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Atherosclerotic	cardiovascular	disease	(ASCVD)	affects	more	than	1	in	3	American	adults.	Hypercholesterol-
emia	is	a	major	treatable	risk	factor	for	ASCVD,	yet	many	individuals	fail	to	reach	target	levels	of	LDL-cho-
lesterol	(LDL-C)	through	the	use	of	statins	and	lifestyle	changes.	The	E3	ubiquitin	ligase	myosin	regulatory	
light	chain–interacting	protein	(MYLIP;	also	known	as	IDOL)	is	a	recently	identified	regulator	of	the	LDL	
receptor	(LDLR)	pathway.	Genome-wide	association	studies	(GWASs)	in	populations	of	mixed	European	
descent	have	identified	noncoding	variants	in	the	MYLIP	region	as	being	associated	with	LDL-C	levels,	but	
no	underlying	functional	variants	were	pinpointed.	In	order	to	fine-map	actual	susceptibility	variants,	we	
studied	a	population	demographically	distinct	from	the	discovery	population	to	ensure	a	different	pattern	
of	linkage	disequilibrium.	Our	analysis	revealed	that	in	a	Mexican	population,	the	nonsynonymous	SNP	
rs9370867,	which	encodes	the	N342S	amino	acid	substitution,	is	an	underlying	functional	variant	that	was	
associated	with	high	total	cholesterol	and	accounted	for	one	of	the	previous	significant	GWAS	signals.	
Functional	characterization	showed	that	the	Asn-encoding	allele	was	associated	with	more	potent	LDLR	
degradation	and	decreased	LDL	uptake.	Mutagenesis	of	residue	342	failed	to	affect	intrinsic	MYLIP	E3	ligase	
activity,	but	it	was	critical	for	LDLR	targeting.	Our	findings	suggest	that	modulation	of	MYLIP	activity	can	
affect	LDL-C	levels	and	that	pharmacologic	inhibition	of	MYLIP	activity	might	be	a	useful	strategy	in	the	
treatment	of	dyslipidemia	and	ASCVD.

Introduction
Atherosclerotic cardiovascular disease (ASCVD) affects more than 
1 in 3 American adults, and the burden arising from this in terms 
of mortality and financial cost is great (1). Modifiable risk factors 
for ASCVD include hypercholesterolemia, hypertension, type 2 dia-
betes mellitus, obesity, and smoking (2). Statin drugs, which lower 
plasma LDL-cholesterol (LDL-C) levels via inhibition of the rate-
limiting enzyme in cholesterol production, 3-hydroxy-3-methyl- 
glutaryl-CoA reductase, have a substantial impact on ASCVD inci-
dence and mortality. Despite efforts to modify lifestyle and the 
availability of statins, however, the prevalence of ASCVD continues 
to increase (1). Many individuals are unable to reach their target 
lipid levels on statins alone or experience unwanted side effects (3). 
Thus, there is a need to identify novel targets that might permit 
further lowering of LDL-C and reduction of ASCVD risk.

We previously identified the E3 ubiquitin ligase myosin regulatory 
light chain–interacting protein (MYLIP; also known as IDOL) as a 
regulator of the LDL receptor (LDLR) pathway for cellular choles-
terol uptake (4). MYLIP is a direct target for regulation by the nuclear 
receptor liver X receptor (LXR), and its expression is coordinately 

regulated with the ATP-binding cassette transporter in multiple cell 
types (4). In response to cellular cholesterol loading, activation of 
LXR leads to rapid induction of MYLIP expression. MYLIP stimulates 
ubiquitination of the LDLR on its cytoplasmic tail, thereby directing 
its degradation. Expression of Mylip in mouse liver by means of an 
adenoviral vector dramatically reduces LDLR protein levels and rais-
es LDL-C levels (4). Thus, the LXR-MYLIP-LDLR pathway provides a 
complementary pathway to sterol regulatory element–binding pro-
teins for the feedback inhibition of cholesterol uptake (4, 5).

The LXR-MYLIP pathway is conserved in human cells, but its role 
in human cholesterol metabolism remains to be addressed. Knock-
down of MYLIP expression in human cultured cells increases LDLR 
protein levels (4); however, the effect of loss of MYLIP expression in 
vivo has not been investigated. Furthermore, given that MYLIP is 
expressed in many tissues and cell types, it is difficult to predict how 
gain- or loss-of-function mutations might affect plasma lipid levels 
or susceptibility to ASCVD. Recent genome-wide association stud-
ies (GWASs) in cohorts of mixed European descent have identified 
noncoding SNPs in the region of the MYLIP gene that are associated 
with LDL-C levels (6–8), thus demonstrating for the first time genet-
ic association between the MYLIP gene and lipid levels in humans. 
However, the underlying causal variants and the mechanistic basis 
of these associations have not been established.
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As yet, the function of most variants identified in GWASs is 
unknown, and most of these variants reside outside of coding 
sequence (9). As patterns of linkage disequilibrium (LD) vary among 
populations with different demographic histories (10), studies in a 
different population than the discovery population, such as Mexican 
subjects, can assist in fine-mapping the actual susceptibility variants 
(i.e., trans-ethnic fine-mapping). Furthermore, thus far Mexicans 
have not been included in any of the GWASs for lipids, although 
several epidemiological studies have clearly demonstrated that the 
Mexican population has an increased predisposition to combined 
hyperlipidemia and ASCVD (11). Therefore, it is important to inves-
tigate the loci conferring to dyslipidemias in Mexicans.

Here, we investigated the MYLIP region in the Mexican popu-
lation in order to fine-map the actual susceptibility variants. We 
identified a nonsynonymous SNP, rs9370867 (which encodes the 
N342S amino acid substitution), as the underlying functional vari-
ant accounting for one of the previous genome-wide significant 
signals. We demonstrated that the N342 amino acid substitution 
altered the ability of MYLIP to degrade the LDLR and that the Asn-
encoding allele (N342) was associated with higher total cholesterol 
(TC) levels in Mexican dyslipidemic individuals. These results sug-
gest that modulation of MYLIP activity can affect human plasma 
cholesterol and support further investigation into whether phar-
macologic inhibition of MYLIP activity might be a useful strategy 
in the treatment of dyslipidemia and ASCVD.

Results
Resequencing of the MYLIP gene. To identify DNA sequence variants 
that influence MYLIP activity and to screen for population-spe-
cific variants, we sequenced all exons and exon-intron borders of 

the MYLIP gene in Mexican individuals from each extreme of the 
LDL-C distribution. This discovery study sample consisted of 56 
subjects with low LDL-C (≤10th age/sex-specific Mexican popula-
tion percentile) and 66 subjects with high LDL-C (≥90th age/sex-
specific Mexican population percentile). The clinical characteris-
tics of the discovery study sample and the distribution of serum 
LDL-C levels are shown in Supplemental Table 1 and Supplemen-
tal Figure 1, A and B (supplemental material available online with 
this article; doi:10.1172/JCI45504DS1).

By sequencing, we identified 12 DNA variants, of which 6 were 
noncoding (i.e., intron boundary or untranslated regions [UTRs]): 
3 variants were synonymous, and 3 nonsynonymous (Figure 1 and 
Supplemental Table 2). Of the 3 nonsynonymous variants, we 
believe I202L and V339I to be novel and rare (minor allele frequency 
[MAF] ~1%), and N342S is common (MAF 25%) and known in pub-
lic databases as rs9370867. The I202L variant was observed in both 
low- and high-LDL groups of the discovery study sample, whereas 
the V339I variant was unique to the low-LDL group (Figure 1 and 
Supplemental Table 2) and therefore investigated in additional 
study samples. However, all 3 nonsynonymous variants were further 
investigated in functional analyses. Of the remaining variants, the 
3′ UTR variant rs2205794 and the synonymous variant rs1060901 
were also investigated in additional subjects, because rs2205794 
was unique to 1 tail of the LDL-C distribution and rs1060901 was 
observed in 6 subjects of the low-LDL group versus 1 subject of the 
high-LDL group (Figure 1 and Supplemental Table 2).

The low-frequency SNPs rs1060901 and rs2205794 (MAF 1%–5%)  
were genotyped in additional 450 normotriglyceridemic subjects, 
and the rare variant V339I (MAF <1%) was genotyped in 1,100 
normotriglyceridemic subjects. The rationale for this genotyping 

Figure 1
Sequencing results of the MYLIP gene. Mexican 
subjects with high and low LDL-C (see Supple-
mental Table 1 for clinical characteristics) were 
sequenced for the coding region and exon-intron 
boundaries of the MYLIP gene. Each line rep-
resents the genotype of an individual; each col-
umn represents an identified sequencing variant. 
Individuals are ranked according to their LDL-C 
levels; low-LDL individuals fall below the red line, 
and high-LDL individuals above. Gray, heterozy-
gote genotypes; black, homozygote rare geno-
types; white, homozygote common genotypes. 
See Supplemental Table 2 for major and minor 
alleles and positions of the variants.
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strategy was to achieve a high probability (>98%) of seeing at least 
5 heterozygous individuals. In these larger study samples, all 3 
variants appeared in similar frequencies in subjects with decreased 
(<100 mg/dl) and elevated (>130 mg/dl) LDL-C (Supplemental 
Table 3), which suggests that the initial findings resulted from the 
smaller size of the discovery sample. Furthermore, it is worth not-
ing that we did not detect any rare coding mutations in the Mexican 
familial hypercholesterolemia (FH) patients or in dyslipidemic pro-
bands with LDL-C levels above the 90th age/sex-specific Mexican 
percentiles. Thus, rare coding variation in MYLIP did not account 
for FH in these Mexican subjects with unknown etiology of FH (12).

Association analysis of the MYLIP gene. To identify common vari-
ants that influence MYLIP activity and contribute to variation in 
plasma cholesterol levels, we investigated the MYLIP gene region 
(chr6, 16187296–16306457) in a Mexican dyslipidemic study 
sample (n = 2,310) (Supplemental Table 1). We tested a total of 34 
directly genotyped and 38 imputed SNPs surrounding the MYLIP 
gene (±50 kb) for association with TC and non–HDL-C levels in 
the Mexican dyslipidemic study sample. The SNPs were imputed 
with high certainty (>0.9), using HapMap MEX (Mexican-Ameri-
can) data as a reference panel. Together, the 72 analyzed SNPs 
tagged and captured 100% of the genetic variation (MAF ≥1%;  
r2 > 0.8) in the HapMap MEX samples. We examined the TC and 
non–HDL-C traits rather than LDL-C, because LDL-C values 
cannot be reliably calculated using the Friedewald equation if tri-
glyceride (TG) levels exceed 400 mg/dl. However, because the cor-
relations between the LDL-C concentration and the TC and non–

HDL-C concentrations were greater than 0.9 (r = 0.93 and r = 0.98, 
respectively) in this Mexican study sample, these traits were there-
fore excellent surrogates for LDL-C levels. TC and non–HDL-C 
levels were normally distributed and adjusted for age, sex, and 
hypertriglyceridemia affection status (Supplemental Figure 1,  
C and D). Furthermore, we also analyzed the dichotomized TC 
trait (see Methods), since the power of the quantitative trait anal-
ysis may be somewhat reduced by the focus on hypertriglyceride-
mia case-control status.

In the Mexican dyslipidemic study sample, the common nonsyn-
onymous rs9370867 variant that we also observed by resequencing 
was the SNP most significantly associated with high TC and non-
HDL-C levels for the A allele (MAF 25%), encoding Asn (P = 1.5 × 10–06  
to 1.81 × 10–03; Figure 2B and Supplemental Table 4). This associa-
tion was gene-wide significant, as it surpassed the multiple-test-
ing correction threshold for 70 tests (see Methods). However, as 
we tested 2 correlated traits, the Bonferroni correction for mul-
tiple testing (which presumes that tests are independent) is con-
servative for our analyses. Additionally, 8 other SNPs passed the 
multiple-testing threshold (Supplemental Table 4). These 8 SNPs 
belonged to 3 different LD groups (r2 ≤ 0.5 between groups, r2 ≥ 0.7 
within groups; Figure 3). To further evaluate whether these SNPs 
represent independent association signals from the associated 
nonsynonymous rs9370867 variant, we performed a conditional 
association analysis while including rs9370867 genotype counts 
as a covariate. None of the other SNPs remained gene-wide signifi-
cant in these conditional analyses (Supplemental Table 4).

Figure 2
Association results in the MYLIP gene 
region (±50 kb) compared between 
European and Mexican ethnicities. (A) 
GWAS meta-analysis results of subjects 
of mixed European descent (6). The 
colored circles represent –log10 of the 
P values for LDL-C levels; dashed line 
indicates the genome-wide significance 
threshold (log10[5 × 10–08]). Only SNPs 
that were also investigated in the Mexi-
can population are shown. (B) Associa-
tion results of the Mexican dyslipidemic 
study sample. Colored circles represent 
–log10 of the P values for the high TC 
affection status. Red circles indicate 
SNPs in LD (r2 ≥ 0.5) with rs3757354; 
orange circles indicates SNPs in LD 
with rs9370867; green circles indicate 
SNPs in LD with rs2327951 in the Mexi-
can controls. The location of the SNPs 
is shown on the x axis in relation to the 
physical location of the MYLIP gene on 
chromosome 6.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 8   August 2011 3065

To further validate the association of the most strongly associ-
ated variant, rs9370867, we extended the genotyping of the SNP to 
512 additional Mexican dyslipidemic samples available for study 
(total n = 2,822), which further strengthened the association signal 
for the A risk allele (N342) with both higher TC and non–HDL-C  
residual values (P = 2.2 × 10–05 and P = 2.5 × 10–04), as well as with 
high-TC affection status (P = 7 × 10–07; Tables 1 and 2). The adjust-
ed means of TC by genotype were 5.49 mmol/l for the Asn/Asn 
homozygotes, 5.31 mmol/l for the Asn/Ser heterozygotes, and  
5.20 mmol/l for the Ser/Ser homozygotes (Table 2).

Importantly, we also tested whether the N342 allele was signifi-
cantly associated with the simultaneous elevation of both TC and 
TG levels, because combined hyperlipidemia is highly common 
among Mexican individuals and carries the highest risk to develop 
ASCVD in this population (13). We obtained a P value of 8.1 × 10–05  
for the combined hyperlipidemia status (Table 1). In this analysis, 
we did not adjust for the hypertriglyceridemia affection status; 
rather, we tested whether rs9370867 also contributes to high TC 
in the presence of elevated TG levels.

The frequency of the Asn (risk) allele varies considerably among 
populations (0%–60%) (10, 14). In African (YRI), Asian (CHB 
and CHD), and Amerindian (Mayan) ancestries, the frequency 
is relatively low at 2%–8%, whereas in European (CEU; Northern 
and Western European ancestry from the CEPH collection), Sar-
dinian, and Basque ancestries, the frequency is much higher at 
49%–60% (10, 14). The Asn allele is considered the reference allele 
and the Ser (protective) allele the variant in public databases. 

However, Ser at position 342 is the ancestral 
allele in cross-species comparisons.

To reduce the possibility of spurious associ-
ations caused by the admixed Mexican ances-
try, especially when the allele frequencies of 
rs9370867 are known to vary among popula-
tions, we also performed association analyses 
while including individual ancestry (IA) esti-
mates as a covariate in the regression model. We 
obtained P values of 5.0 × 10–04 and 2.2 × 10–03  
for continuous TC and non–HDL-C levels, 
respectively, and 3.8 × 10–05 for the high-TC 
affection status in these adjusted analyses, 
which suggests that the associations were not 
confounded by population admixture.

Comparison with previous GWAS results. 
Recently, the MYLIP gene region has been 
implicated for LDL-C levels in 2 large-scale 
GWASs (7, 8) and in a meta-analysis of 
these studies and other GWASs of popula-
tions of European descent (6). Common 
variants (MAF >20%) from 3 different LD 
groups (pairwise LD in r2 < 0.3) in the MYLIP 
gene region (rs3757354, rs2294261/rs2480  
[r2 = 0.75], and rs2327951/rs2142672 [r2 = 1]) 
surpassed the genome-wide significant level 
(P ≤ 5 × 10–08; Figure 2A and refs. 6–8). All 
of these GWAS SNPs resided outside of the 
MYLIP gene (Figure 2), and it is likely that 
these GWAS SNPs do not represent the actu-
al functional variants, but rather are in LD 
with the underlying causal variants. Stud-
ies in diverse ethnicities, such as Mexican 

individuals, may assist in fine-mapping the actual susceptibility 
variants (i.e., trans-ethnic fine-mapping), as allele frequencies and 
patterns of LD vary across populations (10).

We examined the association results in the Mexican dyslipidemic 
study sample in relation to the MYLIP-associated region (chr6, 
16187296–16306457) from the mixed European descent GWASs 
in order to restrict the associated region using trans-ethnic LD 
comparisons and identify the actual disease-causing variants in 
the MYLIP gene region. First, using the HapMap MEX and CEU 
samples, we indeed observed considerable differences in allele fre-
quencies and LD in the MYLIP gene region between Europeans and 
Mexicans (Supplemental Figure 2), which suggests that trans-eth-
nic association analysis may help fine-map the GWAS signals (15). 
Furthermore, the 72 SNPs we analyzed tagged and captured 100% 
and 94% of the genetic variation with MAF 1% or greater and r2 > 0.8  
in the HapMap MEX and CEU samples, respectively.

Variants from the 3 associated LD groups were gene-wide signifi-
cant in the Mexican dyslipidemic study sample (Figure 2 and Sup-
plemental Table 4), thus extending the GWAS signals of the mixed 
European descent population to the Mexican population. Impor-
tantly, our LD analyses also demonstrated that the most strongly 
associated variant in Mexicans, rs9370867, was in strong LD with 
the GWAS associated variants rs2480 (7) and rs2294261 (6) in the 
CEU founders with European ancestry and, to a lesser extent, in 
the Mexican controls (r2 = 0.73 and r2 = 0.49, respectively; Figure 3). 
Accordingly, in Mexicans, the SNPs rs2480 and rs2294261 resulted 
in less significant associations than the variant rs9370867 (Figure 2B  

Figure 3
Pairwise LD of the SNPs rs3757354, rs9370867, and rs2327951 with all other SNPs in the 
MYLIP gene region (±50 kb) in the European and Mexican populations. Shown is pairwise 
LD in r2 in 120 Mexican controls (MX) and in the CEU sample. SNPs shown on the x axis are 
ordered according to their bp position.
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and Supplemental Table 4). We also examined the direct associa-
tion evidence for rs9370867 in the large GWAS meta-analysis of 
cohorts of mixed European descent (6): rs9370867 was associ-
ated with LDL-C levels for the same A risk allele (MAF 50%) as in 
Mexicans (P = 5.8 × 10–06; Figure 2A). Furthermore, the associa-
tion signal for rs2480 in this GWAS meta-analysis was lower than 
the one for rs9370867 using the same sample size (P = 1.2 × 10–04;  
n = 34,733), and only about one-third of the total sample size was 
available for the analysis of rs9370867 (34,733 of 100,000) versus 
95,443 available for rs2294261. We statistically estimated based on 
the Z score of rs9370867 that given a sample size of 95,443 subjects, 
the P value of rs9370867 would also have surpassed the genome-
wide significance level (estimated P = 5.9 × 10–14), as did the P val-
ues of rs2294261 (P = 4.6 × 10–10), rs3757354 (P = 1.16 × 10–11),  
and rs2327951 (P = 4.06 × 10–08) from the other significant LD 
groups in the actual GWAS meta-analysis that indeed included 
more than 90,000 subjects (6). Hence, this calculation demon-
strated that the sample size of rs9370867 may not have been suf-
ficiently powered to meet the genome-wide significance level in the 
meta-analysis GWAS (6).

Because the frequency of the A allele and the pattern of pair-
wise LD of rs9370867 were considerably different between Euro-
peans and Mexicans (50% versus 25%; ref. 10 and Figure 3), the 
consistency of these genetic association signals suggests that this 
nonsynonymous variant may be the actual susceptibility variant 
as opposed to being in strong LD with the causal variant. Further-
more, all the SNPs that were in LD (r2 ≥ 0.5) with rs9370867 in the 
Mexican controls (i.e., rs2480, rs2294261, rs6913929, rs6459450, 
and rs2038037) reside in nonconserved intergenic regions. Their 
regulatory potential scores computed based on alignments of 7 
species (7X Reg Potential; UCSC Genome Browser; ref. 16) were 
below 0.1, the default limit, indicating resemblance to regulatory 
elements, whereas the score for rs9370867 exceeded the limit at 0.4.  
Most importantly, the strength of their association was in full 
accordance with the strength of their pairwise LD with rs9370867 
in Mexicans (Supplemental Table 4). Taken together, these trans-

ethnic LD and association data suggest that the nonsynonymous 
SNP rs9370867 is more likely the true underlying functional vari-
ant accounting for the genome-wide significant signals rs2480 and 
rs2294261 observed in the previous GWASs (6, 7).

The GWAS variants of the other 2 associated LD groups, 
rs3757354 (6) and the SNPs rs2327951 (6) and rs2142672 (8), which 
are in full LD (r2 ≥ 0.97) in both Europeans and Mexicans, were 
nominally associated with high TC in the Mexican dyslipidemic 
study sample for the same risks allele as in Europeans (Figure 2B  
and Supplemental Table 4). However, a cluster of 4 SNPs — 
rs7742617, rs6921316, rs9367897, and rs9349997, which were 
in strong LD with rs2327951 in the Mexican controls and, to a 
lesser extent, in the CEU founders of HapMap (r2 = 0.87 and 0.58, 
respectively; Figure 3) — was substantially more strongly associ-
ated than rs2327951 with higher TC and non–HDL-C levels in 
Mexicans (P = 6.0 × 10–05 to 8.3 × 10–03; Figure 2B and Supplemen-
tal Table 4). These SNPs reside closer to the MYLIP gene, 8–30 kb 
away, as opposed to rs2327951 and rs2142672, which are 48–49 kb  
downstream of MYLIP (Figure 2). Likewise, rs2327949, which was 
in stronger LD with rs3757354 in the Mexican controls than in the 
CEU founders of HapMap (r2 = 0.87 and 0.60, respectively; Figure 3),  
was slightly more significant than rs3757354 with continuous 
TC and non–HDL-C levels in the Mexican dyslipidemic study 
sample (P = 6.5 × 10–04 and P = 3.0 × 10–03, respectively; Supple-
mental Table 4). Taken together, these trans-ethnic LD data and 
association data in the Mexican dyslipidemic study sample sup-
port the associations of the other GWAS-associated LD groups as 
well, although overall the strongest signal for the MYLIP region 
was observed with rs9370867 in Mexicans.

GWAS variants and gene expression analysis in adipose tissue. The GWAS 
variants or SNPs in LD with these variants might influence plasma 
lipid concentrations by modifying regulatory elements. Therefore, 
we used cis-expression quantitative trait locus (cis-eQTL) analysis 
to determine whether the SNPs rs3757354, rs2142672 (r2 ≥ 0.97  
with rs2327951 in both Mexicans and Europeans), rs9367897, 
rs2480, and rs9370867 influence the expression levels of MYLIP 

Table 1
Association of rs9370867 in the Mexican study sample

	 Association	frequency
	 N	 High	TC	 Normal	TC	 Effect	(SE)A	 P	 Adjusted	PB

TC status 2,661 31.40% 23.60% 1.49 (0.08) 7.02 × 10–07 3.84 × 10–05

Combined hyperlipidemia 1,656 31.65% 24.08% 1.44 (0.09) 8.13 × 10–05 1.50 × 10–03

AEffect size represents the odds ratio of each copy of the risk allele for the TC affection status and the proportion of 1 SD change in standardized TC resid-
ual values for each copy of the risk allele. BP value adjusted for admixture ancestry using IA estimates as a covariate in the regression analysis.

Table 2
TC and non–HDL-C values by genotype in the Mexican study sample

	 	 Genotype
	 Asn/Asn	 Asn/Ser	 Ser/Ser	 Effect	(SE)A	 P	 Adjusted	PB

TC (mmol/l) 5.49 ± 0.07 5.31 ± 0.03 5.20 ± 0.02 0.13 (0.03) 2.18 × 10–05 5.03 × 10–04

Non–HDL-C (mmol/l) 4.30 ± 0.06 4.13 ± 0.03 4.05 ± 0.02 0.11 (0.03) 2.50 × 10–04 2.23 × 10–03

Shown are marginal mean ± SEM evaluated at the average age, sex, and hypertriglyceridemia affection status (N = 2,618). AEffect size represents the pro-
portion of 1 SD change in standardized values for each copy of the risk allele. BP value adjusted for admixture ancestry using IA estimates as a covariate in 
the regression analysis.
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in adipose, a relevant tissue for lipid metabolism (17). Although 
the noncoding GWAS SNP rs2480 was in LD with the rs9370867 
variant, we also explored the potential regulatory function of these 
variants as an alternative functional mechanism for this genome-
wide significant signal. We examined the correlation between these 
SNPs and the expression levels of the MYLIP gene in subcutaneous 
fat biopsy samples from 70 Mexican dyslipidemic cases and con-
trols. The expression levels of the MYLIP probes were not differ-
entially expressed by the SNP genotypes at a nominal significance 
level (i.e., P > 0.05). It should also be noted that there are no other 
genes within ±100 kb of the analyzed SNPs.

Functional characterization of the N342S amino acid substitution. The 
N342S substitution (encoded by rs9370867) is located in the FERM 
domain of MYLIP, a putative protein-protein interaction motif. 
We explored the possibility that the N342S substitution alters the 
ability of MYLIP to degrade LDLR. In parallel, we also assessed the 
effect of the nonsynonymous variants I202L and V339I, identified 
by sequencing. Our initial studies used native MYLIP expression vec-
tors in order to avoid potential effects of epitope tags on MYLIP 
function. As there are no available antibodies capable of efficiently 
detecting native MYLIP, the expression of native MYLIP constructs 
was monitored by mRNA levels (data not shown). However, we also 
conducted all of the experiments using tagged proteins to assure 
that the mutant proteins were expressed at similar levels to WT 
MYLIP (see below). Since MYLIP is a very potent inhibitor of LDLR, 
we tested several different MYLIP/LDLR ratios in order to maximize 
our ability to detect modest changes in MYLIP activity. In agreement 
with the negative genetic results, the L202 and I339 MYLIP con-
structs were as effective as the WT MYLIP construct at degrading 

LDLR (Supplemental Figure 3, A and B). These observations suggest 
that I202 and V339 are not critical for MYLIP-induced degradation 
of LDLR. In contrast, MYLIP S342 demonstrated a reduced abil-
ity to degrade LDLR compared with the WT MYLIP with the N342 
allele (Figure 4A). This differential activity was apparent over a range 
of MYLIP/LDLR ratios (Supplemental Figure 3C). Interestingly, this 
differential activity was consistent with the decreased levels of TC 
observed in individuals with Ser at residue 342 (Table 2), as lower 
MYLIP activity is predicted to increase LDLR protein levels and 
clearance of circulating LDL particles from the plasma.

In order to exclude the possibility that the reduced ability of 
MYLIP S342 to degrade LDLR was caused by altered stability of 
the mutant itself, we generated tagged MYLIP constructs. As previ-
ously demonstrated (18), the C387A RING domain mutant, which 
lacks E3 ligase activity, exhibited markedly increased protein sta-
bility (Figure 4B) as a result of its inability to undergo autoubiqui-
tination and degradation. In contrast, protein levels resulting from 
transfection of S342 MYLIP were similar to that of N342 MYLIP. 
These data indicate that the intrinsic E3 ligase activity of S342 
MYLIP and, consequently, its ability to autoubiquitinate is indeed 
intact. Furthermore, these data also suggest that the observed dif-
ferences in LDLR degradation activity between S342 and N342 
MYLIP cannot be explained by differences in proteins levels. Stud-
ies using tagged MYLIP constructs also confirmed that I339 and 
L202 were expressed at comparable levels and showed comparable 
activity to WT MYLIP (Supplemental Figure 3D).

To further confirm the importance of amino acid 342, we also 
mutated this residue to an Ala. A342 also showed reduced ability 
to degrade the LDLR compared with WT N342 (Figure 4C). To 

Figure 4
MYLIP S342 is associated with reduced ubiquitination and degradation of the LDLR and increased LDL uptake compared with N342. (A) 
Immunoblot analysis of HEK293T whole-cell lysates after cotransfection with LDLR and WT MYLIP (N342/V339), S342, I339, or C387A ring 
domain mutant (RING MUT) expression plasmids. (B) Immunoblot of HEK293T whole-cell lysates after cotransfection with LDLR and FLAG-
tagged MYLIP N342, S342, or C387A ring domain mutant expression plasmids. (C) Immunoblot of HEK293T whole-cell lysates after cotrans-
fection with LDLR and FLAG-tagged MYLIP N342, S342, A342, or C387A ring domain mutant expression plasmids. (D) Human MYLIP mRNA 
and endogenous LDLR protein expression in MYLIP–/– MEFs stably expressing empty vector (Vect; pBabe), MYLIP N342, or MYLIP S342. Data 
are mean ± SEM. (E) Immunoblot of HEK293T cells cotransfected with LDLR-GFP; MYLIP N342, S342, or C387A ring domain mutant; and  
HA-ubiquitin expression plasmids followed by overnight immunoprecipitation of GFP with anti-GFP antibody (1 μg).
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verify that amino acid 342 is important for the ability of MYLIP 
to degrade endogenous LDLR, we examined endogenous LDLR 
expression in MYLIP–/– MEFs stably overexpressing N342 or S342 
MYLIP (Figure 4D). The results were in agreement with the experi-
ments in 293T cells transiently transfected with LDLR and MYLIP 
constructs, further reinforcing our previous findings.

Sequence alignment of the MYLIP homologs across various spe-
cies showed that the Ser residue at amino acid 342 was highly con-
served across a large number of species (Supplemental Figure 3E).  
This raises the possibility that humans have evolved an MYLIP 
allele, N342, that is more efficient at degrading LDLR, perhaps cre-
ating a more tightly regulated LXR-MYLIP-LDLR axis. To explore 
this idea, we mutated the Ser of mouse Mylip at position 342 to an 
Asn to reflect the human MYLIP polymorphism at this residue. As 
predicted, mouse N342 MYLIP was more efficient than S342 at 
degrading total LDLR protein (Supplemental Figure 3F).

As the presence of LDLR at the cell surface is essential for the 
high affinity uptake of LDL particles, we investigated whether 
the observed effects of the MYLIP mutants on total LDLR pro-
tein (Figure 4A) was indicative of protein levels at the cell surface. 
Using a biotinylation strategy to specifically label plasma mem-
brane proteins, we found that the effects of the MYLIP mutants 
on surface LDLR levels were similar to that of the total cell LDLR 
(Supplemental Figure 3G). Ubiquitination assays also confirmed 
that the S342 MYLIP protein was not able to stimulate LDLR  
ubiquitination as efficiently as did N342 MYLIP (Figure 4E), con-
sistent with the reduced ability of S342 to degrade LDLR.

Taken together, these functional analyses demonstrated that 
amino acid 342 is important for the degradation of LDLR by MYLIP. 
The presence of a Ser at this site resulted in attenuated ubiquitina-
tion of LDLR, increased expression of surface LDLR, and a concomi-
tant increase in LDL uptake. This altered activity was in line with the 
observation that individuals with the G allele of amino acid 342 that 
translates to a Ser had lower TC levels (Table 2).

Discussion
In recent GWASs and a GWAS meta-analysis of populations of 
mixed European descent (6–8), there were 3 independent (r2 < 0.3)  
genome-wide significant signals in the MYLIP region, none of 
which resides within the MYLIP gene. It has been very challeng-
ing to unambiguously identify the risk variants and demonstrate 
function for these common variants implicated in GWASs of 
complex traits. Consequently, conversion of the GWAS associa-
tions into mechanistic insights and potential clinical applications 
has been a slow process. In the current study, we investigated 
the MYLIP-associated region in Mexican individuals in order to 
restrict the associated region and identify the actual susceptibility 
variants (i.e., trans-ethnic fine-mapping). We demonstrated that 
a common amino acid substitution (N342S; encoded by the SNP 
rs9370867 variant) located in a critical functional domain of the 
protein was associated with cholesterol levels in a Mexican dyslip-
idemic study sample and is most likely the actual susceptibility 
variant underling one of the GWAS signals. Importantly, these 
genetic data were supported by our functional data, which dem-
onstrated that rs9370867 influences plasma cholesterol levels by 
modifying the degradation of LDLR.

Mexicans descend from a recent mix of Amerindian and European 
ancestry, which has caused marked differences in allelic frequencies 
and patterns of LD across their genome (19). Accordingly, the pair-
wise LD and the allele frequency of N342S are significantly different 

between European and Mexican populations (10). Nevertheless, as 
in the mixed European descent GWAS (6), the same A allele of N342 
was associated with high TC in the Mexican dyslipidemic study sam-
ple, which implies that this common nonsynonymous variant may 
actually be the functional variant as opposed to being in strong LD 
with the causal variant. It should be noted that our sample size was 
less than 10% of this population-based GWAS (6), yet we observed 
comparable evidence for rs9370867 in the Mexican dyslipidemic 
study sample (P = 7.0 × 10–07, versus P = 5.8 × 10–06 in GWAS). Thus, 
the current work also emphasizes the importance of investigating 
variants in a different population than the discovery population.

We observed that the nonsynonymous rs9370867 variant was in 
strong LD with 2 upstream genome-wide significant GWAS vari-
ants, rs2294261 (6) and rs2480 (7), in Europeans. The association 
evidence for rs2294261 and rs2480 was less significant than for 
rs9370867 in the Mexican dyslipidemic study sample, while their 
pairwise LD was diminished in Mexicans compared with Europe-
ans, statistically demonstrating that the nonsynonymous variant 
rs9370867 is more likely to be the causal variant than rs2294261 or 
rs2480. Importantly, none of these variants exhibited a potential 
regulatory effect using cis-eQTL analysis, whereas our functional 
data showed that rs9370867 increased expression of surface LDLR 
and LDL uptake. Thus, our study demonstrated, for the first time 
to our knowledge, that the amino acid change rs9370867 is most 
likely the functional mechanism underlying these previous GWAS 
variants, rs2294261 and rs2480 (6, 7). Furthermore, our study also 
exemplifies how populations with a different demographic history, 
such as Mexicans, can assist in fine-mapping the actual suscepti-
bility variant because of the different underlying LD structure.

Another GWAS signal was detected by the SNPs rs2327951 (6) 
and rs2142672 (8) that mapped and tagged variants 48–49 kb 
downstream from MYLIP. Using trans-ethnic fine-mapping in 
Mexicans, we were able to restrict the downstream association 
signal to a proximate cluster of SNPs (+8–30 kb) that were more 
strongly associated with cholesterol levels than were rs2327951 
and rs2142672 in the Mexican dyslipidemic study sample. Regard-
ing the upstream GWAS signal detected by the SNP rs3757354, we 
identified another SNP in LD with it, rs2327949, which was slight-
ly more significant in the Mexican dyslipidemic study sample. 
Although our data still support the possibility that the rs3757354 
promoter variant (–2 kb) may be the functional variant, it also pro-
vides another plausible underlying candidate for this LD block. 
It is worth noting that the expression levels of MYLIP were not 
significantly different with respect to the rs3757354 genotypes in 
the fat biopsies of Mexican subjects or in fat or liver biopsies from 
subjects of mixed European descent (6). Nevertheless, it is evident 
that additional association and functional studies are necessary to 
identify the actual causal variants of these other GWAS signals.

Many of the GWAS loci for lipids are already known to harbor 
mutations with larger effects in dyslipidemic families (20), which 
suggests that the newly identified loci, such as MYLIP, may also 
harbor both common variants with weak effects and rare variants 
with large effects. Thus, although the major focus of this study was 
to identify the functional MYLIP variants underlying the GWAS 
signals using trans-ethnic fine-mapping, we resequenced Mexican 
subjects with either low or high levels of LDL-C for the coding 
sequence of the MYLIP gene. Furthermore, subjects with unknown 
etiology of FH and hypercholesterolemia were also included in 
order to examine whether mutations in MYLIP may contribute to 
these lipid disorders. We did not observe a greater burden of rare 
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and low-frequency variants in either tail of the LDL distribution 
or detect any rare coding mutations in the Mexican FH patients or 
hypercholesterolemic probands. However, extensive resequencing 
of the MYLIP gene region in larger numbers of subjects from each 
extreme of the LDL-C is warranted in order to definitively con-
clude whether rare and low-frequency variants in MYLIP account 
for low and/or high LDL-C levels.

To assure that the associations were not confounded by popula-
tion admixture, we also performed the test of association includ-
ing adjustment for ancestry estimates as a covariate. Importantly, 
although the allele frequency of rs9370867 is substantially differ-
ent between Amerindian and European populations (10, 14), the 
adjusted P value remained highly significant, which confirmed 
that the association is not spurious. Furthermore, because the 
Mexican dyslipidemic study samples were ascertained based on 
hypertriglyceridemia affection status, we adjusted the associa-
tion analyses of TC and non–HDL-C for the hypertriglyceridemia 
case-control status in order to avoid confounding effects of this 
sampling. Yet a substantial proportion of the hypertriglyceride-
mic study sample also had elevated TC concentrations. Combined 
hyperlipidemia, the simultaneous elevation of both TC and TG 
levels, is highly common among Mexican individuals (18% inci-
dence; ref. 13). Combined hyperlipidemia also carries the highest 
risk to develop ASCVD in Mexicans (13); therefore, it is important 
to identify variants, such as rs9370867, that contribute to high TC 
in the presence of elevated TG levels.

Our genetic findings are supported by functional data demon-
strating the importance of the amino acid substitution at residue 
342 of MYLIP. Consistent with the observation that Mexican indi-
viduals with the S342 encoding allele had lower TC levels, we dem-
onstrated that S342 was associated with reduced ubiquitination 
and degradation of the LDLR and enhanced LDL uptake in vitro 
compared with the N342 encoding allele. A predicted consequence 
of this reduction in MYLIP activity in vivo is enhanced expression 
of LDLR and subsequent uptake of circulating LDL particles, thus 
resulting in lower plasma cholesterol levels. However, the specif-
ic contribution of the different tissues and cell types exhibiting 
MYLIP activity warrants investigation in future studies.

In conclusion, genetic modulation of MYLIP activity via the 
common amino acid substitution N342S was associated with 
changes in plasma cholesterol levels in Mexican individuals, sup-
porting a role for MYLIP in whole-body cholesterol metabolism. 
Moreover, our results support further investigation of the possibil-
ity that inhibition of MYLIP activity may provide a strategy for the 
treatment of dyslipidemia and ASCVD.

Methods
Study participants. The study design was approved by the ethics commit-
tees of INCMNSZ and UCLA, and all subjects provided written informed 
consent. Clinical characteristics of the study samples described below are 
shown in Supplemental Table 1.

Mexican dyslipidemic cases and controls. A total of 2,822 Mexican dyslipid-
emic cases and controls were recruited at INCMNSZ, as described in detail 
previously (21). See Supplemental Table 1 and Supplemental Methods for 
a detailed description of the study sample. Measurements of fasting lipid 
levels were performed with commercially available standardized methods, 
as described previously (21). Serum LDL-C levels were calculated using the 
Friedewald formula. However, for subjects with TG in excess of 4.5 mmol/l 
(400 mg/dl; n = 947), LDL-C values were not calculated, as the Friedewald 
equation cannot be reliably used with such high TG values (22).

Resequencing study sample. For resequencing, 56 Mexican subjects with LDL-C  
levels at or below the age/sex-specific 10th Mexican population percentile 
(23) and 66 subjects with LDL-C levels at or above the age/sex-specific 90th 
Mexican population percentile (23) were selected from each extreme of the 
LDL-C distribution. The high–LDL-C group consisted of 35 unrelated 
individuals: 21 FH patients from 13 Mexican FH families without known 
mutations in the LDLR, APOB, and PCSK9 genes (12); and 10 Mexican dys-
lipidemic probands from families that provided positive lod score for linkage 
with markers in the MYLIP region in our previous study (6p22.3) (21).

Resequencing, genotyping, and imputation. The exons, UTRs, and exon-
intron boundaries of the MYLIP gene (NM_013262) were resequenced. The 
samples were amplified by PCR for the Applied Biosystems 3730 Capillary 
DNA Analyzer (Applied Biosystems). PCR primers were designed using 
the Primer3 program. Sequence contigs were assembled with Sequencher 
software (GeneCodes Corp.). Novel variants that were not present in the 
dbSNP build 130 were sequenced on both strands.

We genotyped the variants identified by resequencing in larger study sam-
ples — tag SNPs in the MYLIP gene region in the Mexican dyslipidemic study 
sample and SNPs for cis-eQTL analysis in the fat biopsy study sample —  
using Pyrosequencing, TaqMan, and Illumina BeadArray technology geno-
typing platforms. All SNPs were in Hardy-Weinberg equilibrium (P > 0.05) in 
the Mexican controls and had a genotyping call rate greater than 95%, with 
the 34 tag SNPs exhibiting a genotyping call rate greater than 98%.

A total of 34 tag SNPs in the MYLIP gene and its surrounding ±50-kb 
region were genotyped in 2,310 subjects from the Mexican dyslipidemic 
study sample. We used the IMPUTE2 program (24) and phased chromo-
somes from the phase III HapMap MEX sample as a reference to impute 
SNPs with MAF ≥1% cataloged in the HapMap in the MYLIP gene region 
(±50 kb). All 38 imputed SNPs exhibited good imputation quality (certain-
ty, >92%) and were in Hardy-Weinberg equilibrium (P > 0.1) in the Mexican 
controls. After excluding imputed genotypes with low quality score (i.e., 
<0.7), the genotype call rate exceeded 90%, and the estimated error rate 
based on a leave-one-out approximation was less than 2.5% (24).

The most significantly associated SNP, rs9370867, was also genotyped 
in 512 additional subjects from the Mexican dyslipidemic study sample 
(i.e., the entire Mexican dyslipidemic study sample; n = 2,822). In addition, 
the SNPs rs9370867, rs2480, rs2142672, rs3757354, and rs9367897 were 
genotyped in 70 Mexican dyslipidemic cases and controls who underwent 
subcutaneous fat biopsies (25).

Association and LD analyses. Multivariate linear regression using an addi-
tive genetic model with age and sex as covariates was used to assess the 
effects of the SNPs on continuous TC and non–HDL-C, and multivari-
ate logistic regression was used to analyze the binary TC and combined 
hyperlipidemia status. The regression models of the TC and non–HDL-C 
traits were adjusted for hypertriglyceridemia affection status in order to 
correct for the sampling variable. The likelihood was maximized using 
an expectation-maximization algorithm, as implemented in SNPTEST 
version 2.1.1 software (26), in order to account for genotype uncer-
tainty in the regression analyses of the imputed SNPs. We also exam-
ined whether the association results are independent of the top signal 
rs9370867 by including the minor allele counts (i.e., 0–2) of rs9370867 
as a covariate in the regression analyses as described above. Subjects with 
trait levels more than 4 SD from the mean or on lipid-lowering therapy 
at the time of the blood drawing were excluded from the quantitative 
analyses. To correct for multiple testing, we adjusted for the number of 
independent SNPs (r2 < 0.8) in the region (n = 35) that we analyzed with 
2 traits (TC and non-HDL-C), resulting in Bonferroni correction for  
70 independent tests (P ≤ 7.2 × 10–04).

To adjust for the admixed Mexican ancestry, IA estimates were used as a 
covariate in the regression analyses (see Supplemental Methods).
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In order to predict the association strength of rs9370867 in the GWAS 
meta-analysis using a larger sample size of 95,443 subjects, we calculated the 
estimated P as 2 × (1 – standard normal distribution (|Zobs|/SQRT[nobs/nest]),  
in which the Z score obtained in the GWAS meta-analysis (Zobs) was 4.5, the 
actual sample size in the study (nobs) was 34,733, and the estimated sample 
size (nest) was 95,443.

We extracted from the CEU and MEX populations of HapMap (10) 
all SNPs polymorphic in both the Mexican and European populations 
(n = 65) in the surrounding regions of the MYLIP gene (±50 kb). Pair-
wise LD (in r2) of all SNP pairs (i.e., triangular grid of LD relationships) 
was calculated in the CEU and MEX HapMap (10) founder samples  
(n = 60) and plotted using the LDheatmap library in the R software pack-
age (Supplemental Figure 2).

Pairwise LD of the SNPs rs3757354, rs9370867, and rs2327951 with 
all other SNPs in the MYLIP gene region (±50 kb) were calculated using 
PLINK version 1.07 software (27) and plotted using the Lattice graph-
ics library in the R software package (Figure 3). For this LD analysis, we 
used the extracted genotype data (n = 65) of the CEU founder sample  
(n = 60) of HapMap and genotyped (n = 34) and imputed (n = 38) data of 
120 Mexican controls (TGs, <150 mg/dl; TC, <240 mg/dl) with complete 
genotype data and certainty greater than 0.92 for all imputed genotypes. 
The estimated error rate for the imputed genotypes in this sample was 
less than 1.3%, based on a leave-one-out approximation (24). Hence, to 
account for this genotype uncertainty, we used a larger sample size in 
the LD analyses of Mexicans (240 chromosomes, versus 120 available 
for the CEU sample).

The coverage of the 72 analyzed SNPs in the MEX and CEU populations 
of HapMap and the number of independent SNPs analyzed (n = 35) were 
calculated with r2 threshold >0.8 and MAF ≥1% using the tagger algorithm 
as implemented in Haploview version 4.2 software (28).

cis-eQTL analysis. A total of 70 Mexican dyslipidemic cases and controls 
underwent subcutaneous fat biopsies. Clinical characteristics, fat biop-
sy procedure, RNA extraction, and RNA hybridization to the Human 
Genome U133 Plus 2.0 oligonucleotide microarray of the 70 samples 
have been described previously (25). Data processing and quality control 
procedures of the microarrays were performed as described previously 
(25). A total of 14,942 probesets passed quality control procedures (25), 
of which only the MYLIP probesets (n = 3) were used in the cis-eQTL 
analysis. Microarray data are available at the NCBI Gene Expression 
Omnibus (GEO) database (accession no. GSE17170). We examined the 
association of expression levels between MYLIP probesets 220319_s_at, 
223130_s_at, and 228098_s_at and SNPs rs9370867, rs2480, rs2142672, 
rs3757354, and rs9367897. The normalized relative expression adjusted 
for age, sex, kinship, and affection status was used as a dependent vari-
able in linear regression with the SNP genotypes coded for the additive 
model in R software package.

Cells, reagents, constructs, transfections. The FLAG-tagged construct was 
a gift of E. Saez (Scripps Research Institute, La Jolla, California, USA). 
All other constructs were obtained as previously described (4). Mutant 
MYLIP constructs were generated using the Quickchange site-directed 
mutagenesis kit (Stratagene). DNA sequencing was used to verify mutant 
constructs. HEK 293T cells were maintained in DMEM supplemented 
with 10% FBS (Omega Scientific). Transfections were performed using 
Fugene (Roche Diagnostics) according to the manufacturer’s instruc-
tions, with a LDLR/MYLIP ratio of 2:1 or 4:1 unless otherwise indicat-
ed. Cells were harvested approximately 24–48 hours after transfection. 
MYLIP–/– MEFs were immortalized by stable expression of SV40 Large-
T Antigen retrovirus and subsequent selection by hygromycin B. Stable 
expression of control retrovirus (pBabe), MYLIP-N342, or MYLIP-S342 
was performed as previously described (4), and expressing cells were 

selected with puromycin. Cells were maintained in DMEM supplemented 
with 10% FBS and MEM nonessential amino acids (Gibco; Invitrogen) 
unless otherwise indicated.

Immunoprecipitation and immunoblotting. HEK293T cells were washed 
with PBS, then harvested in RIPA buffer supplemented with protease 
inhibitors. Lysates were clarified by centrifugation, then quantified 
using the Bradford assay (Biorad) with BSA as a reference. Proteins were 
separated by 4%–12% Nupage Bis-Tris gels, then transferred to PVDF 
(GE Osmonics). Membranes were probed with the following antibod-
ies: β-actin (Sigma-Aldrich; 1:5,000), FLAG (Sigma-Aldrich; 1:1,000), HA 
(Covance; 1:1,000), LDLR (Cayman Chemical Co.; 1:1,000), pan-cadherin 
(Santa Cruz; 1:1,000), and α-tubulin (Calbiochem; 1:3,000). Appropriate 
secondary HRP-conjugated antibodies were used (Invitrogen, Biorad)  
and visualized with chemiluminescence (Amersham). To assess cell 
surface expression, samples were biotinylated (Thermo Scientific;  
250 μg/ml) for 30 minutes at 4°C, then subsequently quenched and 
washed with PBS prior to harvesting in RIPA buffer with protease inhibi-
tors. Equal amounts of lysate were incubated with neutravidin agarose 
resin (Pierce) overnight with rotation, then washed and heated to 95°C 
with 2× sample buffer for 5 minutes. For immunoprecipitation, equal 
amounts of lysate were incubated with anti-GFP antibody (Abcam;  
1 μg) overnight with rotation followed by the addition of protein G 
beads (Santa Cruz). Samples were washed, then heated to 70°C with 2× 
sample buffer prior to immunoblotting.

RNA isolation and quantitative PCR. Total RNA was extracted from cells using 
TRIzol (Invitrogen). 500 ng RNA was reverse transcribed using the iScript 
cDNA synthesis kit (Biorad) according to the manufacturer’s instruction. 
Sybergreen (Diagenode) real-time quantitative PCR assays were performed 
on an Applied Biosystems 7900HT Fast Real-Time PCR system. Data are 
expressed as the average of duplicate samples normalized to 36B4.

Statistics. Multivariate linear and logistic regression for the additive 
genetic model was used to assess the effect of the SNPs on continuous 
and dichotomous lipid traits, respectively. 2-sided P values surpassing the 
Bonferroni multiple-comparison correction threshold for 70 independent 
tests (P ≤ 7.2 × 10–04) were considered significant. For cis-eQTL analysis, we 
performed multivariate linear regression for the additive genetic model. 
2-sided P values less than 0.05 were considered significant.
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