
reverse TLC-induced MRP2 retrieval and nPKCe activation in hepatocytes. Thus, CAMP
and TUDC may produce anticholestatic effects by reversing TLC-induced activation of
nPKCe.

d. Role of aPKC(

This atypical PKC isoform is a downstream effector of PI3K (11). The PI3K/aPKC{
pathway is involved in cAMP-induced NTCP translocation to the PM (16, 47) and NTCP-
mediated transport of chenodeoxycholylglycylamidofluorescein (48) in rat hepatocytes.
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Since aPKC( co-localizes with BSEP and MRP2 at the canalicular membrane (49), it may
also be involved in the canalicular localization of these transporters.

IV. Beyond PKC isoforms

The cellular mechanisms by which PKC isoforms regulate hepatocellular transporters and
hence bile formation, are incompletely understood. A number of likely mechanisms,
however, can be proposed based on our current knowledge. These mechanisms include
direct phosphorylation of transporters, modification of actin binding proteins (Radixin and
MARCKS) and stimulation of Rab protein(s)-mediated vesicular transport, as discussed
below.

a. Phosphorylation of transporters

Rat OATPL1 is a serine-phosphoprotein (50), while rat NTCP is a serine/threonine
phosphoprotein (51). Phosphorylation and dephosphorylation affect PM localization of rat
OATP1 (52) and rat NTCP (53) by retrieving from and inserting into PM, respectively.
Since cPKCs are involved in NTCP retrieval, cPKCs may mediate retrieval by
phosphorylating NTCP. On the other hand, both BSEP and MRP2 are phosphorylated by
cPKCs and nPKCs (30, 31, 54) raising the possibility that MRP2 retrieval by E-17G and
TLC may involve phosphorylation of MRP2 by cPKCa and cPKCg, respectively. It is
however unknown whether translocations of MRP2 and BSEP are regulated by
phosphorylation as it has been suggested for NTCP (53) and OATP1 (52). Phosphorylation
by cPKCa may also affect transport function of rat MRP2 (30). Thus, PM localization as
well as function of transporters may be affected by PKC-mediated phosphorylation.

b. Interaction with actin binding proteins

Plasma membrane localization of a transporter requires close interactions between PM and
the underlying cytoskeleton. Such interactions involve proteins that crosslink membrane
proteins with F-actin (55-57). Since actin plays an important role in hepatobiliary
transporter translocation (58-60), it is likely that actin interacting proteins are involved in
their PM localization. Indeed, two such proteins, radixin, a member of Ezrin/Radixin/
Moesin (ERM) protein family, and myristoylated alanine-rich C kinase substrate
(MARCKS) have been suggested to play an important role in PM localization of MRP2.

ERM proteins (61, 62) interact with specific membrane proteins directly or indirectly
through adaptor molecules such as ERM-binding phosphoprotein 50 (EBP50) or sodium-
hydrogen exchanger regulatory factor-1 (NHERF-1). Radixin, the dominant ERM protein in
hepatocytes, is localized primarily at the canalicular membrane (63). The co-localization of
radixin and MRP2 at the canalicular membrane is disrupted in cholestatic rats (64) and PBC
patients (65). Knockdown and knockout of radixin lead to a reduction in membrane MRP2
as well as BSEP and MDRL1 (66, 67). EBP50, which is localized at the apical membrane of
hepatocytes and cholangiocytes (68), also binds to MRP2, and is needed for PM localization
of MRP2 (69). Thus, the interaction of radixin with MRP2 (and possibly BSEP) via EBP50
and actin appears to be essential for maintaining the polarized targeting and retention of
these transporters. This interaction is favored when radixin is activated by phosphorylation
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at Thr564 (55, 62). Studies to date would suggest that dephosphorylation of radixin by PKC-
mediated activation of PP-1 may lead to MRP2 retrieval from the canalicular membrane (64,
70). Since cPKCa as well as nPKCe are involved in MRP2/BSEP retrieval (32, 33, 45), both
isoforms are likely to be involved in radixin dephosphorylation (Fig. 3).

MARCKS plays a key role in endocytosis (71) and its phosphorylation by cPKCs and
nPKCs results in MARCKS retrieval from PM and in F-actin disassembly (56). Studies in
rat hepatocytes and HuH7-NTCP cells suggest that MRP2 retrieval by TLC involves
activation of nPKCe followed by MARCKS phosphorylation and consequent detachment of
MARCKS from the membrane (45). Similarly, retrieval of MRP2 by oxidative stress and
E-17G may also involve cPKCa-mediated phosphorylation of MARCKS (Fig. 3).

c. Rab proteins mediated vesicular transport

VI. Future

Rab proteins cycle between GTP-bound active form and GDP-bound inactive form and are
involved in vesicle trafficking (72, 73). Among various Rab proteins, Rab5 is involved in
the apical sorting of BSEP (74) while Rab4 and Rab11 are involved in rapid and slow
recycling from early and late endosomes, respectively, to the PM (73). Rabl11 is expressed in
apical vesicular populations in the liver (75). There are limited studies suggesting a role for
PKCs in Rab4-mediated NTCP translocation to PM.

Cyclic AMP-induced translocation of NTCP to PM is mediated via PI3K-dependent
activation of nPKC8 and aPKCC (16, 17, 47, 76) and nPKCS activates Rab4 (17). NTCP is
enriched in rat liver endocytic vesicles and co-localizes with Rab4 (47). PKCC increases
motility of NTCP containing vesicles along the microtubules (47). Other studies show that
cAMP induced NTCP translocation is dependent on PI3K (58) and actin cytoskeleton and
microtubules (58, 59). In addition, a Rab effector protein kinesin-1 is involved in NTCP-
containing vesicles movement (47). Taken together, these results may suggest that activation
of PIBK/PKCS by cAMP leads to the activation of Rab4 followed by recruitment of
kinesin-1 and increased motility of NTCP/Rab4 containing vesicles along the microtubules
to PM (Fig. 4).

Rab11 is required for bile canalicular formation in WIF-B9 cells (77), regulates canalicular
localization of BSEP (78) and mediates TUDC- and cAMP-induced translocation of MRP2
to PM (79). Since Rab11 activation involves PKC-mediated phosphorylation (80), and
CcAMP and TUDC activate nPKCS (18) and cPKCa (28) respectively, it can be speculated
that phosphorylation (and activation) of Rab11 by cPKCa and nPKC8 may be involved in
MRP?2 translocation to the PM. Further studies are needed to establish a role for Rab11
phosphorylation by PKCs in MRP2 translocation.

Perspectives

Our understanding of regulation of hepatocellular transporters involved in bile formation has
been steadily increasing. However, it is still unclear how activation of the same PKC
isoform can lead to opposing effects. Whether the opposing effects are due to different
subcellular localization leading to activation/inhibition of different downstream mediators
remains to be established. We are beginning to elucidate the signaling pathways by which
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PKC isoforms regulate PM localization of hepatocellular transporters. While
phosphorylation of transporters, actin binding proteins (radixin and MARCKS) and Rab
proteins by PKCs has been suggested, further studies are needed to confirm these
hypotheses. Our current understanding of the role of PKC isoforms is based primarily on
studies using chemical inhibitors of PKC isoforms. Future studies should include other
approaches, such as knockout, knockdown, constitutively active and dominant negative
mutants, to establish the role of PKC isoforms and their downstream effectors. Human
NTCP plays an important role in the entry of hepatitis B and D viruses into hepatocytes and
consequent infection (81). The viral entry may involve PKC-mediated endocytosis of NTCP
(82). This new functional implication of NTCP underscores the importance of understanding
signaling pathways involved in PM localization of transporters. A better understanding of
the underlying signaling should allow us to target specific pathways to limit or enhance
solute transport and thereby limit hepatic toxicity/infection or enhance hepatic functions as
needed.
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Fig. 1.
Primary structures of PKCs. There are four structurally conserved domains (C1-C4) in PKC

isoforms divided into the N-terminal regulatory domain (C1-C2) and the C-terminal
catalytic domain (C3-C4). The regulatory domain contains the binding sites for
pseudosubstrate (PS), DAG (C1) and Ca** (C2 or C2-like). The catalytic domain contains
the binding sites of ATP (C3) and substrate (C4). C-regions (C1-C4) represent conserved
domains and V-regions represent variable domains (V1-V5). The regulatory and the
catalytic domains are separated by a flexible hinge domain (V3), which is cleaved by
caspase-3 in apoptotic cells. Novel isoforms contain a C2-like domain which is unable to
bind Ca** and hence do not require Ca** for activation. Atypical isozymes contain a variant
of the C1 domain, which lacks the ligand-binding pocket for DAG and lacks C2 domain. As
a result aPKCs are not regulated by DAG and Ca**; they are regulated by protein-protein
interactions via PB1 domain. The intermolecular binding between PS and catalytic domain
is highly regulated by membrane interactions, PKC conformation and phosphorylation.
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Figure2.
Proposed regulation of NTCP and MRP2 by PKC isoforms. Activation of aPKC{ and

nPKCS by cAMP leads to translocations of NTCP and MRP2 to PM. Activation of cPKC
(most likely cPKCa) by PMA and TCDC induces retrieval of NTCP from PM, while
activation of cPKCa by TUDC facilitates MRP2 translocation to PM. Activations of
cPKCa, nPKC and nPKCe have been implicated in MRP2 retrieval from PM by estradiol
17p-D-glucuronide (E17G), ethacrynic acid (EA) induced oxidative stress and
taurolithocholate (TLC), respectively. Retrieval of BSEP by E17G, PMA and oxidative
stress has been proposed to be mediated via cPKCs (hot shown).
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Figure 3.
Role of radixin and MARCKS in PM localization of MRP2. Phosphorylated radixin (active

form) stabilizes MRP2 in the membrane by binding to actin and NHERF-1, which binds
MRP2. MARCKS also binds actin and possibly MRP2 via an unknown protein X.
Dephosphorylation of radixin (inactive form) by PP-1 activated by cPKCa/cPKCe and
phosphorylation of MARCKS by nPKCe result in the loss of their binding to actin leading to
retrieval from PM. Removal of radixin and MARCKS from PM results in the retrieval of
MRP2 (dotted line), mostly likely due to the loss of PM anchoring proteins for MRP2.
Similar mechanisms may also be involved in BSEP retrieval (not shown).
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Figure4.
Postulated role of PI3BK/PKCS, PI3K/PKCC in Rab4-mediated insertion of NTCP into PM.

NTCP containing vesicles co-localize with Rab4, which cycles between GTP bound (Rab4-
GTP) active form and GDP bound (Rab4-GDP) inactive form. Activation of PKCS leads to
the conversion of inactive Rab4-GDP to active Rab4-GTP followed by recruitment of
kinesin-1, which moves NTCP containing vesicles towards the plus end of microtubules
(Mt). This movement is further facilitated by PKCC.
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