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ABSTRAC T T 

Wee and others have recently identified mutations in the ABCA1 gene as the underlying 
causee of Tangier disease (TD) and of a dominantly inherited form of hypoalphalipopro-
teinemiaa (FHA) associated with reduced cholesterol efflux. We have now identified 13 
ABCA11 mutations in 11 families (five TD, six FHA) and have examined the phenotypes of 
777 individuals heterozygous for mutations in the ABCA1 gene. ABCA1 heterozygotes 
havee decreased HDL- cholesterol(HDL-C) and increased triglycerides. Age is an impor-
tantt modifier of the phenotype in heterozygotes, with a higher proportion of heterozy-
gotess aged 30-70 years having HDL-C <5th percentile for age and sex compared to persons 
lesss than 30 years of age. Levels of cholesterol efflux are highly correlated with HDL-C 
levelss in heterozygotes, accounting for 82% of its variation. Each 8% change in ABCA1 
mediatedd efflux is predicted to be associated with a 0.1 mmol/L change in HDL-C. 
ABCA11 heterozygotes display a greater than three-fold increase in the frequency of coro-
naryy artery disease(CAD) with earlier onset than unaffected family members. CAD is 
moree frequent in heterozygotes with lower cholesterol efflux values. These data provide 
directt evidence that impairment of cholesterol efflux and consequently reverse choles-
teroll  transport is associated with reduced plasma HDL-C levels and increased risk of 
CAD. . 
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INTRODUCTION N 

Loww HDL-cholesterol (HDL-C) levels are an important risk factor for coronary artery dis-
easee (CAD). Epidemiological studies have shown strong inverse relationships between 
HDL-CC and CAD1, and although often seen in association with other lipid abnormalities, 
isolatedd low HDL is an independent risk factor for CAD23. 

Glomsett first proposed that the primary anti-atherogenic function of HDL might be 
relatedd to its key role in the transport of cholesterol from peripheral cells to the liver4. 
However,, until recently, littl e has been understood about the initial step of reverse choles-
teroll  transport, namely the removal of cholesterol from peripheral cells. In addition, there 
hass been no direct investigation of the relationship between efflux of cholesterol to 
plasmaa HDL-C levels and risk of CAD56. 

Tangierr disease (TD), originally described by Fredrickson et al. in 1961, is associated 
withh a near absence of HDL cholesterol and apoA-I, hepatosplenomegaly, neuropathy, 
andd marked cholesterol ester deposition within tissues7. Biochemically, TD is associated 
withh decreased cellular cholesterol and phospholipid efflux8,9. We and several others have 
recentlyy reported mutations in the ABCA1 (ABC1) gene as the underlying cause of 
TD'10"15'.. ABCA1 is a member of the large family of ATP binding cassette transporters, 
knownn to be involved in the energy dependent transport of a variety of substances16. We 
havee shown that familial hypoalphalipoproteinemia (FHA)17,18 with decreased cholesterol 
effluxx is allelic to TD10 and due to heterozygosity for mutations in the ABCA1 gene. 

Thee phenotype of heterozygosity for mutations in the ABCA1 gene has not been 
clearlyy defined. As many factors, both genetic and environmental, influence plasma 
HDL-CC levels and contribute to low HDL-C values, unambiguous identification of hetero-
zygotess for ABCA1 mutations has until now been impossible. Individuals from Tangier 
diseasee kindreds presumed to be heterozygous have shown a range of phenotypes, and 
muchh overlap with unaffected individuals has been noted19"21, possibly reflecting the fact 
thatt some individuals had been misclassified. Indeed, the inability to uniquely identify 
heterozygouss individuals created difficulty in mapping the gene for TD15. Studies in obli-
gatee heterozygotes have also been limited to small numbers22 often within a single 
family19,, and thus restricted in the ability to analyze the phenotypic expression with dif-
ferentt mutations, and over a range of ages. 

Wee have now identified a cohort of 77 individuals in whom heterozygosity has been 
definedd by mutation identification in the ABCA1 gene. For the first time it is now possi-
blee to characterize the phenotype in mutation-defined heterozygotes and to compare this 
too a large number of unaffected family members, thus controlling for other genetic and 
environmentall  factors. Furthermore, variation in ABCA1 activity as defined by levels of 
cholesteroll  efflux can be correlated with plasma HDL-C and risk of CAD. 

METHODS S 

IdentificationIdentification of subjects 
Subjectss heterozygous for mutations in the ABCA1 gene were individuals identified from 
thee seven TD and FHA families previously described10,23 In addition, heterozygous indi-
vidualss from three new Tangier disease families (TD3-5) and one new FHA kindred 
(FHA6)) were included. The second mutation has not been identified in one of the TD 
kindredss (TD4), however a marker immediately adjacent to ABCA1 cosegregates with the 
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loww HDL phenotype (data not shown). Individuals bearing the affected haplotype were 
consideredd heterozygotes. The presence or absence of mutations identified by genomic 
sequencingg of probands from each family was subsequently confirmed by restriction 
fragmentt length polymorphism (RFLP) assays, to define heterozygous and unaffected 
individuals,, respectively. 

Familiess with TD have been ascertained on the basis of the clinical features of TD, 
andd all heterozygotes available from each family were included. There has been no selec-
tionn on the basis of HDL-C levels or CAD status of these individuals. Two of the six FHA 
probandss (FHA2-301 and FHA3-301) were referred to the clinic on thee basis of CAD. The 
remainingg probands were identified solely on the basis of low HDL-C. Again, all hetero-
zygotess from the FHA families were included, with no selection for HDL-C or CAD. 

Ourr control cohort comprises unaffected members of the n families. These individu-
alss share a genetic background with the heterozygotes, and environmental factors are 
expectedd to be similar amongst family members. Thus, many additional factors that may 
influencee HDL-C are controlled for, and the phenotypic differences between heterozy-
gotess and unaffected individuals can be largely attributed to variation in ABCA1 gene 
activity. . 

Alll  subjects gave informed consent to their participation in this study, and the genetic 
analysiss protocol was approved by the Ethics committees of the University of British 
Columbia,, the Academic Medical Centre in Amsterdam and the Clinical Research Insti-
tutee of Montreal, as described elsewhere10-

LipidLipid and cholesterol efflux measurements 

Lipidd levels in ABCA1 heterozygotes were measured as previously described10,23 at stan-
dardizedd lipid clinics in Vancouver, Montreal and Amsterdam. LDL cholesterol was calcu-
latedd by the method of Friedewald et al.24, modified to account for lipid measurements in 
mmol/L. . 

Cellularr cholesterol efflux from fibroblast cultures was measured as previously 
described10-23-- Briefly, fibroblast cultures were established from skin biopsies of subjects 
andd healthy controls. Efflux was measured over 24 hours in the presence of purified 
ApoAII  and was calculated as the percent of free cholesterol in the medium after incuba-
tion.. Each experiment was performed in triplicate wells and averaged. Measurements are 
reportedd as the percentage efflux in each subject relative to the average of two healthy 
controlss included as standards within the same experiment. Individual experiments were 
repeatedd at least twice, and the average relative efflux over all experiments was used. Note 
thatt the number of heterozygotes with efflux measurements is less than the number of 
mutations,, as not all TD families have efflux measured in heterozygous carriers of each 
mutation. . 

Statistics Statistics 

Inn analysis of the heterozygotes, differences in mean baseline demographics and lipid 
levelss between groups were compared by Student's t-test. Comparisons of frequency 
eitherr between the male/female ratio or of distributions across various percentile ranges 
weree made using the chi-square test. Analysis of potential interactions between affected 
statuss and either sex or body mass index (BMI) were performed using a general linear 
model.. Statistical analysis was performed using Prism (version 3.00, Graphpad Software 
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forr Science Inc., San Diego, California, USA) or Systat (version 8.0; SPSS Inc., Chicago, 
Illinois,, USA). All values are reported as mean + standard deviation (SD). 

RESULTS S 

ABCA1ABCA1 heterozygotes have decreased HDL-C and an increased risk far CAD 
Ourr cohort comprised 77 individuals from 11 families identified as heterozygous for 
mutationss in the ABCA1 gene. A comparison of mean lipid levels in heterozygotes with 
meann levels in all available unaffected family members (n=i56) is presented in Table 1. 

Tablee 1 Characterizatio n of heterozygote s 

TDD Patient s Heterozygote s Unaffecte d p-valu e p-valu e 

Number r 
Agee (yrs) 
Range e 
m/f f 
TCC (mmol/L) 
TCC (mmol/L) 
HDLL (mmol/L) 
LDLL (mmol/L) 
ApoA-ll (g/L) 
ApoA-lll (g/L) 
ApoBB (g/L) 
CHD>20yrs s 
Oddss ratio 

(95%% CI) 
Agee of onset 

5 5 
43.4+9.0 0 
31-56 6 
3/2 2 
2.34+1.03 3 
1.95+0.97 7 
0.08+0.05 5 
1.37+1.02 2 
0.03+0.044 (3) 
0.10+0.088 (2) 
0.89+0.533 (2) 
20%% (1/5) 

38 8 

77A A 

42.5+19.6 6 
5-81 1 
33/44 4 
4.52+1.12 2 
1.66+1.59 9 
0.74+0.24 4 
3.03+0.99 9 
0.92+0.32 2 
0.35+0.08 8 
0.93+0.25 5 

(61) ) 
(46) ) 
(52) ) 

12.9%% (8/62) 

48.9+8.6 6 

famil y y 
member s s 

156A A 

39.9+21.0 0 
4-86 6 
82/74 4 
4.71+1.07 7 

1.20+1.03 3 
1.31+0.35 5 
2.84+0.87 7 
1.43+0.26 6 
0.39+0.08 8 
0.94+0.33 3 

(55) ) 
(43) ) 
(42) ) 

4 . 1 %% (5/122) 

60.4+12.8 8 

AA For TC, TC, LDL n = 76 for heterozygotes, 153 for unaffected family 

heterozygote s s 
vs.. unaffecte d 

0.35 5 

0.16 6 
0.23 3 
0.03 3 
<0.0001 1 
0.171 1 
<0.0001 1 
0.01 1 
0.88 8 
0.03 3 
3.47(1.08-11.09) ) 

0.08 8 

members s 

TDD patient s 
vs .. unaffecte d 

0.71 1 

0.74 4 
<0.0001 1 
0.11 1 
<0.0001 1 
0.0003 0.0003 
<0.0001 1 
<0.0001 1 
0.84 4 
0.10 0 
5.855 (0.55-62.4) 

Ass predicted, heterozygotes have an approximately 40-45% decrease in HDL-C and 
apoA-II  and a mild (approximately 10%) decrease in apoA-II compared to unaffected 
familyy members. Mean triglycerides (TG) were increased by approximately 40% in heter-
ozygotess compared with unaffected family members, and were further increased in 
patientss with TD. Unlike patients with TD, there is no significant decrease in either total 
cholesteroll  (TC) or LDL cholesterol in heterozygotes, and apoB levels were not different 
inn heterozygotes from controls. Mean HDL-C levels in carriers of each of the mutations 
weree similarly reduced by approximately 40-50% compared to unaffected family mem-
berss (Table 2). 

Wee further examined the heterozygote phenotype by calculating the percentage of 
individualss falling within a given range of age- and sex-specific percentiles25-26- Much var-
iabilityy in the heterozygote phenotype was evident. As shown in Figure 1, although a sig-
nificantlyy higher percentage of heterozygotes had HDL-C less than the 5th percentile for 
agee and sex compared to unaffected controls (65% vs. 5%, p<o.oooi), 5% of heterozy-
gotess had HDL-C greater than the 20th percentile, with HDL-C ranging up to the 31st 

percentilee for age and sex. Thus in some individuals clearly the phenotype is less severe. 
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Tablee 2 HDL-C by mutatio n 

Famil y y 

FHAi i 
FHA2 2 
FHA3 3 
FHA4 4 
FHA5 5 
FHA6 6 
TDi i 
TD4 4 

TD5 5 
TDi i 
TD2 2 
TD3 3 
TD4 4 

Mutatio n n 

Dell L 693 
R2144X X 
Dell E,D 1893,94 
R909X X 
M1091T T 
P2i5oL L 
ivs25+iG—>C C 
dell C 6825->2i45X 
CTC6952-4TT—«203X X 
C1477R R 

Q597R R 
T929I I 
unidentified d 

HDLL in 
hetero --
zygote s s 
meann  + SD (n) 

0.79+0.200 (8) 
0.56+0.233 (12) 
0.77+0.244 (8) 
0.59+0.266 (5) 
0.48+0.488 (4) 
0.61+0.077 (7) 
0.78+0.066 (4) 
0.91+0.10(2) ) 
0.80+0.200 (3) 
0.82+0.188 (9) 
0.82+0.077 (5) 
1.01+0.18(8) ) 
0.74+0.055 (2) 

HDLL in 
unaffecte d d 
famil y y 
member s s 
meann + SD (n) 

1.22+0.355 (11) 
1.07+0.222 (20) 
1.44+0.388 (9) 
1.04+0.37(9) ) 
1.37+0.433 (6) 
1.05(1) ) 
1.35+0.299 (70) 
1.00+0.055 (3) 
1.655 (1) 
1.35+0.299 (70) 
nonee available 
1.48+0.422 (26) 

1.00+0.055 (3) 

HDLL in 
hetero --
zygote s s 
% o f f 
unaffecte d d 

64.8 8 
52.3 3 
53.5 5 

56.5 5 
35.0 0 

58.1 1 
57.8 8 
91.0 0 
48.5 5 
60.7 7 

--
68.2 2 
73.5 5 

Agee and sex 
matche d d 

populatio n n 
median A A 

meann + SD 

1.39+0.08 8 
1.34+0.19 9 
1.30+0.17 7 
1.39+0.24 4 
1.56+0.05 5 
1.30+0.22 2 
1.22+0.22 2 
1.31+0.16 6 
1.39+0.19 9 
1.37+0.14 4 
1.39+0.17 7 

1.33+0.19 9 
1.49+0.09 9 

CADD in 
hetero --
zygote s s 

--
+ + 
+ + 
--
+ + 
+ + 
--
--
--
+ + 

--
--
+ + 

AA Calculated based on mean the age and sex specific 50th percentile levels in the LRC population 

AA broad distribution of triglyceride levels was also evident (Figure 1). A significantly lower 
percentagee of heterozygous individuals had TG below the 20th percentile for age and sex 
(p=o.03),, and a significantly larger percentage had TG greater than 80th percentile 
(p=o.oo5)) compared with unaffected family members, but substantial overlap between 
thee two distributions was seen. 

Anotherr important question is whether individuals heterozygous for ABCA1 muta-
tionss are at an increased risk of developing CAD. Studies on obligate TD heterozygotes 
havee reported conflicting findings19-22- In our large cohort, symptomatic vascular disease 
wass over three times as frequent in the adult heterozygotes as in unaffected family mem-
berss (Table 1). Interestingly, the presentation of vascular disease were generally more 
severee in the heterozygotes than their unaffected family members (Table 3). Heterozy-
gotess had myocardial infarctions (five, one fatal) and severe vascular disease requiring 
multiplee interventions, whereas in unaffected individuals, CAD was manifest as angina 
inn two cases and as a transient ischemic attack at the age of 80 in another. Furthermore, 
thee mean age of onset was on average a decade earlier in heterozygotes compared with 
unaffectedd controls (Table 1). 

CholesterolCholesterol efflux, HDL-C levels and CAD 
Wee next sought to directly assess the relationship between cholesterol efflux levels, HDL-
CC and CAD. We have previously shown that individuals heterozygous for ABCA1 muta-
tionstions have decreased cholesterol efflux23; however, the extent to which variations in cho-
lesteroll  efflux are directly related to HDL-C levels is unknown. Relative cholesterol efflux 
inn individuals heterozygous for an ABCAi mutation was plotted against the mean HDL-C 
levelss observed in the carriers of that mutation, expressed as a percentage of the unaf-
fectedd members within that family (Figure 2). Efflux measures were not available in het-
erozygotess of some mutations from TD families in which efflux has only been measured 
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HDLL phenotype in ABC1 heterozygotes vs. unaffected 

75 5 

ON N 

£25 5 

p<0.0001 1 

1 1 

Inn In In n 

p=0.008 8 

nn -

II Heterozygotes (n=77) 

11 Unaffected (n=156) 

p<0.0001 1 

<55 5-<10 10-<15 15-<20 20-<35 

HDLL percentiles 

TGG phenotype in ABC1 heterozygotes vs. unaffected 

400 i p=0.005 

30 0 

>200 -

=0.03 3 

HHii  Heterozygotes («=76) 

LZZIUnaf fected(n=152) ) 

p=0.03 3 

Hilll 1II IIL L 
<200 20-<40 40-<60 60-<80 80-<100 

TCC percentile range 

Figur ee 1 The percent of heterozygotes or unaffected family members with HDL and triglycerides (TG) within a given 
rangee of percentiles for age and sex, based on the Lipid Research Clinics criteria25 are shown. A broad 
distributionn of HDL levels was seen in the heterozygotes, extending up to the 31st percentile for age and sex. 
Theree is much overlap in the distribution of TG between heterozygotes and unaffected family members, 
althoughh a larger portion of heterozygotes have TG >8o percentile for age and sex. 

inn the TD probands. Cholesterol efflux levels associated with each mutation strongly pre-
dictt the corresponding HDL-C levels in our families, accounting for 82% of the variation 
inn HDL cholesterol (r2=o.82, p=o.oo5). Furthermore, in one large family (FHA2), where 
effluxx has been measured in three independent heterozygotes, an r2 value of 0.81 was 
obtainedd when individual plasma HDL-C levels were plotted against individual efflux 
measurements.. Using the regression equation of mean HDL-C levels in the heterozy-
gotess on the efflux level of the heterozygous carrier (p=o.02), we can estimate the rela-
tionshipp between expected changes in ABCA1 efflux activity and HDL-C levels. From this 
wee would predict that each 8% change in efflux levels would be associated with a 0.1 
mmol/LL change in HDL-C. 

Relativee cholesterol efflux levels are also related to CAD within the family. Families 
withh clearest evidence for premature CAD had individuals with the lowest cholesterol 



2 44 PART I 

80 0 

70 0 

I/)) 7 = 

££ E 
£  60 

50 0 

40 0 

30 0 

20 0 

30 0 

Dell  L 693 

P2150L L 

De lE. DD _ 

""  T929I 

1893,94 4 

M1091T T 

R2144X X 
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400 50 60 70 

Relativee efflux in heterozygous carrier 

SO O 

Figur ee 2 Relativ e efflu x level s predic t HDL 
Averagee HDL in heterozygotes for each mutation (expressed as a percentage of mean HDL in the unaffected 
memberss of that family) are plotted against the efflux levels measured in a heterozygous carrier of each 
mutation.. Efflux levels are highly correlated with levels of HDL cholesterol and are associated with 82% of 
thee variation in HDL-C. 

effluxx (Table 2; Figure 2, boldface). These data suggest that the level of residual ABCA1 
functionn is a critical determinant of both HDL-C levels and risk of CAD. 

ABCAIABCAI mutation type and location do not influence the severity ofphenotype in 
heterozygousheterozygous individuals 
Wee have previously noted that the phenotypic presentation of our FHA heterozygotes was 
moree severe than that of our TD heterozygotes27, and we initially noted more deletions 
andd premature truncations of the protein in our FHA families than our TD families1023. 
Thus,, with our identification of several different ABCAi mutations, and as residual 
ABCAii  activity is an important predictor of severity of the phenotype, we sought to exam-
inee whether the nature of the mutation influenced the phenotypic expression of muta-
tionss in the ABCAi gene. Severe mutations were defined as deletions, those that caused 
prematuree truncation of the protein (frameshifts and nonsense mutations) or disrupted 
naturall  splicing of the protein, and would be expected to result in a nonfunctional allele. 
Missensee mutations, on the other hand, result in the change of only a single amino acid 
andd may result in a protein product that still retains partial activity. 

Lipidd levels were compared in heterozygous carriers of severe and missense muta-
tions.. Although there was a trend to decreased HDL-C levels in carriers of severe com-
paredd to missense mutations, this did not reach significance 6 vs. c1.7ctto.23; 
p== 0.18). A range of HDL-C levels in individual missense and severe mutations were 
observedd (Table 2). No significantdifferences in TG were evident between carriers of mis-
sensee and severe mutations 5 vs. 1.550.01; p=o.58). Interestingly, the M1091T 
missensee mutation is the most severe mutation both by effects on efflux and HDL-C 
levels,, with a more severe phenotype than even early truncations of the protein (e.g. 
R909X). . 

http://c1.7ctto.23
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Tablee 3 Coronar y arter y diseas e 

Individua l l 

TDD proband 
TDi i 
ABC! ABC! 

heterozygotes s 
TD4-201 1 
FHA5-215 5 
FHA5-303 3 
TD1-363 3 
FHA3-301 1 
FHA3-305 5 
FHA6-201 1 
FHA2-301 1 

Unaffecte dd famil y 

FHAs-212 2 
TD3-109 9 
FHA2-315 5 
TDi-205 5 
TDi-2i6 6 

Mutatio n n 

Ci477R,, ivs24+iG—»C 

unidentified d 
Miog iT T 
M1091T T 

D477R R 
Del(E.D)) 1893,94 
Del(E.D)) 1893,94 
P2150L L 
R2144X X 

member s s 

none e 
none e 
none e 
none e 
none e 

Exon n 

30,, intron 

--
22 2 
22 2 
30 0 
41 1 
41 1 
48 8 
48 8 

--
--
--
_ _ 
--

Diseas ee (age of onset ) 

255 CHD(38) 

Mll (<58) 
Mll (61) 
CHDD (<45) 
Mll (51) 
PVDD (<54) 
CHDD (44) 
CVAA (36), fatal Ml (58) 
CADD (42), PTCA 
angioplastyy {48) 

APP (62) 
TIAA (80) 
Mll (51) 
Mll (62) 

APP (47) 

(47),, femora 
CABC C 

Othe rr  risk  factor s 

--

--
--
--
--
smoker,, BMI 31.7 
ex-smoker r 

--
--

(<5o)) hypertensive 

_ _ 
diabetic c 
BMII 37 

--
--

Thee site of mutation (e.g. NH2-terminal or COOH-terminal) within the ABCA1 protein 
cudd not influence the phenotype (Figure 3). The presence of CAD is seen in carriers of 
mutationss in different domains of the protein. Patients with mutations on both alleles 
manifestt with splenomegaly alone or in association with CAD (TDi; data not shown). 
Thus,, the phenotype appears to be mutation specific, and most likely dependent on 
remainingg ABCA1 function of the wildtype allele and residual function of the mutant 
allele,, similar to what has been shown for mutations in ABCR, a close homologue of 
ABCA128. . 

TheThe phenotype of mutations in the ABCA1 gene is modified by age 

Onee factor influencing phenotypic expression that became apparent in our families was 
age.. This was first brought to our attention in two of the families initially investigated23. 
Inn family FHA3, although heterozygous individuals in older generations all had HDL-C 
levelss less than the fifth percentile for age and sex, those in the youngest generation had a 
muchh more variable phenotype, with HDL-C ranging up to the 20th percentile. In family 
FHA11 the same pattern was observed. 

Wee compared the distribution of individuals across HDL-C percentile ranges in those 
lesss than 30 versus those from 30 to less than 70 years of age (Figure 4). A significantly 
largerr percentage of individuals 30-70 years of age had HDL cholesterol less than the fifth 
percentilee than those less than 30 years. Mean HDL-C decreases in heterozygotes greater 
thann 30 years of age compared to those less than 30 years of age, whereas there is no sig-
nificantt change in unaffected controls (Table 4). Similar results are seen in males and 
femaless separately and are seen at both pre- and post-menopausal ages in women (Figure 
5).. TG increase with age in both heterozygotes and unaffected family members. 
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H2N N 
CTC6952-4TT T 

a2203X a2203X 
noCHD D 

DC68255 a2145X n=2 
noCHD D 

n=l l 

n== number of heterozygotes >40 years 
TDD families 
FHAA families 

Figur ee 3 ABC1 Mutation s and CHD 
AA schematic diagram of the ABCAl protein, illustrating the location of mutations in the heterozygotes and 
thee presence of CAD in carriers of that mutation. The number of heterozygotes aged 40 years or greater that 
maymay be expected to have developed CAD is included. The number of unaffected family members greater than 
400 years old is 69. 

0,100 0 

75 5 

II 50 

25 5 

p=0.004 4 l<30 0 

II 30 - <70 
p=0.01 1 

<55 5 - < 1 0 10 -<15 15 -<20 

HDLL percentiles 

>=20 0 

Figur ee 4 HDL level s in ABC1 heteozygotes 
Thee percentage of individuals less than 30 years of age and from 30 to less than 70 years of age with HDL 
cholesteroll levels in a given percentile range are plotted. Younger individuals have a far broader distribution 
off HDL cholesterol levels, clearly indicating that the impact of ABCAl on HDL levels is influenced by age. 
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Tablee 4 Mean HDL-C and TC by age in heterozygote s 

HDLL (mmol/L) 

<30 0 

>30 0 

Change e 

p-valuee <30 vs. 

TCC (mmol/L) 
<30 0 

>30 0 

Change e 

p-valuee <30 vs. 

>30 0 

>30 0 

Heterozygote s s 
mean+SDD (n) 

0.91+0.16(17) ) 

0.66+0.244 (52) 

-0.25 5 

0.0002 2 

1.07+0.96(16) ) 

1.84+1.79(52) ) 

+0.77 7 

0.03 3 

Unaffecte d d 
mean+SDD (n) 

1.26+0.29(51) ) 

1.32+0.36(90) ) 

+0.06 6 
0.23 3 

0.88+0.455 (51) 

1.36+1.24(87) ) 

+0.48 8 

0.001 1 

P-valu ee Heterozygote s 
vs .. Unaffecte d 

<0.0001 1 

<0.0001 1 

0.21 1 

0.26 6 

0.07 7 

0.97 7 

HDL-Candd TC in individuals less than 30 and from 30 to less than 70 years of age. 

AssessmentAssessment of the influences of sex and BMI on the phenotypic expression ofABCAl 

mutations mutations 

Femaless are known to have elevated HDL-C and decreased triglycerides compared to 
males26.. Thus, we sought to address whether the phenotype of ABCAi heterozygotes was 
influencedd by sex. HDL-C is significantly lower than unaffected controls in both hetero-
zygouss males and females (0.70+0.24 vs. 1.21+0.29, p<o.oooi; 0.76+0.25 vs. 1.41+0.38, 
p<o.oooi,, respectively). This was reflected in decreased apoAI (0.92+0.27 vs. 1.36+0.22, 
p<o.oooi;; 0.92+0.36 vs. 1.49+0.28, p<o.oooi in males and females, respectively), and a 
trendd toward a mild decrease in apoAII in both males and females compared to unaf--
fectedd family members (0.35+0.08 vs. 0.40+0.09, p=o.o8; 0.35+0.09 vs. 0.39+0.07, 
p=o.o6,, respectively). TG are higher in both male (2.07+2.16 vs. 1.30+1.30, p=o.o2) and 
femalee (1.34+0.86 vs. 1.09+0.63, p=o.o8) heterozygotes compared to unaffected family 
members.. Interestingly, the difference in HDL-C between males and females was 
reducedd in heterozygotes compared to controls (p=o,n), while the difference in TG was 
increasedd compared to controls (p=o.i3). 

Anotherr factor known to influence HDL-C and TG levels is BMI29. The entire cohort 
wass divided into tertiles of BMI, and the mean HDL-C and triglyceride levels of heterozy-
gotess and unaffected individuals by BMI tertile are shown in Figure 6. BMI had a signifi-
cantt effect on both HDL-C and TG in both heterozygotes and controls (p=0.0001). The 
effectt of BMI on HDL-C and TG was more severe in heterozygotes for ABCAI than in 
controls,, being evident at lower BMIs (mid-tertile) in heterozygotes. A raised BMI was 
moree obviously associated with changes in HDL-C and TG in heterozygotes compared to 
controls.. However, neither effect reached statistical significance. HDL-C was reduced in 
heterozygotess compared to controls in all BMI tertiles (p<0.0001 in each tertile). 
Althoughh TG were increased in all BMI tertiles in heterozygotes compared to unaffected 
familyy members, this difference was only significant in the middle BMI tertile (p=0.009). 
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Figur ee 5 Mean HDL-C in ABCA 1 heterozygou s men (A) and wome n (B) 
Thee mean HDL-C in heterozygous males and females(solid line) in io-year age groups (plotted at the half-
wayy point) are shown compared to the tenth percentile distribution in the Lipid Research Clinics population 
(dashedd line)25. Error bars represent the standard deviation of each mean. The number of individuals in 
eachh group is shown under each data point. Beyond the age of 30, mean HDL-C levels in heterozygotes fall 
muchh lower than the tenth percentile distribution, whereas at less than 30 years of age, mean HDL-C levels 
inn the heterozygotes more closely approximate the tenth percentile distribution. 

DISCUSSION N 

Thee reverse transport of cholesterol from peripheral cells to sites of catabolism, first 
describedd by Glomset and Norum4, has been hypothesized to be the primary mechanism 
wherebyy HDL-C is antiatherogenic. However, there has been littl e direct evidence that 
changess in this pathway are associated with changes in HDL-C levels and susceptibility to 
CAD30.. Specifically, there has been no direct evidence linking efflux of cholesterol from 
peripherall  cells, the initial step of the reverse cholesterol transport pathway, to CAD. 

Withh the identification of the ABCA1 protein as a key initiator of the efflux pathway, it 
hass now been possible to directly examine the relationship between efflux, HDL-C and 
CAD.. For the first time, we have been able to describe the phenotype in heterozygotes for 
differentt mutations in the ABCA1 gene in a large cohort where diagnosis has been made 
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Figur ee 6 Mean HDL and Triglyceride s by BMI tertil e 
Thee mean HDL-CandTG levels in heterozygotes and unaffected family members falling within each tertile of 
BMII are shown. The tertiles of BMI correspond to the following values: 1- BMI <2l.4; 2- 21-4<BMI<25.l; 
3-BMI>25.i. . 

byy mutation identification. Furthermore, we have been able to compare this to a cohort of 
unaffectedd family members, enabling us to control, at least in part, for other genetic and 
environmentall  influences. 

Here,, we have shown that ABCA1 heterozygotes have an approximate 50% decrease 
inn HDL-C and apoAI, and a mild but significant decrease in apoAII. In addition, hetero-
zygotess have increased TG, but in contrast to patients with TD, have no significant 
changee in total or LDL cholesterol. The changes in HDL-C, apoAI, and TG were gene-
dosee dependent, suggesting they are directly related to ABCA1 function. Furthermore, 
heterozygotess have a more than threefold increased risk of developing CAD, and younger 
averagee age of onset compared to unaffected individuals. Further, those heterozygotes 
withh most severe deficiency in efflux had a higher frequency and greater severity of CAD. 
Itt should be noted, however, that the absolute number of CAD cases is small and two of 
thee 62 adult heterozygotes were identified on the basis of their CAD. Thus additional 
studiess examining the extent of CAD in a randomly ascertained heterozygote population 
wil ll  be important to confirm these findings. 

Interestingly,, the severity of the phenotype observed in the heterozygotes appeared to 
bee mutation-dependent, but there was no obvious relationship between the site of muta-
tionn and the phenotype. There was a trend towards lower HDL-C in carriers of the severe 
mutations,, causing truncations or null alleles, compared to carriers of missense muta-
tions.tions. One notable exception is the M1091T missense mutation, which had the most 
severee phenotype, with marked reductions in HDL-C and efflux in affected family mem-
bers,, suggesting that this mutation may act in a dominant-negative fashion, downregula-
tingg the function of the wild-type allele. Another interesting finding is the small cluster of 
mutationss at the very COOH-terminal region of the protein, which suggests that this 
regionn must be critical to ABCA1 function. 

Thee severe HDL-C deficiency in ABCA1 heterozygotes suggests that residual choles-
teroll  efflux is the major determinant of HDL-C levels. While this manuscript was being 
preparedd for submission, a report has appeared, correlating efflux with HDL-C levies in a 
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smalll  number (n=9) of heterozygotes from one family31. Our results extend these find-
ingss to multiple populations, directly linking residual ABCA1 efflux activity to HDL-C lev-
elss and now also the risk of CAD. From the regression equation of mean HDL-C on 
efflux,, we would predict that each 8% increase in relative efflux is associated with a o.i 
mmol/LL increase in HDL-C levels. Alternatively, a 50% increase in ABCAl-mediated 
cholesteroll  efflux would be predicted to result in a 30% increase in HDL-C in a normal 
40-yearr old male. Although these numbers may not directly extrapolate to what is 
observedd in a general population where other genetic and environmental factors have not 
beenn controlled for, these data nonetheless suggest that relatively small changes in 
ABCA11 function may have a significant impact on plasma HDL-C levels. Furthermore, 
thee data presented here suggest that variations in efflux due to variations in ABCA1 func-
tionn directly reflect not only plasma HDL-C levels but also CAD susceptibility, thus pro-
vidingg direct validation of the reverse cholesterol transport hypothesis and validation of 
ABCA11 as a therapeutic target to raise HDL-C and protect against atherosclerosis. 

Wee have also shown that the phenotype in ABCA1 heterozygotes is age modulated. 
Beginningg at 20 years of age, there is a small but definite increase in HDL-C with advan-
cingg age that is obviously absent in the heterozygotes. One explanation for this finding is 
thatt there is normally an age-related increase in ABCA1 function, which is not seen in 
heterozygotes,, perhaps because the remaining functioning allele has already been maxi-
mallyy upregulated secondary to an increase in intracellular cholesterol. This would exag-
geratee the phenotype in older age groups. There is some evidence for an age-modulated 
increasee of the ABC transporters32- Further evidence of a potential age-related increase in 
ABCA11 function comes from the observation that the percentage of apoAI found in the 
prebll  subtraction of HDL, the predominant cholesterol acceptors, decreases with age 33, 
suggestingg increased formation of mature a-migrating HDL with age. Clearly, additional 
experimentss directly assessing the impact of age on ABCA1 function are needed to 
addresss this. 

Heree we have shown that heterozygotes for ABCA1 mutations have age modulated 
decreasess in HDL-C with significantly increased risk for CAD. Furthermore, this pheno-
typee was highly correlated with efflux, clearly demonstrating that impairment of reverse 
cholesteroll  transport is associated with decreased plasma HDL cholesterol and increased 
atherogenesis.. In conclusion, our data suggests that therapies designed to specifically 
increasee ABCA1 function should be associated with increased plasma HDL-C and protec-
tionn against atherosclerosis. 
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