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Abstract Lecithin:cholesterol acyltransferase (LCAT) defi-
ciency syndromes represent a group of rare genetic disorders
of HDL metabolism that have been the subject of a large num-
ber of clinical, biochemical, and genetic studies. Of special
interest are patients with LCAT-related disorders with severe
HDL deficiency and the apparent absence of premature ath-
erosclerosis. This finding is inconsistent with the general con-
cept that low HDL cholesterol levels are an obligate risk factor
for atherosclerosis. In this review, we describe 36 natural mu-
tations in the LCAT gene that result in either familial LCAT
deficiency (FLD) or the milder phenotype known as fish-eye
disease (FED). We propose a new classification of the natural
mutations of the LCAT gene that are described to date. The
defects are divided into four classes based on both the clinical
and biochemical characterization of the patient and data that
were obtained from the functional assessment of the mutant
proteins. We define FLD-associated mutations that underlie a
complete or nearly complete loss of LCAT activity due to null
mutations (Class 1), and missense mutations (Class 2), respec-
tively. In addition, we distinguish two classes of FED-associated
mutations (Classes 3,4) that underlie a partial impairment of
LCAT activity but differ in their lipoprotein substrate specific-
ity. In addition, we review the evidence of atherosclerosis in
subjects with LCAT deficiency syndromes. The observation
that 6 (all males) of a total of 19 FED subjects suffered from
premature CAD (as defined by <55 years of age and <60 years
of age for women and men, respectively) challenges the ear-
lier assumption that the FED phenotype is not associated with
increased risk of CAD. However, premature CAD remains an
unusual clinical complication in FLD subjects.—Kuivenho-
ven, J.A., H. Pritchard, J. Hill, J. Frohlich, G. Assmann, and
J. Kastelein. The molecular pathology of lecithin:cholesterol
acyltransferase (LLCAT) deficiency syndromes. J. Lipid Res.
1997. 38: 191-205.
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LCAT GENE AND PROTEIN

The human lecithin:cholesterol acyltransferase
(LCAT) gene is localized in the q21-22 region of chro-
mosome 16 (1) and is primarily expressed in the liver
(2). It consists of 6 exons separated by 5 introns and
encompasses a total of 4.2 kilobases (2). The human
LCAT mRNA of approximately 1550 bases encodes a
protein of 416 amino acids with a hydrophobic leader
sequence of 24 residues (2-4). The mature protein has
a calculated M, of 47,090 that contains four N-linked
glycosylation sites that have been shown to be func-
tional (5-7). Plasma LCAT has an apparent M, of 63
kD (2; 5) on SDSgels and therefore the carbohydrate
content is estimated to represent approximately 25% of
total LCAT mass. The enzyme is secreted into the
plasma compartment where it primarily resides on cir-
culating HDL particles (8) which contain its principal
activator protein apolipoprotein A-I (apoA-I) (9, 10).
The active site of the protein has been identified by
comparison with other serine-type esterases (3) and
comprises the sequence Gly-X-Ser*-X-Gly (3, 4) where
the Ser* represents the putative active site serine. Site-

Abbreviations: apo, apolipoprotein; BHK, baby hamster kidney;
CAD, coronary artery disease; CE, cholesteryl ester; CER, cholesterol
esterification rate; FC, free cholesterol; FED, fish-eye disease; FLD,
familial LCAT deficiency; HDL, high density lipoprotein; LLCAT, leci-
thin:cholesterol acyltransferase; LDL, low density lipoprotein; LpA-
I, HDL particles that contain only apoA-I; LpA-I:A-Il, HDL particles
that contain both apoA-I and apoA-II; TG, triglyceride; VLDL, very
low density lipoprotein; RCT, reverse cholesterol transport; CETP,
cholesterol ester transfer protein.
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directed mutagenesis of the serine residue confirmed
the functional importance of this site (11). The enzyme
has both a phopholipase A, activity and an acyltransfer-
ase activity. At the surface of lipoproteins, it preferably
catalyzes the transacylation of the sn-2 fatty acid of leci-
thin to the free 33-OH group of cholesterol whereby
lysolecithin and cholesteryl ester are formed (12, 13).
The preferred natural substrate for LCAT is plasma
high density lipoprotein (HDL) although the majority
of the substrate cholesterol originates from other lipo-
proteins or peripheral tissues (14). Whereas LCAT is
primarily associated with HDL in plasma (15), the en-
zyme is also shown to be active in the low density lipo-
protein (LDL) fraction (15-19). Tracing the cholesteryl
ester formation in plasma devoid of cholesteryl ester
transfer protein (CETP) activity, 73% of the esterified
cholesterol was found in the HDL fraction, 25% in LDL,
and 1% in very low density lipoprotein (VL.DL) (19).
Both particle size (20, 21) and its surface charge (22) me-
diate LCAT activity. Although LCAT is well conserved
among mammalian species, the substrate and positional
specificity of LCAT proteins from different species varies
considerably (23).

GENETIC DISORDERS OF LCAT METABOLISM

Mutations in the human LCAT gene underlie either
familial LCAT deficiency (FLD) or fish-eye discase
(FED) which are both inherited in an apparently au-
tosomal recessive manner. As these LCAT deficiency
syndromes have been extensively reviewed (24-26), we
will only briefly illustrate the clinical and biochemical
features of these disorders.

Familial LCAT deficiency

FLD was first reported in 1967 by Norum and Gjone
(27). The probands of a Norwegian family were charac-
terized by the virtual absence of plasma LCAT activity,
severely reduced content of both cholesteryl esters (CE)
and plasma LCAT concentration (28). Furthermore,
this disorder was characterized by HDL deficiency and
lipid changes in both VLDL and LDL fractions. The ma-
jor clinical findings included corneal opacification, ane-
mia, proteinuria, and renal disease (25).

In 1992, Skretting et al. (29) reported that the pro-
bands of this FLD family were homozygous for a single
nucleotide substitution in exon 6 of the LCAT gene,
which resulted in the exchange of a methionine for a
lysine residue at position 252 of the mature protein. In
vitro expression of this missense mutation was recently
shown to result in the production of a fully inactive
LCAT enzyme (30).
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Fish-eye disease

A second genetic disorder of LCAT metabolism,
known as FED or partial LCAT deficiency, was exten-
sively studied by Carlson and Philipson (31-33) in two
families of Swedish origin. In contrast to FLD, the FED
patients presented with no clinical signs except for the
characteristic dense age-dependent corneal opacifica-
tion. The probands were characterized by HDL defi-
ciency, elevated triglyceride (TG) levels (31, 32), and
demonstrated several additional lipoprotein abnormali-
ties (33-35). An apparently normal ability of the LCAT
enzyme to esterify cholesterol in plasma, a partial reduc-
tion in LCAT concentration, and a normal of percent-
age plasma CE clearly distinguished this disorder from
FLD (31, 33). Further biochemical analysis of the LCAT
protein revealed paradoxical results, in so far that
plasma LCAT activity was severely reduced despite near
normal cholesterol esterification rates (CER) (36). In
addition, it was shown that the CE content of HDL was
extremely low (37) whereas the relative CE content of
VELDL and LDL was normal (33). It was suggested that
LCAT exhibits two activities in normal plasma: alpha-
LCAT activity; specific for lipoproteins that migrate with
alpha-mobility upon gel electrophoresis (i.e., HDL),
and beta-l.CAT activity that is specific for pre-beta, and
beta-migrating lipoproteins (i.e., VLDL and LDL, re-
spectively) (36, 38, 39). Thus, FED was classified as
alpha-LCAT deficiency whereas FLD was proposed to
result from a lack of both alpha- and beta-LCAT activi-
ties. However, it was clear, after cloning of the LCAT
gene, that alpha- and beta-LCAT activity represented
two functional aspects of the same protein, as only one
LLCAT gene is present in humans (2).

In 1991, Funke et al. (40) described the first LCAT
gene defect that was associated with FED in a kindred of
German origin and in an unrelated Dutch family (41).
Homozygosity for a missense mutation in exon 4 re-
sulting in T123I was shown to be associated with the
FED phenotype. In support of the proposed alpha- and
beta-LCAT activity (38), O et al. (42) showed that re-
combinant mutant protein had lost the ability to esterity
cholesterol in the HDL pool while it retained the capa-
bility to esterify cholesterol on other lipoproteins. The
latter LCAT activity in FED appears to prevent the devel-
opment of severe clinical symptoms as described for
subjects with FLD. This illustrates the physiological im-
portance of the LCAT reaction on apoB-containing li-
poproteins.

Mutations of the LCAT gene

The above description of FL.LD and FED clearly indi-
cates that LCAT gene defects can result in different bio-
chemical and clinical phenotypes. With the advent of
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TABLE 1. Mutations that underlie LCAT deficiency syndromes

Clinical
Phenotype

Defect Exon FLD FED References®
Homozygous mutations

1 C-insertion (codons 9, 10)* 1 X (62, 63, 88, 89)

2 P10L 1 X (31-33, 67)

3 G308 2 X (47, 90)

4. Y83-stop 3 X (61)

5. A93T¢ 3 X (24, 46, 61)

6 T1231 4 X (40-42)

7 N1i31D 4 X (48)

8 R140H 4 X (55)

9.  Gl4l-insertion 4 X (64)

10. L209P 5 X (24, 61)

11. N228K 6 X (64)

12. R244G 6 X (63, 91)

13, M252K 6 X (27, 29, 92, 93)

14. M2931 6 X (63, 64, 69, 70, 94, 95)

15. L300-deletion 6 X (60, 96)

16. T321M 6 X (61, 97, 98)

17. G344S 6 X (56)

18. Gdeletion (codon 264)* 6 X (56)
Heterozygous mutations

1. P10Q R135Q 1,4 X (49)

2. L32p T32IM 2,6 (63)

3. G33R 30 bp Insertion (codon 4) 1,2 (65)

4. Y83stop YIH6N 3,5 (53)

5. T123I1 Y144C 4,4 X (68)

6. T1231 Intron 4 defect (IVS4:T-22C) 4, intron 4 X (50)

7.  T123] T347M 4,6 X (58)

8. T1231 Unknown 4,7 X (82)

9. R135W  A-insertion {(codon 376)° 4,6 X (24, 61, 99, 100)

10. R147W  Unknown 4,7 X (24, 81, 101)

11. G183S A-T substitution /C-deletion 4,5 X (63, 102)

(codon 120)*

12. M252K  N391S 6, 6 X (30, 59, 66)

13. T32IM  C<deletion (codon 168)° 5,6 X (57)

14. R399C C-insertion (codons 9, 10)° 6, 1 X (54)

“References include clinical, biochemical, and genetic reports on the LCAT gene defects presented.

*Premature truncation as the result of a frameshift.

‘Occurring in a patient who also carries an R158C mutation (double compound heterozygote).

PCR-based strategies for genomic DNA sequencing, a
worldwide search for gene mutations causing these dis-
orders ensued. To date, 36 mutations of the LCAT gene
have been described for which there is strong evidence
that they are causative for the clinical phenotype of ei-
ther FLD or FED (Table 1). Of these mutations, 18 oc-
cur in the homozygous form whereas the remaining
mutations occur in compound heterozygous subjects.
In the latter case, the association of any specific muta-
tion with a distinct clinical phenotype must not be over-
interpreted as any one mutation might have a biochemi-
cal phenotype of either FLD or FED. This issue will be
further discussed in the next section.

From the localization of all mutations that have now
been reported, it is evident that they are highly dis-
persed over the entire LCAT gene and that the exact

site of the mutation does not allow us to predict the
associated biochemical or clinical phenotype (see Table
1). In addition, it is noteworthy that the LCAT gene is
highly conserved among mammalian species (43). In
fact, no genetic polymorphisms have been described for
the human LCAT gene although there exists some con-
fusion over the functionality of a non-conserved argi-
nine residue at codon 158 (44-46).

To date, all natural mutations of LCAT appear to di-
rectly affect LCAT function but this might be the re-
sult of a strong selection bias as only DNA in patients
with LCAT deficiency syndromes has been sequenced.
However, even conservative amino acid substitutions
like glycine to serine at position 30 were shown to
completely abolish normal LCAT function (47). In line
with this concept, only a small number of mutations
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are associated with a partial impairment of LCAT func-
tion, i.e., FED. Taken together, this indicates that the
overall LCAT protein structure is vulnerable to small
changes.

PITFALLS IN THE BIOCHEMICAL ANALYSIS OF
LCAT GENE DEFECTS

Multiple expression systems

In order to further investigate the molecular basis of
LCAT deficiency syndromes, a number of investigators
have recreated and expressed natural mutants of LCAT
in mammalian cell culture (30, 42, 46, 48-57). These
studies have helped to explain the various clinical and
biochemical phenotypes of patients who carry LCAT
gene mutations.

In this review, we have categorized the results of these
studies and we propose a classification system of the dif-
ferent biochemical phenotypes observed. Whilst the
functional assessment of mutations has generally pro-
vided similar results, there are occasional discrepancies.
This might be due to differences in the expression sys-
tems used, i.e., baby hamster kidney cells (BHK) (30,
48-50), COS-1 (42, 46, 56, 57), COS-6 (51), COS-7 (54,
55), and human embryonic kidney-293 cells (52, 53).
Furthermore, differences in the intracellular processing
of recombinant proteins and the various rates of expres-
sion might be the cause of discrepancies in phenotype
assignment. Also, different laboratories have used vari-
able substrates in the evaluation of the enzyme activity
of the recombinant proteins and different antibodies
for the assessment of LCAT concentrations (30, 46, 51,
52). These methodological dissimilarities may have re-
sulted in differences in apparent specific enzyme activ-
ity and lipoprotein substrate selectivity.

Compound heterozygosity

Defects of LCAT have been frequently classified ac-
cording to their associated clinical phenotype in the pa-
tient in which they were identified (51, 52, 58). For de-
fects that occurred in the homozygous form, this posed
no problem as the phenotype of the patient is deter-
mined by only one species of mutant LCAT. However,
this type of classification has caused confusion in the
interpretation of the effects of allelic variants that have
been identified in compound heterozygous subjects.
This problem can be illustrated by our study of a FED
patient who was a compound heterozygote for P10Q
and R135Q (49). Functional assessment of these defects
revealed that P10Q mutation resulted in an enzyme
with partial activity while the R135Q) allele encoded for
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a catalytically inactive protein. It was proposed that the
P10Q) defect determined the biochemical and clinical
phenotype of the patient in the presence of non-func-
tional LCATg 5. Using the classification method de-
scribed above, the R135Q) defect would be misclassified
as an FED mutation but it is clear that homozygosity for
this defect would in reality result in the more severe
FLD phenotype.

Intermediate biochemical phenotype

An additional issue that should be further high-
lighted is the description of LCAT gene mutations that
are associated with the FED phenotype, yet have an in-
termediate biochemical phenotype when analyzed in
vitro. These are mutations that cause a biochemical
phenotype that is between those causing a total loss of
catalytic activity (FLD) and those that result in a partial
loss of activity against HDL only (classical FED) (30, 48,
59, 60). The studies of these mutants clearly show that
LCAT gene defects result in a range of biochemical phe-
notypes with both mild and severe disturbances in the
ability of the mutant LLCAT to esterify cholesterol in
HDL and/or LLDL.

CLASSIFICATION OF LCAT GENE MUTATIONS

In an attempt to resolve some of the above issues, we
have reviewed both the clinical and biochemical charac-
terization of the patients, and the data that were ob-
tained from the functional assessment of the mutant
proteins (where available). In doing this, we focused on
the following in vivo criteria: 1) LCAT activity, i.e., the
activity of plasma LCAT towards exogenous apoA-l-con-
taining proteoliposomes (HDL analogues); 2) the activ-
ity of plasma LCAT towards endogenous lipoproteins
which is generally referred to as cholesterol esterifica-
tion rate; 3) the ratio of plasma FC to EC; 4) plasma
LCAT concentration; and 5) the clinical manifestations
of the disease.

While interpreting the in vitro data of the mutant
proteins, we addressed (when possible) I) the specific
activity of the mutant protein while using HDL-ana-
logues and native LDL as substrates and, 2) the activity
of the mutant towards heat-inactivated plasma. This in-
formation was used in conjunction with the zygosity of
the defect(s) in the patients studied. As the secretion
of recombinant proteins appeared to vary with the ex-
pression system as discussed above, we also used data
on the patient’s plasma LCAT concentration (where
available). Using the above criteria, we have categorized
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TABLE 2. Classes of LCAT gene defects

Class Biochemical Phenotype Defect References”
1. Null mutations causing FLD Total loss of catalytic activity.
LCAT mass: (virtually) absent.
1. 30 bp Insertion {codon 4) (65)
2. C-insertion (codons 9, 10) (54, 62, 63)
3. Y33-stop (53, 61)
4. G1l41-insertion (64)
5. Intron 4 defect (IVS4:T-22C) (50)
6. A-T substitution/C-deletion (63)
(codon 120)
7. C-deletion {codon 168) (67)
8. G-deletion (codon 264) (56)
9. A-insertion (codon 376) (24, 61)
2. Missense mutations causing FLD Total loss of catalytic activity.
LCAT mass: normal/reduced/
absent.
1. G30S (47)
2. L32P (51, 63)
3. G33R (65)
4. A93T (24, 46, 51, 61)
5. R135W (24, 30, 51, 61)
6. R135Q (49)
7. R140H (55)
8. R147W (24, 51, 52, 101)
9. Y156N (52, 53)
10. G183S (63)
11. L209P (24, 30, b1, 61)
12. N228K (52, 64)
13. R244G (63)
14. M252K (29, 30, 59)
15. T321M (51, 57, 61, 63)
16. G344S (56)
17. T347M (30, 51, 52, 58)
18. R399C (54)
3. Missense mutations and minor Partial loss of activity against a)
deletions causing FED LDL, or b) both HDL and
LDL. LCAT mass: reduced.
1. N131D (48)
2. L300 deletion (30, 52, 60)
3. N391S (30, 59)
4. Missense mutations causing FED Partial loss of activity against
HDL only. LCAT mass:
reduced.
1. P10L (30, 51, 52, 67)
2, P10Q (49)
3. T1231 (30, 40, 42, 50-52, 58, 68)
5. Unclassified mutations
1. Y144C (68)
2. M293I1 (52, 64, 69, 70)
3. R158C (24, 44-46, 51, 52)

In the absence of data on the functional assessment of LCAT mutations, we have categorized both homozygous (e.g., ref. 47) and heterozy-
gous mutations (e.g., ref. 65) that were identified in subjects with the FLD phenotype as either class 1, 2 defects because only the (virtual)
absence of LCAT activity appears to result in the clinical phenotype of FLD.

“The references quoted are reports that describe the identification of the respective LCAT gene defects and (when available) literature

on the functional assessment of these mutations.

all reported mutations of the LCAT gene into four dis-
tinct classes which are shown in Table 2.

Class 1

This class contains null mutations of the LCAT gene
that are, as a consequence, associated with a total loss
of catalytic activity and the clinical phenotype of FLD
in homozygous subjects. These defects can directly in-

troduce stop codons, (53, 61) cause defective splicing
of LCAT mRNA (50), or underlie frameshifts that even-
tually result in the synthesis of truncated/non-sense
LCAT (24, 54, 56, 57, 61-63). In addition, two reports
describe insertions of more than one nucleotide (64,
65). A specific 3 bp deletion at codon 300 (60) has been
difficult to classify and is discussed in the next section
on Analysis of confounding mutations. In order to illus-
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trate the characteristic features of this class of muta-
tions, we recently described a single nucleotide substitu-
tion in intron 4 of the LCAT gene (50). This defect was
shown to cause lack of normal expression of the af-
fected allele and was shown to be associated with half
normal LCAT concentrations, LCAT activity, and HDL
cholesterol levels in heterozygous subjects.

Class 2

This class contains missense mutations that cause a
complete or nearly complete loss of catalytic activity of
LCAT. As a consequence, cholesterol esterification as
measured against heat-inactivated or artificial substrates
is virtually absent. Homozygous subjects present with
normal (47) or reduced plasma LCAT concentrations
(most cases) in the virtual absence of LCAT activity
which in turn causes the clinical and biochemical char-
acteristics of FLD. To date, numerous mutations have
been shown to be associated with this phenotype (Table
2). The previously described M252K defect is a good
representative for this class of defects (29). This single
amino acid substitution was shown to result in a com-
plete loss of LCAT activity and to underlie FLD in ho-
mozygous subjects (30, 59).

Class 3

A third class of mutations encode LCAT proteins that
cause an intermediate phenotype in between those de-
scribed for classes 1,2 and class 4, respectively. These
are either missense mutations (30, 48) or minor dele-
tions (60). Specifically, these mutant proteins are char-
acterized by either a selective partial loss of activity using
LDL as substrate (60), or a combined partial loss of ac-
tivity against both HDL and LDL (30, 48). In vivo, ho-
mozygous subjects have half-normal LCAT concentra-
tion and moderately reduced CER and present with the
clinical phenotype of FED. To date, only three muta-
tions with this phenotype have been reported. First,
functional assessment of the N131D mutation revealed
that this mutant exhibited a near complete loss of activ-
ity against HDL (5% of wild type recombinant LCAT)
in conjunction with a 75% reduction in activity towards
LDL as substrate (as compared to wild type) (48). Sec-
ond, the L300Del, which also caused the clinical pheno-
type of FED in homozygotes, was reported to have ab-
normal function towards HDL and LDL (60). This
specific defect will be further discussed in the sec-
tion on Analysis of confounding LCAT mutations. The
third mutation that meets the criteria of this class
of mutations is the N391S defect which was identified
in a compound heterozygous patient who suffered
from FED (30, 66). In vitro characterization showed
that the LCATysys exhibited had reduced activity
against both HDL (18% of wild type) and 1.DL (53%

196  Journal of Lipid Research Volume 38, 1997

of wild type) and therefore was similar to the N131D
defect.

Class 4

In line with the original hypothesis on FED by Carl-
son and Holmquist (38), we defined a fourth class of
defects that cause the typical FED phenotype: i.e., mis-
sense mutations that result in the specific loss of activity
against HDL analogues while the activity against apoB-
containing lipoproteins is largely unaffected. The latter
activity results in near normal esterification of choles-
terol in heat-inactivated plasma. In vivo, homozygous
subjects present with a specific loss of LCAT activity to-
wards HDL analogues whereas CER will be either nor-
mal or moderately reduced. This is classic FED. Only
three defects identified so far clearly meet the criteria
of this class. First, the P10L defect, a mutation that was
identified in the original FED patients (33, 67) from
Sweden, was shown to exhibit this phenotype (30). Sec-
ond, a nucleotide exchange in the same codon that re-
sulted in the exchange of proline for a glutamine
(P10Q) at this position was shown to exhibit similar
properties (49). Finally, the most frequent FED muta-
tion, i.e., T123I (40, 41, 58), has also been shown to
have specifically lost its activity towards HDL (30, 42).
Furthermore, these FED rLCAT proteins were shown to
be secreted at near normal levels which is in agreement
with the near normat levels of LCAT in plasma of these
patients. A novel case of FED that results from com-
pound heterozygosity for T123I and Y144C will be dis-
cussed below (68).

Class 5

We have not been able to classify three defects, and
therefore introduced the category of unclassified muta-
tions. a) YI144C: to date, all mutations in both homozy-
gous and compound heterozygous FED subjects have
been characterized in vitro except for the Y144C defect.
This mutation was recently identified in a subject who
also carried the FED-associated T1231 mutation (68).
In this case, we cannot deduce the effect of the Y144C
mutation on LCAT function as we cannot distinguish
between carriers of two FED alleles and carriers of one
FLD and one FED allele. In the absence of in vitro ex-
pression data, we cannot classify this mutant and there-
fore included this defect in the category of unclassified
mutations (Table 2). The difficulties that we encoun-
tered in classifying &) M2931, ¢) RI58C, are described
in the section on Analysis of confounding LCAT muta-
tions.

Interesting aspects

From Table 2, it appears that the region specified by
amino acids 123-156 is of interest for further study of
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LCAT. First, arginine residues in this region are essen-
tial for LCAT activity as the loss of this positively
charged residue at positions 135, 140, and 147 all un-
derlie FLD (24, 49, 55). Second, mutations in this small
region are not only associated with the severe FLD phe-
notype (class 2) but also with the milder FED phenotype
(class 3,4: T1231, N131D). These data might indicate
that this region of the protein is of importance to its
interaction with lipoproteins, and therefore regulates
lipoprotein substrate specificity. Indirect evidence
for the hypothesis that differences between the bio-
chemical characteristics of LCAT mutants originate
from variations in binding properties was provided
by Klein et al. (52). These investigators have shown
that a large number of LCAT defects (including
R147W) do not seem to affect the catalytic activity of
the enzyme.

Another aspect which is of interest comes from our
studies of recombinant LLCATSs that were produced by
BHK cells (30, 48, 49). It appears that the activity of the
LCAT enzyme towards HDL analogues is more easily
disrupted than its activity towards native LDL. While
this is, by definition, true for class 4 defects, it also holds
true for class 2 (R135W; R135Q; M252K; T347M) and
class 3 defects (N131D; N391S; L300Del), although to
aless pronounced degree. To illustrate this observation,
we have presented the catalytic activities of four repre-
sentative LCAT mutants of class 1, 2, 3, and 4 defects
against both HDL analogues (proteoliposomes) and na-
tive LDL in Fig. 1.

Summary

Both class 1 and class 2 gene defects underlie the clin-
ical phenotype of FL.D in homozygous subjects. The mu-
tant proteins share the biochemical feature of a com-
plete or nearly complete loss of LCAT activity; however,
the molecular background that underlies this pheno-
type differs: i.e., the mutant proteins (if present) are
the result of non-sense mutations and missense muta-
tions in classes 1 and 2, respectively. Furthermore,
classes 3 and 4 share the feature of causing the clinical
phenotype of FED. However, these classes differ in their
biochemical features, in that class 3 mutations are asso-
ciated with varying substrate specificities towards differ-
ent lipoprotein classes, whereas class 4 defects are char-
acterized by only a specific loss of activity against HDL
(classical FED). In order to provide a better insight in
the background of the above classification, we have at-
tempted to show the biochemical features of all four
classes in Fig. 2. It is important, however, to note that
one should not overestimate the arbitrary borders of
the proposed categories as the effects of mutations on
LCAT function appear to range from a complete loss
of catalytic activity to a specific partial loss of activity
towards different lipoprotein substrates.

ANALYSIS OF CONFOUNDING LCAT MUTATIONS

In attempting to classify all LCAT gene mutations in
Table 2, we had to address several confusing issues re-
lated to the diagnosis of FLD and FED and to discordant
phenotype assignment. These problems have arisen for
both homozygous and compound heterozygous gene
defects as is described below.

Homozygous mutations

R158C. There exists considerable confusion over the
effect of the R158C mutation on LCAT function. This
mutation was originally described by Assmann, von Eck-
ardstein, and Funke (24) in a proband with FLD who
was double homozygous for both R158C and A93T. In
addition, Luc et al. (44) and Duverger et al. (45) re-
ported the marked decrease of LCAT activity in the
HDL fraction in a proband with clinical FED which ap-
pears to result from this defect. However, the in vitro
analysis from our laboratory (46) revealed that the dou-
ble mutant (rLCATyssc,405c) had lost catalytic activity
while rLCATRgssc protein exhibited near normal activity
against both HDL and heat-inactivated plasma. Thus,
we proposed that the A93T defect was responsible for
the biochemical defect in the FLD patient whereas the
R158C mutation was merely a co-inherited natural poly-
morphism of LCAT. This assumption was strengthened
by the fact that the residue at position 158 differed in
four mammalian LCAT proteins; a finding which was
true for only three other residues in the primary struc-
ture of the LCAT protein. By contrast, the in vitro analy-
sis by Klein et al. (52) differed considerably: their
LCATyR 53¢ was shown to exhibit markedly reduced activ-
ity against both HDL and heat-inactivated plasma. By
contrast, Qu et al. (51) provided data that supported
the hypothesis that the A93T mutation determined the
biochemical phenotype in the patient.

The differences in the effects of this mutation on
LCAT function cannot, in our opinion, be explained by
the use of different expression systems. Whether this
defect causes FED or not could be clarified by a more
elaborate report on the biochemical phenotype and ge-
netic analysis of the patient who was reported to be ho-
mozygous for this mutation and of the family members
(44). This case clearly shows the need of both in vivo
and in vitro data in order to be able to classify defects
of the LCAT gene. Until this problem is resolved, we
included the R158C defect in the category Unclassified
in Table 2.

M2931. Sakuma et al. (69) originally reported mark-
edly reduced LCAT activity (15% of normal), and a
marked reduction in CER in the plasma of two Japanese
probands. These subjects presented with corneal opaci-
ties in absence of proteinuria or kidney dysfunction.
However, the authors (69) did not refer to the charac-
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Fig. 1. This histogram gives the catalytic activity of four represent ative LCAT mutants of class 1, 2, 3, and 4 defects against both HDL analogues
(proteoliposomes) and native LDL. Functional assessment of these mutations of the LCAT gene was realized by stable transfection of BHK
cells with pNUT constructs that contained mutagenized LCAT ¢cDNA (30,49,50).

teristics of FED but only of FLD. In a further description
of the genetic background of this phenotype, the un-
derlying M293I defect was also reported as a FLD defect
(64, 70). By contrast, Klein and co-workers (52) classi-
fied M2931 as a FED-associated mutation. However,
their in vitro analysis revealed that the mutant protein
exhibited a near total loss of catalytic activity as mea-
sured against HDL-analogues in conjunction with the
absence of the ability to esterify cholesterol in heat-inac-
tivated plasma (52). Taken together, the data on the
patients suggest FED while the in vitro data indicate that
this mutant exhibits the characteristics of FLD. This dis-
crepancy indicates the need for additional data on the
lipoprotein specificity of LCAT 3. The presence of tar-
get cells (a clear hallmark for FLD) in both probands
further complicates the classification of this defect.
Therefore, we have decided to include this mutation as
Unclassified in Table 2.

L300DEL. Homozygous probands for this defect were
originally reported to suffer from FED. They presented
with reduced activity towards HDL-analogues, severely
reduced LCAT concentrations, and markedly reduced
CER (60). However, in vitro analysis of this defect
by two independent laboratories has provided con-
troversial results. Klein et al. (60) showed that the
rLCAT  500pe1. was poorly secreted by embryonic kidney
cells, and that it exhibited normal or even elevated activ-

198 Journal of Lipid Research Volume 38, 1997

ity towards HDL analogues (52, 60). By contrast, our
laboratory provided data that showed that rLCAT | 30opg1.
was catalytically inactive while it was secreted at near
normal levels when using BHK cells to express this mu-
tant LCAT (30). Although these data indicate the need
for additional analysis, they clearly show that this muta-
tion differs from the other mutations in class 4 that
cause FED.

Compound heterozygous mutations

Two defects may previously have been misclassified
as a result of an overinterpretation of mutations that
occur as compound heterozygotes.

L32P. This defect was originally identified in a com-
pound heterozygous FLD patient who carried the
T321M mutation on the second allele (63). However,
Qu etal. (51) reported that this mutation was associated
with FED. As these investigators showed that the
LCAT) 55p protein was catalytically inactive (51), we clas-
sified this mutation as a class 2 defect.

T347M. This defect was originally identified in a com-
pound heterozygous FED subject who also carried the
T1231 defect (58). According to the associated clinical
phenotype, this mutation was reported to be associated
with FED. Subsequent functional assessment, however,
showed that the T347M defect exhibited a total loss of
activity against HDL analogues (30, 51, 52) while its ac-
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Fig. 2. This figure illustrates the biochemical characteristics of the four different classes of LCAT mutations. Class 1,2: null mutations and
missense mutations that result in a loss of activity against both HDL and LDL as substrates, and underlie the clinical phenotype of FLD. Class
3: missense mutations or minor deletions that either cause a selective partial loss of activity using LDL as substrate (60) or a combined partial
loss of activity against both HDL and LDL (30, 48). These defects underlie the clinical phenotype of FED. Class 4: missense mutations that
result in the specific loss of activity against HDL and underlie the FED phenotype (30, 48, 60).

tivity towards LDL was severely reduced. In addition, it
as shown that this mutant was unable to esterify choles-
terol in heat-inactivated plasma (52). Taken together,
LCAT 37y represents a catalytically inactive enzyme and
was therefore defined as a class 2 defect.

ATHEROSCLEROSIS IN LCAT DEFICIENCY
SYNDROMES

A central but somewhat controversial issue in LCAT
research is the role of this enzyme in the protection
against atherosclerotic vascular disease. LCAT clearly
plays a central role in reverse cholesterol transport
(RCT), and it has generally been accepted that high
esterification rates promote the efflux of cholesterol
from peripheral tissues. In doing so, LCAT appears to
be responsible for the maturation of the HDL pool. Evi-
dence for this comes from studies of LCAT deficiency
syndromes in which only nascent type HDL accumu-

lated in plasma (25). However, despite the virtual ab-
sence of mature HDL in subjects who are homozygous
for LCAT gene mutations, these patients have generally
been reported not to manifest premature atherosclero-
sis (24, 25, 61). This interesting finding has even led
to the frequent description of FED as an example of a
hereditary HDL deficiency that is not associated with
premature CAD. It has been proposed that the absence
of CAD might be related to the fact that the RCT is
only partially impaired in FED patients as cholesterol
esterification in apoB-containing lipoproteins is not im-
paired. However, this hypothesis cannot account for the
absence of CAD in FLD patients. In addressing this is-
sue, Glomset, Norum, and King (71) originally postu-
lated that the residual HDL in FLD would be a good
acceptor for cellular cholesterol. However, recent evi-
dence by Ohta et al. (72) suggested that these lipopro-
teins are not as good acceptors of cholesterol as origi-
nally proposed.

To gain further insight into the metabolic basis of the
absence of CAD in LCAT deficiency syndromes, Rader
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et al. (73) investigated the in vivo kinetics of HDL sub-
fractions in both FLD and FED. This analysis provided
evidence of accelerated clearance of HDL particles that
contained both apoA-I and apoA-1I (LpA-I:A-Il) as com-
pared to the catabolism of the HDL that contained only
apoA-l (LpA-l). It was concluded that low plasma HDL
in either disorder resulted from a preferential hyperca-
tabolism of apoA-Il and LpA-L:A-Il. As LpA-I may repre-
sent the antiatherogenic potential of HDL (74-76),
these investigators proposed that the LpA-I fraction in
LCAT-deficient patients would still be able to maintain
an effective RCT. The presence of intact LpA-l1 metabo-
lism and an increased LpA-I/LpA-L:A-1l ratio was pro-
posed to underlie the apparent absence of a high risk of
premature atherosclerosis in both disorders. However,
these conclusions were in disagreement with the results
of subsequent investigations that showed that both LpA-
[ and LpA-I:A-ll of FLD patients were poor acceptors
of intracellular cholesterol from macrophage foam cells
(72) and it appeared that the removal of cellular choles-
terol from foam cells by LpA-l required LCAT activity
(72, 77). Therefore, it was concluded that factors other
than the apoA-l-mediated RCT had to be considered in
explaining why FLD patients are apparently not at high
risk for premature atherosclerosis. In addition, they
postulated that a reduced generation of atherogenic
CE-rich LDL could possibly compensate for the loss of
apoA-I-mediated RCT. In this respect, the authors re-
ferred to the studies of Fielding et al. (78) who showed
that apoA-I-free, apoE-rich HDL was a potent mediator
of cholesterol efflux from cholesteroHoaded fibro-
blasts. More recently, von Eckardstein and co-workers
(79) have shown that several quantitatively minor HDL.
subfractions as well as LDL might contribute to the
RCT. These particles include not only apoE-containing
HDLs (79) but also HDL that contain only apoA-IV
(80), which might compensate for the loss of apoA-l-
containing particles in the RCT in hereditary HDL de-
ficiencies such as FLD, FED, Tangier disease, and apoA-
I deficiency.

All of the aforementioned studies make the assump-
tion that the incidence of premature CAD in patients
with FLD and FED is not increased. However, we have
already reported a case of premature CAD in a 38-year-
old male proband with FED in the absence of additional
risk factors (49). In an earlier report on FED (40) two
homozygous probands were also reported to suffer
from CAD at ages 50 and 60; however, at that time, no
connection with impaired LCAT function was sug-
gested. The recent characterization of two additional
FED patients from an unrelated family who also suffer
from premature atherosclerosis (48) indicates that we
must not overinterpret the apparent absence of risk of
disease in this disorder. In addition, we have suggested
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that heterozygous carriers of the NI31D mutation
might be at increased risk for atherosclerosis as a result
of atherogenic changes in lipoproteins, ¢.g., the pres-
ence of small dense LD, low HDL,, and high fractional
esterification rates in HDL (48). In this respect, we note
that the high apoB levels in our Dutch patients might
be related to an enhanced risk for atherosclerosis (41,
48, 49). Despite the general absence of detailed data on
coronary atherosclerosis in subjects with LCAT defi-
ciency syndromes, we tried to obtain some insight in the
number of CAD cases described to date. In FL.D, CAD
is generally absent although there is evidence of early
coronary atherosclerosis in a few cases {(65) and in first

degree family members of FLD patients (57, 81). By

contrast, of all 19 patients with FED known to date, 6
subjects from 5 families, all males, have now been re-
ported to suffer from premature CAD (40, 48, 49, 82)
(as defined by the presence of myocardial events before
the age of 55 for men and 60 for women). We have
summarized the data on CAD in FED in Table 3. The
apparent absence of CAD in FLLD when compared with
FED is a subject that needs further clarification. This
observation could be related to the presence of LDl
associated LCAT activity in FLD as shown in Fig. 2. Over-
all, we are of the opinion that the small number of pa-
tients described and the potential referral bias prevent
meaningful conclusion. However, we wish to emphasize
that despite the general absence of premature athero-
sclerosis in LCAT-related genetic disorders, there is ac-
cumulating evidence for the occurrence of CAD in sev-
eral cases, especially in male subjects with class 3 and 4
mutations, i.e., FED.

CONCLUSIONS AND FUTURE RESEARCH

The elucidation and in vitro characterization of natu-
ral mutations of LCAT have provided better insight into
the biochemical characteristics of this enzyme. How-
ever, the molecular mechanisms that underlie the bio-
chemical phenotype of either FLD or FED remain un-
clear. To further elucidate the molecular basis of the
heterogenic expression of LCAT mutations, studies on
the catalytic activities and binding properties of the re-
combinant mutant proteins towards different lipopro-
tein substrates should be completed. Although we are
convinced that additional natural mutations of the

LCAT gene will provide a better understanding of

LCAT function, we estimate that the impact of the natu-
ral mutation on the structure and function of LCAT can
be fully interpreted only when a 3-dimensional model
of this protein is available.

We already indicated that the relatively small number
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TABLE 3. Premature CAD in FED cases

Age at Presence  Age of
Kindred Counury of Origin Molecular Defect(s) Gender  Investigation of CAD Onset  References
1. Sweden P10L F 61 - (31, 33)
F 76 -
2. Sweden P10L F 70 - (32, 33)
3. Canada M252K/N391S M 16 - (59, 66)
4 Germany T1231 M 57 + 50 (40)
M 68 + 60
5. The Netherlands ~ T123I M 32 - (40, 41)
M 37 -
6. Germany T1231/T347M M 66 - (58)
7. Algeria L300-deletion M 53 - (60, 96)
F 49 -
F 50 -
8. The Netherlands  N131D M 58 + 43 (48)
M 64 + 54
F 55 -
F 57 -
9. The Netherlands  P10L/R135Q M 38 + 38 (49)
10. Australia T1231/Y144C F 63 - (68)
11. The Netherlands  T1231/IVS4:T-22C F 44 - (50)
F 46 -
F 52 -
12. United Kingdom  T1231/unknown M 76 + 50 (82)

We here present an extended table that was originally shown in one of our previous reports (49).
“This man was previously reported to suffer from premature CAD (49). However, recent angiographic

data prove him free of coronary atherosclerosis to date.

of patients with LCAT deficiency syndromes only allows
us to speculate on the relationship between LCAT func-
tion and atherosclerosis (49). However, the study of
families with LCAT deficiency syndromes might still
provide new insights. The suggested role of non-apoA-
I'mediated RCT in the protection against premature
CAD (79) could be further delineated in FED probands
with premature CAD as this has been carried out only
in probands without CAD. In addition, it remains to be
solved whether heterozygotes for LCAT gene defects
are at increased risk for atherosclerosis as the result of
the unfavorable lipoprotein changes (48, 49). An alter-
native and likely better way to assess the role of LCAT
in atherogenesis is to determine LCAT activity and CER
(in both whole plasma and VLDL/LDI-depleted
plasma) in well-defined large populations of both CAD
cases and controls.

To date, the use of transgenic animals enables the
investigation of the in vivo characteristics of LCAT and
its mutants. More importantly, these studies allow us to
obtain better insight into the relationship between
LCAT and atherogenesis although the reports on this
subject are controversial to date (83-87). In addition,
these animals might be useful to define whether LCAT
gene therapy protects against atherosclerosis, or alter-
natively, will be useful to treat subjects who suffer from
LCAT deficiency syndromes. Transgenics that overex-
press specific FLD and FED mutants might, finally, help
to elucidate the pathogenesis of the renal changes in

FLD and corneal changes seen in both FLD and FED.
Several of these studies are underway in our combined
laboratories. B
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