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Role of organic cation transporter 3 (SLC22A3) and its
missense variants in the pharmacologic action of metformin
Ligong Chen?, Bradley Pawlikowski®, Avner Schlessinger®, Swati S. More?,
Doug Stryke®, Susan J. Johns® Michael A. Portman® Eugene Chen?
Thomas E. Ferrin®, Andrej Sali® and Kathleen M. Giacomini®

Objectives The goals of this study were to determine the
role of organic cation transporter 3 (OCT3) in the
pharmacological action of metformin and to identify and
functionally characterize genetic variants of OCT3 with
respect to the uptake of metformin and monoamines.

Methods For pharmacological studies, we evaluated
metformin-induced activation of AMP-activated protein
kinase, a molecular target of metformin. We used
quantitative PCR and immunostaining to localize the
transporter and isotopic uptake studies in cells transfected
with OCT3 and its nonsynonymous genetic variants for
functional analyses.

Results Quantitative PCR and immunostaining showed
that OCT3 was expressed high on the plasma membrane
of skeletal muscle and liver, target tissues for metformin
action. Both the OCT inhibitor, cimetidine, and OCT3-
specific short hairpin RNA significantly reduced the
activating effect of metformin on AMP-activated protein
kinase. To identify genetic variants in OCT3, we used recent
data from the 1000 Genomes and the Pharmacogenomics
of Membrane Transporters projects. Six novel missense
variants were identified. In functional assays, using various
monoamines and metformin, three variants, T44M
(c.131C>T), T400I (c.1199C>T) and V423F (c.1267G>T)
showed altered substrate specificity. Notably, in cells

Introduction

Organic cation transporters (OCTS) participate in the
disposition of a variety of cationic substances including
endogenous amines and xenobiotics in tissues, such as
liver, kidney, and placenta [1-6]. In addition to this
general function, the OCT family has also been proposed
to represent Uptake,, a catecholamine removal system
found in peripheral tissues with sympathetic innervations
[4]. Although OCT1 (SL.C2241) and OCT2 (SLC2242)
seem to be restricted mainly to excretory organs, such as
the liver and kidney, OCT3 (S§LC2243) shows a much
broader tissue distribution, including skeletal muscle,
heart, brain, and placenta. A significant contribution to
the handling of organic cations at the periphery was
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expressing T400l and V423F, the uptakes of metformin and
catecholamines were significantly reduced, but the uptakes
of metformin, 1-methyl-4-phenylpyridinium and histamine
by T44M were significantly increased more than 50%.
Structural modeling suggested that these two variants
may be located in the pore lining (T400) or proximal (V423)
membrane-spanning helixes.

Conclusion Our study suggests that OCT3 plays a role
in the therapeutic action of metformin and that genetic
variants of OCT3 may modulate metformin and
catecholamine action. Pharmacogenetics and Genomics
00:000-000 © 2010 Wolters Kluwer Health
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confirmed recently in mice in which the Ow3/8k2243
gene was disrupted. These mice showed impaired
Uptake, activity in brain, heart, and in embryos [3,7].
A recent study indicates that OCT3 is critical in the
physiological compensation of serotonin transport in the
brain of knockout mice of the serotonin transporter [8].
Several genome-wide association studies have linked
OCT3 to the risk loci for coronary artery disease and
prostate cancer [9-11].

Metformin is first-line therapy for the treatment of type 2
diabetes and is among the most widely prescribed drugs
in the US [12]. Earlier studies suggest that OCTs, OCT1
and OCT?2, play a critical role in the disposition and
response to metformin and that genetic variants of these
transporters are associated with variation in pharmacoki-
netics and antidiabetic activity of the drug [6,13-15].
MATET1 has also been shown to play a role in metformin
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disposition [14,16,17]. To date, however, there have been
few studies on the role of OCT?3 in metformin uptake and
activity [18]. Furthermore, there have been no reports of
the effects of genetic variants of OCT3 on metformin
uptake, disposition, or pharmacologic action. However,
functionally significant genetic variants of OCT3 in the
coding and proximal promoter have been identified
[19,20] and associated with human disease. In particular,
in a case—control study of 84 Caucasian children and
adolescents with obsessive—compulsive disorder, a non-
synonymous variant of OCT3, M3701, which had a 40%
decline of transport capacity for norepinephrine and
a genetic variant in the promoter region g.-81G > delGA
of OCT3, which shows increased luciferase activity, were
associated with obsessive—compulsive disorder [19].

In this study, we first determined that OCT3 modulated
the pharmacologic action of metformin on its target,
AMP-activated protein kinase (AMPK), and showed that
the transporter was highly expressed in the skeletal
muscle, one of the major sites of metformin action.
Following these studies, we comprehensively examined
the coding region of OCT3 using data from the 1000
Genomes Project and direct sequencing of a large DNA
sample (z=247) from ethnically diverse healthy volun-
teers to identify all OCT3 nonsynonymous (missense)
variants. We then assessed the functional significance of
these nonsynonymous variants by investigating their
transport function, expression, and subcellular localiza-
tion, and analyzed the effects of the variants on OCT3
structure—function relationships by structural modeling.
We discovered several natural missense variants with
significant functional effects. In particular, the uptake of
metformin and catecholamine were modulated by several
of the variants. On the basis of its tissue expression
pattern, our studies suggest that OCT3 may play a role
in skeletal muscle as one of the determinants of the
pharmacologic effect of metformin [21].

Methods

Chemicals

All radiolabeled chemicals were purchased from American
Radiolabeled Chemicals Incorporation (St Louis, Michi-
gan, USA) or PerkinElmer (Boston, Massachusetts, USA).
The specific activity of each radiolabeled chemical was:
[*H] MPP* (1-methyl-4-phenylpyridinium) (85.5 mCi/
mmol), [*H] histamine (14.2 mCi/mmol), [*H] norepi-
nephrine (44.7 mCi/mmol), [*H] serotonin (20.3 mCi/
mmol), [*H] dopamine (32.7 mCi/mmol), [*H] epinephr-
ine (80.0 mCi/mmol), [°’H] choline (76.1 mCi/mmol),
[*H] tyramine (50 mCi/mmol), [*C] TEA (tetraethy-
lammonium) (50 mCi/mmol), and ["“C] metformin
(26 mCi/mmol). HEK293 Flp-In cells, Lipofectamine
2000, and pcDNAS5/FRT expression vector were purchased
from Invitrogen (Carlsbad, California, USA). BCA Protein
Assay Kit was purchased from Pierce Thermo Fisher
(Rockford, Illinois, USA). Unlabeled chemicals were

purchased from Sigma (St Louis, Missouri, USA). Cell
culture supplies were purchased from the Cell Culture
Facility (UCSE California, USA). All other chemicals were
of reagent grade and commercially available.

Determination of mRNA expression level in

tissues and cells

Total RNA from various human tissues or cell lines was
purchased from Clontech (Palo Alto, California, USA) or
ScienCell Research Laboratories (Carlsbad, California,
USA) and reverse-transcribed PCR was used Superscript
IIT Reverse Transcriptase (Invitrogen) according to the
manufacturer’s protocols. The resulting cDNA was used as
template for quantitative real-time PCR (RT-PCR) using
TagMan Gene Expression Assays for human transporter
OCT1 (assay ID: Hs00427550_m1), OCT2 (assay ID:
Hs00533907_m1), OCT3 (assay ID: Hs01009568 m1),
and human glyceraldehyde-3-phosphate dehydrogenase
(assay ID: Hs99999905 ml). Quantitative RT-PCR was
carried out in 96-well reaction plates in a volume of 10l
using the TagMan Fast Universal Master Mix (Applied
Biosystems, Foster City, California, USA). Reactions were
run on the Applied Biosystems 7500 Fast Real-Time PCR
System with the following profile: 95°C for 20s followed
by 40 cycles of 95°C for 3s, and 60°C for 30s. The
relative expression of each mRNA was calculated by
the comparative method (AAC, method). First, the AG,
values for each sample were obtained by subtracting the
C, value of glyceraldehyde-3-phosphate dehydrogenase
mRNA from the C, value of the target mRNA. Then, the
AAC, values for each sample were obtained by subtract-
ing the highest AC, value obtained for the sample (which
in this case is sample ‘OCT2 in smooth muscle’) from the
AC, value of each sample. The mRNA expression
reported as relative difference was calculated using the
arithmetic formula 2724 (ABI Prism 7700 Sequence
Detection system User Bulletin No. 2, P/N 4303859).
For validation of short hairpin RNA (shRNA) inhibition
of OCT3 expression in human primary muscle cells
by electrophoresis, specific RT-PCR primers (forward:
5'-CAGCAGACAGGTATGGCAGG-3' and reverse: 5'-
GGAAGATCACAAACACAGGGAAGT-3') were used. PB-
actin was used as control.

Metformin treatment in skeletal muscle cells

Human primary skeletal muscle cells from Lonza
(Walkersville, Maryland, USA) were cultured in the F-
10 medium, supplemented with penicillin (100 U/ml),
streptomycin (100 pg/ml), 20% fetal bovine serum (In-
vitrogen), and 2.5ng/ml basic fibroblast growth factor
(Sigma). Cells were grown in collagen-coated 10cm
plates. Before treatment, cells at 70% confluency were
adapted with serum-free medium with basic fibroblast
growth factor for 24 h [22]. For the cimetidine inhibition
study, cells were treated for 2h in reduced serum
medium Opti-MEM  (Invitrogen) as follows: control
without any treatment, but solvent dimethyl sulfoxide
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(10 ul), metformin only (1.5mmol/l), cimetidine only
(1 mmol/l), and metformin (1.5 mmol/l) plus cimetidine
(1 mmol/l). For the OCT3 specific shRNA inhibition
study, the HuSH 29mer shRNA constructs against
SL.C22A3 in plasmid green fluorescent protein (pGFP)-
V-RS vector (Catalog No. TG301651) was purchased from
Origene (Rockville, Maryland, USA). Cells were trans-
fected for 24h with transfection mixture following the
manufacturer’s manual [lipofectamine 2000 with empty
pGFP-V-RS (4pg) or pGFP-V-RS-shRNA (4 pg) in the
6-well plate, respectively]. Cells were treated for 6 h
as follows in Opti-MEM medium: control with empty
pGFP-V-RS, metformin only (1.5mmol/l) plus empty
pGFP-V-RS, shRNA only (4pg), and metformin
(1.5 mmol/l) plus shRNA. After 2 h treatment, cells were
rinsed three times in cold PBS and then harvested by a
cell harvester (BD Bioscience, San Jose, California, USA)
in 2ml cold PBS. Cold PBS was removed after centrifu-
ging at 500g for 5min. Cell pellets were subject to the
western blotting assay.

Western blotting and immunostaining

Cultured cells or human liver tissue (Asterand, Detroit,
Michigan, USA) were lysed using a tissue homogenizer at
4°C for 20min in the radioimmunoprecipitation assay
buffer (Sigma) with the protease inhibitors dissolved
from complete protease inhibitor cocktail tablet (Roche
Applied Science, Palo Alto, California, USA). After
centrifugation for 20 min at 16 100g at 4°C, the super-
natants were removed for the determination of protein
content and separated on 10% SDS-polyacrylamide gel
electrophoresis gels. About 40 mg of proteins from the
supernatant were separated and transferred to polyviny-
lidene fluoride membrane. The membranes were blocked
overnight at 4°C with Tris-buffered saline with 0.05%
Tween 20 and 5% nonfat milk. Immunoblotting was
performed following standard procedures, and the signals
were detected by chemiluminescence reagents (GE
healthcare, New Jersey, USA). Primary antibodies were
directed against: AMPKa (1:1000), AMPKo phosphory-
lated at Thr172 (1:500), GFP (1:2000), p-actin
(1:2000) and Na + /K+ ATPase (1:1000) (Cell Signal-
ing Technology, Danvers, Massachusetts, USA), and
hOCT3 (1:1000) (GenWay, San Diego, California,
USA). For the quantification of western blot bands, the
Image] method was used, which was downloaded from
http:flrsb.info.nih.govlij/index.ftml. The quantification meth-
od followed the manual of the software. Each band from
anti-hOCT3 was also normalized to its loading control
anti-Na + /K + ATPase. For the immunostaining of tissue
section, paraffin-embedded normal human tissue slides
were purchased from IMGENEX (San Diego, California,
USA). Following the supplier’s protocol, slides were
placed in a rack and the following washes were
performed: (i) xylene: 2 x 3min, (ii) xylene: 1:1 with
100% ethanol: 3 min, (iii) 100% ethanol: 2 x 3 min, (iv)
95% ethanol: 3min, (v) 70% ethanol: 3 min, (vi) 50%
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ethanol: 3min, (vii) running cold tap water to rinse.
Before antibody application, sections were steamed in
0.01 mol/l citric acid buffer (pH 6.0) for 15min then
cooled in 1x PBS for 15min at room temperature.
Sections were blocked in 10% lamb serum and 0.5%
triton-X100 for 45min then incubated in rabbit anti-
OCT3 (1:100) (GenWay) for 1h or overnight at 4°C.
After antibody incubation, sections were washed in PBS
then incubated for 1h in Alexafluor 488 goat anti-rabbit
(1:500) (Invitrogen) then placed on coverslips. Immuno-
fluorescent images were captured using a Retiga CCD-
cooled camera and associated QCapture Pro software
(QImaging, Surrey, BC Canada).

Identification of OCT3 genetic variants

OCT3 variants were identified by direct sequencing of
genomic DNA as described earlier from DNA samples
collected from an ethnically diverse population of 247 indivi-
duals (100 African~Americans, 100 European-Americans,
30 Asian—-Americans, 10 Mexican—Americans, and seven
Pacific Islanders). The study protocol was reviewed and
approved by the Committee on the Human Research
at UCSE The reference ¢cDNA sequence of OCT3 was
obtained from GenBank (4#p./fwww.nchi.nlm.nikh.gov, acces-
sion number NM _021977.2). Primers were designed
manually to span the exons and 50-200bp of flanking
intronic sequence per exon. The primer sequences can
be found at Azp./fwww.pharmgkb.org. The sequencing data
of 1000 Genomes Project were obtained from /Azp.//
pharmacogenetics.ucsf-edu/, which combined the sequencing
data from the Pharmacogenetics of Membrane Transpor-
ters Database and the 1000 Genomes Project. 1000 ge-
nome data is from the 2009_02 release of Pilot 1 data for
three ethnic groups (CEU, Caucasians in Utah; JPT/
CHB, Japanese in Tokyo, and Chinese in Beijing; YRI,
Yoruba in Ibadan in Nigeria), which is based on human
build 36.3.

Construction of genetic variants of OCT3

Human OCT3 c¢DNA (GenBank accession number
NM_021977) was cloned from human prostate cDNA
library and then subcloned into the mammalian expres-
sion vector pcDNAS/FRT or modified GFP-tagged
pcDNAS/FRT at C-terminus to obtain OCT3 reference
(wildtype) or GFP-OCT3, which corresponds to the high-
frequency amino-acid sequence in all ethnic groups. The
reference sequence clone was used as the template for
mutagenesis. Variant cDNA clones were constructed by
site-directed mutagenesis of the reference clone using
Pfu Turbo DNA polymerase (Invitrogen). Sequences of
variant cDNA clones were confirmed by direct sequen-
cing, and the full cDNA of each variant was sequenced to
verify that only the intended mutation was introduced.

Transport studies
HEK-293 Flip-in cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DME H-21, UCSF Cell
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Culture Facility), supplemented with penicillin (100 U/
ml), streptomycin (100 pg/ml), and 10% fetal bovine
serum. For all of the reference and variants of OC73,
detailed functional studies were performed using stably
transfected Flp-In-293 cells generated according to the
manufacturer’s protocol (Invitrogen).

All substrates were labeled with *H except TEA and
metformin, which were labeled with *C. C labeled
metformin and TEA had a concentration of 35 pmol/l.
Time-course studies were performed to verify the linear
range uptake of each substrate. Later a 1-min uptake was
performed with each compound except metformin for
which the uptake was determined at 5min. Data are
shown as mean =+ standard deviation from three repeated
experiments and each experiment was performed in
triplicate. Results are expressed as the percent of activity
of the OCT3 reference. Transport of radiolabeled
substrates was tested in at least three separate experi-
ments for all variants. Kinetics studies were performed
with varying concentrations of unlabeled substrates
added to the uptake buffer. Initial rates of uptake (V),
expressed as pmol/min/mg protein, were fit to the
equation: V= Vi * [8]/(Ky + [S]) + Kaigr * S where
Kgigr represents a diffusion constant for non-OCT3-
mediated uptake, [S] is the substrate concentration,
and V. and K,, are the Michaelis—-Menten kinetic
parameters.

Green fluorescent protein fusion constructs

To visualize subcellular localization of OCT3 variants,
variant cDNA constructs were subcloned in frame with
GFP at the C-terminus of the pcDNAS/FRT expression
vector [23]. For the colocalization study, the Image-iT
LIVE Plasma Membrane and Nuclear Labeling Kit
(Invitrogen) was used with red fluorescent Alexa Fluor
594 wheat germ agglutinin to specifically label the plasma
membrane. Cells, plated on poly-D-lysine-coated glass
coverslips (BD Biosciences, San Diego, California, USA)
were visualized using a Retiga CCD-cooled camera and
associated QCapture Pro software (QImaging).

Biotinylation of the cell surface

The biotinylation of the HEK cell surface proteins was
performed with the Pierce Cell Surface Protein Isolation
Kit (Pierce). Briefly, each of the HEK cells from 10 cm?
culture plates was biotinylated with 10 ml sulfo-NHS-SS-
biotin solution in PBS. Plates were placed in a rocking
platform or orbital shaker and gently agitated for 30 min
at 4°C. Reactions were stopped by adding quench
solution. The cells were scraped from the plate bottom
in 10ml of PBS containing 490 mmol/l oxidized glu-
tathione. The cells were pelleted and lysed for 30 min on
ice with 1ml of radioimmunoprecipitation assay lysis
buffer with protease inhibitor cocktails (Sigma). The cell
lysate was cleared by centrifugation (16100g, 10 min).
About 500pl of clarified cell lysate was added to

NeutrAvidin Agarose slurry. (Pierce, Rockford, Illinois,
USA) Unbound proteins were removed by washing
buffers. Captured proteins were eluted from streptavidin
sepharose by incubation with 400 pl SDS—polyacrylamide
gel electrophoresis sample buffer with 50 mmol/l dithio-
threitol for 60 min on an end-over-end rotator at room
temperature. Samples were eluted by centrifuging for
2min at 1000g. The eluted samples were subject to
immunoblotting assays.

Structural modeling

We created two different models for OCT3 (Fig. S3,
Supplemental digital content 1, kup://links.lww.com/FPC/
A210). The coordinates of the first model (Fig. S3a and b,
Supplemental digital content 1, Attp://links.tww.com/FPC/
A210) were downloaded from MODBASE [24], a database
of annotated comparative protein structure models.
Briefly, models in MODBASE were calculated by
MODPIPE, an automated system for comparative protein
structure modeling [24] relying on various modules of
MODELLER [25]. Each model in MODBASE is
predicted to have the correct fold based on a composite
score calculated from the coverage of the modeled
sequence, sequence identity with the template, the
fraction of gaps in the alignment, the compactness of the
model, and several statistical potential scores [24]. This
OCT3 model (Fig. S3a and b, Supplemental digital
content 1, Aztp://links.low.com/FPCI/A210) was based on the
crystal structure of the glycerol-3-phosphate transporter
from Escherichia coli (Glp'T, PDB identifier 1PW4) [26].
Although the sequence similarity between the template
structure and OCT3 is not high (i.e. 18% sequence
identity), we verified the fold of the model using a variety
of additional fold assignment methods such as Phyre
[27]; this method ranked 1PW4 as their top hit.
Furthermore, they agreed on the alignment in the region
that included Thr400. The model was assessed by Z-
DOPE, which is a normalized atomic distance-dependent
statistical potential based on known protein structures
[28]. The Z-DOPE Score of the model was —1.08, where
a score lower than -1 indicates a ‘reliable’ model (i.c.
80% of its Cao atoms are within 3.5A of their correct
positions). The second OCT3 model (Fig. S3c and d,
Supplemental digital content 1, Azp://links.lww.com/FPC/
A210) was based on the crystal structure of lactose
permease (LacY) from E. co/i (PDB identifier 2CFQ)
[29,30]. Hundred models were generated based on a
comprehensive alignment between LacY and OCTs from
various organisms [30] using the standard ‘automodel’
routine of MODELLER [25]. The models were then
assessed using Z-DOPE, where the score of the highest-
ranked model was 0.59. Although such a score generally
does not indicate a reliable model, this model is based on
a reliable alignment that was verified experimentally for
the rOCT1 model [30]; in addition, our scoring scheme
was developed for globular proteins and is less reliable for
assessing membrane proteins. For the multiple sequence
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alignment (Fig. 6a), sequences of representative OC73
homologs were downloaded from NCBI in June 2009.
Their multiple sequence alignment was obtained by
MUSCLE [31], and visualized using Jalview (University
of Dundee, Dundee, Scotland, UK). The aligned residues
were colored based on their type (using the ‘Clustlx’ color
scheme in Jalview) and their level of conservation (the
more conserved the residue in a given position, the
stronger is the color).

Statistical analysis

Data are expressed as mean =+ the standard deviation. For
statistical analysis, multiple comparisons were analyzed
using one-way analysis of variance followed by Dunnett’s
two-tailed test. OCT3 reference was the basis for com-
parison unless stated otherwise. The data were anal-
yzed using GraphPad Prism 4.0 (GraphPad Software Inc.,
La Jolla, California, USA). A P value less than 0.05 was
considered statistically significant.

Results

OCT3 tissue expression pattern and immunostaining
We screened 44 tissues for the expression level of OCT3
mRNA transcripts (Fig. 1S, Supplemental digital content
2, http://limks.fow.com/FPCIA211). Among them, prostate
had the highest expression level consistent with an earlier
report [32]. Other major OCT3 expression sites were
cardiac myocytes, skeletal muscle, placenta, uterus, liver,
adrenal gland, salivary gland, and appendix. The rest of
the tissues showed modest or low-expression compared
with the above sites. Notably, cardiac myocytes was a new
tissue type identified with high OCT3 expression. To
elucidate the biological and pharmacological role of OC73
relative to its paralogs, we compared the expression level
of #0CT1-3 in various tissues using qRT-PCR (Fig. 1a). As
expected, OCTT was highly expressed in the liver whereas
OCT2 was mainly expressed in the kidney and slightly
detectable or undetectable in the skeletal muscle, liver,
and smooth muscle. In contrast, OCT3 was much higher
than OCT1/2 in muscle tissues, especially in skeletal
muscle. Immunostaining showed that OCT3 expression
was strong at the plasma membrane of skeletal muscle
and heart (Fig. 1b). In kidney and liver, immunostaining
indicated the presence of OCT3 in proximal tubules and
on the sinusoidal membrane of the hepatocytes, respec-
tively. Western blotting also showed that OCT3 antibody
was very specific without cross activity with OCT1/2
(Fig. 1¢); that is, a single band around 60 kD was detected
only in HEK-OCTS3, but not in HEK-OCT1/2. These
data suggest that OCT3 plays a role in the disposition
of endogenous monoamines and drugs in liver, kidney,
skeletal muscle, and heart.

Effect of metformin on AMP-activated protein kinase in
skeletal muscle cells

Metformin activates AMPK in the liver and skeletal
muscle, which results in lower plasma glucose levels and
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increased rates of synthesis of glycogen [21,33,34]. To
explore the role of OCT3 in the action of metformin in
the skeletal muscle, we performed an AMPK activation
study with metformin (Fig. 2). Adult primary human
muscle cells grown in culture were treated with met-
formin in the presence or absence of the OCT in-
hibitor, cimetidine, and the phosphorylation of AMPK o2
Thr172 was measured. Without the OCT inhibitor,
cimetidine, metformin significantly increased the phos-
phorylation of AMPK o2 Thrl72 as compared with
control cells without treatment. When metformin was
applied along with cimetidine, AMPK phosphorylation
level was similar to the control cells (without treatment)
(Fig. 2a and b). As cimetidine is a general inhibitor of
OCTs, OCT3 specific shRNA was applied to silence the
specific expression of OCT3 in the muscle cells. The
coapplication of metformin and OC73 shRNA signifi-
cantly reduced AMPK phosphorylation compared with
metformin alone. OCT3 shRNA, however, did not reduce
AMPK activation to the same extent as cimetidine,
implying that other transporters (e.g. OCT1) may also
play a role in the muscle cell uptake of metformin (Fig. 2a
and b). The reduction on AMPK phosphorylation by
cimetidine and OCT?3 specific ShRNA were about 80 and
60%, respectively. The knockdown of OCT3 expression by
shRNA in human primary muscle cells was validated by
RT-PCR (Fig. 2¢ and d). Both the electrophoresis and
TagMan quantitative RT-PCR indicated that the mRNA
of OCT3 was substantially silenced by its shRNA. There
was only 18% remaining in the shRNA treated sample
compared with the one treated with empty vector
(Fig. 2d).

Identification of novel OCT3 variants

In the 247 DNA samples analyzed by direct sequencing,
13 nucleotide substitutions in the survey region of the
OCT3 gene, which included the proximal promoter
region, the coding region, and 50-200bp of flanking
intronic sequence for each exon were identified. Only
two of these variants had been reported earlier. The
nucleotide positions and allele frequencies of the variants
are shown in Table 1. Of the 13 variants identified, seven
occurred in the coding region, and six were found in the
noncoding regions of the sequence interrogated in our
screen. Variants in intronic regions mainly occurred in the
African—~American sample at low-allele frequencies. Only
IVS1 (+85) and IVS5 (+ 12) were detected at higher
frequencies, that is, 14.2 and 10%, respectively. Of the
four synonymous variants identified (Table 1), two were
highly polymorphic: R120R (c.360T > C), which was
found in all ethnic groups at varying allele frequencies
and A411A (c.1233G > A) with an allele frequency of 45%
in the Asian sample, and low-allele frequencies in other
ethnic groups. A411A (c.1233G > A) might serve as a
cryptic splice acceptor site [19,20]. The three nonsynon-
ymous variants included three amino acid substitutions
that occurred at very low-allele frequencies (Table 1).
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Fig. 1
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Tissue distribution of organic cation transporter 3 (OCT3) and its paralogs. (a) mRNA expression levels of OCT1, OCT2, and OCTS3 in various
tissues. OCT1-3 mRNA expression was normalized to human glyceraldehyde-3-phosphate dehydrogenase expression for each tissue. Data are
shown as mean * standard deviation from a single experiment with triplicate wells and plotted as log. UD, undetermined. (b) Immunofluorescence of
human skeletal muscle, heart, kidney, and liver sections probed with rabbit anti-OCT3 at 1 : 100 and detected with second antibody Alexa Fluor 488
(green). Nuclei were stained with 4'-6-Diamidino-2-phenylindole (blue). Scale bar: 50 pm. (c) OCT3 antibody specificity tested in HEK-Mock,
HEK-OCT1-3.
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Metformin activation of AMP-activated protein kinase (AMPK) in skeletal muscle cells. (a) Western blot assay of AMPK activation mediated by
organic cation transporter 3 (OCT3) in human primary skeletal muscle cells. Metformin (1.6 mmol/l) stimulated AMPK 2 (T-AMPK) Thr172
phosphorylation (P-AMPK) in human adult primary skeletal muscle cell and that the OCT inhibitor, cimetidine (1 mmol/l) and short hairpin RNS
(shRNA), inhibited its action on AMPK phosphorylation. pPGFP-V-RS: empty vector without shRNA. (b) Densitometry of immunoblotting assays. The
bar chart represents the intensity of each band (P-AMPK) normalized to the total AMPK based on three independent experiments. (c) Validation of
shRNA knockdown of mRNA expression level of OCT3 in human primary skeletal muscle cells by real-time PCR. (d) TagMan quantitative PCR
analysis of OCT3 mRNA expression level in shRNA or empty vector treated human primary skeletal muscle cells.

Table 1 Genetic variants of OCT3 (SLC22A3) identified in 247 DNA samples from the pharmacogenomics of membrane transporters
project

Allele frequency

Genomic Nucleotide AA EA AS ME PA
dbSNP ID numbers position CDS position substitution Amino acid substitution (n=200) (n=200) (h=60) (n=20) (n=14)
Coding variants

rs68187715 160689572 131 C>T T44M 0.006 0.006 0 0 0.143
rs8187716 160689693 252 C>A P84P 0.011 0 0 0 0
rs8187717 160689787 346 G>T A116S 0.017 0 0 0 0
rs668871 160689801 360 T>C R120R 0.417 0.494 0.617 0.5 0.571
rs8187725 160778144 1199 C>T T400I1 0 0.005 0 0 0
rs2292334 160778178 1233 G>A A411A 0.126 0.364 0.446 0.35 0.5
rs8187722 160784748 1494 A>G L498L 0.025 0 0 0 ]
Intronic variants
rs8187718 160689955 IVS1 (+85) C>T None 0.142 0 0 0 0
rs8187719 160749973 IVS4 (+30) A>G None 0.01 0 0 0 0
rs8187720 160751880 IVS5 (+12) C>T None 0.1 0.005 0 0 0
rs8187723 160777922 IVS6 (+23) T>C None 0 0 0 0 0.071
rs8187724 160777939 IVS6 (+40) A>C None 0.03 0.01 0 0 0
rs8187721 160783908 IVS8 (+17) ™>G None 0.005 0 0 0 ]

ID numbers in bold indicate nonsynonymous variants, which were studied in this investigation. CDS (nucleotide) position is given relative to the ‘A’ in the ATG start codon
for OCT3.

AA, African—American; AS, Asian—American; dbSNP, database single-nucleotide polymorphism; EA, European—American; ME, Mexican—American; n=number of
chromosomes examined; PA, Pacific Islander.

T44M (c.131C>'T) was found as singleton in African the sample set was much smaller (z =7 samples or 14
and Caucasian American samples, but at presumably  chromosomes). A116S (c.346G >T) had an allele fre-
higher frequencies in Pacific Islanders (14.5%) though quency of 1.7% in the African-American sample, but was
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not present in other ethnic groups. T4001I (c.1199C > T)
was a singleton in the European—-American sample. For
the nonsynonymous SNPs from 1000 Genomes Project
(Table 2), A116S (c.346G > T') was only found in the YRI
sample at 5.4% allele frequency, which is higher than the
direct sequencing result (1.7%). LL186F (c.558G > T) had
allele frequencies of 7.6% in Chinese and Japanese
(CHB/JPT) DNA samples and 4.5% in African (YRI)
samples. V388M (c.1162G > A) was a singleton in the
Caucasian (CEU) group and 1423F (c.1267G >'T) had
an allele frequency at 6.8% only in samples from Chinese
and Japanese (CHB/JPT).

Functional effects of OCT3 nonsynonymous variants on
model substrate and monoamines

The time course of the uptakes of a diverse array of
known or unknown substrates of OCT3 was examined in
cells stably expressing the OCT3 reference (Fig. 3a). All
the substrate uptakes were time dependent and linear at
1 min or less, which allowed us to determine the kinetic
parameters for each substrate. MPP + and histamine
had higher turnover rates than other monoamines. The
uptake efficiency [the ratio of V. (nmol/mg protein/
min)/K,, (nmol/l)] were as follows: MPP+ (21.0:
1783 +£98/85 = 10) > histamine (11.0: 1498 = 61/131 =
57) > serotonin (3.8: 889 = 61/236 = 31), norepinephr-
ine (3.4: 1051 = 183/305 £42) > tyramine (2.3: 641 =
61/281 £36) > dopamine (1.5: 658 = 152/443 * 56),
epinephrine (1.2: 597 + 72/480 = 65) (Table 3a). OCT3
showed highest transport efficiency for histamine among
the monoamines. TEA uptake at 5min (0.32 nmol/mg
protein/min) was enhanced approximately 3-fold over
empty vector and was not considered a substrate in
another report (data not shown) [35].

The OCT3 genetic variants were studied for their
potential differences in uptake of diverse substrates
(Fig. 3b). At 1min, the uptake of MPP™ and histamine
were enhanced more than 50% in cells expressing T44M
in comparison with cells expressing the OCT3 reference
(Fig. 3b). A116S, LL186F and V388M exhibited a similar
function to the reference for all of the substrates tested.
T400I and V423F showed an interesting pattern of
uptake for the various monoamines. For example, in
comparison with cells expressing the reference OCTS3,
cells expressing T400I and V423F exhibited a greatly

reduced uptake of dopamine (15 and 63% of OCT3
reference, respectively, P < 0.01), norepinephrine (41 and
50% of OCT1 reference, respectively, P <0.01), and
epinephrine (52 and 67% of OCT1 reference, respectively,
P <0.01).

Effects of OCT3 and its variants on metformin uptake
and kinetics

The accumulation of metformin was time dependent and
substantially increased in cells stably transfected with
reference OCT'3 consistent with Nies ez @/. [18] (Fig. S2a,
Supplemental digital content 3 /kzzp://links.low.com/FPC/
A212). OCT3 had a similar K,, (1.09 = 0.21 mmol/l) and
a slightly increased V.« (4.72 = 0.54 nmol/mg protein/
min) to that of OCT1 (1.18 £0.18 mmol/l and 3.96 =
0.44 nmol/mg protein/min, respectively) (Table 1S, Supple-
mental digital content 4, Atzp://links.fww.com/FPC/A213 and
Fig. S2b, Supplemental digital content 3 Auzp.//links.kww.com/
FPC/A212). As reported earlier [6,36], OCT2 had a much
higher metformin uptake capacity than OCT1/3 with V.
(10.41 = 0.72 nmol/mg protein/min) (Fig. S2b, Supplemen-
tal digital content 3 Azp://links.lww.com/FPC/A212 and Table
1S, http:/llinks.lww.com/FPCIA213). Metformin uptake was
increased about 60% (*P < 0.001) in cells expressing the
T44M variant in comparison with those expressing the
reference OCT3 (Fig. 4a). A116S, LL186E and V388M
showed a similar uptake of metformin, whereas the uptake
of metformin by T400I and V423F decreased about 80 and
50%, respectively (P < 0.001). Five minutes was selected
for kinetic studies as the uptake was in the linear range and
the assay was sufficiently sensitive to accurately detect
radiolabeled metformin. As shown in Fig. 4b and Table 3b,
in cells expressing T44M, metformin exhibited a similar K,
(1.15£0.43 vs. 1.09 = 0.21 mmol/l for the OCT3-refer-
ence) and a significantly increased V. (6.43 £0.39 vs.
4.72 = 0.54 nmol/mg protein/min for the OCT3-reference,
*P < 0.05) in comparison with cells expressing reference
OCT3. Variant A116S, L186F and V388M showed a
similar V. and K,, to the reference. The K,, values of
metformin were significantly increased about 2.5-3.5-fold
in cells expressing T400I and V423F in comparison with
the reference OCT3 (3.81 = 0.42 and 2.95 = 0.21 mmol/I,
respectively, P < 0.05), but the V. values were slightly
reduced (3.36 = 0.54 and 3.52 * 0.53 nmol/mg protein/min,
respectively) (Table 3b).

Table 2 Nonsynonymous variants of OCT3 (SLC22A3) identified in three populations in the 1000 Genomes Project

CEU CHB/APT YRI
dbSNP ID Genomic Amino acid CDS Nucleotide Amino acid frequency frequency frequency
numbers position position position change change (n=57) (n=59) (n=56)

rs8187717 160689787 116 346 G>T Ala>Ser 0 0 0.054
N/A 160748087 186 558 G>A Leu>Phe 0 0.076 0.045
N/A 160778107 388 1162 G>T Val>Met 0.009 0 0
N/A 160778212 423 1267 G>T Val>Phe 0 0.068 0

ID numbers in bold indicate non-synonymous variants which were studied in this investigation.
CEU, Caucasians in Utah; CHB/JPT, Chinese in Beijing and Japanese in Tokyo; doSNP, database single-nucleotide polymorphism; n=number of chromosomes
examined; YRI, Yoruba in Ibadan in Nigeria.
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Uptake of various endogenous amines and MPP + in HEK293 cells stably expressing organic cation transporter 3 (OCT3) and six missense
variants. (a) The time course of uptake of monoamines and 1-methyl-4-phenylpyridinium (MPP +). (b) Substrate selectivity of genetic variants of
OCT3 on model substrate and monoamines. Data are shown as mean * standard deviation from three repeated experiments and each experiment
was performed in triplicate. OCT3 reference is used as control set at 100% for each substrate. *P<0.01 versus OCT3 reference.

Subcellular localization and expression level of green
fluorescent protein-tagged fusion protein

HEK293 cells were stably transfected with GFP-tagged
OCT3 reference and nonsynonymous variants (T44M,
A116S, T4001, and V423F). GFP-Mock (GFP vector only)
was located in both the cytoplasm and nucleus, and was
not colocalized with the plasma membrane (Fig. 5a).
Fluorescence microscopy showed that the majority of
GFP-derived signal of the reference OCT3 was restricted
to the plasma membrane and was colocalized with red
fluorescent labeled wheat germ agglutinin resulting in an

orange color (Fig. 5a). There was also a small fraction of
green fluorescence present in the cytoplasm. None of the
variants seemed to affect the subcellular localization
of OCT3. A slightly stronger fluorescence signal was
detected in the cells expressing GFP-T44M (panel
T44M) in comparison with the cells expressing GFP-
OCT3 reference. The expression level of GFP-tagged
OCT3 and four nonsynonymous variants (1T44M, A116S,
T400I, and V423F) were further assayed from biotiny-
lated cell plasma membrane with western blotting using
GFP antibody. The expression of T44M was increased
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Metformin uptake and kinetics in HEK293 cells expressing organic cation transporter 3 (OCT3) and its genetic variants. (a) Metformin uptake in
HEK293 cells expressing reference OCT3 and six missense variants. OCT3 reference is used as control for each substrate. *P<0.001 versus
OCT3 reference. (b) Metformin kinetics in HEK293 cells expressing reference OCT3 and six missense variants. Michaelis—Menten parameters were

calculated and are shown in Table 3b.

Table 3 Kinetic parameters for substrates transported by OCT3 and its nonsynonymous variants

OCTS reference T44M T400I V423F

(A) Substrates (Kin/ Vinax) (Kl Vina) (Kinf Vinax) (Kin/ Vinax)

MPP* 85+10/1783+98 94+16/2126+162* 65+18/1865+125 62+13/1914+125

Tyramine 281+ 36/641+61 242+62/628+85 303+87/592+43 259+ 53/574 82

Histamine 131+57/1498+104 164+174/1822+113% 116+26/1469t 164 129+26/1413+114

Serotonin 236+31/889+69 252+51/964+128 219+21/997 £107 195+21/843+92

Dopamine 443+56/6568+ 152 456+ 140/507 +22 1292 +54*/572+ 44 1037 £83*%/472 + 61

Norepinephrine 305+42/1051+183 445+111/965+65 908+138%/1080+87 832+138%/1027+£103

Epinephrine 480+65/597+ 72 397 £85/507 £ 41 850+ 110%/541+56 712+153%/518+53

(B) kinetic OCTS reference T44M A116S L186F V388M T400I1 V423F
parameter

Vinax (nmol/mg 4.72+£0.54 6.43+0.39* 4.36+0.37 4.56+0.73 494+0.47 3.36+0.54 3.52%+0.53
protein/min)

K, (mmol/l) 1.09+0.21 1.15+0.43 1.02+0.23 1.04+0.15 1.13+£0.36 3.81+0.42* 2.95+0.21*

For the kinetic studies, uptake rates were determined at 1 min except metformin, which was determined at 5 min.

Values represent the mean * standard deviation calculated from three separate experiments and experiment was performed in triplicate. A, kinetic parameters of 1-methyl-
4-phenylpyridinium (MPP +) and monoamines by reference OCT3 and its nonsynonymous variants. The unit of V..., pmol/mg protein/min; the unit of K,,, nM; B, Kinetic
parameters of metformin of OCT3 and its variants; OCT3 reference, OCT3-reference.

*P<0.05 versus the reference.

about 30% above the OCT3 reference. The rest of the
variants had a similar expression level on the plasma
membrane as the reference OCT3 (Fig. 5b).

Discussion

The results of this study have important implications for
the role of OCT3 in response to the antidiabetic drug,
metformin. Metformin is widely used as a first-line
therapy for the treatment of type 2 diabetes [33]. The
action of metformin seems to be related to its activation
(phosphorylation) of the so-called energy sensor, AMPK,
which results in suppression of glucagon-stimulated
glucose production and enhancement of glucose uptake

in muscle and in hepatic cells [21,37]. In hepatic cells,
we earlier showed that the OCT3 paralog, OCT1, is a
determinant of metformin activity in the liver, a major
site of action of the drug [13]. However, though
metformin is known to have action in skeletal muscle
[34], the transporter(s) responsible for metformin uptake
and action in skeletal muscle is largely not known. Data in
this study suggests that OCT3, which unlike OCT1/2,
has a broader expression pattern, is one of the de-
terminants of metformin action in skeletal muscle. First,
we confirmed that metformin is substrate of OCT3,
which was also recently shown by Nies ez @/. [18]. Further,
our quantitative RT-PCR studies revealed that OCT3 is
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Subcellular localization and expression quantification of green
fluorescent protein (GFP)-tagged various organic cation transporter 3
(OCTB3). (a) Subcellular localization of GFP-tagged OCT3 reference
and four nonsynonymous variants (GFP-T44M, GFP-A116S, GFP-
T400l, and GFP-V423F). Various OCT3-GFP fusion constructs were
stably expressed in HEK293 cells and visualized by fluorescent
microscopy. The nucleus is stained with 4’-6-Diamidino-2-phenylindole
(blue). The plasma membrane was stained using AlexaFluor 594-
labeled wheat germ agglutinin (red) for colocalization staining. GFP-
OCTS3 protein is shown in green. (b) Western blotting assay of GFP-
Mock, GFP-tagged OCT3 reference, and four variants above. Mouse
monoclonal anti- Na+/K+ ATPase served as loading control. The
GFP-OCT3 position is around 100 kD shifted from the 60 kD position
of OCTS itself. The bar chart represents the intensity of each band
normalized to the Na+/K+ ATPase band relative to the GFP-OCT3
reference based on three independent assays.

expressed at higher levels than OCT1/2 in muscle type
tissues like skeletal muscle and heart. Importantly, earlier
studies had shown that in skeletal muscle, metformin
significantly increased AMPK a2 activity by increasing
phosphorylation of AMPK at Thr172 [34]. In this study,
we showed that OCT3 is an important determinant of the
effects of metformin in skeletal muscle. That is, the
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effect of metformin on phosphorylation of AMPK in
cultured skeletal muscle cells was not only greatly
inhibited by cimetidine [38], but also was substantially
inhibited by OCT3 shRNA suggesting that OCT3 plays a
major role in the therapeutic action of metformin. Both
the RT-PCR and immunostaining showed that OCT3 was
expressed at high levels in cardiac myocytes. OCT3
might play an important role for the metformin uptake
in heart. The MPP + accumulation in heart of Oct3/
Slc22a3-deficient mice decrease more than 70% [3] and
congestive heart failure has been included as a contra-
indication to metformin therapy [39]. Collectively, our
data suggest that OCT3 is an important determinant of
the peripheral effects of metformin.

Earlier, we showed that coding region variants of OCT1
play a role in response to metformin by controlling access
of the drug to AMPK in the liver [13]. To determine
whether genetic variants of OCT3 may also play a role in
the action of metformin, we identified and functionally
characterized coding region variants of OC73. Using
heterologous expression of amino acid-altering variants
of OCT3, we discovered that three of the six variants had
significantly altered function with respect to metformin
uptake, and other selected endogenous amines, that is,
T44M, T4001 and V423F Studies of protein expression
and subcellular localization revealed that the amino-acid
substitutions, T400I and V423F did not appreciably
affect expression or subcellular localization of these
variants, suggesting that the impairment of transport
function may result from a disruption in the structure of
OCT3. T400 is highly conserved across all the species
and V423 is partially conserved in mammalian OCT1
(Fig. 6a). The T400I and V423F variants showed obvious
substrate selectivity with respect to monoamines. In
particular, these two variants exhibited a substantial
reduction in the transport of metformin and catechola-
mines in comparison with the other monoamines. The
main structural difference among the various mono-
amines is the hydroxyl group in the phenyl ring, which is
only present in the catecholamines (Fig. 6b). Changing
from a threonine to an isoleucine by T400I may disrupt
the hydrogen bonding of the catecholamines to the
hydroxyl group of threonine. A larger hydrophobic re-
placement by phenylalanine at V423 could interfere with
the hydrophobic interactions between the phenol ring of
the catecholamines and V400E We created two compara-
tive models for OCT3 based on the crystal structures of
the glycerol-3-phosphate transporter and the LacY from
E. coli (Fig. 3S, Supplemental digital content 1, /A#zp://
links.fww.com/FPC/A210) [29,30]. The templates have
similar fold and belong to the Major Facilitator Super-
family. Both models place T400 in the eighth transmem-
brane helix while V423 is placed in the ninth (Lacy,
2CFQ) or tenth (GlpT, 1PW4) transmembrane helix,
respectively, in close proximity to the extracellular loop
between the ninth and the tenth transmembrane helices.
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Fig. 6
(a) Thr400 Val423
Human OCT3 388VVELPGALLILLIYI ERLGRRLPFAASNIVAGVACL|V[TAFLP 428
Plan troglodytes 388VVELPGALLILLIYI ERLGRRLPFAASNIVAGVACL|V[TAFLP 428
Mus musculus 383LVELPGALLILLIi ErRLGRRLPFAASNIVAGVSCLV[TAFLP 423
Monodelphis domestica 395 VV E[LPGAL L I LILfJ1 EC IGRRLPFAASNIVAG IACL|VITAFLP 435
Tetraodon nigroviridis ~ 380AVIEFPAALL I LLI{1 DR IGRRLPFATAN IVAGASCF|I|TALVP 420
Xenopus laevis 382LVEFPSAI || IFVDRVGRRWPWLVGCIITGVACL|I|TT FIP 422
Drosophila willistoni 385AVEIPAYTLLLFMLNRWGRR TILCGTMVVAG ISILL[LT I 1VP 425
Human OCT1 384LVEIPGAF IALIfIDRVGRI YPMAMSNLLAGAACL|VIMI FIS 424
Human OCT2 385 LVIEFPAAFMI LB 1 DR | GIRIR YPWA ASNMVA GAACLI|A|SV FIP 425
consenater | N
65 lloss6 55677576 65
(b) NH, NH, NH,
N H N
LNH NH
H
Tyramine Histamine Serotonin
~ e
NH, NH, N
HO HO HO
OH OH OH
Dopamine Norepinephrine Epinephrine

Structural analysis of organic cation transporter 3 (OCT3) genetic variants, T400 and V423F. (a) Multiple sequence alignments of OCT3 in various
species and with its orthologs, human OCT1 and OCT2. The proteins in each species are known as OCT3 or predicted organic cation transporters.
T400 and V423F are highlighted in the frame. The color scheme in the protein sequence is based on the amino acid residues and the score under
the yellow bar indicates their conservation rate at their position with conserved residues labeled as *. (b) Chemical structures of endogenous

monoamine substrates of OCT3 are illustrated here. The common shared moiety, ethylamine is shown as blue and the unique hydroxyl group in the
ethylamine of norepinephrine and epinephrine is colored as yellow. The catecholamine specific hydroxyl group in the phenyl ring is indicated as red.

This is in agreement with an earlier study describing a
comparative model of rOCT1 based on a structure of the
LacY from E. co/i [30]. Helix 8 is predicted to be one of
the helixes (H2, H5, H8, and H11) lining the substrate-
transporting pore [26], suggesting that it may interact
with substrates of OCT3. However, the possibility that
the amino acid residue substitutions may alter the
structure of OCT3 and indirectly affect the interaction
of substrates with the transporter cannot be excluded.
The effect of V423F on the substrate selectivity, which
was not among the helixes lining the pore, might be
indirect and remain elusive (Fig. 3S, Supplemental digital
content 1, Aztp://links.low.com/FPCJA210). Further informa-
tion including a high-resolution crystal structure of a
mammalian OCT is clearly needed to identify residues
involved in the interaction of various substrates with
OCTs.

The endogenous role of OCT3 may be versatile be-
cause of its role in the uptake of multiple monoamines
[8,40-42]. The uptake data showed OCT3 especially
favors histamine over other monoamines. The discovery

of genetic variants with functional changes may have some
implications for the regulation of tissue levels of en-
dogenous substrates, such as histamine, epinephrine,
serotonin and to the pharmacologic action of the important
antidiabetic drug, metformin. The study suggests that in
addition to OCT1, OCT2, and MATEI [6,14-17,36,43,44],
OCT3 should be considered as an important candidate gene
for the uptake of metformin in muscle type cells and its
variation may modulate the response to metformin.
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