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Fig. 1. Missense and nonsense mutations in the human lipoprotein lipase (LPL) gene

Each number indicates the position of affected amino acids, with +1 corresponding to the
first amino acid of the mature human LPL protein.

'Mutations identified in Japanese patients with familial LPL deficiency.

¥Mutations or polymorphisms not necessarily underlie LPL deficiency.

that followed-up 4 patients with LPL deficiency over
14-30 years reported that coronary angiography estab-
lished atherosclerotic lesions in all patients before the
age of 55 years'®, but studies on homozygotes in Ja-
pan'®?” both reported no advanced atherosclerotic le-
sion in those Japanese patients.

d) Diagnosis

Since LPL is anchored by binding with heparan
sulfate on the surface of capillary endothelial cells, it
appears markedly in the circulation by intravenous in-
jection of heparin; therefore, the diagnosis is usually
made by measuring plasma LPL activity and/or pro-
tein level 10 minutes after intravenous injection of
heparin (10-50 U/kg). LPL protein is also present in
plasma before heparin injection, but is markedly re-
duced or undetectable in patients with LPL null mu-
tation (class I defect). LPL accounts for about 1/3 of
the total lipase activity in plasma after heparin injec-
tion, and most of the remaining lipase activity is due
to hepatic triglyceride lipase (HTGL), so diagnosis of
this disorder is impossible by simple measurement of
the total lipase activity. Anti-LPL and anti-HTGL an-

tibodies are necessary for the differential measurement

of LPL activities, but there is also a method to inacti-
vate LPL using protamine sulfate or I M NaCl. Al-
though this technique requires a stable synthetic sub-
strate as well as skill and experience, measurement kits
for research use are presently being marketed. Also, if
either macrophages derived from peripheral blood
monocytes or adipose tissue can be used as samples,
differentiation from HTGL becomes unnecessary. If
changes in the LPL protein level are involved, the im-
munological protein assay is effective and there have
been a few reports on the use of ELISA in Japan?"?,
which has been adopted as a general clinical laborato-
ry test?V. If the LPL activity is markedly reduced, and
if the concentration of apolipoprotein C-II, a critical
cofactor of LPL, is normal or elevated, the diagnosis
of this condition would be considered definite. Natu-
rally, close inquiry into the familial history is often
very helpful. While very rare cases with an LPL inhib-
itor or autoantibody are known, they can be eventual-
ly excluded by examining whether the patient’s serum
inhibits LPL activity in the serum of a normal control.

A diagnosis based on the LPL gene level is also
widely practiced. To date, at least 163 gene muta-
tions* 2 ??, including 35 in Japan alone®®, have been
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Table 1. Mutations resulting from deletion/insertion or occurring at splice sites/promoter regions of the human lipopro-

tein lipase (LPL) gene

Deletion mutation Insertion mutation

Splice site mutation

small deletions small deletions IVS1ds +1G>C
Gln(-12) Ter (del 2bp) ins CCin 5UTR (+ 14~ +15) IVS1 as — 4~ —2 (del 3bp)
Thr18Ter (del 11bp) Glu35Ter (ins A) IVS2ds +1 G>A'
Val69Ter (del 2bp) ins 5bp in exon 3 IVS2as -1 G>A
Ala70Ter (del 4bp) Lys312Ter (ins C) IVS3as —6 C>T'®
Lys102Ter (del 5bp) Thr361Ter (ins A) IVS6as -3 C>A
Asn120Ter (del 4bp) VS8 ds +2T>C'

Ser172Ter (del 1bp)
Gly209Ter (del 1bp)
Ala221Ter (del 1bp) !
Arg243Ter (del 1bp)'
Ser251Ter (del 2bp)
Asn291Ter (del 1bp) i
Leu353Ter (del 2bp)

del Ser396-Pro397 (del 6bp)

gross insertion

small indels

gross deletions gross indels

del 54kb (5" upstream~1VS1) f
del 6kb (IVS2-IVS5)

del 2.1kb (IVS7-IVS8)

del (exon8-exon10)

ins 2kb (exon6-IVS6)

Insertion-deletion (Indel) mutation

Promoter region mutation
T(-93)G?
G(-53)C*
T(-39)C"

Ala70Ter (del 4bp +ins 2bp)
Thr101Ter (del 1bp +ins 6bp)
Ser193Arg +1le194Thr (del 5bp +ins 5bp)

del 2.3kb inc. exon2 +ins 150bp Alu element’

"Mutations identified in Japanese patients with familial LPL deficiency

$Mutations or polymorphisms not necessarily underlying LPL deficiency
Abbreviations: Ter, termination of codon; del, deletion; IVS, intervening sequence; UTR, untranslated region; ins, insertion; ds, donor

splice site; as, acceptor splice site

identified and reported worldwide (Fig.1 and Table
1). Mutations are reportedly identified in 97% of pa-
tients, nearly 70% of which are missense mutations
involving amino acid substitutions? that are highly
concentrated in exons 5 and 6 that code for the cata-
lytic center of LPL (Fig.1); therefore, these exons
should be examined first in the gene-based diagnosis
of unknown mutations. Many of the amino acid sub-
stitutions cause a decrease in lipophilicity of the a-he-
lix or B-sheet region. Other known mutations include
nonsense mutations, frame-shift mutations due to in-
sertion or deletion of a few bases, gross rearrangements
due to insertion or deletion of a large DNA fragment,
and splicing mutations due to mutations at splice do-
nor or acceptor sites (Table 1). Since decisive muta-
tions such as those above have been identified in most
patients of European ancestry, patients who develop
this disorder due to changes in the LPL gene expres-
sion levels caused by abnormality of a promoter region
etc. are considered to be very rare?; however, since
several Japanese patients are reported to be devoid of
any such decisive mutations, it seems worth investi-
gating the other region of the LPL gene in such cases.

In Japan, at least 35 mutations have been report-
ed. In particular, as nonsense mutations in exon 3
(Y61X) and exon 8 (W382X)?” and a single-base de-
letion in exon 5 (A221Ter (del 1bp))?® have been
identified in multiple families of Japanese patients,
these mutations are considered to be distributed rela-
tively widely in the LPL gene of Japanese. On the oth-
er hand, S447X, which is considered to be a gain-of-
function polymorphism, has been shown to reduce
TG and increase HDL-cholesterol .

While LPL gene mutations are relatively rare,
their diagnosis is considered clinically important be-
cause of the severity of the disorders they cause. Ex-
amination of a few relatively frequent mutations has
already been incorporated into routine clinical labora-
tory tests. Also, screening for 22 known mutations can
be conducted simultaneously using the LPL gene test
employing the invader method reported”, and simi-
lar attempts are expected to make high throughput
screening possible.

e) Treatment
The most problematic complication of this dis-
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order is acute pancreatitis, and treatments are carried
out to prevent the occurrence or progression of pan-
creatitis. The basic treatment is restriction of fat in-
take, i.e., restricting dietary fat intake to 20 g/day or
less or to 15% or less of the total energy intake, to
maintain the postprandial TG level at a maximum of
1,500 mg/dl or less?. Infants are given milk contain-
ing medium chain triglycerides (MCTs), which enter
the circulation without being incorporated into chylo-
microns, and defatted milk. MCTs can also be used for
cooking. In the 2nd or 3rd trimesters of pregnancy, fat
intake restriction up to 2 g/day has been reported not
to affect neonates?. Acute pancreatitis is treated by
fasting and low-calorie infusion, and the intravenous
infusion of lipid preparations or high-calorie infusion
should be avoided. This disorder barely responds to
anti-hyperlipidemic drugs, but the use of fibrates should
be considered in adults showing an increase also in
VLDL. The effectiveness of gene therapy has been

demonstrated experimentally in various animal models®".

B) Familial Apolipoprotein C-II Deficiency
a) Concept and Definition

Apolipoprotein C-II is present primarily as a
component of chylomicrons, VLDL, and HDL, and it
functions on the surface of TG-rich lipoproteins as a
cofactor necessary for full activation of LPL; therefore,
congenital defect of this molecule causes an autosomal
recessive disease that manifests marked type I or type
V hyperlipoproteinemia similar to familial LPL defi-
ciency. The first case, reported in 1978, was a 58-year-
old man who had repeated episodes of acute pancre-
atitis accompanied by hyperchylomicronemia. The
condition was not alleviated by insulin therapy for
complicating diabetes, and the disease was identified
incidentally as it markedly responded to transfusion
performed as symptomatic therapy for anemia®?. Sim-
ilarly to LPL deficiency, consanguineous marriage is
often observed in the patient’s familial history, but the
prevalence of this disorder is estimated to be even low-
er than that of LPL deficiency, and only about 20
families with this disease have been reported world-
wide since it was discovered in Canada® and Japan®

in the 1970s.

b) Etiology

The disease is caused by abnormality of the hu-
man apolipoprotein C-II gene and occurs in homozy-
gotes who have inherited an abnormal apolipoprotein
C-TI allele from both parents (including so-called
compound heterozygotes). It is inherited in an autoso-
mal recessive pattern with penetrance of 100%. The
human apolipoprotein C-II gene is located on the

short arm of chromosome 19 (19q13.2), contains 4
exons, and codes for a protein with a molecular weight
of 8,800, consisting of 79 amino acids®*3%.

¢) Clinical Symptoms

Since all clinical symptoms are secondary to hy-
perchylomicronemia, they are nearly identical to those
of LPL deficiency described above; however, as the ac-
tivation of LPL is partially independent of apolipopro-
tein C-II, clinical symptoms are often slightly milder,
and, consequently, the diagnosis of the disease is often
made later than LPL deficiency. As the patients tend
not to be subjected to strict fat restriction from early
childhood, which is more common in LPL deficiency,
the incidence of acute pancreatitis has been reported
to be higher in adult patients® 39, and hyperchylomi-
cronemia is more often accompanied by a high VLDL
level. In heterozygotes, apolipoprotein C-1I is present
in blood at about 50% of the normal level, and no ab-
normality is usually observed in the serum lipid levels,

including TG.

d) Diagnosis

The diagnosis is based on demonstration of the
selective absence of, or a marked decrease in, apolipo-
protein C-1 on clinically practical laboratory tests of
serum apolipoproteins as well as clinical symptoms re-
sembling those of LPL deficiency. The diagnosis is fur-
ther supported by the presence of familial consanguin-
ity. If LPL activity can be measured, reduced LPL ac-
tivity in the patient’s serum can be promptly recovered
by the addition of normal human serum or purified
apolipoprotein C-II. This phenomenon was also not-
ed in the first reported Canadian patient, in whom
hypertriglyceridemia was markedly improved (reduced
from 1,750 to 196 mg/dl) immediately after transfu-
sion for the treatment of anemia®?. Another measure-
ment method using cow’s milk, which contains LPL
but lacks apolipoprotein C-1I, is also known.

Many families known to have this disorder have
been analyzed at the gene level, and a wide variety of
mutations of the apolipoprotein C-II gene have been
identified, including 3 reported in Japanese patients* .
Differently from LPL deficiency, apolipoprotein C-II
is completely absent in many patients with this disor-
der due to splicing or nonsense mutation of the apoli-
poprotein C-II gene, but there are rare cases in which
a low level of apolipoprotein C-1I with a structural de-
fect in the activation of LPL is detectable in the blood
of patients. Concerning other apolipoproteins, apoli-
poprotein C-II and E are increased, and A-I, A-II,
and B are reduced, reflecting an increase in chylomi-
crons and decreases in LDL and HDL.
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e) Treatment

The objective of treatment for this disorder is to
prevent the occurrence or exacerbation of pancreatitis,
so it is treated similarly to LPL deficiency. A major
difference from LPL deficiency is that serum TG can
be reduced rapidly by the transfusion of normal plas-
ma upon emergencies such as acute pancreatitis.

C) Patients Showing Inhibitors of or
Autoantibodies to LPL

Families showing inhibitors of LPL in blood have
been reported, and this trait is considered to be inher-
ited in an autosomal dominant pattern®; therefore, in
such patients, LPL activity is reportedly deficient only
in blood and is normal in tissues.

Also, Kihara er al. noted symptoms resembling
those of LPL deficiency in a young Japanese female
with a history of ITP and Graves disease, and report-
ed the presence of an IgA autoantibody that reacts
with both LPL and HTGL in her serum?.

D) Patients with a Mutation in the Gene for
GPIHBP1 or LMF1

GPIHBP1 is a capillary endothelial protein that
provides a platform for LPL-mediated hydrolysis of
chylomicrons, and LMF1 plays a critical role in the
maturation of lipases including LPL. Recently, a few
patients with mutations in these genes have also been
reported to manifest type I hyperlipoproteinemia® 9.

Type V Hyperlipoproteinemia

According to Fredrickson’s classification (WHO
classification), type V hyperlipoproteinemia is defined
as hyperlipoproteinemia accompanied by an increase
in VLDL as well as chylomicrons. In contrast to the
fact that type I hyperlipoproteinemia is mostly cate-
gorized as a condition caused by congenital abnormal-
ity of the LPL-apolipoprotein C-II system or a sec-
ondary abnormality due to marked deficiency of insu-
lin action, type V hyperlipoproteinemia is considered
to be a category that includes a wide range of patho-
logical conditions having both congenital (genetic)
and acquired (environmental) aspects and exhibiting
moderate to marked hypertriglyceridemia. Indeed,
upon close investigation of the patients’ families, some
members have been found to be hypertriglyceridemic,
while many patients are associated with secondary fac-
tors such as diabetes and drinking. Since type V hy-
perlipoproteinemia is much more prevalent than type
I, clinically encountered hyperchylomicronemia is
more often type V hyperlipoproteinemia. It is difficult
to accurately estimate the prevalence of type V hyper-

lipoproteinemia in the general population, but a sur-
vey of about 40,000 people by the Lipid Research
Clinic reported the frequency of individuals with a
plasma TG level of 2,000 mg/dl or higher to be about
0.018%?. Chylomicrons may also be observed in the
blood in type I hyperlipoproteinemia due to the in-
hibition of chylomicron catabolism.

Although there have been only a limited number
of studies in Japan, Murase ez al. reported the results
of the evaluation of 120 Japanese with a serum TG
level > 1,000 mg/dl (22 type I and 98 type V pa-
tients)” 0. A history of acute pancreatitis was ob-
served in about 17% of these patients, demonstrating
that hyperlipidemia is frequently complicated by pan-
creatitis also in Japanese, in whom the fat intake is
lower than in Western people, and stressing the im-
portance of its prevention and management. Accord-
ing to the cause of type I hyperlipoproteinemia, fa-
milial LPL deficiency was noted in 11, familial apoli-
poprotein C-1I deficiency in 3, and secondary type I
hyperlipoproteinemia such as diabetic lipemia in 8
(Table 2). Of the patients with type V hyperlipopro-
teinemia, the presence of underlying diseases or con-
tributing factors such as diabetes and drinking was
confirmed in about 2/3 but not in the remaining 1/3.
Many of the latter patients reportedly usually show
type IV hyperlipoproteinemia and have hypertriglycer-
idemia in the familial history.

Among congenital (genetic) abnormalities that
underlie type V hyperlipoproteinemia, (1) familial
combined hyperlipidemia (FCHL), which is accompa-
nied by increased apolipoprotein B and VLDL synthe-
sis and usually shows type Ib or IV hyperlipoprotein-
emia, (2) monogenic familial hypertriglyceridemia ac-
companied by increased TG synthesis and exhibiting
type IV hyperlipoproteinemia, and (3) heterozygosity
of LPL gene abnormalities or abnormal expression of
the LPL gene are considered important (Fig.2). Such
genetic abnormalities are considered to be present in a
few percent of the general population and usually cause
type IV hyperlipoproteinemia, some of which is con-
sidered to change to type V under the influence of en-
vironmental factors. Recently, apolipoprotein A-V was
shown to strengthen the interaction between apolipo-
protein C-II and LPL, suggesting that familial apoli-
poprotein A-V deficiency causes hyperchylomicrone-
mia*". There have also been many reports that abnor-
malities of apolipoprotein E (E2 or E4) are involved
in the pathogenesis of type V hyperlipoproteinemia®.

While homozygous LPL deficiency can be easily
diagnosed, heterozygous LPL deficiency is difficult to
detect, because its phenotype may be very mild type
IV hyperlipoproteinemia alone or completely asymp-
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Table 2. Classification of hyperchylomicronemia according to the cause derived from data on 120 Japanese
patients with a serum TG level of 1,000 mg/dL or more

A. Hyperchylomicronemia due to abnormalities of the LPL-apolipoprotein C-1I system for hydrolysis of chylomicrons

Number of patients (males/females)
Primary hyperchylomicronemia
Familial LPL deficiency 11 (417)
Familial apolipoprotein C-1I deficiency 3 (3/0)
Secondary hyperchylomicronemia
Diabetic lipemia ) 6 (4/2)
Hyperlipidemia due to acromegaly 2 (0/2)

B. Type V hypetlipoproteinemia of unknown cause or underlying disorders

Cause unknown (idiopathic) 33 (29/4)
Underlying disorders
Complicated by diabetes (drinking: none-light) 18 (15/3)
Heavy drinking’ Non-diabetic 29 (2217)
Diabetic 11 (11/0)
Others® 7

"Heavy drinking: habitual drinking of 60 g/day or more of ethanol

82: von Gierke disease, 1: Nelson syndrome, 1: Weber-Christian disease, 1: diabetes due to L-asparaginase, 2: suspect of an
LPL inhibitor

Cited from reference no. 40) Murase T: Guidelines for the Diagnosis and Treatment of Hyperlipidemia. (Bunkodo) 2005,

pp 100 (in Japanese)

Congenital {genetic) factors

1. Familial combined hyperlipidemia (FCHL)
Prevalence: 2-3%
2. Monogenic familial hypertriglyceridemia
Prevalence: 1-2 %
3. Heterozygous LPL gene abnormality
Prevalence: 0.2%
4. Other genetic abnormalities (abnormalities of apolipoproteins A-1V, A-V, and E)

-+

Acquired (environmental) factors

1. Diabetes (particularly type 2)
2. Drinking
3. Hormonal therapy (estrogen, steroids), pregnancy

4. Drugs such as diuretics, p-blockers, Zoloft (SSRI-type antidepressant), isotretinoin (treatment for
acne), HIV protease inhibitor, etc.

5. Underlying disorders (diabetes, dysproteinemia), multiple myeloma, SLE, malignant lymphoma,
Nelson syndrome, Weber-Christian disease, etc.

Fig.2. Etiological factors underlying primary type V hyperlipoproteinemia

TReported to be present in 10% of people in Western countries, but no mutation was noted in 100 Japa-
nese subjects with 2 TG level of 400-1,000 mg/di examined by Arai e 2/. ),
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Table 3. Diagnostic criteria for primary hyperchylomicronemia (draft)

Primary hyperchylomicronemia

The presence of chylomicrons in the serum confirmed after fasting for 12 hours or longer (note) is called hyperchylomicronemia, which is

classified into the following 4 types.

Usually, the possibility of this disorder is high when the serum triglyceride level exceeds 1,000 mg/dl.
Note: The presence of chylomicrons can be confirmed by the appearrance of a supernatant cream layer after allowing serum to stand for 24
hours or longer at 4C. The detection of chylomicrons by ultracentrifugation or electrophoresis (agarose or polyacrylamide gel) also

contributes to the diagnosis.

1. Familial lipoprotein lipase (LPL) deficiency

(1) The absence of LPL activity in postheparin plasma, adipose tissue, or macrophages.

(2) Being a homozygote with a causative LPL gene mutation on both alleles.

(3) The presence of apolipoprotein C-1I.

(4) The presence of clinical symptoms due to hyperchylomicronemia (acute pancreatitis, eruptive xanthoma, lipemia retinalis,

hepatosplenomegaly).
(5) The presence of consanguinity in the familial history.

(6) A marked decrease in LPL protein mass measured by ELISA for LPL.

Definitively diagnosed if (1) or (2) is established, and provisionally diagnosed if (3) is concurrent with (4), (5), or (6).

2. Familial apolipoprotein C-1I deficiency
(1) The absence of plasma (serum) apolipoprotein C-1I.

(2) Being a homozygote with a causative apolipoprotein C-1I gene mutation on both alleles.

(3) The appearance of activity after the addition of apolipoprotein C-II or plasma from a normal subject.

(4) The presence of clinical symptoms due to hyperchylomicronemia (acute pancreatitis, eruptive xanthoma, lipemia retinalis,

hepatosplenomegaly).
(5) The presence of consanguinity in the familial history.

Definitively diagnosed if (1) or (2) is established, and provisionally diagnosed if (3) is concurrent with (4) or (5).

3. Primary type V hyperlipoproteinemia

(1) Demonstration of an increase in VLDL in addition to hyperchylomicronemia.
(2) The absence of LPL deficiency, apolipoprotein C-II deficiency, or apolipoprotein E abnormality.

Definitively diagnosed if both (1) and (2) are fulfilled.

4. Idiopathic hyperchylomicronemia
Hyperchylomicronemia not in agreement with 1, 2, or 3 above.

For example, cases suggestive of the presence of an LPL inhibitor or autoantibody have been reported. More recently, a few cases of mutations
in the gene for GPTIHBP1 or LMF1 have also been reported to manifest primary hyperchylomicronemia.

tomatic. In such heterozygotes, type IV-V hyperlipo-
proteinemia is often triggered by pregnancy, diabetes,
obesity, and excessive alcohol intake. Also, there are
patients with low LPL activity in families with com-
mon hyperlipidemia such as FCHL and familial hy-
pertriglyceridemia, and the possﬂ)le involvement of
LPL gene abnormalities is attracting attention as a
background of these disorders. Such abnormalities in-
clude abnormal LPL gene expression. Indeed, the pos-
sibility that a single nucleotide polymorphism in the
promoter region, which impairs the binding of tran-
scription factor Oct-1 and reduces transcription activ-
ity to 15% or less, is related to FCHL and ischemic
 heart disease has been suggested*?. Reports from West-
ern countries include a study in which LPL gene ab-

normalities were observed in 10% of patients with type
V hyperlipoproteinemia®®, but Arai et 4l. found no
LPL gene mutations in any of 100 Japanese subjects
with a serum TG level of 400-1,000 mg/dl examined .
Generally, poor control of blood glucose in dia-
betic patients is the most frequent acquired stressor, but
drinking, estrogen, steroids, pregnancy, Zoloft (selec-
tive serotonin reuptake inhibitor type antidepressant),
isotretinoin (treatment for acne), diuretics, f-block-
ers, HIV protease inhibitors, dysproteinemia, multiple
myeloma, SLE, malignant lymphoma, etc., have also
been reported. Since all clinical symptoms that accom-
pany hypertriglyceridemia are also reversible in type V
ypetlipoproteinemia, fundamental treatment involves
reducing the TG level. If there are strong genetic fac-
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tors such as in FCHL and homozygous familial hyper-
triglyceridemia, strict restriction of fat intake, such as
in type 1 hyperlipoproteinemia, may be necessary.
Since acquired environmental factors are usually pres-
ent in type V hyperlipoproteinemia, they must be
eliminated first. Among lipid-lowering drugs, fibrates,
nicotinic acid, and strong statins are indicated, but
caution against possible exacerbation of the glucose
tolerance is necessary in the treatment of diabetic pa-
tients with nicotinic acid. Also, as marked weight con-
trol in obese patients may induce severe hypertriglyc-
eridemia and acute pancreatitis associated with rebound
of the body weight, this risk must be considered.

Proposal of Diagnostic Criteria for Primary
Hyperchylomicronemia (Draft)

" Lastly, against the background described above,
provisional diagnostic criteria for primary hyperchylo-
micronemia are presented (Table 3). Items related to
genetic diagnosis, which has become possible, and
those related to clinical symptoms and familial history
have been added to the diagnostic criteria proposed by
the Tarui Group?. Since no such diagnostic criteria or
management guidelines have been established any-
where in the world, further discussion and rigorous
evaluation are needed.
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Case Report

Molecular Analysis of a Novel LCAT Mutation (Gly179— Arg) Found
in a Patient with Complete LCAT Deficiency

Xiao Li Wang™ 2, Jun-ichi Osuga’, Fumiko Tazoe', Kenta Okada', Shuichi Nagashima', Manabu Takahashi®,
Taichi Ohshiro', Tumenbayar Bayasgalan', Hiroaki Yagyu', Koji Okada®, and Shun Ishibashi’

'Division of Endcrinology and Metabolism, Diabetes Center, Department of Medicine, Jichi Medical University, Shimotsuke,

Tochigi, Japan

?Department of Endocrinology, 1st Affiliated Hospital of China Medical University, Shenyang, China
*Division of Diabetes and Endocrine, Internal Medicine, International University of Health and Welfare Hospital, Tochigi, Japan

Lecithin-cholesterol acyltransferase (LCAT) is an important enzyme involved in the esterification of
cholesterol. Here, we report a novel point mutation in the LCAT gene of a 63-year-old female with
characteristics of classic familial LCAT deficiency. The patient’s clinical manifestations included cor-
neal opacity, mild anemia, mild proteinuria and normal renal function. She had no sign of coronary
heart disease. Her LCAT activity was extremely low. DNA sequencing revealed a point mutation in
exon 5 of the LCAT gene: a G to C substitution converting Gly'” to an Arg, located in one of the
catalytic triads of the enzyme. In vitro expression of recombinant LCAT proteins in HEK293 cells
showed that the mutant G179R protein was present in the cell lysate, but not the culture medium.
LCAT activity was barely detectable in the cell lysate or medium of the cells expressing the G179R
mutant. This novel missense mutation seems to cause a complete loss of catalytic activity of LCAT,

which is also defective in secretion.

J Atheroscler Thromb, 2011; 18:713-719.
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Introduction

Lecithin-cholesterol acyltransferase (LCAT) is a
plasma enzyme that esterifies free cholesterol present
in circulating plasma lipoproteins by catalyzing the
transfer of fatty acid from the s#-2 position of lecithin
to the 3-hydroxy group of cholesterol?. Mutations in
the LCAT gene lead to either familial LCAT defi-
ciency (FLD) or fish-eye disease (FED), both rare
autosomal recessive disorders® ¥. FLD was first
described in 1967 in a Norwegian family®. Patients
with this disease often exhibit some degree of corneal
opacity, anemia, proteinuria and renal disease?. More
than 60 mutations in the LCAT gene have been iden-
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tified to date (www.hgmd.cf.ac.uk/ac/index.php).

In the present study, we report a Japanese female
with corneal opacity, mild anemia, mild proteinuria
and normal renal function, who was carrying a novel
point mutation of the LCAT gene: a G to C substitu-
tion converting Gly'” to an Arg, which is one of the
components of the catalytic triad conserved in all ani-
mal species examined?”. The functional significance of
Gly'” was studied by in vitro expression of the mutant
LCAT enzyme.

Materials and Methods

Case

The patient was a 63-year-old female diagnosed
with hypocholesterolemia when hospitalized for an
operation on the left meniscus 8 years ago. She was
also found to have corneal opacity, anemia, and pro-
teinuria. She also had hypothyroidism, which had
been treated with levothyroxin for 2 years. She was
referred to our hospital for a precise evaluation of low
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Fig.1. Pedigree of a Japanese family with FLD.

Squares and circles indicate males and females, respectively. Slashes
indicate deceased persons. Roman numerals to the left of the pedi-
gree indicate the generation; numerals under each symbol indicate
individual family members.

plasma levels of HDL-cholesterol in 2009. She had no
history or signs of coronary heart disease (CHD). Her
parents were first cousins (Fig.1); otherwise her fam-
ily history was not remarkable. Physical examination
revealed no clinical abnormalities except bilateral cor-
neal opacity and moderate loss of hearing. She had no
signs of coronary heart disease.

The study adhered to the principles of the Decla-
ration of Helsinki and was approved by our institu-
tional ethics committee. We obtained informed con-
sent from the patient.

Blood and Urine Collection, Plasma Lipid Analyses,
and Other Clinical Parameters

After an overnight fast, blood was collected for
isolation of plasma. Urine samples were collected for
24 hours for the determination of protein levels and
creatinine clearance.

Total cholesterol and triglyceride concentrations
were determined by enzymatic methods using com-
mercial kits (Determiner-L TC II, Kyowa Medex and
Eludia-XL TG II; Eikeukagaku Co. Ltd, Tokyo). Free
cholesterol concentrations were also determined using
a kit (L-type free cholesterol; Wako), as were HDL
cholesterol concentrations (Determiner-L. HDL-C;

Kyowa Medex), plasma levels of apolipoproteins (Apo-
lipoproteins auto N; Sekisui Medical) and cholesterol
ester transfer protein concentrations (CETP ELISA-
DAIICHI; Sekisui Medical). Fifteen min after iv
injection of 30 U/kg heparin, plasma was collected for
the measurement of lipoprotein lipase protein concen-

tration (LPL ELISA-DAIICHI; Sekisui Medical)®.

LCAT Activity Assay

LCAT activity in plasma was measured using a
proteoliposome substrate in a LCAT assay kit (Ana-
sorb® LCAT; Sekisui). When intracellular extracts
and cell culture medium were used as the LCAT
source, proteoliposomes were prepared by 30-min
incubation of apoA-I (Sigma) with the proteolipo-
somes provided by the kit at a molar ratio to choles-
terol of 0.8:12.5 at 37°C 7.

DNA Isolation

Genetic DNA was isolated from 2 mL peripheral
blood using 2 QIAamp® DNA Blood Midi Kit (Qia-
gen) and stored at 4C.

DNA Amplification by PCR

Oligonucleotide primers were synthesized by
Oligo® Sigma Genosys. The primers used in the PCR
of genomic DNA and the PCR program have been
reported previously®.

DNA Sequence Analysis

PCR-amplified DNA was purified with a QIA-
quick® Gel Extraction Kit (Qiagen) and re-amplified
by PCR using an unequal ratio (10/1) of the same
primers with the BigDye Terminator V1.1 cycle
sequencing kit (Applied Biosystems). Single-stranded
DNA (20 pL) from the second PCR was purified and
precipitated in 99% ethanol, resolved in 25 pL Hi-Di
Formamide and sequenced by a 3100 Genetic Ana-
lyzer (Applied Biosystems).

Apoe Genotyping

Restriction isotyping of common APOE isoforms
was carried out by gene amplification and cleavage
with Hhal as previously described?.

Site-Directed Mutagenesis and Construction of
LCAT cDNA Expression Vectors

Total RNA was isolated from HepG2 cells using
TRIzol® Reagent (Invitrogen). The RNA was reverse
transcribed with a High Capacity <cDNA Reverse
Transcription Kit (Applied Biosystems), and amplified
by PCR using the primers ATGGGGCCGCCCG-
GCTCC3’ and 5 AGGAGGCGGGGGCTCTGG?
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Table 1. Clinical and laboratory data of the patient and her family members

-2

1D I-1 (proband) -4 m-2
Sex F F M M
Age 68 63 56 39
BMI 20.6 22.0 24.9 24.9
CBC RBC (%109 380 358 507
Hb (g/dL) 11.2 10.3 14.7 14.9
Hect (%) 33.7 30.0 43.9 46.4
WBC 5,100 6,300
Plt (x10% 14.9 23.6
Chemistry ~ Creatinine (mg/dL) 0.52 0.64 0.73 0.8
Urine Protein - + - -
Lipids Tortal cholesterol (mg/dL) 155 76 225 169
Triglyceride (mg/dL) 50 89 118 195
HDL-cholesterol (mg/dL) 36 6 34 31

The data of -1, -4 and III-2 were adopted from the results of regular health checks.

IDs are indicated in Fig. 1.

to obtain whole ¢cDNA of LCAT without a stop
codon. This PCR product was then subcloned into
pCR2.1®-TOPO (Invitrogen) by TA cloning, and the
single-stranded DNA of the coding regions was con-
firmed by sequencing. The T vector and expression
vector pcDNA3.1/myc-His A (Invitrogen) were pre-
pared by double digestion with HindIII and Xhol,
purified by gel extraction using a QIAquick Gel
Extraction Kit (Qiagen) and ligated by T4 DNA ligase
using a DNA Ligation Kit, Ver.2.1 (TaKaRa). After
confirmation by sequencing, an expression plasmid for
LCAT ¢DNA with a C-terminal myc epitope and the
polyhistidine tag was successfully constructed. This
plasmid was modified using a QuickChange® Site-
Directed Mutagenesis kit (Stratagene) with the prim-
ers 5’CCTGTCTTCCTCATTCGCCACAGCCTC-
GGCTG3’ and 5’CAGCCGAGGCTGTGGCGAAT-
GAGGAAGACAGGS3’ by substituting one base, GGC
(Gly of the wild type) for CGC (Arg of the mutant),
at codon 179 in exon 5. Also, the mutant plasmid was
confirmed by sequencing.

Transient Expression of the LCAT ¢cDNA iz vitro
HEK293 cells (4 x 10°) were suspended in 5 mL
Dulbecco’s modified Eagle’s medium (DMEM; Sigma)
supplemented with 10% fetal calf serum (FCS) and
incubated in a 60-mm tissue culture dish at 37°C
under an atmosphere of 5% CO2 and 95% air until
80% confluent. The plasmids (5 pg) were introduced
into HEK293 cells in triplicate using the SuperFect®
Transfection Reagent (Qiagen). The cell culture
medium was changed to FCS-free DMEM after 24

hours and cells were harvested after another 72 hours.
Intracellular proteins were extracted from the cells by
centrifugation and resuspension of the cell pellet in 0.2
mL RIPA buffer (1% NP-40, 150 mM NaCl, 50 mM
Tris-HCI pH7.4, 0.1% SDS, 0.1% sodiumdeoxycho-
late) with a cockrail of proteinase inhibitors (1 mM
PMSE 2 uM leupeptin and 0.08 pM aprotinin). The
medium was concentrated by Amicon Ultra-30 (Mili-
pore) by about 10-fold. The protein concentration
was determined using a BCA kit (Pierce). Aliquots of
the medium and the intracellular extracts were kept at
—80C until Western blotting and LCAT assays were
performed.

Western Blot Analysis

5xSDS sample buffer (Sigma) was added to 20
pg cell lysate or 20 pL concentrated medium, and
boiled for 5 min. After centrifugation, the supernatant
was subjected to 10% SDS-PAGE, which was run at
10 mV for 3 hours. Western blot analysis was per-
formed with an anti-myc antibody (Invitrogen).
Horseradish peroxidase-conjugated secondary anti-
body and the ECL Western blotting detection reagents
system (Amersham) were used for detection. The sig-
nal was visualized with X-ray film (Roche Diagnos-

tics).

Results

Clinical Data
Table 1 summarizes the clinical and laboratory
data of the patient and her family members. The
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(A) Direct sequencing showed that this patient was homozygous for a novel mutation in exon 5 of the
LCAT gene. A nucleotide transition in exon 5 (c.607 G>C) was found which results in an amino acid
change at codon 179 from glycine (GGC) to arginine (CGC). (B) The whole structure of the LCAT
gene, in which the position of the catalytic triad is marked.

patient had mild anemia with poikilocytosis, such as
target cells in blood smears and mild proteinuria (0.23
g/24 h). No abnormalities were detected in liver, renal
and thyroid function tests or in plasma electrolytes.
Fasting blood glucose was 100 mg/dL. Plasma hapto-
globin level (52 mg/dL) was low, indicating the pres-
ence of hemolysis. Total cholesterol and HDL choles-
terol levels were markedly reduced. The ratio of cho-
lesterol ester to total cholesterol (0.105) was also
markedly decreased. Plasma levels of apo A-1, A-II, B,
C-II and C-TI were low (33, 3.5, 40, 1.4 and 2.6
mg/dL, respectively). Apo E level was 5.9 mg/d. Lipo-
protein (a) was undetectable. Lipoprotein X was posi-
tive. RLP-C (33.6 mg/dL) was increased. LCAT activ-
ity (<50 nmol/mL/hr) was almost undetectable. Post-
heparin lipoprotein lipase mass (85 ng/mL) was
decreased. Plasma CETP concentration (2.5 ng/mL)
was normal. Creatinine clearance was 113 mL/min.
Titers of anti-thyroglobulin and anti-thyroid peroxi-
dase antibodies were 3.6 and <0.3 U/L, respectively.
Plasma Ig G level was mildly elevated (1,816 mg/dL).
Anti-nuclear antibody was negative. The patient was a

carrier of APOE €3/¢3 genotype.
Plasma HDL-C levels of the family members
(II-1, -4 and II-1) were slightly reduced (Table 1).

DNA Sequence Analysis

Direct sequencing showed that this patient was
homozygous for a novel mutation in exon 5 of the
LCAT gene (Fig.2). A nucleotide transition in exon 5
(c.607 G>C) was found which results in an amino
acid change at codon 179 from glycine (GGC) to
arginine (CGC).

Western Blot Analysis

Immunoblotting of the lysate of transfected cells
expressing the wild-type or mutant LCAT showed a
single band with a molecular weight of about 52 kDa.
Although the medium from the cells expressing wild-
type LCAT showed a single band of about 67 kDa,
corresponding to the fully glycosylated form of
LCAT'9, the mutant LCAT (LCAT G179R) was not
detected in the medium (Fig. 3A).
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Fig.3. Functional analyses of LCAT expressed in vitro.

(A) Western blot analysis of LCAT protein. G denotes glycosylated form; U denotes unglycosylated
form. (B) LCAT activities. Wild-type (WT) or mutant LCAT G179R was expressed in HEK293 cells in
wiplicates (Lanes 1-3). Cell lysate or medium was used for Western blot analysis or duplicate measure-
ments of LCAT activity. Data are the means=S.D. *p<0.05.

LCAT Activity

LCAT activity was detected in both the cell lysate
and medium of the cells expressing wild-type LCAT,
while it was barely detectable in either the lysate or
medium of cells expressing the mutant LCAT

(Fig.3B).

Discussion

Since 1967, over 60 variations in the LCAT gene
have been described® "9, which are classified into
two rare autosomal recessive disorders: FLD and FED,
characterized by a low HDL-C concentration, corneal
opacity, hemolytic anemia and renal involvement?.

In this case, the deficiency of plasma LCAT
activity, which was associated with corneal opacity,
mild hemolytic anemia and a very low HDL-C level,
is supportive of the diagnosis of classical LCAT defi-
ciency. Direct sequencing of the LCAT gene revealed a
novel point mutation in exon 5 (c.607 G>C), which
is predicted to result in an amino acid change at

codon 179 from glycine (GGC) to arginine (CGC)

312

(Fig. 2). This mutation is located in the catalytic triad
of the enzyme, formed by Ser'!, Asp®® and His*” 1%
G'” is part of the consensus sequence GXSXG, the
signature motif of the a/B hydrolase family'®, and
also part of the conserved strand of B-pleated sheet 5,
which is important for the proper folding of the
enzyme®). Mutations of the other two key amino acids
of this motif (S'" and G'®) have been reported, all of
which can disrupt the LCAT activity> 7.

Since other FLD mutants are also located at posi-
tions that are strictly conserved®, we believe that the
homozygous mutation G179R in LCAT accounts for
the clinical manifestations in this case of FLD.

As predicted from the structure, LCAT activity
was barely detectable in the cell lysate or in the
medium of cultured cells transiently expressing the
mutant LCAT (G179R) (Fig.3). Furthermore, the
mutant protein itself was not detected in the culture
medium, although it was detectable in the cells, sug-
gesting that LCAT G179R is defective in secretion.
Taramelli ez al. reported a similar non-secreting LCAT
mutant, R147W, in a patient who lacked LCAT activ-
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ity in plasma’®. The R147W mutation substitutes a
bulky tryptophan for arginine, thereby presumably
inhibiting the formation of a salt bridge”.

Three of the family members exhibited a mild
decrease in plasma HDL- cholesterol levels (Table 1).
Although we have not measured LCAT activity or
genotyped for the mutation in these family members,
they may be obligate heterozygotes for the mutation,
being responsible for the relatively low plasma HDL-
cholesterol levels'®. Renal disease is the major cause of
morbidity and mortality in FLD patientszo) but the
clinical manifestations of FLD patients vary even
among family members carrying same mutations” 2.
The GFR of the patient was nearly normal, despite
the presence of mild proteinuria. The progression of
nephropathy may have been delayed in this patient
because she was a vegetarian.

Lipoprotein (a) in the patient was almost unde-
tectable. Although it is possible that the low lipopro-
tein (a) level was caused by apo (a) genotype, absence
of LCAT activity may have caused a failure to produce
LDL particles of the right morphology and chemical
composition to allow lipoprotein (a) formation?".

Baass A er al. have recently reported that the
APOE genotype significantly influences the pheno-
typic expression of familial LCAT deﬁc1ency19) Con-
sistent with their observations, the patient, who had
£3/e3 genotype, had a relatively low plasma level of
triglyceride.

In summary, we report a novel point mutation,
G179R, in the LCAT gene of a homozygous FLD
patient. This mutation is located in the catalytic triad
of the enzyme and may affect the secretion and activ-

ity of LCAT protein.
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