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Abstract

Background—Variable function and expression of drug transporters have been proposed as
mechanisms contributing to variable response to drug therapy. Block of the HERG channel,
encoding lk;, can lead to serious arrhythmias, and a key drug-blocking site in HERG has been
identified on the intracellular face of the pore. We begin to advance the hypothesis that active drug
uptake enhances Ik, block.

Methods and Results—Reverse transcriptase—polymerase chain reaction identified expression
in the human atrium and ventricle of 14 of 31 candidate drug uptake and efflux transporters,
including OCTNL1 (SLC22A4), a known uptake transporter of the HERG channel blocker
quinidine. In situ hybridization and immunostaining localized OCTN1 expression to
cardiomyocytes. The ICgq for quinidine block of Ik, in CHO cells transfected with HERG alone
was significantly higher than cells transfected with HERG + OCTN1 (0.66 + 0.15 .M versus 0.14
+ 0.06 LM [52% absolute increase in drug block; 95% confidence interval, 0.4-0.64 .M]), and
this effect was further potentiated by a common genetic variant of OCTN1, L503F. In the absence
of OCTNL1, quinidine block could be 91% + 5% washed out, but with the transporter, washout was
incomplete (57% + 6%). OCTN1 coexpression also facilitated HERG block by flecainide and
ibutilide, but not erythromycin.

Conclusions—Coexpression of the organic cation transporter, OCTN1, expressed in human
cardiac myocytes, intensifies quinidine-induced HERG block. These findings establish a critical
hypothesis that variable drug transporter activity may be a potential risk factor for torsade de
pointes.
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INTRODUCTION

Drug concentration achieved at the molecular effector site is a key determinant of the
magnitude of any drug effect.1~3 Accordingly, variable drug metabolism is one well-
recognized determinant of variable drug action. More recently, delivery of drug to and
removal from intracellular molecular effector sites by xenobiotic transporters has become
increasingly well recognized as a modulator of intracellular drug concentration.*~” Voltage-
gated ion channels (including calcium, potassium, and sodium channels) represent a class of
molecular targets in which sites of drug block have been identified at the intra-cellular face
of the pore region.8-13 Jon channel blockers display considerable interpatient variability in
clinical response ranging from suppression of arrhythmia to life-threatening
proarrhythmia.14-17 One of the best studied examples of pro-arrhythmia is exaggerated
prolongation of the QT interval and the development of torsade de pointes (TdP) through
antagonism of the HERG (or KCNH2) potassium channel by anti-arrhythmic medications
(eg, quinidine, dofetilide, sotalol, ibutilide) and medications with “noncardiovascular”
indications (eg, erythromycin, thioridazine). Indeed, drug-induced QT interval prolongation
has been one of most common causes of prescription drug withdrawal or relabeling over the
last decade.® Although numerous risk factors for drug-induced QT interval prolongation
have been identified, including gender, hypokalemia, hypomagnesemia, bradycardia, and
ion channel mutations, the risk of TdP remains variable among patients with the same risk
profile and equivalent QT intervals.19-24

A key site of drug block for the HERG channel has been localized to the intracellular face of
the protein.10:25.26 |ncreasing evidence from other organ systems, including the testis,
placenta, and vascular endothelium of the blood-brain barrier, indicate that drug access to
intracellular sites of drug action is controlled by xenobiotic transporters that mediate drug
uptake and efflux.27-32 Efflux transporters that export drug against a concentration gradient
from cells to the extra-cellular space are encoded primarily by genes belonging to the ATP-
binding cassette (ABC) superfamily, which includes MDRI (formally known as ABCBI,
encoding P-glycoprotein) and the multidrug resistance proteins (MRPs). Conversely, uptake
transporters usually deliver medication or endogenous substrates from the bloodstream to
the extracellular space or from the extracellular space to the inside of cells and include the
organic anion polypeptide (eg, OATP, SLCO), organic anion (eg, OAT, SLC22A), and
organic cation (OCT, SLC22A) families.2 Recently, Grube et al showed that OCTN2
localized to the vascular endothelium in the heart, which suggests that delivery of drug to
the extracellular surface of the myocyte is an active process.33

In this study, we first examined whether mMRNA for drug efflux and uptake transporters
could be detected in the human atrium and ventricle. We then focused on the human organic
cation/ergothioneine uptake transporter, OCTN1 (SLC22A4), a known transporter of the
TdP-associated antiarrhythmic quinidine.3# Second, we determined the localization of
OCTNL in the heart by in situ hybridization and immunohistochemistry. We then tested the
hypothesis that coexpression of OCTN1 would potentiate block of the HERG potassium
channel. Finally, we compared HERG block in cells expressing wild-type OCTN1 with
those expressing a known common functional variant of OCTN1, L503F.3°

METHODS

Analysis of Transporter Expression in the Human Heart

Complementary single-strand DNA was generated from commercially available RNA
samples (Transcriptor First Strand cDNA synthesis Kkit; Roche Laboratories, Nutley, NJ)
isolated from healthy human kidney, liver, left ventricular, and left atrial tissue samples
(Biochain, Hayward, CA). We probed for cardiac expression of mMRNAs encoding drug
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efflux and uptake transporters using polymerase chain reaction (Taq polymerase; Roche
Laboratories) relative to either transporter mRNA expression from the liver or kidney as a
positive control. The final 50-L polymerase chain reaction contained 10 mM Tris-HCI, 1.5
mM MgCl, 50 mM KCI with 200 uM dATP, dCTP, dGTP, and dTTP. Template cDNA was
added as 150 ng of RNA equivalent per 50 L reaction, and the final primer concentration
was 10 mM. Amplicons were sized on a 2% agarose gel and those showing cardiac
expression were excised from the gel, purified, subcloned into a pGEMTEasy vector
(Promega, Madison, WI), and sequenced to verify that the anticipated product had been
amplified. Primer sequences can be found in Table 1.

of OCTN1

In situ hybridization and immunohistochemistry were performed on human atrial samples
obtained from consenting patients undergoing mitral valve surgery. Healthy human kidney
tissue was obtained at autopsy from the VVanderbilt Pathology Service. The tissues were
snap-frozen with liquid nitrogen within 5 minutes of surgical removal, embedded in
paraffin, and 5-pm sections were placed on charged slides.

For in situ hybridization, OCTN1 cDNA was subcloned into the pPGEMT Easy vector
(Promega). Template for the antisense probe was formed using a restriction digest upstream
of the T7 promoter on the vector. Template for the sense probe was generated using a
restriction site downstream of the SP6 promoter on the vector. Digoxigenin-labeled RNA
probes (approximately 600 bp) for the OCTN1 gene were generated by in vitro transcription
using the Message Machine system (Ambion, Austin, TX). Tissue sections were
subsequently deparaffinized, fixed in 4% paraformaldehyde, and treated with proteinase K
(5 pg/mL) before an acetic anhydride/ ethanolamine wash. Labeled probe (sense or
antisense, 1 pg/mL of hybridization solution) was hybridized overnight at 50°C before
washing, ribonuclease treatment, and incubation with an antidigoxigenin alkaline
phosphatase antibody (1:500 dilution). Substrate color development (nitro blue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate) was monitored by light microscopy
using a Zeiss Axiophot (Carl Zeiss: Microlmaging, Thornwood, NY) inverted microscope
equipped with a Photometrics CoolSnap (Tucson, AZ) digital camera and stopped after 24
hours.

For immunohistochemistry, samples were deparaffinized, rehydrated, and placed in a
decloaker with a citrate buffer at pH 6.0. The tissue was rinsed with water and subsequently
incubated with 0.03% hydrogen peroxide for 20 minutes followed by a 20-minute protein
block (Dako, Carpinteria, CA). The rabbit antihuman anti-OCTNL1 antibody targeted against
the carboxyl terminus of OCTN1 (Santa Cruz Biotechnology, Santa Cruz, CA; proprietary
amino acid sequence) was diluted 1:40 in Dako’s antibody diluent and incubated on the
sample overnight at 4°C. It was then rinsed with water and Dako’s Rabbit Envision was
placed on tissue followed by DAB and a hematoxylin counterstain. Samples were visualized
ona LEICA DM IRBE (Leica, Solms, Germany).

Using a Nikon digital camera, DXM 1220C (Tokyo, Japan) with NIS-Elements BR 2.30,
optical settings were maintained between samples.

Electrophysiology Studies

For these studies, Chinese Hamster Ovary (CHO) cells were cotransfected (Fugene 6; Roche
Laboratories) with separate plasmids, one encoding HERG and a second the green
fluorescent protein (GFP) or a bicistronic plasmid encoding eGFP and either wild-type
OCTNL1 or the L503F OCTN1 variant. OCTN1 cDNA was subcloned into the HindlIll site of
the expression vector pEGFP-C1 (Clontech Laboratories Inc., Mountain View, CA), and the
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L503F variant was introduced by site-directed mutagenesis of this clone. Whole cell voltage
clamp to assess Ik, was then performed in cells demonstrating green fluorescence. The ratio
of wild-type or variant OCTN1 and HERG plasmids relative to Fugene 6 was 2 ug:2 pg:12
pL. Whole cell voltage clamp recordings were performed 48 to 72 hours after transfection.

Whole Cell Voltage Clamp Protocol

RESULTS

In all experiments, the intracellular pipette filling solution contained (in mM): KCI, 110;
HEPES, 10; K4 BAPTA, 5; K, ATP, 5; and MgCl,, adjusted to pH 7.2 with KOH yielding a
final intracellular K* concentration of 145 mA/. The bath (Normal Tyrode’s) solution
contained (in mM): NaCl, 145; KCl, 4; CaCly, 1.8; MgCls, 1; HEPES, 10; and glucose, 10
adjusted to pH 7.35 with NaOH. Experiments took place at room temperature (22°C).
Samples were obtained at 1 to 10 kHz after antialias filtering at half or less of the sampling
frequency using an Axopatch 200B Amplifier (Molecular Devices, Sunnyvale, CA). The
holding potential was maintained at —80 mV. The standard protocol to obtain current-
voltage relations and activation curves consisted of 1-second steps that were imposed in 10-
mV increments between the holding potential and +60 mV followed by 1 second at —40 mV
to measure deactivating tail currents. The cycle time for protocols was 15 seconds or slower.
Under these conditions, Ik, is stable for >60 minutes in the absence of a drug intervention.
After collection of baseline data, quinidine was added to the perfusate while pulsing
continued. Ik, was monitored, and when a new steady state was reached (generally in 5
minutes), the maximum Ik, amplitude at —40mV in the presence of quinidine was
determined. Quinidine concentration was increased in stepwise increments from 0.01 uM to
5 1M in the same cell. The I1Csq and 95% confidence intervals for each group were
calculated using the Hill equation. The effect of three other I, blockers, erythromycin (38
M), ibutilide (20 nM), and flecainide (4 .M), was also assessed in wild-type OCTN1-
transfected and non-OCTN1-transfected cells. The effect of temperature on OCTN1-
mediated transport of quinidine 0.05 .M was assessed in OCTN1- and OCTN1+ cells at
37°C using a HCC100 chamber heating element (Dagan Corporation, Minneapolis, MN).

The time course of washout after stable block by quinidine 0.5 M, corresponding to the
ICsq, was established in the following fashion. After removal of drug from the extracellular
solution (Valve Bank 8.2 Perfusion System; Automated Scientific, Berkeley, CA), a rapid
pulse protocol was initiated. This consisted of a holding potential at —80 mV, a 500-p.s
activation pulse to +40 mV, followed by a 500-ps hyperpolarization pulse to =40 mV to
observe deactivating tail currents at a cycle time of 3 seconds.38

Transporter Expression and Localization

Thirty-one uptake and efflux transporters were screened for expression in human atrium and
ventricle using reverse transcriptase—polymerase chain reaction (Fig. 1). Liver or kidney
expression (positive controls) was detected in 31 of 31 and heart expression in 14 of 31; no
transcript was expressed in a chamber-specific fashion. Efflux transporters showing
expression in human heart included MDR1 (P-glycoprotein), MRP2, MRP3, MRP5, MRP7,
and the Breast Cancer Resistance Protein (BCRP). Uptake transporters expressed in the
heart included OCTN1, OCTN2, OCT3, OAT3, the prostaglandin transporter PGT, and the
peptide transporter PepT2.

Localization of OCTN1

Figure 2A shows staining in myocytes and vascular endothelium with an antisense probe
directed against OCTNL1, whereas Figure 2B shows absent staining with the sense control.
Immunostaining (Fig. 3) with an anti-OCTNL1 antibody revealed expression in kidney (as
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expected) as well as in myocytes. Thus, OCTNL1 is positioned to modulate access of
substrate drugs to the intracellular space of the cardiomyocyte.

Coexpression of OCTN1 Potentiates I, Drug Block

Before drug, Ik, amplitude and gating were comparable in cells transfected with HERG +
GFP (designated OCTN1-) and with HERG + wild-type or variant OCTN1 (Table 2).

Examples of the effect of quinidine washin on Iy, block in OCTN1- and OCTN1+ (wild-
type or variant) are shown in Figures 4A-C. Exposure to the OCTN1 substrate/l, blocker
quinidine produced greater current suppression in the cells expressing wild-type OCTN1
versus the OCTN1- cells (Fig. 4D). The I1Csg was 0.14 + 0.006 .M in OCTN1+ cells. In
OCTN1- cells, the 1C5¢ was much higher (0.66 + 0.15 pM; 52% increase in drug block;
95% confidence interval, 0.4-0.64 .M). When cells expressing the OCTN1 L503F variant
were exposed to 0.01 M quinidine, tail current was reduced 56.2% + 1.1%, a threefold
increase in block over cells expressing wild-type OCTNL1 (P < 0.05) (Figure 4D). The slopes
were similar—HERG alone: 0.57 + 0.08; OCTN1 WT: 0.52 +0.08; and L503F OCTN1:
0.42 +£0.09 (P=0.449). We also conducted experiments at 37°C, which replicated the
findings at room temperature. At 37°C, OCTN1- cells displayed a 30% + 1% reduction in
Ikr, whereas OCTN1+ cells displayed a 68% + 14% reduction on exposure to quinidine (0.5
pM). This corresponds to a difference of 38%; at 22°C, the difference was 22%.

To further demonstrate the point that the same extra-cellular concentration of drug generates
divergent effects at the intracellular site of action, we assessed IV relationships in OCTN1-
and WT OCTNL1+ cells exposed to a submaximal blocking concentration of quinidine (0.5
pM). As shown in Figure 5A, not only was current markedly reduced with coexpression of
the transporter, but the voltage-dependence of steady-state activation was markedly shifted
(V1/2: 3.33 £ 5.6 mV versus —10.4 + 7.4 mV for OCTN1- versus OCTN1 WT), a
difference that was not present predrug (Table 2).

Further data attesting to the role of the transporter in mediating drug effects were obtained in
washout experiments. We reasoned that in the presence of the transporter, drug leaving the
cell might be taken up more rapidly back into the cytosol, so we compared washout of Ik,
block after withdrawal of quinidine from the medium in cells with and without coexpression
of OCTNL1. Figure 5B shows that cells expressing wild-type OCTNL1 treated with quinidine
failed to completely recover from drug block during washout compared with OCTN1- cells
(57 £ 6 versus 91% + 5%; £< 0.002).

To test whether the effect of coexpression of the transporter might exert some nonspecific
effect on structurally unrelated drugs sharing the same intracellular binding side or if the
effect was unique to methanesulfanilamide HERG blockers, we determined the effect of
OCTNL1 coexpression on the extent of Ik, inhibition by the known blockers erythromycin,
ibutilide, and flecainide. Coexpression of OCTN1 enhanced block by approximately 25% in
the presence of either ibutilide (20 nM) or flecainide (4 wM), similar to the OCTNL1 effect
observed with 0.5 wM quinidine. However, coexpression of OCTNL1 did not alter block by
38 uM erythromycin compared with OCTN1- control (44% + 7% versus 41% + 7%; P=
0.76).

DISCUSSION

We report that the drug uptake transporter OCTNL1 is expressed in cardiomyocytes. When
wild-type transporter was coexpressed with HERG, Ik, block by quinidine, ibutilide, and
flecainide was enhanced and washout impaired. The common OCTN1 variant L503F, with
an allele frequency of 42% in populations of European descent, and lower allele frequencies
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in African American and Mexican American populations,3® increased the extent of quinidine
block. Thus, these studies establish a new hypothesis for a mechanism contributing to
variability in Ik, block and thus potentially altered susceptibility to drug-related TdP:
variable drug access to an intracellular binding site on the HERG channel.

Drug Uptake in the Heart

In mice in which madria, encoding the efflux transporter P-glycoprotein, was knocked out,
we have previously reported marked cardiac accumulation of quinidine relative to wild-type
mice (1.4 +0.2 versus 5.3 +1.5 pg/g tissue).3” More recently, Grube et al have assessed the
expression and function of OCTNZ2, another cationic uptake transporter, in the heart. Using
in situ hybridization, they showed that OCTN2 was expressed in the vascular endothelium
and not myocytes. Furthermore, expression of OCTN2 was reduced in ventricular tissue
isolated from patients with either ischemic or dilated cardiomyopathy relative to tissue
isolated from nonfailing myocardium.33 Taken together, the data suggest that drug delivery
to membrane-bound and intracellular molecular targets in cardiac cells (myocytes or those in
vascular tissue) is a regulated process. Thus, a new series of candidate genes have been
identified as potential modulators of variable cardiovascular drug actions.

Precedent in Other Therapeutic Areas

Intracellular

Work in drug-resistant epilepsy provides further support for the idea that access to
intracellular drug target sites on ion channels is modulated by drug uptake and efflux
transport proteins. The drug efflux transporters MDR1, MRP3, and MRP5 have been
reported to be upregulated in drug resistant seizure disorder, and this has been implicated as
a mechanism for drug resistance.38 Tishler et al showed that brain slices from patients with
medically intractable epilepsy demonstrated higher mMRNA expression of MDR1. In that
study, steady-state brain concentrations of the sodium channel blocker phenytoin were 75%
lower in patients with higher mRNA levels of MDR1.39 In a rat model of intractable
epilepsy, Clinickers et al studied orally administered oxcarbazepine (a sodium channel
blocker) administered alone and in the presence of both verapamil and probenecid, inhibitors
of P-glycoprotein, and MRP transporters, respectively. When oxcarbazepine was
administered alone, it failed to produce an antiepileptic effect but was able to prevent
epileptic activity when coadministered with either verapamil or probenecid.40

Drug-Binding Sites for lon Channels

Many drugs block HERG, which accounts for its importance in preclinical and
postmarketing drug safety programs. The mechanism for the susceptibility of this channel to
drug block by a wide array of structurally divergent compounds has been explored in a
series of studies from the Sanguinetti laboratory.10:25.26.41 Alanine scanning mutagenesis
implicated two aromatic residues on the intracellular aspect of S6 as high-affinity binding
sites for many drugs and identified other residues also accessible from the interior of the cell
as potential modulators of drug block. Interestingly, other studies have similarly identified
intracellular sites important for drug block in other K+ channels, sodium channels, and
calcium channels.#243 Furthermore, the S6 sequence in the HERG channel includes two
prolines (absent in other ion channels); these are thought to kink the S6 helix to allow an
unusually wide “mouth” to the intracellular face of the pore region and thus allow unusually
large drugs to access the binding/ blocking sites.

Work in the drug transport field has generally used radiolabeled drugs to probe drug-
transporter interactions. The experiments we present here indicate that we can exploit the
very promiscuity of the HERG channel to assess the extent to which a HERG blocker is
transported by a given drug efflux or uptake molecule. Another important implication of the
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concept we advance is that traditional plasma concentration monitoring approach to guide
therapy can be confounded by variable drug access to an intracellular site of action.

A key question raised by this work is how variability in a given transport molecule
determines net drug effect in a given patient. We did examine the potential that L503F might
modulate risk of quinidine-related TdP in a collection of 158 samples (cases and controls)
from the Vanderbilt Acquired Long QT Syndrome Registry4 and no effect was observed in
this small and underpowered experiment. It is likely that variable function or expression of
other transport molecules may also modulate drug access to intracellular sites of action. In
this study, we did not assess the expression level of transporters in the heart. However, our
results are in general agreement with a study by Nishimura et al, which reported relative
expression levels of uptake and efflux transporters in the heart using real-time polymerase
chain reaction.** Furthermore, the lack of an effect of OCTN1 on the extent of Ik, block by
erythromycin indicates that this is not a nonspecific effect of coexpressing OCTN1 with
HERG. Finally, CHO cells express an endogenous protein with 85% sequence homology to
human OCTNZ1; several laboratories demonstrated that the endogenous protein does not
transport carnitine and have used this cell line for heterologous expression of OCTN1 (and
other related OCTs) for drug transport studies.*>=49 To support the notion that the
endogenous transporter is not involved in xenobiotic transport, our laboratory previously
demonstrated that cimetidine 5 mM (an inhibitor of rat and human OCTNZ1) inhibits uptake
of ion channel antagonists in CHO cells transfected with human OCTN1, but did not alter
ion channel block in the absence of human OCTN1.4550

We report that coexpression of the organic cation uptake transporter, OCTN1, which is
expressed in cardiac myocytes, with the HERG potassium channel enhances the degree of
drug block conferred by a prototypical torsades-inducing drug, quinidine. These findings
implicate variable drug access to intracellular sites of action as a mechanism contributing to
variable drug effects, including drug toxicity.
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FIGURE 1.

Expression of drug efflux and uptake transporters. Reverse transcriptase—polymerase chain
reaction using RNA isolated from healthy human atrial (A) and ventricular (V) samples was
compared with samples isolated from healthy human liver or kidney as a positive control (C;
see Table 1 for positive control). Water control (W) appears in the far left lane.
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FIGURE 2.
In situ hybridization of OCTN1. Digoxigenin-labeled RNA probe demonstrates localization

of OCTN1 mRNA in vascular endothelial cells and atrial cardiomyocytes (A). An atrial
tissue sample treated with a sense control is shown (B), whereas (C) staining is shown with
hematoxylin and eosin.
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FIGURE 3.
Anti-OCTN1 immunos-taining in human atrium. (A) With antibody. Note the absence of

chromagen staining on the blood vessel. (B) An atrial tissue sample treated with the
secondary antibody alone as a negative control. (C) Healthy human kidney with antibody.
(D) Negative control with healthy human kidney. Background hematoxylin stain was used
for all four experiments.
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FIGURE 4.

Functional effects of coexpressing OCTN1 with HERG. (A) Response of Ik, in an OCTN1-
cell exposed to serially increasing quinidine concentrations. (B) Response of Ik, in an
OCTN1+ cell exposed to serially increasing quinidine concentrations. (C) Response of Ik, in
an L503F OCTN1+ cell exposed to serially increasing quinidine concentrations. (D) Dose—
response curves.
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Further evidence in support of a role for OCTN1 in mediating Ik, block. (A) The data shown
here demonstrate that coex-pression of the transporter shifts the voltage-dependence of
steady-state activation in the presence of quin-idine 0.5 uM (left). The amplitude at which
Ik, becomes half maximal (right) in the presence of quinidine 0.5 uM (V1/: 3.33 £ 5.6 mV
versus —10.4 + 7.4 mV). (B) Washout of drug block: This experiment shows that
coexpression of OCTNL1 resulted in incomplete recovery of tail current after washout of
quinidine 0.5 uM (n =5 in both groups).
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Primer Sequences Used for Reverse Transcriptase—polymerase Chain Reaction Screening for Drug Efflux and
Uptake Transporters

Transporter

Forward primer

Reverse primer

Control tissue

Efflux

MDR1 (ABCB1)
MRP2 (ABCC?2)
MRP3 (ABCC3)
MRP4 (ABCC4)
MRP5 (ABCC5)
MRP7 (ABCC?)
BCRP (ABCG2)
Uptake

OATP-B (SLC21A9)
OCTN1 (SLC22A4)
OCTN2 (SLC22A5)
OAT3 (SLC22A8)
OCT3 (SLC22A3)
PGT (SLCO2AL)
PepT2 (SLC15A2)

TCAGAATGGCAGAGTCAAGGAGC
AAGATTATAGAGTGCGGCAGCCCT
TCAGCACCCCTGCAGATCATCC
TCAAGTCCGTTCCGAAGGCA
CCTGGAACCTCCGCTCAGAGAA
TCCAGCAGACCA TCTGCAAACG
TGCATCTTGGCTGTCATGGC

AATAATGACCTGCTCCGAAACCG
TTCTTATCCATTGGTCTGGTCATGC
ATGCGGGACTACGACGAGGTGA
CCGCAACCTTCCCTGGTCGT
TTCCGCTTCCTGCAAGGTGTA
CGCTCGGTCTTCGGCAACAT
AGCCAACAAAATGTCCATTGCG

TAGCAAGGCAGTCAGTTACAGTCCA
CCTGGGTAGTAGGTTCATGGGTGTT
CACACTCTGGGGGTCAAGTTCCTC
GCATTTAACTGGTGGCCTGCA
CTGGGTGCTGGTGTTTGGAAGTAG
GAGGTAGAGCCCCAGAGGAGAATGT
TGTGCAACAGTGTGATGGCAAG

ACTCAGAGGAGGTACTGCTGTGGCT
TGGGAACAACGAATTTCTCCACA
TGAAGGAGCCCAACAGCACACC
CCAGGTTCCACTCGGTCACAATG
CCCCCTATAATTCCCAGGCG
AGGTGTACTGGTAGGGCTCGGAGAG
GAAAGGTGGAGGAGATCAGCTCTGA

Liver
Liver
Liver
Liver
Liver
Liver

Liver

Liver
Kidney
Liver
Kidney
Kidney
Kidney
Kidney
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TABLE 2

Comparison of Baseline Electrophysiology in CHO Cells Expressing HERG Alone, Wild-type OCTN1, and
L503F OCTN1”

OCTN1- WT OCTN1+ L503F OCTN1+

Peak tail current 10.2+18 109+19 91+17
Time constant of activation 25721 255 +41 280 £ 25
Time constant of deactivation 204 £10 222+21 221+27
Vi (MV) -1.01+029  1.38+3.08 -1.56 + 3.30

*
n =7 each; all Pvalues >0.75.

OCTN1-, cells transfected with HERG alone; OCTN1+, cells transfected with HERG + OCTN1; L503F OCTN1+, cells transfected with HERG +
the L503F OCTNL1 variant. Peak tail current: pA/pF at —40 mV after a depolarizing pulse to 60 mV. Time constant of activation (msec):
monoexponential fit to activating current during a pulse to 40 mV. Time constant of deactivation: (msec): monoexponential fit to deactivating
current at —40 mVafter a depolarizing pulse to 40 mV. V1/2 defined as the voltage at which IKris half maximal.
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