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Fine Mapping and Functional Analysis Reveal
a Role of SLC22A1 in Acylcarnitine Transport

Hye In Kim,! Johannes Raffler,2 Wenyun Lu,? Jung-Jin Lee,* Deepti Abbey,! Danish Saleheen,*
Joshua D. Rabinowitz,> Michael J. Bennett,> Nicholas ]J. Hand,! Christopher Brown,!
and Daniel J. Rader!*

Genome-wide association studies have identified a signal at the SLC22A1 locus for serum acylcarnitines, intermediate metabolites of
mitochondrial oxidation whose plasma levels associate with metabolic diseases. Here, we refined the association signal, performed
conditional analyses, and examined the linkage structure to find coding variants of SLC22A1 that mediate independent association
signals at the locus. We also employed allele-specific expression analysis to find potential regulatory variants of SLC22A1 and
demonstrated the effect of one variant on the splicing of SLC22A1. SLC22A1 encodes a hepatic plasma membrane transporter whose
role in acylcarnitine physiology has not been described. By targeted metabolomics and isotope tracing experiments in loss- and gain-
of-function cell and mouse models of Slc22a1, we uncovered a role of SLC22A1 in the efflux of acylcarnitines from the liver to the
circulation. We further validated the impacts of human variants on SLC22A1-mediated acylcarnitine efflux in vitro, explaining
their association with serum acylcarnitine levels. Our findings provide the detailed molecular mechanisms of the GWAS association
for serum acylcarnitines at the SLC22A1 locus by functionally validating the impact of SLC22A1 and its variants on acylcarnitine

transport.
Introduction

Acylcarnitines are intermediate metabolites of mitochon-
drial fatty acid and amino acid oxidation that shuttle
acyl-moieties into and out of mitochondria. These mito-
chondrial metabolites are released from tissues and form
a circulating pool of acylcarnitines. Plasma acylcarnitine
levels have been found to associate with metabolic disease
states such as obesity and diabetes. ' Recent studies
showed that acylcarnitines are not mere by-products of
mitochondrial oxidation, but rather bioactive molecules
that affect various metabolic and biological pathways
including muscle energetics,"® insulin secretion'* and
signaling,'® and stress and inflammatory signaling.'*>~'®
Despite heightened interest in the emerging and diverse
roles of acylcarnitines, the whole-body physiology of acyl-
carnitines is poorly understood.

Genome-wide association studies for blood metabolites
have identified genetic loci that are significantly associated
with circulating acylcarnitine levels.'””” Many of the asso-
ciated loci contained genes that are involved in either
carnitine metabolism (carnitine transporters) or fatty acid
oxidation (carnitine acyltransferases and acyl-CoA dehy-
drogenases), both of which are known to affect plasma
acylcarnitine levels. However, one of the strongly associ-
ated loci located at chromosome 6q25 harbors the
SLC22A1 gene (MIM: 602607), whose role in acylcarnitine
biology has not been defined. Genetic variants at this locus
are particularly associated with short-chain acylcarnitine

species, suggesting a potential modulatory effect of
SLC22A1 on this specific class of metabolites.

SLC22A1 is primarily expressed in the liver in humans?'
and encodes a plasma membrane transporter, also known
as organic cation transporter 1, or OCT1. SLC22A1 is local-
ized to the hepatocyte basolateral (sinusoidal) mem-
brane?’ and transports its substrates between the liver
and blood. Previously described substrates of SLC22A1
include a variety of endogenous and pharmacological mol-
ecules that commonly harbor a quaternary amine group,*”
a property also shared by carnitine and acylcarnitines.

In this study, we illustrate the molecular mechanisms of
the association at the SLC22A1 locus with serum acylcarni-
tine levels. We refined the association signal and per-
formed allele-specific expression and conditional analyses
to find independent causal variants of SLC22A1 that
mediate the association signal. Using loss- and gain-of-
function cell and mouse models, we identified SLC22A1
as a cellular exporter of acylcarnitines in hepatocytes. We
further demonstrated the effects of candidate variants on
SLC22A1 protein and efflux function, which is direction-
ally consistent with the observed genetic association.

Material and Methods

Serum Isobutyrylcarnitine Association in KORA F4
Cohort

The association study for serum metabolites in KORA F4 cohort
was conducted as described previously.'? The study was approved
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by the local ethics committee, Bayerische Landesdrztekammer,
and written informed consent was obtained from all the partici-
pants. In brief, 1,768 European participants were genotyped on
Affymetrix gene chips (Human SNP Array 6.0 and Axiom) and
their fasting serum isobutyrylcarnitine levels were measured using
the Metabolon LC/MS platform. Isobutyrylcarnitine levels were
divided by the run-day median to correct for batch effects and
were logjo-scaled. Extreme data points (more than 4 SD away
from the mean) were removed from the dataset to avoid spurious
associations. In this study, genotypes were imputed using 1000
Genomes project data®® (phase 1 v.3, March 2012 release, CEU),
using SHAPEIT** (v.2) and IMPUTE?*® (v.2.3.0) for phasing and
imputation, respectively. Association testing was performed using
PLINK?® (v.1.90) with linear regression models under the assump-
tion of an additive genetic model and corrected for the effects
of age and sex. Conditional analysis was performed using
GCTA-COJO tool.?” The association plot was generated using
LocusZoom.”® Linkage disequilibrium calculations were derived
from 1000 Genomes project data,** using Haploview”’ (phase 1,
CEU) or Haploreg® (v.4.1, phase 1, EUR).

Allele-Specific Expression Analysis

Allele-specific expression analysis was performed using the geno-
type and RNA-seq data of human liver samples obtained from
two cohorts: 40 liver samples from the University of Pennsylvania
(UPenn) and 32 liver samples from the Genotype-Tissue Expres-
sion (GTEx) consortium®! (release v.4). The UPenn cohort was
genotyped on the Illumina human 610 quad bead-chips.*” The
GTEx cohort was genotyped on the Illumina Human Omni 2.5
and 5.0 beadchips at the Broad Institute. RNA sequencing in the
liver was performed using an Illumina HiSeq2500 and the reads
were aligned to the human genome (GRCh37/hg19) using STAR
in 2-pass mode. Reference mapping bias was controlled using
WASP.** Reads harboring phased coding SNPs were assigned to
either the major or the minor allele of the query SNP. Allele-spe-
cific expression was quantified by means of the combined haplo-
type test.**

CRISPR-Cas9 Gene Editing

Potential guide RNAs were screened using web-based MIT CRISPR
Design Tool and the guide RNA that cuts nearest to the location of
15113569197 was selected (Figure S2A). The guide RNA was in-
serted to pSpCas9(BB)-2A-GFP vector following the standard pro-
tocol.*® For homology directed repair templates, we used single-
stranded DNA oligonucleotides (ssODNs) that consisted of
200 bp sequence flanking the targeted region with or without
1s113569197 variant and mutated to harbor an EcoRI restriction
enzyme site (Figure S2B). Huh7 hepatoma cells were transfected
with guide RNA-Cas9 vector and ssODNs using Lipofectamine
3000 (Life Technologies) and sorted for GFP 48 hr after transfec-
tion. Colonies arising from single GFP-positive cells were screened
by EcoRI digest and Sanger sequencing to find cells that are
correctly edited. cDNAs from the correctly edited cells were ob-
tained and the region between exons 7 and 8 was amplified by
PCR and the PCR products were Sanger sequenced to examine
the splicing pattern.

Haplotype Frequency and Association Analyses

We used SHAPEIT?* (v.2) to phase the genotypes from KORA F4
cohort and estimate the haplotypes of each individual for
1s12208357, 15202220802, and 1s113569197. The frequency of

each haplotype was calculated and only the haplotypes with fre-
quency greater than 1% in the cohort were considered. Haplotype
association for serum isobutyrylcarnitine levels was tested with
linear regression models under the assumption of an additive ge-
netic model and corrected for the effects of age and sex.

Slc22a1 Liver-Specific Knockout Mouse Model

Slc22a1 conditional knockout mice (SIc22a1™") were from Merck
and generated by a gene targeting approach. ES cells from
C57BL/6 strain were transfected with a targeting vector to intro-
duce LoxP sites and selection markers in areas flanking exons 2
and 3 of Slc22al (Figure S3A). Targeted clones were selected and mi-
croinjected to blastocysts from BALB/c strain and transferred to sur-
rogate females. The resulting chimeric mice were bred to C57BL/6
females to obtain SIc22a1*" on C57BL/6 background. Slc22a1™"
mice were subsequently crossed with Albumin-Cre transgenic
mice (Jackson Laboratory) to generate Sic22al liver-specific
knockout mice (Slc22a1™"; Alb-Cre™) and littermate controls
(SIc22a1™M), referred in the text as SIc22a14"? and SIc22a1™, respec-
tively. Mice were housed in a pathogen-free facility with controlled
temperature and humidity and a 12-hour light/dark cycle. Mice
were fed a standard chow diet (Rodent Diet 5010, LabDiet). All an-
imal experiments were approved by the Institutional Animal Care
and Use Committee of the University of Pennsylvania.

Immunofluorescence

Liver pieces fixed in 4% paraformaldehyde were prepared as
paraffin sections by the CVI histology core at the University of
Pennsylvania. Liver sections were blocked and incubated with
SLC22A1 primary antibody (2C5, Novus Biologicals, NBP1-
51684), ImmPRESS mouse secondary antibody, and TSA fluores-
cence. Subsequently, the sections were incubated with MDR
primary antibody (C-19, Santa Cruz, sc-1517), ImmPRESS goat
secondary antibody, and TSA fluorescence. ImmPRESS secondary
antibodies were from Vector Laboratories and TSA fluorescence
was from Perkin Elmer. Stained slides were examined by Leica
TCS SP8 confocal microscope and images were acquired and pro-
cessed using LAS X software and Image] software.

Adeno-Associated Virus (AAV)

Mouse Slc22al ¢cDNA (Origene) was subcloned to an AAV vector
plasmid provided by the Penn Vector core of the University of
Pennsylvania. The cDNA was placed under thyroxine binding
globulin promoter to allow liver-specific expression. The cDNA-
containing or empty AAV plasmids were packaged into AAV viral
particles (serotype 2/8) by the Penn Vector core. 1 x 10'? particles
were administered per mouse by intraperitoneal injection.

Gene Expression Analysis

RNA was extracted from tissues and cells using Trizol (Invitrogen)
following the manufacturer’s protocol. cDNA was generated from
~1 pg of total RNA using High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Real-time PCR analysis was per-
formed on QuantStudio 7 Real-Time PCR System using SYBR
Green master mix or Tagman master mix (Life Technologies).
The primers used were: for mouse Sic22al, forward 5'-AGGCT
GATGGAAGTTTGGCA-3' and reverse 5'-GTGGGGATTTGCCTGTT
TGG-3’; for mouse Sic22a2, forward 5'-TGGCATCGTCACAC
CTTTCC-3' and reverse 5'-AGCTGGACACATCAGTGCAA-3’; for
mouse SIc22a3, forward 5'-TCAGAGTTGTACCCAACGACATT-3'
and reverse 5-TCTGCCACACTGATGCAACT-3’; and for mouse
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ActB, forward 5'-TTGGGTATGGAATCCTGTGG-3' and reverse
5'-CTTCTGCATCCTGTCAGCAA-3'. Tagman primers and probes
(Thermo Fisher) were used for human SLC22A1 (Hs00427550_
ml) and human ACTB (Hs01060665_g1). Expression levels were
normalized to mouse ActB or human ACTB mRNA levels.

Carnitine Measurement

Carnitine levels in the plasma and tissues were measured by a plate
assay. Tissues were homogenized in PBS and centrifuged to remove
insoluble materials. Tissue homogenates were deproteinized using
Microcon 10 kDa centrifugal filters (EMD Millipore). Filtered ho-
mogenates were used to measure carnitine contents using L-carni-
tine assay kit (Sigma). Protein contents in the liver homogenates
were measured by Pierce BCA protein assay kit (Thermo Scientific)
and used for normalization.

LC-MS for Carnitine and Acylcarnitine Measurement
Liver, plasma, and bile were collected after 24 hr fasting. Spot urine
samples were collected in the fed state. Livers were homogenized in
PBS and centrifuged to remove insoluble materials. Protein
contents in the liver homogenates were used for normalization.
Creatinine contents in the urine were measured by Creatinine
Companion Kit (Glycadia/Exocell) and used for normalization.
Liver and plasma acylcarnitines were measured as their butylated
derivatives using tandem mass spectrometry. Stable isotope-labeled
internal standards (Cambridge Isotope Laboratories) were added to
plasma and liver homogenates. Ethanol was added and the samples
were dried under a stream of nitrogen at 60°C. After adding buta-
nolic hydrochloric acid (Regis Technologies), the samples were
heated to 65°C for 15 min and dried under a stream of nitrogen.
The dried samples were reconstituted with acetonitrile:-water
(80:20) and injected into a Xevo TQ-S tandem mass spectrometer
(Waters Corporation). Data were acquired to collect the parent
compounds of mass m/z 85. Quantitation was against the nearest
chain-length stable isotope labeled internal standard. Bile and urine
metabolites were extracted as follows. Pre-cooled methanol was
added and samples were incubated at —20°C for 20 min. Samples
were centrifuged and the supernatants were collected as the first ex-
tracts. The remaining pellets were reconstituted in pre-cooled meth-
anol:acetonitrile:water (40:40:20) solution and incubated on ice for
10 min. Samples were centrifuged and the supernatants were
collected and combined with the first extracts. The combined ex-
tracts were dried using Vacufuge (Eppendorf). Dried extracts were
dissolved in LC-grade water and analyzed on a Q Exactive Plus
mass spectrometer coupled to Vanquish UHPLC system (Thermo
Fisher). The mass spectrometer was operated in positive ion mode
with resolving power of 140,000 at m/z 200, scanning range being
m/z 140-600. The LC separation was achieved on an Agilent Poros-
hell 120 Bonus-RP column (150 X 2.1 mm, 2.7 pm particle size).
The gradient was 0 min, 50 pL/min, 0% B; 6 min, 50 uL/min,
0% B; 12 min, 200 pL/min, 70% B; 14 min, 200 puL/min, 100% B;
18 min, 200 pL/min, 100% B; 19 min, 200 uL/min, 0% B;
24 min, 200 uL/min, 0% B; 25 min, 50 uL/min, 0% B. Solvent A
is 10 mM ammonium acetate with 0.1% acetic acid in water:aceto-
nitrile (98:2) and solvent B is acetonitrile. Acylcarnitine species
were detected based on accurate mass with a 5 ppm mass window
and confirmed by authentic standards.

Transient Transfection of HEK293T Cells
Mouse Sic22al (Origene) and human SLC22A1 (DNASU>®) were
subcloned to pcDNA3.1 vector with V5-His tag using TOPO TA

cloning kit (Invitrogen). HEK293T cells were cultured in DMEM
supplemented with 10% FBS and 1% antibiotics. Prior to
transfection, HEK293T cells were seeded on collagen-coated plates
(Corning) in antibiotics-free culture media and allowed to attach
overnight. Lipofectamine 3000 (Life Technologies) was used to
induce transient overexpression. Media was changed to antibi-
otics-containing media 6 hr after transection. Experiments were
performed 48 hr after transfection.

Mouse Primary Hepatocyte

Mouse primary hepatocytes were isolated by a standard collage-
nase method. Briefly, mice were anesthetized with a mixture of ke-
tamine and xylazine. Livers were perfused with HBSS without
Ca®" and Mg?" and subsequently with DMEM containing collage-
nase. Hepatocytes were freed by gentle tearing, washed, and plated
on collagen-coated plates. Experiments were performed immedi-
ately after cells attached to the plates around 3-4 hr after plating.

In Vitro Transport Assays using Radiolabeled Substrate
Transport assays were performed on transiently transfected
HEK293T cells and mouse primary hepatocytes. Uptake media
was made of HBSS and 20 mM HEPES with respective transport
substrates. For 1-methyl-4-phenylpyridinium (MPP") uptake,
10 uM MPP™* (Sigma) and 0.2 pCi [*H]-MPP+ (PerkinElmer) were
added. For carnitine uptake, 20 uM carnitine (Sigma) and 0.5 pCi
[®H]-carnitine (American Radiolabeled Chemicals) were added.
Cells were washed once with PBS and incubated in the uptake me-
dia for 3 min for MPP™ uptake and 10 min for carnitine uptake.
Cells were washed 2-3 times with PBS and lysed in 0.1N NaOH.
The radioactivity in the cell lysate was measured by scintillation
counter (Beckman Coulter) and normalized by the protein con-
tent in the cell lysate. For efflux assay, cells were washed
once with PBS and first incubated in the uptake media containing
[3H]-carnitine for 30 min to label the cellular pool of carnitine and
acylcarnitines. Cells were washed 2-3 times with PBS and subse-
quently incubated in the efflux media made of HBSS and 20 mM
HEPES with 20 pM carnitine. At indicated time points, media
was collected and cells were lysed in 0.1N NaOH. The radioactivity
in the cell lysate and media was measured and normalized by the
protein content in the cell lysate. Percent efflux was calculated as
the percentage of the [*H] count in the media out of the combined
counts in the media and cell. In transport assays involving human
SLC22A1, 50 mM L-valine (Sigma) was added to the transport me-
dia to drive the production of isobutyrylcarnitine, which showed
the strongest association signal. SLC22A1-specific efflux activity
was determined as the efflux activity in SLC22A1-expressing cells
minus that in GFP-expressing control cells. For assessing Na*
dependence of the transport activity, we used media composed
of 125 mM NaCl, 4.8 mM KCl, 5.6 mM D-glucose, 1.2 mM
CaCl,, 1.2 mM KH,POy,, 1.2 mM MgSO,, and 25 mM HEPES (pH
7.5).>” In Na™-free media, NaCl was replaced with KCI. Cells
were pre-incubated in Na*-containing or Na'*-free media for
20 min before the uptake experiment.

Immunoblotting

Tissues and cells were lysed in RIPA buffer containing protease in-
hibitors (Roche). Tissue homogenates were centrifuged to remove
insoluble materials. 50 pg of total protein was separated in Bis/Tris
NuPage gels (Invitrogen) and transferred to nitrocellulose mem-
branes. Membranes were blocked in 5% milk solution and blotted
with primary antibodies and subsequently with HRP-conjugated
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Figure 1.
Serum Acylcarnitine Levels

Refinement of the Association Signal at the SLC22AT Locus Reveals Two Coding Variants of SLC22A1 to Be Associated with

(A) Serum isobutyrylcarnitine association data at the SLC22A1 locus from KORA F4 cohort were refined using 1000 Genomes project data
for imputation. The two strongest signals are shown in red circles and blue triangles, with the shade indicating the degree of linkage to

the sentinel variants rs112201728 and rs662138.

(B) 15112201728, the sentinel variant of the red signal, is tightly linked to rs12208357 coding variant, which encodes p.Arg61Cys sub-
stitution. rs662138, the sentinel variant of the blue signal, is tightly linked to rs202220802 coding variant, which encodes p.Met420del

substitution.

(C) Normalized serum isobutyrylcarnitine levels were log;o-transformed and plotted according to the genotypes. The minor alleles of
1s12208357 and rs202220802 are associated with lower serum isobutyrylcarnitine levels.

secondary antibodies. Primary antibodies used were anti-SLC22A5
(LifeSpan Biosciences, LS-C313281), anti-VS5 tag (Thermo Fisher,
R960-25), and anti-GAPDH (V-18, Santa Cruz, sc-20357). Mem-
branes were incubated in ECL (Amersham) or Crescendo (EMD
Millipore) reagents and detected by ImageQuant system (GE
Healthcare Life Sciences).

Statistics
Two-tailed t test or two-way ANOVA were used for statistical anal-
ysis. *p < 0.05; **p < 0.01; ***p < 0.00S.

Results

Refinement and Conditional Analyses of the Association
Signal Reveals Two Independent Coding Variants at the
SLC22AT1 Locus Associated with Acylcarnitines

We first sought to refine the association signal at the
SLC22A1 locus using the genotype and serum metabolite
data derived from KORA F4 cohort consisting of 1,768
European subjects.’® While the original GWAS imputed ge-
notypes based on the HapMap project data,”® we imputed
a denser set of genotypes based on the 1000 Genomes
project data.”> We specifically examined the association

for isobutyrylcarnitine since it was the most strongly asso-
ciated acylcarnitine species. Two strong signals were
found, each of which consisted of SNPs in linkage disequi-
librium (LD) (Figure 1A): in addition to the association
signal with rs662138 that was previously found in the orig-
inal GWAS,'” we discovered an additional association
signal with rs112201728 that could be imputed based on
the 1000 Genomes project data. The sentinel SNPs of these
signals, rs112201728 and rs662138, are not in LD 1% = 0),
suggesting that these two signals are independent of each
other.

To confirm independent signals at the locus, we per-
formed conditional analyses where the association of a
variant is analyzed while accounting for the effect of
another variant. When corrected for the effect of
15112201728, rs662138 remained significantly associated
(Figures S1A and S1B and Table S1). When corrected for
the effect of 15662138, 1s112201728 remained significantly
associated (Figures S1A and S1C and Table S1). These re-
sults show that the signals represented by rs112201728
and 15662138 are mutually independent. When condi-
tioned on both rs112201728 and rs662138, there was no
remaining association signal that reached genome-wide
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significance (p < 107%) (Figure S1D). Therefore,
15112201728 and rs662138 represent two independent as-
sociation signals, each with genome-wide statistical
significance.

As 15112201728 and rs662138 are intronic variants with
no known or predicted cis-regulatory effects, we suspected
that they may tag true causal variants that are linked to
them. We found that rs112201728 is in strong LD (1* =
0.95) with a coding variant, rs12208357, which encodes
p-Arg61Cys (c.181C>T) substitution in SLC22A1 protein
(Figure 1B). The minor allele of 1512208357 encoding the
cysteine residue is significantly associated with lower
serum isobutyrylcarnitine levels (p = 2.9 x 10~'® and
beta = —0.102; Figure 1C). 15662138, on the other
hand, is in perfect LD (1> = 1) with a 3-bp deletion
coding variant, rs202220802, that encodes p.Met420del
(c.1258_1260delATG) substitution in SLC22A1 protein
(Figure 1B). Using 1000 Genomes project data,*® we
imputed the rs202220802 genotype and found that the
minor allele encoding the deletion is significantly associ-
ated with lower serum isobutyrylcarnitine levels (p =
2.1 x 107! and beta = —0.066; Figure 1C). As rs12208357
(p-Arg61Cys) and 15202220802 (p.Met420del) variants are
known to impair the transport function of SLC22A1 pro-
tein,*”*" these data strongly suggest SLC22A1 as the candi-
date gene for the association signal at this locus.

Liver Allele-Specific Expression Analysis Reveals a
Splicing Variant of SLC22A1

We noted that, after conditioning on the two sentinel var-
iants, there still were some variants that remained associ-
ated at sub-threshold levels of significance (p < 10°%)
(Figure S1D). We hypothesized that there might be addi-
tional causal variants, potentially non-coding variants
that affect SLC22A1 at the transcript level. To find poten-
tial regulatory variants, we performed an allele-specific
expression (ASE) analysis using RNA-seq and genotype
data from 72 human liver samples. This analysis identified
variants that are significantly associated with allele-specific
transcript levels of SLC22A1, with 1s594709 being the most
strongly associated variant (Figure 2A). When the allele-
specific reads of each rs594709 heterozygote subject were
plotted, the data points clearly skewed from 1:1 ratio, indi-
cating ASE (Figure 2B). The fraction of the major “A” allele-
specific reads out of the total reads was 60.8%, while that of
the minor “G” allele-specific reads was 39.2% (Figure 2C).
The minor “G” allele-specific reads were, in average,
34.1% lower than the major “A” allele-specific reads in het-
erozygous subjects.

In KORA F4 cohort, the minor allele of rs594709 was
associated with lower serum isobutyrylcarnitine levels
with p value of 6.3 x 10™*. We tried to examine whether
the association of rs594709 is independent of the two cod-
ing variants described above, rs12208357 and rs20220802,
but found that these variants co-segregate with the minor
and the major allele of rs594709 variant (D’ = 1, but r* <
0.2 due to difference in frequency),”*" respectively.

When conditioned on 15112201728 (a proxy for
1s12208357), the association of rs594709 became weaker
(p value from 6.3 x 10~* to 3.3 x 10 ') (Figures S1A and
S1B and Table S1), indicating that the co-segregating
minor alleles had additive effects on acylcarnitines.
In contrast, when conditioned on 15662138 (a proxy
for rs202220802), the association of rs594709 became
stronger (p value from 6.3 x 10~* to 1.4 x 10~ '°) (Figures
S1A and S1C and Table S1), indicating that the co-segre-
gating alleles (minor allele of rs202220802 and major allele
of 1s594709) had opposing effects on acylcarnitines. When
conditioned on both rs112201728 and rs662138, the
association of rs594709 was similar to the strength of the
original association (p = 7.6 x 10~°) (Figure S1D and
Table S1). Conversely, when conditioned on rs594709,
the association of rs112201728 diminished (p value from
2.9 x 1078 to 1.2 x 107'%), while the association of
15662138 improved (p from 2.5 x 107 '3 to 1.2 x 107 '9)
(Figures S1A and S1E and Table S1). These results indicate
that the association of rs594709 with acylcarnitines is
confounded by linkage with the coding variants (and
vice versa), but it remains independent of the coding
variants.

To find the causal variant(s) for the top ASE signal, we
examined the variants in strong LD (r* > 0.8) with
15594709 for their potential effects on SLC22A1 transcript
(Figure 2D). We found that rs113569197, which is in tight
LD (r*> = 0.91) with rs594709, resides near the 3’ junction of
exon 7 and could affect the splicing between exons 7 and 8.
15113569197 is an 8-bp insertion variant that duplicates
the splicing motif 8 bp downstream of the original splicing
motif (Figure 2E). If the splicing happens at the duplicated
site, it will introduce 8-nucleotide (nt) intronic sequence
between exons 7 and 8, resulting in frameshift and prema-
ture stop codon. We hypothesized that rs113569197 drives
the ASE signal by generating an aberrantly spliced tran-
script that would be targeted for nonsense-mediated decay,
resulting in lower transcript levels.

To directly test whether rs113569197 causes incorrect
splicing, we used CRISPR-Cas9 gene editing to introduce
15113569197 into Huh7 hepatoma cells and generated
cells that are wild-type, heterozygous, or homozygous for
15113569197 genotype (Figure S2C). We Sanger sequenced
the cDNA sequence at the junction between exons 7 and 8
in these cells and detected the abnormally spliced
SLC22A1 transcript that includes 8-nt intronic sequence
in heterozygous and homozygous cells (Figures 2F and
S2D). This result suggests that rs113569197 is the causal
variant that mediates the strongest ASE signal for
SLC22A1 by inducing the abnormally spliced transcript
that would be degraded.

Haplotype Association Analyses Corroborate the
Independent Association of the Coding Variants
We proposed that rs12208357 (p.Arg61Cys), 15202220802
(p-Met420del), and 15113569197 (splicing) variants me-
diate independent association with serum acylcarnitine
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Figure 2. Allele-Specific Expression Analysis Reveals a Splicing Variant of SLC22A1

(A) Locus-wide allele-specific expression analysis identified variants that are associated with allele-specific SLC22A1 transcript
abundance.

(B) Allele-specific reads in subjects heterozygous for rs594709 are plotted. The dotted line indicates the expected ratio when no ASE is
present.

(C) The fraction of allele-specific reads out of total reads is indicated according to rs594709 alleles. Data are presented as mean = SD.
(D) Variants that are in strong LD with rs594709 sentinel SNP are shown along SLC22A1.

(E) 15113569197 duplicates a conserved splicing motif, creating an alternative splicing site 8 bp downstream of the original splicing site.
This aberrant splicing leads to the inclusion of 8-nt sequence at the end of exon 7, resulting in frameshift and premature stop codon.
(F) rs113569197 was introduced to Huh7 hepatoma cell line by CRISPR-Cas9 editing. Sanger sequencing at the junction between exons 7
and 8 revealed the presence of incorrectly spliced transcript in cells homozygous for rs113569197.

levels based on conditional analyses. To examine the rela- limited statistical power to detect association with small ef-
tionship among the three variants further, we constructed fect sizes.

the haplotypes of the three variants in KORA F4 cohort and

found four haplotypes that exist at frequency over 1%  Slc22al Liver-Specific Knockout Mice Display

(Figure 3A). Consistent with the D’ values, the minor allele ~ Systemically Altered Acylcarnitine Profiles

of rs12208357 was strictly phased with the minor allele of To interrogate the function of SLC22A1 in acylcarnitine
15113569197, while the minor allele of rs202220802 was biology, we generated SIc22al liver-specific knockout
strictly phased with the major allele of rs113569197. mice (SIc22a14"P) by crossing SIc22a1™" mice to Albu-
Next, we performed haplotype association tests where min-Cre transgenic mice (Figure S3A). Reduced Slc22al
serum isobutyrylcarnitine levels were compared among in- mRNA and SLC22A1 protein levels were confirmed in the
dividuals with haplotypes that differ by only one test livers of SIc22a1%"® mice by qPCR and immunohisto-
variant to assess the effect of the variant while controlling chemistry, respectively (Figures S3B-S3D). Consistent
for the other two variants (Figure 3B). The two coding var-  with reports on the human SLC22A1 protein,”' mouse
iants were strongly and independently associated with SLC22A1 protein in hepatocyte is localized to the basolat-
lower serum isobutyrylcarnitine levels; however, the eral membrane facing the blood vessels and is excluded
strength of the association was substantially diminished from the apical membrane facing the biliary tract. This in-
compared to the original single variant association pre- dicates that SLC22A1 mediates transport between liver and
sumably due to the reduction in sample size. We did blood and not between liver and bile.

not find evidence for the independent association of We performed targeted metabolomics to measure acyl-
15113569197 variant in this analysis, which we suspect is ~ carnitine levels in Slc22a14"* and wild-type mice. Levels
largely due to the reduced sample size that rendered relative to wild-type mice are shown in Figure 4, while
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@St varian aplotypes estimate value error SLC22A1 Exports Carnitine Species
from Cells to Media
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rs12208357 Hap2/Hap4 0.113 5.12x10 0.020 To directly test whether SLC22A1
rs202220802  Hap1/Hap3 -0.068 4.21x10° 0.011 transports carnitine and/or acylcarni-
tines, we performed in vitro transport
rs113569197 Hap1/Hap2 -0.013 1.44x10" 0.008

assays. We first used HEK293T cells

absolute levels are shown in Figure S4. Livers from
SIc22a1%"?  mice had greatly elevated levels of
carnitine and acylcarnitines compared to wild-type livers
(Figure 4A). Interestingly, while the increased hepatic
levels of medium (C8-12)- and long (C14-18)-chain acyl-
carnitines were reflected by corresponding increases in
the plasma of SIc22a1"® mice, plasma carnitine and
short (C2-C6)-chain acylcarnitine levels were unaltered
despite elevated levels in the liver (Figure 4B). This led
to significantly lower plasma-to-liver ratios for carnitine
and short-chain acylcarnitines in SIc22a14"® mice
(Figure 4C), suggesting that SLC22A1 normally exports
carnitine and short-chain acylcarnitines from the liver to
blood. Supporting this notion, the urinary excretion of
carnitine and short-chain acylcarnitine was significantly
decreased in SIc22a14"* mice (Figure 4D), presumably
due to reduced hepatic output to the circulation. Carnitine
and acylcarnitines in the liver can be alternatively
removed to bile. Bile from SIc22a1%"® mice showed
significantly elevated carnitine and acylcarnitine levels
(Figure 4E), suggesting a compensatory increase in the
biliary secretion of hepatic carnitine species in the absence
of SLC22A1. Collectively, acylcarnitine profiles in
SIc22a14" mice suggest that SLC22A1 transports carni-
tine and short-chain acylcarnitines from the liver to blood.

To demonstrate that hepatic SIc22al is responsible for
the altered acylcarnitine profiles in SIc22a14"* mice, we
performed a rescue experiment by injecting Slc22a14"*
mice with AAV-expressing mouse Slc22al cDNA under
the control of thyroxine binding globulin promoter. We
confirmed that Slc22al expression is reconstituted in the
liver of SIc22a14"* mice 10 weeks after AAV injection
(Figure 4F). Reconstitution of hepatic Slc22al expression
in SIc22a1*"” mice indeed normalized or even reversed
acylcarnitine profiles in the liver and plasma (Figures 4G
and 4H).

transiently transfected to overexpress

GFP control or mouse Slc22al.

Cells overexpressing mouse Slc22al
showed markedly increased uptake of 1-methyl-4-phenyl-
pyridinium (MPP"), a known substrate of SLC22A1l
(Figure 5A). Overexpression of Slc22al did not affect carni-
tine uptake, indicating that SLC22A1 does not transport
carnitine from the outside to the inside of the cells
(Figure 5B). Next, we tested whether SLC22A1 transports
carnitine and acylcarnitines from the inside to the outside
of the cells. Cells were first incubated in a media contain-
ing [*H]-carnitine to label the cellular pool of carnitine
and acylcarnitines (referred to collectively as “carnitine
species” hereafter) and washed and subsequently incu-
bated in a fresh media without radiolabel to allow the
detection of effluxed [*H]-labeled carnitine species. The
amount of [°H] in the media and cells were measured
and the ratio of [°H] in the media to the total [*H] (media
and cell combined) was calculated to determine the overall
efflux activity for carnitine species. Slc22al overexpression
markedly increased the efflux of [*H], indicating that
SLC22A1 transports carnitine species from the inside to
the outside of cells (Figure 5C).

As carnitine species exist at much higher concentra-
tions inside the tissues than in the blood, the efflux of
carnitine species from tissues to blood is expected to be
passive and concentration dependent. This contrasts
with Na'-dependent active carnitine uptake from the
blood into the tissues against the concentration
gradient.’’ Indeed, while carnitine uptake was signifi-
cantly reduced (Figure S5A) in the absence of Na™ in the
media, SLC22A1-mediated efflux of carnitine species was
not impaired (Figure S5B).

To test whether endogenous SLC22A1 effluxes carni-
tine species from hepatocytes, we next performed trans-
port assays in the primary hepatocytes isolated from
SIc22a1%"? and wild-type mice. Hepatocytes from
Slc22a14"? mice showed decreased MPP™ uptake, confirm-
ing reduced SLC22A1 activity (Figure 5D). Unexpectedly,
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Figure 4. SIc22a14"*P Mice Display Systemically Altered Acylcarnitine Profiles
(A-E) Acylcarnitine levels were measured in the liver (A), plasma (B), bile (E), and urine (D) (n = 3-7, males). Relative levels to the wild-

type levels are indicated.
(F=H) Slc22a1""* and SIc22a1"* mice were injected with AAV Null
expression and acylcarnitine levels were measured.

or AAV-mSic22al (n = 4, males). 10 weeks after AAV injection, mRNA

(F) Hepatic expression of Slc22al is restored in SIc22a14"* mice that are injected with AAV-mSIc22a1.
(G and H) Hepatic reconstitution of SIc22al expression normalizes liver and plasma acylcarnitine profiles in SIc22a14"* mice. Liver
levels were normalized by the amount of protein. Urine levels were normalized by the amount of creatinine.

Data are presented as mean + SD. In (F), two-tailed t test was used for statistical analysis.

SLC22A1-deficient hepatocytes showed reduced carnitine
uptake (Figure SE) although SLC22A1 does not mediate
carnitine uptake (Figure 5B). We suspected that this could
be due to a compensatory change in SLC22AS protein, a
canonical carnitine uptake transporter. We confirmed
that SLC22AS protein levels were reduced in the livers of
SIc22a14" mice (Figure S6), which may have been
downregulated to offset carnitine accumulation in the
liver. As expected, SLC22A1-deficient hepatocytes showed
reduced [°H] efflux to the media (Figure 5F), indicating
that SLC22A1 normally effluxes carnitine species from
hepatocytes.

*p < 0.05; **p < 0.01; ***p < 0.005.

Variants of SLC22A1 Impair SLC22A1-Mediated Efflux of
Carnitine Species

We earlier showed that two coding variants, 1s12208357
(p-Arg61Cys) and 15202220802 (p.Met420del), and one
splicing variant, rs113569197, of SLC22A1 are associated
with serum acylcarnitine levels, suggesting that they
impact the efflux function of SLC22A1 for acylcarnitines.
We generated human SLC22A1 cDNA clones harboring
the two coding mutations and transfected them into
HEK293T cells. While SLC22A1 mRNA levels were compa-
rable (Figure 6A), both mutations led to significantly
reduced SLC22A1 protein levels (Figure 6B). Consistent

496 The American Journal of Human Genetics 107, 489-502, October 5, 2017



[BH]-MPP+ uptake [®H]-Carnitine uptake % [3H] efflux to media % [3H] remaining in cell
- - = 1004
30 30 1007 o GFP 00
g0 = mSLC22A1 80-
3 s S 5
& 207 s e 2 ol
o o > 60 2 60
> =) — =
~ ~ el [0}
2 = g 401 S 401
o 104 o B
o S ®
201 204
P <0.0001
- 0- o] T T T J [ T T T J
GFP mSLC22A1 GFP mSLC22A1 0 15 30 45 60 0 15 30 45 60
Time (min) Time (min)
D E F
[BH]-MPP+ uptake [BH]-Carnitine uptake % [3H] efflux to media % [3H] remaining in cell
251 159 1009 o Wt 1004
_ 204 5 _ gof T Aher 801
g 2 101 g 5
o 151 > = 607 S 601
=} =] ok — —_
s = 8 40 8 4
a a5 £ % s
o o o 5 < X
5 201 201
P =0.0001
0- 0- 0 T T T . 0 T T T "
WT  Ahep WT  Ahep 0 15 30 45 60 0 15 30 45 60
Time (min) Time (min)

Figure 5. SLC22A1 Effluxes Carnitine Species from Cells to Media

(A-C) Experiments in HEK293T cells overexpressing GFP control or mouse Slc22al are shown. A representative result from three tech-
nical replicates is presented.

(A) Mouse Slc22al overexpression increases the uptake of MPP¥, a canonical substrate of SLC22A1 protein.

(B) SLC22A1 does not affect carnitine uptake.

(C) SLC22A1 increases the efflux of [°H]-labeled carnitine species.

(D-F) Experiments in primary hepatocytes isolated from wild-type and SIc22a14"? mice (n = 3, females) are shown.

(D) Hepatocytes from SIc22a14"* mice have reduced MPP* uptake, confirming the lack of SLC22A1.

(E) Carnitine uptake is decreased in SLC22A1-deficient hepatocytes.

(F) Lack of SLC22A1 reduces the efflux of [°H]-labeled carnitine species.

Data are presented as mean = SD. Two-tailed t test was used for statistical analysis in (A), (B), (D), and (E). *p < 0.05; **p < 0.01; ***p <
0.005. Two-way repeated-measures ANOVA test was used in (C) and (F).

with previous reports,*'*? SLC22A1 protein was detected and barely detectable in the cells (Figure 6E). As expected,

at two different molecular weights depending on its glyco- the cells overexpressing p.Asp426fs clone did not

sylation status. To confirm that these mutations affect show SLC22A1-specific efflux activity for carnitine species

SLC22A1-mediated efflux of carnitine species, we per- (Figure 6F).

formed radioactive efflux assays in these cells. SLC22A1-

specific efflux activity was calculated by subtracting the

efflux activity in GFP-expressing cells from the efflux activ-  Discussion

ity in SLC22A1-expressing cells. As predicted, p.Arg61Cys

and p.Met420del significantly impaired SLC22A1-specific ~ Acylcarnitines are secreted mitochondrial metabolites that

efflux of carnitine species from cells (Figure 6C). have gained substantial attention due to their implications
15113569197 induces incorrect splicing of SLC22A1 in metabolic diseases; however, it has been largely un-

transcript, which would accelerate the turn-over of the known which genes and proteins export these molecules

resulting transcript due to nonsense-mediated decay. from cells to the circulation. We identified SLC22A1 as a

The protein that is translated from the aberrant tran- candidate gene solely based on its association with

script prior to its decay is predicted to have a frameshift serum acylcarnitine levels in metabolite GWASs'?*° and

starting at amino acid 426, followed by a premature stop experimentally validated that SLC22A1 exports hepatic

codon at 433. To verify the effect of the incorrect splicing acylcarnitines to the circulation and affects whole-body

on SLC22A1 protein, we generated SLC22A1 cDNA acylcarnitine profiles.

clone encoding the aberrantly spliced transcript (termed Acylcarnitines are best known for their roles in mito-

p-Asp426fs [c.1276_1277insGTAAGTTG]) and overex- chondrial oxidation. Although the main site of action of

pressed it in HEK293T cells. While the mutant clone was acylcarnitines is considered to be inside the cell, specif-

expressed comparably to the wild-type clone (Figure 6D), ically in mitochondria, they are secreted from cells and

the resulting truncated protein was rapidly turned over are found in body fluids including blood, urine, and bile.

The American Journal of Human Genetics 107, 489-502, October 5, 2017 497



A hSLC22A1 mRNA expression in ¢ SLC22A1-specific [?H] efflux
25 transfected HEK293T
20 1504
5 15
5 10
5
0 ? 100
Q & ) E "
5 N O E
© &
& Q@ Z
o\o 50_ *kk
B
GFP WT  p.Arg61Cys p.Met420del
S — o
SLC22A1 — —— & © &
— - o— N S
?@ Qé.\
GAPDH | e Q Q
b E F SLC22A1 ific [2H] effl
hSLC22A1 mRNA WT  p.Asp426fs -specific [°H] efflux
2 > 150
SLC22A1 5 100
L 15 S
% 10 £ 50 -
s GAPDH [ 5 o

WT  p.Asp426fs

Figure 6. Coding and Splicing Variants of SLC22A1 Impair the Efflux Function of SLC22A1 for Carnitine Species

(A) Human SLC22A1 cDNA clones harboring the coding mutations of interest were generated and transfected into HEK293T cells.
SLC22A1 mRNA expression was comparable among wild-type and mutant clones.

(B) p.Arg61Cys and p.Met420del variants reduced SLC22A1 protein levels.

(C) p.Arg61Cys and p.Met420del variants reduced SLC22A1-specific efflux of [*H]-labeled carnitine species.

(D) SLC22A1 cDNA clone encoding the aberrantly spliced transcript (p.Asp426fs) was expressed at a comparable level to the wild-type

clone in HEK293T cells.

(E) The resulting protein product with frameshift and premature truncation was barely detectable.
(F) SLC22A1-specific efflux activity was absent in HEK293T cells that are transfected with p.Asp426fs cDNA clone.
Data are presented as mean + SD. Two-tailed t tests were used for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.005.

One potential reason acylcarnitines are secreted from cells
is to remove products that either are incompletely oxidized
or cannot be oxidized by the cell, which might otherwise
be cytotoxic. Alternatively, acylcarnitines could be secreted
to the circulation to be exchanged among different tissues
or act as signaling molecules. Recent studies suggested
novel roles of plasma acylcarnitines in muscle ener-
getics,'? insulin secretion in pancreatic -cells,"* or inflam-
mation in monocytes and macrophages.’'®'® Since liver is
the major source of circulating acylcarnitines,** SLC22A1
may have a broad metabolic or biological impact on
various tissues by regulating the systemic availability of
hepatic acylcarnitines.

GWAS is a powerful approach to find candidate genes
and variants that modulate biological traits and diseases
of interest; however, identifying and validating the genes

and variants that mediate the association is challenging.
In our study, the association for serum isobutyrylcarnitine
spanned an LD block that contains IGF2R (MIM: 147280)
and SLC22A1. The sentinel variants were non-coding vari-
ants with no known or predicted effects on either IGF2R or
SLC22A1. By close examination of the LD structure fol-
lowed by experimental validation, we showed that the un-
derlying causal variants were in fact the coding variants of
SLC22A1. Similarly, the strongest association for SLC22A1
ASE was captured by an intronic rs594709 variant that has
no known effect on SLC22A1 transcription. Instead, we
proposed the rs113569197 variant, which is tightly linked
to 1594709 variant, as the causal variant by verifying its
effect on the splicing of SLC22A1 transcript. The affected
transcript would be targeted for nonsense-mediated decay,
which would explain the allele-specific difference in
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Cell and mouse models of SLC22A1 revealed its role in the
efflux of hepatic acylcarnitines to the blood. Refinement of the
GWAS association signal and close examination of the linkage
structure identified rs12208357 (p.Arg61Cys) and rs202220802
(p-Met420del) coding variants as the causal variants for the associ-
ation at the locus. Allele-specific expression analysis in human
livers revealed rs113569197 variant that affects the splicing of
SLC22A1 transcript. These variants were shown to impair the
expression and function of SLC22A1 protein in vitro. In humans,
these variants are predicted to reduce the efflux of hepatic acylcar-
nitines to the blood, which would explain their association with
lower serum acylcarnitine levels.
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transcript level. These results indicate the importance of
taking local LD structure into consideration for the identi-
fication of causal variants in GWASs.

When causal variants are not linked and inherited
independently, the association of one causal variant
is not affected by other causal variants. For example,
we demonstrated by conditional analyses that the associa-
tion of rs112201728 (tagging rs12208357, p.Arg61Cys)
and the association of rs662138 (tagging rs202220802,
p-Met420del) for serum isobutyrylcarnitine are indepen-
dent of each other. In contrast, when causal variants are
linked and not inherited independently, the association
of one causal variant can be confounded by other causal
variants that are linked to it. For instance, we showed
that the association of 1s594709 ASE variant (tagging
15113569197 splicing variant) for serum isobutyrylcarni-
tine was greatly affected by rs12208357 (p.Arg61Cys) and
15202220802 (p.Met420del) variants that co-segregate
with rs594709. Confounding variants may overestimate
or underestimate the association of the linked variant de-
pending on how they are phased and the direction of their
association. To accurately assess the association of a given
variant in the absence of confounding effects by the linked
variants, association testing could be done between haplo-
types that differ only by the study variant to determine
its association in isolation as exemplified in our study

(Figure 3); however, haplotype association test has reduced
statistical power compared to single-variant association
since many individuals with confounding variants are
excluded from the analysis, resulting in smaller sample
size.

Our study used allele-specific expression (ASE) analysis
to find potential regulatory variants of SLC22A1. The
advantage of ASE method compared to the conventional
expression quantitative locus (eQTL) analysis is that the
allele-specific expression is compared within each heterozy-
gousindividual; therefore, it avoids confounding effects that
stem from differences in genetic and environmental factors.
Hepatic SLC22A1 expression exhibits great inter-individual
variation,”"** suggesting that it is heavily influenced by
genetic background and environmental exposure. While
many variants at the SLC22A 1 locus show significant ASE as-
sociation, they do not have corresponding eQTL association
when examined in the Genotype-Tissue Expression (GTEx)
database.”' For example, the rs594709 variant, which has
the strongest ASE association (p = 5.7 x 107%7), has only a
nominal eQTL association (p=1.5 x 10~3). This result dem-
onstrates that ASE analysis is a more robust and sensitive
method than eQTL analysis for assessing the effects of regu-
latory variants. In this study, we identified the causal variant
of the strongest ASE signal and demonstrated its impact on
the SLC22A1 transcript. Close examination of other variants
with ASE association is anticipated to reveal other regulatory
variants of SLC22A1.

Our results are in agreement with and provide additional
insights to the pharmacogenetics of drugs that are trans-
ported by SLC22A1, notably metformin and imatinib,
common anti-diabetic and chemotherapeutic agents,
respectively. Coding variants of SLC22A1, including
p-Arg61Cys and p.Met420del variants, are known to
impair metformin uptake ***” and alter metformin phar-
macokinetics*>*® and are associated with diminished
response’”*’ or side effects*® upon metformin treatment.
SLC22A1 coding variants are also associated with the
response to imatinib,*’ although it remains unclear
whether imatinib is directly transported by SLC22A1.*!
In contrast to coding variants of SLC22A1, the presence
and potential impact of regulatory variants of SLC22A1
on drug efficacy have not been closely explored. Of
note, the rs113569197 splice variant was associated with
poorer prognosis in patients with chronic myeloid
leukemia receiving imatinib treatment,’” indicating the
possibility that the effect of rs113569197 on SLC22A1
splicing and SLC22A1 protein ultimately led to reduced
imatinib response. rs113569197 variant is in strong LD
(12 = 0.95) with the rs628031 coding variant that encodes
p-Val408Met (c.1222G>A) substitution in SLC22A1 pro-
tein. While p.Val408Met substitution was shown to have
no effect on the transport function of SLC22A1,*"*"
1628031 has been associated with metformin side
effects”’° and imatinib outcome.>*>* Our results suggest
that 15113569197 may be the true causal variant underly-
ing the observed associations with rs628031.
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In conclusion, our study elucidates the molecular mech-
anisms of the genetic association at the SLC22A1 locus
for serum acylcarnitine levels by functionally validating
SLC22A1 and its variants for hepatic acylcarnitine efflux
(Figure 7). While we have found three independent causal
variants at the locus in the current cohort, we anticipate
that GWASs in larger cohorts with enhanced statistical po-
wer might discover additional variants that impact
SLC22A1 through different mechanisms. Our work illus-
trates that genome-wide association studies, combined
with molecular and functional validation, can lead to
novel biological insights and better understanding of the
impact of natural genetic variation on human physiology.
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Supplemental Data include six figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.
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