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Role of nucleoside transporters in ribavirin-based anti-hepatitis C therapy

% & A E

Tomomi FURIHATA
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OB EARVINE ) 2 1f C BFRIZAREDO—REBIFEFITH S, VNEY L IEEWIKBEO=HIC%
DEFTCRHMIBEEEBTEY, BERINS VAR—2—FN L THIERICIVIAEAS. ZNE TICEROB
BMhS L AR—R—DFRFUNE) LT ET B EPMESNTHY, FHEIREE RS> XA — 52—
& B UNEY CBGAH E Z OFFEBIPLE &, # A/\S E RMBIEER R T2 XK — 2 —DEBYNEY L
WWm%wm¢Fﬁ%ﬁmTé RewdEEZOSMTWVS. VNEY CFFHRBERBE S & CIFRE O
Tn%UAtuxxﬁﬁﬁ&ﬁmtéElfﬁa En 5, FRMBRY/ME ER MBI O b T > 2K — & —
DHERE* IR 1 C Bf Amﬁ%%k %ai@&ﬁmtt%zbna LD ->T, 1 hS 2 XR— 45—
uUAtU/&%th“Hﬁ BRICBWT, ZOMR%E ﬁm?é@%tb?l§a4léﬁcfmét%
ibh3. '

Prer, | cmmwam, vieUy, mENSYRK—5—, FEE

YN ¥ (ribavirin : RBV) 13351 C BFFR 7 A
)L A (hepatitis C virus : HCV) &M 26 3 2148 . STE 4
SFEATHS (1), RBVIEA V¥ —T7 0 a ' ?%ﬁ?@?4}.DZ$@%§D(SUS-
LB I & D BRI A L R 2EHE ) (sus- tained virological response)
tained virological response : SVR; T4 KX &
1y 2R FEHEFWIZ LRI Z 206, I
) @f#)ﬁ%idﬁﬁi‘cmﬁ?%?“%?@@?@)‘?% ELTH
WHENTER, £, 58I ZF77reEn
&EHCV?DT?“%@%%%MK&%@%%

DA )VARHRRRI L, BRSO UM L, sus-
tained virologic response &BMENSD. SVR (&
C BFFXABICBITHREERTEH D, JAEP(Cm
1 HCV RNA DR HERFRILT D, SABIK TR 24
BTHZOREDHR SN TS T & EERIND.
SVRZERUEIFEAEDEEICBVLWTEOREN

BCHRFFRBEOER E R >TWw EEZ 6N
2, T2 TVENLNDIREERAMETIE RBY & LIZiX
T IBESEBNB O NE VI ERHS L E R
TWwaY, L7ai> T, RBV i C BIfFA DB
HEO—BRHEHEH L LTSH L EELAE R HE
Y EEZ 6N, ZOIEMFEBEICHER RITTER
ZHODNICT S Z L3RR FEELHEETCHS L
EZzois,

RBV (3RO TH b, IRARIIHEMED S RIX

[CTz0 HOV B LTINS T EMS, SVROD
ERIE— RIS EHEIND. UL, ZOHRO
FRBERENCOTIEENC &, FEREY XIHE
TITHEDDERAEEINTND T EHD, MRS
EHWETHD. JAEP Tl rapid virologic response
CRERRE 48T HCV RNA BYREHEEFRLLT),

early virologic response GAERRE 12 BTMH
HCV RNA HhUSHBRFRLI TR/l 2 log ILHET) Bt
JREEIROHBEEL UTAHLSNTULS.
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J %8 NS> RIK— 5 — O
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Summary

Human equilibrative nucleoside transporter 1 (hENT1) transports various nucleoside analogues into
cells. Although the single hENT1 promoter region (P1) and the mRNA isoform (al) have been
characterized previously, we have recently identified additional promoter regions P2 and P3 (which
primarily generate c1/2/3 mRNAs and d1/2/3/4 mRNAs, respectively) in the human liver. Therefore,
this study aimed at identifying the primary hENT1 mRNA isoforms expressed in human hepatocytes,
while simultaneously obtaining functional evidence of alternative hENT1 promoter usage. Our
results showed that the expressions of hENT1cl, d3, and (to a lesser extent) c2 mRNAs were
strikingly predominant over the other mRNA isoforms in human hepatocytes, that the abundant
expression of these mRNAs was consistent with the high levels of P2 and P3 promoter activity, and
that these promoters were significantly marked by transcriptionally-active histone modification in
hepatic cells. To summarize, our results demonstrate that, resulting from the manipulated alternative
promoter usage, hENT1cl and d3 (and ¢2) mRNAs are primarily expressed in human hepatocytes,
which suggests that they may play important roles in controlling hENT1 expression levels in those
cells. Our findings are expected to provide significant insights into the molecular machinery of

hENT1 expression control.
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Introduction

Human equilibrative nucleoside transporter I (hENT1, SLC2941) is a representative
member of the ENTs that are responsible for cellular facilitative nucleoside transport and is widely
expressed throughout the body."? The hENT1 protein is localized primarily at the cellular plasma
membrane where it can transport a variety of endogenous nucleosides including adenosine and
inosine. These nucleosides are ligands for adenosine receptors that possess pleiotropic functions, and
it has been shown that hENT1 plays an important role in regulating adenosine receptor activity by
facilitating extracellular adenosine uptake. A well-known example is dipyridamole; which is
clinically used as a vasodilator and antithrombotic agent. It has been considered likely that the
pharmacological actions induced by dipyridamole are primarily due to its potent inhibitory effect on
hENT1-mediated adenosine uptake, which results in an increase in extracellular adenosine
availability for the receptors on platelets and vascular endothelial cells.”

In addition to endogenous nucleosides, a variety of nucleoside analogues are transported
into the cells by hENT1, after which they are pharmacologically activated via phosphorylation.”
Therefore, it has become evident that hENT1 plays important roles in anti-viral and anti-cancer
therapies where various nucleoside analogues are prescribed. Recently, we and other researchers
have shown that uptake level of ribavirin, an anti-hepatitis C guanosine analogue, by hENT]1 is
among the determinant factors that govern its antiviral action in vitro,>® and that single nucleotide
polymorphisms (SNPs) in the SLC29A41 gene (rs6932345 and rs760370) are associated with
virological responsés in chronic hepatitis C patients.”® hENT1 also plays a key role in transporting
cytotoxic nucleoside analogues into tumor cells. It has been shown that hRENT1 functions as a
primary gemcitabine uptake transporter,” and clinical studies have provided results showing the
association of hENT1 protein levels with overall survival and/or disease-free survival in pancreatic
cancer patients who were treated with gemcitabine.m’“)

Based on the understanding that the hENT1 expression level can significantly affect
pharmacological potency of nucleoside analogues, it is important to understand its expression
mechanisms in target cells. While the detailed mechanisms regulating hENT1 expression levels have
not yet been fully clarified, the region just upstream from the translational start site has been
characterized as its promoter region.'? Accordingly, the binding sites for several transcription factors
(TFs), such as the peroxisome proliferator-activated receptor o and the hypoxia inducible factor,
have been reported within that region.”*® Furthermore, the SNP within the region is also reported to
be functional.'”*® Based on these reports, this region appears to be dedicated to the regulation of
hENT!] expression. Meanwhile, in addition to the above-mentioned region (designated the P1
promoter), we have identified two other promoter regions (P2 and P3) approximately 3.7 and 7.7 kbp
(respectively) upstream from the translational start site in the human liver (Fig. 1)."® These



Drug Metabolism and Pharmacokinetics (DMPK) Advance Publication by J-STAGE

promoters generate several LENT1 mRNA isoforms containing different 5’-untranslated regions
(5°-UTRs) (hENT1al, b1/2/3/4, c1/2/3, and d1/2/3/4 mRNAs). Although these results suggest that
the SLC2941 gene is equipped with an alternative promoter system for its expression control, the
results raise two particularly relevant questions: what functional differences exist among the
promoters? and, what mRNA isoforms are predominantly expressed in human liver cells as well as
other tissues?

In the present study, we sought to identify the primary hRENT1 mRNA isoforms expressed
in human hepatocytes, one of the target cells for nucleoside analogues, and to simultaneously obtain

evidence for alternative promoter usage of the SLC2941 gene.
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Materials and methods

Cells and cell culture

Eight human hepatocyte lines (HH187, HH225, HH229, HH268, HH278, HH283, HH291,
and HH314) were purchased from Tissue Transformation Technologies (Edison, NJ) or Biopredic
international (Rennes, France). The donor characteristics of these lines are shown in Table s1. Pooled
(50-donor) human hepatocytes were obtained from Celsis (Baltimore, MD). The Ethics Committee
‘of the Graduate School of Pharmaceutical Sciences, Chiba University, approved the use of human
samples in this study.

Three human hepatoma-derived cells (HepG2 cells, Huh-7 cells, and FLC7 cells) and
293FT cells were used in this study. The HepG2 cells, the Huh-7 cells, and the 293FT cells were
obtained from Riken Cell Bank (Tsukuba, Japan), Cell Resource Center for Biomedical Research
(Tohoku University, Sendai, Japan), and Life Technologies (Carlsbad, CA), respectively. The FLC7
cells were provided by Dr. Seishi Nagamori (Kyorin University, Tokyo, Japan). The HepG2 cells, the
Huh-7 cells, and the FLC-7 cells were respectively cultured in Dulbecco’s modified Eagle’s medium
(D-MEM) (Life Technologies), RPMI1640 medium (Life Technologies), and D-MEM/F-12 (Life
Technologies). The 293FT cells were grown in D-MEM supplemented with Minimum Essential
Medium Non-Essential Amino Acids (Life Technologies), GlutaMAX (Life Technologies), and G418
disulfate salt (500 pg/mL, Sigma-Aldrich, St. Louis, MO). Each medium was supplemented with
10% (v/v) fetal bovine serum, penicillin and streptomycin, and all cells were maintained at 37°C
with 5% CO,.

¢DNA cloning and in vifro transcription

hENT1al, hENTI1cl and hENT1d3 cDNA were obtained from human liver cDNA™ by
polymerase chain reaction (PCR) with specific primers (Table s2). Each hENT1 cDNA product was
separately cloned into pcDNA3.1(-)Neo vector (Life Technologies). The DNA sequence of each
insert was confirmed by the method described previously.'®

hENT1al, hENT1cl and hENT1d3 mRNA were produced from the above-prepared
plasmids using an ir vitro transcription T7 kit (Takara Bio, Shiga, Japan). Template plasmids were

eliminated by DNase I digestion.
Total RNA isolation and ¢DNA synthesis

Total RNA isolation from hepatic cells was performed using a Nucleospin RNA 1I kit
(Macherey-Nagel GmbH & Co. KG, Diiren, Germany) according to the manufacturer’s protocol, and

5
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the genomic DNA was eliminated via DNase I digestion. cDNA synthesis from the extracted RNA (1
ug) was performed using a High Capacity cDNA Reverse Transcription kit with random hexamers
(Life Technologies), as described previously.'” cDNAs for the standard curves were also synthesized
from each hENT1 mRNA isoform at different copy numbers [1, 5, 25, 50, 100, 250 copies (x 10° )1

Quantitative real-time polymerase chain reaction (gPCR)

The expression levels of the hENT1 mRNA isoforms in human hepatic cells were analyzed
by a SYBR green-based qPCR method using specific primers for total hENT1 mRNA, as well as
hENT1al mRNA, all hENT1b mRNA isoforms, all hENT1c mRNA isoforms, and all hENT1d
mRNA isoforms (hereafter referred to as hENT1b, hENTlc, and hENTId, respectively). The
expression levels of hENT1 mRNA isoforms were normalized using the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA expression level. In addition, hENT1al, hENTl¢, and hENT1d
mRNA copy numbers (copies/pg total RNA) were determined using the standard curves.

RNA ligase-mediated 5’-rapid amplification of ¢DNA ends (RLM-5-RACE) and
reverse-transcriptase PCR (RT-PCR)

RLM-5’-RACE was performed using a GeneRacer RLM-RACE Kit (Life Technologies)
according to the manufacturer’s protocol. cDNA for RLM-5’-RACE was prepared from HH187 and
HepG2 cells. The first RT-PCR was performed using specific primers for hENT1c, hENT1d, or the
adaptor. Subsequently, the nested PCR was performed using different primer sets, after which the
products were applied to DNA sequence analysis.

RT-PCR for detection of hENT1c and 1d mRNA isoforms expression was performed using

primer sets that were designed to span an exon a.
Short-hairpin RNA (shRNA)-mediated knockdown of hENT1d mRNA

In order to archive an isoform-specific mRNA knockdown, it is necessary to design an
RNAI target sequence within the 5°-UTR region of each mRNA isoform. Based on this requirement,
an hENT1d mRNA-specific shRNA sequence was identified using the Target Sequence Selector
(Clontech, Mountain View, CA). Because we were unable to design an hENT1lc mRNA-specific
shRNA (see the supplemental material), only the hENT1d mRNA could be applied to the
isoform-specific knockdown experiment.

The shRNA target sequence for hENT1d mRNA knockdown (dKD-shRNA, Table s2 and
Fig. 1) and the scramble shRNA sequence (control-shRNA, Table s2) were independently inserted

6
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into the RNAi-Ready pSIREN-RetroQ Vector (Clontech). The retrovirus carrying dKD-shRNA or
control-shRNA was then separately transduced into HepG2 cells to develop the shRNA-expressing
cells (dKD-HepG2 cells or control-HepG2 cells).

Transient transfection and luciferase reporter gene assay

Transient transfection and luciferase reporter gene assays were performed primarily via the
previously described methods.' Preparation of pGL4.17 firefly luciferase reporter plasmids
(Promega, Madison, WI) containing the P1 promoter region (-1883/+143), the P2 promoter region
(-2000/+29, previously referred to as P2.1), or the P3 promoter region (-1945/+141) was described in

19)

the previous study.” pGL4.70 renilla luciferase reporter plasmids (Promega) were used as an

internal control.
Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed in HepG2 cells and FLC7 cells’
using a ChIP-IT kit (Active Motif, Carlsbad, CA) according to the manufacturer’s protocol. Sheared
chromatin was prepared from cross-linked cells using a sonicator. Magna ChIP protein G magnetic
beads (Millipore, Bedford, MA), anti-histone H3 acetylated lysine 9 (H3K9ac) antibodies
(Millipore), anti-histone H3 antibodies (Abcam, Cambridge, UK) and normal rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) were used. “Input DNA” was referred to the sample prepared from
chromatin using the same treatments, except for immunoprecipitation.

A SYBR green-based qPCR method was used for quantification of precipitated DNA
amounts of the P1 and P2 promoters or the 3’-intergenic region (2723 bp downstream from
translation stop codon). A fluorescence probe-based qPCR was used for detection of the P3 promoter
region. Values are represented as fold enrichment, and then the values of H3K9ac were normalized
for the value obtained from the unmodified histone H3 antibodies (H3K9%ac/H3).

Sequence analysis and others

The normalized CpG dinucleotides (CpG) content in the promoter region (-500/+500,
where +1 indicated the position of the most upstream transcription start site in the region) was
calculated.***" When searching the upstream open reading frame (uORF) in 5°-UTR, the Kozak
sequence?? was taken into consideration.

The primer sequences and their positions are shown in Table s2 and Fig. 1, respectively.

Detailed information about the above procedures is provided in a supplemental material.



