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Abstract

Na+-taurocholate cotransporting polypeptide (ntcp) mediates uptake of bile acids as well as 

serving as the receptor for hepatitis B virus in human liver. Previous studies showed that ntcp 

traffics on microtubules between the cell surface and endocytic vesicles. Specific inhibition of 

protein kinase C (PKC)ζ resulted in loss of microtubule-based motility of these vesicles in vitro 

and in living cells. The aim of the present study was to characterize the PKCζ target. Incubation of 

ntcp-containing endocytic vesicles with γ-32P-ATP revealed a 180 kDa phosphoglycoprotein that 

was identified as the EGF receptor (EGFR). Surface biotinylation of HuH7 cells expressing GFP-

ntcp revealed substantially reduced trafficking of ntcp to the cell surface with EGFR knockdown. 

Microtubule-based motility of ntcp-containing endocytic vesicles was also significantly reduced 

when they were not associated with EGFR. Ntcp was also found to undergo cellular redistribution 

upon stimulation of cells with EGF, consistent with a model in which ntcp and EGF-EGFR 

internalize into common endocytic vesicles from which they segregate, trafficking EGF-EGFR to 

lysosomes and recycling ntcp to the plasma membrane. EGF regulation of ntcp trafficking may 

play a heretofore unanticipated role in subcellular targeting of ntcp ligands such as hepatitis B.
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Introduction

The Na+-taurocholate cotransporting protein (ntcp) mediates Na+-dependent uptake of bile 

acids as well as other organic anions (1). Recent studies have shown that it also serves as the 
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receptor for the hepatitis B virus in human hepatocytes (2–8). Previous studies revealed that 

ntcp can traffic between the cell surface and an intracellular vesicular pool (9,10). This 

subcellular trafficking requires intact microfilament- and microtubule-based cytoskeletons 

(10,11) and is regulated by activity of the PI3 kinase/PKCζ pathway (12–14). In further 

studies, a cell free system was developed in which ntcp-containing vesicles were found to 

bind to and move along microtubules (10,15–17). In these studies, microtubule-based 

motility of ntcp-containing vesicles was quantified in a fluorescent microtubule coated 

microassay chamber (10,18). Microtubule-bound vesicles that were labeled with antibody to 

ntcp followed by fluorescent secondary antibody moved bidirectionally on the microtubules 

following addition of ATP (10,18). These ntcp-containing vesicles colocalized with markers 

for recycling and early endocytic vesicles, but not with markers for late endocytic vesicles 

(10). Motility was attributed to association of these vesicles with the minus-end directed 

microtubule motor dynein, and with the plus-end directed microtubule motor kinesin-1 (10). 

These studies also showed that the transferrin receptor (TfR) traffics with ntcp and that they 

are colocalized in these vesicles (10,18). PKCζ was also found to be associated with these 

vesicles, and inhibition of PKCζ activity resulted in their loss of motility while motility of 

late endocytic vesicles remained unaffected (10). The target of PKCζ-mediated 

phosphorylation that regulates the motility of ntcp-containing endocytic vesicles is not 

known and its identification was the subject of the present study. In addition, the association 

of PKCζ with ntcp and TfR containing vesicles suggested the possibility that it plays a role 

in their internalization, and this was also examined.

Results

EGFR is Phosphorylated by PKCζ in ntcp-immunopurified vesicles

Rat liver derived endocytic vesicles incubated with γ-32P-ATP in the presence or absence of 

PKCζ pseudosubstrate inhibitor, were subjected to SDS-PAGE and radioautography. 

Although several phosphorylated bands were observed when total endocytic vesicles were 

assayed (Figure 1A, left panel), none were sensitive to PKCζ inhibition. In contrast, in ntcp-

immunopurified vesicles, a 180 kDa phosphoprotein sensitive to PKCζ inhibition was 

observed. This protein was a glycoprotein, as seen by its binding to Con A and WGA 

(Figure 1B) and sensitivity to PNGase F incubation (Figure 1C). Mass spectroscopic 

analysis of proteins in this region of the gel identified EGFR and clathrin as the major 

constituents (data not shown). However, following PNGase F incubation of phosphorylated 

immunopurified vesicles, there was a downward shift of radioactivity and EGFR on SDS-

PAGE while mobility of clathrin remained unchanged (Figure 1D), suggesting that EGFR 

could be the phosphorylated target of PKCζ in these vesicles.

Preparation of an HuH7-derived cell line in which EGFR is knocked down

Human hepatoma-derived HuH7 cells stably expressing ntcp-sfGFP were infected with 

lentiviral particles encoding EGFR shRNA (EGFR KD) or empty plasmid (control). A 

representative Western blot, performed in duplicate, of lysates of these cells is shown in 

Figure 2A. Western blots of four independent studies were performed and densitometric 

quantification, normalized for actin expression, shows that EGFR expression was reduced 
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by approximately 80% while expression of ntcp was essentially unchanged in the EGFR KD 

as compared to control cells (Figure 2B).

Effect of EGFR colocalization on microtubule-based motility of ntcp-containing vesicles

Endocytic vesicles were prepared from control and EGFR KD ntcp-sfGFP expressing HuH7 

cells, and colocalization of ntcp with EGFR was determined in a microscopy chamber. In 4 

experiments, 33.1% ± 7.2% (mean ± SEM) of 328 ntcp-containing vesicles from control 

cells colocalized with EGFR, while only 6.1% ± 1.9% of 435 vesicles from EGFR KD cells 

colocalized with EGFR (p<0.01). A representative experiment is seen in Figure 3A. To 

examine the influence of EGFR colocalization on motility, vesicles were bound to 

microtubules in a microscopy chamber. Following ATP addition, over 20% of ntcp-

containing vesicles from control cells moved as compared to 11% of ntcp-containing 

vesicles from EGFR KD cells (Figure 3B, p<0.03). Motility of ntcp-containing vesicles from 

control cells was sensitive to inhibition of PKCζ, falling by approximately 60% (p<0.01) 

(Figure 3B). In contrast, there was no effect of PKCζ inhibition on motility of ntcp-

containing vesicles prepared from EGFR KD cells (Figure 3B). Additional studies were 

performed on vesicles isolated from parental ntcp-sfGFP expressing HuH7 cells that had not 

been infected with lentivirus. As seen in Figure 3C, these preparations included vesicles in 

which ntcp and EGFR are colocalized and vesicles that express ntcp in the absence of 

EGFR. Upon ATP addition, those vesicles containing both ntcp and EGFR had much greater 

motility; many fewer ntcp-containing vesicles that lacked EGFR moved along microtubules 

in the presence of ATP as compared to those that contained EGFR (Figures 3C and 3D, 

p<0.01).

Effect of EGFR colocalization on subcellular distribution and function of ntcp

Cell surface content of EGFR and ntcp were determined following surface biotinylation, pull 

down of biotinylated proteins on streptavidin-agarose, and analysis by Western blot. As seen 

in the representative study in Figure 4A, actin, an abundant intracellular protein, was not 

detected in the pull down (surface lanes), indicating that intracellular proteins were not 

labeled in these studies. As seen in Figure 4B, in 4 independent studies, after correction for 

volumes applied to the gel, approximately 50% of total EGFR was found on the cell surface 

in both control and EGFR knockdown cells, while the total EGFR content in knockdown 

cells was reduced by approximately 80% (Figures 2 and 4A). Cell surface expression of ntcp 

was also approximately 50% of total in control cells, but was reduced to approximately 30% 

of total in EGFR KD cells (Figure 4B). To see if this reduction of cell surface ntcp had an 

effect on bile acid transport, uptake of 3H-taurocholic acid was quantified in lentiviral vector 

only infected control cells and EGFR KD cells. As seen in the representative study in Figure 

4C and results of three studies presented in Table 1, there was no significant difference in 

the fitted parameters Km, Vmax, or k between control and EGFR knockdown cells (p > 0.5). 

Additional studies showed that uptake of 1 µM 3H-taurocholic acid by ntcp-sfGFP 

expressing control and EGFR KD cells is highly Na+-dependent (Figure 4D), as would be 

expected for ntcp-mediated transport that is well known to be Na+-dependent (19).
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Effect of EGF incubation on subcellular distribution of EGFR and ntcp in HuH7 cells stably 
expressing ntcp-sfGFP

The preceding studies indicate that ntcp and EGFR colocalize in a common intracellular 

compartment and that reduced cell content of EGFR is associated with reduced cell surface 

expression of ntcp while total cell content of ntcp is unchanged (Figure 4). To further 

characterize the relationship between ntcp and EGFR, studies were performed to examine 

their subcellular trafficking in intact HuH7 cells stably expressing ntcp-sfGFP. In addition, 

trafficking of the transferrin receptor (TfR) was also examined as our previous studies 

showed that the transferrin receptor (TfR) traffics with ntcp in PKCζ-associated vesicles 

(10,18). In these studies, cell surface proteins were biotinylated at 4°C with sulfo-NHS-

biotin and then warmed to 37°C in the presence of EGF with and without PKCζ inhibition 

(PS) to permit internalization of biotinylated proteins. Biotin remaining on the cell surface 

was removed by reduction, and the recovered biotinylated internalized protein was analyzed 

by Western blot. These studies showed that surface EGFR, ntcp, and TfR internalize over 

time and this process is blocked by inhibition of PKCζ activity as seen in the representative 

study in Figure 5A. Quantitation of 3 independent studies showed that 10 min after 

incubation with EGF, approximately 20% of both EGFR (Figure 5B) and ntcp (Figure 5C) 

were internalized from the cell surface with little internalization of either protein when 

PKCζ activity was inhibited. Similar results were found for TfR, for which the fraction that 

was internalized was over 90% and was substantially reduced following inhibition of PKCζ 

activity (Figure 5D). These studies are consistent with the view that ntcp, TfR, and EGFR 

are internalized into a common endocytic vesicle and that this process requires PKCζ 

activity.

EGFR and ntcp follow different endocytic routes following internalization

It is known that EGF-EGFR complexes are internalized and traffic to lysosomes where they 

are degraded, while internalized TfR recycles to the cell surface and does not traffic to 

lysosomes (20). To determine the route followed by internalized ntcp, total cell content of 

EGFR and ntcp were quantified by Western blot following EGF incubation of HuH7 cells 

expressing ntcp-sfGFP with or without PKCζ inhibition. As seen in Figure 6, 60 min after 

incubation of cells with EGF, approximately 50% of EGFR was lost as the EGFR-EGF 

complex trafficked to lysosomes where it was degraded (21). However, degradation of 

EGFR was not seen when PKCζ activity was inhibited. In contrast, there was no significant 

change in cellular content of ntcp with or without PKCζ inhibition. These studies are 

consistent with a model in which ntcp and EGFR internalize into a common vesicle in the 

presence of EGF. However, the fact that EGFR, but not ntcp, is degraded suggests that these 

two proteins segregate from each other within the cell and target to different subcellular 

destinations. This is similar to our previous findings that vesicles containing ntcp and TfR 

segregate from asialoorosomucoid (ASOR), a ligand for the asialoglycoprotein receptor 

(ASGPR), that is present in these early vesicles but later traffics to lysosomes (18).
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PKCζ activity is required for EGF mediated internalization of ntcp in HuH7 cells stably 
expressing ntcp-sfGFP

Internalization of ntcp was examined in HuH7 cells stably expressing ntcp-sfGFP by 

fluorescence microscopy (Figure 7). Incubation with EGF, resulted in dramatic 

redistribution of ntcp into ruffle-like structures, as exemplified in Figure 7A. Almost 

immediately after EGF incubation, ruffles containing ntcp began to form near the cell 

periphery as highlighted by drawn yellow lines at 4 min. The ruffles then progressed toward 

the cell center, being absorbed back into the cell 8–15 min after formation, with individual 

cell difference in the extent and progression of the ruffles. Previous findings have 

characterized such structures as EGF-stimulated dorsal ruffles that can selectively sequester 

and internalize activated EGFR away from other surface receptors (21). Figure 7A 

demonstrates that these dorsal ruffles can contain the bile acid transporter, ntcp. 

Interestingly, this redistribution of ntcp into ruffles was prevented by incubation of the cells 

with PKCζ pseudosubstrate inhibitor (PS) (Figure 7B), supporting the findings of Figure 5 

that ntcp internalization is blocked in the presence of the inhibitor. Higher magnification 

imaging revealed that, as ruffles progressed to the cell center and reabsorbed into the cell 

(22,23), small ntcp containing extensions formed elsewhere as highlighted in yellow (Figure 

7C). That ntcp redistribution into ruffles is not a generalized effect of receptor tyrosine 

kinase activity is seen in Figure 7D in which, as compared to results with EGF, there was 

little ruffling seen with insulin addition and none following PDGF addition to cells. This 

behavior suggests that, following EGF stimulation and endocytosis, ntcp can internalize at 

sites of ruffle reabsorption following which it redistributes into vesicles that traffic through 

the cell. This was seen in ntcp-sfGFP cells that were incubated with Alexa Fluor 555 labeled 

fluorescent EGF (Fl-EGF) and studied by live cell imaging. Similar to studies with 

unlabeled EGF, addition of Fl-EGF resulted in ruffle formation . Additionally the sites of 

ruffle reabsorption correspond with sites of Fl-EGF endosomal coalescence, as has been 

previously reported (22) as well as colocalization of Fl-EGF with ntcp (examples in Figure 

8A,B, yellow lines highlighting colocalization). Over the ensuing minutes, EGF and ntcp 

exhibited decreased colocalization as they segregated from each other (Figure 8A, B).

Discussion

Ntcp is a hepatocyte specific 7 transmembrane domain protein that mediates uptake of bile 

acids from the circulation (1,24). Although it is localized to the basolateral (sinusoidal) 

plasma membrane of hepatocytes, it has been found to cycle between an intracellular 

vesicular pool and the plasma membrane (9,10,25,26). This process requires an intact 

cytoskeleton (11) and function of the PI3K/PKB pathway (12–14) to activate PKCζ, an 

atypical member of the PKC family (27,28). Recent studies in a cell free system that 

examined microtubule-based motility of ntcp-containing endocytic vesicles revealed 

bidirectional movement mediated by the plus-end motor kinesin-1 and the minus-end motor 

dynein (10,18). PKCζ colocalized to these vesicles and its activity was required for their 

motility (10,18). In the present study, we examined whether PKCζ activity was required for 

ntcp internalization. In addition, the vesicle-associated target of PKCζ was found to be 

EGFR (Figure 1). Our data indicate that EGFR, the transferrin receptor (TfR), and ntcp 

internalize with similar kinetics (Figure 5) consistent with our previous findings that all 
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three of these proteins colocalize in early endocytic vesicles (18). These studies show that 

inhibition of PKCζ activity markedly reduces their internalization (Figure 5). Although 

PKCζ has been shown to be a downstream target of EGFR (29), a relationship to EGFR 

internalization has not been demonstrated previously. Further studies with EGFR and ntcp 

showed that these internalization events are preceded by formation of ruffle-like structures 

containing these proteins (Figure 7) and that these ruffles are absorbed into the cell 

following which small extensions containing ntcp and EGFR form, likely representing 

internalization. Interestingly, ruffle formation requires PKCζ activity (Figure 7B). The 

mechanism by which PKCζ regulates ruffle formation and internalization is not known, 

although similar regulation of receptor internalization by PKCζ has been described for notch 

and the insulin receptor (30,31). The redistribution of ntcp into ruffle structures is maximal 

with EGF addition as compared to addition of insulin and PDGF, indicating that it is not due 

to a generalized effect of receptor tyrosine kinase activity (Figure 7D).

That EGFR is an important determinant of ntcp trafficking has been shown in the present 

experiments. In ntcp-sfGFP expressing HuH7 cells, knockdown of EGFR resulted in a 40% 

reduction in cell surface expression of ntcp (Figure 4) while total expression remained 

unchanged (Figure 2). Motility of ntcp-containing endocytic vesicles prepared from EGFR 

knockdown cells was reduced by about half as compared to vesicles from control cells and 

was insensitive to inhibition of PKCζ, in contrast to results for control vesicles (Figure 3B). 

Because of the possibility that lentivirus infection could influence these results, additional 

studies were performed in endocytic vesicles prepared from cells that had not been exposed 

to lentivirus. These studies took advantage of the presence of two populations of ntcp-

containing endocytic vesicles: one that colocalizes with EGFR and the other that does not. 

Vesicles associated with both EGFR and ntcp were 3-to 4-fold more motile as compared to 

vesicles lacking EGFR (Figure 3D). The finding that cell surface, but not total, ntcp is 

reduced in cells in which EGFR is knocked down (Figure 4) is consistent with its 

intracellular sequestration in vesicles that are not co-associated with EGFR and have 

reduced microtubule-based motility and consequently decreased ability to reach the cell 

surface.

Our studies show that in the absence of EGF, cell surface EGFR and ntcp are in a steady 

state in which approximately 50% of each protein is on the cell surface and the remainder is 

intracellular (Figure 4). Addition of EGF results in internalization of EGF-EGFR complexes 

(Figure 5) and trafficking to lysosomes where the complex is degraded (Figure 6). Ntcp and 

TfR are also internalized with similar kinetics (Figure 5), but do not undergo degradation, 

implying that the vesicles containing ntcp/TfR and EGFR are able to segregate these 

proteins from each other over time. This is consistent with our previous studies in vitro 

showing that endocytic vesicles segregate ntcp and TfR from endocytosed 

asialoorosomucoid, a ligand that traffics to lysosomes (10,18). In contrast, TfR, which 

recycles to the plasma membrane following internalization, does not segregate from ntcp in 

endocytic vesicles (18). Morphologic studies that were now performed using intact HuH7 

cells expressing ntcp-sfGFP were in agreement with these findings. As noted above, 

incubation of these cells with EGF resulted in redistribution of ntcp into ruffle-like 

structures (Figure 7A). These EGF stimulated structures have been referred to as “circular 
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dorsal ruffles” and have been shown to function in endocytic internalization as well as 

cellular motility. Their formation requires EGFR phosphorylation and phosphatidylinositol 

3-kinase activity, and can account for 50% of the internalization of ligand bound EGFR 

(22,23). Incubation of cells with fluorescent EGF induced formation of ntcp-containing 

ruffles followed by absorption of the ruffles after 8–15 min, presumably at sites of endocytic 

internalization (22). During ruffle absorption, ntcp was found to colocalize with Fl-EGF at 

vesicular punctae and this was followed by segregation of ntcp into smaller cell surface 

extensions and retention of Fl-EGF in the endocytic or late endocytic punctae. This is 

consistent with the findings that EGF-EGFR traffics to lysosomes while ntcp shuttles 

between the cell surface and intracellular compartments. These results are also consistent 

with our previous findings that endocytic vesicles that are simultaneously associated with 

multiple proteins such as transferrin, asialoorosomucoid, ntcp, and EGFR can undergo 

fission to efficiently segregate proteins into daughter vesicles with differing subcellular 

destinations (18). High rates of fission were only seen in early endocytic vesicles, with little 

seen during later stages of endosome processing (16,17,32,33). We have found that early 

endocytic vesicles can be associated simultaneously with both minus- and plus-end 

microtubule-based motors and that a “tug-of-war” process can stretch vesicles, eventually 

resulting in their fission (34).

Expression of ntcp in transfected cells confers Na+ dependent bile acid transport with 

kinetics similar to that in intact liver (1,19). However, the physiological consequences of 

EGFR regulating ntcp subcellular distribution are not clear. Despite a 40% reduction of cell 

surface ntcp with EGFR knockdown, there was no effect on uptake kinetics of 3H-

taurocholic acid, a known substrate for ntcp (19). It is possible that ntcp exists at the cell 

surface in two forms, only one of which is competent to transport bile acids. This remains 

speculative at this time although such a model has been found for several membrane 

proteins that undergo endocytosis, including the asialoglycoprotein receptor (35,36). Recent 

studies indicate that human NTCP serves as the receptor for the Hepatitis B virus (2,3,6,37–

39) and this very likely involves internalization and trafficking of virus and NTCP through 

the cell, although this has not yet been examined. Although rodent Ntcp does not mediate 

Hepatitis B infection in human cells, it may be involved in binding, internalization and 

trafficking of other ligands or related viruses (3). We suggest that ntcp may have a 

multifunctional role in hepatocytes, at least one of which is dependent on its subcellular 

trafficking. This will need to be elucidated in future studies.

Materials and Methods

Chemicals and Reagents

PKCζ pseudosubstrate inhibitor (Cat. No. 539610) was obtained from Calbiochem (San 

Diego, CA). PNGase F (Cat. No. P0704) was from New England BioLabs (Ipswich, MA). 

Con A-agarose and WGA-agarose were obtained from Vector laboratories (Burlingame, 

CA). Protein A HP SpinTrap (Cat. No. 28-9031-32) was from GE Healthcare Life Sciences 

(Piscataway, NJ). [γ-32P] ATP (Cat. No. NEG502Z) and 3H-taurocholic acid (Cat. No. 

NET3222) were from PerkinElmer (Waltham, MA ). EZ-Link Sulfo-NHS-SS-Biotin (Cat. 

No. 21328), streptavidin-agarose gel (Cat. No. 20349) and phosphatase inhibitor cocktail 
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(Cat. No. 78420) were from Thermo Scientific (Rockford, IL). Human EGFR shRNA 

cloned in lentiviral vector pLKO.1 (Hs_TRC library oligo ID: TRCN0000121068) was 

purchased from the shRNA Core Facility of the Albert Einstein College of Medicine (Bronx, 

NY). Mouse monoclonal antibody against EGFR (Cat. No. sc-374607) and rabbit antibody 

against PKCζ (Cat. No. sc-216) were from Santa Cruz Biotechnology (Santa Cruz, CA). 

Rabbit antibody against GFP (Cat. No. ab290) was obtained from Abcam (Cambridge, MA). 

Goat antibody against mouse IgG (H+L) conjugated with HiLyteplus-750 (Cat. No. 

61057-05-H750) was from AnaSpec (Fremont, CA). Rabbit antibody to rat ntcp was 

prepared as previously described (10). All other reagents were from Sigma-Aldrich, St 

Louis, MO, unless otherwise noted. All chemicals were of analytical grade or higher.

Cell Lines

The human hepatoma cell line HuH7 was obtained from the Animal Models, Stem Cells and 

Cell Therapy Core of the Marion Bessin Liver Research Center at Einstein. The superfolder 

GFP plasmid (sfGFP) (40) was provided by the Imaging and Cell Structure Core of the 

Marion Bessin Liver Research Center at Einstein. cDNA encoding rat ntcp was inserted into 

the HindIII (5’) and BamHI (3’) restriction sites of this plasmid after PCR amplification 

from a pMEP4-ntcp expression plasmid (19), with 5’ - CCC AAG CTT CAG AGG ATG 

GAG GTG CAC AAC GTA TCA GCC CCT – 3’ used as sense primer and 5’ - GG CGG 

ATC CGA ATT TGC CAT CTG ACC AGA ATT – 3’ used as anti-sense primer. This 

resulted in expression of ntcp linked to sfGFP at the ntcp C-terminus. All sequences were 

confirmed by the Sequencing Facility at Einstein. HuH7 cells were transfected with the 

ntcp-sfGFP plasmid using PolyFect Transfection Reagent (Qiagen, Valencia, CA) according 

to the manufacturer’s protocol and selected for plasmid expression in 200 µg/ml neomycin. 

Sublines were prepared in which EGFR was knocked down by lentivirus encoding EGFR 

shRNA or controls in which lentivirus alone was used. shRNA with sense sequence 5′-

GCCACAAAGCAGTGAATTTAT-3′, was cloned into lentiviral vector pLKO.1. 293 FTPF 

cells were cotransfected with this pLKO.1 shRNA vector and with the lentiviral packing 

vectors pCMV08.91 and VSV.G. The culture supernatant was collected and filtered 24 to 48 

h post transfection and was used to infect HuH7-ntcp-sfGFP cells in 60 mm culture dishes 

by adding 2 ml of lentiviral supernatant and polybrene to a final concentration of 8 µg/ml. At 

20 h, the medium was replaced with 5 ml complete RPMI. At 3 days post infection, cells 

were transferred to 100 mm culture dishes and maintained in RPMI containing G418 (200 

µg/ml) and puromycin (2 µg/ml) for selection. Clones were screened for EGFR expression 

by Western Blot.

Endocytic Vesicle Preparation

Endocytic vesicles were prepared from livers of 200–250 g male Sprague–Dawley rats 

(Taconic Farms, Germantown, NY) as described previously (16,32,41). Briefly, livers were 

removed, washed and Dounce homogenized. A postnuclear supernatant was prepared and 

subjected to Sephacryl S200 (Pharmacia, Uppsala, Sweden) column chromatography. 

Vesicle enriched fractions were pooled, adjusted to 1.4 M sucrose, and layered at the bottom 

of a 1.4–1.2–0.25 M discontinuous sucrose density gradient. Following centrifugation at 

100,000 g for 2 hours, vesicles were harvested from the 1.2–0.25 M sucrose interface and 

stored in small aliquots at −80°C until used. All animal procedures were approved by the 
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Animal Use and Care Committee of the Albert Einstein College of Medicine and appropriate 

measures were taken to reduce the pain or discomfort of experimental animals. Endocytic 

vesicles were also prepared from HuH7 cells following a similar procedure as described 

previously (21,42).

Protein Phosphorylation Assay

Assays were performed on total vesicles or on vesicles that had been immunopurified on 

protein A-agarose beads to which ntcp antibody was bound. 50 µl of vesicles were incubated 

at 4°C in 150 µl of MEPS buffer (5 mM MgSO4, 5mM EGTA, 35 mM PIPES-K2, 0.25 M 

sucrose) containing protease inhibitor, with and without 75 µM PKCζ inhibitor. After 10 

min of incubation, γ-32P-ATP was added to a final concentration of 50 µM (5 µCi) and 

incubation was continued for 10 min at 4°C. Vesicles were centrifuged, washed, and 

subjected to SDS-PAGE and radioautography. Whether the phosphoprotein was a 

glycoprotein was examined by gel shift following incubation with PNGase F according to 

the manufacturer’s instructions. Additional studies were performed to examine binding of 

this protein, following incubation of phosphorylated vesicles in 1% NP-40, to con A-agarose 

and WGA-agarose according to the manufacturer’s instructions. Studies were also 

performed to identify proteins eluted from SDS-PAGE gels by LC-MS/MS as we have 

described previously (42,43).

Immunofluorescence Analysis and Microtubule-based Motility of Vesicles

Vesicles attached to the surface of 5 µl capacity glass microscopy chambers were 

immunostained for selected proteins using specific antibodies as we have described 

previously (15,16,41,44). For motility experiments, vesicles were attached to Taxol 

stabilized fluorescent microtubules that had been bound to the surface of DEAE-dextran 

precoated microscopy chambers. Following labeling with appropriate primary and 

fluorescent secondary antibodies, chambers were incubated on a microscope stage at 37°C 

and 50 µM ATP was added to establish vesicle motility. In some studies, 20 µM PKCζ 

inhibitor was added to the final wash buffer and the buffer containing ATP. Images were 

acquired with a 60x 1.4 numerical aperture Olympus objective on an Olympus Ix71 inverted 

microscope containing automated excitation and emission filter wheels and maintained at 

37°C as we have described (10,18). Data were collected through a CoolSNAP HQ cooled 

charge-coupled device (Photometrics, Roper Scientific, Tucson, AZ) camera regulated by 

MetaMorph (Molecular Devices, Sunnyvale, CA) software. Cell images were acquired with 

the above system as well as PhotoFluor metal halide excitation (Chroma Technologies, 

Bellows Falls, VT) with Dapi, Cy2, Cy3, Cy5 fluorescence and bright-field channels and 

iXon 897 EMCCD cameras (Andor Technologies, Belfast, Ireland). Fluorescent images 

were analyzed using ImageJ (National Institutes of Health public domain; rsb.info.nih.gov/

ij/) and Adobe Photoshop CS2 version 9.0.2 (Adobe Systems, San Jose, CA). Colocalization 

of fluorescent vesicles was quantified as we have described previously (10,44). For motility 

studies, time-lapse movies taken at 1 frame per 1.5 sec for 90 sec were analyzed using 

ImageJ software by scoring the number of vesicles on microtubules and manually counting 

those that exhibited movement. Vesicles that moved a distance equal to or greater than 2 

vesicle diameters over 90 sec after addition of ATP were scored. Vesicles that were not on 

microtubules or those that flowed away upon addition of ATP were not scored.
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Imaging of Huh7 cells stably transfected with ntcp-sfGFP

Cells were grown to approximately 80% confluence, washed 4 times in serum free medium 

(SFM, 135 mM NaCl, 1.2 mM MgCl2, 0.8 mM MgSO4, 28 mM dextrose, 2.5 mM CaCl2, 

and 25 mM Hepes, pH 7.4), incubated with SFM plus 1 µM Hoechst 33342, and imaged 

under multi-fluorescence time-lapse acquisition at 37°C. Reagents were added as indicated 

at the microscope. 4 µg/ml biotinylated-EGF linked to Alexa Fluor 555 streptavidin 

(ThermoFisher # E-35350), was added for 2.5 min followed by washing 5 times in SFM. 

EGF (Sigma # E9644) was added at 100 ng/mL, PDGF (ThermoFisher # PHG0134) was 

added at 25, 125, 500 ng / mL, insulin (ThermoFisher # 12585-014) was added at 20 and 

100 µg/mL,

Assay of Cell Surface EGFR and Ntcp

Ntcp-sfGFP cells were grown in 60 mm culture plates to 80% confluence. Following 

washing with ice cold PBS, cells were incubated for 30 min at 4°C in 2 ml PBS containing 

0.4 mM EZ-Link Sulfo-NHS-SS-Biotin as per the manufacturer’s instructions. Cells were 

then washed with 50 mM ice cold Tris-HCl, pH 7.5 followed by ice cold PBS. Cells were 

harvested, placed at −80°C for 20 min, and lysed in 1% NP-40 in PBS. Following 

centrifugation at 12,000 rpm for 20 min, supernatants were incubated with streptavidin-

agarose beads which, following washing, were subjected to SDS-PAGE and Western blot as 

we have described previously (45).

Assay of EGF-induced degradation of EGFR

Ntcp-sfGFP cells were grown in 60 mm culture plates to 80% confluence and washed 3 

times with warm PBS. 5 ml of serum free RPMI was added to each plate and incubated at 

37°C for one hour. Recombinant human EGF was added to a final concentration of 100 

ng/ml and incubated for 0, 10 or 60 min at 37°C in the presence or absence of PKCζ 

pseudosubstrate inhibitor. At the end of incubation, culture dishes were cooled on ice, 

washed 3 times with cold PBS, and harvested. Lysates were prepared in 1% NP-40 and 30 

µg of protein was analyzed by Western Blot for EGFR, ntcp, and β-actin.

Assay of internalization of EGFR and ntcp following incubation with EGF

A biotinylation strategy to quantify internalization was used as has been described 

previously (45–47). In brief, HuH7 cells (2 x 106) stably expressing ntcp-sfGFP in 60 mm 

culture plates were biotinylated at 4°C for 30 min with 0.5 mg/ml sulfo-NHS-SS-biotin 

(Pierce) in PBS containing 0.9 mM CaCl2 and 0.33 mM MgCl2 (PBS/CM), pH 7.2. 

Following washing, they were incubated in ice-cold 50 mM NH4Cl in PBS/CM for 15 min 

at 4°C to quench unreacted reagent. Cells were then incubated at 37°C with EGF (100ng/ml) 

in the presence or absence of 50 µM PKCζ inhibitor for 0, 5 or 10 min to allow 

internalization of biotin labeled cell surface proteins. Residual biotin on the cell surface was 

removed by incubation in 50 mM 2-mercaptoethanesulfonic acid (MESNA) in 100 mM 

Tris·HCl (pH 8.6) containing 100 mM NaCl and 2.5 mM CaCl2 at 4°C for 30 min. 

Unreacted MESNA was quenched with 5 mg/ml iodoacetamide in PBS/CM at 4°C for 15 

min. Biotin-linked protein within the cell was recovered following lysis of cells in 1% 

NP-40/PBS containing protease inhibitors and incubation for 1 h with 60 µl of a suspension 
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of streptavidin-agarose beads. Recovered biotinylated internalized protein was analyzed by 

Western blotting.

Uptake of 3H-Taurocholate by Cells

Uptake of 3H-taurocholic acid was studied as we have described previously over a 

concentration range of 1–200 µM and normalized to total cell protein (19). Data were fit by 

non-linear least squares regression (SigmaPlot v. 11.0, Jandel Corporation, San Rafael, CA) 

to the equation  where V represents initial uptake, with [S] denoting the 

concentration of taurocholate, Km and Vmax denoting the Michaelis-Menten constant and the 

maximum velocity, respectively, and k representing noncarrier-mediated diffusional uptake 

as we have described previously (19,48). Na+ dependence of uptake was assayed in some 

studies in which NaCl in medium was replaced isosmotically by sucrose as we have 

described previously (49).

Statistical Analysis

Results are expressed as means ± SEM. Statistical analysis was performed using Student’s t-

test or Dunnett analysis after One-way ANOVA as appropriate (Microsoft Excel 2003 and 

XLSTAT 2014).
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Synopsis

Na+-taurocholate cotransporting polypeptide (ntcp) mediates bile acid transport, also 

serving as the hepatitis B virus receptor. It traffics in vesicles along microtubules, 

requiring activity of PKCζ for motility. We have now found that the EGF receptor 

(EGFR) is the target of PKCζ activity and that EGFR and ntcp colocalize in vesicles. 

Ntcp-containing vesicles that are not associated with EGFR have reduced microtubule-

based motility, consistent with intracellular accumulation and reduced surface expression 

of ntcp in cells following EGFR knockdown.
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FIGURE 1. Identification of a protein target of PKCζ-mediated phosphorylation in ntcp-
containing endocytic vesicles
A. Rat liver derived endocytic vesicles (Total Vesicles) were incubated with γ-32P-ATP in 

the presence or absence of the PKCζ pseudosubstrate inhibitor (PKCζPS) as indicated. 

Following SDS-PAGE and radioautography, although several phosphorylated bands were 

observed when total endocytic vesicles were assayed, none of these bands was sensitive to 

the protein kinase inhibitor. In contrast, as indicated by the asterisk on the right, when 

vesicles were first immunopurified using antibody to ntcp linked to agarose beads, a major 

180 kDa phosphorylated protein that was sensitive to PKCζ inhibition was seen. B. The 

protein target of PKCζ in immunopurified ntcp-containing vesicles is a glycoprotein. 

Immunopurified vesicles were incubated with γ-32P-ATP, solubilized in 1% NP40, and 

incubated with Con A-agarose or WGA-agarose beads as indicated. After centrifugation, 
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supernatant and beads (pellet) were subjected to SDS-PAGE and radioautography. The 180 

kDa protein was recovered in both pellets, as indicated by the arrowhead. C. The protein 

target of PKCζ in immunopurified ntcp-containing vesicles is an N-linked glycoprotein. 

Immunopurified vesicles were incubated with γ-32P-ATP before incubation without and 

with PNGase F. This resulted in a mobility shift from 180 kDa to 140 kDa following SDS-

PAGE and radioautography, consistent with removal of N-linked carbohydrate. D. The 

protein target of PKCζ in immunopurified ntcp-containing vesicles migrates with EGFR on 

SDS-PAGE. Mass spectroscopy indicated that the 180 kDa band contained EGFR and 

clathrin. In this study, following incubation with γ-32P-ATP, ntcp immunopurified vesicles 

were subjected to SDS-PAGE and radioautography or Western blot for EGFR and clathrin. 

Radioactivity and both proteins migrated at 180 kDa as indicated by the arrowhead. 

Following incubation with PNGase F, radioactivity and EGFR migrated faster and 

coincided, as indicated by the arrow. Migration of clathrin was unchanged. All panels in this 

figure show representative studies of 3 or more experiments.
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FIGURE 2. Knockdown of EGFR does not affect ntcp expression
EGFR knockdown was performed by infection of HuH7 cells expressing ntcp-sfGFP with 

lentivirus encoding shRNA to EGFR as described in Methods. Control cells were infected 

with lentivirus containing empty vector. Expression of EGFR and ntcp was determined in 

total cell lysates by Western blot. A. Representative study in which a single gel was run, 

transferred to nitrocellulose, and divided horizontally to probe with each antibody. The 

vertical divide between control and EGFR lanes was done to put the different sections of a 

single gel together for the figure. Each lysate was run in duplicate lanes. B. Four 

Wang et al. Page 18

Traffic. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent studies were performed as in panel A, and Western blots were quantified by 

densitometry and normalized for actin expression. The bars represent expression of ntcp or 

EGFR, as indicated, in EGFR knockdown cells as compared to control cells that were 

infected with lentivirus containing empty vector. Results are expressed as mean ± SEM. 

*p<0.01.
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FIGURE 3. Effect of colocalization with EGFR on motility of ntcp-containing vesicles on 
microtubules
A. Localization of EGFR (red) and ntcp (green) in endocytic vesicles prepared from EGFR 

knockdown (KD) or lentiviral vector alone infected (control) HuH7 cells expressing ntcp-

sfGFP. Some vesicles in which EGFR and ntcp are colocalized (merged) are indicated by 

the arrows. There was little colocalization in the EGFR knockdown vesicles. B. 

Microtubule-based motility of ntcp-containing endocytic vesicles prepared from EGFR 

knockdown cells is reduced as compared to vesicles prepared from lentiviral vector alone 

infected (control) cells and is insensitive to inhibition of PKCζ. The percentage of ntcp 

containing vesicles, prepared from control and EGFR knockdown cells that move on 

microtubules in microtubule-coated microscopy chambers is shown. Motility was assayed in 

the presence of ATP alone (buffer) or in the presence of ATP plus PKCζ pseudosubstrate 

inhibitor (PS). Numbers of vesicles that were assayed are in parentheses. Results are 
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expressed as mean ± SEM. *p<0.01 as compared to control. ** p<0.03 as compared to 

control. C. In the absence of EGFR, ntcp-containing vesicles have reduced motility. 

Endocytic vesicles prepared from HuH7 cells expressing ntcp-sfGFP (green) that had not 

been infected with lentivirus were attached to fluorescent microtubules (blue) in a 

microscopy chamber and immunostained with antibody to EGFR (red). Panels, as indicated, 

are shown at 0 and 10 sec after addition of 50 µM ATP for ntcp (green, panels a and d) and 

EGFR (red, panels b and e) as well as merged views (panels c and f). The arrowhead 

indicates the position of a vesicle that contains both ntcp and EGFR. The yellow arrowhead 

marks the initial position, and the white arrowhead marks the position of this vesicle after 

movement. The arrows indicate vesicles that contain ntcp but not EGFR. These vesicles did 

not move. D. Ntcp-containing vesicles that colocalize with EGFR have increased 

microtubule-based motility as compared to those that do not colocalize with EGFR. 

Experiments were performed in HuH7 cells expressing ntcp-sfGFP that had not been 

infected with lentivirus. The numbers of vesicles that were assayed is in parentheses. Results 

are expressed as mean ± SEM. *p<0.01.
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FIGURE 4. EGFR knockdown results in reduced cell surface expression of ntcp but has no effect 
on kinetics of 3H-taurocholate transport
A. Biotinylation assay to quantify cell surface EGFR and ntcp in control and EGFR 

knockdown (KD) cells. Cells were biotinylated with a cell impermeable reagent as described 

in Methods. Cell lysates were prepared and biotinylated proteins were captured on 

streptavidin-agarose beads and analyzed by Western blot for content of EGFR, ntcp, and 

actin. Results were compared with an aliquot of lysate (“Total”) to permit quantification of 

total protein expression. In this representative study of four that were performed, 15 µg of 

cell protein was analyzed in each “Total” lane and 34 µg in each “Surface” lane. 

Biotinylated actin was not detected in the surface pulldown, consistent with its intracellular 

localization, and serving as a control for the specificity of the biotinylation assay. B. 

Quantification of cell surface EGFR and ntcp in control and EGFR knockdown cells. 

Results of four studies are shown. Results are expressed as mean ± SEM. *p<0.04 as 

compared to control. C. Saturation kinetics of uptake of 3H-taurocholic acid by control 

lentiviral vector only infected cells and EGFR knockdown cells that express ntcp-sfGFP. In 

this representative study of 3 that were performed, Km was 22.9 and 24.2 µM for control and 

EGFR knockdown cells respectively. Vmax was 271 and 293 pmol/min/mg protein, 

respectively and k was 0.2 and 3x10−8 µl/min/mg protein, respectively. The lines represent 

the computer fit to the experimental data represented by the circles. D. Uptake of 3H-

taurocholic acid by control lentiviral vector only infected cells and EGFR knockdown cells 

that express ntcp-sfGFP is Na+-dependent. Initial uptake of 1 µM 3H-taurocholic acid was 

determined in medium containing NaCl and medium in which NaCl was replaced 
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isosmotically by sucrose as in Methods. Six paired studies were performed, each in triplicate 

and mean ± SEM are shown. Uptake was reduced by over 95% in the absence of NaCl 

(p<0.04) and there was no difference between uptake by control lentiviral vector only 

infected cells and EGFR knockdown cells that express ntcp-sfGFP (p > 0.9).
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FIGURE 5. Internalization of EGFR and ntcp following incubation with EGF
HuH7 cells stably transfected with ntcp-sfGFP were plated on 60 mm cell culture dishes (2 x 

106 cells/plate). Cells were surface biotinylated with membrane-impermeant sulfo-NHS-SS-

biotin for 30 min at 4°C, followed by EGF addition and incubation at 37°C for 0, 5, or 10 

min, in the presence or absence of PKCζ pseudosubstrate inhibitor (PKCζPS), to allow 

internalization of biotinylated proteins. After removal of residual biotin from the cell surface 

by reduction, internalized biotinylated surface proteins were collected on streptavidin-

agarose beads and subjected to immunoblot for EGFR, ntcp, and TfR. A. Western blot 

image of a representative experiment with lanes loaded in duplicate. Total Surface 

represents cells in the absence of biotin reduction. Times are minutes after EGF addition as 

indicated.. B, C, and D. Results of densitometric quantitation of 3 individual experiments for 

EGFR, ntcp, and TfR respectively. Data were normalized to total starting cell surface 

biotinylated EGFR. ntcp, or TfR. Results are expressed as mean ± SEM. *p<0.03 and 

**p<0.01 as compared to time zero control.
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FIGURE 6. Divergence of subcellular trafficking of EGFR and ntcp
A. HuH7 cells expressing ntcp-sfGFP were incubated with EGF with or without PKCζ 

pseudosubstrate inhibitor (PKCζPS) for up to 60 min. Cell lysates were examined in 

triplicate in this representative Western blot. There was no change in EGFR content when 

PKCζ activity was inhibited (top panel). In contrast, without inhibition of PKCζ, EGFR, but 

not ntcp, trafficked to lysosomes and was degraded, as seen by reduced band intensity on the 

Western blot (lower panel). B. Densitometric quantitation of three experiments performed as 
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in panel A. Results were normalized to actin content and are expressed as mean ± SEM.. 

*p<0.01.
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Figure 7. EGF induces ntcp-sfGFP containing ruffling that is blocked by inhibition of PKCζ

Ntcp-sfGFP expressing Huh7 cells were cultured on glass-bottomed chambers and imaged 

under live cell fluorescence microscopy. A. At time 0, EGF (100 ng/ml) was added to the 

chamber and cells were imaged in the ntcp-sfGFP channel for an additional 15 min at 1 

frame per min. At time points prior to EGF addition ruffles are not seen. Yellow lines 

indicate ntcp-sfGFP containing ruffles that form and move centripetally across cells before 

being absorbed (supplementary movie 1). B. In the presence of 12.5 µM PKCζ 

pseudosubstrate inhibitor (EGF+PS), ruffle formation is inhibited. Time in minutes is at the 
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lower left of each panel (supplementary movie 2). C. Higher magnification imaging reveals 

that as ruffles are absorbed into the cell, small extensions containing ntcp form throughout 

the cell. Duplicate images with lines drawn highlight a ruffle reabsorbing into the cell 

(yellow line) and new extensions (smaller yellow lines; supplementary movie 3). D. 

Representative images demonstrate Ntcp-sfGFP-containing ruffle induction for ligands of 

three receptor tyrosine kinases, Ctl (buffer alone), EGF (100 ng/mL), insulin (20 ug/mL), 

PDGF (500 ng / mL). EGF induced substantial ntcp containing ruffles while insulin induced 

some ruffles, but PDGF and buffer alone did not alter ntcp distribution.
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Figure 8. Reabsorption of ntcp-containing ruffles occurs at sites of colocalization between ntcp 
and fluorescent EGF
High magnification live imaging was performed as in Figure 7C after the addition of 

fluorescent EGF (red) to HuH7 cells expressing ntcp-sfGFP (green; supplementary movies 

4, 5). Ruffles were induced and were subsequently reabsorbed into the cells as highlighted 

by yellow lines. These reabsorption sites also contained coalescing fluorescent EGF that had 

been endocytosed by the cells. A and B provide two examples of this phenomenon. Some 

cells did not show visible expression of ntcp-sfGFP. Time in minutes is indicated.
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Table 1

Non-linear Regression Fit of 3H-Taurocholate Uptake in Vector Control and EGFR Knockdown Cells

n Km (µM) Vmax (pmol/min/mg protein) k (µl/min/mg protein)

Vector Control 3 16.9 ± 7.5 265.7 ± 28.1 0.31 ± 0.24

EGFR KD 3 19.1 ± 10.9* 294.0 ± 41.4* 0.46 ± 0.79*

Uptake of 3H-taurocholate was quantified and analyzed by non-linear regression to the equation  where V represents 

initial uptake, with [S] denoting the concentration of 3H-Taurocholate, Km and Vmax denoting the Michaelis-Menten constant and the maximum 

velocity, respectively, and k representing noncarrier-mediated diffusional uptake. n is the number of studies performed.

*
p > 0.5 vs control.
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