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Summary
We narrowed chromosome 15q21-23 linkage to plasma high density lipoprotein cholesterol
(HDL-C) levels in atherogenic dyslipidemic Turkish families by fine mapping, then focused on
glucuronic acid epimerase (GLCE), a heparan sulfate proteoglycan (HSPG) biosynthesis enzyme.
HSPGs participate in lipid metabolism along with apolipoprotein (apo) E. Of 31 SNPs in the
GLCE locus, nine analyzed by haplotype were associated with plasma HDL-C and triglyceride
levels (permuted p = 0.006 and 0.013, respectively) in families. Of five tagging GLCE SNPs in
two cohorts of unrelated subjects, three (rs16952868, rs11631403, rs3865014) were associated
with triglyceride and HDL-C levels in males (non-permuted p < 0.05). The association was
stronger in APOE 2/3 subjects (apoE2 has reduced binding to HSPGs) and reached multiple-
testing significance (p < 0.05) in both males and females (n = 2612). Similar results were obtained
in the second cohort (n = 1164). Interestingly, at the GLCE locus, bounded by recombination
hotspots, Turks had a minor allele frequency of SNPs resembling Chinese more than European
ancestry; adjoining regions on chromosome 15 resembled the European pattern. Studies of
glce+/–apoe–/– mice fed a chow or high-fat diet supported a role for GLCE in lipid metabolism.
Thus, SNPs in GLCE are associated with triglyceride and HDL-C levels in Turks, and mouse
studies support a role for glce in lipid metabolism.

Introduction
Atherogenic dyslipidemia, characterized by low levels of plasma high density lipoprotein
cholesterol (HDL-C) and elevated levels of triglycerides, is a risk factor for coronary artery
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disease (Gordon et al., 1989; Jacobs et al., 1990), the leading cause of death worldwide
(Murray & Lopez, 1997). Plasma HDL-C and triglyceride levels are controlled by genetic
factors, although heritability estimates vary widely (Heller et al., 1993; Knoblauch et al.,
2004; Mahaney et al., 1995; Yu et al., 2005). In a recent scan for atherogenic dyslipidemia,
the multinational Genetic Epidemiology of Metabolic Syndrome study (Wyszynski et al.,
2005) found significant linkage to plasma HDL-C levels on chromosome 15q21-23 in
Turkish families (Yu et al., 2005). Previous genome-wide scans showed significant linkage
of this region not only to plasma HDLC (Almasy et al., 1999; Feitosa et al., 2007; Yang et
al., 2010) but also triglyceride levels (Austin et al., 2003; Burgess-Herbert et al., 2009;
Klimes et al., 2003; Li et al., 2009; Rollins et al., 2006; Suto et al., 1999). Similar linkage
was found for plasma HDL-C and triglyceride levels in the orthologous region in mice and
rats (Burgess-Herbert et al., 2009; Klimes et al., 2003; Rollins et al., 2006; Suto et al., 1999).

The linkage peak on chromosome 15 is >20 cM wide (Yu et al., 2005) and includes the gene
encoding hepatic lipase (LIPC), which has important functions in lipid metabolism (Mahley
et al., 2008). Recently, we analyzed LIPC variants in detail and found several single
nucleotide polymorphisms (SNPs) that were significantly associated with plasma HDL-C
levels in a Turkish population (Hodoğlugil et al., 2010). Likewise, recent genome-wide
association studies have shown the importance of variants at the LIPC locus (Kathiresan et
al., 2008; Willer et al., 2008). Turks, whether living in Turkey or abroad, have very low
plasma HDL-C and slightly elevated triglyceride levels (Bersot et al., 1999; Mahley et al.,
1995; Mahley et al., 2005; Onat et al., 1992; Porsch-Oezçueruemez et al., 1999; Tezcan et
al., 2003). However, we suspected that variations in LIPC might not fully explain the
linkage peak in Turkish families and sought additional gene(s) that might contribute to the
peak.

Glucuronic acid epimerase (GLCE) is another candidate gene in the 15q21-23 region. GLCE
encodes an enzyme that is critically important for the biosynthesis of heparan sulfate
proteoglycans (HSPGs) (Bishop et al., 2007; Bishop et al., 2008). HSPGs play a major role
in clearing triglyceride-rich lipoprotein particles from the plasma (Mahley & Ji, 1999;
Mahley & Huang, 2007; Williams et al., 1992; Williams & Fuki, 1997), a process that
involves apolipoprotein (apo) E (Mahley & Ji, 1999; Mahley & Huang, 2007). A common
isoform, apoE2 (determined by APOE SNP rs429358, which has a frequency of ~8% in
Turks), has reduced (50−90%) HSPG-binding activity (Mahley & Ji, 1999). However, only
10% of APOE2/2 homozygotes have type III hyperlipoproteinemia, suggesting that
additional genetic, hormonal, or environmental factors are required to precipitate overt
hyperlipidemia (Mahley et al., 1999; Utermann, 1985). A defect in the synthesis or function
of GLCE could be such a factor.

HSPG biosynthesis involves N-deacetylase/N-sulfotransferase (ndst1) and heparan sulfate 2-
O-sulfotransferase (hs2st) (Bishop et al., 2007; Bishop et al., 2008). In mice, conditional
knockout of ndst1and hs2st in the liver results in accumulation of atherogenic triglyceride-
rich particles in plasma (MacArthur et al., 2007; Stanford et al., 2010). Variants in the gene
encoding N-acetylgalactosaminyltransferase 2 (GALNT2), another HSPG synthesis enzyme
(Bishop et al., 2007; Bishop et al., 2008), were reported to be significantly associated with
HDL-C levels (Kathiresan et al., 2008; Willer et al., 2008). Glce–/– knockout mice die
neonatally, but hemizygous mice are viable (Li et al., 2003). However, no lipid metabolism
studies have been reported in glce+/– mice.

In this study we sought to determine whether GLCE contributes to the linkage peak in the
Turkish families and, if so, whether SNPs in GLCE were associated with plasma triglyceride
and HDL-C levels in Turkish people. To answer the first question, we did fine mapping of
the chromosome 15q21-23 linkage peak in 40 Turkish families, initially with 11
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microsatellite markers and then with SNP markers. Next, we sequenced all exons of GLCE
in 32 subjects from these families. To answer the second question, we selected SNPs from
GLCE sequence results and the HapMap database and genotyped them in a family-based
cohort and two separate cohorts of unrelated individuals from the Turkish Heart Study, a
large, cross-sectional epidemiological survey of the Turkish population (Mahley et al., 1995;
Mahley et al., 2005). In addition, we evaluated the effects of the interaction of GLCE SNPs
and the APOE ε2 allele on triglyceride and HDL-C levels. We also examined plasma lipid
and lipoprotein levels in heterozygous glce+/– mice given a standard chow or high-fat diet.

Materials and Methods
Study Population and Biochemical Analyses

The study population included 40 three-generation families with atherogenic dyslipidemia
and two separate cohorts of unrelated individuals from Turkey. Families were recruited for
the Genetic Epidemiology of Metabolic Syndrome study (Wyszynski et al., 2005). Unrelated
individuals with complete lipid and demographic biodata were randomly selected from
Turkish Heart Study participants. The first cohort (n = 2612) included subjects whose
samples were collected between 1990 and 1995 (Mahley et al., 1995). The second cohort (n
= 1164) included subjects whose samples were collected between 2000 and 2003
(Wyszynski et al., 2005) and was used mainly to verify results obtained in the first cohort.
Detailed biodata and blood samples were collected from each subject after an overnight fast.
Plasma lipids were measured as described (Mahley et al., 1995). Subjects who were taking
lipid-lowering medication, had a history of diabetes mellitus, or had a plasma triglyceride
level >800 mg/dl were excluded from the unrelated cohorts. The protocols were approved by
the Committee on Human Research of the University of California, San Francisco, and were
in accordance with the Helsinki Declaration.

Fine Mapping with Microsatellite and SNPs Markers
A genome-wide linkage scan using approximately 400 microsatellite markers was
previously conducted in the Turkish families with atherogenic dyslipidemia (Yu et al.,
2005). An additional 11 microsatellite markers on chromosome 15 from 51 to 75 cM were
genotyped in these families using methods previously described (Yu et al., 2005) for fine
mapping. Further fine mapping (± 1 Mb of D15S983 locus) was conducted with SNP
markers. The HapMart tool (http://hapmap.ncbi.nlm.nih.gov/biomart/martview/) with a
HapMap Centre d'Etude du Polymorphisme Humaine from Utah population (CEU)
population (The International HapMap Consortium, 2007) was used to choose SNPs
between 65.5 and 67.5 Mb. Briefly, 26 nonsynonymous, 5′ UTR and 3′ UTR SNPs with a
minor allele frequency ≥10 % were retrieved. Nine of the 26 SNPs were further selected
with the Tagger algorithm (r2 > 0.4) and genotyped in the families using TaqMan assays
(ABI, Applied Biosystems, Foster City, CA). The average genotyping call rate exceeded
97%, and the estimated genotyping error rate, determined by analysis of duplicate samples,
was about 1%.

Detection and Selection of GLCE Polymorphisms
Oligonucleotide primers were designed to amplify across the GLCE promoter (up to 1000
bases from exon 1) and all five exons, including intron/exon splicing boundaries and the 3′
UTR (up to 600 bases from the last exon). Additionally, two regions (Chr15:67,273,454 −
67,274,053 and 67,275,478 − 67,276,084) were selected for sequencing because of the
possibility of spliced expressed sequence tags (UCSC Genome Browser, http://
genome.ucsc.edu; human, March 2006 assembly). DNA from 32 family subjects was
sequenced to identify polymorphisms in GLCE. DNA sequences were aligned and analyzed
with Sequencher DNA analysis software (GeneCodes, Ann Arbor, MI). Since we did not
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sequence all of the GLCE, we selected additional SNPs using HapMap (http://
www.hapmap.org) CEU and Chinese Han from Beijing (CHB) populations in which the
frequency and linkage disequilibrium (LD) information among SNPs were available.
Selected SNPs were genotyped with TaqMan assays.

Genetic Structure of the Turkish Cohort
Our previous studies suggested that Turks more closely resemble CEU than other HapMap
populations with respect to allele frequency (Hodoğlugil et al., 2005; Hodoğlugil et al.,
2006; Hodoğlugil et al., 2010). In preliminary analyses of SNPs in the chromosome 15:
67.0−67.5 Mb region (where GLCE is located), the minor allele frequencies of some SNPs
were more similar to those of Chinese in the HapMap reference panel (CHB) and the Human
Genome Diversity Panel (HGDP) (Li et al., 2008) than to CEU. Therefore, we examined the
population substructure of the Turkish cohort by comparing high-density SNP chip data for
a subset of the Turkish samples with available HGDP data (http://hagsc.org/hgdp/files.html)
(Li et al., 2008). Recently, 1043 HGDP samples were genotyped with Illumina
HumanHap650K BeadChips (Illumina, San Diego, CA), and genotype data were made
available (Li et al., 2008).

We genotyped 64 unrelated Turkish samples (including one duplicate pair) from the 1990–
1995 cohort using Infinium Human 610-quad BeadChip assays (Illumina, San Diego, CA)
according to the manufacturer's specifications. All samples had call rates >98%. The rate of
concordance between the duplicate samples was >99.99%. SNPs were filtered out if they
contained replication errors or if their call rates across the 64 samples were <95%. SNPs that
deviated from Hardy-Weinberg equilibrium (p < 0.001, n = 590) were also excluded. These
filtering and exclusion criteria resulted in 573,782 high-quality SNPs. HGDP genotype data
from unrelated individuals (Rosenberg, 2006) were combined with our filtered 63-sample
set and resulted in high-quality genotypes for 535,045 SNPs.

To assess population substructure from the high-density genetic marker data, we used a
Bayesian clustering algorithm implemented in the STRUCTURE software package (version
2.2) (Falush et al., 2003). Default parameter settings of 30,000 replicates and 30,000 burn-in
cycles were used. Seven parental populations (K = 7) were assumed in this analysis.
Because STRUCTURE has a large memory demand, a reduced set of 6,858 SNPs was
selected. For maximum representation of the genome, SNPs in LD were first pruned with
PLINK (Purcell et al., 2007), which removes one of a pair of SNPs if r2 >0.3 in 50-SNP
windows, repeats this process for every pair, and then shifts the window 5 SNPs forward and
repeats the procedure again. Next, high Fst SNPs [CEU vs. CHB + JPT (Japanese from
Tokyo) >0.25] were selected. SNPs were thinned if adjacent SNPs were <0.1 cM apart and
were filled with SNPs 0.25 > Fst> 0.20 if they were >1 cM apart. Only autosomal SNPs
were used. Pairwise HapMap Fst and mapping (cM) data for individual SNPs were provided
by Stephen Schaffner (Broad Institute of MIT and Harvard) and Tara Matise (Rutgers
University), respectively.

Animal Studies
Glce+/– (also known as hsepi) mice (Li et al., 2003) were provided by J.-P. Li (University of
Uppsala, Sweden). Apoe–/– mice were purchased from Jackson Laboratory (Bar Harbor,
ME). Both glce+/– and apoe–/– mice were on a C57BL/6 background. Male glce+/– mice
were bred with female apoe–/– mice to produce glce+/–/apoe–/– mice. Age-matched 10- to
12-week-old male mice were used for all experiments. Mice were housed in a pathogen-free
barrier facility (12-h light/12-h dark cycle) and fed standard rodent chow (12% calories from
fat, 5053 PicoLab, Purina). For high-fat experiments, mice were fed either TD.88137 (42%
calories from fat, 0.2% cholesterol, Harlan Teklad) or TD02028 (43% calories from fat,
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1.3% cholesterol, 0.5% cholic acid, Harlan Teklad) diets for 4−6 weeks. All experiments
were approved by the Committee on Animal Research of the University of California, San
Francisco.

Plasma Lipid Analyses—Blood was collected from the retro-orbital sinus after a 4−5 h
fast. EDTA (10 mM) was used as an anticoagulant and phenylmethylsulfonyl fluoride
(Sigma) (1 mM) was used as a protease inhibitor. Plasma was obtained by centrifugation at
14,000 rpm (microcentrifuge) for 15 min at 4°C. Total cholesterol and triglycerides were
measured in total plasma by an enzymatic colorimetric method (Roche/Hitachi).

mRNA Expression—Total RNA from the liver was isolated with RNeasy kits and treated
with DNase (Qiagen). Complementary cDNA was synthesized from RNA (5 μg) with
Superscript II reverse transcriptase and random hexamers (Invitrogen). Quantitative PCR
was performed with a 7900HT PCR system and the data were analyzed by the delta-delta Ct
method as recommended by the manufacturer (Applied Biosystems). Beta-glucuronidase
expression was used for internal normalization.

Statistical Analysis
Genotype data in the families were tested for Mendelian errors using Haploview 4.1 (Barrett
et al., 2005). Inconsistencies were resolved by re-genotyping or eliminating all genotypes for
particular markers in the families where the errors were noted. Fine mapping within the
previously reported linkage region for HDL-C on chromosome 15q21-23 was performed by
single-locus and multi-locus linkage analysis using the variance component method
implemented in SOLAR (version 2.13) (Almasy & Blangero, 1998), as previously described
(Yu et al., 2005). Marker locations were fixed using the deCode genetic map.

Association of single SNP markers or haplotypes with plasma HDL-C and triglyceride
levels was evaluated in the family cohort using the transmission-disequilibrium test (TDT)
(Spielman et al., 1993) implemented in Haploview. TDT compares the observed and
expected transmission of alleles (or haplotypes) from heterozygous parents to affected
offspring (low HDL-C or high triglyceride values). For these analyses, plasma HDL-C and
triglyceride levels in family members were classified as high or low. Cut-off values for
plasma HDL-C were ≤35 mg/dl and ≤40 mg/dl for affected males and females and ≥40 mg/
dl and ≥45 mg/dl for unaffected (high HDL-C) males and females, respectively. Cut-off
values for plasma triglyceride levels were ≥80th percentile (age and sex matched) for
affected and ≤50th percentile for unaffected subjects (low triglyceride) (Wyszynski et al.,
2005). Multiple-test correction for SNPs or haplotypes was conducted by the permutation
test (50,000 permutations) in Haploview. Quantitative TDT (QTDT) in SOLAR was used to
determine SNP associations with plasma triglycerides and HDL-C levels treated as
quantitative traits.

In the unrelated individuals, Hardy-Weinberg equilibrium was tested for each SNP using
Haploview. Log-transformed values of triglyceride and HDL-C levels were used for
statistical comparisons to correct for departure from normality; untransformed mean values
are reported. PLINK (version 1.06) was used to evaluate association of SNPs with plasma
HDL-C or triglyceride values in an additive genotypic model including covariates for age,
body mass index, smoking (number of cigarettes/day), and alcohol consumption
(nondrinkers, 1–5 drinks/week, >5 drinks/week). Corrections for multiple testing were
conducted with a permutation test (50,000 permutations) in PLINK. Values for p or
permutated p were considered as significant (p < 0.05) and borderline significant (p < 0.1
and p >0.05). Covariate adjusted mean values were calculated by SPSS 10.0. Interaction
between pairs of SNPs was evaluated using regression models including terms for genotypes
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for the two SNPs and an interaction term (snp1*snp2). Males and females were analyzed
separately because plasma HDL-C and triglyceride levels showed gender-specific
differences.

Data from mouse experiments were evaluated by t-test. p < 0.05 was considered significant.

Results
Population Characteristics

The demographic and biochemical characteristics of the atherogenic dyslipidemic families
and the 1990–1995 and 2000–2003 cohorts are shown in Table 1. In all groups and in men
and women, the plasma HDL-C levels were low, and plasma triglyceride levels and total
cholesterol/HDL-C ratios were elevated.

Narrowing the Chromosome 15q21-23 Peak with Fine Mapping
Analysis of the combined set of previously genotyped and the additional 11 microsatellite
markers in the families substantially narrowed the linkage peak in the original study (Yu et
al., 2005) from a 95% confidence interval (CI) of 20−25 cM to an interval of approximately
15 cM without changing the peak location at 71 cM (LOD = 2.91, Fig. 1). The marker
nearest to the linkage peak is D15S983. Of note, GLCE is located almost precisely at the
linkage peak, whereas LIPC is more than 10 cM outside the 95% CI for the linkage peak.
Further fine mapping (± 1 Mb of D15S983) was performed with SNP markers and nine
SNPs were selected with the Tagger algorithm implemented in Haploview. TDT analysis of
the nine SNP markers located within 65.5–67.5 Mb identified two nominally significant
results in the families (rs3865014: p = 0.023 for triglyceride status and p = 0.022 for HDL-C
status; rs6545: p = 0.033 for triglyceride status, Table 2). Since these two SNPs are located
in GLCE, we decided to focus on GLCE and the surrounding locus. Rs3865014 is a non-
synonymous SNP (Val/Ile) and rs6545 is located in the 3′ UTR.

Analysis of GLCE SNPs in Families
Seven known SNPs in the GLCE locus (rs3865014, rs3205721, rs16953674, rs17360351,
rs6545, rs2047822, rs11633143) with minor allele frequencies between 9% and 35% and a
novel coding variant (Met/Val, A/G at 67,384,254) were identified by sequencing DNA
from 32 subjects. This coding variant was observed in only one heterozygous subject
(frequency, 1.6%) and was not further studied. There was complete LD (r2 = 1) between
SNP pairs rs3865014 and rs3205721, and among rs6545, rs16953674 and rs11633143 SNPs.
After eliminating three redundant SNPs, we selected four SNPs for genotyping in
atherogenic dyslipidemic families (rs3865014, rs6545, rs17360351, and rs2047822
corresponding to SNPs 11−14 in Table 2). No variants were observed in the two regions
sequenced for possibly spliced mRNA.

In addition to these four SNPs, 27 additional HapMap SNPs were selected to cover GLCE
and the surrounding regions (Table 2). Since the minor allele frequencies of some SNPs in
the GLCE region in Turkish families were more similar to those of CHB than CEU, we
utilized both HapMap populations in the selection process. The additional SNPs were
chosen based on LD with rs3865014 and rs6545 SNPs (r2 < 0.8), coverage of the GLCE
locus, and minor allele frequency (>5%). SNPs located in the recombination hotspots were
also selected to define haplotype blocks surrounding GLCE. Thirteen of the 31 SNPs
showed significant (p < 0.05) or borderline significant (p < 0.06) results for triglyceride or
HDL-C status, of which nine are located within the coding, promoter, or 5′ UTR regions of
GLCE (shown in bold, Table 2). However, permuted p values for the nine SNPs were either
not significant (p > 0.1) or borderline (p < 0.1) significant. Analysis of haplotypes
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comprised of these nine SNPs showed that one haplotype (frequency, 9.4%) was associated
with both triglyceride and HDL-C status in the nominal and permuted tests. Analysis of
pairwise LD (r2) among the 13 significant SNPs revealed that the block of nine SNPs
forming a haplotype block is separated from the remaining four SNPs (rs10851802,
rs7173953, rs870335, rs4505253, Table 2 in italics) by multiple recombination hotspots and
(Fig. 2 and Table S1). Inclusion of one or more of these four SNPs in the haplotype block
weakened the significance of the results, suggesting that the association signal is more likely
due to a variant in GLCE than in the region downstream from GLCE. Analysis of the
quantitative traits revealed notable results for plasma triglyceride levels with GLCE SNPs
rs3865014 (p = 0.018) and rs11631403 (p = 0.064).

Genetic Structure of the Turkish Cohort
Analysis of HGDP data with 6858 SNP markers genotyped in 260 unrelated individuals
using the STRUCTURE software package (version 2.2) (Falush et al., 2003) revealed that
individuals from the same geographic region or predefined population nearly always shared
similar parental ancestry components, as previously shown (Li et al., 2008; Rosenberg et al.,
2002). A similar analysis including Turks was performed to compare with other populations.
The genetic structure of the Turkish samples revealed three major parental ancestries (Fig.
3A). The percentage ancestry was calculated as an average across 63 Turks as described
under Materials and Methods. In Turks, the largest portion (red), about 84%, was also
present as the major ancestry in European populations and to a lesser extent in the Middle
Eastern, Central Asian, and Pakistani populations. About 8% of ancestry (orange) in the
Turkish population was also present in Central Asian and Pakistani populations. About 6%
of Turkish ancestry (light blue) was also present to a significant extent in Central Asian and
to a major extent in East Asian populations. Results from the Caucasus (Adygei population)
were very similar to the Turks. The average ancestry for selected populations is shown for
comparison (Fig. 3B).

Further analysis of the chromosome 15:67.0−67.5 Mb region revealed that the minor allele
frequencies in Turks are very similar to those of European–HGDP populations (French,
Sardinian, Orcadian, Italian, Tuscan, and Basque) and European descendants (CEU) for
SNPs outside the recombination hotspots (67,162−67,170 K and 67,195−67,205 K, and
67,358−67,362 K and 67,383−67,386 K, Fig. 4A). In contrast, in the area between the
recombination hotspots, which includes GLCE, the minor allele frequencies in Turks were
more similar to the Chinese−HGDP (Han and Han from North China) and Chinese−Hapmap
(CHB) populations (Fig. 4B).

Association of GLCE SNPs with Plasma Triglyceride and HDL-C Levels in Unrelated Turks
The nine SNPs that showed significant results at the GLCE locus in the families (Table 2)
were genotyped in a small cohort of unrelated Turkish subjects (n = 260) to assess the LD
structure. Five SNPs (rs16952868, rs11631403, rs17360351, rs3865014, and rs6545) were
selected by Tagger (r2 > 0.8, Table 3) and genotyped in the 1990–1995 and 2000–2003
cohorts.

Three SNPs (rs16952868, rs11631403 and rs3865014) were significantly associated with
plasma triglyceride and HDL-C levels in males in the 1990–1995 cohort, but not in females
(Tables 4 and 5). However, after multiple-test correction, these results were no longer
significant. Since the apoE2 isoform has reduced HSPG binding activity, and apoE3 (the
most common isoform) and apoE4 have normal and similar binding activities (Mahley & Ji,
1999), genotype data were stratified by common APOE genotypes (apo2/3 vs. apo3/3 +
apo3/4) to determine whether the significance would increase. ApoE2/2, apoE4/4, and
apoE2/4 individuals (total ~2.5%) were excluded from the analysis because many of these
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subjects had extreme values for plasma triglyceride levels. Among apoE2/3 subjects,
rs16952868 and rs3865014 were significantly or borderline significantly associated with
plasma triglyceride and HDL-C levels in males (p and permutated p values), and rs3865014
and rs11631403 were significantly associated with plasma triglyceride levels in females,
whereas rs3865014 was significantly associated with plasma HDL-C in females, even after
multiple-test correction (Tables 4 and 5). Mean lipid values for subjects according to APOE
genotype are presented in Table S2. The non-synonymous coding SNP rs3865014 is a
logical candidate for a functional SNP, but valine at this position in the amino acid sequence
is not conserved among species, and SIFT (Ng & Henikoff, 2002) and PolyPhen (Sunyaev et
al., 2001) did not predict any function for this amino acid change.

Similar results were obtained in the 2000−2003 cohort for plasma triglyceride (Table 6) and
HDL-C levels (Table 7). Three SNPs (rs16952868, rs11631403, and rs3865014) were
significantly associated with triglyceride or HDL-C levels, but not after multiple-test
correction. However, after stratification by APOE genotype, significant associations were
observed, even after multiple-test correction, for rs16952868 and rs3865014 with
triglycerides and for rs3865014 with HDL-C levels in males; and for rs11631403 and
rs3865014 with triglycerides and for rs11631403 with HDL-C levels in females in the
APOE2/3 group (Tables 6 and 7).

Because LIPC variants are significantly associated with plasma HDL-C levels in this
unrelated Turkish cohort (Hodoğlugil et al., 2010), we evaluated the interaction between
GLCE (rs16952868, rs11631403, and rs3865014) and LIPC SNPs. However, no significant
interaction was observed for either HDL-C or triglyceride levels between SNPs of these two
genes (data not shown).

Plasma Lipid and Lipoprotein Analysis of glce+/– Mice
On a chow or high fat diet (TD.88137 or TD.02028, Harlan Teklad) glce+/– heterozygous
mice did not have altered plasma triglyceride and total cholesterol levels compared to
wildtype mice (glce+/+). However, glce+/– heterozygous mice on apoe knockout (apoe–/–)
background had a significant elevation in both plasma triglyceride and total cholesterol
levels on high fat diet compared to apoe knockout mice (Table 8).

Glce mRNA expression was measured in liver samples of wildtype and glce+/– mice on a
chow or high-fat diet (TD.02028). Glce mRNA expression was ~50% lower in glce+/– mice
and was not increased by a high-fat diet (Fig. 5). There was no clear difference in the
weights of wildtype and glce+/– mice on the different diets (data not shown).

Discussion
Previously, using a linkage analysis approach, we mapped a locus for HDL-C on
chromosome 15q21-23 in a group of Turkish families (Yu et al., 2005). LIPC is located
under this linkage peak and thus emerged as a strong candidate gene. By fine mapping with
additional genetic markers, we substantially narrowed the region under the linkage peak.
Because LIPC is not located under the more narrowly defined linkage peak, we evaluated
association of HDL-C and triglyceride levels in the 40 Turkish families with a set of SNPs
tagging all of the haplotype blocks in a one-half megabase region under the linkage peak.
Nominal significant results for both traits were obtained with several SNPs, primarily in the
coding and promoter regions of GLCE. Haplotype analysis of these SNPs showed that one
particular haplotype (composed of rare alleles) was associated with both traits in
permutation tests in families. Three GLCE SNPs were associated with plasma triglyceride
and HDL-C levels in two cohorts of unrelated Turkish subjects. The association was
noticeably stronger in the subset of individuals with the APOE2/3 genotype. Plasma lipid
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analyses of glce+/– mice on the apoe–/– background also support the involvement of glce in
lipid metabolism, because these mice had higher total cholesterol and triglycerides when fed
a high-fat diet.

GLCE plays a significant role in the biosynthesis of HSPGs, which are composed of a core
protein and one or more heparan sulfate glycosaminoglycan chains. Several enzymes are
involved in HSPG synthesis, including GLCE, which converts D-glucuronic acid to L-
iduronic acid (Bishop et al., 2007; Bishop et al., 2008). This epimerization process gives
more flexibility to the HS chain and promotes ligand apposition by increasing
conformational flexibility (Casu & Lindahl, 2001). All identified protein-binding heparan
sulfate epitopes contain L-iduronic acid, suggesting the importance of iduronic acid (and
GLCE) in the diverse functions of heparan sulfate chains. With their high negative charge,
heparan sulfate chains bind to a wide range of proteins, including apoE- and apoB-
containing lipoproteins, hepatic lipase, and lipoprotein lipases; therefore, they have many
important functions in the clearance of atherogenic triglyceride-rich lipoproteins (Williams
et al., 1992; Williams & Fuki, 1997). These particles can be cleared by HSPG acting alone,
by the HSPG/low density lipoprotein receptor–related protein complex, or by the low
density lipoprotein receptor in the liver. HSPGs in the space of Disse sequester triglyceride-
rich lipoproteins, thereby facilitating interactions with cell-surface receptors. ApoE is a
critical ligand in this process (for a review, see Mahley et al., 1999; Mahley & Ji, 1999;
Mahley & Huang, 2007).

Several GLCE SNPs and a haplotype constructed with minor alleles of nine SNPs in this
gene were associated with elevated triglyceride levels and decreased HDL-C in Turkish
families. Three of these SNPs (rs16952868, rs11631403, and rs3865014) were nominally
associated with these traits in two independent, large, unrelated Turkish cohorts (3776
individuals). These associations were stronger and limited to APOE2/3 individuals. These
observations are consistent with the idea that impaired binding of apoE2 to hepatic
lipoprotein receptors and HSPGs exacerbates the impact of GLCE variants on lipoprotein
clearance and strengthen the conclusion that GLCE plays a role in modulating lipoprotein
metabolism.

Apoe–/–/glce+/– mice fed a high-fat diet had higher plasma cholesterol and triglyceride levels
than apoe–/– mice. Targeted disruption of glce results in neonatal lethality; however, no
overt abnormalities were observed in glce+/– mice (Li et al., 2003). To elicit an effect of
glce+/– on lipoprotein metabolism, a high-fat diet was required to impair lipoprotein
clearance. In the future, conditional knockout of glce in the liver will be required to
determine the full spectrum of effects of glce hepatic expression.

Other enzymes in the HSPG synthetic pathway also modulate lipoprotein metabolism
(Bishop et al., 2007; Bishop et al., 2008). Conditional knockout of ndst1 (MacArthur et al.,
2007) and hs2st (Stanford et al., 2010) in mice increases the level of triglyceride-rich
lipoproteins. In humans, GALNT2 polymorphisms are significantly associated with plasma
HDL-C levels (Willer et al., 2008). This observation was replicated in another genome-wide
association study (Kathiresan et al., 2008).

The importance of the human chromosome 15q21-23 in lipoprotein metabolism has also
been suggested by studies of orthologous regions in mice and rats. Quantitative trait analysis
revealed a linkage to triglyceride levels in rats (Klimes et al., 2003) and to plasma
triglycerides (Suto et al., 1999) and HDL-C levels (Burgess-Herbert et al., 2009) in mice.
The nearest markers for triglycerides (D9Mit163) (Suto et al., 1999) and HDL-C
(rs4227694) (Burgess-Herbert et al., 2009) are only 0.6 Mb and 3.8 Mb away from the
mouse glce locus, respectively. Additional support for the involvement of glce in lipid
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metabolism comes from two sources. One is Jackson Laboratory's mouse phenome database
(http://phenome.jax.org) (Blake et al., 2009; Svenson et al., 2007), where several phenotypic
measurements, including plasma lipid measurements, for different strains are deposited. The
other source is the Perlegen mouse haplotype viewer (http://mouse.perlegen.com/mouse/),
where over 8 million SNPs and haplotypes for 16 commonly used strains of inbred
laboratory mice are stored (Frazer et al., 2007). Using these two sources, we grouped mouse
strains according to their glce haplotypes and analyzed their lipid data (DiPetrillo et al.,
2005; Guo et al., 2007; Wang et al., 2004). Mice with different glce haplotypes had different
plasma triglyceride and total cholesterol values (Table S3).

Since Turks have lower HDL-C than other populations and borderline high triglycerides
(Bersot et al., 1999; Mahley et al., 1995; Mahley et al., 2005; Onat et al., 1992; Porsch-
Oezçueruemez et al., 1999; Tezcan et al., 2003), we compared the ancestry admixture of our
subjects with data from HapMap and HGDP for other populations, paying specific attention
to the 67.0–67.5 Mb region encompassing GLCE on chromosome 15. The Anatolian
peninsula (present day Turkey) has served as a junction connecting the Middle East, Europe,
and Central Asia, and thus has been subject to major population movements (Findley, 2005).
The Turks, mainly Oghuz tribes, arrived in Turkey from Central Asia between the 11th and
13th centuries A.D. (Grousset, 1970; Güvenç, 1993). There was also admixture of the Indo-
European-speaking people of Central Asia with nomadic people (including Turkic
populations) from the northern steppes of Central and East Asia (Frye, 1996). The results of
our population substructure analyses are consistent with these admixture events. About 40%
of the ancestry estimates were indistinguishable among Europeans, Turks, and Central
Asians (Fig. 3, red color). However, the subjects in our Turkish cohort have about 14% (8%
Central Asian and 6% East Asian) of the ancestry estimates found in Central and East Asian
populations as well; these ancestry estimates were absent in European populations (Fig. 3,
orange and blue colors).

GLCE has not previously been genetically associated with lipid traits. There are well-
powered examples of association studies that have not been replicated in populations of non-
European descent (Hiura et al., 2009; Ken-Dror et al., 2010; Klos et al., 2005; Nakayama et
al., 2009), and this may partly be explained by genetic uniqueness among various
populations. GLCE is bounded by recombination hotspots (Fig. 2) and displays population
differences with respect to SNP allele frequencies. Plotting the minor allele frequencies of
SNPs across the chromosome 15 67.0−67.5 Mb region demonstrated a divergence of those
frequencies in Turks and Europeans within the GLCE locus (Fig. 4A). In this locus, the
Turkish pattern more closely resembles the Chinese (Fig. 4B). Furthermore, the frequency of
the significant nine-SNP GLCE haplotype that was linked to high triglyceride and low HDL-
C levels differs among various populations (9.4% in Turks, 5.4% in CEU, and 13.4% in
CHB). This difference further suggests that admixture in Turks may have functional
consequences in lipid metabolism.

Since the original linkage peak included LIPC and GLCE and LIPC variants are associated
with HDL-C levels (Hodoğlugil et al., 2010; Kathiresan et al., 2008; Willer et al., 2008) and
LIPC is involved in triglyceride clearance (Mahley & Huang, 2007; Mahley et al., 2008), we
considered the potential for interaction between LIPC and GLCE on HDL-C and triglyceride
levels. However, no interaction was observed between LIPC and GLCE SNPs on either
triglyceride or HDL-C levels. Thus, the effects of these loci on lipid levels are probably
independent.

Because the GLCE SNPs evaluated in this study are highly correlated, a parsimonious
interpretation is that a single common variant in LD with these SNPs is the effector of HDL-
C and triglyceride levels. However, since rare variants can have a major effect on plasma
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HDL-C levels (Cohen et al., 2004; Cohen et al., 2006) and simulation studies suggest that
uncommon or rare genetic variants can easily create synthetic associations that are credited
to common variants (Dickson et al., 2010), a thorough analysis and comparison of the GLCE
genomic sequence in Turks and individuals from other populations is warranted.

In summary, we showed that several SNPs of GLCE are associated with plasma triglyceride
and HDL-C levels in atherogenic dyslipidemic Turkish families and unrelated Turkish
individuals. This association is stronger among those with the APOE2/3 genotype. Studies
of glce+/– mice on an apoe–/– background supported the role of GLCE in lipid metabolism.
Although fine genetic mapping of this region and association studies support a role for
GLCE and LIPC (Hodoğlugil et al., 2010) in the modulation of HDL-C and triglyceride
levels, other genes within the 15q21-23 region may also affect lipid levels in Turks.
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Figure 1.
Fine mapping of chromosome 15 in atherogenic dyslipidemic Turkish families. An
additional 11microsatellite markers (located at 51–75 cM) were used for fine mapping in
these families. The original scan and a new scan with additional markers are shown. The
deCode genetic map was utilized.
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Figure 2.
Recombination rate and LD structure in the chromosome 15: 67.0−67.5 Mb locus in Turkish
families. Top panel shows recombination rate. Middle panel shows the LD (r2) plot from
Haploview for 31 SNPs . Darker diamonds represent regions of high pairwise r2. The black
arrows indicate the size and the direction of expression of GLCE and PAQR5 (progestin and
adipoQ receptor family member V). Red dotted lines show the location of recombination
hotspots. The bottom panel shows the nine-SNP haplotype block.
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Figure 3.
STRUCTURE analysis of global dataset with 6,858 SNP markers genotyped in 323 subjects.
(A) Representative populations from each geographic region were selected from HGDP data
(Li et al., 2008), and Turkish samples were included in the analysis. Populations are labeled
above the figure, with their geographic affiliations below. Each individual is represented by
a thin vertical line, which is partitioned into K colored segments (K = 7). Colors represent
the inferred ancestry from parental populations. White lines separate individuals of different
populations. Seven other STRUCTURE runs produced very similar individual ancestry
estimates. (B) The average ancestry estimates for selected populations are shown for
comparison.
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Figure 4.
Allele frequency plot of the chromosome 15: 67.0−67.5 Mb locus. (A) Minor allele
frequencies in Turks vs. European (CEU and HGDP). (B) Minor allele frequencies in Turks
vs. Chinese (CHB and HGDP). Blue arrows indicate the location of GLCE and PAQR5
(progestin and adipoQ receptor family member V) with respect to SNPs. Red arrows show
recombination hotspots.
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Figure 5.
Glce expression in mouse liver. Quantitative PCR was performed with cDNA. Results were
analyzed with the delta-delta Ct method. Data were normalized to expression in the wildtype
(WT) liver, and gusb expression was used for internal normalization. Values are mean ± SD
(n = 4 per group) of triplicate measurements and two different experiments.
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