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Abstract

Background—Lipoprotein lipase (LPL) has a prominent role in the metabolism of triglycerides
(TG) and high-density lipoprotein cholesterol (HDL-C) and is a potential interesting target for the
development of antiatherogenic treatment. To provide deeper insight into the role of natural
variation in this gene, we investigated the association between the LPL S447X variant with lipids
and risk of coronary heart disease (CHD) in three independent, prospective studies.

Methods—The S447X variant was genotyped in case-control studies of incident CHD nested
within the Nurses’ Health Study (NHS), the Health Professionals Follow-up Study (HPFS), and
the Danish Diet, Cancer and Health (DCH) study, totaling 245, 258, and 962 cases, respectively.

Results—S447X-carriers tended to have lower TG and higher HDL-C concentrations than non-
carriers. The S447X variant was associated with a lower risk of CHD in the NHS, the association
was weaker in the HPFS and not statistically significant in the DCH women and men. The pooled
relative risk per minor allele was 0.74 (0.56-1.00). There was a suggestion that the associations of
the S447X variant with plasma lipids and CHD-risk were more pronounced in obese individuals in
the NHS study, but this finding was not consistent across the studies.

Conclusions—The LPL S447X variant tended to be associated with lower TG and higher HDL-
C levels, and lower risk of CHD in all three cohorts. LPL is an attractive target for clinical
intervention, but studies are needed to clarify whether greater benefit from this variant may be
conferred in some subgroups.
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Methods

In prospective observational studies, plasma triglyceride (TG) levels are directly associated
and high density lipoprotein (HDL) cholesterol levels inversely associated with risk of
coronary heart disease (CHD).1:2 However, therapeutic manipulation of TG and HDL-C as
new relevant drug targets remain elusive. Studies of DNA sequence variants located in
genes of major importance to lipid metabolism may provide important knowledge about the
role of their encoded proteins in relation to long-term measures of plasma lipids and risk of
clinical endpoints.

The lipoprotein lipase (LPL) enzyme has a prominent role in the metabolism of TG and
HDL. LPL hydrolyzes TG carried in very low density lipoprotein (VLDL) and chylomicrons
and generates excess phospholipids and apolipoproteins that are transferred to HDL.3 Thus,
high LPL activity is associated with lower TG and higher HDL-C levels.* The gene
encoding LPL is located on chromosome 8p22, spans close to 30kb and contains 10 exons.?
Most of the identified single nucleotide polymorphisms (SNPs) with functional effects cause
loss of enzymatic function and predispose to elevated TG and reduced HDL-C.5 In contrast,
the commonly occurring S447X polymorphism in exon 9 is an intriguing exception: the
variant allele encodes a prematurely truncated LPL protein that has increased lipolytic
activity in vitro and in vivo in mice.” The S447X variant has consistently been associated
with lower TG and higher HDL-C levels in candidate gene association studies,814 and its
importance was recently emphasized by its identification as one of 18 loci significantly
associated with TG and HDL-C concentration among over 350,000 SNPs examined in a
combined analysis of over 8800 individuals.1®> However, its association with risk of CHD
varies considerably between study populations,12-14. 16-21 and although environmental
factors, such as smoking,22: 23 alcohol,22 and particularly adiposity,10: 11. 18. 24, 25 may
modulate the association of the S447X variant (or the tightly linked HindIll variant)26 with
plasma lipids, context-dependent effects of the S447X variant on CHD risk have received
little attention. Thus, we aimed to (1) investigate the association between the LPL S447X
SNP with plasma lipids and risk of CHD in three independent prospective studies of men
and women, and (2) examine the role of this functional variant in subgroups of participants
based on smoking habits, alcohol, and adiposity.

Study populations

The Nurses’ Health Study (NHS) enrolled 121,701 female nurses aged 35 to 55 who
returned a mailed questionnaire in 1976 regarding lifestyle and medical history.2” The
Health Professionals’ Follow-up Study (HPFS) enrolled 51,529 males aged 40 to 75 who
returned a similar questionnaire in 1986.28 Both cohorts are followed via biennial follow-up
questionnaires. The Diet, Cancer, and Health (DCH) study was initiated in 1993-1997 when
57,053 Danish born residents, aged 50 to 64 years and free of cancer, participated in a
clinical examination and detailed lifestyle survey.2?

Endpoint and study designs

Smaller studies nested within these three cohorts were designed. A blood sample was
requested from all active participants in 1989-1990 in NHS and 1993-1995 in the HPFS.
Samples were returned by 32,826 NHS participants and 18,224 HPFS participants. Nested
case-control studies used incident CHD, with non-fatal myocardial infarction (MI) and fatal
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CHD as the outcome. Cases were identified primarily through review of medical records, as
previously described.3® Among participants who provided blood samples and who were
without cardiovascular disease or cancer at blood draw, 249 women sustained an incident
CHD between blood draw and June 30, 1998, and 266 cases occurred prior to January 31,
2000 in HPFS. Using risk-set sampling,3! controls were selected randomly and matched in a
2:1 ratio on age, smoking, and month of blood return.

In the DCH, all participants provided a non-fasting blood sample at baseline. A case-cohort
study was designed using incident CHD (fatal and nonfatal MI) as the outcome. Information
on the disease endpoint was obtained by linkage with central Danish registries via the
unique identification number assigned to all Danish citizens. Details for the assessment of
the hospital records have been published.32 In total, 1084 cases of CHD were identified and
validated. For the creation of the case cohort sample, 1800 participants were selected from
the entire DCH study at random (for consistency referred to as ‘controls’, although 32
individuals overlap with the CHD case group).

Laboratory analysis

Blood was obtained from mostly fasting participants in the US studies whereas Danes were
all non-fasting. Lipids were analyzed in samples stored at —150° C using standard methods.
Details on methods used in NHS/HPFS have previously been published.33 The S447X
variant was genotyped using Tagman SNP allelic discrimination by means of an ABI
7900HT (Applied Biosystems, Foster City, CA), using rs328. Technicians were blinded to
case status of the samples. Controls were included in each run and repeated genotyping of a
random 10% subset yielded 100% identical genotypes.

Statistical analysis

Hardy-Weinberg equilibrium among control participants was tested with an exact test and
no departures were observed. Multivariable regression analysis with robust variance was
used to address the associations of S447X with lipids among the controls. Relative risks
(RR) and 95% confidence intervals (Cls) for the association between genotype and CHD
were estimated using conditional logistic regression for the US nested case-control data and
Cox proportional hazard regression in DCH, using Kalbfleisch and Lawless weights and
robust variance suitable for the case-cohort data.3* 3° Sex-specific analyses were conducted
in the DCH study to facilitate comparison with the sex-specific HPFS and NHS studies.

Despite little impact on the RR’s, lifestyle covariates were included in the multivariable
models because they may account for some of the heterogeneity between study participants.
In total, numbers with information available on plasma lipids, genotype, and covariates
were: 245 cases, 485 controls in NHS; 258 cases, 515 controls in HPFS; and 2629 (962
cases) in DCH.

To pool the estimates from the three study populations, we used the weighted average of
regression estimates using the random-effects model.36

We explored joint effects of S447X and smoking, alcohol, and adiposity, based on prior data
suggesting possible interaction in relation to lipids.10: 11, 18, 22-24 Tests for statistical
interaction was examined by including the cross-product term between genotype and these
factors modeled continuously. Because few participants were homozygous variant carriers,
we compared non-carriers (SS447) and carriers (S447X and XX447).

Analyses were performed using SAS 9 (SAS Institute Inc., Cary, NC) and STATA 9.1
(STATA Corp., College Station, TX).
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Table 1 shows baseline characteristics of cases and controls in the three study populations.

LPL S447X and lipids

The S447X minor allele frequency was 0.12 in the US studies and 0.10 in DCH. Among
controls, carriers of the S447X variant had lower levels of TG compared with non-carriers.
The association was strongest in the NHS and HPFS. S447X carriers also had approximately
10 mg/dL lower TG levels among the DCH participants, albeit not statistically significant
(Table 2). The S447X variant was also associated with a slightly higher HDL-C level, which
was most evident among DCH men. The TG to HDL-C ratio reflected these associations.

LPL genotype and risk of CHD

The S447X variant allele was more frequent among controls than among those who
developed CHD. The S447X polymorphism was associated with risk of CHD in a co-
dominant fashion in the three studies, although only statistically significant in the NHS
(Table 3). In a pooled analysis, the adjusted RR was 0.74 (95% confidence interval, 0.56—
1.00) per copy of the minor allele.

Because use of lipid-lowering drugs, especially among cases, may obscure our findings, we
repeated our analyses in samples restricted to participants who did not report use of such
drugs. Although a sizable number of the cases were excluded, we found that the associations
between the S447X variant and risk of CHD were stronger in all three studies (NHS: 0.55,
0.34-0.90; HPFS: 0.65, 0.44-0.96; DCH women: 0.88, 0.56-1.30; DHC men: 0.83, 0.62—
1.11). The pooled estimate after these exclusions was 0.75 (0.62-0.90).

Exploratory subgroup analyses

We did not observe any modification of the association between S447X genotype and
plasma lipids, by smoking, alcohol, or sex (data not shown). However, there was some
evidence that the S447X variant had the most pronounced association with TG and HDL-C
concentrations among the overweight and obese individuals. The mean TG to HDL-C ratio
is shown according to S447X genotype and BMI in figure 1. In the NHS and DCH women,
differences in the TG to HDL-C ratio were largest among the overweight and obese
individuals, whereas differences between genotype groups were smaller in magnitude across
BMI groups in the HPFS and DCH men. Similar results were observed when waist
circumference was used (data not shown). However, tests of interaction between the S447X
variant and BMI or waist circumference were not statistically significant in any of the
studies.

The suggestive evidence for a stronger effect of the S447X variant among the overweight
and obese women was also reflected in analyses of CHD risk in the NHS. The S447X
variant was not associated with CHD among NHS participants who were normal weight
(p=0.5), but the association was stronger in the overweight (p=0.02) and strongest in the
obese (p<0.01) (p for interaction= 0.01; data not shown). An analysis using waist
circumference showed a similar pattern (p for interaction=0.01). Although the S447X
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variant had a stronger association with CHD among obese HPFS men, the confidence
intervals were broad and the interaction was not statistically significant. There was no
interaction between BMI or waist circumference on risk of CHD in the Danish population.

Discussion

In three independent studies, we found that carriers of the LPL S447X variant tended to have
lower TG and higher HDL-C levels compared to SS447 homozygotes. Concomitantly, the
risk of CHD was lower among carriers.

The association between the S447X variant and elevated TG and lower HDL-C has been
shown in several studies,8-14 and this association is supported by animal data showing that
the S447X variant produces a LPL protein with higher lipolytic function.” Although
epidemiologic data on the risk of CHD associated with the S447X variant have not been
completely consistent,12-14. 16-21 the Jower risk of CHD we observed among S447X carriers
was recently supported by a comprehensive candidate-gene association study of 142 loci
where only two variants that are tightly linked with the S447X SNP were consistently
associated with coronary artery disease in two case-control studies.3’

Although low-density lipoprotein cholesterol has been the main therapeutic target for high
cardiovascular risk patients, renewed attention has focused on the potential risk reduction
that may be achieved by HDL-C manipulation.38 However, trials of promising HDL-C-
increasing drugs such as CETP inhibitors have been consistently negative to date.3% 40
Given this, other targets have become more attractive, and indeed clinical trials targeting
LPL with specific activators (NO-1886) or with gene therapy using the S447X variant are
planned.#1: 42 Studies of genetic variants may provide important insight into the expected
effects of pharmacological manipulation of HDL's complex metabolism. For example,
studies of genetic CETP variants showed several of the adverse cardiovascular effects —
including hypertension - that were ultimately seen in clinical trials, and indeed these genetic
studies were rather mixed with respect to risk of CHD despite positive effects on HDL-C
levels.*3-45 Thus, we believe it crucial to examine the S447X variant in LPL in well-
designed prospective studies of healthy population samples prior to use of LPL activators in
large-scale trials. In addition, exploratory subgroup analyses may give hints to the most
appropriate study population for trials of LPL activators on the basis of maximal sensitivity
to its potential benefits. Such information may prove critical for the design and success of
clinical trials.

We found some evidence that the association of S447X with lipid concentrations and CHD
risk might be greatest among overweight and obese individuals. Differences in TG and
HDL-C concentrations between carriers and non-carriers of the S447X variant, and the
closely linked Hindlll SNP, have previously been reported to be greater in participants
characterized by central or general obesity.10: 11. 24. 25 However, there has been relatively
little research on risk of clinical endpoints in potentially susceptible subgroups of the general
population. An increased efflux of non-esterified fatty acids from the adipose tissue to the
liver among obese individuals and the accompanying increase in the secretion of VLDL may
be one of the main forces driving the atherosclerotic effects of obesity. Thus, it is possible
that the S447X variant could be of greater importance among individuals where the normal
lipid transport system is under stress to maintain normal lipid levels.

One of the strengths of this analysis was the ability to address the role of the same variant in
three independent studies of generally healthy populations. However, the populations were
derived from different countries with some marked differences in lifestyle and levels of
cardiovascular risk factors. A slightly higher baseline risk in the DCH study could dilute the
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relative risk of CHD associated with S447X. It remains possible that other differences
between study populations could explain a greater influence of this LPL variant in the US
cohorts.

Our study is limited by the lack of a direct measure of LPL activity. However, the functional
effects of the S447X variant are well studied and higher LPL activity in carriers has been
reported in other studies.® In addition, the S447X variant is located in the C-terminal region
of the protein that is responsible for the binding between endothelial cell surface receptors
and lipoproteins.*6: 47 Thus it is possible this variant may play a role in the non-catalytic
bridging function of the LPL protein.®

The low number of cases in the three studies may have limited our power to detect
interaction effects. Because we examined multiple subgroups, the potential interaction with
BMI should be interpreted with caution. Larger studies are needed to fully elucidate whether
specific environmental factors modify the significance of the LPL SNP.

In conclusion, our data provide some support for associations of the S447X SNP in the LPL
gene with lower TG levels, small elevations in HDL-C levels, and a modestly reduced risk
of CHD. This makes LPL an attractive target for drug developments, although further
insights into the molecular mechanism behind the associations are needed.
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Body Mass Index (kg/m’)
Figure.

Mean triglyceride to HDL-C ratio according to body mass index and S447X genotype in the
NHS, HPFS and DCH (separated for women and men) study populations.
Black bar: SS447 homozygotes. Light grey bar: 447X carriers (SX and XX).
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Mean lipid concentrations (95% confidence intervals) of controls in the Nurses” Health Study (NHS), the
Health Professionals Follow-Up Study (HPFS), and the Diet, Cancer and Health study.*

Variable

NHS
Controls (n=485)

HPFS
Controls (n=515)

Women, controlst (n=792)

DCH
Men, Controlst (n=907)

Triglycerides
SS447

S447X carriers
p

HDL-C

SS447

S447X carriers
p
Triglyceride/HDL-C
SS447

S447X carriers
p

131.7 (123.6;139.7)
109.6 (96.8;122.3)
0.01

59.7 (58.1;61.2)
62.4 (59.2;65.6)
0.14

2.64 (2.40;2.88)
2.06 (1.69;2.44)
0.01

158.0 (145.5;170.5)
134.1 (118.8;149.4)
0.02

455 (44.4:46.5)
46.1 (44.2;48.0)
0.58

4.09 (3.63;4.55)
3.23 (2.79;3.67)
0.01

140.1 (134.2;145.9)
128.6 (116.8;140.4)
0.09

69.3 (68.0;70.5)
71.6 (69.1;74.1)
0.10

2.26 (2.13;2.39)
2.04 (1.78;2.30)
0.14

182.9 (175.8;190.0)
173.8 (158.6-189.0)
0.29

55.9 (55.0;56.8)
58.0 (56.1;60.0)
0.05

3.65 (3.47;3.82)
3.28 (2.91;3.66)
0.08

Least square means using obtained from robust regression models adjusted for smoking, age, alcohol, body mass index, and menopausal status
among women. To convert HDL and total cholesterol to mmol/L multiply by 0.02586. To convert triglycerides to mmol/L multiply by 0.01129.

Majority of NHS and HPFS participants were fasting. Analyses adjusted for fasting status.
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