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Homozygosity for mutations in ABC transporter A1 (ABCA1) causes Tangier disease, a rare HDL-deficien-
cy syndrome. Whether heterozygosity for genetic variation in ABCA1 also contributes to HDL cholesterol 
(HDL-C) levels in the general population is presently unclear. We determined whether mutations or single-
nucleotide polymorphisms (SNPs) in ABCA1 were overrepresented in individuals with the lowest 1% (n = 95) 
or highest 1% (n = 95) HDL-C levels in the general population by screening the core promoter and coding 
region of ABCA1. For all nonsynonymous SNPs identified, we determined the effect of genotype on lipid 
traits in 9,259 individuals from the general population. Heterozygosity for ABCA1 mutations was identified 
in 10% of individuals with low HDL-C only. Three of 6 nonsynonymous SNPs (V771M, V825I, and R1587K) 
were associated with increases or decreases in HDL-C in women in the general population and some with 
consistent trends in men, determined as isolated single-site effects varying only at the relevant SNP. Finally, 
these results were consistent over time. In conclusion, we show that at least 10% of individuals with low 
HDL-C in the general population are heterozygous for mutations in ABCA1 and that both mutations and 
SNPs in ABCA1 contribute to HDL-C levels in the general population.

Introduction
Tangier disease is a rare recessive disorder characterized by almost 
complete absence of HDL particles in plasma, accumulation of 
cholesterol esters in macrophage-rich tissues, and increased sus-
ceptibility to atherosclerosis (1). The molecular basis for Tangier 
disease has recently been established as homozygosity for defects 
in ABC transporter A1 (ABCA1) (2–4). The recognition of ABCA1 
mutations as the molecular basis for Tangier disease and the 
milder heterozygous form, familial hypoalphalipoproteinemia, 
has contributed substantially to the understanding of the nor-
mal function of ABCA1 as a key transporter of cellular cholesterol 
across cell membranes to acceptor molecules in plasma such as 
apoAI. Thus, ABCA1 influences the initial steps in HDL formation 
and in reverse cholesterol transport, potentially important for the 
development of atherosclerosis (5–7).

Twin and family studies suggest that about 50% of the variation 
in HDL cholesterol (HDL-C) levels is genetically determined (8, 9). 
Although defects in several genes such as APOAI, APOE, lipoprotein 
lipase, hepatic lipase, lechitin cholesterol acyltransferase, and cholesteryl 
ester transfer protein all are known to influence HDL-C levels (10), 
these defects account for only a small proportion of genetic varia-
tion in HDL-C. Because ABCA1 is crucial in the initial step of 
HDL formation and in reverse cholesterol transport, and because 
ABCA1 mutations in the homozygous form cause a rare HDL-
deficiency syndrome, heterozygosity for mutations (rare allele fre-
quency ≤ 1%) and single-nucleotide polymorphisms (SNPs; rare 

allele frequency > 1%) in ABCA1 may also affect plasma HDL-C 
levels in the general population.

We tested the following hypotheses: (a) heterozygosity for muta-
tions in ABCA1 is overrepresented in individuals with low HDL-C; 
(b) frequencies of SNPs in ABCA1 tend to differ between individ-
uals with low and high HDL-C levels; (c) SNPs in ABCA1 affect 
HDL-C levels in the general population. To increase the likelihood 
of identifying genetic variation with significant effects on HDL-C 
levels, we used a systematic approach. We screened the core pro-
moter and all 50 exons of ABCA1 (Ν17 kb) in individuals with the 
lowest 1% (n = 95) and highest 1% (n = 95) HDL-C levels for age and 
sex from an ethnically homogeneous general population sample, 
The Copenhagen City Heart Study (n = 9,259). All nonsynony-
mous SNPs thus identified were genotyped in the entire general 
population sample, the effect on lipid and lipoprotein levels was 
determined as overall effects (regardless of variation at the other 
sites) and as isolated single site effects (genotypes differing only at 
the relevant SNP), and finally the results were verified at 2 exami-
nations 10 years apart.

Results
Characteristics of participants. Characteristics of individuals in the 
low HDL-C group, the high HDL-C group, and the entire general 
population sample are shown in Table 1. Individuals in the low 
HDL-C group had lower apoAI levels, higher triglyceride levels, 
and were more obese than individuals in the high HDL-C group 
or in the general population (Table 1).

Allele frequencies. A total of 51 genetic variants were identified. 
Allele frequencies of the 30 genetic variants identified in regula-
tory and transcribed parts of ABCA1 ranged from 1 of 380 alleles 
(0.003) to 141 of 380 alleles (0.37) in the low and high HDL-C 
groups (Table 2). Seventeen SNPs (allele frequencies > 1%) were 
identified in both HDL-C groups, and the most common of these 
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ing high-performance liquid chromatography; HDL-C, HDL cholesterol; LD, linkage 
disequilibrium; SNP, single-nucleotide polymorphism.
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have been reported previously. The frequencies of 3 of these SNPs 
differed significantly (V771M, P = 0.04; T1427, P = 0.02) or were 
borderline (R1587K, P = 0.12) between individuals with the low-
est 1% and highest 1% HDL-C levels. Of the 13 mutations (allele 
frequencies ≤ 1%), 9 were identified exclusively in individuals with 
the lowest 1% HDL-C levels (Table 2). Allele frequencies of the 22 
intron variants ranged from 1/190 alleles (0.5%) to 40/190 alleles 
(21%) (see Supplemental Table 2; supplemental material available 
at http://www.jci.org/cgi/content/full/114/9/1343/DC1).

Allele frequencies of the 6 nonsynonymous SNPs (R219K, 
V771M, V825I, I883M, E1172D, R1587K) that were genotyped in 
the total general population sample ranged from 0.03 (V771M and 
E1172D) to 0.26 (R219K) (Table 2).

Genetic variation in the core promoter and 5′ untranslated region. 
Five SNPs and 1 mutation were identified in the core promoter 
and 5′ untranslated region (5′ UTR) of exons 1 and 2 (Table 2). 
The –205G→T mutation, which has not 
been reported previously, was identified 
in 2 individuals with the lowest 1% HDL-C 
levels. By contrast, the 5 SNPs have already 
been reported (11–14); none of these dif-
fered in frequency between individuals with 
low and high HDL-C.

SNPs in coding regions. Twelve SNPs were 
identified in coding regions of the gene, 
6 of which resulted in amino acid substi-
tutions (Table 2). R219K, V771M, V825I, 
I883M, E1172D, and R1587K all substitute 
similar amino acids. R219K and R1587K 
are located in the 2 major extracellular 
loops of the ABCA1 protein, important for 
the interaction with apoAI and for choles-
terol efflux, whereas V771M, V825I, I883M, 
and E1172D are located in the middle part 
of the protein corresponding to the fifth 
and sixth transmembrane α-helix, the sev-
enth hydrophobic segment (H7), and the 
first regulatory segment (R1), respectively 
(Table 2, Figure 1). V771M was more fre-
quent in the high HDL-C group (P = 0.04), 
whereas R1587K tended to be overrepre-
sented in the low HDL-C group (P = 0.12). 

The amino acid residues affected by 
these 6 nonsynonymous SNPs are 
situated in highly conserved (V771, 
V825, E1172, R1587) or less-con-
served (R219, I883) areas of ABCA1 
and are either completely conserved 
between species (V771, E1172) or 
vary between 2 (R219, V825, R1587) 
or more (I883) similar amino acids 
(Figure 2). All 6 nonsynonymous 
SNPs are common and have been 
reported previously (13–17).

The remaining 6 SNPs in the coding 
region of ABCA1 did not substitute an 
amino acid. T1427 was significantly 
more frequent in the high HDL-C 
group (P = 0.02), most likely due to 
negative linkage disequilibrium (LD) 

with R1587K (see Supplemental Table 3). The least frequent of 
these SNPs, T1512, is new, while L158, P312, G316, I680, and 
T1427 have been reported by others (13–16).

Mutations in coding regions. Twelve mutations were identified in 
coding regions of the gene, 6 of which introduced amino acid 
substitutions and 1 a premature stop-codon (Table 2): S364C 
introduces a cysteine that allows the formation of disulfide 
bonds; T774P, P1065S, and G1216V introduce a shift between 
polar and nonpolar side chains; K776N and N1800H introduce a 
shift between basic and uncharged polar side chains; and R2144X 
results in a truncated protein lacking the C terminal 118 amino 
acids (Table 2). S364C is situated in the first extracellular loop 
known to be important for the interaction with apoAI and thus 
for cholesterol efflux (18, 19) (Table 2 and Figure 1). P1065S is 
located 8 amino acids downstream of the Walker B motif of the 
first ABC, and G1216V is in the R1 segment of the large central 

Table 1
Characteristics of individuals from the general population with the lowest 1% and highest 1% 
HDL-C levels and of the total general population sample

 Low HDL-C  High HDL-C  General population 
 (n = 95) (n = 95) (n = 9,123)
 Women Men Women Men Women Men
Age (yr) 55 ± 2.9 55 ± 2.9 55 ± 2.7 57 ± 2.8 59 ± 0.2 57 ± 0.2
Sex (%) 50 50 51 49 55 45
Total cholesterol (mmol/l) 5.9 ± 0.2 6.2 ± 0.4 6.6 ± 0.2 6.0 ± 0.1 6.3 ± 0.02 6.0 ± 0.02
apoB (mg/dl) 94 ± 3.7 82 ± 3.2 67 ± 3.4 63 ± 2.3 86 ± 0.3 86 ± 0.3
HDL-C (mmol/l) 0.8 ± 0.02 0.6 ± 0.02 3.3 ± 0.07 2.9 ± 0.08 1.7 ± 0.01 1.4 ± 0.01
apoAI (mg/dl) 98 ± 2.5 87 ± 2.8 212 ± 5.1 196 ± 3.7 151 ± 0.4 130 ± 0.4
Triglycerides (mmol/l) 3.1 ± 0.3 4.6 ± 0.5A 1.7 ± 0.5 1.2 ± 0.08 1.7 ± 0.02 2.1 ± 0.03
BMI (kg/m2) 27 ± 0.6 28 ± 0.8 23 ± 0.5 24 ± 0.5 25 ± 0.07 26 ± 0.06

Values are mean ± SEM. ASix extreme outliers (triglycerides > 20 mmol/l) were excluded.

Figure 1
Topological model of ABCA1 according to Fitzgerald et al. (18). The amino acid substitutions 
identified in the present study are superimposed (SNPs are underlined, mutations are in bold). 
Location of the variants is deduced from ref. 18. ABC transporters are composed of 4 parts: 
2 membrane-integral domains (H1–H6 and H8–H12 + H14), each of which spans the mem-
brane 6 times, and 2 ATP-hydrolyzing domains (ABCs), which contain the highly conserved 
Walker A (GXXGXGKS/T) and B motifs (hhhhD; h, hydrophobic amino acid) connected by an 
ABC family–specific signature motif (LSGGQQ/R/KQR) (38). H1–H13, hydrophobic segment 
1 to 13; R1 and R2, regulatory segments 1 and 2. Asterisks indicate new mutations identified 
in the present study.
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regulatory region rich in polar and charged residues. These 3 muta-
tions have not been described previously. T774P, K776N, N1800H, 
and R2144X have been reported by others (15, 20–22); T774P and 
K776N are located in the fifth transmembrane α-helix;  N1800H 
in the fifth intracellular loop; and R2144X in the intracellular C 
terminus (Table 2, Figure 1).

The amino acid residues affected by these 7 mutations are 
situated in highly conserved areas of the ABCA1 protein and are 
themselves completely conserved between species (human, mouse, 
rat, chicken), with the exception of T774, which varies between 
similar amino acids (T→S) (Figure 2). Six of these amino acids 
(again except T774) are also relatively conserved between most 
human ABCAs, either due to the presence of identical residues 

(S364, P1065) or the presence of hydrophilic amino acids (K776, 
G1216, N1800) (Figure 3). The high degree of conservation sug-
gests that these amino acid residues are important for normal 
function of the ABCA1 protein.

In the present study, 6 of the 7 mutations (except T774P) were 
identified only in individuals (n = 9) with low HDL-C (Table 2). 
Characteristics of these individuals are shown in Table 3. HDL-C  
levels ranged from 0.5 mmol/l to 1.0 mmol/l and apoAI levels 
from 66 mg/dl to 100 mg/dl. Triglycerides were increased (≥ 2.2 
mmol/l) in 6 of 9 mutation carriers. Four unrelated individuals 
were heterozygous for mutations previously identified in Tangier 
disease (N1800H; n = 3) or in familial hypoalphalipoproteinemia 
(R2144X; n = 1). Four had known ischemic heart disease or stroke, 

Table 2
Genetic variation in the core promoter and exons 1–50 of ABCA1 in individuals from the general population with extreme HDL-C levels

Gene Nucleotide  No. of Allele AA  Side chain  Domain Refs. and dbSNP 
region substitutionA alleles frequency residue substitution  ID numbers
  (allele frequency) in general
  Low HDL-C  High HDL-C  population  
  (n = 190) (n = 190) (n = 9,123)
Promoter –413G→C 52 56 – – – Sp1-binding site (12, 13)
Promoter –328C→T 72 69 – – – 13 bp 5′ TATAA (11, 12, 14)
Exon 1 –279C→G 4 8 – – – 5′ untranslated region (12)
Exon 1 –205G→T 2 0 – – – 5′ untranslated region New
Exon 2 –76–(–75)insG 21 19 – – – 5′ untranslated region dbSNP 1799777; (11, 12)
Exon 2 –18G→C 21 19 – – – 5′ untranslated region dbSNP 1800978; (11, 12)
Exon 6 473G→A 41 35 – L158 – Extracellular N-term. loop dbSNP 2230805; (13, 16)
Exon 7 655G→A 42 (0.22) 47 (0.25) 0.26 R219K Basic to basic Extracellular N-term. loop dbSNP 2230806; (13–17)
Exon 9 935C→T 18 14 – P312 – Extracellular N-term. loop dbSNP 2274873; (13, 16)
Exon 9 947G→A 10 19 – G316 – Extracellular N-term. loop dbSNP 2246841; (14, 16)
Exon 10 1090C→G 1 0 – S364C Disulfide bonds Extracellular N-term. loop New
Exon 15 2039C→A 21 19 – I680 – 1st intracellular loop dbSNP 2853579; 
         (13, 14, 16)
Exon 16 2310G→A 1 (0.005) 8B(0.04) 0.03 V771M Nonpolar to  5th transmembrane α-helix dbSNP 2066718; 
      nonpolar   (14, 15)
Exon 16 2319A→C 1 1 – T774P Polar to nonpolar 5th transmembrane α-helix (15)
Exon 16 2327G→C 2 0 – K776N Basic to  5th transmembrane α-helix (15) 
      uncharged polar
Exon 17 2472G→A 10 (0.05) 15 (0.08) 0.06 V825I Nonpolar to  6th transmembrane α-helix dbSNP 4149312; (13–16) 
      nonpolar
Exon 18 2648A→G 23 (0.12) 19 (0.10) 0.12 I883M Nonpolar to H7 dbSNP 2066714; (13–17) 
       nonpolar
Exon 19 2810G→A 1 0 – A937 – WA, 1st ABC  New
Exon 21 2969C→T 1 0 – V990 –  New
Exon 22 3158T→G 2 2 – V1053 – 3-AA N-term. WB, 1st ABC (15)
Exon 22 3192C→T 1 0 – P1065S Nonpolar to polar 8-AA C-term. WB, 1st ABC New
Exon 24 3515G→C 5 (0.03) 6 (0.03) 0.03 E1172D Acidic to acidic R1 (14, 15, 17)
Exon 25 3632A→G 1 2 – E1211 – R1 New
Exon 25 3646G→T 1 0 – G1216V Polar to nonpolar R1 New
Exon 31 4280G→A 11 24B – T1427 – R2 dbSNP 2066716; (13–16)
Exon 32 4535G→T 6 2 – T1512 – R2 New
Exon 35 4759G→A 43 (0.23) 31 (0.16) 0.24 R1587K Basic to basic R2 dbSNP 2230808; (13–16)
Exon 40 5397A→C 3 0 – N1800H Uncharged polar 5th intracellular loop (20, 21) 
       to basic
Exon 46 6182C→T 4 0 – G2061 – 7-AA N-term. WB, 2nd ABC New
Exon 49 6429C→T 1 0 – R2144X Truncation 118-AA N-term. from C-term. (20, 22)

Human mutation nomenclature according to ref. 39. Protein domains according to ref. 18. SNPs: more than 4 allele counts of a total of 380. Mutations: 4 or 
fewer allele counts of a total of 380. ANucleotide 1 denotes A in the start codon ATG in exon 2, corresponding to base position 314 in mRNA sequence  
NM_005502.2. BLow versus high HDL-C: P < 0.05 using Fisher’s exact test. dbSNP, Single Nucleotide Polymorphism database (40); Sp1, specificity factor 1; 
H7, hydrophobic segment 7; WA, Walker A motif; N-term., N-terminal; C-term., C-terminal; WB, Walker B motif; R1 and R2, regulatory segments 1 and 2.



research article

1346 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 9   November 2004

1 of which had died from chronic ischemic heart disease, and 2 
had died recently of unknown causes. The cause of death in 2 other 
individuals was stroke and unspecified heart failure, respectively. 
Only 1 individual had premature ischemic heart disease, and none 
had clinical characteristics of Tangier disease.

The remaining 5 mutations in the coding region of 
ABCA1 did not introduce amino acid substitutions: 
A937, V990, E1211, and G2061 have not been identi-
fied previously, whereas V1053 has been reported by 
others (15) (Table 2).

Pairwise LD between SNPs. Pairwise LD performed for 
all 17 SNPs identified in individuals with low and high 
HDL-C revealed that LD between the promoter and the 
coding SNPs was very weak (Supplemental Table 3), most 
likely due to the fact that the human ABCA1 gene spans 
a genomic sequence of 150 kb. The nature of this LD 
structure justifies that estimation of haplotype frequen-
cies is performed separately for the coding region. Strong 
pairwise LD was present in the coding region of ABCA1 
for the following nonsynonymous SNP pairs: R219K 
with V771M (+LD) and V825I (–LD), V771M with V825I 
(–LD) and I883M (–LD), V825I with I883M (+LD), and 
E1172K with R1587K (+LD) (Table 4).

Haplotype analysis. Haplotype analysis of the 6 non-
synonymous SNPs estimated that 7 of 17 haplotypes 
accounted for more than 97% of all haplotypes in the 
low HDL-C group and about 91% of all haplotypes in the 
high HDL-C group (Table 4). The global haplotype fre-
quencies were significantly different between individu-
als with low and high HDL-C (P = 0.01). When specific 
haplotypes were examined, the unambiguous haplotype 
with the rare A allele at position 4759 (R1587K), which 
only differed at this position from the most common 
haplotype (GGGAGG), was significantly more frequent 
in the low HDL-C group than in the high HDL-C group 
(P = 0.0002), while the 2 haplotypes with the rare A allele 
at position 2310 (V771M), taken together, were less fre-
quent in the low HDL-C group than in the high HDL-C 
group (P = 0.02) (Table 5).

Association of nonsynonymous SNPs with variation in lipid 
levels in the general population. We genotyped the total gen-
eral population sample for all 6 nonsynonymous SNPs in 
ABCA1. When corrected for multiple comparisons, geno-
type frequencies did not differ from those predicted by 

the Hardy-Weinberg equilibrium.
Overall effects (regardless of variation at the other 5 sites) 

for the 6 nonsynonymous SNPs on HDL-C levels are presented 
separately for each gender in Figure 4 (left panels). ANOVAs 
that fulfill a Bonferroni-corrected 2-sided significance level of  

Figure 2
Alignment of ABCA1 between species. Human ABCA1 (NP_
005493.2) and the orthologous murine (NP_038482.1), rat 
(NP_835196.1), and chicken (AAL56247.1) protein sequenc-
es were aligned with the ClustalW program (http://www.ebi.
ac.uk/clustalw/). Selected parts of the protein with the iden-
tified amino acid substitutions are marked in underscored 
(SNPs) and bold (mutations), respectively. Underscored 
amino acids (VVILD) at residues 1053–1057 mark the 
Walker B domain. At residue 1587, K (A allele) is reported to 
be the WT in humans (GenBank protein accession number 
NP_005493.2). In this study, R (G allele) is the most common 
amino acid, and similar results have been reported by others 
(29). Asterisks indicate identical amino acid residues in all 
sequences aligned.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 9   November 2004 1347

P < 0.0083 were considered significant (marked with an asterisk in 
Figures 4–6). In women, V825I genotype was associated with sig-
nificant increases in HDL-C of 0.08 mmol/l (GG versus GA+AA,  
P = 0.0005), and similar trends were found for V771M and E1172D 
(V771M: GG versus GA+AA, P = 0.02; E1172D: GG versus GC+CC, 
P = 0.05) (Figure 4, left panels). Due to the relatively low num-
ber of homozygous mutants, heterozygotes and homozygotes 
were pooled for some SNPs. In both women and men, R1587K 
genotype tended to decrease HDL-C (women: ANOVA: P = 0.02, 
post hoc test: GG versus AA, P = 0.02, ΔHDL-C = –0.07 mmol/l; 
men: ANOVA: P = 0.03, post hoc test: GG versus GA, P = 0.008,  
ΔHDL-C = –0.04 mmol/l) (Figure 4, left panels).

To ensure that the above effects were not dependent on LD with 
other SNPs, we tested the isolated single site effect of each spe-
cific SNP by comparing the 6 SNP genotypes that differed only 
at the SNP of interest, or for V825I at the SNP of interest and at 
the R219K site, since R219K did not affect HDL-C levels (Figure 
4, right panels). Using this approach, the analyses became more 
accurate, although the number of individuals included decreased 
substantially, between 2-fold and 16-fold. In women, V825I was 
associated with increases in HDL-C of 0.15 mmol/l (V825I: GG 
versus GA, P = 0.008), with a similar trend for V771M (GG versus 
GA+AA, P = 0.009) (Figure 4, right panels). R1587K was associ-
ated with a stepwise decrease in HDL-C in women of 0.07 mmol/l 
and 0.11 mmol/l in heterozygotes and homozygotes, respectively 
(ANOVA: P = 0.007; post hoc tests: GG versus GA, P = 0.006, and 
GG versus AA, P = 0.08), and with a similar trend in men (ANOVA: 
P = 0.07; post hoc test: GG versus GA, P = 0.04, ΔHDL-C= –0.05 
mmol/l) (Figure 4, right panels).

To further verify these effects on HDL-C, we retested all 6 nonsyn-
onymous SNPs on HDL-C measured 10 years earlier at the second 
examination of the Copenhagen City Heart Study (1981–1984). 
Figure 5 shows the isolated single site effects of 6 SNP genotypes 
corresponding to Figure 4 (right panels), but now further extended 
with HDL-C from the 1981–1984 examination and with apoAI 
measurements from the 1991–1994 examination. Figure 5 empha-
sizes that in women V771M and V825I are associated with increases 
in HDL-C and with similar trends in apoAI, while R1587K is associ-
ated with stepwise decreases in HDL-C and apoAI in women, and 

with similar trends in men. These associations were all consistent 
over time although P values changed slightly.

To ensure that optimal statistical power was gained from test-
ing samples obtained from the same individuals at independent 
time points, repeated measures ANOVA was performed on the 
2 measurements of HDL-C from the second (1981–1984) and 
third (1991–1994) examinations, respectively, of the Copen-
hagen City Heart Study (Figure 6). Estimated marginal means 
for the 2 HDL-C measurements as a function of SNP genotypes 
(isolated single site effects) are presented in Figure 6. The data 
show essentially the same as Figure 4 (right panels) and Figure 
5, although the number of individuals in the analyses were sub-
stantially reduced to those who participated in both the second 
and third examinations.

In contrast, there were no consistent, overall, isolated single site 
or time consistent effects on HDL-C for R219K, I883M, or E1172D 
in either sex (Figures 4–6). Finally, none of the 6 nonsynonymous 
SNPs examined were associated with variation in levels of total 
cholesterol, triglycerides, or apoB (data not shown).

Discussion
With the aim to identify genetic variation in ABCA1 affecting 
HDL-C levels, we used a systematic approach in which we screened 
the core promoter and all 50 exons of ABCA1 in 190 individuals 
with extreme HDL-C levels selected from a large sample of the 
general population (n = 9,259). We subsequently genotyped the 
entire general population sample for the 6 nonsynonymous SNPs 
identified, and determined the effect of these SNPs on lipid, lipo-
protein, and apolipoprotein levels as single sites and as combined 
genotypes differing only at the relevant SNP. Finally, we verified 
the results at 2 different examinations 10 years apart.

Novel observations in this study include the following: (a) we 
identified 3 new missense mutations that the evidence strongly 
suggests are associated with hypoalphalipoproteinemia; (b) 
we showed that 4 of 9 individuals heterozygous for mutations 
associated with low HDL-C carry 1 or the other of 2 mutations 
previously identified in families with Tangier disease or familial 
hypoalphalipoproteinemia; (c) we demonstrated that 10% (9 of 
95) of individuals in the general population with low HDL-C are 

Table 3
Characteristics of individuals heterozygous for rare ABCA1 mutations identified in individuals with low HDL-C 

Amino  6-SNP genotypeA Gene  Sex Age TC  apoB  HDL-C  apoA1  TG  Age at  Age at  Age at  Cause 
acid   region   (mmol/l) (mg/dl) (mmol/l) (mg/dl) (mmol/l) onset  first  death of 
residue          of IHD stroke  death
S364C AA GG GG AG GG GG Exon 10 M 71 3.2 56 0.6 77 1.6   77 StrokeB

K776N GG GG GG AA GG GA Exon 16 M 48 4.6 57 0.5 84 6.7    
K776N GA GG GG AA GG GG  Exon 16 M 57 5.3 98 0.6 66 1.6 47  58 IHDC

P1065S GG GG GG AA GG GG Exon 22 F 77 6.0 97 0.8 98 4.5  68  
G1216V GG GG GG AA GG GG Exon 25 M 74 5.5 88 0.5 95 6.6 71  83 NA
N1800H GG GG GG AA GG GG Exon 40 F 81 6.2 104 1.0 92 1.3  86 91 NA
N1800H GG GG GG AA GG GA Exon 40 F 63 6.5 108 0.7 87 4.1    
N1800H GG GG GG AA GC GA Exon 40 M 60 4.5 74 0.6 100 5.3   66 Heart  
             failureD

R2144X GG GG GA AG GG GG Exon 49 F 54 4.8 72 0.7 77 2.2    

AThe WT 6-SNP genotype is GG GG GG AA GG GG, representing the 6 nonsynonymous SNPs present in ABCA1 in the following order: R219K (G→A),  
V771M (G→A), V825I (G→A), I883M (A→G), E1172D (G→C), and R1587K (G→A). BCauses of death: unspecified stroke, aortic valve stenosis, and gener-
alized and unspecified atherosclerosis. CCauses of death: chronic ischemic heart disease, old myocardial infarction, and hypertensive heart disease.  
DUnspecified heart failure, pulmonary edema, and alcohol abuse. TC, total cholesterol; TG, triglycerides; IHD, ischemic heart disease.
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heterozygous for mutations in ABCA1; (d) we showed that the 
minimum frequency of rare mutations in ABCA1 associated with 
hypoalphalipoproteinemia in the general population is about 1 in 
1,000, or considerably higher than previously assumed; (e) we dem-

onstrated that common nonsynonymous SNPs and haplotypes 
harboring these SNPs may segregate differently in individuals 
from the general population with low and high HDL-C levels; 
(f) and finally, we demonstrated that 3 of 6 nonsynonymous 
SNPs affect HDL-C and apoAI levels in the general population 
and that these results were consistent over time.

SNPs in coding regions. The present systematic screening 
approach of individuals with extreme HDL-C levels has proven 
to be sensitive not only in detecting ABCA1 mutations with 
strong functional consequence, but also in the detection of SNPs 
that affect HDL-C levels, illustrated by differential segregation 
of some of the functional SNPs in groups with extreme pheno-
types. These findings are supported by previous observations 
for SNPs in the APOAV gene affecting levels of triglycerides (23). 
Whether one can pick up such a frequency difference between 
extreme phenotype groups depends, however, on the size of the 
study, the frequency of the SNP, the order of magnitude of the 
phenotype effect of the SNP (in casu on HDL-C), and whether 
this effect is equally strong in both genders.

We detected all previously reported SNPs in the coding region 
and core promoter of the gene as well as a new synonymous SNP 
(T1512) and ten new SNPs in introns. The T1512 SNP was the 
least frequent of the 12 SNPs identified in the coding region, 
suggesting that we did not overlook any important SNPs.

In women in the general population, the 2 relatively rare 
SNPs, V771M (0.03) and V825I (0.06), were both associated with 
increases in HDL-C of similar magnitude, which were consis-
tent over time. The common SNP, R1587K (0.24), was associ-
ated with stepwise decreases in HDL-C and apoAI in women and 
were consistent over time, with similar trends in men. A recent 
report supports that R1587K affects levels of apoAI (14). Taken 
together, this suggests that the lack of significant association 
in men for V771M and V825I was partly due to less-significant 
effects on HDL-C in men of ABCA1 SNPs in general, in combi-
nation with the very low frequency of these 2 SNPs compared 
with R1587K. The frequencies of the remaining SNPs (R219K, 
I883M, E1172D) did not differ between individuals with low 
and high HDL-C and did not show time-consistent effects on  
HDL-C. Thus, although the rare A alleles of V771M and 
R1587K were both in LD with the rare A and C alleles of R219K 
and E1172D, the high and low HDL-C group frequencies, the 
haplotype data, the isolated single site effects of the SNPs, 

and the time-consistent phenotypic effects clearly show that only 
V771M and R1587K have independent effects on HDL-C levels.

Associations between all identified nonsynonymous ABCA1 SNPs 
and lipid traits have not been reported previously in a large sample 

Figure 3
Alignment of human ABCAs. ABCAs are all full transporters and are 
involved in sterol transport, either tissue specific or more general-
ized. The ABCA11 gene sequence/protein sequence is not avail-
able in Homo sapiens. ABCA1 to ABCA10 and ABCA12 to ABCA13 
Homo sapiens protein sequences, NP_005493.2, NP_001597.1, 
NP_001080.1, NP_000341.1, NP_061142.2, NP_525023.2, 
NP_061985.1, NP_009099.1, NP_525022.2, NP_525021.2,  
NP_775099.2, NP_689914.2, were aligned with the ClustalW pro-
gram (http://ebi.ac.uk/clustalw/). Selected parts of the proteins with 
the identified amino acid substitutions are marked in bold (muta-
tions) and underscored (SNPs), respectively. Asterisks indicate 
identical amino acid residues in all sequences aligned.
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representative of the general population. The initial reports on the 
R219K SNP suggested decreased atherosclerosis and age-dependent 
effects on cholesterol efflux of the K variant (15), but failed to show 
an effect on HDL-C levels. In agreement with this, we and others 
(14) do not find an association between the R219K SNP and HDL-C.  
We further document this for HDL-C levels measured 10 years 
earlier and for apoAI levels both as overall and isolated single site 
effects. Because the early previous studies (15–17) have not taken all 
pairwise LDs of nonsynonymous SNPs throughout the coding part 
of ABCA1 into account, these studies cannot determine whether the 
observed effects are independent or due to LD with other SNPs.

Since the error problem associated with assigning an estimated 
haplotype to a phenotype (in reality the result of 2 haplotypes) 
in haplotype-phenotype algorithms has not been 
solved (14), the present approach to compare 6 SNP 
genotypes that differ only at the SNP of interest is a 
simple way of illustrating which sites are function-
al and which are not. As illustrated in the present 
study, however, this approach requires a very large 
sample size.

Despite the large number of subjects analyzed, 
the biological effect of the nonsynonymous ABCA1 
SNPs on the intermediate phenotype, HDL-C lev-
els, is relatively modest, as would be expected for 
common variants. Thus, most of the genetics con-
tributing to extreme HDL-C levels in the general 
population are due to rare mutations with large 
effects in several different HDL-C genes, to interac-
tions between SNPs in 1 or more genes, or between 
SNPs and environmental factors (such as sex).

Mutations in coding regions. We identified 3 new 
mutations (S364C, P1065S, G1216V) in indi-
viduals with low HDL-C that most likely cause 
familial hypoalphalipoproteinemia due to 3 
important observations: location in important 
functional domains (18, 19, 24); location in 
highly conserved regions as well as total conser-
vation across species at the exact residue; and 
location of previously reported disease-causing 
mutations in close vicinity to and/or of similar 
amino acid changing properties (2–4, 16, 20, 21, 
25–29). The consequence of the S364C muta-
tion is likely to be alteration of protein con-

formation caused by the introduction of a cysteine in the  
N-terminal extracellular loop prone to pair and introduce addi-
tional disulfide bonding (24). The P1065S mutation most likely 
interferes with normal ATP-binding in the first ABC: CFTR and 
ABCR/ABCA4 missense mutations in the corresponding regions 
are know to cause cystic fibrosis and Stargardt disease (30, 31). 
G1216V disrupts a stretch of highly hydrophilic amino acids in 
the R1 segment of the large central regulatory region. Further-
more, the new mutations, S364C, P1065S, and G1216V, were not 
identified in a random sample of approximately 1,500 individuals 
(3,000 alleles) from the general population, suggesting that they 
are indeed rare and restricted to individuals with low HDL-C.

We identified 4 previously reported mutations (T774P, 
K776N, N1800H, R2144X). The K776N mutation — in contrast 
to T774P — was identified only in individuals with low HDL-C  
(n = 2), was completely conserved between species, and was rel-
atively conserved between paralogous human proteins. In the 
corresponding region of the CFTR/ABCC7 gene an R347P muta-
tion (corresponding to residue 764 in ABCA1) segregates with 
cystic fibrosis, and this mutation also substitutes a polar residue 
for an uncharged amino acid (32). The N1800H and R2144X 
mutations that were present in 4 of 9 mutation carriers in the 
low HDL-C group have been reported previously in Tangier 
disease and in familial hypoalphalipoproteinemia, respectively 
(20–22). This suggests that mutations in ABCA1 found in fami-
lies with Tangier disease or familial hypoalphalipoproteinemia 
— in the heterozygote state — may be relatively common causes 
of hypoalphalipoprotenemia in the general population. In the 
present study, we have identified 3 unrelated heterozygous car-
riers of the N1800H mutation among the 95 individuals with 

Table 4
Pairwise LD between all nonsynonymous single nucleotide poly-
morphisms in ABCA1 in the general population (n = 9,123)

 R219K V771M V825I I883M E1172D R1587K
R219K  +0.9A –0.9A +0.3A NS +0.2A

V771M –  –0.8B –1.0A  +0.05B NS
V825I – –  +1.0A NS +0.06B

I883M – – –  +0.2A +0.01A

E1172D – – – –  +1.0A

R1587K – – – – – 

Disequilibrium statistics are reported as D′, ranging from –1.0 to +1.0. 
Plus sign indicates that rare alleles at each locus segregate together. 
Minus sign indicates that the rare allele at 1 locus segregates with the 
common allele at the other locus. AP < 0.0001; BP < 0.01.

Table 5
Estimated haplotype frequencies of all nonsynonymous single nucleotide 
polymorphisms in ABCA1 in individuals from the general population with low  
and high HDL-C levels

 Frequency (95% CI) P values (empirical)
Haplotype Low HDL-C (n = 190) High HDL-C (n = 190) Haplotype specific
GGGAGG 55.6% (48.4–62.9) 65.1% (58.0–72.0) 0.07
GGGAGA 15.3% (10.4–21.2) 4.0% (1.8–8.1) 0.0002
AGGAGG 11.8% (7.4–17.0) 9.2% (5.3–14.0) 0.40
AGGGGG 5.1% (2.6–9.5) 2.0% (0.6–5.3) 0.11
GGAGGG 4.3% (1.8–8.1) 4.2% (1.8–8.1) 1.00
AGGAGA 3.4% (1.2–6.8) 6.0% (2.9–10.1) 0.23
GGGACA 1.7% (0.3–4.5) 0.6% (0.01–2.9) 0.37
AGGGGA 0.7% (0.01 –2.9) 0.6% (0.01–2.9) 1.00
GGAGGA 0.5% (0.01–2.9) 1.4% (0.3–4.5) 0.37
AGGGCA 0.5% (0.01–2.9) 0 0.50
AAGAGG 0.5% (0.01–2.9) 2.6% (0.8–6.0) 0.12
GGAGCA 0.4% (0.01–2.9) 0 0.50
AGAGGG 0 0.5% (0.01–2.9) 0.50
AGAGGA 0 1.3% (0.1–3.8) 0.25
AAGACA 0 1.6% (0.3–4.5) 0.12
Global   0.01

Haplotypes of all nonsynonymous single nucleotide polymorphisms in the following order 
(left to right): R219K (G→A), V771M (G→A), V825I (G→A), I883M (A→G), E1172D  
(G→C), and R1587K (G→A). Haplotypes are ranked according to frequency in the low 
HDL-C group. The GGGAGA haplotype differs from the most common haplotype only at 
the R1587K (G→A) position underlined. The A allele of V771M (G→A) is present only in 2 
haplotypes: AAGAGG and AAGACA. Taken together, these haplotypes are more frequent 
in the high HDL-C group (P = 0.02). CI, confidence interval.
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low HDL-C, suggesting that this variant is a potential founder 
mutation in Denmark.

The characteristics of the 9 mutation carriers illustrate that 
the lipid phenotype of hypoalphalipoproteinemia in the general 
population is heterogeneous. We chose initially, after careful con-
sideration, to select extreme HDL-C groups for the ABCA1 screen-
ing solely based on HDL-C levels adjusted for sex and age. Had 
we designed a set of selection criteria, that is, normal triglyceride 
levels, we would not have detected 6 of the 9 probands.

Because not all of the ABCA1 gene was screened in individuals 
with high HDL-C, there could be additional ABCA1 mutations 
in high HDL-C subjects that were not detected with the current 
screening protocol. In this group we screened only 28 of 51 ABCA1 
fragments, namely those fragments in which mutations and SNPs 
had been identified in the low HDL-C group.

The present systematic screening of ABCA1 suggests that at least 
10% of individuals with low HDL-C in the general population are 

heterozygous for mutations in ABCA1 and that both mutations 
and SNPs in ABCA1 contribute to variation in HDL-C and apoAI 
levels in the general population.

Methods
Subjects. The Copenhagen City Heart Study is a prospective cardiovascu-
lar population study of individuals selected based on the Central Popula-
tion Register Code to reflect the adult Danish general population aged 
20–80+ years. At the third examination, 1991–1994, 9,259 participants 
(55% women) gave blood for DNA analyses. More than 99% were white 
and of Danish descent (33, 34). All participants gave written informed con-
sent, and the study was approved by the local ethical committee: number 
100.2039/91, Copenhagen and Frederiksberg Committee.

For the genetic screening of ABCA1, we selected individuals from The 
Copenhagen City Heart Study with the lowest 1% (n = 95) and highest 1%  
(n = 95) HDL-C levels for age (in 10-year age groups) and sex. Consequent-
ly, the cut-off levels for HDL-C depend upon the 7 age groups for each sex. 

Figure 4
In left panels, plasma HDL-C (mmol/l) as a function 
of 6 nonsynonymous SNPs in ABCA1 regardless 
of variation at the other 5 sites (overall effects) in 
women and men from the general population. In 
right panels plasma HDL-C (mmol/l) as a function 
of 6 SNP genotypes differing only at the SNP of 
interest (isolated single site effects) and in the order 
(left to right) R219K, V771M, V825I, I883M, E1172D, 
R1587K in women and men from the general pop-
ulation. The WT (the most common genotype), 
heterozygote (He), and homozygote (Ho) 6 SNP 
genotypes are given to the right of the bar graphs 
with the relevant SNP underlined. To increase power 
for V825I, the combined genotypes also varied at 
the R219K site, since R219K did not affect HDL-C  
levels. Values are mean ± SEM. *P < 0.0083 for 
all ANOVAs when corrected for multiple compari-
sons using the Bonferroni method. Post hoc tests:  
**P < 0.05; #P < 0.01.
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For the low HDL-C group (women and men, respectively) the levels are as 
follows: 20–29 years, 1.0 and 0.8 mmol/l; 30–39 years, 0.9 and 0.7 mmol/l; 
40–49 years, 0.8 and 0.6 mmol/l; 50–59 years, 0.7 and 0.6 mmol/l; 60–69 
years, 0.7 and 0.7 mmol/l; 70–79 years, 0.8 and 0.6 mmol/l; and 80+ years, 
1.0 and 0.8 mmol/l. For the high HDL-C group the levels are as follows: 
20–29 years, 2.6 and 2.1 mmol/l; 30–39 years, 2.8 and 2.2 mmol/l; 40–49 
years, 3.0 and 2.5 mmol/l; 50–59 years, 3.4 and 2.9 mmol/l; 60–69 years, 3.5 
and 3.2 mmol/l; 70–79 years, 3.6 and 2.9 mmol/l; and 80+ years, 2.7 and 2.3 
mmol/l. By screening these groups with extreme phenotypes, we increased 
the likelihood of identifying mutations and SNPs (rare allele frequency 
≤1% and >1%, respectively) with impact on HDL-C levels in the general 

population. Initially, the core promoter and all 50 exons, including exon-
intron boundaries of ABCA1, were screened for genetic variation in indi-
viduals with low HDL-C, and variants identified in regulatory and tran-
scribed parts of the gene (in the core promoter and in exons 1–10, 15–19, 
21–22, 24–25, 27–28, 31–32, 35, 40, 46, 49) in this group were subsequently 
screened in individuals with high HDL-C. Because not all of the ABCA1 
gene was screened in individuals with high HDL-C, there could be addi-
tional ABCA1 mutations in high HDL-C subjects that were not detected 
with the current screening protocol.

All 6 nonsynonymous SNPs identified by screening ABCA1 were genotyped 
in the entire general population sample (n = 9,259), and the effect of each SNP 

Figure 5
Plasma HDL-C (mmol/l) measured at the sec-
ond examination (1981–1984) and HDL-C  
and apoAI measured at the third examina-
tion (1991–1994) of the Copenhagen City 
Heart Study as a function of 6 SNP geno-
types differing only at the relevant SNP (iso-
lated single site effects) as detailed in the 
legend to Figure 4, right panels. Values are 
mean ± SEM. *P < 0.0083 for all ANOVAs 
when corrected for multiple comparisons 
using the Bonferroni method. Post hoc tests: 
**P < 0.05; #P < 0.01.
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on variation in lipid, lipoprotein, and apolipoprotein levels was determined 
as overall effects (regardless of variation at the other 5 sites) and as isolated 
single site effects (6 SNP genotypes differing only at the relevant SNP), using 
data from the third examination of the Copenhagen City Heart Study (1991–
1994). These results were then verified using data from the second examina-
tion of the Copenhagen City Heart Study 10 years earlier (1981–1984).

In tables and figures, data for the general population sample are pre-
sented only for those individuals (n = 9,123 out of n = 9,259) where the 6 
SNP genotypes for all nonsynonymous SNPs were available.

Gene screening. Genomic DNA was isolated from frozen whole blood 
(QiaAmp4 DNA Blood Mini Kit; QIAGEN GmbH). Fifty-one PCR frag-
ments were amplified covering 209 bp of the promoter region (core 
promoter), all 50 exons of ABCA1, and exon-intron boundaries. Primer 
sequences are available on-line (Supplemental Table 1), and PCR condi-
tions are available from the authors. Mutational analysis of the PCR prod-
ucts was performed by denaturing HPLC (dHPLC), using the Wave DNA 
Fragment Analysis System (Transgenomic Inc.). The dHPLC buffers and 
run conditions are available from the authors. PCR fragments showing 

heteroduplex formation by dHPLC were subsequently sequenced on 
an ABI PRISM 310 Genetic Analyzer (Applied Biosystems Inc.).

SNP genotyping in the general population. The ABI PRISM 7900HT 
Sequence Detection System (Applied Biosystems Inc.) was used to 
genotype the general population sample for all nonsynonymous 
SNPs identified. TaqMan-based assays were used (probe and primer 
sequences available from the authors). Combined genotypes for all 
nonsynonymous SNPs were available on 9,123 individuals of the 
total cohort of 9,259 individuals.

Biochemical analyses. Colorimetric and turbidimetric assays (Hita-
chi autoanalyzer) were used to measure plasma levels of total cho-
lesterol, HDL-C, triglycerides, and apoB and apoAI (all from Boeh-
ringer Mannheim GmbH).

Statistical analyses. Differences in allele frequencies between individ-
uals with low and high HDL-C were evaluated using Fischer’s exact 
test. Pairwise disequilibrium statistics were calculated from D = h – pq, 
where h is the frequency of the rare estimated haplotype for a pair of 
sites and p and q are the frequencies, assuming no linkage, of the alleles 
in that haplotype (35). LD was expressed as D′ (36). Significance levels 
for pairwise LD were estimated by the likelihood-ratio test. Estimated 
haplotype frequencies were calculated using the expectation maximi-
zation algorithm (37) (http://linkage.rockefeller.edu/ott/eh.htm). The 
effect of genotype on variation in lipid, lipoprotein, and apo levels was 
determined by ANOVA. Repeated measures ANOVA was applied to 
test the effect of SNPs as isolated single sites on HDL-C levels in sam-
ples obtained from the same individuals at 2 independent time points 
10 years apart at the second (1981–1984) and third (1991–1994) exam-
inations of the Copenhagen City Heart Study, respectively. A Bonfer-
roni corrected P value less than 0.0083 on a 2-sided test (6 different 

nonsynonymous SNPs tested) was considered significant.
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Figure 6
Plasma HDL-C (mmol/l) as a function of 6 SNP genotypes dif-
fering only at the relevant SNP (isolated single-site effects) as 
detailed in the legend to Figure 4, right panels. Values are esti-
mated marginal mean ± SE for 2 independent measurements of 
plasma HDL-C obtained from the same individuals at 2 different 
time points corresponding to the HDL-C levels shown individually 
in Figure 5, respectively, for the second (1981–1984) and third 
examinations (1991–1994) of the Copenhagen City Heart Study. 
Analyses by repeated measures ANOVA. *P < 0.0083 for all  
ANOVAs when corrected for multiple comparisons using the Bon-
ferroni method. Post hoc tests: **P < 0.05; #P < 0.01.
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