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ABSTRACT
Protein expression of major hepatobiliary drug transporters (NTCP,
OATPs, OCT1, BSEP, BCRP, MATE1, MRPs, and P-gp) in cancerous
(C, n = 8) and adjacent noncancerous (NC, n = 33) liver tissues
obtained from patients with chronic hepatitis C with hepatocellular
carcinoma (HCV-HCC) were quantified by LC-MS/MS proteomics.
Herein, we compare our results with our previous data from noninfected, noncirrhotic (control, n = 36) and HCV-cirrhotic (n = 30) livers.
The amount of membrane protein yielded from NC and C HCV-HCC
tissues decreased (31%, 67%) relative to control livers. In comparison
with control livers, with the exception of NTCP, MRP2, and MATE1,
transporter expression decreased in NC (38%–76%) and C (56%–
96%) HCV-HCC tissues. In NC HCV-HCC tissues, NTCP expression
increased (113%), MATE1 expression decreased (58%), and MRP2
expression was unchanged relative to control livers. In C HCV-HCC

tissues, NTCP and MRP2 expression decreased (63%, 56%) and
MATE1 expression was unchanged relative to control livers. Compared with HCV-cirrhotic livers, aside from NTCP, OCT1, BSEP, and
MRP2, transporter expression decreased in NC (41%–71%) and C
(54%–89%) HCV-HCC tissues. In NC HCV-HCC tissues, NTCP and
MRP2 expression increased (362%, 142%), whereas OCT1 and BSEP
expression was unchanged. In C HCV-HCC tissues, OCT1 and BSEP
expression decreased (90%, 80%) relative to HCV-cirrhotic livers,
whereas NTCP and MRP2 expression was unchanged. Expression of
OATP2B1, BSEP, MRP2, and MRP3 decreased (56%–72%) in C HCVHCC tissues in comparison with matched NC tissues (n = 8), but the
expression of other transporters was unchanged. These data will be
helpful in the future to predict transporter-mediated hepatocellular
drug concentrations in patients with HCV-HCC.

Introduction

achieve clearance of circulating HCV RNA or a sustained virological
response, a result considered to be a functional cure (Bonaventura and
Montecucco, 2016; Terrault et al., 2016). Despite this success, the
incidence of diagnosis and treatment of HCV is low because up to 90% of
people infected are unaware of their infection status (Institute of Medicine
Committee on the Prevention and Control of Viral Hepatitis Infection,
2010; Hatzakis et al., 2011). The incidence of liver cirrhosis 25–30 years
after HCV-infection ranges from 15% to 35% (Freeman et al., 2001).
Once HCV-related cirrhosis is established, hepatocellular carcinoma
(HCC) typically develops at an annual rate of 1%–4% (Hassan et al.,
2002; Blonski and Reddy, 2008), although rates of up to 8% have been
reported in Japan (El-Serag, 2012).
Cross-sectional and case control studies have found a strong
association between chronic HCV infection and HCC (Goodgame

The World Health Organization estimated globally 71 million
people had HCV, and over 10,0000 people with HCV died as a result
of HCC in 2015 (World Health Organization, 2017). Over 90% of
HCV patients treated with direct acting antiviral drug combinations
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Materials and Methods
Chemicals and Reagents. The ProteoExtract Native Membrane Protein
Extraction Kit was from Calbiochem (Temecula, CA). Iodoacetamide, dithiothreitol, trypsin, and the BCA assay kit were from Pierce Biotechnology
(Rockford, IL). Sodium deoxycholate was from MP Biochemicals (Santa Ana,
CA). Bespoke synthetic signature peptides were from New England Peptides

(Boston, MA). Equivalent stable isotope-labeled internal standards (AQUA
QuantPro, 625% precision) and ammonium bicarbonate were from ThermoFisher Scientific (Rockford, IL). High-performance liquid chromatographygrade acetonitrile, methanol, and formic acid were from Fischer Scientific
(FairLawn, NJ). Finally, deionized water was from a Q-Gard 2 purification
cartridge water purifying system (Millipore, Bedford, MA). All reagents were
analytical grade.
Procurement of Human Liver Samples. Each liver sample was procured
from patients undergoing liver transplant. The demographic and clinical
characteristics of the liver donors are shown in Table 1. Gilead Sciences, Inc.
(Foster City, CA) provided 25 frozen NC HCV-HCC liver resection samples
(classified by a pathologist). Eight paired NC and C HCV-HCC liver resection
samples were obtained from the Liver Tissue Cell Distribution System (LTCDS),
University of Minnesota. All the HCV-HCC and HCV-cirrhotic liver samples
were flash frozen in liquid nitrogen within ,1 hour of collection. The control
(noninfected, noncirrhotic) liver samples were frozen within ,24 hours of
collection. All the liver samples were then stored at 280C until analysis.
Demographics, acquisition, and storage of the control and HCV-cirrhotic livers
have been published previously (Prasad et al., 2016; Wang et al., 2016).
Membrane Extraction and Protein Trypsin Digestion. Total membrane
was isolated from approximately 100 mg of HCV-HCC human liver tissue as
previously described using the ProteoExtract Native Membrane Protein Extraction Kit (Deo et al., 2012; Prasad et al., 2013, 2014, 2016; Wang et al., 2016). The
isolated total membrane protein concentration of each sample was determined
using the Pierce BCA protein assay kit. In triplicate, 2 mg/ml total membrane
protein (80 ml) of each sample was reduced, denatured, alkylated, and digested
according to our previously published protocol (Wang et al., 2015, 2016; Prasad
et al., 2016). The peptide fragments generated by trypsin digestion were quantified
by LC-MS/MS as described below.
Surrogate Peptide Selection and Quantification by LC-MS/MS. Unique
surrogate peptides were selected for quantification of each transporter (Supplemental Table 1) on the basis of previously reported selection criteria (Kamiie et al.,
2008; Prasad and Unadkat, 2014) and used as calibrators. Corresponding labeled
13 15
peptides, at [13C15
6 N2]-lysine and [ C6 N4]-arginine residues, were used as
internal standards. The calibrators, ranging from approximately 0.3 to 110 fmol
(on-column), were prepared by spiking 50 mM ammonium bicarbonate buffer
(80 ml) with unlabeled surrogate peptide standards (10 ml) and labeled internal
standards (20 ml). The quality control samples were prepared by spiking surrogate
peptides into 50 mM ammonium bicarbonate buffer (at low, medium, and high
concentrations). In addition, a biologic quality control sample, membrane protein
from a collection of control livers, was included in each assay to ensure that the
data matched previously published data (Prasad et al., 2016).
Surrogate peptides were quantified using an AB Sciex 6500 TQS tandem mass
spectrometer (AB SCIEX, Framingham, MA) coupled with a Water’s Acquity
UPLC system (Waters Corporation, Milford, MA) operated in electrospray
positive ionization mode. The mass spectrometry conditions were: curtain gas:
20 psi; ion spray voltage: 5500 V; temperature: 350C; gas 1: 50 psi; gas 2: 30 psi;
and cell exit potential: 12 V.
Approximately, 8 mg of the trypsin digest (5 ml) was injected onto the column
(Acquity UPLC HSS T3 1.8 mm 100A; 100  2.1 mm; Waters) fitted with a
security guard column (C18, 4  2 mm; Phenomenex, Torrance, CA) and eluted
at 0.3 ml/min with a gradient mobile phase consisting of water containing 0.1%
formic acid (A) and acetonitrile containing 0.1% formic acid (B). The linear
gradient was 0–3 minutes: 97% A 3% B; 3–10 minutes: 87% A 13% B; 10–
20 minutes: 75% A 25% B; 20–22 minutes: 66.7% A 33.3% B; 22–23 minutes:
50% A 50% B; 23–24 minutes: 20% A 80% B; 24–28 minutes: 97% A 3% B.
MS/MS analysis was performed by monitoring the surrogate peptides and the
internal standards using instrument parameters listed in Supplemental Table 1.
LC-MS/MS data were processed by integrating the peak areas generated from
the reconstructed ion chromatograms for the analyte peptides and respective
heavy internal standards using Analyst Software 1.6.2 (Milford, MA). The peak
response from two transitions of each peptide was averaged (after confirming that
they were correlated) for quantification of samples, standards, and quality
controls. The calibration curve for each surrogate peptides were linear (R2 .
0.99) with a lower limit of quantification ranging from 0.65 to 2.80 fmol
(Supplemental Table 1). The accuracy (percentage error) and precision (coefficient of variation) of the assay, on the basis of the quality control samples, was
80%–120% and ,20%, respectively.
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et al., 2003). However, the cause of carcinogenesis is unclear. An
important clinical observation is that HCC in patients with HCV
predominantly occurs in patients with advanced stages of hepatic
fibrosis or cirrhosis (Blonski and Reddy, 2008; Lok et al., 2009; ElSerag, 2012; Morgan et al., 2013). Diagnosis of HCC is based upon
imaging techniques and/or biopsy. The hepatocyte-specific magnetic
resonance imaging contrast agent gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid (Gd-EOB-DTPA) was developed to detect and
characterize focal liver lesions (Schuhmann-Giampieri et al., 1992;
Hamm et al., 1995). The hepatobiliary transport of Gd-EOB-DTPA is
mediated by organic-anion transporting polypeptides 1B1 and 1B3
(OATP1B1, OATP1B3), Na-taurocholate cotransporting polypeptide
(NTCP), and multidrug resistance-associated protein 3 (MRP3) located
at the sinusoidal membrane and multidrug resistance-associated protein
2 (MRP2) situated at the canalicular membrane of hepatocytes
(Leonhardt et al., 2010; Jia et al., 2014). During magnetic resonance
imaging, hepatic focal lesions that have reduced uptake transporter
expression are depicted as hypointense areas compared with the wellenhanced liver tissue with normal hepatobiliary function (Narita et al.,
2009; Kitao et al., 2010; Tsuboyama et al., 2010; Vasuri et al., 2011).
Up to 90% of HCC patients are unable to undergo curative liver
resection or receive a liver transplant (Colella et al., 1998; Fan et al.,
1999; Fong et al., 1999). Drug resistance often hampers successful
treatment of HCC with chemotherapeutic agents. Such resistance can be
conferred by various mechanisms such as: 1) reduced uptake of the drug
into the target cells; 2) alterations within the cells such as altered
metabolism, an increased capacity to repair DNA or reduced apoptosis;
and 3) an increased efflux of the drug from the target cells (Holohan
et al., 2013). Drugs such as doxorubicin, cisplatin, or epirubicin used in
transarterial chemoembolization therapy (i.e., arterial administration of
chemotherapy followed by embolization of the arterial blood supply)
and the oral kinase inhibitor sorafenib are known substrates of uptake
and efflux transporters. Doxorubicin is a substrate of the efflux
transporters P-glycoprotein (P-gp), breast cancer resistance protein
(BRCP), and MRP1 (Fairchild et al., 1987; Wei et al., 2012; Saeed
et al., 2015). Cisplatin is a substrate of hepatic organic cation transporters
(OCT1, OCT2, and OCT3) and multidrug and toxin extrusion protein
1 (MATE1) (Yonezawa et al., 2006). Epirubicin is a substrate of P-gp
(Tariq et al., 2016). Sorafenib is a substrate of OATP1B1, OATP1B3,
OCT1, P-gp, and BCRP (Gnoth et al., 2010; Lagas et al., 2010; Swift
et al., 2013; Zimmerman et al., 2013; Johnston et al., 2014).
Based on the above data, it is important to understand if transporter
expression is down-regulated in HCV-HCC liver tissue to: 1) better
design drugs to target HCC in HCV-infected patients and 2) predict
transporter-mediated drug disposition (including hepatocellular concentrations) in patients with HCV-HCC. Current mRNA and immunohistochemical data on expression of plasma membrane transporters in
cancerous (C) HCV-HCC and adjacent noncancerous (NC) and liver
tissues is controversial. Therefore, for the first time, we quantified the
protein expression of major hepatobiliary transporters in C and NC
HCV-HCC liver resections by targeted proteomics and LC-MS/MS
using the surrogate peptide approach. Here, we compare the results
obtained with our previously published data on transporter expression in
noninfected, noncirrhotic (control, 21–70 years) and HCV-cirrhotic
livers (33–69 years) (Prasad et al., 2016; Wang et al., 2016).
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TABLE 1
Demographics of control, HCV-cirrhotic, and HCV-infected NC and C livers

Normal ranges for these covariates are the following; body mass index: 18.5–24.9; creatinine: 0.5–1.5 mg/dl; glomerular filtration rate: 90–120 ml/min; international normalized ratio: 0.8–1.2;
alkaline phosphatase: 44–147 U/l; alanine aminotransferase: 7–40 U/l; aspartate aminotransferase: 10–34 U/l; albumin: 3.5–5.5 g/dl; total bilirubin: 0.3–1.9 mg/dl. Data represented as the mean 6 S.D.
LTCDS available as matched noncancerous and cancerous HCV-HCC liver samples.

Sample size
Age (years)
Sex
Race

HCV-Cirrhotic

HCV-HCC (Gilead)

HCV-HCC (LTCDS)

36
47 6 14
18 male, 18 female
33 Caucasian, 2 African
American, 1 Asian
NR
NR
NR

30
53 6 8
18 male, 12 female
24 Caucasian, 4 African
American, 1 Hispanic
31.7 6 6.3
NR
NR

25
59 6 5
20 male, 5 female
23 Caucasian, 1 African
American, 1 Hispanic
29.2 6 7.6
NR
126 6 30

8
59 6 6
7 male, 1 female
5 Caucasian, 2 African American,
1 Hispanic
30.4 6 6.5
1.0 6 0.5
88 6 28

NR
NR

1.7 6 0.5
112 6 54

NR
NR

1.4 6 0.7
133 6 49

NR

146 6 243

77 6 38

82 6 104

NR

223 6 388

NR

87 6 74

NR
NR
NR

2.6 6 0.6
3.6 6 2.9
NR

NR
NR
25 SOF + RBV

3.3 6 0.5
1.2 6 0.7
3 SOF + RBV, 1 SOF + RBV+ PEGIFN, 1 LDV, 3 NR

INR, international normalized ratio; LDV, ledipasvir; NR, not recorded; PEG-IFN, peginterferon alpha-2a; RBV, ribavarin; SOF, sofosbuvir; U, units.

Genotyping Methods and Genotype-Dependent Changes in OATP1B1
Protein Expression. We previously showed correlation of some high frequency
SLCO1B1 single nucleotide polymorphisms (SNPs) with OATP1B1 protein
expression in adult liver samples. Therefore, all HCV-HCC liver tissues were
genotyped for SLCO1B1 SNPs [rs4149015, -11187G.A; rs2306283, 388A.G;
rs4149056, 521T.C; rs4149057, 571T.C; and rs2291075 (597C.T)] as
previously described (Wang et al., 2016).
Statistical Data Analyses. Statistical difference (P , 0.05) in the expression
of transporters between groups of livers was determined by the nonparametric
Kruskal-Wallis and Dunn’s multiple comparisons statistical test. Transporter
expression in matched NC and C HCV-HCC tissues were assessed by the
nonparametric Wilcoxon signed-rank test. Correlation in transporter expression
within NC and C HCV-HCC tissues were determined by the nonparametric
Spearman test.

Results
Demographics. In the HCV-infected liver groups there was a male
sampling bias (Table 1). This is likely because HCV prevalence is
greater in men than women (Armstrong et al., 2006; Rantala and van de
Laar, 2008). Many of the HCV-positive donors exhibited abnormal
international normalized ratio, alanine aminotransferase, aspartate
aminotransferase, albumin, and bilirubin serum levels indicating liver
damage. Consistent with previous reports of chronic hepatitis, serum
alkaline phosphatase concentrations were much less elevated than
alanine aminotransferase and aspartate aminotransferase serum levels
(Desmet et al., 1994). LTCDS was able to provide a full list of
medications taken by each HCV-HCC subject, but these data were not
available for the Gilead samples (Supplemental Table 2).
Pooling of Samples. Initially, total membrane protein yields
and transporter expression levels (per microgram of membrane protein
and per gram of liver) in NC HCV-HCC tissues from Gilead (n = 25) and
LTCDS (n = 8) were assessed separately. No significant differences
were observed between these two groups of livers (P . 0.05) for either
total membrane protein yield or transporter expression level; therefore;
the data from these two groups were pooled for all subsequent analyses
detailed below.

Comparison of Total Membrane Protein Yield. Compared with
control livers, the total membrane protein yield (per gram of liver) from
HCV-cirrhotic livers and NC or C HCV-HCC tissues was significantly
lower by 33%, 31%, and 67%, respectively (Fig. 1A; P , 0.05). The
total membrane protein yield from HCV-cirrhotic livers and NC HCVHCC tissues was no different. The total protein yield from C HCV-HCC
tissues was significantly lower than that from NC HCV-HCC tissues
(52%; P , 0.05). In matched NC and C HCV-HCC tissues from the
same person, the total membrane protein yield from C tissues was also
lower than NC tissues (46%, Fig. 1B), but this did not reach significance,
likely due to the small sample size (P = 0.055).
Hepatobiliary Transporter Protein Expression in Control, HCVCirrhotic, and C and NC HCV-HCC Human Livers. To predict
human transporter-mediated drug disposition by physiologically based
pharmacokinetic modeling, protein expression of relevant transporters
must be calculated per gram of liver tissue and then scaled up to the weight
of an adult liver. The hepatic transporters quantified included sinusoidal
uptake transporters NTCP, OATP1B1, OATP1B3, OATP2B1, and OCT1;
sinusoidal efflux transporters MRP3 and MRP4; and canalicular efflux
transporters BSEP, BCRP, MATE1, MRP2, MRP3, and P-gp. When
transport protein expression was below the lower limit of quantification, the
lower limit of quantification was used in calculations as an estimate of
changes in transporter expression. The data are presented normalized to
milligram of membrane protein and gram of liver (Figs. 2 and 3).
Differences in the protein expression of major hepatobiliary transporters in HCV-cirrhotic livers versus control livers have been previously described (Wang et al., 2016) and are not recapitulated here. In
comparison with control livers (on a per gram of liver basis), with the
exceptions of NTCP, MRP2, and MATE1, transporter expression
decreased in both NC (38%–76%) and C (56%–96%) HCV-HCC
tissues. In NC HCV-HCC tissues, NTCP expression increased (113%),
MATE1 expression decreased (58%), and MRP2 expression was no
different to control livers. In C HCV-HCC tissues, NTCP and MRP2
expression decreased (63%, 56%) compared with control livers, and
MATE1 expression was unchanged relative to control livers.
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Fig. 1. Total membrane protein yield from control livers, HCVcirrhotic livers, NC HCV-HCC, and C HCV-HCC liver tissues (A)
or matched NC HCV-HCC and C HCV-HCC liver tissues (B). (A)
The membrane protein yield from HCV-cirrhotic livers, NC, and C
HCV-HCC tissues was significantly lower than that from the
control livers. The total membrane protein yield from C HCV-HCC
tissues was also significantly lower than NC HCV-HCC tissues.
Data on the total membrane protein yield of control and HCVcirrhotic livers were taken from Prasad et al. (2016) and Wang et al.
(2016), respectively. The data are represented as box-plots of the
median (horizontal line), 75th (top of box), and 25th (bottom of
box) quartiles, the smallest and largest values (whiskers) and mean
(+) are shown. The symbols “a,” “b,” and “c” indicate a significant
difference from control livers, HCV-cirrhotic livers, NC HCV-HCC
tissues, respectively (P , 0.05, Kruskal-Wallis test). (B) In
matched tissues, the yield of membrane protein from C HCVHCC tissues was lower, but not significantly different (P = 0.055,
Wilcoxon test) than that from NC-HCV-HCC tissues (n = 8). Each
line connects data from the matched liver samples.

NTCP (83%) and MRP2 (73%) in C tissues. The outlined changes in
transporter expression are summarized in Supplemental Table 3.
The impact of disease on transporter protein expression exhibited a
transporter-dependent pattern, irrespective of whether it was normalized
to milligrams of membrane protein or grams of liver. When transporter
expression was normalized to milligram of membrane protein, expression of OATP1B1, OATP1B3, OCT1, BSEP, and P-gp were decreased
(33%–66%); NTCP and MRP2 were increased (192%, 126%); and
OATP2B1, MATE1, and MRP3 were unchanged in NC HCV-HCC
tissues relative to control livers. In C HCV-HCC tissues, expression of

Fig. 2. Protein expression of NTCP, OATP1B1, OATP1B3, OATP2B1, and OCT1 in control livers, HCV-cirrhotic livers, NC HCV-HCC, and C HCV-HCC liver tissues
normalized to milligram of membrane protein (A–E, respectively) or gram of liver (F and J, respectively). In comparison with control livers (per gram of liver), except for
NTCP, transporter protein expression was reduced in both NC and C HCV-HCC tissues. NTCP expression was increased in NC HCV-HCC tissues and decreased in C HCVHCC tissues relative to control livers. Similarly, compared with HCV-cirrhotic livers (per gram of liver), OATP1B1, OATP1B3, and OATP2B1 protein expression was
decreased in both NC and C HCV-HCC tissues. NTCP protein expression in NC HCV-HCC tissues was greater than HCV-cirrhotic livers. OCT1 expression in C HCV-HCC
tissues was lower than HCV-cirrhotic livers. Transporter expression data for control and HCV-cirrhotic livers were taken from Prasad et al. (2016) and Wang et al. (2016),
respectively. The data are represented as box-plots the median (horizontal line), 75th (top of box) and 25th (bottom of box) quartiles, the smallest and largest values
(whiskers) and mean (+) are shown. The symbols “a,” “b,” and “c” indicate a significant difference from control livers, HCV-cirrhotic livers, NC HCV-HCC liver tissues,
respectively (P , 0.05, Kruskal-Wallis test).
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In comparison with HCV-cirrhotic livers (on a per gram of liver
basis), with the exceptions of NTCP, OCT1, BSEP, and MRP2,
transporter expression also decreased in NC (41%–71%) and C (54%–
89%) HCV-HCC tissues. In NC HCV-HCC tissues, expression of
NTCP and MRP2 increased (362%, 142%) and expression of OCT1 and
BSEP were unchanged relative to HCV-cirrhotic livers. In C HCV-HCC
tissues, expression of OCT1 and BSEP decreased (90%, 80%), whereas
NTCP and MRP2 expression was no different to HCV-cirrhotic livers.
The only difference in transporter expression between NC and C HCVHCC tissues (on a per gram of liver basis) was decreased expression of
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OATPs OCT1 and BSEP were lower (46%–88%) than control, whereas
expression of NTCP, MATE1, MRP2, MRP3, and P-gp were no
different. In comparison with HCV-cirrhotic livers, expression of
OATPs, BSEP, MATE1, MRP3, and P-gp decreased (26%–67%);
NTCP and MRP2 increased (354%, 134%); and OCT1 expression was
unchanged in NC HCV-HCC tissues. In C HCV-HCC tissues,
expression of OATP1B1, OATP2B1, OCT1, BSEP, MATE1, and
MRP3 were decreased (49%–81%), and NTCP, OATP1B3, MRP2, and
P-gp were no different to HCV-cirrhotic livers. The outlined changes in
transporter expression are summarized in Supplemental Table 4.
In all HCV-HCC tissues, expression of BCRP and MRP4
expression were below the lower limit of quantification (data not
shown, LLOQ shown in Supplemental Table 1). In previous studies
on control and HCV-cirrhotic livers, BCRP expression has been
close to the LLOQ (control: 14/36 , LLOQ, HCV-cirrhotic: 22/30 ,
LLOQ) and MRP4 expression has been below the LLOQ. A different
instrument was used in this study in which the LLOQ for BCRP was
higher. Therefore we cannot draw any reliable conclusions about the
difference in BCRP expression.
Expression of each of the hepatobiliary transporters did not correlate
with clinical markers of liver function listed in Table 1 (r , 0.3).
However, multiple hepatic transporters exhibited significant proteinprotein expression correlation in NC and C HCV-HCC tissues
[Supplemental Fig. 1; Spearman coefficient (r) $ 0.4, P , 0.05].
Comparison of Transporter Expression in Matched NC and C
HCV-HCC Liver Tissues. Expression of OATP2B1, BSEP, MRP2,

and MRP3 (per gram of liver) in C HCV-HCC tissues was 56%, 66%,
72%, and 66% lower than NC HCV-HCC tissues (P , 0.05; Fig. 4).
NTCP and OCT1 expression in C HCV-HCC tissues was also decreased
(64% and 83%) relative to NC HCV-HCC tissues, but this difference
was found not to be statistically significant (P = 0.06). Expression of the
remaining transporters was no different. Transporter expression in some
of the matched C HCV-HCC tissues was below the lower limit of
quantification (LLOQ shown in Supplemental Table 1). In these
circumstances, the lower limit of quantification was used as an estimate
of changes in transporter expression.
Effect of SLCO1B1 Phenotype on Hepatic OATP1B1 Transport
Protein Expression. Previously we observed genotype-dependent
expression of OATP1B1, therefore all HCV-HCC tissues were genotyped for three key nonsynonymous SLCO1B1 SNPs, c.388A.G,
c.463C.A, and c.521T.C. HCV-HCC tissues heterozygous for
c.463C.A had higher OATP1B1 expression than the reference allele
HCV-HCC tissues (Supplemental Fig. 2A; P , 0.01). The remaining
genotypes showed no significant difference in OATP1B1 expression;
however, the frequency of each allelic variant was low. Individual SNPs
of SLCO1B1 show significant linkage disequilibrium (Kalliokoski et al.,
2008; Nies et al., 2013; Prasad et al., 2014). Therefore, the samples were
grouped based upon SLCO1B1 haplotype (Supplemental Table 5).
When normalized to gram of liver tissue, expression of OATP1B1 was
significantly greater in heterozygotes with a *14 haplotype (Supplemental Fig. 2B; P , 0.05). The above interpretations of OATP1B1
protein expression were not affected by genotype. When the tissue
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Fig. 3. The protein expression of BSEP, MATE1, MRP2, MRP3 and P-gp in control livers, HCV-cirrhotic livers, NC HCV-HCC and C HCV-HCC liver tissues normalized
to milligram of membrane protein (A–E, respectively) or gram of liver (F and J, respectively). In comparison with control livers (per gram of liver), except for MATE1 and
MRP2, transporter protein expression decreased in both NC and C HCV-HCC tissues. MATE1 expression in NC HCV-HCC tissues and MRP2 in C HCV-HCC tissues were
lower than control livers. Likewise, generally transporter expression in both NC and C HCV-HCC tissues were lower than HCV-cirrhotic livers (per gram of liver). The
exceptions being, BSEP expression was no different and MRP2 expression increased in NC HCV-HCC tissues, and MRP2 expression was no different in C HCV-HCC
tissues from HCV-cirrhotic livers. Transporter expression data for control and HCV-cirrhotic livers were taken from Prasad et al. (2016) and Wang et al. (2016), respectively.
The data are represented as box-plots of the median (horizontal line), 75th (top of box), and 25th (bottom of box) quartiles, the smallest and largest values (whiskers) and
mean (+) are shown. The symbols “a,” “b,” and “c” indicate a significant difference from control livers, HCV-cirrhotic livers, NC HCV-HCC tissues, respectively (P , 0.05,
Kruskal-Wallis test).
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samples with *14 haplotype were removed the trends remained the same
(data not shown).
Discussion
This work, together with our previous reports on the protein expression
of major hepatobiliary transporters in noninfected, noncirrhotic (control)
and HCV-cirrhotic livers provide a comprehensive analysis of the impact
of HCV-infection and HCV-HCC on hepatic drug transporter protein
expression. HCV is a progressive fibrotic disease that results in a loss of
hepatocyte microvilli (McGuire et al., 1992; Bataller and Brenner, 2005).
Evidence for this is the decreased yield of membrane protein as the
severity of disease increased (Fig. 1). Control livers yielded the greatest
amount of membrane protein, followed by HCV-cirrhotic livers and NC
HCV-HCC tissues and then C HCV-HCC tissues.
To compensate for the differences in disease severity and membrane
protein yield, transporter expression was normalized to gram of liver. In
some instances, this altered the pattern of transporter expression.
OATP2B1, MATE1, and MRP3 expression in NC HCV-HCC tissues
versus control livers was no different when normalized to milligram of
membrane protein but significantly reduced when normalized to gram of
liver (Figs. 2 and 3). Adjusting for the reduced membrane protein yield
amplified the difference when transporter expression in HCV-HCC tissues
was lower (but not significantly different) than control livers. Changes in
transporter expression were not an artifact of variation in membrane
protein yield because transporter expression in some matched NC versus
C HCV-HCC tissues increased, whereas others decreased (Fig. 4).
Paracrine factors (e.g., hepatocyte nuclear factor 3b, interleukin-1b,
interleukin-6, and tumor necrosis factor-a) modulate the expression of
hepatobiliary drug transporters (Vavricka et al., 2004; Le Vee et al.,
2008, 2009). Therefore, chronic inflammation associated with HCVinfection could be the cause of changes in transporter expression.

Correspondingly, the broad interindividual variability in transporter
expression could result from variability in tissue inflammation. However, the pathophysiological role of HCV-infection as another cause
cannot be disregarded. Clinically, the severity of fibrosis in each of our
HCV-HCC samples was equal (Ishak scores: 5–6). Liver biopsies from
HCV patients have shown fibrosis-dependent increases in paracrine factors
and downregulation of NTCP, OATP1B1, and OCT1 mRNA levels, with
NTCP expression in the early stages of fibrosis being greater than
noninfected, noncirrhotic livers (Nakai et al., 2008; Hanada et al., 2012).
Consistent with the above and our data, decreased OATP1B1,
OATP1B3, OATP2B1, and OCT1 mRNA expression and OATP1B3
and OCT1 protein expression has been reported in HCV livers versus
noninfected livers (Nakai et al., 2008; Ogasawara et al., 2010; Hanada
et al., 2012; Wang et al., 2016). Decreased mRNA and protein
expression of NTCP, OATP1B1, OATP1B3, OATP2B1, and OCT1
has also been reported in C HCV-HCC tissue versus surrounding NC
HCV-HCC tissue and noninfected livers (Kinoshita and Miyata, 2002;
Vavricka et al., 2004; Zollner et al., 2005; Schaeffeler et al., 2011; Heise
et al., 2012). Due to an inverse relationship between OATP1B1/1B3
expression and markers of HCC progression (e.g., cytokeratin polypeptided 7 and 19); OATP1B1/1B3 expression and reoccurrence-related
deaths in HCV-HCC subjects; and OCT1 expression and HCC patient
survival and expression of OATP1B1/B3 and OCT1 have been
proposed as biomarkers of HCV-HCC (Schaeffeler et al., 2011;
Vasuri et al., 2011). Decreased OATP and NTCP expression in C
HCV-HCC tissue relative to NC surrounding tissue correlates with
in vivo data. In clinical screening, focal liver lesions are characterized by
the appearance of hypointense areas created by decreased uptake of the
OATP1B1, OATP1B3, and NTCP substrate Gd-EOB-DTPA (Narita
et al., 2009; Tsuboyama et al., 2010).
For the expression of hepatic efflux transporters in HCV-cirrhotic
versus noninfected livers, we and others have reported 1) decreased
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Fig. 4. Transport protein expression (per gram of liver) of NTCP, OATP1B1, OATP1B3, OATP2B1, OCT1, BSEP, MATE1, MRP2, MRP3, and P-gp in matched NC and C
HCV-HCC liver tissues. Expression of OATP2B1, BSEP, MRP2 and MRP3 were significantly lower in C HCV-HCC tissues than NC HCV-HCC tissues. Expression of NTCP
and OCT1 in C tissues also showed a tendency toward significance. *Statistical significance (P , 0.05, Wilcoxon test). Each line connects data from the matched liver samples.

Transporter Expression in HCV-Hepatocellular Carcinoma Tissues

In conclusion, this is the first report to quantify the abundance of
major hepatobiliary drug transporters in HCV-HCC patients using
quantitative proteomics. The hepatic transporter protein expression data
presented here will be useful in the development of diagnostic HCC
imaging agents, drugs for the treatment of HCV-HCC, and prediction of
transporter-mediated drug disposition in HCV-HCC patients.
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BSEP protein expression (Wang et al., 2016) and fibrosis-dependent
decreased BSEP mRNA expression (Hanada et al., 2012), 2) increased
MATE1 protein expression (Wang et al., 2016), 3) no change (Ros et al.,
2003; Nakai et al., 2008; Kurzawski et al., 2012) or decreased (Ogasawara
et al., 2010; Hanada et al., 2012) MRP2 mRNA expression, 4) no change in
MRP3 mRNA expression (Ogasawara et al., 2010), and 5) increased P-gp
mRNA expression (Ros et al., 2003; Ogasawara et al., 2010; Kurzawski
et al., 2012). However, there was no change in BSEP, MRP2, MRP3, and
P-gp mRNA and protein expression in C versus surrounding NC HCVHCC tissue (Zollner et al., 2005; Tsuboyama et al., 2010).
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aforementioned published literature, but there are some discrepancies
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physiologically based pharmacokinetic modeling to predict systemic
and hepatocellular drug concentrations in HCV-HCC patients. Since the
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