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ABSTRACT
The organic cation/ergothioneine transporter OCTN1 (SLC22A4)
and the high-affinity carnitine transporter OCTN2 (SLC22A5), play
an important role in the disposition of xenobiotics and endoge-
nous compounds. Here, we analyzed the sequence of the proxi-
mal promoter regions of OCTN1 and OCTN2 in four ethnic groups
and determined the effects of the identified genetic variants on
transcriptional activities and mRNA expression. Six variants were
found in the proximal promoter of OCTN1, one of which showed
high allele frequency ranging from 13 to 34% in samples from
individuals with ancestries in Africa, Europe, China, and Mexico.
OCTN1 haplotypes had similar activities as the reference in
luciferase reporter assays. For OCTN2, three of the seven vari-
ants identified in the proximal promoter showed allele frequen-
cies greater than 29.5% in all populations, with the exception of

�207C�G (rs2631367) that was monomorphic in Asian Amer-
icans. OCTN2 haplotypes containing �207G, present in all
populations, were associated with a gain of function in lucif-
erase reporter assays. Consistent with reporter assays, OCTN2
mRNA expression levels in lymphoblastoid cell lines (LCLs)
from gene expression analysis were greater in samples carrying
a marker for �207G. This SNP seems to contribute to racial
differences in OCTN2 mRNA expression levels in LCLs. Our
study with healthy subjects (n � 16) homozygous for either
�207C or �207G, showed no appreciable effect of this SNP on
carnitine disposition. However, there were significant effects of
gender on carnitine plasma levels (p � 0.01). Further in vivo
studies of OCTN2 promoter variants on carnitine disposition
and variation in drug response are warranted.

Many genes that influence drug disposition are known to
have polymorphisms that may play a critical role in deter-
mining interindividual variability in pharmacokinetics
(Eichelbaum et al., 2006; Giacomini et al., 2007; Cropp et al.,
2008). For example, recent studies have demonstrated that
nonsynonymous SNPs in genes encoding membrane trans-
porters such as organic anion/cation transporters contribute
to interindividual variation in pharmacokinetics and drug
response (Ieiri et al., 2006; Urban et al., 2007; Shu et al.,
2008; Sissung et al., 2008). SNPs in noncoding regulatory
regions have also been found to contribute to interindividual

variation in the pharmacokinetics of various drugs (de Jong
et al., 2006; Poonkuzhali et al., 2008; Wang et al., 2008).

The present study focused on the proximal promoter region
of the human organic cation/carnitine transporters OCTN1
(SLC22A4) and OCTN2 (SLC22A5), members of the solute
carrier 22 family (SLC22A), which includes multispecific
transporters of organic cations, anions, and zwitterions.
OCTN1 is strongly expressed in kidney, skeletal muscle,
bone marrow, and trachea and weakly expressed in many
other organs (Bleasby et al., 2006), whereas OCTN2 is ex-
pressed ubiquitously with high expression in the kidney and
considerable expression in skeletal muscle, placenta, testis,
prostate, small intestine, and heart (Nishimura and Naito,
2005). In the kidney, OCTN1 and OCTN2 have a bifunctional
role, transporting selected xenobiotics in the secretory direc-
tion into the tubular lumen and particular endogenous com-
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pounds such as L-carnitine in the reabsorptive direction
(Ohashi et al., 2001; Koepsell and Endou, 2004).

Genetic variants of OCTN1 and OCTN2 have been associ-
ated with human disease. For example, systemic carnitine
deficiency (SCD), marked by cardiac and skeletal myopathy,
hypoketotic hypoglycemia, hyperammonemia, encephalopa-
thy, and, in some cases, acute liver failure (Lahjouji et al.,
2001; Tein, 2003), is caused by mutations in the coding region
of OCTN2. Mice carrying a mutation in the mouse Octn2
exhibit a phenotype similar to human SCD (Kuwajima et al.,
1998) and also exhibit altered drug disposition (Ohashi et al.,
2001). In addition, an intronic SNP of OCTN1 has been
associated with rheumatoid arthritis in Japanese (Tokuhiro
et al., 2003), and a nonsynonymous OCTN1 SNP (OCTN1-
L503F) showing strong linkage disequilibrium with an SNP
in the promoter region of OCTN2 (�207G�C) is associated
with Crohn’s disease (Peltekova et al., 2004). However, a
causal role of OCTN1 and OCTN2 for this polymorphism in
the pathogenesis of rheumatoid arthritis and Crohn’s disease
remains controversial (Silverberg et al., 2007).

Because of the critical role of OCTN1 and OCTN2 in hu-
man disease and drug response, a study of common polymor-
phisms in these two genes is warranted. In this study, we
analyzed genetic variation in the proximal promoter region of
OCTN1 and OCTN2 in a large ethnically diverse sample of
healthy volunteers (African-, European-, Asian- and Mexi-
can-American, n � 272). We examined the functional effects
of variants in the promoters using luciferase reporter assays.
We further studied the relationship between expression level
of OCTN2 and a common promoter variant by associating
mRNA expression levels of OCTN2 retrieved from the Gene
Expression Omnibus (GEO) database, with a variant in
strong linkage disequilibrium with the common promoter
variant of OCTN2. Finally, we determined the effect of a
common variant in the proximal promoter of OCTN2 on
carnitine disposition in a small sample of healthy volunteers.
Our data suggest that an SNP in the promoter region of
OCTN2 may explain interindividual differences in the ex-
pression level of this transporter in lymphoblastoid cell lines
but that further studies are needed to demonstrate this effect
in vivo.

Materials and Methods
Materials. Custom oligonucleotides for cloning of OCTN1 and

OCTN2 proximal promoters were synthesized by Integrated DNA
Technologies (Coralville, IA). PfuUltra high-fidelity DNA polymer-
ase was purchased from Stratagene (La Jolla, CA). HindIII, NheI,
and DpnI restriction enzymes were purchased from New England
Biolabs (Danvers, MA). Lipofectamine LTX, Opti-MEM I reduced
serum medium, Taq polymerase, MAX Efficiency DH5Alpha compe-
tent cells, and the TA cloning kit were purchased from Invitrogen
(Carlsbad, CA). The luciferase reporter vectors pGL4.10[luc2] and
pGL4.74[hRluc/TK] and the Dual-Luciferase Reporter Assay system
were purchased from Promega (Madison, WI). Plasmid Mini kit was
supplied by QIAGEN (Valencia, CA). Cell culture supplies were
purchased from the Cell Culture Facility (University of California
San Francisco, San Francisco, CA). ACHN, human renal cell adeno-
carcinoma cell line, was purchased from American Type Culture
Collection (Manassas, VA). The human hepatoblastoma cell line
HepG2 and the human colorectal carcinoma cell line HCT-116 were
supplied by the Cell Culture Facility (University of California San
Francisco).

Identification of OCTN1 and OCTN2 Promoter Variants.
Genomic DNA samples were collected from unrelated healthy per-
sons in the San Francisco Bay Area as part of the Studies of Phar-
macogenetics in Ethnically Diverse Populations (SOPHIE) project.
OCTN1 and OCTN2 promoter variants were identified by direct
sequencing of genomic DNA from an ethnically diverse population of
272 individuals: 68 African-Americans, 68 European-Americans, 68
Chinese-Americans, and 68 Mexican-Americans. Primers for geno-
typing were designed to cover chromosome 5, ranging from the
genomic position 131657365 to 131658198 (833 bp) for OCTN1 and
from 131732980 to 131733464 (484 bp) for OCTN2. Primer sequences
for cloning of proximal promoter region were 5�-CCTGTTTTCCCT-
GTGCAAGATGAGG-3� (sense) and 5�-GCCGCTCCGAAACTTG-
CAACTAC-3� (antisense) for OCTN1 and 5�-GACCCTGGGCCA-
GTGACTTTCT-3� (sense) and 5�-CAGCAGGCGACCCAAGACC-3�
(antisense) for OCTN2. Materials and methods for sequencing were
carried out as described previously by our group (Leabman et al.,
2003).

Cloning of Promoter Region in Reporter Constructs. The
OCTN1 and OCTN2 genomic fragments were �247 to �87 (334 bp)
and �253 to �89 (342 bp) of the translational start site, respectively.
These were amplified from HepG2 genomic DNA. Cooper et al. (2006)
have demonstrated that functional proximal promoter regions of
randomly selected subset of 45 human promoters were, on average,
the sequence �300 to �50 bp of the transcriptional starting site
using deletion analyses. The amplification product was digested with
the restriction enzymes HindIII and NheI and subsequently cloned
into these same sites within the multiple cloning site of the
pGL4.10[luc2] vector (Promega). Site-directed mutagenesis was per-
formed to obtain the variant constructs by using PfuUltra high-
fidelity DNA polymerase (Stratagene). After mutagenesis, the com-
plete OCTN1 and OCTN2 inserts were sequenced using specific
forward primers for pGL4.10[luc2] vector to verify the sequence of
the clone. The mutagenized amplicon was excised from the
pGL4.10[luc2] vector using the restriction enzymes NheI and Hin-
dIII and recloned into these same sites within the pGL4.10[luc2]
vector.

Cell Culture, Transfection, and Luciferase Reporter Assay.
HepG2, HCT-116, and ACHN cells were cultured in Dulbecco’s mod-
ified Eagle’s medium and Dulbecco’s modified Eagle’s medium-
Ham’s F-12 50:50 mixture supplemented with 10% fetal bovine se-
rum, 50 U/ml penicillin, and 50 �g/ml streptomycin and maintained
in a humidified incubator at 37°C in an atmosphere of 5% CO2.
Cultures were never allowed to grow beyond 80% confluence. For
transfection studies, cells were seeded into 96-well culture dishes,
and 24 h later they were transfected with 0.25 �l/well Lipofectamine
LTX, 0.1 �l/well of Plus, 100 ng of pGL4.10[luc2] vector with or
without the promoter region constructs, and 2.5 ng each of
pGL4.74[hRluc/TK] vector in Opti-MEM I reduced serum medium.
pGL4.74[hRluc/TK] vector was cotransfected with pGL4.10[luc2]
vector to control for transfection efficiency. After incubation for 6 h at
37°C, transfection medium was replaced with normal culture me-
dium, and cells were incubated for an additional 18 h. Cell lysates
were prepared from each transfection and were assayed for lucif-
erase and Renilla activities in a 96-well plate luminometer (Tecan,
Durham, NC) according to the protocol in the Dual-Luciferase Re-
porter Assay system kit (Promega). Luciferase to Renilla ratios were
determined and expressed as relative luciferase activity. Data are
reported as the mean � S.D. of at least three determinations per-
formed with two or three independent experiments.

Association of OCTN2 mRNA Expression with OCTN1 Ge-
notype in Subjects of Diverse Ethnicity. The OCTN1 1507T�C
(rs1050152) genotype from the four different ethnic groups—1)
CEPH, Utah residents with ancestry from northern and western
Europe (CEU); 2) Yoruba in Ibadan, Nigeria (YRI); 3) Han Chinese
(CHB); and 4) Japanese (JPT) descent—was retrieved from the Hap-
Map database (www.hapmap.org; HapMap Data Release 23a/phase
II March 2008). The OCTN2 mRNA expression level of the individual
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lymphoblastoid cell lines was obtained from the GEO database (ac-
cession numbers GSE5859 and GSE7761). The gene expression val-
ues (log2) reported in these data sets are based on two different gene
expression platforms, namely, the Affymetrix Human Genome Focus
Array and the Affymetrix GeneChip Human Exon 1.0ST Array.

Association of an OCTN2 Promoter Variant with Carnitine
Disposition in Unrelated Healthy Individuals. Individual sub-
jects in the SOPHIE cohort were screened by direct sequencing of
5�-untranslated region of OCTN2 to identify individuals homozygous
for �207G/G or �207C/C (Urban et al., 2006). Because this polymor-
phism had previously only been described in individuals of European
ancestry, this screen was restricted to the European American sub-
set of SOPHIE. Subjects homozygous for �207G/G or �207C/C were
recruited into a clinical study to evaluate the influence of �207G/G
and �207C/C in the OCTN2 promoter on plasma carnitine levels and
carnitine clearance in healthy subjects. Subjects in the study group
were between the ages of 18 and 40 years and were selected as
healthy by medical history questionnaire and screening blood work
(complete blood count and comprehensive metabolic panel). Subjects
were taking no regular medications and had normal renal function.
Subjects were excluded from participation if they were pregnant, had
a new history indicating they are no longer healthy, were taking a
medication that could confound study results, or did not consent to
participate in the study. Individuals with anemia (hemoglobin, �12
g/dl), an elevation in liver enzymes (alanine aminotransferase, as-
partate aminotransferase, alkaline phosphatase, and 	-glutamyl-
transferase) to higher than double the respective normal value, or
elevated creatinine concentrations (men, �1.5 mg/dl; women, �1.4
mg/dl) were excluded.

In all subjects, plasma from each individual was analyzed for a
panel of biochemical markers, including carnitine, acylcarnitines,
and creatinine at 0 and 2 h using standard assays. Carnitine con-
centrations (including carnitine and acylcarnitines) in a 2-h urine
collection were determined. Renal clearance of carnitine was esti-
mated by dividing the urinary excretion rate by the average plasma
concentration (CLr � Ae,0–2 h/(2 h 
 (Cp, t � 0 h � Cp, t � 2 h)/2).
Differences between subject groups were determined using Student’s
t test, with p � 0.05 as the threshold for significance. Multiple
regression was performed to test for independent effects of the var-
ious genetic and demographic measures recorded. Informed consent
was obtained from each participant of the study, and the study
design was approved by the University of California San Francisco
Committee on Human Research.

Sequence and Data Analysis. DNA sequence data were ana-
lyzed using Finch TV software (Geospiza, Seattle, WA). Sequences
were scanned for potential transcription factor recognition sequences
using the Matinspector software (Genomatix, Ann Arbor, MI) and
TFSearch (http://mbs.cbrc.jp/papia/papiaJ). Based upon the ob-
served frequencies of each SNP, haplotype was estimated using the
PHASE algorithm (Stephens and Donnelly, 2003). Functional differ-
ences between reference and variant haplotypes were evaluated
using Dunnett’s multiple comparison test. A p � 0.05 was considered
significant.

Results
Identification of Genetic Variants in the Proximal

Promoter Regions of OCTN1 and OCTN2. The variants
identified in the region between �415 and �85 bp and be-
tween �594 and �224 bp upstream of the translational start
sites of OCTN1 and OCTN2, respectively, are described in
Tables 1 and 2. In total, six variant sites were identified in
the proximal promoter of OCTN1 with an allelic frequency
ranging from 0.7 to 33.8%. One of the variants, �248C
(rs460271), had a high allele frequency (�13%) across all
ethnic groups. In contrast, the other five variants in the
OCTN1 proximal promoter had low allele frequencies and
have not been reported previously. Four of the five new
variants in the OCTN1 promoter were singletons, found on
only one chromosome (�337insCGGG, �286T, �215G, and
�184G).

The promoter of OCTN2 exhibited greater variability
than that of OCTN1. Six SNPs were identified in the
OCTN2 proximal promoter region with minor allele fre-
quencies ranging from 1.8 to 43.8%. One SNP in OCTN2
promoter, �207G�C SNP is major allele, has allele fre-
quencies �50% for all ethnic groups. However, we defined
�207C allele as reference based on UCSC Genome Bioin-
formatics (http://genome.ucsc.edu/). Four SNPs, namely,
�399G�C, �368T�G, �234C�G, and �207G�C, had pre-
viously been reported in the dbSNP database as rs2631369,
rs2631368, rs4646300, and rs2631367, respectively. The mi-
nor allele frequencies of two of the SNPs (�399G�C and
�368T�G) were more than 29.5% in all ethnic groups. In-
terestingly, despite its high frequency in all other ethnic
groups, the �207C allele was not detected in the Asian sam-
ple. The �234G allele was found in Asians and Mexicans at
frequencies of 9.4 and 1.8%, respectively. Three other novel
variants (�446T, �392T, and �319A) were identified but
had frequencies less than 3.1%. Position �207 is not located
in the basal promoter region; however, it is �58 bp from the
transcription start site, whereas the other SNPs that are
described in the OCTN2 basal promoter region are located
within the region �250 and �50 bp from the transcription
start site.

Haplotype Analysis of OCTN1 and OCTN2 Promot-
ers in Four Ethnic Groups. Haplotypes were estimated
using the PHASE algorithm (Stephens and Donnelly,
2003). This method identified eight haplotypes of OCTN1
and nine haplotypes of OCTN2 (Tables 3 and 4). Two major
haplotypes in the basal promoter of SLC22A4 (OCTN1),
namely, SLC22A4-P*1 and SLC22A4-P*2, accounted for

TABLE 1
Identity and frequency of SNPs in the proximal promoter region of SLC22A4 (OCTN1)

Position from
Translational Starting

Site
Genomic Position Nucleotide Change Frequency in

AA, n � 136
Frequency in
EA, n � 136

Frequency in
AS, n � 136

Frequency in
ME, n � 134a rs ID

�337 131657872 C3 CGGGC 0.007 0b 0 0
�286 131657923 A3 T 0.007 0 0 0
�256-1 131657953 C3 T 0 0.007 0 0
�256-2 131657953 C3 G 0 0 0.015 0
�248 131657961 G3 C 0.132 0.338 0.324 0.306 rs460271
�215 131657994 A3 G 0.007 0 0 0
�184 131658025 A3 G 0 0.007 0 0

AA, African-American; ME, Mexican-American; AS, Asian-American; EA, European-American.
a Two of the samples have no data.
b A �0� implies that the SNP was not detected in a particular ethnic group.
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more than 98% of the total haplotypic variation in each of
the four ethnic groups. For SLC22A5 (OCTN2), three ma-
jor haplotypes, namely, SLC22A5-P*1, SLC22A5-P*2, and
SLC22A5-P*3, accounted for �98% of the total variation in
African-, Mexican-, and European-Americans. Two of these
three haplotypes, SLC22A5-P*1 and SLC22A5-P*2, ac-
counted for 88% of the Asian sample, in which the
SLC22A5-P*3 haplotype was not present. Two haplotypes
(SLC22A5-P*4 and SLC22A5-P*5), were also identified in
Asians but were not observed in the other three ethnic
groups. These haplotypes accounted for 9.8% (SLC22A5-
P*4) and 3.1% (SLC22A5-P*5) of total variation in the
Asian sample. All other haplotypes (SLC22A5-P*6, -P*7,
-P*8, and -P*9) had frequencies less than 2.3% and were
present in only one ethnic group.

Identification of Host Cells for Luciferase Assays of
Promoter Region Variants of OCTNs. We cloned the
OCTN1 and OCTN2 proximal promoter regions and tested
them for promoter activity in four different cell lines (ACHN,
HCT-116, HepG2,, and HeLa) using transient transfection
reporter assays. The luciferase activities of the OCTN1 and
OCTN2 promoter in these cell lines were determined by the
ratio between the firefly luciferase and Renilla luciferase
activity. As shown in Fig. 1, luciferase activities of OCTN1
and OCTN2 constructs were highest in HCT-116. Because of
the high luciferase activities and the fact that OCTN1 and
OCTN2 are highly expressed in the human intestine and
kidney (Nishimura and Naito, 2005; Meier et al., 2007), HCT-
116 and ACHN were selected as the cell lines to evaluate the
promoter variants of the two transporters.

Functional Activity of OCTN1 and OCTN2 Promoter
Variants. Luciferase activities of the OCTN1 promoter vari-
ant constructs in ACHN and HCT-116 cells are shown in Fig.
2. Compared with the reference haplotype SLC22A4-P*1 (the

major haplotype), haplotypes SLC22A4-P*2, -P*3, -P*4, -P*5,
-P*6, -P*7, and -P8* demonstrated similar luciferase activi-
ties in ACHN cells (Fig. 2A) and HCT-116 cells (Fig. 2B). In
contrast to OCTN1 promoter haplotypes, there were notable
differences in reporter activities across the various OCTN2
promoter haplotypes. In ACHN cell lines (Fig. 3A), the
OCTN2 haplotypes SLC22A5-P*1, -P*2, -P*4, -P*5, -P*7, and
-P*8 showed significant increases in reporter activities com-
pared with the reference haplotype SLC22A5-P*3 (although
this has a minor haplotype frequency, but we defined
SLC22A5-P*3 as reference based on UCSC Genome Bioinfor-
matics March 2006 hg18; http://genome.ucsc.edu/). Likewise,
in HCT-116 cell lines (Fig. 3B), there were significant in-
creases in luciferase activities of the OCTN2 promoter hap-
lotypes SLC22A5-P*1, -P*2, -P*4, -P*5, -P*7, and -P*8 (68,
45, 23, 44, 53, and 79%, respectively), relative to the refer-
ence haplotype SLC22A5-P*3.

Functional Activity of Individual OCTN2 Promoter
Variants. To determine which SNP may have caused the
observed altered luciferase activities of the OCTN2 haplo-
types (Fig. 2), the luciferase activity of promoter constructs
containing each of the individual SNPs in the OCTN2 prox-
imal promoter was investigated in HCT-116 cell lines. As
shown in Fig. 4, the �319A SNP produced a 50% decrease in
luciferase activity (p � 0.01) and the �207G produced a 60%
increase (p � 0.01) in luciferase activity in HCT-116 cell
lines. The �207G in the OCTN2 promoter has been reported
previously to create a binding site for a heat shock element
(Fig. 7) (Peltekova et al., 2004). However, in repeated exper-
iments, we did not observe an effect of heat shock on the
OCTN2 promoter activity in either HCT-116 or ACHN cell
lines (data not shown).

Ethnic Differences in Expression of OCTN2 in Lym-
phoblastoid Cell Lines. A C�T substitution in OCTN1

TABLE 2
Identity and frequency of SNPs in the proximal promoter region of SLC22A5 (OCTN2)

Position from
Translational Starting

Site
Genomic Position Nucleotide Change Frequency in

AA, n � 136
Frequency in
EA, n � 132a

Frequency in
AS, n � 128a

Frequency in
ME, n � 112a rs ID

�446 131733118 C3 T 0b 0 0.031 0 rs4646298
�399 131733165 G3 C 0.316 0.356 0.438 0.304 rs2631369
�392 131733172 C3 T 0 0 0 0.009 rs57961304
�368 131733196 T3 G 0.324 0.356 0.438 0.295 rs2631368
�319 131733245 C3 A 0 0.023 0 0 rs60978556
�234 131733330 C3 G 0 0 0.094 0.018 rs4646300
�207 131733357 C3 G 0.618 0.500 1.00 0.679 rs2631367

AA, African-American; ME, Mexican-American; AS, Asian-American; EA, European-American.
a Some of samples have no data.
b A �0� implies that the SNP was not detected in a particular ethnic group.

TABLE 3
Haplotypes in the proximal promoter of SLC22A4 (OCTN1)

Name Haplotype No. of Chromosomes
Haplotypes Ethnicity

AA EA AS ME AA EA AS ME

%

SLC22A4-P*1 CACGAA 388 85.4 65.4 66.2 69.4 30.3 22.8 23.1 23.8
SLC22A4-P*2 CACCAA 147 11.8 33.8 32.4 30.6 12.1 30.9 29.5 27.5
SLC22A4-P*3 CAGGA 2 0.0 0.0 1.5 0.0 0.0 0.0 100 0.0
SLC22A4-P*4 CATGAA 1 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0
SLC22A4-P*5 CTCGAA 1 0.7 0.0 0.0 0.0 100 0.0 0.0 0.0
SLC22A4-P*6 CACGGA 1 0.7 0.0 0.0 0.0 100 0.0 0.0 0.0
SLC22A4-P*7 CACCAG 1 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0
SLC22A4-P*8 CGGGCACCAA 1 0.7 0.0 0.0 0.0 100 0.0 0.0 0.0

AA, African-American; ME, Mexican-American; AS, Asian-American; EA, European-American.
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exon 9 (1507C�T; nucleotide position is relative to the “A” in
the ATG start codon) that results in a nonsynonymous vari-
ant (L503F; rs1050152) and the OCTN2 promoter SNP
(�207G�C; rs2631367) are in linkage disequilibrium in the
Caucasian population and as a result create a different two-
allele haplotypes TC or CG. However, they are not in perfect
linkage disequilibrium, because the allele frequencies are
different. The 1507T allele is almost always found with �207C,
but the 1507C allele is usually linked to �207G, although
1507C allele can also be found with �207C (Peltekova et al.,
2004). Because the genotype for the OCTN2 promoter variant,
�207G�C, was not available in the HapMap data, we associ-
ated the OCTN1-1507C�T genotype in the lymphoblastoid cell
lines derived from unrelated individuals from CEU with
OCTN2 mRNA expression level using two different data sets in
GEO (GSE5859 and GSE7761). As shown in Figs. 5 and 6, the
OCTN2 mRNA expression levels in cell lines from individuals
homozygous for OCTN1-1507 (C/C), which is in linkage disequi-
librium with OCTN2-207 (G/G), was significantly higher than
those for OCTN1-1507 (T/T), which is linked to OCTN2-207
(C/C). However, this linkage disequilibrium is not perfectly
complete. The overall OCTN2 mRNA expression levels in the
different ethnic groups were compared. Figure 5 shows that
OCTN2 expression levels in lymphoblastoid cell lines are lower
in the CEU group compared with the other three ethnic groups;
however, OCTN2 mRNA expression levels in CEU subjects
with the OCTN1-1507 (C/C) genotype (who are predicted to
almost all have the G/G or G/C genotype at OCTN2-207) were
not significantly different from OCTN2 mRNA levels in lym-
phoblastoid cell lines from Chinese and Japanese, all of whom
are homozygous for OCTN2-207(G/G). These data suggest that
the OCTN2-207G variant may explain ethnic differences in

mRNA expression levels of OCTN2 in lymphoblastoid cell lines
between Caucasians and Chinese or Japanese.

Effects of OCTNs Haplotype on Carnitine Disposi-
tion in the Healthy Volunteers. To study the effect of
�207C�G genotype on the disposition of carnitine, we en-
rolled a total of 16 healthy adult volunteers into a 2-h study
of carnitine renal clearance, including seven subjects ho-
mozygous for the C/G* haplotype (OCTN1-1507C, OCTN2-
207G) and nine homozygous for the T/C* haplotype (OCTN1-
1507T, OCTN2-207C). The subjects were recruited to achieve
gender balance between haplotype groups. The demographic
and clinical characteristics of the subjects are shown in Table
5. The two haplotype groups did not differ with respect to
gender, age, height, or weight. The primary study measures
are summarized in Table 6. There were no significant differ-
ences between haplotype groups in terms of carnitine clear-
ance (CLR) (free and total) or plasma carnitine concentration.
The mean CLR of free carnitine was a small fraction (�5%) of
the creatinine clearance, reflecting the efficient OCTN2-me-
diated reabsorption of carnitine. Likewise, subjects did not
differ between haplotype groups with respect to plasma free
carnitine or acylcarnitines.

We found that gender was significantly associated with
plasma concentrations of carnitine in our sample, with male
subjects having significantly higher plasma carnitine levels
than female subjects (34.8 � 4.6 �M for males versus 28.5 �
4.2 �M for females; mean � S.D.; p � 0.01). This difference
was not explained by decreased carnitine clearance in male
subjects. It is noteworthy that carnitine plasma levels were
not significantly influenced by carnitine renal clearance in
either univariate or multiple regression analyses (i.e., after
correcting for gender effects).

Fig. 1. Luciferase activity in four cell
lines transfected with reporter con-
structs of the proximal promoter of
SLC22A4 (OCTN1; A) and SLC22A5
(OCTN2; B). Results are expressed
as relative activity of firefly lucif-
erase normalized for Renilla lucif-
erase. Data are shown as the mean �
S.D. from one experiment performed
in quadruplet. The closed and open
boxes indicate reference promoter
region and empty vector constructs,
respectively.

TABLE 4
Haplotypes in the proximal promoter of SLC22A5 (OCTN2)

Name Haplotype No. of Chromosomes
Haplotypes Ethnicity

AA EA AS ME AA EA AS ME

%

SLC22A5-P*1 CGCTCCG 166 29.4 12.1 53.1 38.9 24.1 9.6 41.0 25.3
SLC22A5-P*2 CCCGCCG 165 31.6 35.6 34.4 28.7 26.1 28.5 26.7 18.8
SLC22A5-P*3 CGCTCCC 151 38.2 50.0 0.0 30.6 34.9 42.3 0.0 22.8
SLC22A5-P*4 CCCGCGG 12 0.0 0.0 9.4 0.0 0.0 0.0 100 0.0
SLC22A5-P*5 TGCTCCG 4 0.0 0.0 3.1 0.0 0.0 0.0 100 0.0
SLC22A5-P*6 CGCTACG 3 0.0 2.3 0.0 0.0 0.0 100 0.0 0.0
SLC22A5-P*7 CGCGCCG 1 0.7 0.0 0.0 0.0 100 0.0 0.0 0.0
SLC22A5-P*8 CCCTCCG 1 0.0 0.0 0.0 0.9 0.0 0.0 0.0 100
SLC22A5-P*9 CGTTCCC 1 0.0 0.0 0.0 0.9 0.0 0.0 0.0 100

AA, African-American; ME, Mexican-American; AS, Asian-American; EA, European-American.
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Discussion
In relation to the widely studied functional analysis of

nonsynonymous SNPs in membrane transporters, there have
been comparably few studies analyzing the functional effects
of genetic polymorphisms in noncoding regions. In the
present study, we performed genetic and functional analysis
of proximal promoter variants of in the SLC22A family,
OCTN1 and OCTN2. Ethnic differences in the OCTN2 ex-
pression levels were also examined across the populations
(CEU, CHB, and JPT). In addition, the effect of OCTN2
genotype (�207G�C) on the disposition of carnitine was
examined in healthy volunteers. Promoter region variants of
other SLC22A family members, i.e., organic cation transport-
ers and organic anion transporters identified in Japanese
have been characterized recently (Ogasawara et al., 2008).

Although six variants and eight haplotypes were found in
the proximal promoter of OCTN1, two major haplotypes ac-
counted for �98% of total chromosomes in all populations
tested (Tables 1 and 3). The haplotypes of OCTN1 had no
statistically significant differences in luciferase activity in
either ACHN or HCT-116 cells compared with the reference
(Fig. 2). The results suggest that the identified variants in
the proximal promoter of OCTN1 do not affect the mRNA
level of the transporter. SNPs in the coding region of OCTN1

have been reported to affect the expression or function of the
transporter (Urban et al., 2007, 2008). For example, recent
studies from our laboratory demonstrated that the nonsyn-
onymous OCTN1 variant L503F was associated with a de-
crease in the renal tubular secretion and in the in vitro
transport of the anticonvulsant gabapentin (Urban et al.,
2008). In addition, an SNP in intron 1 of the gene affects the
expression level of OCTN1 by decreasing the binding affinity
for RUNX1, which is an essential hematopoietic transcrip-
tion factor (Tokuhiro et al., 2003). A RUNX1 binding site is
also located in the proximal promoter region of the OCTN1
gene but is not essential for promoter activity (Maeda et al.,
2007). We did not identify any SNPs in the RUNX1 binding
sites of the OCTN1 proximal promoter region among the four
ethnic groups (Fig. 7).

In the OCTN2 promoter region, three of the seven SNPs
had allele frequencies greater than 29.5% (�399G�C,
�368T�G, and �207G�C), and three major haplotypes ac-
counted for �98% of the total chromosomes in African-, Eu-
ropean-, and Mexican-Americans. Two of the three haplo-
types also occurred in more than 88% of total chromosomes in
the Asian-Americans (Table 4). Although not observed in the
Asian sample, �207C (Table 2) has a high allele frequency in
the three other ethnic groups. Furthermore, the haplotypes

Fig. 2. Luciferase activity in ACHN (A) or HCT-116
(B) cell lines transfected with reporter constructs
containing variants in the proximal promoter of
SLC22A4 (OCTN1). The OCTN1 promoter construct
(100 ng) was cotransfected with the Renilla con-
struct (2.5 ng) into each cell line. Results are ex-
pressed as activity of firefly luciferase (normalized
for Renilla luciferase) relative to the reference pro-
moter. Data are shown as the mean � S.D. of three
separate experiments performed in triplicate. Dun-
nett’s multiple comparison test was used to deter-
mine statistical differences. A p � 0.05 was used as
the threshold for significance. #, reporter constructs
of haplotypes with �248C variant.
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containing the �207G with the exception of SLC22A5-P*6
showed significantly higher luciferase activities compared
with the reference haplotype, SLC22A5-P*3 (Fig. 3). The
�207G alone was associated with increased reporter activity
(Fig. 4) and seems to have produced the increase in luciferase
activity of the six haplotypes containing the SNP. The reason
for the low luciferase activity of SLC22A5-P*6 haplotype may

be explained by the presence of the �319A, which produced a
lower reporter activity (Fig. 4). Thus, the increase in lucif-
erase activity produced by the �207G in the SLC22A5-P*6
haplotype is likely to be cancelled out by the �319A. How-
ever, the MatInspector transcription factor prediction pro-
gram and the TFSearch indicated that there is no transcrip-
tional binding factor in the �319C�A region. Unknown

Fig. 3. Luciferase activity in ACHN (A) or HCT-116
(B) cell lines transfected with reporter constructs of
haplotypes in the proximal promoter of SLC22A5
(OCTN2). The OCTN2 promoter construct (100 ng)
was cotransfected with Renilla construct (2.5 ng)
into each cell line. Results are expressed as activity
of firefly luciferase (normalized for Renilla lucif-
erase) relative to the activity of the reference pro-
moter. Data are shown as the means � S.D. of three
separate experiments performed in triplicate. Dun-
nett’s multiple comparison test was used to deter-
mine statistical differences. A p � 0.05 was used as
the threshold for significance (�, p � 0.05; ��, p �
0.01).

Fig. 4. Luciferase activity in HCT-116 cell lines transfected with reporter constructs containing individual variants in the proximal promoter of
SLC22A5 (OCTN2). The OCTN2 promoter construct (100 ng) was cotransfected with Renilla construct (2.5 ng) into HCT-116 cells. Results are
expressed as activity of firefly luciferase (normalized for Renilla luciferase) relative to the activity of the reference promoter. Data are shown as the
means � S.D. of two separate experiments performed in triplicate. Dunnett’s multiple comparison test was used to determine statistical differences.
A p � 0.05 was used as the threshold for significance (�, p � 0.05; ��, p � 0.01).
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factor would be involved in the transcriptional activity of
OCTN2 promoter.

Our analyses also suggest that the �207G�C polymor-
phism may explain racial differences in OCTN2 expression
level in lymphoblastoid cell lines. OCTN2 is expressed at
significantly higher levels in lymphoblastoid cell lines from
individuals of Chinese or Japanese ancestry in comparison
with individual European ancestry. However, when grouped
according to the OCTN2 G allele at position �207, the ex-

pression level of OCTN2 was not significantly different in
lymphoblastoid cell lines derived from individuals of Euro-
pean ancestry compared with those of Chinese/Japanese an-
cestries, all of whom are homozygous for the �207G (Fig. 5).
Because the OCTN1-1507 variant is not present in the YRI
population, we were not able to identify the YRI samples that
harbored the OCTN2-207G�C variant using HapMap data.
However, it is noteworthy that the mRNA levels of OCTN2 in
lymphoblastoid cell lines from the YRI population were sig-
nificantly higher than the levels in the CEU sample (Fig. 6).
The YRI population has a greater allele frequency of OCTN2-
207G in comparison with the CEU population (62% compared
with 50%; Table 2). Expression levels of OCTN1 mRNA in
lymphoblastoid cell lines from the two GEO data sets were
not different among the various ethnic groups (data not
shown).

Previously, we have evaluated the contribution of genetic
variability in the OCTN2 promoter to interindividual differ-
ences in gene expression and carnitine transport in the lym-
phoblastoid cell lines derived from individuals homozygous
for either G/G or C/C at position �207. We found that lym-
phoblastoid cell lines from individuals homozygous for the
G/G variant had significantly greater expression levels of
OCTN2 mRNA and L-carnitine uptake than the cell lines
from individuals homozygous for the �207C allele (Urban et
al., 2006). The ex vivo result suggested that the �207G�C
polymorphism affects function as well as basal expression
of OCTN2 in lymphoblastoid cell lines from healthy volun-
teers. In this study, we analyzed the association between
�207G�C and OCTN2 mRNA expression using data from
the HapMap and GEO databases. A nonsynonymous SNP of
OCTN1, 503Leu�Phe (1507C�T), and the promoter SNP of
OCTN2, �207G�C, are in strong linkage disequilibrium and
create a two-point haplotype (T/C*OCTNs or C/G*OCTNs
haplotype) in individuals of European ancestry (Peltekova et
al., 2004). Because the �207G�C SNP was not genotyped in
the CEU cell lines, we associated expression level of OCTN2
with promoter genotype using the OCTN1-1507C�T SNP as
a proxy for the �207G�C SNP in the OCTN2 promoter. As
shown in Fig. 5, the mRNA level of OCTN2 was higher for
the OCTN1-1507(C/C) homozygotes (reflecting the OCTN2-
207G/G homozygotes) compared with that for the OCTN1-
1507(T/T) homozygotes in the CEU population, in agree-
ment with our previous results (Urban et al., 2006). There-
fore, we investigated whether OCTN2 genotype (�207G/G or
�207C/C) was predictive of carnitine plasma level or renal
clearance. Despite the evidence from in vitro and ex vivo
studies, however, we found that OCTNs haplotype, at least
for the common haplotypes as defined here, did not predict
carnitine plasma concentrations or carnitine CLR in vivo
(Table 6). Although there does not seem to be a large effect of
the C/G*OCTNs versus. T/C*OCTNs haplotype on carnitine
disposition in vivo, there may be some heterogeneity within
each haplotype group that offsets or masks the effects of the
OCTN1 (1507C�T) and OCTN2 (�207G�C) SNPs. In addi-
tion, the fact that carnitine levels were positively correlated
with carnitine renal clearance strongly suggests that dietary
factors play an overwhelming role in carnitine disposition
within the normal range, i.e., at normal levels of functional
OCTN2 activity, renal tubular reabsorption of carnitine is
sufficient to maintain adequate plasma carnitine levels, and
variation in plasma carnitine levels are governed primarily

Fig. 5. Association of OCTN1 genotype with mRNA expression levels of
OCTN2 in lymphoblastoid cell lines derived from unrelated individuals
from HapMap populations. Genotypes for OCTN1 (1507T�C, F503L,
rs1050152) were obtained from the HapMap, and the mRNA expression
levels of OCTN2 (log2) were obtained from the GEO site (accession code
GSE5859). There is significantly higher expression of OCTN2 mRNA in
individuals who are homozygous CC (n � 12) compared with individuals
who are homozygous TT (n � 9). Dunn’s multiple comparison test was
used to evaluate differences by genotype and p � 0.05 was used as the
threshold for significance.

Fig. 6. Association of ethnicity with OCTN2 mRNA expression levels in
lymphoblastoid cell lines derived from unrelated individuals from CEU
and YRI. The information of the individual genotype for OCTN1
(1507T�C; F503L; rs1050152), C/C, C/T, or T/T were obtained from the
HapMap and the mRNA expression levels of OCTN2 (log2) were obtained
from the GEO site (accession code GSE7761). There is significantly
higher expression OCTN2 mRNA in individual (CEU) who are homozy-
gous for CC (n � 13) compared with individual who are homozygous for
TT (n � 8). Dunn’s multiple comparison test was used to determine
statistical differences p � 0.05 was used as the threshold for significance.
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by dietary intake. This is in contrast to the scenario at work
in SCD, where complete loss of functional OCTN2 activity
leads to extreme decreases in carnitine reabsorption and
results in severe deficits in plasma carnitine levels. The data
from the current study were in good agreement with recent
data from Bene et al. (2007), who have reported that there
were no statistically significant differences in esterified car-
nitine levels between C/G*OCNTs and T/G*OCTNs haplo-
type groups in both normal and Crohn disease patients.
Others also have investigated the effect of the �207G�C

polymorphism in human cardiac muscle and have found that
OCTN2 expression in this tissue was not affected by geno-
type (Grube et al., 2006). Therefore, we speculate that the
�207G�C polymorphism in the promoter may have variable
effects on OCTN2 expression depending on cell system as
well as tissue type.

In summary, this is the first extensive study of polymor-
phisms in the proximal promoters of OCTN1 and OCTN2.
Our data suggest that one common polymorphism in OCTN2
(�207G�C) may produce significant differences in the tran-
scription rate and expression of the gene and may explain
ethnic differences in the mRNA expression levels of the gene
in lymphoblastoid cell lines. Our data suggest that the
OCTN2-207G�C does not contribute to the renal clearance of
L-carnitine or the maintenance of L-carnitine levels in plasma
in healthy individuals. Because the SNP is clearly functional
and is associated with variation in expression levels of the
transporter in lymphoblastoid cell lines, the data may sug-
gest that OCTN2 expression levels in the kidney (and conse-
quently carnitine clearance) are not regulated by this SNP.
The data are consistent with tissue specific effects of the
�207G�C on OCTN2 expression levels (Grube et al., 2006).
Future studies of the influence of the �207G�C on other
phenotypes that may be tissue specific, such as the disposi-
tion and response to various drugs including �-lactam anti-
biotics and cardiovascular drugs, may be fruitful (Ganapathy
et al., 2000; Iwata et al., 2008; Ohnishi et al., 2008).
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Fig. 7. Schematic model of the predicted transcription factor binding sites
and location of SNPs in the OCTN1 and OCTN2 promoters. Transcription
binding factors of OCTN1 promoter RUNX1 and Sp1 have been reported
previously by Maeda et al. (2007). There were no SNPs in these binding
sites of the OCTN1 promoter. The �207G in the OCTN2 promoter has
been reported previously to create a binding site for a heat shock element
(HSE) (Peltekova et al., 2004). A change from C to G at position �207
creates the HSE binding site, resulting in an increase in transcriptional
activity.

TABLE 6
Summary of carnitine disposition by haplotype
After a 12-h fast, blood was drawn from subjects homozygous for either the C/G* haplotype OCTN1-1507C, OCTN2-(�207G); n � 7� or T/C* haplotype OCTN1–1507T,
OCTN2-(�207C); n � 9� at the OCTN locus. Urine was collected over the next 2 h, and a final blood draw was collected at 2 h after initiating the study. Plasma and urine
samples were analyzed for free (nonesterified) carnitine and total (free plus esterified) carnitine as well as creatinine. The mean analyte concentration (from the baseline and
2-h blood draws) for each subject was used in the analysis. Values are shown as mean � S.D. Differences between haplotype groups were assessed using a two-tailed unpaired
t test.

Carnitine Total Sample
Haplotype

p Value
C/G* (n � 7) T/C* (n � 9)

Plasma carnitine levels (�M) Free 31.2 � 5.3 32.5 � 5.9 30.2 � 4.9 0.410
Esters 8.35 � 2.45 7.90 � 1.51 8.71 � 3.04 0.532
Total 39.6 � 5.7 40.4 � 6.2 38.9 � 5.6 0.622

Carnitine CLR (ml/min) Free 2.77 � 2.25 3.20 � 2.97 2.44 � 1.61 0.527
Total 5.77 � 3.24 5.78 � 3.58 5.76 � 3.17 0.993

Creatinine CL (ml/min) 138 � 34 145 � 40 132 � 30 0.478

TABLE 5
Demographic characteristics of study sample by haplotype
Healthy subjects aged 18–40 years and of European descent were recruited for the study based on haplotype at the OCTN locus. Subjects were homozygous for either the
common C/G* haplotype OCTN1-1507C, OCTN2-(�207G)� or the T/C* haplotype OCTN1-1507T, OCTN2-(�207C)�. Values are shown as mean � S.D. Baseline differences
between subject groups were assessed using a two-tailed unpaired t test. Gender differences were assessed by Fisher’s exact test.

Total Sample
Haplotype

p Value
C/G* (n � 7) T/C* (n � 9)

Gender (male/female) 7/9 4/3 3/6 0.614
Age (yr) 31.9 � 5.1 30.1 � 5.4 33.3 � 4.6 0.223
Height (cm) 176 � 11 181 � 12 172 � 8.8 0.184
Weight (kg) 74.4 � 13.1 79.4 � 15.1 70.2 � 10.8 0.270
Body mass index 23.7 � 2.5 24.0 � 3.4 23.5 � 1.9 0.749
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