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ABSTRACT

Systemic carnitine deficiency (SCD) is a rare autosomal reces-
sive disease resulting from defects in the OCTN2 (SLC22A5)
gene, which encodes the high-affinity plasma membrane car-
nitine transporter. Although OCTN2 is fairly well studied in its
relationship with SCD, little is known about the carrier fre-
quency of disease-causing alleles of OCTN2, or of more com-
mon functional polymorphisms in this gene. To address these
issues, we screened for genetic variants in the OCTN2 coding
region by direct sequencing of the exons and flanking intronic
region of OCTN2 in a large sample (n = 276) of ethnically
diverse subjects. In addition, we established lymphoblastoid
cell lines from subjects homozygous for either allele of the
previously identified promoter region variant, —207G>C. We
found eight amino acid sequence variants of OCTN2, of which
three (Phe17Leu, Leu144Phe, and Pro549Ser) were polymor-
phic in at least one ethnic group. When assayed for functional
activity by expression in human embryonic kidney 293 cells,
using as probes both the endogenous substrate (L-carnitine)

and the organic cation tetraethylammonium, three variants
showed functional differences from the reference OCTN2
(Phe17Leu, Tyrd49Asp, Val481Phe; p < 0.05). Further studies
of the Phe17Leu polymorphism showed a reduced V,,,, for
L-carnitine transport to approximately 50% of the reference
OCTN2. Confocal microscopy studies using an OCTN2-GFP
fusion protein showed that Phe17Leu had distinct subcellular
localization from the reference OCTN2, with diffuse cytoplas-
mic retention of Phe17Leu, in contrast to reference OCTN2,
which localized specifically to the plasma membrane. Lympho-
blasts from subjects homozygous for the —207G allele showed
increased L-carnitine transport compared with the —207C/C
homozygotes (p < 0.05). This study suggests that although
loss-of-function mutations in OCTN2 are likely to be rare, com-
mon variants of OCTN2 found in healthy populations may con-
tribute to variation in the disposition of carnitine and some
clinically used drugs.

Primary systemic carnitine deficiency (SCD) is an early-
onset disorder marked by cardiac and skeletal myopathy,
hypoketotic hypoglycemia, hyperammonemia, encephalopa-
thy, and, in some cases, acute liver failure (Lahjouji et al.,
2001; Tein, 2003). The symptoms are reversible on adminis-
tration of high doses of oral L-carnitine (Lamhonwah et al.,
2002). SCD has been shown to result from mutations in the
high-affinity plasma membrane carnitine transporter,
OCTN2 (SLC22A5) (Nezu et al., 1999; Tang et al., 1999;
Wang et al., 1999) (reviewed in (Lahjouji et al., 2001; Tein,
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2003)). The primary defect in SCD seems to be a severe
reduction in active reabsorption of carnitine in the kidney
(Horiuchi et al., 1994), highlighting the importance of
OCTN2 in renal salvage of carnitine, and thus maintenance
of total body stores of carnitine, an essential cofactor in
mitochondrial fatty acid oxidation (Bremer, 1983). Mutations
identified in patients with SCD include both missense and
nonsense mutations as well as insertions/deletions (Lahjouji
et al., 2001; Tein, 2003). With few exceptions, unique OCTN2
mutations have been found in each of the unrelated cases of
SCD for which a causative mutation was identified; i.e., they
are private mutations. Thus, the allele frequencies of these
loss-of-function mutations are not known, but are believed to
be very rare. Estimates of the overall carrier frequency have
ranged from 1:100 in Akita, Japan(Koizumi et al., 1999) to as

ABBREVIATIONS: SCD, systemic carnitine deficiency; OCTN2, novel organic cation transporter 2; TEA, tetraethylammonium; SNP, single-
nucleotide polymorphism; GFP, green fluorescent protein; HBSS, Hanks’ buffered salt solution; LCL, lymphoblastoid cell line.
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low as 1:150-1:480 in an Australian population (Wilcken et
al., 2001).

OCTN2 (SLC22A5) is a member of the SLC22 family of
plasma membrane solute carrier proteins, which includes
multispecific transporters of organic cations, anions, and
zwitterions. OCTN2 is unique in that it is a bifunctional
transporter, facilitating the transport of both organic cations
[such as the xenobiotic tetraethylammonium (TEA)] in a
pH-dependent and Na™-independent manner, and of zwitte-
rions (such as the prototypical substrate, L-carnitine) in a
Na"-dependent manner (Wu et al., 1999; Ohashi et al., 2001).
OCTN2 is expressed ubiquitously, with high expression in
kidney and lower expression in heart, skeletal muscle, and
other tissues (Tamai et al., 1998; Wu et al., 1998).

A mouse model of systemic carnitine deficiency exists (the
Jus mouse), and exhibits a phenotype very similar to human
SCD, including cardiomyopathy and fatty infiltration of vis-
ceral organs (Kuwajima et al., 1991). The jus mouse, which
has a mutation in the mouse ortholog of OCTN2, exhibits
decreased renal secretory clearance of TEA and increased
renal secretory clearance of carnitine, consistent with dual
function of OCTN2 (Ohashi et al., 2001), and suggesting that
humans with genetic defects in OCTN2 may exhibit abnor-
malities in the disposition of carnitine and in the pharmaco-
kinetics of organic cations [such as cardiovascular drugs
(Grube et al., 2006)] that are OCTN2 substrates.

Given that complete loss-of-function mutations in OCTN2
cause severe abnormalities in carnitine disposition and fatty
acid oxidation (i.e., SCD), and that this syndrome is ex-
tremely rare, it is unlikely that null alleles of this gene exist
at high frequency in the general population. However, it is
possible that more moderate defects in OCTN2 activity may
be caused by genetic polymorphisms in the OCTN2 gene and
may explain variability in the disposition of carnitine and
other OCTN2 substrates. In both humans (Koizumi et al.,
1999) and mice (Lahjouji et al., 2002; Xiaofei et al., 2002),
heterozygosity for OCTN2 mutations has been shown to pro-
duce a moderate carnitine deficiency phenotype, demonstrat-
ing that even partial loss of OCTN2 function may be detri-
mental.

Peltekova et al. (2004) recently identified a single-nucle-
otide polymorphism (SNP) in the promoter region of OCTNZ2,
—207G>C, that formed, in combination with an amino acid
substitution in the paralog OCTN1 (OCTN1-Leu503Phe), a
two-point haplotype that was enriched in patients with
Crohn’s disease in a case-control study of persons of Euro-
pean descent. This SNP was found to disrupt a heat shock
element in the OCTN2 promoter, and biochemical assays
showed that the —207C allele had reduced responsiveness to
heat shock and arachidonic acid treatment. Although a
causal role for this polymorphism in the pathogenesis of
Crohn’s disease remains controversial (Trinh and Rioux,
2005a,b), the biochemical evidence seems to suggest that this
SNP may modify the functional expression of OCTN2 and
thus may help to explain interindividual variability in car-
nitine homeostasis as well as drug response.

Coding region variants, specifically nonsynonymous vari-
ants (i.e., amino acid substitutions), may result in changes in
protein function. To systematically investigate functional ge-
netic variation in OCTNZ2, we resequenced the OCTN2 coding
region in a large (n = 270), ethnically diverse sample of
healthy volunteers and identified 20 nucleotide substitu-
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tions, including 15 previously unreported variants, in this
region. We then examined the functional effects in cellular
assays of amino acid sequence variants of OCTNZ2 identified
in this screen. Because OCTN2 is a bifunctional transporter,
we assessed the activity of OCTN2 variants with respect to
both the endogenous substrate L-carnitine and the xenobiotic
TEA. We further characterized the subcellular localization of
the most common protein sequence variants of OCTN2. In
addition, we established immortalized lymphoblasts from
subjects homozygous for either allele of the promoter region
polymorphism —207G>C, to determine the effects of this
polymorphism on L-carnitine transport and OCTN2 mRNA
expression ex vivo.

Materials and Methods

Chemicals. [?H]L-Carnitine (80 Ci/mmol) and [**C]tetraethylam-
monium (55 mCi/mmol) were purchased from American Radiola-
beled Chemicals Inc. (St. Louis, MO). Lipofectamine 2000 and
pcDNAS3 were purchased from Invitrogen (Carlsbad, CA). BCA Pro-
tein Assay Kit was purchased from Pierce Biotechnology Inc. (Rock-
ford, IL). Unlabeled L-carnitine and tetraethylammonium bromide
were purchased from Sigma (St. Louis, MO). Cell culture supplies
were purchased from the Cell Culture Facility (UCSF, San Fran-
cisco, CA). All other chemicals were of reagent grade and were
commercially available.

Identification of SLC22A5 Variants. Genomic DNA samples
were collected from unrelated healthy persons in the San Francisco
Bay Area as part of the Studies of Pharmacogenetics in Ethnically
Diverse Populations (SOPHIE) project. SLC22A5 variants were
identified by direct sequencing of genomic DNA as described previ-
ously (Leabman et al., 2003) from an ethnically diverse population of
270 individuals: 80 African Americans, 80 European Americans, 60
Asian Americans (50 Chinese Americans and 10 Japanese Ameri-
cans), and 50 Mexican Americans. The reference cDNA sequence of
SLC22A5 was obtained from GenBank (accession number
NM_003060). Primers were designed manually to span the exons,
and 50 to 200 base pairs of flanking intronic sequence per exon. The
primer sequences can be found at http://www.pharmgkb.org. Variant
positions are relative to the ATG start site and are based on the
reference cDNA sequence of SLC22A5.

Genetic Analysis of SLC22A5. The neutral parameter (6), nu-
cleotide diversity (), and Tajima’s D statistic were calculated as
described by Tajima (1993). Each parameter was determined for
various sites within the coding region of SLC22A5 (e.g., synonymous
and nonsynonymous sites, and sites within transmembrane domains
and loops) for the entire population and for each ethnic group. Syn-
onymous and nonsynonymous sites were defined as described by
Hartl and Clark (1997). Evolutionarily conserved amino acid resi-
dues were defined as residues identical among human, mouse, and
rat orthologs of OCTN2. Chemical distance, or the degree of differ-
ence between alternative amino acid residues, was taken from the
amino acid substitution matrix of Grantham (1974).

Construction of OCTN2 Variants. Human OCTN2 cDNA (Gen-
Bank accession number NM_003060) was subcloned into the mam-
malian expression vector pcDNA3 to obtain OCTN2-reference, which
corresponds to the highest-frequency amino acid sequence in all
ethnic groups. Variant ¢cDNA clones were constructed by site-di-
rected mutagenesis of the reference clone using Pfu Turbo DNA
polymerase (Stratagene, La Jolla, CA). Variants that showed func-
tional differences from OCTN2 reference were reverted to the refer-
ence sequence by site-directed mutagenesis and assayed further, to
confirm that the functional effect was due to the intended mutation.
In all cases, OCTN2 reference in pcDNA3 was used as the template,
except for OCTN2-Phel7Leu-reversed, OCTN2-Tyr449Asp-re-
versed, and OCTN2-Val481Phe-reversed, for which OCTN2-
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Phel7Leu, OCTN2-Tyr449Asp, and OCTN2-Val481Phe were used
as templates, respectively. Sequences of variant cDNA clones were
confirmed by direct sequencing, and the full cDNA was sequenced to
verify that only the intended mutation was introduced.

Cellular Assays of OCTN2 Variants. Human embryonic kidney
293 cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with penicillin (100 U/ml), streptomycin (100 pug/ml),
and 10% fetal bovine serum. Cells were seeded onto 24-well, poly-D-
lysine—coated plates (BD Biosciences Discovery Labware, Bedford,
MA) at a density of 1.5 X 10° cells per well and grown for 24 h. Cells
were then transfected with 1 ug of OCTNZ2 reference or variant DNA
and 3 pg of Lipofectamine 2000 in each well according to the man-
ufacturer’s protocol. Cells were incubated for 48 h and assayed for
activity by measurement of cellular uptake of radiolabeled probe
substrates. For studies of transport kinetics, OCTN2-reference and
the polymorphic variants (Phel7Leu, Leul44Phe, and Pro549Ser)
were subcloned into the expression vector pcDNA5/FRT and used to
generate stable cell lines using the Flp-In System (Invitrogen) ac-
cording to the manufacturer’s protocol. This system, which generates
single-copy, site-specific integration of target constructs, allows for
comparisons among allelic variants in stable cell lines by eliminating
concerns regarding gene-dose-dependent or integration site-depen-
dent difference among cell lines. In brief, Flp-In-293 cells were plated
at a density of 6 X 10° cells per well in six-well tissue culture treated
plates using antibiotic-free media and incubated overnight. Cells
reached ~95% confluence at 24 h after seeding, at which point cells
were transfected with 0.4 ug of OCTN2 (reference or variant) cDNA,
3.6 ug of pOG44 DNA, and 20 pg of Lipofectamine 2000. Two days
after transfection, cells were trypsinized and split 1:4 into new six-
well plates and selected for stable transfectants by addition of hy-
gromycin B (75 pg/ml) to the growth media. After 10 to 14 days under
selection, colonies were pooled and expanded in 25-cm? flasks and
used for transport experiments by seeding in 24-well poly-D-lysine
coated plates as described above.

Uptake studies were performed by first washing the cells with
warm Hanks’ buffered salt solution (HBSS) and incubating at 37°C
for 15 min, after which the wash buffer was removed and replaced
with HBSS containing either [*H]L-carnitine (10 nM [*H]L-carnitine,
1 uM unlabeled L-carnitine) or [**C]tetraethylammonium (10 M
radiolabeled). Cells were returned to 37°C for 10 min, which was
determined to be within the linear range of uptake versus time.
Uptake was terminated by rapidly removing the extracellular media
and washing three times with ice-cold HBSS. Cells were lysed in 1 ml
of 0.1 N NaOH/0.1% SDS, and 800 nl of the lysate was added to 3 ml
of Ecolite scintillation fluid (MP Biomedicals, Irvine, CA). Intracel-
lular radioactivity was determined by scintillation counting and
normalized to per-well protein content as measured using the BCA
protein assay. Results were expressed as the percentage activity of
the OCTN2-reference wells. Kinetics studies were performed as de-
scribed above, with varying concentrations of unlabeled substrate
(L-carnitine or TEA) added to the uptake buffer. Rates of uptake V,
expressed in picomoles per minute per milligram of protein, were fit
to the equation V=V__ X [SI/K,, + [SD,or V=V_.. X [SUK,, +
[SD + K, X [S], where K, represents the first-order rate constant for
non—-OCTN2-mediated uptake, [S] is the substrate concentration,
and V, . and K, are the Michaelis-Menten kinetic parameters.

Statistical differences between variant and reference OCTN2 ac-
tivity were assessed by paired ¢-tests using mean values from repli-
cate experiments. p < 0.05 was used as the threshold for signifi-
cance.

Subcellular Localization Studies. Polymorphic OCTN2 vari-
ant cDNA clones were used to make GFP fusion constructs to deter-
mine their subcellular localization. The terminal codon in OCTN2
was mutated to introduce a BstBI recognition site, and the GFP
coding sequence was ligated to the 3’ end of the OCTN2 ¢cDNA in the
expression vector pcDNA5/FRT. The resulting clones were used to
generate stable cell lines as described above. For localization studies,
cells were seeded at 1.5 X 10° cells per well on 12-mm poly-D-lysine

coated glass coverslips (BD Discovery Labware, Bedford, MA) in
24-well plates. Cells were stained using the Image-IT Live labeling
kit (Invitrogen) and fixed in 4% paraformaldehyde according to the
manufacturer’s protocol. Coverslips were mounted in Vectashield
antifade solution (Vector Laboratories, Inc., Burlingame, CA) on
glass microscope slides and visualized by confocal microscopy using
a Zeiss 510 laser scanning microscope (Carl Zeiss Inc., Thornwood,
NY).

Phenotyping of OCTN2 —207G>C Promoter Polymorphism
in Immortalized Lymphoblasts. Subjects in the SOPHIE cohort
were screened by direct sequencing of the promoter region of OCTN2
to identify persons homozygous for either —207G/G or —207C/C.
Because this polymorphism had only been described in persons of
European ancestry, this screen was restricted to the European
American subset of SOPHIE. Homozygotes were recruited into a
clinical study designed to assess differences between subject groups
in carnitine renal clearance and in carnitine transport activity and
OCTN2 mRNA expression in lymphoblastoid cell lines (LCLs). To
establish these cell lines, 10 ml of whole blood was drawn from each
subject (—207G/G, n = 7; —207C/C, n = 8), and the buffy coat was
isolated by separation of blood using Ficoll Paque Plus (GE Health-
care, Little Chalfont, Buckinghamshire, UK). White blood cells were
washed twice in phosphate-buffered saline and transformed with
Epstein-Barr virus in the presence of 1 pg/ml cyclosporin A in growth
media (RPMI 1640 medium supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin). Cells were
incubated in 25-cm? flasks at 37°C in 5% CO,, for 7 to 10 days before
feeding. Once colonies were established, cells were expanded by
feeding every 2 to 3 days, then transferred to 75-cm? flasks. L-
Carnitine transport studies were performed using the method de-
scribed by Tein and Xie (1996). In brief, 6 X 10° cells were incubated
in the presence of 5 uM or 5 mM L-carnitine (10 nM [*H]L-carnitine
plus unlabeled L-carnitine to achieve the final desired concentration)
for 3 h in triplicate 1.5-ml Eppendorf tubes. Cells were then washed
three times in ice-cold phosphate-buffered saline and lysed in 1 ml
0.1 N NaOH/0.1% SDS, and 800 ul of cell lysate was used for
scintillation counting. Active transport was determined by subtract-
ing nonspecific uptake (at 5 mM) from total uptake (at 5 uM) after
correcting for total protein as determined by the BCA protein assay.
Transport studies were performed at least twice for each cell line,
and average values from replicate experiments were used in the final
analysis. To measure OCTN2 mRNA expression, 5 X 106 cells from
each line were pelleted. Total RNA was extracted using the RNeasy
Mini Kit (QIAGEN, Valencia, CA) and reverse-transcribed using the
Superscript III Reverse Transcription Kit (Invitrogen) according to
the manufacturers’ protocols. The resulting cDNA was used as tem-
plate for real-time quantitative PCR using TagMan primers and
probes specific for human OCTN2 and GAPDH (Applied Biosystems,
Foster City, CA). OCTN2 expression was normalized to GAPDH
mRNA and expressed as a relative expression versus the lowest-
expressing cell line. To determine the effect of heat shock on OCTN2
expression, cells were incubated in water baths in room air at either
42°C or 37°C for 2 h and returned to 37°C in 5% CO,, incubator. Cells
were pelleted for RNA extraction at various time points (0, 1, 2, or
6 h) after termination of heat shock. Differences between treatments
(for heat shock studies) were tested for significance using a paired ¢
test. Differences between genotype groups were assessed using an
unpaired ¢ test.

Results

Variant Discovery and Population Genetics of
OCTN2 Coding Region Variants. We identified 20 nucle-
otide substitution variants in the survey region, including 10
in coding and 10 in noncoding regions of the OCTN2 gene.
Five of these had previously been reported on the NCBI
single nucleotide polymorphism database (dbSNP): two high-
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frequency synonymous SNPs (¢.285C>T and ¢.807G>A), one
amino acid substitution (LL144F), one intronic SNP (IVS4 +
13C>T), and one SNP in the 3'-untranslated region. In ad-
dition, one rare variant (Tyr449Asp) had been identified pre-
viously in a patient with a suspected carnitine transport
defect (Amat di San Filippo and Longo, 2004).

Of the variants we identified in noncoding regions, nine
were intronic and one was found in the 3'-untranslated re-
gion, 47 base pairs downstream of the stop codon. Among
coding region variants, two were synonymous (i.e., did not
alter the amino acid sequence) and eight were nonsynony-
mous. Although a total of eight nonsynonymous variants
were found, only seven nonsynonymous sites were identified,
as one of the sites was triallelic (¢.1441G>T, ¢.1441G>A).
The variant identification data have been deposited in the
public databases PharmGKB (http://www.pharmgkb.org)
and dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/).

Table 1 summarizes the population genetics statistics for
the OCTN2 coding region. It is noteworthy that although
only two synonymous variants were found (versus eight non-
synonymous variants), the nucleotide diversity at synony-
mous sites (mg) was much higher than that at nonsynony-
mous sites (myg). The ratio of myg/7g is frequently used as a
measure of the extent of selective pressure on a gene, with
low myg/mg corresponding to a high degree of negative selec-
tion (i.e., low tolerance for nonsynonymous substitution ver-
sus synonymous substitution); the ratio of 0.04 for OCTN2 is
among the lowest of all transporter genes surveyed by our
group (Leabman et al., 2003; Urban et al., 2006), suggesting
a very low evolutionary tolerance for alterations in OCTN2
protein structure. This is consistent with the observation
that a potentially lethal early-onset disorder (SCD) results
from null alleles of this gene.

Figure 1 shows the predicted secondary structure of
OCTNZ2 and the location of the nonsynonymous coding region
variants. Only one of the eight nonsynonymous variants is
predicted to occur in the transmembrane domain (TMD), five

TABLE 1
Population genetics statistics for variation in SLC22A5
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in the intracellular loop and two in the extracellular loop
regions of the protein. Variants occurring in the loop regions
do not disrupt any predicted N-glycosylation or phosphoryla-
tion motifs. All but one (Met530Val) of the nonsynonymous
variants occur in evolutionarily conserved amino acid resi-
dues, defined as residues identical among human, mouse,
and rat orthologs of OCTN2.

It is noteworthy that one OCTN2 variant, Tyr449Asp, had
been identified previously in the heterozygous state in a
patient who died of sudden cardiac arrest at 3 months of age
(Vockley et al., 2000; Amat di San Filippo and Longo, 2004).
This patient was found on autopsy to have moderately re-
duced carnitine transport activity (to 57% of control) and
reduced very long-chain acyl-CoA dehydrogenase (VLCAD)
activity (to 46% of control) in cultured fibroblasts. The pa-
tient was also heterozygous for a point mutation in the
VLCAD gene, and death is presumed to have resulted from
synergism between defects in multiple steps in the fatty acid
oxidation pathway (see Vockley et al., 2000). This variant
occurs at an evolutionarily conserved residue in an intracel-
lular loop that has been shown to influence sodium activation
of OCTN2 (Amat di San Filippo and Longo, 2004).

Of the eight nonsynonymous variants identified, five were
singletons; that is, they were found on only one chromosome
in our sample. Three were polymorphic (defined as =1%
allele frequency in at least one ethnic group): Phel7Leu,
found at an allele frequency of 1.7% in the Asian American
sample; Leul44Phe, found at a 7.5% frequency in the African
American sample; and Pro549Ser, found at a frequency of
10.0% in the African American sample. The characteristics of
the coding region variants and their population-specific allele
frequencies are shown in Table 2.

Activity of OCTN2 Protein Sequence Variants in Cel-
lular Assays. We probed OCTN2 activity using 2 com-
pounds: the endogenous substrate L-carnitine, and the syn-
thetic molecule TEA. When expressed in mammalian cells,
the majority of nonsynonymous variants of OCTN2 retained

The neutral parameter (6 ), nucleotide diversity (), and Tajima’s D statistic were calculated as described by Tajima (1993). 7 for synonymous and nonsynonymous sites was

calculated as described by Hartl and Clark (1997).

: . Base Pairs No. of Total Base Pairs No. of Variable
Population and Region/Type Surveyed Chromosomes Sequenced Sites 6 (x 10% ™ (X 10% D
Total
All 2996 552 1653792 18 8.72 £ 2.62 6.47 £ 4.07 —-0.64
Coding 1674 924048 9 7.80 £ 2.98 6.58 + 4.77 —0.26
Noncoding 1322 729744 9 9.88 £ 3.77 6.34 £ 5.00 —0.58
Synonymous 407 224664 2 7.14 = 5.22 23.93 £ 18.01 1.38
Nonsynonymous 1267 699384 7 8.02 = 3.38 1.01 = 1.70 -1.21
All 2996 160 479360 12 7.09 * 2.60 8.01 = 4.84 0.30
Synonymous 407 65120 2 8.71 £ 6.46 23.49 £ 17.87 1.2
Nonsynonymous 1267 202720 4 5.59 *= 3.07 2.73 = 2.99 —0.58
EA
All 2996 160 479360 8 4.73 = 1.98 5.48 * 3.60 0.29
Synonymous 407 65120 2 8.71 + 6.46 22.7+174 1.14
Nonsynonymous 1267 202720 1 1.40 = 1.43 0.10 £ 0.51 —0.40
AS
All 2996 120 359520 11 6.85 = 2.63 5.24 + 3.48 —0.54
Synonymous 407 48840 2 9.17 = 6.85 19.8 = 16.0 0.87
Nonsynonymous 1267 152040 2 2.94 = 2.20 0.39 = 1.04 -0.65
ME
All 2996 100 299600 9 5.80 = 2.41 4.32 = 3.02 -0.53
Synonymous 407 40700 2 9.50 = 7.11 18.6 = 15.3 0.74
Nonsynonymous 1267 126700 2 3.05 = 2.28 0.32 = 0.93 —0.69

AA, African American; EA, European American; AS, Asian American; ME, Mexican American.
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function, having activity approximately equal to OCTNZ2-
reference (Fig. 2A). None of the variants tested showed com-
plete loss of function; however, one rare variant (Val481Phe)
and one polymorphism (Phel7Leu) showed reduced function.
Val481Phe exhibited reduced activity to approximately 71%
of OCTN2-reference activity with respect to L-carnitine
transport (after subtracting background; i.e., uptake in
mock-transfected cells), and 53% activity with respect to
transport of TEA when averaged over triplicate experiments
(p < 0.05). It is noteworthy that this variant occurred at a
triallelic site: two rare substitutions (Val481Phe and
Val481Ile) were found at the same amino acid position, but
only Val481Phe exhibited a functional difference from the
reference protein. The more common Phel7Leu variant
showed a greater decrease in function, reduced to 51% of
OCTN2-reference activity toward L-carnitine (p < 0.05) and
to only 20% activity toward TEA (p < 0.01).

The Tyr449Asp variant, previously identified in a patient
heterozygous for a carnitine transport defect, showed in-
creased preference for TEA versus L-carnitine: 150% of
OCTN2-reference activity toward TEA (p < 0.0001), com-
pared with a reduction in L-carnitine transport to 62% of the
reference clone (p < 0.05). The kinetic constant (K,) of
Tyr449Asp toward L-carnitine was not different from the
reference OCTNZ2; however, sodium activation kinetic studies
showed reduced sodium stimulation of L-carnitine transport
by Tyr449Asp compared with the reference OCTN2 (data not
shown), consistent with previous findings (Amat di San Fil-
ippo and Longo, 2004).

To confirm that the differences in functional activity ex-

hibited by these variants were due to the intended mutations
and not to unidentified mutations introduced through site-
directed mutagenesis in generating the variant cDNAs, we
reversed these variant cDNAs back to the reference sequence
and assayed the resulting cDNA clones for activity. In all
cases, reversing the mutation back to the reference sequence
restored wild-type function (Fig. 2B), demonstrating that the
functional differences observed were specifically caused by
the intended nonsynonymous variants.

Detailed Phenotyping of OCTN2 Protein Sequence
Polymorphisms. No obvious functional differences were
identified in the initial screen among the most common
OCTN2 variants, Leul44Phe and Pro549Ser. However, the
Phel7Leu polymorphism showed significant reduction in ac-
tivity toward both substrates. To determine whether more
subtle quantitative differences might exist among the
Leul44Phe and Pro549Ser variants and to further charac-
terize the alterations in activity of the Phel7Leu variant,
concentration dependence of L-carnitine and TEA transport
was examined. Kinetics of both L-carnitine and TEA trans-
port were nearly identical between OCTN2-reference and
both Leul44Phe and Pro549Ser (Fig. 3). For the Phel7Leu
variant, the decrease in L-carnitine transport was explained
by a reduction in V_ . to approximately 50% of OCTN2-
reference (446 * 18 versus 861 * 18 pmol/min/mg of protein
for OCTN2-reference) with no effect on K, (12.5 = 0.5 versus
13.5 £ 0.8 uM for OCTNZ2 reference). Phel7Leu was also
shown to lower V. of TEA transport by OCTN2 (470 = 74

max

versus 720 *= 47 pmol/min/mg of protein for OCTN2-refer-

Vald81Phe/
EXTRACELLULAR Valagill . . .
a € Fig. 1. Predicted secondary structure of OCTN2 showing
the position of the eight nonsynonymous coding region
l variants. The transmembrane topology diagram was ren-
gx)mmg dered using TOPO2 transmembrane protein display soft-
S T PR R m ware  (http://www.sacs.ucsf.edw/TOPO/topo.html). ~ Poly-
co®  Gp o0 G @ Gy oot Op morphic variant sites (allele frequency >1%) are shown as
o  Cxp g Cxp P Exp P Sxp squares; rare variants are shown as circles. Variants with
‘?"g fc%?) ?J; &f’, ?Cg gg) ?Cg (ng, significant functional differences from the reference
o @p  oof® @ oo O ok OCTN2 are shown in yellow, all other variants are shown
B B o 8 ooooo g § R.J in blue, putative N-glycosylation sites are shown in black,
o4 and an ATP-binding motif is boxed in orange. The three
& / functionally significant nonsynonymous variants are indi-
i cated by arrows.
[ Phet7Leu| [ Tyra49hsp |

CYTOPLASM

TABLE 2
Coding region variants of OCTN2

CDS position is given in reference to the ATG start site (where position + 1 is the “A” in ATG). Grantham score is shown as a measure of chemical distance between
alternative residues; a high Grantham score corresponds to large chemical changes (Grantham, 1974). Evolutionarily conserved (EC) residues are defined as residues
identical among human, mouse, and rat orthologs of OCTNZ; all other residues were classified as evolutionarily unconserved (EU). Population-specific allele frequencies are
given. Variant information has been deposited in PharmGKB (http://www.pharmgkb.org) and dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/).

Allele Frequency

D leoti Amino Aci Amino Aci rantham
dbSNP ID# chitison N&clggiééi ¢ Posiotiorcl ¢ Che‘l)ngec ¢ ¢ gcgr:‘ EC/EU EA AS ME Total
(n =160) (n=160) (n=1200 (n=100) (n = 540)
rs11568520 51 C—G 17 Phe—Leu 22 EC 0 0 1.7 0 0.4
rs2631365 285 T—C 95 Syn EC 38.7 35.6 70.8 25.0 42.8
rs10040427 430 C—T 144 Leu—Phe 22 EC 7.5 0 0 1.0 2.4
rs274558 807 A—G 269 Syn EC 38.7 35.6 70.8 25.0 42.8
rs11568514 1345 T-G 449 Tyr—Asp 160 EC 0.6 0 0 0 0.2
rs11568513 1441 G-T 481 Val—Phe 50 EC 0 0.6 0 0 0.2
rs11568513 1441 G—A 481 Val—lle 29 EC 0.6 0 0 0 0.2
rs11568521 1522 T—C 508 Phe—Leu 22 EC 0 0 0 1.0 0.2
rs11568524 1588 A—G 530 Met—Val 21 EU 0 0 0.8 0 0.2
rs11568525 1645 C—-T 549 Pro—Ser 74 EC 10.0 0 0 0 2.9

AA, African American; EA, European American; AS, Asian American; ME, Mexican American.
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ence), as well as increase K, (1.09 = 0.28 versus 0.53 = 0.07
mM for OCTN2-reference).

To further address the mechanism for reduced activity of
the Phel7Leu polymorphism, GFP fusion proteins were con-
structed and expressed by stable transfection in Flp-In-293
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Fig. 2. Functional screen of protein-altering variants of OCTNZ2. Variants
of OCTN2 were expressed by transient transfection in human embryonic
kidney 293 cells and assayed for activity by measurement of uptake of
radiolabeled probe substrates (1 uM [*H]L-carnitine or 10 uM [**C]-TEA)
at 10 min. A, functional activity of all nonsynonymous variants was
assessed. B, variant ¢cDNAs for those variants found to have altered
function were reversed to the reference sequence by site-directed mu-
tagenesis and assayed for restoration of wild-type activity. Mock-trans-
fected cells (pcDNAS3) serve as the negative control. Results are expressed
as a percentage of the reference sequence clone (OCTN2-REF) after
correcting for per-well protein content. Values represent mean = S.D.
from triplicate wells in a representative experiment. *, p < 0.05 versus
OCTN2-Reference.

Functional Diversity in OCTN2 1607

cells. It was determined by confocal microscopy that although
OCTN2 reference (as well as Leul44Phe and Pro549Ser)
showed strict localization to the plasma membrane,
Phel7Leu showed a more diffuse pattern of localization, with
some plasma membrane staining as well as marked cytosolic
retention of the variant protein (Fig. 4).

Ex Vivo Phenotyping of —207G>C Promoter Poly-
morphism. To determine the effect of the —207G>C poly-
morphism in the promoter of the OCTNZ2 gene, lymphoblas-
toid cell lines (LCLs) were derived from subjects homozygous
for either —207G/G or —207C/C and assayed for L-carnitine
uptake and OCTN2 mRNA expression. As shown in Fig. 5A,
cell lines from —207C/C subjects had significantly lower total
and specific (i.e., saturable) transport of L-carnitine com-
pared with —207G/G subjects (p < 0.05). When OCTN2
mRNA levels were compared between groups, —207C/C sub-
jects showed a trend toward reduced mRNA expression in
LCLs. This difference was not significant (p = 0.20), although
the lack of statistical significance might be explained by a
single —207C/C cell line, which showed the highest OCTN2
mRNA expression among all cell lines. When this cell line
was excluded from the analysis, —207C/C subjects also
showed reduced OCTN2 mRNA expression compared with
—207G/G subjects (p < 0.05). There was, however, a signifi-
cant correlation between L-carnitine transport activity and
OCTN2 mRNA level when all cell lines were included (Fig.
5B, p < 0.05). No effect of heat shock on OCTN2 mRNA

A
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Fig. 3. Concentration-dependence of L-carnitine and TEA transport by
common OCTN2 protein sequence variants. OCTN2-reference,
Phel7Leu, Leul44Phe, and Pro549Ser were expressed in stably trans-
fected Flp-In-293 cells. Kinetics of L-carnitine (A) and TEA (B) transport
were measured by incubation with radiolabeled probe compounds (10 nM
[®*H]L-carnitine or 10 uM [**C]TEA) and varying concentrations of unla-
beled substrate for 10 min. Data for TEA transport were fit to a modified
Michaelis-Menten equation that included a first-order nonsaturable com-
ponent. The nonsaturable uptake rate constant was 0.195. Mock-trans-
fected cells served as a negative control. Results are expressed as pico-
moles per minute per 10° cells. Values represent mean *+ S.D. from
triplicate wells.
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expression was observed in either genotype group at any of
the time points tested (0, 1, 2, or 6 h after heat shock; data
not shown).

Discussion

Although rare null mutations in OCTN2 have been iden-
tified in patients with primary systemic carnitine deficiency,
this study represents a systematic survey of the coding re-
gion of OCTN2 for functionally significant genetic poly-
morphisms in an ethnically diverse sample. Others have

previously surveyed the entire OCTN2 gene for novel poly-
morphisms; however, the samples used for SNP identifica-
tion were restricted to 48 individuals from a single ethnic
group (Japanese) and did not identify any amino acid se-
quence variants (Saito et al., 2002). Another group used an
“extreme phenotype” approach to estimate the carrier fre-
quency of loss-of-function mutations in OCTNZ2; however,
this study was restricted to persons in the Akita prefecture of
Japan (Koizumi et al., 1999). We did not identify any of the
variants reported by Koizumi et al. (1999) in our sample.
Based on the results of a newborn screening program to

Fig. 4. Subcellular localization of polymorphic OCTN2 variants. GFP fusion constructs were generated for the OCTN2 variants with population-
specific allele frequencies >1% and used to generate stable cell lines using Flp-In-293 cells. The plasma membrane was stained using AlexaFluor594
WGA and cells were visualized by confocal microscopy. A, OCTN2-reference; B, Phel7Leu; C, Leul44Phe; D, Pro549Ser.
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detect SCD and other fatty acid oxidation disorders in New
South Wales, Wilcken et al. (2001) anticipate a carrier fre-
quency of 1:240 (<0.5%) for defective alleles of OCTNZ2 in
their study population.

We did not identify any complete loss-of-function muta-
tions in our cohort of healthy volunteers, which suggests that
the carrier frequency for loss-of-function alleles of OCTN2 is
lower in our study populations than can be reliably estimated
in a sample of this size (i.e., less than 1% in each ethnic group
included in our sample); however, several variants exhibited
significant alterations in function compared with the refer-
ence sequence protein. We found two variants with signifi-
cantly decreased function in heterologous expression sys-
tems: Phel7Leu and Val481Phe (Fig. 2). Persons who carry
these variants may be at risk for toxicity related to insuffi-
cient renal tubular reabsorption of carnitine or to reduced
clearance of substrate drugs. Recent studies have shown that
heterozygous jus mice, for example, have significantly re-
duced free carnitine and increased triglycerides in the liver
(Lahjouji et al., 2002) and are at increased risk for age-
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<+ Active Transport
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L-Carnitine Uptake Rate
(fmol/minfmg protein)
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-207G/G -207C/C
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©-207GIG
+-207C/C

R*=0.31
p=0.03

OCTN2 mRNA Level (relative expression) 0

0.0 0.5 1.0 1.5
Active Carnitine Transport (pmol/min/mg protein)

Fig. 5. Effect of OCTN2 —207G>C promoter polymorphism on L-carni-
tine transport and OCTN2 mRNA expression in lymphoblastoid cell lines.
LCLs were derived from healthy human subjects homozygous for
—207G/G or —207C/C and assayed for L-carnitine transport activity and
OCTN2 mRNA expression. A, subjects homozygous for —207C/C showed
significantly reduced total and specific L-carnitine transport (+, p < 0.05
versus —207G/G). Transport experiments were performed twice for each
cell line, and the average values over two experiments were used in the
final analysis. Data shown here represent the mean and standard devi-
ation for all cell lines in each genotype group. B, correlation between
OCTN2 mRNA level and transport activity in LCLs. open symbols,
—207G/G; closed symbols, —207C/C.
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associated cardiomyopathy (Xiaofei et al., 2002). Humans
who are heterozygous for loss-of-function alleles of OCTN2
have also been shown to be at increased risk for late-onset
cardiac hypertrophy (Koizumi et al., 1999). Thus, even par-
tial loss of OCTN2 function may produce clinical symptoms of
carnitine insufficiency. In addition, there is growing evidence
for the concept of synergistic heterozygosity, in which het-
erozygosity for a reduced-function allele of one gene may
produce a severe phenotype in the context of heterozygosity
for a mutation in another gene in the same pathway (Vockley
et al., 2000). This phenomenon has already been described
for mutations in OCTN2 and for other genes involved in fatty
acid metabolism (Vockley et al., 2000; Schuler et al., 2005).
Thus, persons carrying the reduced-function OCTN2 alleles
identified here may be at risk for defects in fatty acid oxida-
tion as a result of these mutations, per se, or may be at
increased risk of fatty acid oxidation defects resulting from
synergism of OCTN2 mutations with mutations in other
genes involved in mitochondrial fatty acid oxidation.

Of particular interest in this regard is the Phel7Leu poly-
morphism, which was found at an allele frequency of 1.7% in
the Asian American subset of our sample and showed the
most marked reduction in transport activity. The impair-
ment in L-carnitine transport activity by Phel7Leu was ex-
plained by a reduction in V., which suggests a reduction in
functional expression of this variant (as contrasted with a
reduced affinity for L-carnitine). Indeed, subcellular localiza-
tion studies confirmed that the expression of Phel7Leu dif-
fered from OCTN2-reference, with a lower fraction of the
total protein localizing to the plasma membrane and diffuse
intracellular retention of the variant protein. Thus,
Phel7Leu disrupts, but does not completely abolish, the nor-
mal trafficking of OCTN2 to the plasma membrane. These
results suggest that Phel7 may be important for proper
folding of the OCTN2 protein or for optimal interaction with
proteins involved in membrane trafficking. Defects in plasma
membrane sorting have recently been shown for disease-
causing mutations of OCTN2 (Amat di San Filippo et al.,
2006). With regard to TEA transport, Phel7Leu showed an
even greater deficiency, to only 20% of OCTN2 reference
activity at nonsaturating concentrations. This was explained
by a reduced V., for TEA transport (presumably also a
result of reduced surface expression) as well as a ~2-fold
increase in K. Thus, in addition to its effects on protein
localization, this variant seems to also affect interactions of
the mature transporter with particular substrates. Because
this allele is particularly common in persons of Asian ances-
try, Phel7Leu may contribute significantly to population
variation in carnitine and organic cation transport and may
be an important modifier of fatty acid oxidation disorders in
this population.

We also identified one variant, Tyr449Asp, that had been
previously identified in a patient suspected to be heterozy-
gous for a carnitine transport defect and offered as an exam-
ple of synergistic heterozygosity (Vockley et al., 2000). Al-
though this mutation had previously been identified in only a
single patient, the fact that the same variant was found in an
unrelated individual in our cohort of healthy subjects sug-
gests that this variant may be more common than other risk
alleles for systemic carnitine deficiency. We show that
Tyr449Asp influenced the substrate selectivity of OCTNZ2;
that is, Tyr449Asp showed increased preference for TEA and
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reduced activity toward L-carnitine (Fig. 2). A reduction in
function with respect to L-carnitine transport is most easily
explained by the fact that Tyr449 seems to be involved in
sodium stimulation of L-carnitine transport (Amat di San
Filippo and Longo, 2004). The degree of impairment in car-
nitine transport activity was less severe in our study com-
pared with the previous report [previously, carnitine trans-
port activity by Tyr449Asp was found to be reduced to 18% of
reference OCTNZ2, versus 62% in the current study (Amat di
San Filippo and Longo, 2004)]. Although the reduction in
L-carnitine transport activity was not as great as that for
Phel7Leu, even a mild reduction in OCTN2-mediated L-car-
nitine transport in the kidney may have physiological conse-
quences. Because tubular reabsorption of carnitine is nor-
mally a very efficient process (>95% of filtered carnitine is
reabsorbed in a single pass), even a small reduction in reab-
sorption could lead to significant increases in renal clearance
(and thus reduced total body and plasma carnitine levels).
Whereas OCTN2-mediated L-carnitine is Na*-dependent,
transport of the synthetic organic cation TEA by OCTN2
occurs via a pH-dependent, Na'-independent mechanism.
Our finding that the uptake of TEA is stimulated by
Tyr449Asp suggests that Tyr449 is also important for TEA
transport by OCTN2.

For variants that showed alterations in function, the de-
gree of change in function was greater for the synthetic
substrate (TEA) compared with the physiologic substrate
(L-carnitine). This was true for both of the reduced-function
SNPs (Phel7Leu and Val481Phe) and the selectivity variant,
Tyr449Asp (Fig. 2). These findings are consistent with pre-
vious studies demonstrating that the OCTN2 protein has
distinct recognition sites for TEA versus L-carnitine (Seth et
al., 1999; Ohashi et al., 2002; Amat di San Filippo et al.,
2003, 2004; Inano et al., 2004). This also suggests that for
genes with dual functions (i.e., a physiological and a phar-
macological role), mutations that disrupt the essential phys-
iological function may be less tolerated than those that affect
less essential functions, such as interactions with drugs or
other xenobiotics.

Peltekova et al. (2004) demonstrated that an SNP in the
promoter region of OCTN2 (—207G>C) causes reduced pro-
moter activity as measured by response to heat-shock or
treatment with arachidonic acid in reporter and gel-shift
assays. This SNP occurs at particularly high allele frequency
(approximately 50%) in persons of European descent. In this
study, we found that this SNP predicts basal L-carnitine
transport ex vivo in lymphoblastoid cell lines, in the absence
of heat shock (Fig. 5). We also found that OCTN2 mRNA
expression in LCLs derived from —207C/C homozygotes
tended to be lower than that in —207G/G cell lines, consistent
with the supposition that the effect of this SNP on transport
activity is related to transcriptional activity at the OCTN2
promoter. In contrast to the previous study, we found that
heat shock had no effect on mRNA expression of OCTN2 or of
a positive control, MDR1, in LCLs of either genotype. The
reasons for this discrepancy are not clear, though one possi-
bility is that the functional elements required for heat shock-
inducible expression of OCTN2 (and of MDR1) are constitu-
tively active in our cell system, but not in that used by
Peltekova et al. (2004) (HeLa cells and GM 10665 fibroblasts).
On the other hand, it is possible that the elements required
for heat-shock pathways are not active in this cell system,

but the —207G>C polymorphism affects basal expression of
OCTN2 in the absence of heat shock. Others have investi-
gated the effect of the —207G>C polymorphism in human
cardiac muscle and have found that OCTN2 expression in
this tissue was not affected by genotype (Grube et al., 2006).
Thus, we conclude that the —207G>C polymorphism in the
OCTN2 promoter may have variable effects on OCTN2 ex-
pression depending on cell system, tissue type, and experi-
mental conditions. This SNP is in linkage disequilibrium
with SNPs in OCTN1, a paralog of OCTN2 that may also be
involved in carnitine disposition and has overlapping sub-
strate specificity with OCTN2 (Peltekova et al., 2004; Urban
et al., 2005). Thus, multipoint haplotypes comprising poly-
morphisms in both OCTN1 and OCTN2 may have additive or
synergistic effects, as has been suggested for the OCTN1-
Leu503Phe/OCTN2(-207)G>C haplotype. Persons who har-
bor these haplotypes together with reduced function variants
identified in this study may be at risk for pathological phe-
notypes associated with carnitine insufficiency. Recent ad-
vances in prospective newborn screening may contribute ad-
ditional information on common reduced-function alleles of
OCTNZ2, as has been shown for other genes (Andresen et al.,
2001).
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