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ARTICLE INFO ABSTRACT

Keywords: Transporters expressed by hepatocytes and enterocytes play a critical role in maintaining the enterohepatic
HBV circulation of bile acids. The sodium taurocholate cotransporting polypeptide (NTCP), exclusively expressed at
HDV . the basolateral side of hepatocytes, mediates the uptake of conjugated bile acids. In conditions where bile flow is
f\z;{l‘fsms‘s impaired (cholestasis), pharmacological inhibition of NTCP-mediated bile acid influx is suggested to reduce
BSEP hepatocellular damage due to bile acid overload. Furthermore, NTCP has been shown to play an important role in

hepatitis B virus (HBV) and hepatitis Delta virus (HDV) infection by functioning as receptor for viral entry into
hepatocytes. This review provides a summary of current molecular insight into the regulation of NTCP expression
at the plasma membrane, hepatic bile acid transport, and NTCP-mediated viral infection.

1. Introduction
1.1. Bile acids and the enterohepatic circulation

Bile acids are synthesized in the liver and subsequently conjugated to
taurine or glycine for secretion into bile. Conjugated bile acids are
actively secreted by hepatocytes across the apical membrane into the
canalicular space via the bile salt export pump (BSEP) (Fig. 1) [1]. These
bile acids are subsequently stored in the gallbladder and, following food
consumption, released into the small intestine to facilitate digestion and
absorption of nutrients [1]. In the terminal ileum they are taken up by
the apical sodium-dependent bile acid transporter (ASBT) into the
enterocyte. Here, bile acids are bound by the intestinal bile acid binding

protein (IBABP) and shuttled through the basolateral side of the cells
where they are then released into the portal circulation via the organic
solute transporter complex (OSTaf) [1]. Subsequently, the bile acids are
transported directly back to the liver via the portal vein and taken up at
the basolateral side of the hepatocyte mainly by the Na*t-taurocholate
Co-transporting Polypeptide (NTCP, gene name SLC10A1) and to a lesser
extent by members of the organic anion transporting polypeptide
(OATP) family [1]. The bile acids complete this cycle 6-10 times a day
with less than 1 g/day of the total bile acid pool lost via the feces, which
is compensated by de novo synthesis of bile acids [1]. This is a tightly
regulated process where bile acids themselves provide a feedback signal
via the nuclear bile acid receptor Farnesoid X receptor (FXR) [2]. In the
enterocyte, activation of FXR instigates the production of the hormone
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fibroblast growth factor 19 (FGF19, FGF15 in mice) which travels via the
portal circulation to the hepatocyte where it activates FGF4/B-klotho
complex resulting in inhibition of bile acid synthesis via CYP7A1l
(Fig. 1) [2]. FGF15/19 signaling also represses hepatic bile acid uptake
via inhibition of both NTCP and members of the OATP family, further
contributing to protection against hepatic bile acid overload [3]. FXR
activation in hepatocytes also inhibits CYP7A1, via small heterodimer
partner (SHP) activation. Besides FXR, several other bile acid receptors
may further contribute to bile acid signaling and homeostasis [2,4]. One
of the best described bile acid receptors is TGR5, a G-protein coupled
receptor detecting bile acids at the plasma membrane. TGR5’s role in
bile acid synthesis is not yet demonstrated, although TGRS deficient
mice have an increased expression of Cyp7al [2].

In this review, we focus on the molecular function and regulation of
the hepatic uptake transporter NTCP, as this protein has a pivotal role in
bile acid dynamics, bile acid signaling and in viral infection of the liver.

1.2. Role of NTCP in humans and mice

NTCP is encoded by the gene SLC10A1 [solute carrier family 10
(sodium/bile acid contransporter) member 1] [5], located at 14q24 in
the human genome. The gene is conserved amongst numerous species,
and the human protein exhibits 77% amino acid homology with the rat
and mouse Slc10al gene [5,6]. Vaz et al. were the first to report an
NTCP-deficient individual, firmly demonstrating the pivotal role of
NTCP as the main hepatic bile acid transporter [7]. They describe a child
with a single homozygous nonsynonymous mutation, leading reduced
NTCP expression at the plasma membrane with dramatic loss of

Liver

Intestine

-
-~
-

Basolateral
membrane

BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158960

taurocholate uptake, resulting in conjugated hypercholanemia and
otherwise a relatively mild clinical phenotype. Since then, numerous
NTCP deficient individuals, mainly found in South-East Asia, have been
identified with an inactive variant polymorphism, perhaps due to its
protective role against hepatitis type B and delta virus infection (HBV/
HDV) (see below). These individuals are mostly asymptomatic, although
transient hyperbilirubinemia and a slight thickening of the gallbladder
has been described [1].

In 2015 the first genetic Slc10A1 knockout mouse model was
generated by Slijepcevic et al. [8], which showed that a lack of NTCP
resulted in increased plasma bile acid concentrations. Interestingly, only
a subset of mice display strongly elevated conjugated bile acids levels,
while the majority of NTCP knockout (KO) mice have normal serum bile
acids concentration, upon fasting [8]. The mechanisms underlying this
bi-stable system were later explained using Slcola/1b cluster KO mice
that lack OATP1a/1b proteins. In this model, pharmacological inhibi-
tion of NTCP-mediated bile acid transport completely blocked plasma
TCA clearance, while plasma conjugated bile acids levels rapidly
increased in all mice, proving that NTCP and OATP1A/1B members
together govern all hepatic bile acid uptake in mice. Hypercholanemic
NTCP deficient mice showed reduced expression of OATP1A1, which
was attributed to increased intestinal fibroblast growth factor 15/19
(FGF15/FGF19) signaling (see below) [3]. These findings indicate that
NTCP dominates hepatic uptake of conjugated bile acids in humans,
whereas the activity of the OATP1A/1B family members can dampen the
elevation in bile acid levels in plasma in NTCP-deficient mice. FGF15/19
reduces the capacity of this OATP-pathway leading to hypercholanemia,
despite its dampening effect on bile acid synthesis. In humans, loss of
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Fig. 1. Schematic overview of the enterohepatic circulation of bile acids. The transport and signaling in the enterocyte and hepatocyte is depicted. The left side of the
figure illustrates the enterohepatic circulation, while the right side depicts the bile acid transport within the hepatocyte and enterocyte in which the transport
proteins and bile acid receptor FXR are depicted. Activation of FXR induces secretion of FGF15 (mice) or FGF19 (humans). FGF15/19 represses hepatic bile acid

synthesis and uptake.
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NTCP function results in a gradual decrease in plasma bile acid levels
over several years. Whether this decrease is related to altered activity of
OATP members and/or bile acid synthesis is yet to be explored. How-
ever, an alternative mechanism leading to increased urinary bile acid
secretion in SLC10al~/~ mice, was recently suggested. In these mice, an
increased expression of members of the sulfotransferase (SULT) family
and one of the bile acid sulfates, taurolithocholic acid 3-sulfate was
observed [3,8,9]. SULT catalyzes the sulfation of bile acids which in-
crease the solubility of bile acids and decreases their intestinal absorp-
tion, elevating their fecal and urinary excretion. The increase in SULT
levels was also observed in individuals with a NTCP loss of function
variant (Ser267Phe, discussed in the next sections). Therefore, bile acid
sulfation could serve as a mechanism for enhanced elimination of bile
acids in both NTCP deficient mice and humans [9].

1.3. NTCP as a viral entry receptor

In 2012, NTCP was described to be the functional entry receptor for
HBV and its satellite virus, HDV [10]. In humans several synonymous as
well as non-synonymous single nucleotide polymorphisms (SNPs) have
been reported in the SLCI10A1 locus. The non-synonymous loss of
function variant S267F, found in about 9% of the East Asian population,
diminishes NTCPs function in the HBV replication cycle [11]. Indeed,
recent studies showed that the frequency of this S267F variant was
higher in healthy controls than in HBV or HBV/HDV co-infected pa-
tients, indicating either a decreased susceptibly or a reduction in the
disease progression and chronicity [12,13].

HBV as well as HDV attach with low-affinity to heparan sulfate
proteoglycans on the surfaces of hepatocytes that serve as their host cells
[14,15]. After this initial attachment, both viruses bind to NTCP through
a high-affinity interaction between the PreS1-domains of their large
surface protein [16], followed by internalization of the viral particles
[15,17,18]. After internalization, the viral membrane likely fuses with
the hepatocyte membrane, initiating a productive infection, however
the exact role of NTCP during this process and the molecular details of
the viral entry process are not completely understood. Nevertheless, the
presence of NTCP is essential to render hepatocytes and hepatoma cell
lines permissive for HBV [10,19]. In most hepatoma cell lines the
expression of NTCP is barely detectable, and primary human hepato-
cytes downregulate NTCP upon a loss of polarization after cell isolation
or during proliferation, resulting in a reduced or even complete loss of
HBV infection capacity [20-22]. Therefore, several NTCP-
overexpressing hepatoma cell lines have been generated in order to
study HBV infection in vitro [21,23-25]. Titration of NTCP expressed in
a non-permissive cell line revealed that a specific expression level of
NTCP is required to allow HBV infection, while higher expression levels
do not confer an additional advantage, indicating that other cofactors
are required and limiting (Oswald, Chakraborty & Protzer, unpublished
results).

NTCP has also been reported to be a crucial factor defining the
species barrier for HBV in macaques. When macaque hepatocytes are
modified to express human NTCP in vitro or in vivo, they become
permissive for HBV [19,26]. A single arginine amino acid difference at
position 158 was identified, showing the specificity of HBV binding and
subsequent infection [27]. However, this polymorphism does not affect
NTCPs function as a bile acid transporter, indicating a specific evolution
of NTCP preventing macaques of HBV infection [28,29]. Currently, re-
searchers in this area focuses on the development of transgenic ma-
caques that express humanized NTCP in order to generate an urgently
needed immunocompetent animal model that allows studying novel
antiviral strategies which have the potential to cure HBV [30].

Comparative species analysis of the NTCP sequence has highlighted
additional regions involved in HBV binding and entry. For example, the
1263V mutation in woodchucks increases HBV infection by 50%,
whereas, in mice NTCP region 84-87 prevent both HBV and HDV
infection, irrespective of binding capacity. [31-33]. This argues for a
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functional role of NTCP in membrane fusion additionally to its function
in binding and uptake of the viruses. However, substitution of this re-
gion with its human counterpart renders mice only permissive for HDV
infection, indicating that another, post-entry step is crucial for produc-
tive HBV infection of mice [32,33].

1.4. NTCP as an antiviral target

As NTCP plays an essential role in in HBV and HDV infection cycle, it
has been exploited to develop new antiviral therapies [34]. After the
discovery of NTCP as a functional receptor for HBV and HDV, known
NTCP-substrates such as taurodeoxycholate (TDC), taurocholate (TCA)
and taurochenodeoxycholate (TCDC) have been identified to inhibit
HBV and HDV infection [20], as well as chemically-distinct small mol-
ecules such as Ezetimibe [35], Irbesartan [36] and Cyclosporine A
including its derivatives [25,37,38]. The bile acid substrates binding to
NTCP directly interfere with the HBV and HDV binding to NTCP,
dampening viral entry.

HBV binds to its receptor through the PreS1 domain of its large
envelop protein with high affinity [16], therefore it was used to generate
a synthetic, myristoylated peptide spanning amino acids 2-48 of the
PreS1 domain (Myrcludex B/Bulevirtide) [39,40]. This peptide specif-
ically binds human NTCP and inhibits both bile acid uptake as well as
HBV infection [41,42]. These results confirmed NTCP as a bona-fide
HBV receptor, and peptide binding can be used to distinguish between
permissive and non-permissive NTCP variants [10]. Most importantly,
the myristoylated PreS1 peptide is able to block HBV infection with high
efficacy at an IC50 of 80 pM and was used to develop a therapeutic drug
initially referred to as Myrcludex B [40]. This peptide has a longer half-
life than NTCP itself, as it can transfer from a pre-existing plasma
membrane localized NTCP molecule to a newly synthesized NTCP
molecule [43] and a once-daily injection strongly inhibits virus entry
[34]. After a series of successful clinical trials, it has recently been
approved in the European Union for the treatment of a chronic HDV
infection, and is marketed under the name Bulevirtide (Hepcludex®)
[44]. Latest clinical trials of patients treated has shown that while the
effect on HBV was moderate (NCT02881008), the drug induced a strong
decline in HDV RNA (Studies NCT02637999; NCT03546621 and
NCT02888106), indicating a promising antiviral therapeutic for HBV/
HDV co-infected individuals [38].

1.5. Consequences of NTCP inhibition

The discovery of Bulevirtide as specific and potent inhibitor of NTCP
allowed for the functional pre-clinical investigation into three additional
potential applications of pharmacological NTCP inhibition [1].

Firstly, pharmacological inhibition of NTCP effectively reduced
cholestatic liver injury in several cholestatic mouse models [45]. The
phospholipid to bile acid ratio in bile increases upon NTCP inhibition
rendering the bile less toxic [45]. NTCP inhibition also reduces bile acid
accumulation in hepatocytes and increases extracellular bile acid levels.
An overload of intracellular hydrophobic bile acids triggers inflamma-
tory processes [46] by activating the inflammasome amongst others
[47]. Conversely, high levels of circulating bile acids may reduce
inflammation in peripheral cells expressing the TGR5 receptor, such as
macrophages, as TGR5 directly dampens activation of the inflamma-
some [48].

Secondly, NTCP inhibition or genetic NTCP inactivation leads to
reduced weight gain in mice fed a high fat diet, via increased energy
expenditure and reduced intestinal fat absorption [49,50], making it an
interesting mechanism to study in the context of obesity. The increase in
energy expenditure was due to increased uncoupled respiration, a pro-
cess where the proton gradient in mitochondria is not used to create
ATP, but instead to generate heat. The generation of heat is mediated by
high levels of Uncoupling Protein 1 (UCP1) present in brown adipose
tissue. Bile acids can induce UCP1 activity, amongst others via TGR5 [2].
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Thirdly, transient hypercholanemia induced by NTCP-inhibition
leads to increased release of glucagon-like peptide 1 (GLP-1) in mice
[50]. GLP1-release from entero-endocrine cells is mediated by TGR5
activation by bile acids [2], providing a likely rationale for this effect. A
subsequent improved glucose handling was not obvious and whether
this effect is also present in humans upon NTCP inhibition is not yet
elucidated. Nevertheless, the combined data of pharmacological and
genetic NTCP inactivation in mice and humans suggests that NTCP in-
hibition is safe and has beneficial effects in HDV-infected patients and
possibly in certain metabolic/inflammatory disorders. Therefore, a more
detailed insight into NTCP regulation is also warranted.

1.6. NTCP topology and associated proteins

Human NTCP mRNA is translated into a 349 amino acid protein with
a molecular mass of 37 kDa (core glycosylated) or 50-55 kDa (complex
glycosylated) [5]. Although the structure of NTCP has not yet been
resolved, crystallographic studies of its close relative ASBT from bacteria
suggest that NTCP crosses the plasma membrane nine times and contains
very small extracellular loops with a large extracellular N-terminus and
an intracellular C-terminus (Fig. 2) [51]. The C-terminal domain of
NTCP is essential for its targeting to the plasma membrane [52,53]. In
line with this, truncation of the C-terminus of NTCP results in a dimin-
ished bile acid uptake due to reduced NTCP plasma membrane locali-
zation. Mutating the C-terminal tyrosine-based sorting motifs (Y307-E-
K-I and Y321-K-A-A) resulted in a decreased basolateral localization of
NTCP without affecting its molecular transport activity [6,52]. The N-
terminus is located on the outside of the hepatocyte, containing two
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glycosylated asparagine residues (N5, N11). Losing the glycosylation of
one of the two residues has no effect on NTCP localization at the plasma
membrane, NTCP-mediated bile acid uptake or on HBV infection
[54,55]. However, the absence of both glycated residues has not yielded
identical results between studies. One study showed a drastically
reduced plasma membrane abundancy of NTCP, a decrease in NTCP-
mediated bile acid uptake and a reduction in HBV infection [54].
Whereas Lee et al.,, showed that HBV can still enter HepG2 cells
expressing the glycosylation-deficient form of NTCP [55]. A third study
demonstrated that inhibition of NTCP glycosylation using tunicamycin
reduced NTCP-mediated HBV infection [56]. However, tunicamycin is
known to induce ER-stress, which also reduces NTCP abundance at the
plasma membrane [57]. The latter effect is mediated via ER-stress
induced changes in expression of Calnexin, an ER chaperone that
binds NTCP [57]. The latter points towards a potentially hep-
atoprotective, FXR-independent pathway where cholestasis-induced ER-
stress leads to a reduced protein expression of NTCP.

Besides Calnexin, only few regulatory interaction partners of NTCP
have been identified. Two other SLC10A family members proteins
(SLC10A4 and SLC10A6) are described to heterodimerize with NTCP,
although the functional consequence has not been elucidated yet
[53,58]. Furthermore, two additional NTCP-associated proteins are
identified, Stomatin and chloride channel CLIC-like 1 (CLCC1) [59].
Stomatin is a single pass membrane protein associated with lipid rafts
that can affect NTCP-mediated bile acid uptake, although the precise
mechanism remains unclear [59]. CLCC1 is a putative intracellular
chloride channel, and a functional consequence of the CLCC1-NTCP
interaction has yet to been reported.

HBV/HDV, peptide ligand
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Fig. 2. Topology of NTCP. The transmembrane protein NTCP has its amino-terminus on the extracellular side and its carboxyl-terminus within the cytoplasm. The
amino-terminus contains two N-linked glycans. Bile acids and HBV/HDV can interact with NTCP facilitating bile acid uptake and viral entry.
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Treatment of NTCP-expressing cells with chemical cross-linking
agents yielded an additional band at >250 kDa and ~100 kDa with a
strong reduction of the monomeric 50 kDa NTCP signal. This suggests
that NTCP is present in a dimeric complex also containing (un)known
proteins with the 100 kDa band representing NTCP dimers [53]. Inclu-
sion of a plasma membrane targeted nonfunctional NTCP variant in the
dimer resulted in functional bile acid uptake by NTCP, suggesting that
each individual NTCP subunit can transport bile acids independently of
the other [53]. Conversely, inclusion of an NTCP subunit lacking its C-
terminus (Y307stop) had a dominant negative effect on trafficking of the
complex and resulted in retention of NTCP-WT in the ER and impaired
bile acid uptake [53]. Therefore dimerization occurs early in the
secretory pathway in a C-terminus-independent manner and is required
for trafficking of NTCP to the plasma membrane [58,60]. In line with the
effect of dimerization on NTCP trafficking, interference with NTCP
oligomerization significantly impaired the internalization of the NTCP-
HBV preS1 complex and infection by HBV [60].

1.7. Regulation of NTCP mRNA expression

Most studies on NTCP transcriptional regulation are based on rodent
models, because NTCP shows minimal endogenous expression in hepa-
tocellular cell models and is rapidly downregulated after isolation in
primary human hepatocytes [61,62]. Therefore, the regulation of NTCP
mRNA expression remains a challenge yet to be unraveled. Most studies
demonstrate that NTCP mRNA regulation is mainly linked to bile acid
concentration and serves as an adaptive response to reduce bile acid
entry into the hepatocyte during pathophysiological conditions. The
nuclear receptor FXR as well as inflammation and hormones are shown
to regulate NTCP expression levels.

1.8. Regulation of NTCP mRNA expression via FXR-activation

While SLC10A1 gene expression is regulated via bile acid activation
of FXR, FXR does not directly interact with the SLC10A1 promoter re-
gion. Instead it induces expression of small heterodimer partner (SHP),
which in turn represses SLC10A1 gene activation via the retinoid X re-
ceptor (RXR) and retinoic acid receptor (RAR) responsive element [63]
which exist in the rat SLC10A1 gene but not in the corresponding human
and mouse gene. Remarkably, NTCP protein levels were strongly
reduced by cholic acid feeding in Vitamin A deficient mice, whereas
NTCP mRNA levels were not reduced. This suggests the presence of
other RXR-independent (posttranscriptional) NTCP regulatory mecha-
nisms. Furthermore, also in SHP-deficient mice, NTCP mRNA expression
is reduced after cholate feeding [64], suggesting that bile acid-induced
repression of NTCP expression is at least partly independent of SHP. In
the terminal ileum, FXR also stimulates the production of the hormone
FGF19 (FGF15 in mice), which travels via the portal circulation to the
hepatocyte. Here, FGF19 activates the fibroblast growth factor receptor
4 (FGFR4)/B-klotho complex which triggers intracellular signaling
pathways in the liver to maintain the bile acid balance (Fig. 1) [65].
Injections of recombinant hFGF19 down-regulates NTCP mRNA by
~50% in WT mice indicating that FXR further modulates NTCP mRNA
expression via FGF15/19 signaling [3].

1.9. Regulation of NTCP mRNA expression via hormones

Besides the increase in bile acid concentration after a meal (or during
cholestasis), other hormone concentrations in plasma alter in response
to a meal, such as adrenal glucocorticoid, which activates the gluco-
corticoid receptor (GR). Rose et al., demonstrated that GR can bind to
the promoter of the NTCP gene in mice and humans and that both NTCP
mRNA and protein levels were downregulated in GR-deficient mice
leading to a reduction in NTCP-mediated bile acid transport [66]. In line
with this, treatment with glucocorticoid increased NTCP expression in
human livers ex vivo and in mice [66]. Other hormones, like estrogen,
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prolactin, growth hormone and thyroid hormone are suggested to
participate in the homeostatic state of NTCP expression as well [67-72].
However, mechanistic insight in the effect of these hormones on NTCP
expression is very limited.

1.10. Regulation of NTCP mRNA expression during inflammation

During cholestasis, the prolonged pathological increase in bile acid
concentrations triggers the release of cytokines like tumor necrosis
factor o (TNFa) interleukin-1p (IL-1p) and interleukin-6 (IL-6), which in
turn repress NTCP gene transcription. The effect of IL-6 on NTCP has
been investigated in mice in which turpentine injection (induces an
acute phase response with IL-6 production) resulted in a downregulation
of NTCP mRNA expression, which did not occur in IL-6 KO mice [73].
However reproducibility has been challenging with another study
showing no effect [74]. The effect of IL-1p or TNFa has been investigated
in rats in which administration of either cytokine resulted in a time-
dependent decrease in NTCP mRNA expression. They demonstrated
that this effect was possibly mediated via activation of c-Jun N-terminal
kinase (JNK), which represses the expression of hepatocyte nuclear
factor alpha (HNF4a) [74,75]. This pathway has been further explored
in mice in which knockout of HNF4a resulted in a significant reduction
of NTCP mRNA expression [76]. Furthermore, promotor analyses
revealed that HNF4a strongly activates NTCP expression in mice [77],
however, it is unclear whether an HNF4a binding region is present in the
human SLC10A1 gene [77,78]. In summary, NTCP mRNA expression can
be regulated by FXR, hormones and cytokines in rodents, but species-
specific mechanism and pathways are involved [78].

1.11. Posttranslational regulation of NTCP-mediated bile acid uptake

NTCP is present at the plasma membrane and in endocytic vesicles
where it co-localizes with markers of the recycling compartment
(Rab11) and early endosomes (Rab4), but not late endosomes [79-81].
This suggests that NTCP might be translocated from an intracellular
compartment to the plasma membrane or vice versa, providing a fast
and posttranslational response to increased bile acid concentrations
after a meal or during acute cholestasis.

After a meal, bile acids from the gall bladder are released into the
intestine to facilitate the absorption of fat. During this time period the
bile acid concentration in the plasma rises due to re-uptake of the bile
acids by enterocytes. About an hour after a meal, plasma bile acid
concentration start to rise, peak at 90 min and return to the original level
150 min after a meal [82]. To facilitate this fast decrease in plasma bile
acid concentration, hepatic influx of bile acid is stimulated with a fast
increase of NTCP expression at the plasma membrane. This rapid phase
is regulated via the increase in adenosine 3',5'- cyclic monophosphate
(cAMP) [83,84]. When cAMP levels are induced it increases the maximal
transport rate of NTCP within minutes, without affecting NTCP synthesis
[83]. Instead, cAMP triggers the translocation of NTCP from intracel-
lular stores towards the plasma membrane [80]. cAMP stimulates Ca%t/
calmodulin-dependent protein phosphatase (PP2B) which de-
phosphorylates NTCP (Fig. 3) [85]. The Phospho-Serine at position 226
is the target site for cAMP-dependent dephosphorylation of NTCP [86].

cAMP activates the phosphoinositide 3-kinase (PI3K) pathway con-
sisting of three groups of downstream targets: protein kinase B (PKB/
AKT), P70 S6 kinase (S6K) and protein kinase C (PKC). The mTOR/S6K
pathway is not involved in cAMP-induced increase in TCA uptake as
rapamycin, an mTOR/S6K inhibitor, failed to inhibit the increase in TCA
uptake [87]. Pharmacological activation of PKB resulted in an increased
translocation of NTCP towards the plasma membrane, while inhibition
of PKB blocked the cAMP-mediated increase in TCA uptake and NTCP
translocation [88].

There are multiple isoforms of PKC, only some of which affect NTCP
trafficking. Pharmacological activation of PKC{ increases the cAMP-
dependent NTCP plasma membrane localization while PKC{ inhibition



M.D. Appelman et al.

© |\ $——PKB «— PKC¢ .
<

R

BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158960

substrate " NTCP
— © Bile acid
AC
(]
ATP
> )
©9o

P [+]
%
/ - ©
9% " ¢
¢ ‘ © ()
Degradation °

Nucleus

Fig. 3. Schematic representation of endo- and exocytosis of NTCP in a hepatocyte. On the left side, the exocytosis of NTCP is depicted in which several cAMP-driven
kinases are involved. On the right side, the endocytosis and subsequently degradation of NTCP is illustrated in which PKC is the main regulator.

blocks this effect, suggesting that PKC is required for the cAMP induced
intracellular movement of NTCP containing vesicles [79,89]. The iso-
form PKC8 mediates the NTCP trafficking via activation of RAB4, a small
GTPase and an endosomal marker [90]. This activation results in traf-
ficking of PKCS towards the plasma membrane, thereby stimulating the
presence of NTCP at the plasma membrane. For the PKC8-RAB4 medi-
ated effect on NTCP translocation, the localization of PKCS at the plasma
membrane is required but not the kinase activity of PKC3 [90]. Together
the PI3K/PKB/PKC isoforms facilitate the intracellular movement of
NTCP towards the plasma membrane after activation of cAMP.

When the intrahepatic bile acid concentration acutely increases, the
influx of bile acid needs to be rapidly reduced to protect the liver against
bile acid overload. Specific bile acids like taurolithocholic acid (TLC)
may lead to rapid and prolonged inhibition of bile acid uptake via trans-
inhibition [91]. Furthermore, increased bile acid concentration in he-
patocytes triggers the rapid retrieval of NTCP from the basolateral
membrane. This process involves PKC [83,92], reactive oxygen species
and activation of the Src family kinase Yes and Fyn, but not c-Src [93].

2. Conclusion and outlook

NTCP plays a pivotal role in hepatic bile salt uptake and as the HBV/
HDV viral entry receptor. Pharmacological inhibition of NTCP activity
provides protection in certain cholestatic and metabolic conditions in
mice and has recently been approved as anti-HDV therapy. This review
provides an overview of the complex regulation of NTCP plasma mem-
brane abundance and activity, which is mediated at multiple levels. At
present, the individual contribution of each of these mechanisms under
various conditions is largely unclear. One could imagine that these
regulatory systems complement each other to ensure effective hepatic
bile salt clearance, and simultaneously safeguard hepatocellular pro-
tection against acute and chronic bile acid overload, but this hypothesis
requires experimental testing. Several additional blind-spots exist in our
knowledge on NTCP. The crystal structure of ASBT in various confor-
mations has been elucidated. Despite high sequence similarity, this has
not yet been achieved for NTCP, but insight into the 3D structure and
conformational changes would be highly valuable to understand the
mechanism of bile acid translocation, HBV docking and to develop
NTCP-targeting small molecules. Also insight into the quaternary
structure of NTCP, involving subunit interaction and interaction with
other intrinsic membrane proteins, or adaptor proteins would be

valuable in this regard. Finally, the machinery involved in NTCP
endocytosis, recycling and degradation is largely unknown, but highly
relevant to HBV/HDV viral entry. Undoubtedly, the field will rapidly
evolve in the near future as identification of NTCP as the HBV/HDV
receptor and novel insight into NTCP as a pharmacological target has
created a large inceptive to tackle these scientific challenges.
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