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Abstract
Recent genome-wide association studies (GWASs) have identified a locus on chromosome 1p13
as strongly associated with both serum low-density lipoprotein cholesterol (LDL-C) and
myocardial infarction (MI) in humans. Here we show through a series of studies in human cohorts
and human-derived hepatocytes that a common noncoding polymorphism at the 1p13 locus,
rs12740374, creates a C/EBP transcription factor binding site and alters the hepatic expression of
the SORT1 gene. With siRNA knockdown and viral overexpression in mouse liver, we
demonstrate that Sort1 alters plasma LDL-C and very low-density lipoprotein (VLDL) particle
levels by modulating hepatic VLDL secretion. Thus, we provide functional evidence for a novel
regulatory pathway for lipoprotein metabolism and suggest that modulation of this pathway may
alter risk for MI in humans. We also demonstrate that common noncoding DNA variants identified
by GWASs can directly contribute to clinical phenotypes.

MI is the leading cause of death in the developed world. LDL-C is a causal risk factor for
the disease, as demonstrated by (1) the increased and early burden of MI in individuals with
the Mendelian disorder of familial hypercholesterolemia1 and (2) the success of LDL-C-
lowering medications in reducing the incidence of MI in clinical trials in many populations2.
Despite aggressive use of statin drugs, many individuals do not achieve the LDL-C levels
recommended by clinical guidelines3. There remains a need for additional methods of
reducing LDL-C.

GWASs for serum lipoprotein traits have identified a number of common single nucleotide
polymorphism (SNP) variants that are strongly associated with serum LDL-C4-10. Many of
these SNPs are in or near genes known to cause Mendelian dyslipidemias (LDLR, APOB,
and PCSK9) or established molecular targets for LDL-C-lowering therapies (HMGCR).
However, several of the LDL-C loci contain genes not previously implicated in lipoprotein
metabolism. Of the newly mapped loci, the novel SNPs most strongly associated with LDL-
C all lie on chromosome 1p13; indeed, in a meta-analysis of ~100,000 individuals (reported
in this issue of Nature10) this locus has the strongest association with LDL-C of any locus in
the genome (P = 1 × 10−170). The same 1p13 SNPs have also been independently linked to
coronary artery disease and MI in GWASs10-12. Individuals of European descent who are
homozygous for the major alleles of these SNPs have up to 16 mg/dl higher LDL-C as well
as ~40% increased risk of MI11, 12 when compared with minor allele homozygotes. Thus,
the same genetic locus is linked to both a recognized intermediate phenotype as well as a
hard clinical disease endpoint.

As compelling as these associations are, they do not explain how human genetic variation at
the 1p13 locus confers change in serum LDL-C and thereby alters risk of MI. We therefore
sought to identify (1) the causal DNA variant in the 1p13 locus, (2) the gene regulated by
the locus, (3) the mechanism by which the DNA variant affects the gene, and (4) the
mechanism by which the gene influences lipoprotein metabolism.
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1p13 SNPs Associated with LDL Particles
LDL-C comprises a variety of lipoprotein particles that range in size and density, and it has
been hypothesized that smaller LDL particles are more atherogenic than larger LDL
particles13. To determine whether the 1p13 locus selectively affects certain LDL subclasses,
we used different methodologies—ion mobility and gradient gel electrophoresis—to
measure lipoprotein subclasses in two different cohorts—the Malmö Diet and Cancer Study
– Cardiovascular Cohort (MDC-CC)14 and the Pharmacogenomics and Risk of
Cardiovascular Disease (PARC) study15. We found that an index SNP in the 1p13 locus,
rs646776, was most highly associated with changes in the very small LDL (LDL-VS)
lipoprotein subclass (20% increase in major allele homozygotes vs. minor allele
homozygotes with P = 1.1 × 10−11 in MDC-CC; 37% increase with P = 8.0 × 10−11 in
PARC); progressively smaller changes were seen with larger LDL subclasses (Fig.1a;
Supplementary Fig. 1a, b).

1p13 SNPs and Liver-Specific Expression
The SNPs in the 1p13 locus previously reported to be most highly associated with LDL-C—
rs646776, rs599839, rs12740374, and rs629301—lie in a noncoding DNA region between
two genes, CELSR2 and PSRC1, whose functions are unknown (Fig. 1b, 2a)4-10. As
noncoding DNA variants may alter gene expression, we previously used expression
quantitative trait locus (eQTL) analyses to explore whether 1p13 SNPs are cis-acting
regulators of nearby genes in human liver4, 7. We have now extended these studies by
measuring expression of genes in or near the 1p13 locus in three types of human tissue
samples: liver (960 samples), subcutaneous fat (433 samples), and omental fat (520
samples).

In liver, presence of the minor allele of rs646776 was highly associated with elevated
transcript levels of three genes: CELSR2, PSRC1, and SORT1 (Fig. 1c). SORT1 displayed
the largest expression change. We replicated these liver eQTL findings in an independent
cohort of 62 human liver samples, from which rs12740374 (the putative causal 1p13 SNP,
see below) was directly genotyped and SORT1, PSRC1, and CELSR2 expression were
individually measured. Minor allele homozygotes displayed more than 12-fold higher
SORT1 and PSRC1 expression than major allele homozygotes, with no significant change
for CELSR2 (Fig. 1d). Immunoblot analysis of liver lysates demonstrated a significant
increase in abundance of the SORT1 protein product (sortilin) in heterozygotes compared to
major allele homozygotes (Fig. 1d, Supplementary Fig. 1c).

Notably, none of the gene expression changes in liver were seen in the two adipose tissue
types (Fig. 1c), and minimal changes were reported in lymphocytes16, suggesting that the
regulatory mechanism underlying the allele-specific gene expression is liver-specific.

A Causal 1p13 Noncoding DNA Variant
We performed fine mapping of the 1p13 locus to define the minimal DNA region
responsible for the LDL-C association. Because rs646776, rs599839, rs12740374, and
rs629301 lie between CELSR2 and PSRC1, we used data from a recent GWAS of ~20,000
individuals of European descent7 to perform association analyses with LDL-C on these and
other SNPs spanning the two genes. Out of 18 other SNPs, we identified two SNPs with P
values comparable to rs646776, rs599839, rs12740374, and rs629301 (P values ranging
from 1.8 × 10−42 to 8.3 × 10−41) and no SNPs with lower P values (Supplementary Fig. 2a).
Together these six best SNPs cluster in a noncoding DNA region that is 6.1 kb in size,
spanning the 3′ untranslated region (3′UTR) of CELSR2, the intergenic region, and the
PSRC1 3′UTR oriented in the opposite direction (Fig. 2a). The six SNPs are in high linkage
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disequilibrium (LD) and comprise two predominant haplotypes in HapMap Europeans
(CEU), with the “major” haplotype present on 68% of chromosomes 1 and the “minor”
haplotype on 29% (Supplementary Fig. 3).

We identified two human bacterial artificial chromosomes (BACs) harboring the major and
minor haplotypes of the 6.1 kb region. We sequenced the region on each of the BACs in full
and identified 16 polymorphisms (Supplementary Fig. 2b). From each BAC, the region
spanning precisely between the stop codon of CELSR2 and the stop codon of PSRC1 was
subcloned into firefly luciferase expression constructs just distal to the stop codon of the
luciferase gene in either the “forward” (CELSR2) or “reverse” (PSRC1) orientation. Upon
transfection of the constructs into Hep3B cultured human hepatocellular carcinoma cells, we
found that in both orientations, the minor haplotype produced significantly greater luciferase
expression than the major haplotype, consistent with the human liver eQTL analyses (Fig.
2b; compare to Fig. 1c). After localizing the haplotype-specific effect to the proximal 2.1 kb
of the region (Supplementary Fig. 4), we tested an array of constructs in which single
polymorphisms in the minor haplotype were switched to major alleles. We identified the
SNP rs12740374 as being sufficient to confer the haplotype-specific effect (Fig. 2c, 3c).

We genotyped rs12740374 and 15 other SNPs in or near the 6.1 kb noncoding region in
~9,000 African Americans. Whereas six SNPs have indistinguishable evidence for
association with LDL-C in Europeans, we found that, in African Americans, rs12740374
alone had the strongest evidence for association (P = 2.3 × 10−20 for rs12740374 vs. 9.2 ×
10−15 at the next best 1p13 SNP) (Supplementary Fig. 2a). This is consistent with
rs12740374 being in high LD with nearby SNPs in HapMap Europeans (CEU) but not so in
HapMap Africans (YRI) (Supplementary Fig. 3).

We observed that rs12740374 alters a predicted binding site for CCAAT/enhancer binding
protein (C/EBP) transcription factors, with the minor allele creating the site and the major
allele disrupting it; the binding site is not present in the orthologous DNA region in mice
(Fig. 3a). C/EBPα is a liver-enriched transcriptional factor that regulates the expression of
numerous hepatic genes involved in a variety of metabolic processes17. We tested binding of
the rs12740374 minor and major allele sequences by C/EBP with electrophoretic mobility
shift assays and found the minor allele sequence to be shifted as much as a classic C/EBP
binding sequence18, with minimal shifting of the major allele sequence; addition of either of
two C/EBPα antibodies impaired the binding (Fig. 3b).

We tested luciferase constructs in Hep3B cells expressing a dominant negative C/EBP
protein (A-C/EBP)19, 20 and found significantly reduced differences in haplotype-specific
expression (Fig. 3d, Supplementary Fig. 5b). We also tested luciferase constructs in NIH
3T3 cultured mouse fibroblast cells (Fig. 3e) and found no haplotype-specific expression
difference, consistent with liver specificity. Addition of C/EBPα to the 3T3 cells restored the
haplotype-specific effect (Fig. 3e). We altered other nucleotides besides rs12740374 in the
consensus binding site predicted to be critical for C/EBP protein-DNA interactions21 and
found that they were needed for transcriptional activation by the minor haplotype (Fig. 3c).
Furthermore, we determined that C/EBPα binds to the site of rs12740374 in homozygous
minor allele cells by chromatin immunoprecipitation (Supplementary Fig. 5c).

We tested whether C/EBP proteins can influence SORT1 expression via rs12740374. When
we added A-C/EBP to Hep3B cells that are homozygous for the major allele, there was no
difference in SORT1 expression (Fig. 3f). In contrast, when we added A-C/EBP to SK-
HEP-1 cultured human hepatoma cells that are heterozygous (one minor allele), we observed
a three-fold reduction in SORT1 expression (Fig. 3f). When we added C/EBPα to human
embryonic stem (ES) cells that are homozygous for the minor allele (HUES-1), there was no

Musunuru et al. Page 4

Nature. Author manuscript; available in PMC 2011 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



change in SORT1 expression, presumably because ES cells do not harbour cofactors needed
for transcriptional activation (Supplementary Fig. 5d). When we differentiated HUES-1 cells
into endoderm, the first step towards hepatocyte differentiation22, addition of C/EBPα
resulted in significantly increased SORT1 expression; in contrast, human ES cells
homozygous for the major allele (HUES-9), when differentiated into endoderm, showed no
expression difference (Supplementary Fig. 5d).

Together, these findings indicate that rs12740374 is the causal variant responsible for the
liver-specific association between the 1p13 locus and gene expression and, by extension, the
associations with LDL-C and MI risk.

Sort1 in Mouse Liver Alters Plasma Lipids
Of the genes differentially expressed in human liver by 1p13 genotype, the SORT1 gene
showed the largest difference (Fig. 1c). SORT1 encodes the sortilin protein23, also known as
neurotensin receptor 3, a protein that functions as a multiligand sorting receptor. Sortilin
localizes to various intracellular compartments including the Golgi apparatus and has roles
in both endocytosis and intracellular trafficking of other proteins24. To model the functional
effects of altered SORT1 expression on lipids and lipoproteins, we performed knockdown
and overexpression studies of Sort1 in the livers of mice. Importantly, we chose approaches
to specifically alter gene expression in liver, because variation at the 1p13 locus results in a
large SORT1 expression change in liver but no change in adipose tissues (Fig. 1c). Since
sortilin is known to be highly expressed and have important physiological roles in
adipocytes and neurons25, 26, we felt it was most appropriate to restrict knockdown and
overexpression to liver to model the effects of the 1p13 locus on phenotype. Because wild-
type mice have very low levels of plasma LDL-C compared to humans, we used
“humanized” mice of various genetic backgrounds for our studies (Supplementary Fig. 6).

Adeno-associated virus serotype 8 (AAV8) has been demonstrated to appropriately target
genes for specific expression in liver27, 28. AAV8 vector encoding the murine Sort1 gene
driven by a liver-specific promoter (thyroglobulin) was delivered to mouse liver via
intraperitoneal injection. A null AAV8 vector was used as a control. The Sort1 AAV
resulted in increased sortilin levels in liver with no change in adipose (Supplementary Fig.
7a). Use of these viral vectors did not result in elevated alanine aminotransferase (ALT)
levels (Supplementary Fig. 7b).

When compared with mice injected with null virus, Sort1-overexpressing Apobec1−/−;
APOB Tg mice showed a marked decrease in total plasma cholesterol (70% reduction at two
weeks, 46% reduction at six weeks) and LDL-C (73% reduction at two weeks) (Fig. 4a, d);
consistent results were seen in three other mouse backgrounds (Supplementary Fig. 6, 7c–f).
At six weeks the mice displayed a 73% reduction in very small LDL particles and an 88%
reduction in medium small LDL particles (Fig. 4b), resulting in increased LDL peak particle
size (22.0 nm vs. 20.9 nm, P = 0.05). These gain-of-function studies in mice were
concordant with the genetic findings in human cohorts, in whom the 1p13 minor haplotype
was associated with increased liver SORT1 expression as well as decreased LDL-C and,
especially, very small LDL particles (Fig. 1a, c).

To study hepatic VLDL secretion, we administered Pluronic F-127 detergent to the AAV-
injected mice and measured lipoproteins at serial time points. We found a 57% decrease in
the rate of VLDL secretion (Fig. 4c) and a similar decrease in the rate of triglyceride
secretion (data not shown) in Sort1-overexpressing mice.

Chemically synthesized small interfering RNA (siRNA)-mediated knockdown of apoB or
Pcsk9 in liver has been successful in determining the effects of these genes on plasma lipid
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levels29, 30. We used a similar approach to reduce Sort1 expression in mouse liver. We
identified siRNA duplexes that effected >90% knockdown of Sort1 expression in cells
(Supplementary Fig. 8a). We selected one chemically modified duplex with a low half-
maximal inhibitory concentration (IC50) that did not induce cytokines in a human peripheral
blood mononuclear cell assay (Supplementary Fig. 8b; data not shown) for large-scale
preparation in a lipidoid formulation optimized for liver-specific delivery31 and injection
into mouse tail veins. As a negative control in some experiments, we used a chemically
modified, non-immunostimulatory siRNA duplex specific for the firefly luciferase gene.
Sort1 siRNA achieved 70%-80% reduction in Sort1 expression in liver, confirmed to be due
to siRNA-mediated cleavage, as well as reduced sortilin levels in liver with no change in
adipose (Supplementary Fig. 9a–c).

Sort1 knockdown in Apobec1−/−; APOB Tg mice resulted in a 46% increase in total
cholesterol compared to control mice at two weeks, with a more than two-fold increase in
LDL-C (Fig. 4e, f). Consistent results were seen in two other mouse backgrounds, as well as
a significant increase in the plasma VLDL level (Supplementary Fig. 6, 9e–g). We also
compared plasma lipid levels in Sort1 knockout mice32 and wild-type mice and observed
significantly higher total cholesterol and LDL-C levels in the knockout mice
(Supplementary Fig. 9h), consistent with the results of liver-specific knockdown.

To confirm that the altered plasma VLDL levels in the overexpression and knockdown mice
were due specifically to altered VLDL secretion from hepatocytes, we performed labelling
experiments using primary hepatocytes isolated from these mice. With Sort1 knockdown,
we observed a significant increase in labelled apoB-100 secretion; with Sort1
overexpression, there was decreased apoB-100 secretion (Supplementary Fig. 10).

Besides SORT1, PSRC1 displayed the greatest differential expression in human liver by
1p13 genotype (Fig. 1c). We used an AAV8 vector encoding the murine Psrc1 gene for
mouse liver overexpression and did not observe any significant changes in total cholesterol
or LDL-C levels (Fig. 4g, h).

A Novel Lipoprotein Regulatory Pathway
Through a series of studies in human cohorts, mice, and hepatocytes, we provide evidence
that a single noncoding DNA variant at the chromosome 1p13 locus, rs12740374, influences
LDL-C and MI risk via liver-specific transcriptional regulation of the SORT1 gene by C/
EBP transcription factors. The clinical importance of this novel pathway is defined by the
~40% difference in MI risk between alternative 1p13 homozygotes, an effect comparable to
those of common variants of LDLR and PCSK9 and larger than the effects of common
variants in HMGCR (the target of statin drugs)11, 12. As the 1p13 minor allele frequency is
about 30% in Europeans and is also common in other ethnicities including African
Americans, Hispanics, Asian Indians, and Chinese8, 33, this locus is an important global
genetic determinant of MI risk. We note that among lipid-regulating genes related to MI,
SORT1 is unique for having been identified by GWAS mapping of common DNA variants,
rather than by discovery of rare gene variants underlying Mendelian disorders.

In conclusion, our results nominate SORT1 as the causal gene at the 1p13 locus for LDL-C
and MI and the sortilin pathway as a promising new target for therapeutic intervention in the
reduction of LDL-C and prevention of MI. They also provide insights into mechanisms by
which common noncoding genetic variants can lead to clinical phenotypes, rather than
simply being markers for disease.
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Methods Summary
The full Methods provides information about all experimental procedures: (1) description of
association analyses in the population cohort; (2) description of genotype-expression
analyses in human liver, subcutaneous adipose, and omental adipose samples; (3) details for
generation of luciferase expression constructs; (4) details for conducting luciferase
expression assays; (5) details for conducting SORT1 expression assays; (6) details for
performing electrophoretic mobility shift assays; (7) details for performing chromatin
immunoprecipitation assays; (8) description of siRNA screening and validation; (9) details
for performing gene knockdown studies in mouse liver; (10) details for performing gene
overexpression studies in mouse liver; (11) details for measuring lipids and lipoproteins by
analytic chemistry, FPLC, and NMR; (12) details for performing VLDL secretion studies;
and (13) details for performing hepatocyte apoB studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The human chromosome 1p13 locus is preferentially associated with very small LDL
and liver gene expression
a, Mean serum lipid and lipoprotein particle levels in homozygotes for the minor haplotype
of the 1p13 locus (minor allele of rs646776) vs. homozygotes for the major haplotype
(major allele of rs646776), normalized to the mean level in minor haplotype homozygotes,
in the MDC-CC cohort (measured by ion mobility) and the PARC cohort (measured by
gradient gel electrophoresis). LDL-L = large LDL; LDL-M = medium LDL; LDL-S = small
LDL; LDL-VS = very small LDL. b, Relative gene positions in and around the 1p13 locus;
* indicates position of rs646776. c, Mean expression of local genes in homozygotes for the
major 1p13 haplotype (major allele of rs646776) vs. heterozygotes vs. homozygotes for the
minor 1p13 haplotype (minor allele of rs646776), normalized to the mean level in major
haplotype homozygotes, in samples of human liver, human subcutaneous adipose, and
human omental adipose. d, Mean expression of PSRC1, CELSR2, SORT1, and TCF7L2
(negative control) mRNA, standardized to B2M expression, and sortilin protein,
standardized to α-tubulin, in samples of human liver from homozygotes for the major 1p13
haplotype (major allele of rs12740374) vs. heterozygotes vs. homozygotes for the minor
1p13 haplotype (minor allele of rs12740374) if available, normalized to the mean level in
major haplotype homozygotes. P values derived from linear regression analyses or unpaired
t test. Error bars show s.e.m.
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Figure 2. rs12740374 is responsible for haplotype-specific difference in transcriptional activity
a, Map of 1p13 SNPs genotyped in ~20,000 individuals of European descent relative to
CELSR2 and PSRC1 genes. The six SNPs with strongest association with LDL-C (indicated
with boxes), comprising a single haplotype, define the 6.1 kb region between the stop
codons of the two genes. b, Firefly luciferase expression from constructs transfected into
Hep3B human hepatoma cells. Both the major (darker colors) and minor (lighter colors)
haplotypes of the 6.1 kb region were subcloned in forward and reverse orientations into a
basal firefly luciferase construct with the SV40 promoter. Shown are ratios of firefly
luciferase expression to Renilla luciferase expression (expressed from cotransfected
plasmid), measured 48 hours after transfection, normalized to the mean ratio from the major
haplotype, forward orientation construct. Error bars show s.e.m., N = 2. c, Both the major
and minor haplotypes of a minimal 2.1 kb region were subcloned into the basal construct.
Single nucleotide alterations were introduced individually into the minor haplotype,
changing minor alleles of SNPs into major alleles. Shown are ratios of firefly luciferase
expression to Renilla luciferase expression normalized to the mean ratio from the major
haplotype construct. Error bars show s.e.m., N = 4.
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Figure 3. rs12740374 alters a C/EBP transcription factor binding site
a, The human DNA sequence surrounding rs12740374, major and minor alleles, and
orthologous DNA sequence in mouse. The major allele of rs12740374 disrupts one of two
core elements (position 2-3, 8-9) in the predicted consensus binding site on which a C/EBP
dimer binds21. b, Electrophoretic mobility shift assays (EMSA) with labeled probes
matching the C/EBP consensus binding site18, the rs12740374 minor allele (T) sequence,
and the rs12740374 major allele (G) sequence. Competition assays were performed with
100-fold excess of cold probe. Either of two C/EBPα antibodies was used to compete for
binding and/or shift the protein-DNA complex. c, Relative firefly luciferase expression from
constructs with haplotypes of 2.1 kb region transfected into Hep3B cells. Single nucleotide
alterations were introduced into constructs as indicated, altering rs12740374 and the three
other core recognition nucleotides in the predicted C/EBP binding site. d, e, Relative firefly
luciferase expression from constructs with haplotypes of 6.1 kb region transfected into (d)
Hep3B human hepatoma cells with or without concomitant transduction with A-C/EBP
(dominant negative C/EBP) cDNA via lentivirus and (e) NIH 3T3 fibroblasts with or
without concomitant transduction with C/EBP-α cDNA via lentivirus. f, Relative SORT1
expression, determined as a ratio with B2M expression by qRT-PCR, in Hep3B cells
[homozygous major (GG) at rs12740374] or SK-HEP-1 human hepatoma cells
[heterozygous (GT) at rs12740374] with or without concomitant transduction with A-C/EBP
cDNA via lentivirus. Error bars show s.e.m., N = 3 for each experiment.
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Figure 4. Overexpression or knockdown of Sort1 in mouse liver alters plasma lipids and
lipoproteins
Adeno-associated virus 8 (AAV8) vectors either containing no gene, murine Sort1 cDNA, or
murine Psrc1 cDNA were administered via intraperitoneal injection; phosphate-buffered
saline or siRNA duplex targeting firefly luciferase or mouse Sort1 and prepared in lipidoid
formulation was administered weekly via tail vein injection at 2.0 mg/kg. Plasma samples
were collected prior to injection and at various time points after injection, and were
subjected: individually to analytical chemistry (Mira autoanalyzer) to measure total
cholesterol (a, e, g); as pooled samples to FPLC (d, f, h), from which fractions 10 to 26 were
used to calculate LDL-C levels (a, e, g); individually to NMR to measure LDL particle
concentrations (b). P values calculated with unpaired t test, shown if P < 0.05. Error bars
show s.e.m. a-d, Apobec1−/−; APOB Tg mice (five mice per group). b, NMR measurements
at six weeks. LDL-L = large LDL; LDL-M/S = medium small LDL; LDL-VS = very small
LDL. c, The mice were intraperitoneally injected with Pluronic F-127 detergent to block
VLDL triglyceride lipolysis and permit assessment of the rate of VLDL secretion. Plasma
samples were collected at baseline, one hour, two hours, and four hours after injection.
VLDL particle concentrations were measured from pooled samples with NMR. e, f,
Apobec1−/−; APOB Tg mice (five mice per group). g, h, Ldlr−/− mice (five mice per
group).
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