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Abstract corneal opacities * coronary artery disease * lecithin:choles-
terol acyltransferase

This paper describes a novel genetic defect which causes
fish-eye disease in four homozygous probands and its bio-
chemical presentation in 34 heterozygous siblings. The male
index patient presented with premature coronary artery dis-
ease, corneal opacification, HDLdeficiency, and a near total
loss of plasma lecithin:cholesterol acyltransferase (LCAT)
activity. Sequencing of the LCATgene revealed homozygos-
ity for a novel missense mutation resulting in an Asp .

Asn (N131D) substitution. Heterozygotes showed a highly
significant reduction of HDL-cholesterol and apolipoprotein
A-I levels as compared with controls which was associated
with a specific decrease of LpA-I:A-H particles. Functional
assessment of this mutation revealed loss of specific activity
of recombinant LCATNl3lD against proteoliposomes. Unlike
other mutations causing fish-eye disease, recombinant
LCATNl3lD also showed a 75% reduction in specific activity
against LDL. These unique biochemical characteristics re-
veal the heterogeneity of phenotypic expression of LCAT
gene defects within a range specified by complete loss of
LCAT activity and the specific loss of activity against HDL.
The impact of this mutation on HDL levels and HDL sub-
class distribution may be related to the premature coronary
artery disease observed in the male probands. (J. Clin. In-
vest. 1995. 96:2783-2791.) Key words: HDL deficiency -
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1. Abbreviations used in this paper: BHK, baby hamster kidney; CAD,
coronary artery disease; CER, cholesterol esterification rate; FC, free
cholesterol; FED, fish-eye disease; FER, fractional esterification rate;
LCAT, lecithin:cholesterol acyltransferase; LpA-I, lipoproteins con-
taining apo A-I only; LpA-I:A-ll, lipoproteins containing apo A-I and
apo A-Il; r, recombinant; TC, total cholesterol; TG, triglycerides.

Introduction

Lecithin:cholesterol acyltransferase (LCAT)' is a glycoprotein
with an apparent molecular mass of 67 kD which catalyzes the
transfer of sn-2 fatty acids from phosphatidylcholine to the 3-
hydroxyl group of cholesterol, producing lysophosphatidylcho-
line and cholesteryl ester (1). LCAT is secreted by the liver
and circulates in blood where it is bound to lipoproteins. This
enzyme is responsible for cholesterol ester formation and,
hence, plays a central role in HDL metabolism. apo A-I, the
major structural protein of HDLparticles, is regarded to be the
principle activator of LCAT. Most of the cholesterol esterifica-
tion takes place in the HDLfraction (2, 3) although LCATmay
also act directly on lipoproteins of lower density (5). Generated
cholesteryl esters are packed into the hydrophobic core of lipo-
proteins and, via the action of cholesteryl ester transfer protein,
subsequently directed towards the liver. This model of reverse
cholesterol transport, proposed by Glomset et al. (6, 7), is
widely accepted. The esterification of cholesterol in HDLmay
maintain a free cholesterol gradient between peripheral tissue
(and/or donor lipoproteins) and acceptor particles; therefore
LCAT is thought to play a central role in reverse cholesterol
transport.

The human LCAT gene has been cloned and the genomic
DNAencompasses 4.2 kb and is composed of six exons and
five introns. LCAT expression is confined mainly to the liver
(8). The mature protein consists of 416 amino acids with a
hydrophobic leader of 24 residues (9) and contains four N-
glycosylation sites (10).

Until now, mutations in the LCATgene have been reported
to underlie either classical LCATdeficiency or fish-eye disease
(FED). Both disorders are inherited in an autosomal recessive
manner and are characterized by severe HDLdeficiency in ho-
mozygotes (11). LCAT deficiency is associated with a total
loss of LCAT activity and a marked increase in the ratio of
cholesterol to cholesteryl ester in plasma of homozygotes. Clini-
cal symptoms include corneal opacities, hemolytic anemia, and
frequently, though not invariably, proteinuria. Renal failure is
sometimes a life-threatening complication in these patients
( 11). By contrast, LCAT function is only partially impaired in
FED, in that the enzyme is not able to esterify cholesterol in
HDLparticles, whereas it retains its activity in the presence of
cholesterol on VLDL and LDL (12, 13). The latter action re-
sults in the generation of near normal levels of plasma choles-
teryl esters. Pronounced corneal opacification, as the result of
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Figure 1. Pedigree of the kindred investigated. The index patient (II-Il; denoted with an asterisk) proved to be homozygous for an A2205-G
nucleotide substitution in exon 4 of the LCATgene (Fig. 2), resulting in the exchange of asparagine residue for an aspartic acid at position 131
(Ni31D). The DNAof the family members was screened for the presence of this mutation by using mutagenic PCRand restriction analysis.
Squares and circles represent males and females, respectively, whereby fully shaded symbols indicate homozygotes and half shaded symbols indicate
heterozygotes for the LCAT defect. Triangular symbols indicate subjects that were not available for investigation. Diagonal bars indicate deceased
patients.

lipid depositions in the cornea, is the only evident clinical mani-
festation in FED. Although plasma HDL-cholesterol levels are

- 10% of normal in homozygotes, it is unclear whether LCAT
deficiencies are associated with an increased risk of coronary
artery disease (CAD) (14, 14a).

Several mutations of the LCAT gene which are causative
for FED or LCAT deficiency have now been described (12,
15-24). In vitro analysis of the encoded mutant proteins has
proven the original hypothesis of Carlson and Holmquist (13,
25) which suggested that LCAT in FED had minimal activity
against cholesterol in HDLyet retained activity against choles-
terol in LDL (26).

In this report, we describe the elucidation and in vitro assess-
ment of a novel missense mutation in the LCATgene underlying
HDLdeficiency and pronounced corneal opacities in four homo-
zygous probands of a very large family of Dutch descent. In
vitro recreation and expression of this mutation identified a
novel class of mutant LCAT whose biochemical characteristics
were intermediate between the features of LCATs causing clas-
sical LCAT deficiency or FED. The large number of heterozy-
gous siblings enabled us to study the impact of this mutation
on lipoprotein metabolism.

Methods

Family history. Two brothers, 64 and 58 yr of age, and two sisters, 57
and 55 yr of age, of a kindred with 11 siblings, presented with bilateral
corneal opacities that almost entirely covered the irises, resulting in
visual impairment. The parents died at ages 86 and 76. Until now, we
were not able to determine consanguinity. The elder brother (11-3; Fig.
1) received coronary bypass surgeries at 54 and 64 yr of age. The
younger brother (11-li; Fig. 1) received a Bjork-Shiley aortic valve
prosthesis for aortic valve stenosis and regurgitation at the age of 41.
2 yr later coronary atherosclerosis was diagnosed by coronary angiogra-

phy performed preoperatively. The two sisters who also presented with
corneal opacities are alive and well.

Blood samples and DNA isolation. Blood was collected in EDTA
tubes after an overnight fast and placed immediately on wet ice. Plasma
was separated from cells by centrifugation (1,2000 g; 15 min; 40C),
frozen in liquid nitrogen, and stored at -70°C before shipment to Van-
couver where various LCAT activity measurements were performed.
Genomic DNAwas extracted from white cells as described previously
(27, 28).

Lipoprotein and apolipoprotein analysis. Total cholesterol (TC) and
triglycerides (TG) were determined by established enzymatic methods
(29, 30). HDL-cholesterol was determined as cholesterol remaining
after precipitation of apo B-containing lipoproteins by phosphotungs-
tate-MgCl2 (31). LDL-cholesterol was calculated using the Friedewald
formula (32). A direct LDL-cholesterol quantitation by immunosepara-
tion (33) was used when TG exceeded 4.5 mmol/liter. Plasma apo A-
I, apo B-100, and lipoprotein(a) were measured by rate nephelometric
immunoassays (34, 35). Plasma and HDL-free cholesterol (FC) were
determined using an enzymatic colorimetric method (Boehringer-Mann-
heim GmbH, Mannheim, Germany). Quantification of LpA-I particles
in plasma was performed by electroimmunodiffusion in agarose gel
using Hydragel LpA-I particles kits (Sebia, Issy-les-Moulineaux,
France). LpA-I represents the amount of plasma apo A-I which is not
present in the LpA-I:A-II particles, whereas LpA-I:A-II is calculated
by subtraction of the LpA-I from the total amount of plasma apo
A-I (36).

LCATconcentration, LCATactivities, and measurement of the cho-
lesterol esterification rate (CER). LCATconcentration was quantitated
by radioimmunoassay using a polyclonal antibody raised against human
LCAT (37). LCAT activity was determined as described previously
(38) and represents the ability of plasma to esterify cholesterol in an
exogenously presented proteoliposome substrate, whereas CERreflects
the esterification of cholesterol within endogenous lipoproteins of the
plasma. CERwas determined by measuring the rate of esterification of
[3H] cholesterol as described previously (39). The fractional esterifica-
tion rate (FER) was calculated as the difference between the percentage
of radioactive cholesterol esterified before and after incubation (CE/
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Figure 2. Autoradiogram showing the index patient
to be homozygous for an A2205-G nucleotide substi-
tution in exon 4 of the LCATgene, resulting in
Asn '31-Asp (N131D). Results were obtained by di-
rect PCRsolid-phase sequencing using 35S-dATP.

[FC+CE]) x 100%). For each experimental series, an aliquot of frozen,
normolipidemic plasma was used for quality control. CERwas measured
in both plasma and LDL/VLDL-depleted plasma. LDLNLDL-depleted
plasma was prepared by precipitation of apo B-containing lipoproteins
with phosphotungstate-MgCl2 (40, 41). CERs were calculated from
FERs and plasma- and HDL-FC levels, respectively, as described pre-
viously (42).

Amplification of LCATfragments by PCR. Lower strand primers
used in the PCRreactions were biotinylated at their 5 '-end using biotin-
phosphoramidite (Glen Research Corp., Sterling, VA). Sequencing
primers were fluorescence-labeled at their 5'-end using fluorescein
amidite (FluorePrime; Pharmacia LKB Biotechnology, Piscataway,
NJ). Three DNAfragments, encompassing exon 1/2, exon 3/4/5, and
exon 6 of the LCAT gene, respectively, were amplified by PCRfrom
genomic DNAof the proband and a control subject using a DNAthermal
cycler (Perkin Elmer Corp., Norwalk, CT). The amplification reactions
were carried out in 10 mMTris-HCl (pH 9.0), 50 mMKCl, 0.1% wt/
vol gelatin, 1.5 mMMgCl2, 1%Triton X-100, 0.2 mg/ml bovine serum
albumin, containing 0.5-1.0 ug genomic DNA, and final concentrations
of 200 AMdNTPs and 0.2-0.3 tM primers in a total volume of 50 p1.
After initial denaturation (10 min, 95°C), 0.3-1.0 U thermostable DNA
polymerase (Supertaq; HT Biotechnology Ltd., Cambridge, United
Kingdom) was added. Subsequently, 30 amplification cycles were per-
formed: 95°C (1 min), 65°C (1 min), 72°C (1 min), with a final
extension step of 10 min at 72°C. PCRproducts were analyzed on 2-
3% agarose gels.

Sequence analysis. PCR products were treated as described pre-
viously (12). For sequence analysis - 3-4 pg of DNAwas incubated
for 30 min at 37°C with 30 Ml streptavidin-coated Dynal-beads (Dynal
A.S., Oslo, Norway) in a total volume of 100 tzl saline TE (STE: 1 M
NaCl, 5 mMTris (pH 7.4), 0.5 mMTris-EDTA). The supernatant was
discarded, using a magnet particle concentrator (MPC-E; Dynal A.S.).
After three washing steps with 100 ,l STE, the beads were resuspended
in 10 jul 0.1 MNaOHand incubated for 10 min at room temperature.
Single-stranded DNA in the supernatant was recovered and dissolved
in demineralized water for subsequent sequencing. Beads were rinsed
with NaOHfollowed by three subsequent washing steps with 10 mM
Tris (pH 7.4), 1 mMEDTA, and resuspended in dH2O. Single-stranded
DNAsequencing on both strands was performed to completion on an
ALF sequencer using the AutoRead kit (both from Pharmacia LKB)
and nested fluorescence-labeled sequencing primers.

Restriction analysis of PCR-amplified genomic DNA. A 135-bp por-
tion of the LCATgene, spanning the site of the missense mutation, was
amplified by a mutagenic PCRfrom genomic DNAof the proband and
his kindred (43). The lower strand primer was thus modified to create
a SfaNI restriction site in the presence of the mutation: 5 '-CGCGCA-
CAGTCTCGTCCCGCACGTAGGCAT-3'(according to the sequence
published by McLean et al. [ 8 ] ), a method that has been used previously
in LCAT genotyping (12, 19). The mismatch of one nucleotide is in
bold and is underlined. PCR products were digested with SfaNI ac-
cording to the instructions of the manufacturer (New England Biolabs,
Beverly, MA), subjected to electrophoresis on a 3%agarose gel, stained
with ethidium bromide for visualization, and analyzed.

In vitro mutagenesis of LCATcDNAand stable transfection of baby
hamster kidney (BHK) cells. The missense mutation in codon 131 of
exon 4 (G2205-A; N131D) was introduced into LCAT cDNA as de-
scribed previously (26). The mutated LCAT cDNA construct was
cloned into the mammalian pNUTexpression vector (44, 45) using the
unique restriction enzymes Bsshll (Boehringer-Mannheim GmbH)and
Bpul 1021 (New England Biolabs). The resulting pNUT-LCATNl31D
construct was used to establish a stable cell line of BHK cells as de-
scribed previously (45, 46). BHK cells were maintained in DMEM
(Gibco-BRL, Mississauga, Ontario, Canada) supplemented with 10%
heat-inactivated fetal bovine serum. Clones expressing recombinant (r)
LCATNl3lD were identified by LCAT enzyme activity and solid-phase
LCAT immunoassay as described by 0 et al. (26). The specific activities
of the wild-type and mutant rLCAT were determined using HDL ana-
logues (egg yolk phosphatidylcholine:cholesterol liposomes preincu-
bated with purified human apo A-I) and LDL as substrate as described
previously (26).

Statistical analysis. To compare the biochemical characteristics of
homozygotes (two male and two female) with unaffected sex- and age-
matched family members, we used the paired Student's t test. To evalu-
ate the influence of the genetic status and sex on various parameters
and to explore possible interactions between these factors, ANOVA
according to the General Linear Models procedure was used (47). In
this analysis, heterozygotes were compared with unaffected individuals.
These controls were either unaffected family members or subjects re-
lated by marriage or friendship.

Results

Genetic analysis and clinical features of the homozygotes. The
index patient (II- I I) presented with corneal opacities and severe
HDL deficiency. Subsequent biochemical analysis revealed a
loss of plasma LCATactivity despite a low normal CER(Table
I) and a normal ratio of unesterified:esterified cholesterol (Ta-
ble II). This presentation was indicative of FED, and since it
is known that mutations in the LCATgene are causative for this
disorder (12, 15-18), we studied this gene as a candidate for
the molecular basis of the clinical phenotype seen in this pro-
band. Sequence analysis of the coding regions and consensus
splice donor and acceptor sites of the LCATgene of the index
patient and a control was initially performed using an automatic
sequencer. Direct PCR-based solid-phase automated sequencing
showed that the proband was homozygous for a A2205-G substi-
tution in exon 4 (according to the LCAT sequence reported by
McLean et al. [8]), resulting in the exchange of an asparagine
residue for an aspartic acid at position 131 of the mature protein.
The autoradiogram in Fig. 2 shows the mutation, obtained by
solid-phase single-stranded DNAsequencing using 35S-dATP.
This base substitution was the only sequence change identified
in the coding regions and consensus splice sites of the LCAT
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Table L LCATActivities, LCAT Concentration, and CER

Plasma VLDULDL-depleted plasma

Status* Sex Subject LCAT activity LCAT concentration Specific activity CER LCAT activity FER CER

nmol/h ml 'ig/ml nmoolh jig nmol/h ml nmol/h ml %esterification/h nmol/h ml

Homozygote M 11-3 1.51 1.42 1.06 91 5.55 3.89 3.1
M II-11 1.46 1.74 0.84 55 5.37 5.05 4.0
F 11-13 1.48 1.76 0.84 70 6.02 4.59 4.1
F 11-15 2.51 1.61 1.56 52 5.58 4.03 4.4

1.7±0.4 1.6±0.1 1.1±0.3 67±15 5.63±0.2 4.39±0.46 4±0.5

Heterozygote M (n = 22) 17.2±2.2' 3.6±0.7t 5.0±1.2 84±29§ 21.7±6.911 19.5±7.6' 42±17
F (n = 12) 18.0±2.9t 3.5±0.6t 5.2±0.8 93±28§ 17.3±4.711 14.3±3.91 38±17

Normal M (n = 16) 27.0±4.0 5.0±0.8 5.4+1.0 95±24 26.1+5.7 15.2±7.6 43±23
F (n = 22) 25.5±2.9 4.7±0.9 5.5±1.0 112±34 21.9±3.5 11.4±5.3 37±14

* Status of family members was determined by DNAanalysis. Values represent single data for homozygous subjects and mean±SD for the specified
groups. LCAT activity and CERwere determined in plasma and VLDL/LDL-depleted plasma. Proteoliposomes were used as substrate in the LCAT
activities assay. CERs represent cholesterol esterification using endogenous lipoproteins. ANOVAwas carried out using the General Linear Models
procedure (heterozygotes versus controls): § P < 0.05; ¶ P < 0.027; i P < 0.001; tP < 0.0001.

gene in the proband. The DNAof the family members was
screened for the presence of this mutation by using mutagenic
PCRand restriction analysis (Fig. 3). Using this method, three
additional homozygotes, two sisters (II-13 and II-15) and a
brother (II-3) of the index patient, and 34 heterozygotes were
identified (see Fig. 1). All family members who were homozy-
gous for the mutation presented with dense corneal opacifica-
tion. The two male homozygotes suffered from premature CAD,
which was manifest at ages 43 and 54, respectively. There was
no evidence of CAD in the two female homozygotes in this
family. The four probands presented with normal kidney func-
tion.

In vitro analysis of mutated rLCAT. Stable expression of
mutated LCAT cDNA, containing the A2205-G mutation, in
BHK cells, enabled us to determine the functional effects of

the exchange of an Asn'3' for Asp (N131D) in the LCAT
protein. Upon 48 h of incubation, media were harvested and
assayed for LCAT mass and activity against both proteolipo-
somes and LDL as substrates. rLCATN13lD was secreted at simi-
lar levels to wild-type LCAT, as determined by solid-phase
immunoassay (results not shown). No LCAT protein was de-
tected in BHKcells transfected with an empty pNUT expres-
sion vector. Using proteoliposomes, the specific activity of
rLCATNl3lD was 4%of wild-type (4.3 ±0.6%; three independent
experiments carried out in duplicate), whereas the mutant pro-
tein showed 25% specific activity of wild-type against LDL as
substrate (25.5±3.8% of wild-type).

Lipid, lipoprotein, and apolipoprotein analysis. The results
of the laboratory analysis of lipids, lipoproteins, and apolipopro-
teins are presented in Tables II and III. Homozygotes were

Table II. Lipids, Lipoproteins, apo B, and LDL-Cholesterol/apo B Ratios

Status Sex Subject TC TG LDL-Cholesterol FC FC/EC Lp(a)5 apo B LDL Cholesterol/apo Bt

mmol/liter mmoliter mmolliter mmoliter mg/dl mg/dl

Homozygote M II-3 6.2 10.1 1.5 2.9 0.90 3 156 0.37
M II-11 9.2 6.9 5.2 2.5 0.36 43 311 0.73
F II-13 7.9 6.1 3.0 2.3 0.42 34 246 0.47
F II-15 5.7 2.2 4.5 1.7 0.41 2 165 1.06

7.3+1.4 6.3+2.811 3.6+1.4 2.4+0.51 0.52±0.2 18 220±6311 0.66+0.27**

Heterozygote M (n = 22) 5.1±1.011 1.6+0.8 3.6±0.8 1.4+0.3 0.39+0.1 11.4 116±29 1.20±0.16§§
F (n = 12) 5.2+1.211 1.4+0.5 3.5±1.1 1.5+0.3 0.41 ±0.1 10.1 114+33 1.19+0.101§

Normal M (n = 15) 6.0± 1.2 1.5± 1.8 4.0+ 1.2 1.5+0.2 0.33+0.05 15.0 117±37 1.36+0.07
F (n = 22) 5.6±1.1 1.1±0.4 3.5+1.2 1.6+0.3 0.39+0.06 12.6 106+32 1.29+0.15

* Status of family members was determined by DNAanalysis. Values represent single data for homozygous subjects and mean+SDfor the specified
groups. * Lp(a) data represent single values for homozygotes and median values for the specified groups. § LDL-cholesterol/apo B ratios were
calculated after converting LDL-cholesterol values from mmol/liter to mg/dl. Data of homozygotes were compared with unaffected sex- and age-
matched family members using the Student's t test: P < 0.02; ¶ P < 0.044; ** P < 0.005. ANOVAwas carried out using the General Linear
Models procedure (heterozygotes versus controls): t P < 0.02, § P < 0.0002.
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M 1 2 3 Figure 3. Screening method for
the presence of the LCATgene
defect in the DNAof family
members. A DNAfragment
spanning the site of the A2205-G
point mutation was amplified by
PCR, whereby the upstream

246 - primer was thus modified, to
create a SfaNI restriction site in

123 - the presence of the mutation.
Lane M, molecular size stan-
dard; lane 1, undigested PCR
product of 135 bp; lane 2 shows

partial cleavage of the PCRproduct indicative for heterozygosity,
whereas lane 3 shows the digested PCRproduct of a homozygote.

compared with age- and sex-matched family members to test
for potential significant differences. All four probands, i.e., II-
3, H-Il, II-13, and H-15, presented with normal LDL-choles-
terol and elevated apo B levels (P < 0.02), resulting in signifi-
cantly decreased LDL-cholesterol/apo B ratios (P < 0.005).
TC levels were elevated in subjects II-li and II-13. Further-
more, TG were moderately elevated in 11-3, II-li, and II-13,
while subject II-15 presented with high normal TG levels. The
increase of TG in homozygotes reached statistical significance
(P < 0.02). Plasma FC levels were increased in all probands
(P < 0.044), except for subject II-15. Severely reduced plasma
HDL-cholesterol (10-15% of normal; Table III) in the homo-
zygotes was associated with a near total specific loss of
LpA-I:A-II particles (Table Ill). LpA-I levels were low normal,
whereas apo A-I levels were decreased to - 30% of normal.
Percentages of LpA-I exceeding 100% indicate differences in
methods used to determine apo A-I levels (nephelometry and
immunoelectrodiffusion).

34 heterozygotes identified by genetic analysis were com-
pared with 38 controls. These controls were either family mem-
bers or subjects related by marriage or friendship (see Fig. 1).
Heterozygotes presented with decreased TC levels (P < 0.02;
Table H) and a significant reduction of LDL cholesterol/apo B
ratios (P < 0.0002). Furthermore, TG and Lp(a) levels ap-

peared unaffected by the genetic status. Comparison of the 22
male and 12 female heterozygotes indicated no significant dif-
ferences. Table III shows a highly significant reduction of HDL-
cholesterol and apo A-I levels (P < 0.0001; Table III) in both
male and female heterozygotes. Despite this observation, neither
plasma HDL cholesterol nor apo A-I levels could be used to
predict the genotype for the 131 mutation in all individual cases
(data not shown). The reduction of HDL-cholesterol in hetero-
zygotes was associated with a slight though significant reduction
of LpA-I levels (P < 0.047) and a highly significant reduction
of LpA-I:A-II levels (P < 0.0001). This caused a significant
increase in the percentage of apo A-I in LpA-I particles (P <
0.025). Female heterozygotes showed a similar reduction of
both LpA-I and LpA-I:A-II levels ( = 20%), whereas male het-
erozygotes showed a tendency towards a more specific reduc-
tion of LpA-I:A-II only (30 vs. 9%reduction of LpA-I levels).
Regarding all discussed parameters in this section, no significant
interaction between gender and genetic status could be identi-
fied.

LCATactivities, LCATconcentration, and CERs. Homozy-
gosity for the mutation presented in Fig. 2 cosegregated with a
near total loss of plasma LCAT activity (5-9% of normal) as
measured with proteoliposomes as substrate in all four probands
(Table I). The endogenous cholesterol esterification in whole
plasma was either normal (II-3), low normal (11-13), or sub-
stantially reduced (II-Il and II-15, respectively). LCAT con-
centration and LCAT specific enzyme activity were also sig-
nificantly reduced.

The decrease of LCAT activity in plasma was highly signifi-
cant in both male and female heterozygotes as compared with
unaffected subjects (P < 0.0001); however, it was not possible
to determine the carrier status of some subjects on biochemical
data only (data not shown). LCAT concentration was signifi-
cantly reduced (P < 0.0001 ) as compared with controls, whereas
the specific activity was largely unaffected. Cholesterol esterifi-
cation in whole plasma was significantly reduced in heterozy-
gotes (P < 0.05). The FER in LDL/VLDL-depleted plasma was
significantly increased in both male and female heterozygotes (P
< 0.027). No interaction between status and gender could be
identified with respect to all LCAT parameters studied.

Table III. HDL-Cholesterol, apo A-I, and HDLSubfractions

Status* Sex Subject HDL-Cholesterol apo A-I LpA-I LpA-I:A-IH %LpA-I

mmolliter mg/dl mg/dl mg/dl

Homozygote M II-3 0.25 38 31 7 82
M II-II 0.14 25 32 < 1 > 100
F 11-13 0.14 38 42 < 1 > 100
F 11-15 0.18 40 44 < 1 > 100

(n = 4) 0.18±0.04 35±6 37±6 2 > 100

Heterozygote M (n = 22) 0.81±0.23k 99±18t 44±8§ 55±16t 45±811
F (n = 12) 1.04±0.15* 119+13t 49±7§ 69±11 42±411

Normal M (n = 16) 1.29±0.44 125±25 48±12 78±19 38±8
F (n = 22) 1.54±0.40 147±24 59±19 88±18 40±10

* Status of family members was determined by DNAanalysis. Values represent single data for homozygous subjects and mean±SD for the specified
groups. HDL subfraction determinations were carried out using immunoelectrodiffusion. ANOVAwas carried out using the General Linear Models
procedure (heterozygotes versus controls): § P < 0.047; 11 P < 0.025; 1 P < 0.0001.
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CADand associated risk factors. The two male probands
(II-3 and II-lI) suffered from premature CADat ages 54 and
43. Associated risk factors in these homozygotes include male
sex and elevated total cholesterol in subject II-1I (Table II).

Body mass index, smoking and drinking habits, and physical
activity were similar between normal and individuals (data not
shown). The average ages of normal and affected males were
36 and 32 yr, respectively, whereas the average age of normal
and affected females was 35 yr. There was no evidence for
CAD in heterozygous siblings at the time the study was con-
ducted. None of the subjects was on medication known to affect
HDL cholesterol levels; however, subject 11-3 used 10 mg Zo-
cor/d at the time his blood was drawn.

Discussion

A new mutation which underlies a unique FEDphenotype. We
identified homozygosity for an A2205-G nucleotide substitution
in exon 4 of the LCAT gene, resulting in an Asn 13'-Asp
(N13ID) substitution in the mature protein, in four FED pro-
bands of a large family of Dutch descent. Two female and two
male homozygotes presented with HDL-cholesterol levels of
10-15% of normal in absence of proteinuria and abnormal renal
function. They suffered from pronounced corneal opacities as
singular clinical hallmark. Yet, the two male probands also
presented with premature atherosclerosis. Associated risk fac-
tors in these homozygotes include male sex and elevated total
cholesterol in subject II-li. Biochemical analysis showed that
endogenous LCAThad lost its activity against proteoliposomes,
whereas endogenous plasma cholesterol esterification was either
normal or moderately reduced. According to this presentation,
this familial disorder can be classified as FED. However, prema-
ture atherosclerosis is variably reported with this genetic disor-
der of HDL metabolism (12, 14, 14a, 16, 48-50).

The novel mutation causing LCATNT3lD was the only muta-
tion present in the LCAT exons and intron/exon boundaries.
Furthermore, we failed to identify this mutation in the normal
population or, indeed, other patients with FED. This together
with the cosegregation of homozygosity for the defect with a
near absolute loss of LCAT activity against proteoliposomes,
as substrate lead us to suggest that this mutation is causative
for this disorder.

The biochemical presentation of the four homozygotes in
this kindred illustrates the features of this disorder: impaired
endogenous LCAT activity as measured with proteoliposomes,
low LCAT mass, low normal plasma cholesterol esterification,
and high plasma FC. The clinical picture includes the presence
of premature CAD in the two male probands suggesting to us
that the earlier notion that no risk of CADoccurs in FEDneeds
to be reevaluated (14a). By contrast, the absence of evidence
of CADin the female probands is consistent with the observa-
tion that premature CAD has not yet been described in any
female with homozygous FED. The CADin the male probands
may be related to the significant increase in both TG and apo
B levels. Moderate hypertriglyceridemia is observed in virtually
all probands with FED (12, 17) and unpublished observations
from our laboratories confirm the presence of high apo B levels
in other families which harbor LCAT gene defects. Thus, we
do not believe that the high apo B and TG seen in this family
is due to another unrelated disorder. This notion is supported
by the observation that the high apo B and TGdoes not present
as a dominant trait in this family as would be expected for

familial combined hyperlipidemia. Specifically, only 21% of
the first degree family members have either high TG or apo B.

The decrease of LDL-cholesterol/apo B ratios in all four
probands (P < 0.005; versus unaffected sex- and age-matched
family members) indicates that LDL particle composition is
abnormal. This has not been observed previously in families
with either classical LCAT deficiency or FED. However, FED
probands have been shown to be characterized by an enrichment
of LDL with TG (50, 51). Furthermore, Turner et al. (52)
reported an impairment of lipoprotein processing, underlying
the conversion of VLDL via IDL to LDL, in homozygotes
for FED. The presence of small dense LDL particles in FED
homozygotes could be a risk factor for atherosclerosis.

HDL-cholesterol deficiency in homozygotes was reflected
by a specific loss of LpA-I:A-II particles as observed previously
(53). Thus, the residual HDL-cholesterol ( 10-15% of normal)
consisted mainly of LpA-I particles. This is probably related to
the selective effect of FED-related mutations on LpA-I:A-II
metabolism as reported earlier (53). Since LpA-I is potentially
more antiatherogenic than LpA-I:A-II (54-57), Rader et al.
(53) have proposed that near normal LpA-I levels in FEDpro-
bands might be related to their apparent relative low risk for
atherosclerosis.

Heterozygosity for LCATNJ3JD is clinically significant. A
unique feature of this study is the size of the family and the
prevalence of the N131D defect among the siblings. The ab-
sence of unaffected siblings in the second generation suggests
possible homozygosity of one of their parents but we were not
able to confirm this. 4 probands, 34 heterozygotes, and 38 con-
trols enabled us to analyze the effects of the LCATgene defect
on lipoprotein metabolism in a similar genetic and environmen-
tal background.

The comparison of heterozygotes with unaffected family
members with respect to lipids, lipoproteins, and apolipopro-
teins, revealed three interesting aspects. First, plasma total cho-
lesterol levels were significantly decreased (P < 0.02). Second,
affected siblings showed a significant decrease in LDL-choles-
terol/apo B ratios (P < 0.0002) reflecting a changed LDL
particle composition as already mentioned for homozygotes.
However, the segregation of a low LDL/apo B ratio with the
mutation was not unequivocal. Wecould not identify statistical
differences in LDL/apo B ratios when comparing heterozygotes
with the 10 unaffected first degree members of the kindred.
However, male heterozygotes had significantly lower ratios (P
< 0.02) when compared with the five unaffected male family
members (data not shown). Third, the impact of the N131D
defect on plasma HDL-cholesterol and apo A-I levels was strik-
ing in both sexes (P < 0.0001). On average, HDL-cholesterol
levels were reduced by 0.5 mmol/liter, mainly associated with
a decrease in LpA-I:A-II levels (P < 0.0001), whereas LpA-I
levels were only slightly affected (P < 0.02). Interestingly,
male heterozygotes showed an 8% decrease in LpA-I levels
whereas LpA-I:A-II levels were reduced by 30%. By contrast,
female heterozygotes presented with a 20% reduction of both
LpA-I and LpA-I:A-ll levels. These data might indicate differ-
ences in LpA-I and LpA-I:A-II metabolism between both sexes
in the presence of mutated LCAT. Furthermore, decreased
HDL-cholesterol in male heterozygotes seems to be mainly the
result of altered LpA-I:A-II metabolism, whereas LpA-I levels
normally account for the variation in HDL-cholesterol (58, 59).
Whether men would be at lower risk for atherosclerosis as the
result of near normal levels of the antiatherogenic LpA-I frac-
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tion as compared with affected women cannot be concluded
from this study. Further follow-up studies will possibly give an
idea of the risk of atherosclerosis within this family.

Differences in LCAT function in heterozygotes of both
sexes were clearly shown by the marked decrease of plasma
LCAT activity (P < 0.0001). While determination of plasma
LCAT activity using a proteoliposome substrate has been used
previously to predict genotypes (48), we observed several in-
stances in which the genetic status did not match the biochemi-
cal phenotype in this family. Thus, the use of a PCR-based
test proved to be necessary to determine which subjects were
affected. This observation may be related to the novel biochemi-
cal properties of this mutation of the LCAT gene.

Altered LCAT function in heterozygotes was confirmed by
measuring the LCAT activity in VLDL/LDL-depleted plasma,
although the decrease of LCAT activity in this plasma fraction
varied greatly among the affected subjects, as reflected by the
increased standard deviations as compared with LCATactivities
measured in whole plasma. These results illustrate the need for
genetic analysis in determining the carrier status of the family
members.

Of interest, both male and female heterozygotes exhibited a
significant increase of the FER in VLDL/LDL-depleted plasma
(FER-HDL; P < 0.027). Dobiasova et al. (60, 61 ) showed an
increase of FER-HDL in individuals that are at increased risk
for CAD. FER-HDL was shown to reflect the metabolic activity
and relative particle size distribution of the total HDL pool
and was proposed to be a potential predictor of the risk of
atherosclerosis (60, 61). These data constitute the first report of
a monogenic cause of hypoalphalipoproteinemia and increased
FER-HDL. Furthermore, our observations suggest a possible
increased risk of atherosclerosis for subjects heterozygous for
the N131D defect. They have a lipoprotein profile that others
(on a different background) have proposed as a potential risk
indicator (62).

LCATNI3JD is a novel class of mutant LCAT. To further
characterize the effects of the mutation on LCAT function, the
A2205-G nucleotide substitution was introduced into wild-type
LCAT cDNA and cloned into a mammalian expression vector
(pNUT). This construct was used for stable transfection of
BHKcells. Since expression of the mutant LCAT occurred at
near normal levels, we were able to assess the properties of the
mutant enzyme. rLCATNl3lD showed a near total loss of activity
against proteoliposomes as substrate and only a residual 25%
of normal activity against LDL as substrate. By contrast, the in
vitro analysis of three other typical FED-related mutations, i.e.,
LCATn.123ne (26), LCATproioreu (Pritchard, P. H., personal
communication), and LCATprOlOGn (reference 14a), showed
only a specific loss of LCAT activity against HDL, whereas
activity against LDL was mainly unaffected. By contrast, Klein
et al. (17) reported a LCAT mutation (Del300) that did not
result in loss of HDL-associated activity as shown by the func-
tional assessment of this defect. They showed that the specific
loss of LCAT activity against HDL only is not a prerequisite
for a FEDphenotype. In addition, our data indicate that partial
LCAT activity against LDL in absence of activity against HDL
can also underlie a FEDphenotype. The in vitro analysis of the
effects of mutations spread over the LCATgene exhibits a wide
range of abnormal LCAT activity, varying from a complete loss
of all LCAT activity (classical LCAT deficiency) to a specific
loss of activity against HDLonly (FED). Thus, these two disor-

ders represent extremes of phenotypical expression of mutations
of the LCATgene.

Although homozygosity for the N13 1D defect results in an
intermediate biochemical phenotype, the clinical manifestation
is clearly compatible with FED characteristics. Partial LCAT
activity against LDL is all that is required to sustain near normal
plasma cholesterol esterification. This feature apparently pre-
vents the development of classical LCAT deficiency.

However, the underlying background of the heterogeneity
of biochemical and clinical expression of LCAT gene defects
remains to be elucidated. The LCAT region specified by the
amino acid positions 123-135 seems to be of specific interest
since Thr'23- He results in a specific loss of LCAT activity
against HDL, yet Asn '3'-Asp is associated with an additional
partial loss of activity against LDL. By contrast, Arg 35-Trp/
Gln ( 14, 14a) is characterized by a total loss of LCAT activity.
Whether these mutations affect LCAT's catalytic function or
its capacity to bind to and/or be active on different lipoprotein
particles remains to be investigated.

The phenotypical expression of the mutant LCATNl3lD might
explain the observed significant decrease of LDL-cholesterol/
apo B ratios in the probands and the heterozygotes; however,
other possible gene defects might also have modulating effects.
The decreased LCATactivity against LDL is distinctly different
from the reported ability of FEDLCAT to use LDL cholesterol
( 13, 14a, 26). Altered transport of CEmight have consequences
for LDL particle composition and the atherogenic potential of
this lipoprotein fraction. In addition, in the virtual absence of
HDL-cholesterol in homozygotes, reverse cholesterol transport
will probably be mainly driven by the partially impaired activity
towards LDL particles.

Conclusions. In conclusion, this novel case of partial LCAT
deficiency clearly indicates the differential expression of LCAT
gene mutations. The exchange of Asn 13'-Asp in the LCATpro-
tein due to an A2205-G nucleotide substitution in exon 4 of the
LCATgene results in a combined loss of LCAT activity against
HDLand LDL (5 and 25% of normal, respectively). Homozy-
gosity underlies dense corneal clouding and severe HDL defi-
ciency, and seems to set male homozygotes at increased risk
for atherosclerosis. Heterozygotes presented with affected lipo-
protein metabolism, which might predispose them to an in-
creased risk for atherosclerosis, a marked reduction of plasma
HDL-cholesterol, a tendency towards small dense LDL, and
an increase of FER-HDL. To elucidate the heterogeneity in
phenotypical expression of LCAT gene mutations, the LCAT
region specified by the amino acid positions 123-135 appears
to be of specific interest. This report clearly shows the impor-
tance of normal LCATfunction in humans and indicates that the
investigation of rare genetic syndromes like FED can provide
important insights into LCAT function in lipoprotein metabo-
lism.
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