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Abstract Previous mutations associated with 1ecithin:choles- 
terol acyltransferase (LCAT) deficiency have been identified 
using genomic DNA. To facilitate mutation analysis, we used 
cDNA from cultured fibroblasts which were shown to express 
LCAT mRNA. Using reverse-transcriptase PCR, LCAT cDNA 
was obtained from a 13-year-old boy with complete LCAT 
deficiency, characterized by low HDL-C (3 mg/dl), nondetecta- 
ble initial cholesterol esterification rate, LCAT activity, and 
minimal LCAT mass (0.16 vs. 5-7.5 pg/ml). Sequencing of 
LCAT cDNA clones identified two mutations. A novel frame- 
shift mutation caused by deletion of cytosine at the third nucleo- 
tide position of amino acid 168 (exon 5) predicts a disrupted pro- 
tein catalytic site by converting Ser18,-+Ala and creates a Pvu-IZ 
restriction site prior to premature truncation at amino acid 238. 
A C A T  transition results in a substitution of methionine for 
threonine at amino acid position 321 and creates an Nla-111 re- 
striction site on the maternal allele. Expression studies of mutant 
LCAT cDNA confirmed the virtual absence of LCAT activity in 
transfected COS-1 cells. Bill The molecular defect in a young 
male with complete LCAT deficiency has been identified using 
fibroblast cDNA.- Miller, M., K. Zeller, P. 0. Kwiterovich, 
J. J. Albers, and G. Feulner. Lecithin:cholesterol acyltransfer- 
ase deficiency: identification of two defective alleles in fibroblast 
cDNA. J Lipid Res. 1995. 36: 931-938. 
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Lecithin:cholesterol acyltransferase (LCAT) is a glyco- 
protein that catalyzes the transfer of acyl groups from the 
sn-2 fatty acid of phosphatidylcholine to esterify free 
cholesterol. It is believed to play a pivotal role in reverse 
cholesterol transport by facilitating formation of cho- 
lesteryl esters in high density lipoprotein cholesterol 
(HDL-C) for subsequent hepatobiliary excretion (1). 
Familial deficiency of LCAT is an autosomal recessive dis- 
order associated with very low HDL-C (2). Although 
there are varying phenotypic expressions of the disorder, 
most of the affected subjects have been identified after 

development of clinical manifestations ranging from cor- 
neal opacification and mild anemia to severe renal in- 
sufficiency. The gene for LCAT, located on chromosome 
16q, consists of 6 exons and encodes a protein of 416 
amino acids (3). While the primary site of LCAT produc- 
tion is the liver, other tissues, including testes and brain, 
express the LCAT gene (4-6). To date, mutations within 
the coding regions of the gene have been identified using 
genomic DNA (7, 8). The use of cDNA to screen for the 
presence of splicing defects has been hindered because of 
the relative inaccessibility of tissues that express LCAT. 
We now report that cultured skin fibroblasts express the 
LCAT gene and serve as a useful tool to screen LCAT 
cDNA for mutations. 

MATERIALS AND METHODS 

Subjects 
The proband is a 13-year-old boy who was identified 

with a very low level of HDL-C cholesterol after the sud- 
den cardiac death of his 38-year-old non-smoking father. 
Hematologic studies revealed microcytic anemia and an 
elevated concentration of unesterified cholesterol and 
phosphatidylcholine within erythrocyte membranes (9). 
There was a trace of proteinuria. No corneal opacification 
was present upon slit-lamp ophthalmologic examination. 
A skin biopsy was performed on the forearm of the pro- 
band after informed consent was obtained from the pro- 

Abbreviations: LCAT, 1ecithin:cholesterol acyltransferase; PCR, poly- 
merase chain reaction; HDL-C, high density lipoprotein-cholesterol; 
LDL, low density lipoprotein; CAD, coronary artery disease; hypoa!, 
hy poalphalipoproteinemia. 
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band's mother. Other family members studied included 
the sister, mother, maternal uncle, and maternal and 
paternal grandparents (Fig. 1). 

31 31 32 

Lipoprotein and apolipoprotein analysis 

Total cholesterol and triglyceride concentrations were 
measured enzymatically on a Hitachi 704 clinical chemis- 
try analyzer (Boehringer-Mannheim, Indianapolis, IN). 
HDL-C was determined after precipitation of apolipopro- 
tein B lipoproteins with heparin sulfate (1.3 g/l) and man- 
ganese chloride (0.092 M) (10). ApoA-I and apoB levels 
were measured using commercially available immuno- 
diffusion plates (apoA-I, Tago, Inc., Burlingame, CA; 
apoB, Behring Diagnostics, La  Jolla, CA). LDL was esti- 
mated using the Friedewald formula (11). 

Cholesterol mass measurements initial esterification 
rate 

Fifty pl of whole plasma and the HDL-C fraction were 
each extracted with hexane-isopropranol 3:2 (12). Stig- 
masterol (1 mg/ml) was added as an internal standard and 
the extracts were evaporated under N2 and redissolved in 
carbon disulfide for free cholesterol measurement using a 
Hewlett-Packard 5890 Gas Chromatograph. Separation 
occurred at 265°C in an HP-17 50% phenyl-methyl sili- 
cone cross-linked column after microsaponification (13). 
The  total cholesterol content was measured and esterified 
cholesterol was calculated as the difference between total 
and free cholesterol. The  initial esterification rate was 
measured using [ '+C]cholesterol (sp act: 58 mCi/mmol, 
New England Nuclear) as the radiolabeled tracer (14). 

42 

LCAT mass and activity 

LCAT mass was quantified by radioimmunoassay using 
a polyclonal antibody (15). LCAT activity was determined 
in vitro (production rate of cholesteryl esters/30 min), 
using artificial proteoliposomes comprised of apoA-1- 
[14C]cholesterol-egg phosphatidylcholine (molar ratio, 
0.8: 12.5: 2 50) (16). 

Cloning and sequencing of LCAT cDNA 

Fibroblasts were grown and maintained in Eagle's 
minimal essential media and 10% FCS (Hyclone) as pre- 
viously outlined (17). For mRNA extraction, fibroblasts 
were grown to confluency on p60 dishes (Falcon, MA), 
dissociated with 0.05% trypsin-EDTA, pelleted and re- 
suspended in PBS. mRNA was extracted from approxi- 
mately 1 x lo7 cells using a micro mRNA isolation kit 
(Pharmacia). A first strand cDNA synthesis kit (Pharmacia) 
was utilized with 100 ng mRNA as template and an oligo 
d T  primer. Full-length LCAT cDNA was amplified from 
1130th of the first strand reaction with the oligonucleo- 
tides: 5' GGGAAT'EACCAGGGCTGGAATGGGG 3' 
and 5' GGAAGCTTCTTTATTCAGGAGGCGGG 3' ,  
under the following PCR conditions: 20 pmol of each 
primer, 100 pM each dNTP, 20 mM Tris-HC1, p H  8.5, 
and 2 mM MgC12. The  reaction mixtures were denatured 
at 93°C for 30 sec, annealed at 58OC for 30 sec, and ex- 
tended at 72°C for 30 sec for a total of 35 cycles using a 
Hybaid Thermal Reactor (National Labnet). After sepa- 
ration on a 6% polyacrylamide gel and staining with 
ethidium bromide, PCR products were isolated, blunt- 
ended with Klenow DNA polymerase, and subcloned into 
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Pedigree of the family with LCAT deficiency. The proband is indicated by the arrow. HDL-C levels (mg/dl) are listed below the accompanying 
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the St-f I restriction enzyme site in the plasmid vector, 
pBluescript (Stratagene, La Jolla, CA) (18). Full-length 
clones were isolated and sequenced using cycle sequenc- 
ing with fluorescent dye terminators and then analyzed on 
an AB1 automated sequencer (19, 20). The universal 
primers T 3  and T7 as well as internal LCAT primers were 
used to sequence the entire cDNA clones. (see Table 1 for 
location of LCAT primers). 

Restriction enzyme analysis 

To examine polymorphic restriction sites created by 
identified mutations, genomic DNA spanning exons 5 and 
6 of the LCAT gene was amplified from the proband and 
selected family members. Exon 5 was amplified using the 
following primers: 5' CTATGACTGGCGGCTTC;GAG 3' 
and 5' TCACCTGAGGCGAAGAC 3' under the follow- 
ing PCR conditions: 40 pmol each primer, 100 pM each 
dNTP, 10% DMSO, 17 mM ammonium sulfate, 67 mM 
Tris, pH 8.0, 0.67 mM MgC12, 10 mM DTT, 0.17 mg/ml 
BSA using 100 ng genomic DNA as template. PCR reac- 
tions were cycled 30 times at 94OC for 1 min, 53OC for 
45 sec, and 72OC for 1 min. To amplify exon 6, the following 
primers were used: 5' CTGCAGTCACGTGACCTC 3' 
and 5' GGCTGTGGCTGGCGGCC 3' with the same 
conditions noted above except for the primer annealing 
temperature (58OC). Five hundred nanograms of gel- 
purified PCR products was digested for 2 h with 5 units 
of either Pvu-I1 or Nla-III (Stratagene). The restriction 
fragments were separated by polyacrylamide gel (6-8 %) 
electrophoresis and the DNA was visualized after 
ethidium bromide staining (21). 

Expression of LCAT cDNA in  COS-1 cells 

To evaluate the functional significance of identified 
mutations associated with LCAT deficiency, mutant and 
normal full-length LCAT cDNAs were cloned into the ex- 
pression vector pSVSport (Gibco/BRL). Th' is was accom- 
plished by digestion of the original pBluescript clones with 
EcoRI and Hind 111, restriction sites that were engineered 
into the PCR primers used to amplify the LCAT cDNA. 
After purification from a 0.8% agarose gel, the inserts 
were ligated into the unique EcoRUHind 111 sites of the 

TABLE 1. Primers used for sequencing LCAT cDNA 

Primer Sequence 

5 '  CTATGACTGGCGGCTGGAG 3' 
5' CAGCAGGAAATAGAGCAAG 3' 
5' ATAACCACCACCTCCCCCT 3' 
5' CCTGTGTAGTTGAAGCTGG 3' 
5' TACATCTACGACCACGG 3' 
5' GGCTGTGGCTGGCGGCC 3' 

Nucleotide Position 

511-529 

816-834 
641-659 

889-907 
1056-1072 
1164-1180 

Nucleotide position in the cDNA of each primer is indicated: nucleo- 
tide 1 is equal to the first position of the initiator methionine. 

TABLE 2. Lipids, lipoproteins, and apolipoprotein A-I levels of the 
proband and family members 

Subject Age TC TG HDL-C A-I 

Y7 mg/dl 

Proband (IIlb) 13 96 136 3 7 
Sister (IIIa) 16 175 62 25 87 

(m) Uncle (IIb) 39 175 136 31 119 

(m) gf (IC) 73 186 168 32 120 

Mother (IIa) 41 213 78 38 126 

(PI gf (14  73 184 232 31 104 
(PI gm (Ib) 70 214 181 31 134 

(m) gm (Id) 69 294 159 42 148 

Abbreviations: m, maternal; p, paternal; gf, grandfather; gm, grand- 
mother. 

pSVSport vector. This directional cloning method placed 
the LCAT cDNA in the correct orientation for expression 
in Cos-1 cells. For each condition, COS-1 cells (1 x lo6) 
were plated in duplicate and cultured in 10 ml of MEM 
supplemented with 10% fetal calf serum. The next day, 
the cells were transfected with 20 Fg of each clone or car- 
rier DNA by the calcium phosphate coprecipitation 
method (22). After an overnight incubation, media were 
changed to 10 ml DMEM (Gibco, Gaithersburg, MD) 
without FCS. At 72 h post-transfection, media were re- 
moved and stored at - 70OC. LCAT activity was assessed 
using a proteoliposome substrate and 10 pl of thawed 
media (16). Using a micro RNA isolation kit (Stratagene) 
total RNA was extracted from the transfected cells for 
Northern blot analysis using a radiolabeled full-length 
human LCAT cDNA probe. 

RESULTS 

Lipoprotein and apolipoprotein analysis 

The members of the pedigree (Fig. 1) are non- 
consanguineous 5th generation Americans of German 
(paternal) and Irish-Scottish (maternal) descent. Lipid, 
lipoprotein, and apolipoprotein levels of the proband 
(shown in bold) and family members are shown in 
Table 2. Maternal and paternal family members ex- 
hibited low levels of HDL-C, although extremely low 
levels were only detected in the proband. 

Cholesterol mass, esterification rate, LCAT mass and 
activity 

The results of cholesterol mass, esterification rate, and 
LCAT mass and activity are displayed in Table 3. Com- 
pared with controls, the proband (shown in bold) demon- 
strated reduced mass of cholesteryl esters in plasma and 
HDL-C. An initial cholesterol esterification rate was not 
detectable and the mass and activity of LCAT were both 
negligible, consistent with complete LCAT deficiency. A 
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TABLE 3. Cholesterol mass", initial cholesterol esterification rate 
(CER),  LCAT mass and activity of proband and family members 

Cholesterol Mass LCAT 

Subject Plasma HDL-C CER Mass Activity 

7% CE nmol/ml/h pg/ml nmol/ml/h 

Proband 11 20 0 0.16 0 
Sister 75 80 83  3.8 78 
Mother 78 82 78 3.7  48 
(m) Uncle 77 75 70 4.0 47 
(P) GF 78 79 32 3.0 34 
(P) GM 78  73 86 7.2  92 
(m)  GF 80  80 90 6.7 127 
(m) GM 75  75 79 4.2 58 

Controls (n = 5)  80  80 60-100 5-7.5 100-130 

Abbreviations: m, maternal, p, paternal; gf, grandfather; gm, grand- 

"Values  given as percent of total cholesterol in cholesteryl  esters (CE). 
mother. 

reduction in mass of LCAT of approximately 50% was 
found in  certain family members, consistent with hetero- 
zygosity  for  LCAT  deficiency. 

Expression of LCAT in cultured  skin  fibroblasts 

To evaluate LCAT expression in fibroblasts, confluent 
cells  from the proband  and a normolipidemic control 
(passages 3-10), as well as HepG2 cells  (positive control) 
and leukocytes (negative control) (4) were  collected for 
mRNA extraction. The isolated RNA was subjected to 
reverse transcription and PCR amplification.  LCAT  ex- 
pression was evident in fibroblasts but not in leukocytes 
(Fig. 2). However, the  quantity expressed in fibroblasts 
was extremely low and not detectable by Northern blot 
analysis of 1 pg of mRNA  (data not shown). 

UAA-I--J- n-11 

Fig. 3. Single base-pair deletion in amino acid 168. TOP panel: normal 
LCAT  sequence. Bottom panel: sequence of mutant LCAT cDNA. 
Arrow indicates the base-pair that is deleted in the  mutant (sequence is 
of the antisense strand). 

DNA sequence  analysis  and  restriction  digestion 

Full-length LCAT  cDNA was amplified and cloned 
from skin fibroblasts of the proband  and a normal control. 
Sequence analysis revealed two mutations on two  differ- 
ent cDNA clones from the  proband. The first mutation 

Fig. 2. Expression of LCAT mRNA in liver and fibroblasts. Markers on  the left  refer to molecular weight stan- 
dards (@-x Hae 111). Lane 1: 392 base-pair PCR fragment of exons 4 and 5 from HepG2 cells; lane 2: 392 base-pair 
fragment from  fibroblasts of the proband; lane 3: PCR amplification of mRNA from leukocytes; lane 4 no sample 
applied; lane 5: full-length LCAT cDNA amplified from normal human liver cDNA. 

934 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


was a deletion of a cytosine residue at the third nucleotide 
position of amino acid 168 in exon 5 (Fig. 3). This dele- 
tion creates a novel Puu-ZZ restriction site (Fig. 4) and a 
frameshift that produces a stop codon at amino acid 239 
and truncates the LCAT protein by 178 amino acids. A 
334 base-pair genomic DNA fragment containing this 
mutation was amplified from several family members and 
used for restriction mapping. This region contains a fixed 
Puu-ZZ site as well as the variable restriction site. When 
digested with the appropriate restriction enzyme, the nor- 
mal allele is cleaved into two fragments, 256 and 78 base- 
pairs in length while the mutant allele is cut twice to 
produce three fragments, 174, 82 and 78 base-pairs in 
length. A heterozygote for this mutation (e.g., the pro- 
band) will exhibit four fragments of sizes 256, 174, 82, 
and 78 base-pairs (Fig. 4). As evident from this restriction 
digest, the mutant allele was inherited from the paternal 
grandfather. 

Sequence analysis of two independent LCAT clones 
from the proband's fibroblasts (in both 5'+3' and 3'+5' 
direction), revealed a single base-pair substitution in 
exon 6 of the maternal allele (Fig. 5). A C-'T transition 
in the second position of amino acid 321 results in the sub- 
stitution of methionine for threonine and creates an 
Nlu-ZZZ restriction site. The normal allele in the amplified 
genomic region does not contain any Nlu-ZZZ sites and 
migrates as a single 214 base-pair band. The Nlu-ZZZ re- 
striction site detected in the proband and several maternal 
relatives cleaves the fragment into two smaller fragments 
of 133 and 81 base-pairs (Fig. 6). 

5, I 78 bp 

In vitro expression studies 

3' 82 bp 174 bp 

Northern blot analysis of total RNA from transfected 
COS-1 cells demonstrated that the normal and both mu- 
tant forms of LCAT cDNA were expressed (data not 
shown). Using a proteoliposome substrate, LCAT activity 
was assessed in the culture media of transfected COS-1 
cells. Expression of either mutation resulted in virtual ab- 
sence of LCAT activity (Table 4), suggesting that instabil- 
ity of the altered proteins was a likely cause of LCAT 
deficiency. 

DISCUSSION 

An important observation in this study was the demon- 
stration that LCAT mRNA is expressed in cultured fibro- 
blasts. The proband, in whom the molecular defects caus- 
ing LCAT deficiency were detected after analysis of 
fibroblast cDNA, is the youngest subject identified to date 
with this abnormality. The genetic compound is the result 
of a novel frameshift mutation in exon 5 and a previously 
reported missense mutation, Thr3Z1+Met, in exon 6 (2). 
Although nucleotide insertions resulting in a frameshift 
mutation have been reported previously (23, 24), this is 
the first case, to our knowledge, of a nucleotide deletion 
associated with LCAT deficiency. The significance of this 
mutation is the loss of a cytosine at the third nucleotide 
of amino acid 168 which predicts a disrupted putative en- 
zyme catalytic center by converting SerI8, -'Ala. Re- 
cently, Francone and Fielding (25) showed that Ser,a, is 

M I  2 3 4 5 6  

Fig. 4. Novel Puu-11 restriction site created by the base-pair deletion in exon 5. Restriction map of 334 base-pair 
PCR fragment illustrates position of the fixed and variable (indicated by the asterisk) Puu-II sites. The PCR frag- 
ments amplified from the genomic DNA of maternal and paternal family members were restricted with Puu-II and 
analyzed by polyacrylamide gel electrophoresis. Lane 1: proband; lanes 2 and 3: proband's sister and mother, respec- 
tively; lanes 4 and 5: paternal grandfather and grandmother, respectively; lane 6: maternal grandfather. Lane M 
represents a 100 base-pair DNA ladder (GibcolBRL). 

Pvu I1 'Pvu I1 
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TABLE 4. LCAT activity in the culture media of in  vitro ex- 
pressed normal and mutant  LCAT 

LCAT Activity 

nmoWh 

Normal 84 * 22 
Mutant 7 * 5  

Thr3*,  +Met  ND 
LCAT168 (frameshift) 

Total amount of cholesteryl esters formed per hour in the cell culture 
media using  pmteoliposomes as substrate (see Methods). Values represent 
mean f SD of triplicate measurements from  two separate dishes and were 
subtracted from the background values (e.g.,  carrier DNA and cultured 
cells only); ND, no detectable activity noted. 

the  predicted lo and 2 O  amino acid sequence, the  muta- 
tion would be expected to  produce  a  protein  that  contains 
a greater  predominance of serine  and  threonine residues 
(11 and 5, respectively) resulting  in  a more polar  and 
hydrophilic polypeptide. Another consequence of the 
nucleotide deletion is premature  truncation which results 
in a  protein of 238 amino acids. 

Although  the second mutation, Thrgpl+Met, was re- 
cently reported in an individual from Sardinia who was 
homozygous for this  change (Z), the phenotypic effect of 

Fig. 5. The  C+T transition in exon 6. Top panel: normal LCAT  se- this  alteration was not studied.  When COS-1 cells  were 
quence. Bottom panel: mutant sequence from proband. transfected with LCAT cDNA containing the Thr3pl+Met 

mutation, LCAT mRNA was expressed but  there was 
the active site for transfer of acyl intermediates.  Using complete absence of enzymatic activity (Table 4). As an- 
site-directed mutagenesis, conversion of SerlB1  +Ala re-  ticipated by the  computer-predicted  secondary  structure, 
sulted  in  the  inhibition of LCAT activity (25). Based on  the allelic substitution increases the hydrophobicity of the 

Fig. 6. Novel Nlu-IZZ site created by the C -tT transition in exon 6. Restriction map illustrates position of Nla-ZII 
site in the mutant allele. The gel represents an Nla-III digestion  of amplified genomic DNA from proband and 
family members. Lane 1: proband: lanes 2 and 3: proband’s sister and mother, respectively; lane 4 paternal grand- 
father; lane 5: maternal grandfather. Lane on right represents 100 base-pair DNA ladder (Gibco/BRL). 
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protein segment. Therefore, the markedly reduced LCAT 
mass found in both the subject homozygous for the muta- 
tion (0.3 pglml) (2) and in our subject most likely 
represents irregular folding of the protein leading to en- 
hanced degradation. 

Despite the severity of the genetic abnormalities pres- 
ent in the proband, the devastating sequelae often attri- 
buted to complete LCAT deficiency (e.g., renal insuffi- 
ciency) have not yet occurred. This may in part reflect the 
phenotypic heterogeneity of the disorder, or delayed ex- 
pression of clinical renal complications. Unfortunately, 
the homozygote subject with the ThrgZ1 + Met substitu- 
tion developed renal insufficiency during his fourth decade 
(2). The  predicted abolishment of the catalytic site owing 
to a frameshift mutation on the paternal allele further 
suggests that the compound heterozygote reported herein 
is likely to develop the serious manifestations of this dis- 
order. At present, microcytic anemia and trace pro- 
teinuria are the sole clinical findings. However, these 
premonitory findings suggest that close observation and a 
vigorous search for potential therapeutic strategies, in- 
cluding liver transplantation andlor gene therapy, may be 
warranted in the future. 

Previous studies using fibroblast cDNA (26) can now 
be extended to include LCAT deficiency states. Although 
liver, brain, and testes all express LCAT in appreciable 
quantities (4-6), routine biopsies of these tissues for 
mRNA isolation are not feasible. Therefore, it is fortui- 
tous that fibroblasts express LCAT mRNA. Although the 
quantity of LCAT mRNA was below the threshold for de- 
tection by Northern blot analysis, fibroblasts may be par- 
ticularly useful in facilitating the identification of splicing 
defects. For example, the inability to find the second mu- 
tation in an LCAT-deficient compound heterozygote 
using genomic DNA (27) raises the possibility of abnor- 
mal splicing. Thus, examination of fibroblast cDNA may 
help to elucidate the molecular defect in such subjects. 

Although most family members studied were hetero- 
zygotes for LCAT deficiency (Fig. l), the paternal grand- 
mother (pgm) and maternal grandfather (mgf) displayed 
normal LCAT mass and activity (Table 3). That HDL-C 
levels in both subjects were low (31 mg/dl and 32 mg/dl, 
respectively) suggests the coexistence of familial hypo- 
alphalipoproteinemia (hypoa), a polygenic disorder char- 
acterized by low HDL-C and premature coronary artery 
disease (CAD) (28). Consistent with this possibility was a 
fatal myocardial infarction in the proband's 38-year-old 
non-smoking, normolipidemic, and normotensive father. 
Levels of HDL-C had not been determined in the de- 
ceased father although postmortem examination revealed 
corneal clouding, suggestive of very low HDL-C (1). 
Nonetheless, the absence of CAD in other family mem- 
bers with low HDL-C who were not heterozygotes for 
LCAT deficiency (e.g., paternal grandmother) makes 
familial hypoa less likely and raises the possibility of an  

unidentified abnormal genetic andlor metabolic condition 
that may have predisposed the proband's father to sudden 
cardiac death. 

In  summary, at least 16 different mutations have now 
been reported from among 30 families with LCAT defi- 
ciency. The  widespread screening measures recently ad- 
vocated for identifying subjects with low HDL-C (29) in- 
crease the likelihood that additional mutations will be 
described and characterized in the near future. e 
The authors gratefully acknowledge Dr. Beverly Teter for 
erythrocyte membrane analysis, Dr. John Collins for computer 
predicted protein analysis, Dr. Cecilia Devlin for review of the 
manuscript, The Johns Hopkins University and University of 
Maryland Genetic Core Facilities, and Ms. Esther Getz for as- 
sistance with manuscript preparation. This work was supported 
by the National Institutes of Health Preventive Cardiology Aca- 
demic Award K07-HL-02263-03, HL-30086, and by a Special- 
ized Center of Research for Arteriosclerosis P50-HL-47212-03. 
Manuscript received 5 October 1994 and in revised form 27 Bcembrr 1994. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

REFERENCES 

Breslow, J. L. 1989. Familial disorders of high density 
lipoprotein metabolism. In The Metabolic Basis of In- 
herited Disease. 6th ed. C. R. Scriver, A. L. Beaudet, W. s. 
Sly, and D. Valle, editors. McGraw-Hill Inc., New York. 

Funke, H., A. von Eckardstein, P. H. Pritchard, A. E. 
Hornby, H. Wiebusch, C. Motti, M. R. Hayden, C. 
Dachet, B. Jacotot, U. Gerdes, 0. Faergeman, J. J. Albers, 
N. Colleoni, A. Catapano, J. Frohlich, and G. Assman. 
1993. Genotypic and phenotypic heterogeneity of familial 
1ecithin:cholesterol acyltransferase (LCAT) deficiency. Six 
newly identified defective alleles further contribute to the 
structural heterogeneity in this disease. J Clin. Invest. 91: 

McLean, J., C. Fielding, D. Drayna, H. Dieplinger, B. 
Bear, W. Kohr, W. Henzel, and R. Lawn. 1986. Cloning 
and expression of human 1ecithin:cholesterol acyltransfer- 
ase cDNA. Pmc. Natl. Acad. Sci. USA. 83: 2335-2339. 
McLean, J., K. Wion, D. Drayna, C. Fielding, and R. 
Lawn. 1986. Human 1ecithin:cholesterol acyltransferase 
gene:complete sequence and sites of expression. Nucleic 
Acids Res. 14: 9397-9406. 
Warden, C. H., C. A. Langer, J. I. Gordon, B. A. Taylor, 
J. W. McLean, and A. J. Lusis. 1989. Tissue-specific ex- 
pression, developmental regulation, and chromosomal 
mapping of the 1ecithin:cholesterol acyltransferase gene. 
Evidence for expression in brain and testes as well as liver. 
J Biol. C h .  264: 21573-21581. 
Albers, J. J., S. M. Marcovina, and R. H. Christenson. 
1992. Lecithin:cholesterol acyltransferase in human cere- 
brospinal fluid: reduced level in patients with multiple scle- 
rosis and evidence of direct synthesis in the brain. Znt. J 
Clin. Lab. Res. 22: 169-172. 
Klein, H. G., P. Lohse, N. Duverger, J. J. Albers, D. J. 
Rader, L. A. Zech, S. Santamarina-Fojo, and H. B. Brewer, 
Jr. 1993. Two different allelic mutations in the 1ecithin:cho- 
lesterol acyltransferase (LCAT) gene resulting in classic 
LCAT deficiency: LCAT (tyr,,-'stop) and LCAT 
(tyr156+asn). J Lipid Res. 34: 49-58. 

1251-1266. 

677-683. 

Miller et al. Lecithin:cholesterol acyltransferase gene defects in fibroblast 6)NA 937 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


8. 

9. 

10. 

11 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Skretting, G., J. P. BlomhoH; J. Solheim, and H.  Prydz. 
1992. The genetic defect of the original Norwegian leci- 
thin:cholesterol acyltransferase deficiency families. FEBS 
Lett. 309: 307-310. 
Norum, K. R., E. Gjone, and J. A. Glomset. 1989. Familial 
1ecithin:cholesterol acyltransferase, including fish eye dis- 
ease. In The Metabolic Basis of Inherited Disease. 6th ed. 
C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, edi- 
tors, McGraw-Hill Inc., New York. 1181-1194. 
Bachorik, P. S., and P. 0. Kwiterovich. 1991. Measurement 
of plasma cholesterol, low density lipoprotein cholesterol. In 
Techniques in Diagnostic Human Biochemical Genetics. A 
Laboratory Manual. F. A. Hommes, editor. Wiley-Liss 
New York. 425-459. 
Friedewald, W. T., R. I. Levy, and D. S. Fredrickson. 1972. 
Estimation of low density lipoprotein cholesterol in plasma 
without use of the preparative ultracentrifuge. Clin. Chem. 

Hara, A,, and N. S. Radin. 1978. Lipid extraction of tissues 
with a low-toxicity solvent. Anal. Biochem. 90: 420-426. 
Ishikawa, T. T., J. MacGee, J. A. Morrison, and C. J. 
Glueck. 1974. Quantitative analysis of cholesterol in 5 to 
20 pl of plasma. J Lipid Res. 15: 286-291. 
Dobiasova, M., J. Stribrna, P. H.  Pritchard, and J. J. 
Frohlich. 1992. Cholesterol esterification rate in plasma 
depleted of very low and low density lipoproteins is con- 
trolled by the proportion of HDL2 and HDL, subclasses: 
study in hypertensive and normal middle-aged and septu- 
agenarian men. J Lipid Res. 33: 1411-1418. 
Albers, J. J., J. L. Adolphson, and C. H. Chen. 1981. 
Radioimmunoassay of human plasma 1ecithin:cholesterol 
acyltransferase. ,/. Clin. Znuest. 67: 141-148. 
Chen, C. H., and J. J. Albers. 1982. Characterization of 
proteoliposomes containing apolipoprotein A-I: a new sub- 
strate for the measurement of 1ecithin:cholesterol acyltrans- 
ferase activity. J Lipid Res. 23: 680-691. 
Miller, M., M. Motevalli, D. Westphal, and P. 0. 
Kwiterovich. 1993. Incorporation of oleic acid and eicosa- 
pentaenoic acid into glycerolipids of cultured normal hu- 
man fibroblasts. Lipids. 28: 1-5. 
Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. 
Molecular Cloning: A Laboratory Manual. Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY. 
Smith, L. M., J. Z. Samder, R. J. Kaiser, P. Hughes, 
C. Dodd, C. R.  Connel, C. Heiner, S. B. Kent, and L. E. 
Hood. 1986. Fluorescence detection in automated DNA se- 

18: 499-508. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

quence analysis. Nature. 321: 674-679. 
McCombie, W. R., C. Heiner, J. M.  Kelley, M. G. Fitzger- 
ald, and J. D. Gocayne. 1992. Rapid and reliable fluores- 
cent cycle sequencing of double stranded templates. DNA 
Sequence. 2: 289-296. 
Saiki, R. K., S. Scharf, F. Faloona, K. B. Mullis, G. T. 
Horn, H. A. Erlich, and N. Arnheim. 1985. Enzymatic am- 
plification of @-globin genomic sequences and restriction 
site analysis for diagnosis of sickle cell anemia. Science. 230: 
13 50-1 354, 

Rosenthal, N. 1987. Identification of regulatory elements of 
cloned genes with functional assays. Methods Enzymol. 152: 

Gotoda, T., N. Yamada, T. Murase, M. Sakuma, N. 
Murayama, H.  Shimano, K. Kozaki, J. J. Albers, Y. 
Yazaki, and Y. Akanuma. 1991. Differential phenotypic ex- 
pression by three separate mutant alleles in familial leci- 
thin:cholesterol acyltransferase deficiency. Lnncet. 338: 

Bujo, H., J. Kusunoki, M. Ogasawara, T. Yamamoto, Y. 
Ohta, T. Shimada, Y. Saito, and S. Yoshida. 1991. Molecu- 
lar defect in familial 1ecithin:cholesterol acyltransferase 
deficiency: a single nucleotide insertion in LCAT gene 
causes a complete deficient type of the disease. Biochem. 
Biophys. Res. Commun. 181: 933-940. 
Francone, 0. L., and Fielding, C. J. 1991. Structure-func- 
tion relationships in human 1ecithin:cholesterol acyltrans- 
ferase. Site-directed mutagenesis at serine residues 181 and 
216. BiochemisQ. 30: 10074-10077. 
Ha, V. T., M. K. Marshall, L. J. Elsas, S. R.  Pinnell, and 
H. N. Yeowell. 1994. A patient with Ehlers-Danlos syn- 
drome Type VI is a compound heterozygote for mutations 
in the lysyl hydroxylase gene. J.  Clin. Invest. 93: 1716-1721. 
Taramelli, R., M. Pontoglio, G. Candiani, S. Ottolenghi, 
H. Dieplinger, A. Catapano, J. Albers, C. Vergani, and J. 
McLean. 1990. Lecithin cholesterol acyltransferase defi- 
ciency: molecular analysis of a mutated allele. Hum. Genet. 

Miller, M., and P. 0. Kwiterovich. 1990. Isolated low 
HDL-cholesterol as an important risk factor for coronary 
heart disease. Eur. HenrtJ 11 (Supp H): 9-14. 
Summary of the Second Report of the National Cholesterol 
Education Program Expert Panel on Detection, Evaluation 
and Treatment of High Blood Cholesterol in Adults. 1993. 
J Am. Med. Assoc. 269: 3015-3023. 

704-720. 

7 78- 781. 

85: 195-199. 

938 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

