Downloaded from genome.cshlip.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Sequence Diversity in Genes of Lipid Metabolism

Christine Kim Garcia, Gabriele Mues, Yuanlan Liao, et al.

Genome Res. 2001 11: 1043-1052
Access the most recent version at doi:10.1101/gr.172301

References This article cites 55 articles, 22 of which can be accessed free at:
http://genome.cshlp.org/content/11/6/1043.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

-_ —
B The NEW Vortex Mixer scimitc

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.172301
http://genome.cshlp.org/content/11/6/1043.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.172301&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.172301.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2Fvortex_mixer%3Futm_source%3DCSHL%26utm_medium%3DeTOC_VMX%26utm_campaign%3DVMX
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Sequence Diversity in Genes of Lipid Metabolism

Christine Kim Garcia,' Gabriele Mues,? Yuanlan Liao,' Tommy Hyatt,' Nila Patil,>
Jonathan C. Cohen,’ and Helen H. Hobbs'*

Departments of ' Internal Medicine and Molecular Genetics and 2Pathology, University of Texas Southwestern Medical
Center at Dallas, Dallas, Texas 75390-9046, USA; 3Affymetrix, Inc., Santa Clara, California 95051, USA

Elevated plasma lipoprotein levels play a crucial role in the development of coronary artery disease. Genetic
factors strongly influence the levels of plasma lipoproteins, but the genes and sequence variations contributing
to the most common forms of dyslipidemias are not known. We used GeneChip probe arrays to resequence the
coding regions of 10 key genes of lipid metabolism. The sequences of these genes were analyzed in 80
dyslipidemic individuals. Fourteen nonsynonymous and twenty-two synonymous single nucleotide changes were
identified that could be confirmed by conventional sequencing. Seven of the fourteen nonsynonymous sequence
variants were polymorphisms with allele frequency >1% in the general population. The remaining seven were
not found in normolipidemic controls (25 Caucasians and 25 African-Americans). The relationship between
nonsynonymous sequence variations and various dyslipidemias was explored in association and family studies.
No evidence was found for coding sequence variations in any of the 10 genes contributing to dyslipidemia.
Only a single sequence variation, a missense mutation in the low density lipoprotein receptor gene,
co-segregated with hyperlipidemia in the proband’s family. This study illustrates some of the difficulties

associated with identifying sequence variations contributing to complex traits.

Genetic factors contribute importantly to many of the
common diseases afflicting Western societies, such as
coronary artery disease, hypertension, diabetes, and
cancer. Although these disorders cluster in families,
they are not inherited in a Mendelian fashion; thus it
has been difficult to identify the sequence variations
that confer susceptibility. Most sequence variations
within coding regions of genes result in synonymous
substitutions or conservative amino acid replacements
that have little or no apparent effect on protein func-
tion (Cargill et al. 1999). Only 10% to 20% of single
nucleotide polymorphisms (SNPs) lead to a nonconser-
vative amino acid replacement (Cargill et al. 1999). It
has been proposed that a subset of common sequence
variants contribute to common diseases in the popu-
lation (Lander 1996; Risch and Merikangas 1996). The
common disease-common variant (CD-CV) hypoth-
esis is supported by a few examples of well-
documented associations between sequence variants
and medical conditions: F5 1691G - A (Factor V
Leiden) and thrombophilia (Dahlback 1997), APOE*E4
and late-onset Alzheimer disease (Strittmatter et al.
1993), and C-C chemokine receptor 5 (CCR5) A32 and
resistance to the human immunodeficiency virus (Liu
et al. 1996).

Considerable effort is now focused on identifying
genetic polymorphisms that contribute to other com-
mon diseases, including coronary artery disease (Cam-
bien et al. 1999). Elevated plasma levels of cholesterol
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play a central role in the development of atherosclero-
sis. Most of the cholesterol circulating in plasma is
transported as a constituent of low density lipopro-
teins (LDLs) or high density lipoproteins (HDLs). The
risk of coronary artery disease is directly related to the
plasma level of LDL-cholesterol and inversely related
to plasma HDL-cholesterol levels (Kannel et al. 1979).
Twin and family studies are consistent with [30% of
the interindividual variation in the levels of these
plasma lipoproteins being a result of genetic factors
(Austin et al. 1987; Heller et al. 1993; Perusse et al.
1989). Mutations in the LDL receptor (LDLR) and apo-
lipoprotein (apo) B-100 genes are responsible for the
two most common Mendelian forms of hypercholes-
terolemia, familial hypercholesterolemia (FH;
MIM143890) and familial defective apoB-100 (MIM
144010; Innerarity et al. 1990; Goldstein et al. 1995);
however, sequence variations in these two genes do
not contribute significantly to the moderate elevations
in plasma lipoproteins that are most frequent in sub-
jects with coronary artery disease (Wang et al. 1998).

Many of the genes encoding proteins involved in
cholesterol metabolism have not been screened sys-
tematically for sequence variants. The present study
was undertaken to determine whether sequence varia-
tions in the coding regions of 10 key genes in lipid
metabolism contribute to variations in plasma levels of
cholesterol and triglycerides. The genes analyzed in
this study include those encoding sterol regulatory el-
ement binding proteins (SREBPs) 1 and 2 (SREBFI and
SREBF2; Hua et al. 1995; Brown and Goldstein 1997;
Miserez et al. 1997), SREBP cleavage-activating protein
(SCAP; Hua et al. 1996; Nakajima et al. 1999), 3-hy-
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droxy-3-methylglutaryl coenzyme A (HMG CoA) re-
ductase (HMGCR; Reynolds et al. 1984), acyl coenzyme
A acyltransferase2 (ACAT-2; Chang et al. 1997; Cases et
al. 1998), cholesterol 25-hydroxylase (CH25H; Lund et
al. 1998), LDLR (LDLR; Sudhof et al. 1985), scavenger
receptor, type B, class 1 (SR-BL; human gene name CLA-
1; Calvo and Vega 1993; Acton et al. 1996; Cao et al.
1997), site-1 protease (S1P) (S1P; Sakai et al. 1998a,b;
Nakajima et al. 2000), LXRa (NR1H3; Willy et al. 1995)
and 40 bp encoding the LDLR binding domain of apo-
lipoproteinB-100 (APOB; Yang et al. 1986). We also
screened 29 bp of the known regulatory sequences of
the LDLR.

These genes were selected because of the crucial
role they play in the regulation, biosynthesis, and
clearance of cholesterol. SREBP-1 and SREBP-2 are
structurally related transcription factors that regulate
many genes involved in lipid metabolism (for review,
see Brown and Goldstein 1997). These two transcrip-
tion factors are oriented in a hairpin configuration in
the membrane of the endoplasmic reticulum in asso-
ciation with SCAP, the putative cholesterol sensor. Ste-
rol depletion is associated with the transport of the
SREBP-SCAP complex to the Golgi (DeBose-Boyd et al.
1999; Nohturfft et al. 1999). S1P resides in the Golgi
and mediates the cleavage of SREBP within its luminal
loop, which ultimately results in the release of a frag-
ment from the amino terminus that contains a basic
helix-loop-helix zipper domain. This [68 kD fragment
enters the nucleus and activates transcription of mul-
tiple genes involved in cholesterol and fatty acid me-
tabolism (Brown and Goldstein 1997), including the
genes encoding the LDLR, which is the major vehicle
for the import of lipoprotein-derived cholesterol into
cells (Brown and Goldstein 1986) and HMGCR, which
encodes a rate-limiting enzyme in cholesterol biosyn-
thesis. A potent down-regulator of SREBP cleavage is
25-hydroxycholesterol, which is generated by the hy-
droxylation of cholesterol at position 25 by cholesterol
25-hydroxylase (CH25H; Lund et al. 1998). Excess in-
tracellular cholesterol is converted to cholesteryl esters
by two other membrane-associated proteins of the en-
doplasmic reticulum, ACAT-1 and ACAT-2 (Chang et
al. 1997; Cases et al. 1998). The major route of clear-
ance of cholesterol from the body is via the biliary
system (Russell and Setchell 1992). SR-BI has been im-
plicated as the major conduit by which cholesterol is
transported from HDL to the bile (Ji et al. 1999). He-
patic cholesterol can be secreted directly into the bile
or first converted to bile acids prior to secretion (Rus-
sell and Setchell 1992). The rate-limiting enzyme for
bile acid synthesis, cholesterol 7a hydroxylase, is regu-
lated by LXRa (gene name, NR1H3), an orphan nuclear
hormone receptor (Peet et al. 1998).

We used high density GeneChip probe arrays
(Chee et al. 1996; Wang et al. 1998) to screen for se-
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quence variations in [25 kb of sequence from these 10
genes. GeneChip probe arrays allow for the simulta-
neous determination of sequences in multiple genes in
a rapid and comprehensive fashion, which makes the
method ideally suited for well-characterized metabolic
pathways. Because we cannot predict the specific phe-
notype that would result from sequence variations in
these genes, we screened 80 unrelated individuals with
a wide array of lipid disorders.

RESULTS

Characterization of Subjects

GeneChip probe arrays (Affymetrix) were used to
screen 25,298 bp of genomic sequence (24,675 bp of
coding sequence, 29 bp of LDLR promoter sequence,
and 594 bp of intron sequence) from 10 candidate
genes in 80 unrelated individuals with various disor-
ders of lipid metabolism and/or fat distribution (see
Methods). Subjects selected for the study had a high
likelihood of having a major genetic component to
their lipid disorder. The major inclusion criteria were:
(1) a clinical picture consistent with homozygous FH
without a reduction in LDLR function in cultured fi-
broblasts; (2) markedly abnormal plasma lipid levels or
abnormal response to lipid-lowering agents or diet; or
(3) a lipoprotein disorder and at least two first-degree
relatives with a similar phenotype.

The Sensitivity of the Genechip Probe Array Method
The GeneChip probe array method detects sequence
variants by hybridizing labeled PCR products to chips
containing arrays of corresponding oligonucleotides
(for review, see Chee et al. 1996; Wang et al. 1998). For
each nucleotide position being queried, four oligo-
nucleotides that differ only in the base at the central
position are arrayed in rows on the chip. For our study,
these oligonucleotide arrays were designed to detect all
exon sequences and 2-3 bp of adjacent intron se-
quences.

Putative SNPs were reported when the hybridiza-
tion pattern of the sample DNA did not match the
canonical sequence. Each individual GeneChip probe
array-detected SNP was assigned a graded level of cer-
tainty: certain (C), likely (L), or possible (P). In some
instances in which the same SNP was identified in mul-
tiple samples, some samples were scored as C whereas
others were scored as L; in this paper these SNPs were
classified as CL (or LP for SNPs that were scored as
likely or possible).

A total of 8, 13, 12, and 96 SNPs were classified as
CL, L, LP and P, respectively (Table 1). No SNP site in
this study was classified as C in all samples containing
the polymorphic sequence. Because subjects with rare
disorders as well as common phenotypes were in-
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Table 1. Frequency of Confirmed SNPs in Coding Sequences
Number SNP Frequency of SNP 0 (x10™%
Basepairs

Genes screened total non-syn syn total non-syn syn total non-syn syn
ACAT2 1558 3 1 2 1/519 1/1558 1/779 3.41 1.136 2.274
APOB 40 0 0 0 0/40 0/40 0/40 — — —
CH25H 819 2 0 2 1/410 0/819 1/410 4.317 — 4.317
CLAT 1650 3 2 1 1/550 1/825 1/1650 3.218 2.145 1.072
HMGCR 2667 1 1 0 1/2667 1/2667 0/2667 0.663 0.663 —
LDLR 2583 10 3 7 1/258 1/861 1/369 6.861 2.055 4.797
NRTH2 1344 1 0 1 1/1344 0/1344 1/1344 1.317 — 1.317
S1P 3159 4 2° 2 1/790 1/1580 1/1580 2.24 1.12 1.12
SCAP 3840 3 1 2 1/1280 1/3840 1/1920 1.382 0.46 0.921
SREBF1 3575 1 1 0 1/3575 1/3575 0/3575 0.495 0.495 =
SREBF2 3440 7 3 4 1/491 1/1147 1/860 3.605 1.543 2.058

4Includes one nonsense mutation.
PAverage frequency of SNP.

cluded in the sample population, we anticipated iden-
tifying so-called private, unique sequence variations.
Therefore, SNPs classified as P (n = 96) were included in
our analysis.

Each sequence polymorphism detected by Gene-
Chip probe arrays was subjected to verification by use
of a combination of SSCP analysis and sequencing.
Some SNPs detected on the chip in multiple individu-
als could be confirmed only in a subset of samples.
Nevertheless, we classified the SNP site as confirmed
even if the nucleotide change was verified in only a
single individual. Most of the eight SNPs classified as
CL were confirmed (75%). The rate of confirmation of
SNPs in the other categories was lower: 38% for L, 67%
for LP, and 18% for the SNPs classified as P. Although

the false positive rate was very high for the possible
SNPs, the absolute number of confirmed SNPs in the P
category (1 = 17) was nearly as high as in all the other
categories combined (n = 19).

GeneChip probe array analysis also classified each
sample as homozygous, heterozygous or indeterminate
for each SNP. These designations were tested for true
SNP frequency by SSCP and sequencing for all SNPs
identified in SREBF2; the confirmation rates for these
categories were 48% for the sites designated as homo-
zygous, and 31% and 14% for those called heterozy-
gous and indeterminate, respectively (data not shown).

We did not determine systematically the false
negative rate for GeneChip probe array analysis, but
several SNPs, as well as a deletion and an insertion,

Table 2. Confirmation of SNP Sites Detected by GeneChip Probe Arrays in 10 Genes of 80 Probands

Bases screened

Confirmed/reported SNPs

Gene Coding NC? Total cbLe L LpP¢ P Total Confirmed
ACAT2 1558 54 1612 0/0 1/3 0/1 2/6 3/10 30%
APOB 40 0 40 0/0 0/0 0/0 0/0 0/0 0%
CH25H 819 0 819 1/2 11 0/0 0/2 2/5 40%
CLAT 1650 48 1698 11 11 0/0 1/3 3/5 60%
HMGCR 2667 72 2739 0/0 0/0 1/1 0/8 1/9 11%
LDLR 2583 97 2680 2/3 11 3/4 4/13 10/21 48%
NRTH2 1344 32 1376 0/0 0/0 0/0 1/4 1/4 25%
S1P 3159 84 3243 2/2 0/2 0/0 2/6 4/10 40%
SCAP 3840 84 3924 0/0 1/2 11 1/9 3/12 25%
SREBF1 3575 82 3657 0/0 0/2 1/2 1/18 2/22 9%
SREBF2 3440 70 3510 0/0 0/1 2/3 5/27 7/31 23%
Total 24675 623 25298 6/8 5/13 8/12 17/96 36/129 28%
Confirmed 75% 38% 67% 18% 28%

“Noncoding.

bCertain.

“Likely.

dpossible.
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were not detected by this method. Four sequence vari-
ants that resulted in changes in the amino acid se-
quence were missed by GeneChip probe arrays: (1) An
insertion in exon 2 of SREBF2 in an expanded repeat
found by E. Forgacs (pers. comm.), which was present
in 1 of the 80 subjects; (2) an LDLR mutation
(Asp147His; Hobbs et al. 1992; Leitersdorf et al. 1993);
(3) a sequencing error in the original sequence of
SREBF2 (resulting in Gly1045Ala); and (4) a nonsyn-
onymous SNP detected in SREBF2 (Table 2) that was
not identified in three of the eight samples heterozy-
gous for the polymorphism.

We also did not determine systematically the ac-
curacy of the allele genotypes in the sample for each
SNP. Only one SNP in exon 10 of SREBF2 that was
classified as LP was reanalyzed in the entire sample by
use of SSCP. Reanalysis revealed that 25 samples re-
ported as wild type were heterozygous, and 16 samples
were homozygous for the SNP.

A total of 36 SNP sites was confirmed in at least 1
of the 1600 different alleles assayed. No sequence vari-
ants were identified in the 40-bp segment of APOB that
was screened. An average of 1 site per 705 bp varied in
the 24,675 bp coding sequences. The 10 genes differed
more than 10-fold in their overall frequency of se-

quence variations (Table 3). The LDLR gene had the
highest nucleotide diversity and SREBF1 the lowest.
The average value for the normalized number of vari-
ant sites () was 2.51 x 10~ 4.

Over 75% of the SNPs were transitions (28 of 36)
and 36% of these SNPs were cytosine to thymidine
transitions at CpG dimers.

SNPs Detected in 80 Dyslipidemic Subjects

and Normal Controls

Of the 36 confirmed SNPs, 14 were nonsynonymous
substitutions (Table 3). Seven of the nonsynonymous
changes had an allele frequency >1% in the general
population. All of these common SNPs resulted in con-
servative amino acid changes, with the exception of an
arginine to serine substitution at amino acid 860 in
SREBF-2. However, this residue is also serine in hamster
SREBF2. The most common SNP identified in this
study was Ala595Gly in SREBF2. The allele frequency of
this SNP differed significantly between African-
Americans and Caucasians. Another relatively com-
mon SNP found in SREBF2 was a valine to methionine
substitution at amino acid 623, which was detected in
an African-American with lipodystrophy. This se-
quence variant comprised 4% of the alleles in the nor-

Table 3. Confirmed Common and Rare Nonsynonymous Single Nucleotide Polymorphisms (SNP)

Amino Frequency®
Gene Exon Codon acid Ethnicity Disorder® A-A whites Comments
Common (>1%)°
ACAT2 7 ACC-ATC  T254/ Multiple — 0.20 0.25
CHAT 1 GGC-AGC G2S Multiple — — — Acton et al. 1999
3 GTC-ATC V135l Multiple — — — Acton et al. 1999
SCAP 15 GTC-ATC V796l Multiple — 0.15 0.48 Iwaki et al. 1999
SREBF-2 10 GCC-GGC  A595G Multiple — 0.39 0.75
10 GTG-ATG  V623M A-A — 0.04 O
14 AGG-AGC  R860S Multiple — 0.02  0.05
Rare (<1%)°
HMGCR 16 ATA-GTA 1638V Caucasian Atypical Type llI 0 0 Insufficient data®
Caucasian FCHL Insufficient data
Caucasian FCHL No co-segregation
Caucasian Low HDL-C (AD) No co-segregation
See Fig. TA. Not
LDLR 3 GAC-GTC D79V Caucasian Atypical Type Il 0 0 detected by SSCP.
4 TCG-TTG  S156L Puerto Rican  FH 0 0 Hobbs et al. 1992
6 GAG-AAG  E256K Caucasian Diet-induced 0 0 Ekstrom et al. 1995
HCL Family not available.
S1P 13 AAC-AGC  N544S Greek FCHL 0 0 No co-segregation.
See Fig. 1B. No co-
20 CAG-TAG Q868X Caucasian Polygenic HCL 0 0 segregation.
SREBF1 18a CGG-CAG R1064Q  Caucasian Type V, DM 0 0 No co-segregation.

“Abbreviations: FH, Familial Hypercholesterolemia; HCL, hypercholesterolemia; DM, Diabetes Mellitus; FCHL, Familial Combined
Hyperlipidemia; HDL-C, HDL-cholesterol; A-A, African-Americans.
PMinor allele frequency in African-Americans (A-A) and Whites.
“Common (>1%) or rare (<1%) in the general population.
9disoleucine at amino acid position 254 is substituted for threonine. All amino acids are numbered according to the initiator codon
(ATG) being position 1.
*Not a sufficient number of segregations in the family of the proband to assess relationship between sequence variant and the
hyperlipidemia.
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molipemic African-Americans and was not found in
the Caucasian samples tested.

Mutations Detected in Dyslipidemic Subjects

Seven mutations were identified exclusively in the
group of 80 probands and not in the 50 control sub-
jects (Table 2). Only one of these mutations was found
in more than one proband. Valine was substituted for
isoleucine at amino acid 638 of the HMGCR in four
individuals. This residue is located in the catalytic do-
main of HMG CoA reductase, but is not conserved
across species (Istvan et al. 2000). The corresponding
residues in hamster and rat are methionine and leu-
cine, respectively, and some bacterial forms of the en-
zyme also have valine at this position (E. Istvan, pers.
comm.). The SNP did not cosegregate with hyperlipid-
emia in the four families with this sequence variant
(data not shown).

The other six missense mutations were each found
in only a single subject. Three of these mutations were
in LDLR, and of these mutations, one was previously
known (Hobbs et al. 1989). The second LDLR mutation
was identified in a 41-year-old Caucasian man whose
plasma cholesterol level was extremely responsive to
changes in dietary cholesterol content; the mutation
had been identified previously in a patient with classic
FH (Ekstrom et al. 1995), but was not associated with
defective LDLR function in cultured fibroblasts (Ek-
strom et a. 2000). The third LDLR mutation was iden-

A
*
Age (y): 65 ¢
Chol{%): 326 (>95%)
TG(%): 311 (>95%)
VLDL-C(%): 64 (>95%)
LDL-G(%): 228 (>95%)
HDL-C(%): 34 (6%)
ApoE: E2 E3
31 ND 47 A3
481 (>95%) 231 (75) 494 (>95)
343 (>95%) 123 (66) 356 (>95)
53 (>95%) 17 (57) 222 (>95)
364 (>95%) 161 (82) 241 (>95)
84 (>95%) 53 (39) 30 (9)
E2/E2 E3/E4 E2/E2
* LDLR: D7OV

coronary artery disease
B@® .oLC>95%

tified in a 35-year-old Caucasian man who had a myo-
cardial infarction, type III hyperlipidemia, and an el-
evated plasma LDL-cholesterol level. Analysis of the
family revealed that the other first-degree relatives
who inherited the LDLR mutation had markedly el-
evated plasma LDL-cholesterol levels (Fig. 1). This
LDLR mutation (Asp79Val) had not been described
previously in any other FH patients.

The two nonsynonymous mutations identified in
S1P were each found in only a single subject. Both
mutations were reproduced by site-directed mutagen-
esis and the cDNA was expressed in cultured cells to
assess the effect of the sequence change on enzyme
activity (data not shown). Expression of S1P with the
Asn544Ser substitution was associated with normal
processing of SREBP, whereas no processing of SREBP
was seen with expression of S1P containing the GIn868
nonsense mutation (J. Zhang, unpubl.). The proband
heterozygous for the nonsense mutation had moder-
ately elevated plasma LDL-cholesterol, but the se-
quence variant failed to cosegregate with the hyperlip-
idemia in the family (Fig. 1B).

An Arg1064Gln substitution in SREBF1 was iden-
tified in a 39-year-old Caucasian woman with nonin-
sulin-dependent diabetes mellitus and type V hyperlip-
idemia. The missense mutation is located in the region
of SREBP-1 that interacts with SCAP and participates in
cholesterol sensing (Sakai et al. 1997). The arginine
residue at this position is also present in hamster and

B
*
AGE (y): 64 b X 62
Chol (%): 200 (25) 285 (95)| 227 (50)
TG (%): 89 (25) 211 (90)| 235 (90)
LDL(%): 105 (25) 197 (95)| 119 (25)
HDL (%): 85 (90) 59 (75)| 70 (75)
)
37 35 35 34 20
264 (90) 227 (95) 209 (75)
109 (50) 67 (25) 147 (95)
189 (95) 182 (95) 111 (50)
56 (75) 75 (90) 71 (90)
{* I
8 6 6
180(75) 202 (>95) 194 (>95)
82 (90) 95 (75) 70 (90)
107 (75) 129 (90) 144 (>95)
54 (75) 53 (50) 66 (75)
* s1p Qsesx

Bm® .pLc>9%

Figure 1 Segregation of mutant LDLR (A) and S1P (B) alleles in families of probands with dyslipidemias. Fasting lipid and lipoprotein
levels were measured as described in Methods. The percentiles were determined by comparison with age- and sex-matched controls

(http://www.cdc.gov/nchs/about/major/nhanes/resrchact.htm).
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fruit fly, suggesting that this residue may be function-
ally important. However, when this mutant allele was
expressed in tissue culture, the SREBP-1 protein was
processed normally in response to cholesterol deple-
tion (R. DeBose-Boyd, unpubl.).

Finally, we screened 50 unrelated noninsulin-
dependent diabetic, SO hypercholesterolemic, and 50
hypertriglyceridemic subjects for each of these seven
mutations. Only the Ile638Val substitution in HMGCR
was found in one hypercholesterolemic and two dia-
betic subjects, giving on overall allele frequency of 1%.

Silent SNPs Detected in 10 Candidate Genes

Of the 25 silent polymorphisms identified in this study
(Table 4), 22 were detected by GeneChip probe array
sequencing, and all but one were in exons. Over 85%
of the SNPs located in the coding regions were in the
third position of the codon, and the remainder were in
the first position. The only intronic SNP detected by
GeneChip probe array was at the —3 position of the
splice acceptor site of intron 18c (C - T) of SREBFI. This
polymorphism occurs with a frequency of 30% in the
population. Two other intronic SNPs were identified
by SSCP and sequencing in nucleotides not queried by
the GeneChip probe arrays method. Neither polymor-

Table 4. SNPs That Do Not Alter Protein Sequence®

phism segregated with the hyperlipidemia in the fam-
ily.

DISCUSSION

In this study, we sequenced 25,298 bp from 160 inde-
pendent alleles of 10 genes encoding key proteins in
the regulatory, biosynthetic, and clearance pathways
of lipid metabolism. A total of 36 SNPs was identified
by GeneChip probe arrays; 1 was in an intron, and 35
were in coding sequences. Of the 35 SNPs identified in
the coding sequences, 21 were synonymous, and 14
were nonsynonymous. One-half of the 14 nonsynony-
mous sequences were polymorphisms with a frequency
of >1% in the population. All but one of the remaining
seven nonsynonymous sequence variants were found
in only a single individual and not in 50 unrelated
controls or 100 hyperlipidemic (50 hypercholesterol-
emic and 50 hypertriglyceridemic) subjects. Only one
of these sequence variants (LDLR: D79V) could be
shown to cosegregate with hyperlipidemia in the fam-
ily of the proband.

Common forms of dyslipidemia should constitute
a model system for the genetic analysis of complex
traits for two reasons. First, there is considerable evi-
dence from family and twin studies that genetic varia-

Gene Exon/Intron NT change Position Comments
ACAT2 Ex6 CTG-CTT 609G - T°
Ex6 CTA-TTA 610C-T
CH25H Ex1 CTG- CTC 54G-C
Ex1 AAC - AAT 657C-T
CLAT Ex8 GCC-GCT 1050C-T Acton et al. 1999
LDLR Ex2 TGT - TGC 81T-C Soutar et al. 1991
EX2 AAC - AAT 90C-T
Ex10 AGG - AGA 1413G-A Warnich et al. 1992
Ex11 CCC-CCT 1617C-T Leren et al. 1992
Ex12 CTC-CTT 1725C-T Yamakawa et al. 1993
Ex12 AAT - AAC 1773T-C Chaves et al. 1991
Ex13 GTC-GTT 1959C-T Hobbs et al. 1987
NR1H2 Ex3 AGC - AGT 297C-T
S-1-pP Ex11 CCCc-CCT 1317C-T
Ex11 CTC-CTT 1407C-T
In23¢ G- A IVS23+7G - A©
SCAP Ex15 ATC - ATA 2031C-A
Ex20 TCG-TCT 3321G-T
SREBF-1 In18a¢ G-A IVS18a-10G - A
In18c C-T IVS18c-3C-T
SREBF-2 Ex1 CTG-CTA 75G A
Ex10¢ GCC-GCT 1782C-T Identified in A-A control sample
Ex18 CAT - CAC 3105T-C
Ex18 CGG - AGG 3175C-A
Ex19 CTG-TTG 3316C-T

“The reference is included for SNPs that were described previously.

PThe A of the initiator ATG is counted +1. Only coding sequence is counted.

“Intron mutation (IVS = intervening sequence) is designated by intron number and nucleotide number counted from splice donor site
(positive number) or from splice acceptor site (negative number) (Antonarakis 1998).

9Not detected by GeneChip probe arrays. SNPs = Single nucleotide polymorphisms.
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tion is an important determinant of plasma lipopro-
tein levels (Austin et al. 1987; Perusse et al. 1989; Heller
et al. 1993). Second, the metabolism of lipids and lipo-
proteins has been studied in considerable detail, and
many of the key genes involved have been cloned and
extensively characterized. Because each of the 10 genes
examined in this study has a clearly defined role in
lipid metabolism, and because all of the 80 individuals
screened had a familial lipid disorder, it is surprising
that the only DNA sequence variants identified that
were clearly associated with altered plasma lipoprotein
levels were rare mutations in LDLR.

The simplest interpretation of this finding is that
sequence polymorphisms in coding regions of these
genes are not a common cause of dyslipidemia. This
interpretation is tempered by the fact that dyslipid-
emia is a heterogeneous entity, and that each specific
type of dyslipidemia (e.g., familial combined hyperlip-
idemia) was present in only a minor subset of the in-
dividuals in the study. Nonetheless, at least 25 of the
individuals in the study had increased plasma LDL
concentrations, and at least 26 others had increased
plasma triglyceride concentrations. Therefore, it is very
likely (>90 %) that any allele present in 10 % or more
of individuals with these characteristics would have
been detected in this study.

A second possibility is that common polymor-
phisms conferring susceptibility to dyslipidemia are
present in these genes but were either not detected by
the GeneChip probe array method or were in regions
of the genes (promoter or introns) not screened in this
study. Few promoter polymorphisms have been asso-
ciated with Mendelian dyslipidemias, but common
polymorphisms in the 5’ flanking sequences of the
genes encoding hepatic lipase (LIPC) and cholesterol
7a-hydroxylase have been associated with variation in
the plasma concentrations of HDL-cholesterol and
LDL-cholesterol, respectively (Guerra et al. 1997; Wang
et al. 1998). Therefore, further screening of the non-
coding regions of the candidate genes may reveal se-
quence polymorphisms that are associated with dyslip-
idemia.

A third possibility is that the polymorphisms iden-
tified in this study have little influence on plasma li-
poprotein levels when considered individually, but
that the inheritance of a combination of deleterious
alleles confers susceptibility to dyslipidemia. Analysis
of the joint effects of DNA sequence variants requires
very large sample sizes and was not possible in this
study. However, because conditions such as hypercho-
lesterolemia and hypertriglyceridemia are relatively
common and clinically well recognized, it is quite fea-
sible to assemble large collections of individuals with
homogeneous lipoprotein phenotypes. The applica-
tion of high throughput genotyping methods to such
cohorts may help to define the combinations of poly-

morphisms that act together to create the phenotype
of complex diseases such as hyperlipidemia and ath-
erosclerosis.

The least polymorphic of the coding sequences
screened was SREBF1, a transcription factor that plays a
central role in the hepatic regulation of cholesterol and
triglyceride metabolism (Brown and Goldstein 1997)
and adipocyte differentiation (Tontonoz et al. 1993;
Shimomura et al. 1999). The gene with the second low-
est frequency of sequence variation was HMGCR,
which encodes a rate-limiting enzyme of cholesterol
biosynthesis. The low frequency of sequence polymor-
phism in these two genes may be related to selection
pressure, although we cannot exclude the possibility
that regional differences in sequence variation and/or
genetic drift are contributing factors.

The most polymorphic coding sequence was
found in LDLR. Selection bias may have contributed to
the high frequency of sequence variation in LDLR as
mutations abolishing LDLR function almost invariably
cause hypercholesterolemia (Goldstein et al. 1995). Ac-
cordingly, it is likely that mutations causing more
subtle impairment of LDLR function may confer sus-
ceptibility to increased plasma LDL concentrations. Al-
though linkage studies have indicated that polymor-
phisms in LDLR account for little of the variation in
LDL-cholesterol concentrations in the general popula-
tion (Wang et al. 1998), such polymorphisms may be
more prevalent in a sample selected for high plasma
cholesterol levels, like the one analyzed in this study.

Two new subjects with FH were identified here. In
one subject, previous screening of the LDLR gene by
SSCP did not reveal mutations. After the mutation was
identified by GeneChip probe arrays and confirmed by
conventional sequencing, it was reassessed by SSCP,
and, again, the sequence variant was not detected. Al-
though it was not uncommon for a sequence variant to
be detected under one SSCP condition and not the
other, this particular LDLR mutation was the only vari-
ant identified in the GeneChip probe array analysis
that did not generate an abnormally migrating band in
either of the two SSCP conditions employed in this
study.

The high density GeneChip probe array method is
very efficient at the detection of more common se-
quence variations. These polymorphisms, which were
often classified as C or L, had confirmation rates that
were similar to the two other larger studies that used
high density GeneChip probe arrays for SNP detection
(Cargill et al. 1999; Halushka et al. 1999). A major dif-
ference between earlier studies and the current study
was that we included the SNPs classified as P in our
analysis. Sequence variations classified by GeneChip
probe arrays as P were much more common than those
classified as C or L, but were also much less likely to be
confirmed. The SNPs classified as P comprised almost
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half of the confirmed SNPs in this study, including all
of the rare nonsynonymous mutations. Therefore, SNP
detection by GeneChip probe arrays may be less reli-
able for detecting rare mutations in individual samples
than for detecting common polymorphic sites.

METHODS

Subjects

A primary population that consisted of 80 unrelated subjects
was screened. Then, the sequence variants identified in these
subjects were analyzed in genomic DNA from 50 unrelated
normolipidemic controls (25 Caucasians and 25 African-
Americans), and a subset was screened in 50 individuals with
hypercholesterolemia (plasma cholesterol >90'" percentile
compared with age- and sex-matched controls), in 50 indi-
viduals with hypertriglyceridemia (plasma triglyceride level
>350 mg/dL), and in 50 individuals with noninsulin-
dependent diabetes. The 80 primary subjects included pro-
bands from 61 families identified in the Lipid Clinic at
Parkland Memorial Hospital or as part of a large family study
of dyslipidemias. All available relatives of the probands com-
pleted a detailed medical questionnaire and were examined
for the presence of tendon or cutaneous xanthomas. After
obtaining of informed consent, fasting venous blood was col-
lected and kept at 4°C until the plasma was isolated. The
plasma cholesterol and triglyceride levels were measured by
use of enzymatic assays (Guerra et al. 1997) and the lipopro-
tein levels were determined by B-quantification (S. Grundy,
Univ. of Texas Southwestern Medical Center). Age- and sex-
specific percentile values for plasma lipid and lipoprotein
concentrations were calculated with data from the National
Health and Nutrition Education Survey (NHANES) III sur-
vey (http://www.cdc.gov/nchs/about/major/nhanes/
resrchact.htm). The dyslipidemias were classified into catego-
ries on the basis of the lipoprotein profile of the proband and,
when available, family members. The criteria for diagnosis of
familial combined hyperlipidemia (n = 13), familial hypertri-
glyceridemia (n = 8), polygenic hypercholesterolemia
(n =10), and familial type V (n = 5) are as described (Goldstein
et al. 1972). The descriptive term familial was used in cases
where at least three first-degree relatives had similar lipopro-
tein patterns. The terms hypoalphalipoproteinemia (n = 4),
hyperalphalipoproteinemia (n = 5), and hypobetalipoprotein-
emia (n = 5) were used to describe lipoprotein levels that were
less than the 10'™ or greater than the 90" percentile when
compared with age- and sex-matched controls. Genomic DNA
was isolated from either the white blood cells or transformed
lymphocytes (Louie and King 1991).

GeneChip probe array analysis was also performed on 19
genomic DNA samples isolated from cultured skin fibroblasts
donated to the Department of Molecular Genetics (J. Gold-
stein, M. Brown, and H.H. Hobbs). Twelve of these samples
were from probands with presumed autosomal recessive hy-
percholesterolemia, who had marked elevations in plasma
cholesterol, tendon xanthomas, and normolipidemic parents
(Khachadurian and Uthman 1973; Sirtori et al. 1991; Zuliani
et al. 19995). In addition, subjects with each of the following
disorders were analyzed: (1) severe hypercholesterolemia
(2000 mg/dL), bony lesions, and liver disease of unknown
etiology (n=1); (2) hypolipidemia (cholesterol level of 100
mg/dL, triglyceride level of 45 mg/dL), and xanthomatosis
(n=1); (3) type III hyperlipidemia that does not cosegregate
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with apoE (Giroux et al. 1997) or that has an atypical lipo-
protein profile (n =7); (4) nonalcoholic steatohepatitis
(n=1); (5) FH that does not respond to HMG-CoA reductase
inhibitors (n=1); (6) congenital generalized lipodystrophy
(n=1); and (7) multiple symmetric lipomatosis (n =1; Enzi
1984). A 41-yr-old man with diet-responsive hypercholester-
olemia was also included in the study. His plasma LDL-
cholesterol level fell dramatically after eating a low-fat diet for
1 month (from 596 mg/dL to 247 mg/dL). His LDL-cholesterol
level continued to fall on a low-fat diet, and then stabilized
between 86 and 114 mg/dL. Upon challenge with a high-fat
diet for 5§ days per week for 4 weeks, his LDL-cholesterol rose
to 267 mg/dL. The patient was homozygous for the ApoE3
allele and had no detectable circulating B-sitosterol (P. Barton
Duell, pers. comm.).

The ethnic composition of the probands was as follows:
10 Hispanics, 1 Asian Indian, 1 American Indian, 1 African-
American, 1 Ashkenazi Jews, 1 Sephardic Jew, 1 Arab, and the
remainder of the sample were non-Jewish Caucasians.

PCR Amplification of Coding Regions
in Candidate Genes

The sequences of most genes included were available from
GenBank. If the intron sequences were not available, we ob-
tained plasmid or bacterial artificial chromosome clones and
used PCR to amplify the introns. Sufficient intron sequence
was obtained to design primers for the amplification of the
exons with flanking dinucleotide consensus sequences. Op-
positely oriented 25-base amplification primers complemen-
tary to the flanking intron sequences of the candidate genes
were used to amplify the exons and adjacent splice junction
sites of the candidate genes. Oligonucleotide sequences are
available on request. After optimization of the PCR conditions
for each amplicon, the exons of each gene were amplified for
all 80 genomic DNA samples. Each amplification product was
subjected to agarose gel electrophoresis and visualized after
ethidium bromide staining to assess the integrity and concen-
tration of the fragment. Aliquots containing [0.3 pmoles of
each fragment from a given subject were pooled and sent to
Affymetrix for GeneChip probe array analysis.

Hybridization to 80 GeneChip Probe Arrays

For sequence analysis by GeneChip probe arrays, 1-2 pg of the
pooled PCR products from each subject was purified by use of
Qiaquick Purification kits (Qiagen) and then fragmented by
use of DNase (Promega). The fragments were biotinylated and
denatured prior to hybridization to the chip for 15 h at 44°C
in a buffer containing tetramethylammonium chloride as de-
scribed (Wang et al. 1998). Hybridization patterns were ana-
lyzed by Affymetrix software to detect SNPs (Chee et al. 1996).

Each detected SNP was assigned a graded level of cer-
tainty: C, L, or P. When the same SNP scored as C in some
samples but L in other samples, the SNP was classified as CL
(or LP for SNPs that were scored as likely or possible).

Verification of SNPs Detected by GeneChip Probe
Array Analysis

Each SNP identified by GeneChip probe array sequencing was
examined by SSCP (Orita et al. 1989). *?P-labeled PCR prod-
ucts containing the putative SNPs were denatured, and the
single-stranded fragments were electrophoresed for 20 h at
350 V on two different nondenaturing gels: (1) 7% polyacryl-
amide in 2 X Tris Borate EDTA buffer (TBE) and 10% (vol/vol)
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glycerol, and (2) 0.5x MDE (BioWhittaker), 0.6 x TBE. If an
abnormally migrating band was identified by SSCP, the cor-
responding PCR product was sequenced by use of an ABI 377
automated sequencer (Applied Biosystems). If no aberrantly
migrating band was detected using SSCP, a fragment contain-
ing the putative SNP was PCR amplified from a representative
individual and sequenced. SSCP or restriction endonuclease
analysis was used to evaluate the segregation of the polymor-
phism in the families of the probands and to screen normo-
lipidemic and hyperlipidemic subjects.

Calculations

To obtain an estimate of nucleotide diversity, the normalized
numbers of variant sites (6) was calculated by dividing the
number of observed nucleotide changes by the length (base-
pairs) of the sequence and correcting for sample size (n) as
described (Li 1997).
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