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Abstract Genetic variation at the ABCG5/G8 locus has
been associated with markers of cholesterol homeostasis. As
data originate from small-scale studies, we performed a
meta-analysis to study these associations in a large dataset.
We first investigated associations between five common
ABCG5/G8 polymorphisms (p.Q604E, p.D19H, p.Y54C, p.
T400K, and p.A632V) and plasma sterol levels in 245 hyper-
cholesterolaemic individuals. No significant associations
were found. Subsequently, our data were pooled into a
meta-analysis that comprised 3,364 subjects from 16 studies
(weighted mean age, 46.7 = 10.5 years; BMI, 23.9 + 3.5 kg/
m2). Presence of the minor 632V allele correlated with re-
duced LDL-C concentrations (n = 367) compared with ho-
mozygosity for the 632A variant [n = 614; —0.11 mmol/1
(95% CI, range: —0.20 to —0.02 mmol/1); P = 0.01]. The
remaining polymorphisms were not associated with plasma
lipid levels. Carriers of the 19H allele exhibited lower
campesterol/TC (n = 83; P < 0.001), sitosterol/TC (P <
0.00001), and cholestanol/TC (P< 0.00001), and increased
lathosterol/TC ratios (P = 0.001) compared with homozy-
gous 19D allele carriers (n = 591).H8 The ABCGS 632V
variant was associated with a clinically irrelevant LDL-C re-
duction, whereas the 19H allele correlated with decreased
cholesterol absorption and increased synthesis without af-
fecting the lipid profile. Hence, associations between fre-
quently studied missense ABCG5/G8 polymorphisms and
markers of cholesterol homeostasis are modest at best.—
Jakulj, L., M. N. Vissers, M. W. T. Tanck, B. A. Hutten, F.
Stellaard, J. J. P. Kastelein, and G. M. Dallinga-Thie. ABCG5/
G8 polymorphisms and markers of cholesterol metabolism:
systematic review and meta-analysis. J. Lipid Res. 2010. 51:
3016-3023.
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Intestinal cholesterol absorption is an active and selec-
tive process, mediated by several transporter proteins lo-
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cated at the intestinal brush border membrane. In fact,
cholesterol and plant sterols are taken up by the entero-
cyte through the Niemann-Pick C1 Like 1 (NPCI1L1) trans-
porter (1). The ATP-binding cassette (ABC) transporters
Gb and G8 actively efflux plant sterols and, to lesser extent
cholesterol, back into the intestinal lumen. In addition,
ABCG5 and ABCGS are located at the canalicular mem-
branes of hepatocytes, where they facilitate efflux of cho-
lesterol and plant sterols into bile (2).

The ABCG5 and ABCGS genes are located in a head-
to-head configuration on chromosome 2p21 (3). Mutations
in either of these genes can cause sitosterolemia, a rare au-
tosomal, recessively inherited disorder, characterized by
xanthomas, arthralgia, anemia, and premature atheroscle-
rosis (3). The underlying mechanism involves increased in-
testinal absorption of plant sterols and concomitantly
decreased biliary secretion of sterols due to the absence of a
functional ABCG5/GS8 transporter protein (4). In addition
to rare sequence changes causing sitosterolemia, several
more common sequence variants in ABCG5/G8were identi-
fied in both healthy and hypercholesterolaemic individ-
uals. These single nucleotide polymorphisms (SNP) were
found to be associated with plasma cholesterol and non-
cholesterol sterol levels (5-8), as well as with the response
to various cholesterol-lowering strategies, including diet in-
terventions (7, 9), consumption of plant sterols or stanols
(10, 11), and treatment with statins (12).

Abbreviations: ABC, adenosine tri phosphate binding cassette;
BMI, body mass index; CAD, coronary artery disease; CHD, coronary
heart disease; CVD, cardiovascular disease; FH, familial hypercholester-
olemia; GWAS, genome-wide association study; HDL-C, high-density
lipoprotein cholesterol; HWE, Hardy-Weinberg equilibrium; LD, link-
age disequilibrium; LDL-C, low-density lipoprotein cholesterol; MAF,
minor allele frequency; NPC1L1, Niemann-Pick CI Like 1; SNP, single
nucleotide polymorphism; TC, total cholesterol; T2DM, type 2 diabetes
mellitus; TG, triglyceride; WMD, weighted mean difference.
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We evaluated associations of five frequently tested mis-
sense polymorphisms in ABCG5/G8 and plasma choles-
terol and non-cholesterol sterol levels in 245 mildly
hypercholesterolaemic subjects, as a replication dataset
for results found in a comparable cohort (13). Plasma lev-
els of campesterol, sitosterol, and cholestanol serve as
markers of cholesterol absorption, and plasma lathosterol
levels as markers of cholesterol synthesis (14). To obtain a
large cohort for replication of signals observed in studies
with limited subjects (reviewed in Ref. 15), we performed
a systematic review and meta-analysis, in which we quanti-
tatively assessed associations between five common ABCG5/
G8 polymorphisms and plasma cholesterol and non-cho-
lesterol sterol levels. We used a combined dataset, consist-
ing of our present study results pooled with data from
15 other studies that met our inclusion criteria. Based
on these results, we conclude that associations between
ABCG5/G8 polymorphisms and markers of cholesterol ho-
meostasis are modest at best. The use of small cohorts for
such genetic association studies does not yield reproduc-
ible findings and is therefore not considered appropriate.

METHODS

Observational study

Subjects and study design. Our study was a cross-sectional
study, consisting of a single visit to our hospital for a blood draw
and a physical examination. Recruitment took place via adver-
tisements in local newspapers. Each subject gave written, in-
formed consent.

Caucasian subjects of 18 years or older, with plasma low-den-
sity lipoprotein cholesterol (LDL-C) concentrations between 3.5
and 5.0 mmol/1 were included. Exclusion criteria were a history
of arterial disease, including unstable angina, myocardial infarc-
tion, transient ischemic attack, or a cerebrovascular accident;
diabetes mellitus; uncontrolled hypertension; familial hypercho-
lesterolemia (FH), diagnosed either by genotyping or by WHO
diagnostic criteria; plasma triglyceride (TG) concentrations
greater than 4.0 mmol/1; BMI greater than 30 kg/m2 or excessive
alcohol consumption. Subjects were not treated with cholesterol-
lowering medication and were not consuming sterol- or stanol-
enriched food products six weeks prior to the study visit. Blood
was collected after an overnight fast of at least 12 h. Plasma was
isolated by centrifugation and stored at —80°C. Genomic DNA
was prepared from blood leukocytes according to standard pro-
cedures. This study was approved by the institutional review
board of our hospital.

Analysis of genetic variation in ABCG5/GS. We genotyped
five nonsynonymous polymorphisms in ABCG5/G8 [ABCG5:
p-Q604E (rs6720173); ABCGS: p.D19H (rs11887534), p.Y54C
(rs4148211), p.T400K (rs4148217), and p.A632V (rs6544718)]
using allelic discrimination. Primers were obtained from Applied
Biosystems (Foster City, CA), and analyses were performed on a
Biorad C1000 Thermal Cycler CFX96 RT System, using VIC® and
FAM™ dyes (Applied Biosystems). PCR was performed accord-
ing to the manufacturer’s protocol using Tagman PCR mix (Ap-
plied Biosystems).

Plasma analyses. Plasma TC, HDL-C, and TG levels were
measured with standard automated methods; LDL-C levels were

calculated using the Friedewald formula (16). Plasma non-cho-
lesterol sterol concentrations were analyzed from nonsaponifi-
able plasma material with gas-chromatography mass-spectrometry
(GCMS) as described previously (17), with minor modifications.
Sample size was reduced to 60 ul of serum for analysis in a ZB-1
GC column (60m x 0.25 mm, 0.25 pm, Phenomenex, Torrance,
CA) with deuterated campesterol, B-sitosterol, and lathosterol as
internal standards.

Statistical analyses. Baseline non-cholesterol sterol levels are
presented as cholesterol-adjusted ratios (non-cholesterol sterol/
TC), which is generally performed to eliminate the influence of
lipoprotein concentrations on these levels (18). Data that were
normally distributed are presented as means and standard devia-
tions (SD). Skewed data were log-transformed prior to testing
and are presented as median with the range.

Each genotype was tested for Hardy-Weinberg equilibrium
(HWE) by use of the X2 test. Cross-sectional differences in base-
line parameters between genotype variants (carriers versus non-
carriers) were evaluated by use of unpaired Student’s #tests, with
a Bonferroni-corrected significance of P< 0.001 (0.05/40) (SPSS
version 15.0, Chicago, IL).

Systematic review and meta-analysis

Data sources and search strategy. We performed a systematic
literature search for reports assessing associations between
ABCG5/G8 polymorphisms and plasma lipid profiles and/or
non-cholesterol sterols in healthy or hypercholesterolaemic sub-
jects. Potentially eligible studies were retrieved via electronic da-
tabases (MEDLINE, EMBASE, and the Science Citation Index).
The following combinations of medical subject headings and
free text keywords were used: “polymorphism, single nucleotide”;
“snp(s)”; “dna sequence variation”; “ genetic polymorphism”;
“dna polymorphism”; “genotype”; “ABCGH protein, human”;
“ABCGS protein, human”;* ABCCG5/G8”; “ATP binding cassette
transporter(s) Gb5”; “ATP binding cassette transporter(s) G8”;
“ATP binding cassette transporter(s) G5/G8”; and “ATP binding
cassette protein (s) G5/G8”. Additional studies were retrieved by a
manual search through reference lists of relevant publications
and recent reviews.

Study selection and data extraction. Two reviewers inde-
pendently determined the eligibility of the studies, according to
the following inclusion criteria: subjects aged 18 years or older,
availability of genotyping data for one or more of the five
ABCG5/GS8 polymorphisms, and available TC, LDL-C, HDL-C,
TG, lathosterol, campesterol, sitosterol, or cholestanol data.
Studies were excluded if subjects had FH or were using lipid-
lowering drugs or plant sterols at baseline of the study. No re-
strictions regarding study design, ethnicity of the subjects, or
language of the original articles were imposed. This also applies
to possible deviations from HWE, as it was shown that there is
no benefit in excluding these studies from genetic meta-analy-
ses (19). Duplicate and preliminary reports were excluded.
To obtain the most complete set of data, study authors were
approached for additional information by e-mail. The two
reviewers independently extracted data of the selected studies,
according to a predetermined form. These data concern means
and standard deviations of plasma lipoprotein and non-choles-
terol sterols. When necessary, TC, LDL-C, HDL-C, and triglycer-
ide data were converted to mmol/]l and non-cholesterol sterol
data to pg/mg cholesterol.

Statistical analyses. Data of heterozygous and homozygous
minor allele carriers were combined and compared with car-
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riers of the common variant. This was done in the majority of
the reviewed studies to balance the groups within each study
more effectively. In case the data were not combined in the
original report, we averaged means of each minor allele group.
Standard deviations were combined according to: \ (SDI2 -dfy) +
(SDQ2 - dfy) / (dfi+df;), where SD, represents the mean SD of the
subjects with the heterozygous variant, and SD, the mean SD of
subjects with the homozygous variant. Df| represents the degrees
of freedom in the heterozygous group, and df, the degrees of
freedom in the homozygous group.

We calculated differences in means between the common and
minor allele groups and the combined variance for each study. If
study results for a certain outcome were homogeneous, we used
a fixed model that considers consistency in effects over individual
studies with natural variation around a constant effect. Then, the
pooled mean difference was calculated by using the weighted
sum of these differences, with the weight being the reciprocal of
the combined variance for each study. Heterogeneity of study re-
sults was evaluated separately with the x* test and the I test for
each outcome measure. When the probability value for the X2‘
test was <0.10 and/or I was >50%, data were considered as het-
erogeneous. In case of significant heterogeneity, data from the
studies were combined using a random effects model according
to the method of DerSimonian and Laird (20). A Z-test was per-
formed to test the overall effect.

Associations were evaluated in Caucasian, Asian, and other
populations separately by pooling data of eligible studies accord-
ing to ethnicity. In addition, data of all eligible studies were ana-
lyzed, regardless of ethnicity. Statistical analyses were performed
using Review Manager 4.2.10 (The Cochrane Collaboration).

RESULTS

Observational study

A total of 245 subjects were included in our study. Base-
line data are displayed in Table 1. Frequency distribu-
tions of the polymorphisms were similar to those reported
previously in European-American populations (supple-
mentary Table I). All genotype distributions were in
HWE, and there were no gender differences (data not
shown). No significant associations were found with
plasma lipid, lipoprotein, and non-cholesterol sterol levels
(Table 2).

TABLE 1. Baseline characteristics of observational study

Characteristic Value
Subjects, n 245
Age, years 58.2+8.0
Male, n (%) 196 (80%)
BMI, kg/m” 25.7 + 3.1

Lipids, mmol/1

Total cholesterol 6.18 £ 0.75
LDL-cholesterol 4.07 + 0.62
HDIL-cholesterol 1.53 + 0.40
Triglycerides 1.10 [0.26-3.93]

Non-cholesterol sterols, ug/mg

Campesterol/TC 1.46 +0.71
Sitosterol/TC 1.13 £0.56
Cholestanol/TC 1.48 + 0.34
Lathosterol/TC 1.25+0.51

Values are means + SD. Triglycerides are shown as median [range].
BMI, body mass index; TC, total cholesterol.
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Meta-analysis: characteristics of included studies

The literature search generated 62 publications, 22 of
which investigated the polymorphisms of interest. Eight
studies were excluded, due to the inclusion of children
(21), FH patients (22), subjects treated with cholesterol-
lowering medication (6, 23), unavailable cholesterol data
(10, 24, 25), or a duplicate report (26).

Fifteen studies were included in the meta-analysis, next
to our present study (Table 3). The number of study par-
ticipants ranged from 26 to 1,046. Five studies were con-
ducted in a population of Caucasians (5, 7, 11, 13, 27),
three studies investigated Asian populations (8, 28, 29),
two studies were conducted in a Hispanic population (30),
and two in a mixed racial population (31, 32). The remain-
ing three studies did not report the ethnicity of the study
subjects (9, 12, 33). The majority of the studies were con-
ducted in mildly hypercholesterolaemic, otherwise healthy
populations (5, 12, 13, 27, 28, 31-33). Five studies evalu-
ated normocholesterolaemic subjects (9, 11, 29, 30); two
studies evaluated both (8, 30). Most studies included nor-
moweighted subjects; however, one study selected over-
weight, mildly hypercholesterolaemic women (31), and
one study was conducted in obese, insulin-resistant men
without type 2 diabetes mellitus (T2DM) (33). Allele
frequencies in all individual studies were in line with
those reported previously (https://www.ncbi.nlm.nih.
gov/SNP/). Each of the studies reported that genotype dis-
tribution was in HWE for the investigated SNPs, with the
exception of three studies that did not comment on HWE
(5, 27, 33). From eight authors, we received additional
data, which were not described in the original studies.

Meta-analysis: pooled effects of polymorphisms on lipids
and non-cholesterol sterols

We evaluated associations between the ABCG5/G8 poly-
morphisms and plasma lipid and non-cholesterol sterol
concentrations by pooling data according to ethnicity, as
well as by pooling data of all studies regardless of ethnicity.
When performing the latter, there was little heterogeneity
of study results, as evaluated with the X2 test and the I” test.
In other words, a fixed model applied to almost all study
parameters. Hence, all eligible studies were included into
the meta-analysis, thereby increasing power (supplemen-
tary Table II).

Of the five tested polymorphisms, only the p.A632V vari-
ant was associated with baseline lipid concentrations. In
pooled data of five studies, 368 subjects carrying the minor
632V allele had significantly lower baseline LDL-C levels
compared with 614 subjects with the common 632A vari-
ant, with a weighted mean difference (WMD) of —0.11
mmol/1 (95% CI, range: —0.20 to —0.03 mmol/1; P=0.01)
(Fig. 1).

Six studies evaluated associations between ABCG5/G8
polymorphisms and non-cholesterol sterol concentrations
(5, 11, 13, 28, 33). Analysis of the pooled data revealed
that the minor allele of the p.D19H variant was associated
with significantly reduced markers of cholesterol absorp-
tion and increased markers of cholesterol synthesis (Fig. 2);
83 subjects carrying the 19H allele showed decreased
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TABLE 2. Associations between ABCG5/G8 polymorphisms and plasma lipids and non-cholesterol sterol ratios

Lipids and Lipoproteins (mmol/1)

Non-Cholesterol Sterol Ratios (g/mg)

SNP N TC LDL-C HDL-C Triglycerides

Campesterol/TC  Sitosterol/TC  Cholestanol/TC  Lathosterol/TC

QB04E
QQ 171 6.16+0.76 405061 154040 1.09 [0.29-3.56]
QE/EE 72 623+0.73 4.11+0.63 1.49:0.36 1.19[0.47-3.93]
DI19H

DD 219 6.19+0.75 4.08+0.61 1.52+0.40 1.10 [0.29-3.93]
DH/HH 24 6.04+0.81 390+0.63 1.60+0.38 1.15[0.47-1.97]
Y54C

YY 73 6.32+0.73 4.14+0.64 1.58+0.37 1.09 [0.45-3.93]

YC/CC 171 6.12+0.76 4.03+0.61 1.51+041 1.11 [0.29-3.56]
T400K

TT 183 6.16+0.75 4.03+0.60 1.55+0.40 1.10[0.29-3.93]
TK/KK 61 6.24+0.76 4.19+0.66 1.47+0.37 1.14[0.47-2.61]
A632V

AA 139 6.22+0.72 4.12+0.60 1.51+0.37 1.12[0.33-2.90]
AV/VV 105 6.14+0.79 3.99+0.63 1.57+0.43 1.07[0.29-3.93]

1.45 + 0.64 1.12 £ 0.53 1.49+0.33 1.24 £ 0.49
1.47 +0.88 1.16 + 0.63 1.46 + 0.38 1.28 + 0.57
1.49 + 0.69 1.16 + 0.55 1.49 +0.34 1.24 £ 0.49
1.24 £ 0.82 0.92 +0.53 1.38 +0.34 1.35 £ 0.64
1.59 +0.76 1.22 + 0.60 1.53 +0.33 1.24 £ 0.53
1.41 + 0.68 1.09 £ 0.53 1.46 + 0.34 1.26 £ 0.50
1.48 + 0.69 1.14 £ 0.55 1.49 +0.35 1.25+0.48
1.38 +0.76 1.09 £ 0.59 1.45+0.31 1.27 +£0.59
1.49 +0.72 1.16 £ 0.58 1.51 £0.37 1.21 £ 0.49
1.42 +0.70 1.09 + 0.52 1.44 +0.30 1.31 £0.52

Values shown are means + SD. Triglycerides are shown as median [range]. No significant differences between groups were found. Triglyceride
data were log-transformed prior to testing. HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SNP, single

nucleotide polymorphism; TC, total cholesterol.

campesterol/TC, sitosterol/TC, and cholestanol/TC ra-
tios, respectively, compared with 591 subjects with the
common variant [WMD —0.50 nwg/mg (95% CI, range:
—0.80 to —0.20 pg/mg; P = 0.001); WMD —0.36 pg/mg
(95% CI, range: —0.45 to —0.27 pg/mg; P< 0.00001); and
WMD -0.24 pg/mg (95% CI, range: —0.31 to —0.17 pg/
mg; P<0.00001), respectively). Concomitantly, 79 subjects
carrying the minor 19H allele expressed higherlathosterol/
TC ratios compared with 541 subjects carrying the com-
mon variant [WMD 0.26 pg/mg (95% CI, range: 0.10 to
0.41 pg/mg; P = 0.001)]. The p.T400K polymorphism
showed similar trends with borderline significance,
whereas the remaining three polymorphisms were not as-
sociated with baseline non-cholesterol sterol levels (sup-
plementary Table II).

DISCUSSION

This meta-analysis is the first to evaluate associations be-
tween frequently studied missense ABCG5/G8 variants and
plasma cholesterol and non-cholesterol levels in a large
dataset, which consists of 3,364 individuals from 16 stud-
ies. We found no substantial associations with plasma cho-
lesterol levels. The p.D19H variant was associated with
changes in cholesterol absorption and cholesterol synthe-
sis markers without affecting plasma cholesterol levels.

To date, multiple studies have investigated associations
between missense ABCG5/G8variants and markers of base-
line cholesterol metabolism (reviewed in Ref. 15). Several
studies showed positive associations with plasma lipopro-
tein levels (5, 7, 8), which we and others were not able to
replicate. The majority of these studies were small-scaled.
Hence, pooling data of these studies allowed us to evaluate
these associations in the largest possible number of indi-
viduals. The single significant association concerned the
p-A632V polymorphism (i.e., carriers of the minor 632V
allele exhibited an average 0.11 mmol/]l decrease in
plasma LDL-C levels, compared with carriers of the com-
mon variant). This association was not found in any of the

individual studies, and although statistically significant in
our meta-analysis, its clinical relevance is modest at best.
It was previously shown that a 10% reduction of plasma
LDL-C levels is associated with a 20% decrease in major
cardiovascular events (34). Based on such epidemiological
data, subjects carrying the minor 632V allele would carry
a reduced CVD risk of merely 5%. Interestingly, several
genome-wide association studies (GWAS) have also shown
significant associations between ABCG5/G8 variants and
plasma LDL-C levels (35-38). Although these studies
mostly include common variants with a minor allele fre-
quency (MAF) greater than 0.1, two studies described a
significant association between the lesser common p.D19H
variant and plasma LDL-C concentrations (36, 38), al-
though associations were relatively weak.

We did not find any association between the p.D19H vari-
ant and baseline LDL-C levels in 155 subjects with the minor
allele versus 1,842 subjects carrying the common variant (sup-
plementary Table II). This is in line with previous findings in
a cohort of 2,012 heterozygous familial hypercholesterolemia
(FH) patients (22). However, the 19H allele was significantly
associated with decreased sitosterol/TC, campesterol/TC,
and cholesterol/TC ratios, with concomitantly increased
lathosterol/TC ratios. This corroborates findings by others
(5, 6, 13, 38) and might imply that subjects carrying the 19H
allele excrete higher amount of sterols in bile and intestine,
possibly mediated by a gain-of-function of the ABCGS trans-
porter. This possibility is supported by the previously de-
scribed association of this variant with cholesterol gallstones
in several large studies (25, 39, 40). However, in silico analysis
by polyphen predicts p.D19H as a benign variant, and no rela-
tion was found between this SNP and ABCG8 mRNA expres-
sion levels in human liver tissue samples (38). Of note, in
silico analyses of the remaining four variants predicted only
the p.Y54C polymorphism to be damaging. However, this
SNP was not associated with plasma lipid or non-cholesterol
sterol levels. To the best of our knowledge, direct functional
analyses of the studied variants, by means of in vitro studies or
knock-in models, have not been reported thus far.
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Comparison: 04 AB32V polymorphism vs common variant

Qutcome: 02 LDL cholesterol

Study polymorphism common variant WD (fixed) Weight WD (fixed)

or sub-category N Mean (SD) N Mean (SD) 95% Cl % 95%Cl
Gyling 97 3.57({0.98) 165 3.78(1.03) —_— 15.05 -0.21 [-0.46, 0.04)
Ksijinami 113 4.86(0.84) zzs 4.89(0.57) —_— 31.98 -0.03 [-0.20, 0.14)
Plat 42 2.81(0.77) 70 3.03(0.78) —_— 10.78 -0.22 [-0.52, 0.08]
Jakulj 108 3.99(0.63) 139 4.12(0.60) — 38.59 =-0.13 [-0.29, 0.03]
Rudkowska 11 4.20(0.52) 15 4.21(0.81) 3.60 -0.01 [-0.52, 0.50)

Total (95% CI) 368 614 L 100.00 -0.12z [(-0.21, -0.02)

Test for heterogeneity: Chi* = 217, df = 4 (P =0.70), I* = 0%

Test for overall effect: Z=2.33 (P =0.02)

-1 -05 1] 05 1

Fig. 1. Association between the ABCGS p.A632V variant and plasma LDL-C levels. LDL-C, low-density lipoprotein cholesterol; WMD,

weighted mean difference.

Studies on ABCG5/G8 polymorphisms and their associa-
tions with CVD risk are scarce. One study evaluated associa-
tions between p.T400K and p.D19H polymorphisms and
CVD risk in a cohort of 2,012 heterozygous FH patients
(22). Neither of the two variants was independently associ-
ated with total CVD risk; however, when combined p. T400K
and p.D19H gene scores were calculated, a positive correla-
tion was found. In contrast, two other studies reported that
none of the five missense ABCG5/G8 polymorphisms was
associated with CAD (41, 42), although the latter two stud-
ies were not primarily designed nor powered to draw sub-
stantial conclusions. During the preparation of this article,
a large GWAS report convincingly showed that two com-
mon ABCGS variants associated with elevated plasma phy-
tosterol levels were also associated with increased CAD risk,

whereas one variant, associated with decreased phytosterol
levels, was associated with reduced CAD risk (38). This
GWAS did not report associations between the five mis-
sense variants of our meta-analysis and CAD risk; however,
the variant associated with reduced CAD risk was a SNP in
close linkage disequilibrium with the p.D19H variant. Fi-
nally, although this GWAS provides important novel evi-
dence that ABCGS8 variants associated with elevated serum
phytosterol levels are also associated with increased CAD
risk, it is not clear whether these associations are causally
linked, because the identified variants were also associated
with concomitantly increased plasma cholesterol levels.
Hence, it remains to be established whether associations
between ABCGS variants and CVD risk are mediated by
plasma phytosterol concentrations alone.

Comparison: 01 D19H polymorphism vs common variant
Outcome: 04 Campesterol
Study polymorphism common variant VWD (fixed) Weight WVWMD (fixed)
or sub-category N Mean (SD) N Mean (SD) 95% Cl1 % 95% CI
Berge 14 1.21(0.36) 1z8 1.67(0.62) = 49.10 -0.46 [(-0.68, -0.24)
Chan 7 2.45(1.09) 40 2.64(1.18) — 2.97 -0.1% [-1.07, 0.69)
Gyling 39 1.80(0.78) 223 2.67(1.08) - z8.90 -0.87 [-1.15, -0.59)
Jakulj z3 1.24¢0.82) 200 1.49(0.639) 15.04 -0.25 [-0.60, 0.10)
Total (95% CI) 83 591 & 100.00 -0.53 [-0.68, -0.38)
Test for heterogenetty: Chi* = 9.00, df = 3 (P = 0.03), I’ = 66.7%
Test for overall effect: Z = 6.84 (P < 0.00001)
-4 -2 Q 2 4
Outcome: 05 Stosterol
Study potymorphism common variant WWMD (fixed) Weight WWMD (fixed)
or sub-category N Mean (SD) N Mean (SD) 95% CI % 95% CI
Berge 14 0.94(0.32) 1z8 1.28(0.45) - z4.30 -0.34 [-0.52, -0.16]
Chan 7 1.21(0.54) a0 1.35(0.92) —r 3.44 -0.14 [-0.63, 0.35)
Gyling 39 1.06(0.33) 223 1.48(0.48) = 56.51 -0.42 [-0.54, -0.30]
Jakulj 23 0.92(0.53) 200 1.16(0.SS) N 15.75 -0.24 (-0.47, -0.01)
Total (5% CI) 83 s91 + 100. 00 -0.36 [-0.45, -0.27)
Test for heterogenetty: Chi* = 280, df = 3 (P =042),1° = 0%
Test for overall effect: Z = 7.80 (P < 0.00001)
-4 -2 2 4
Oulcome 07 Cholestancl
Study phism common variant VWMD (tixed) Weight VWMD (fixed)
or sub-category N Mean (SD) N Mean (SD) 95% CI % 95% CI
Berge 14 1.76(0.31) 128 2.09(0.40) ‘J 16.06 -0.33 [-0.51, -0.15)
Gyling as 1.17(0.28) 223 1.42¢0.30) 64.94 -0.25 [-0.34, -0.16]
Jakuij 19 1.38(0.34) 150 1.49(0.34) e 19.01 -0.11 (-0.27, 0.0S)
Total (95% CI) 72 501 ] 100.00 -0.24 (-0.31, -0.17]
Test for heterogeneity. Chi* = 350 df = 2(P=0.17),1° = 42.9%
Test for overall effect: Z = 6.55 (P < 0.00001)
. L. -4 -2 2 4
Qutcome: 06 Lathosterol
Study potymorphism common variant VWMD (fixed) Weight VWMD (fixed)
or sub-category N Mean (SD) N Mean (SD) 95% Cl % 95% Ci
Berge 14 1.84(1.06) 128 1.83(0.60) e 7.28 0.31 (-0.25, 0.87)
Chan 7 2.42(0.97) a0 2.47(0.88) — 3.93 -0.05 [-0.82, 0.72)
Gylhing 39 2.02(0.56) 223 1.69(0.60) = 62.66 0.33 [0.14, 0.52)
Jakul 1s 1.35(0.64) 150 1.24(0.49) = z6.12 0.11 [-0.19, 0.41)
Total (95% CI) 79 sS4l * 100. 00 0.26 (0.10, 0.41)
Test for heterogenety: Chi' = 213, df = 3 (P = 0.55),17 = 0%
Test for overall effect: Z = 3.29 (P = 0.0010)
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Fig. 2. Associations between the ABCGS p.D19H variant and plasma non-cholesterol sterol levels. WMD, weighted mean difference.
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Finally, our meta-analysis has a number of limitations.
First, although we performed our analyses in a large popu-
lation by pooling data of 3,364 subjects, associations be-
tween the polymorphisms and individual sterol parameters
could only be performed in smaller subsets. Hence, some
of our analyses might still lack statistical power. Further-
more, we were not able to investigate gender-specific as-
sociations, which have been reported in some of the studies
(6, 29, 31). This also applies to possible gene-diet or gene-
environment interactions, which have been suggested to
be of importance (23). In addition, due to their skewed
distribution, triglyceride data could not be pooled. Twelve
studies reported significant associations with baseline tri-
glyceride levels, which mostly involved the p.T400K poly-
morphism (13, 29, 33); however, this was not consistent
throughout all included studies (8, 11, 12, 27, 30-32). Fi-
nally, in our analyses, we assumed a dominant genetic
model, as most of the included studies presented their
data according to this model. However, recent studies sug-
gest a genetic model-free approach, because the assump-
tion of a certain genetic model might introduce bias (43).
We did not have sufficient data to perform these analyses.
Furthermore, the added value of the genetic model in this
study is questionable, given the low minor allele frequen-
cies of the variants studied.

In conclusion, this meta-analysis shows a positive associ-
ation of the ABCGS p.D19H polymorphism with decreased
plasma plant sterol levels and concomitantly increased
plasma lathosterol levels. We did not observe any sub-
stantial associations between ABCG5/G8 polymorphisms
and plasma lipid levels. Hence, the study of small cross-
sectional cohorts for genetic association studies does not
yield reproducible insights and is, therefore, considered
inappropriate Hi

The authors are grateful to M. Brousseau, D.C. Chan, M.L.
Fernandez, T-Q Han, P.J. Hsiao, P.J.H. Jones, K. Kajinami, M.
Fernandez, J. Plat, I. Rudkowska, and S. Santosa for kindly
providing the requested additional data for the meta-analysis.
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