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Nonstandard Abbreviations and Acronyms
CE cholestery! ester

FC free cholesterol

FED fish-eye disease

FLD familial lecithin:cholesterol acyltransferase deficiency
GFC gel filtration column

HDL high-density lipoprotein

HPLC high-performance liquid chromatography
LCAT lecithin:cholesterol acyltransferase

LDL low-density lipoprotein

Lp lipoprotein

LpX lipoprotein-X

rLCAT recombinant LCAT

revealed that the low-density lipoprotein (LDL) fraction
contains 3 abnormal particles with different sizes, lipid com-
position, and associated apolipoproteins,'*> which were
proposed to be important in the pathogenesis of renal mani-
festation in patients with FLD."*'"® Of these, lipoprotein-X
(LpX)*** have been postulated to accumulate in glomeruli,
potentially causing the renal damage observed in patients
with FLD.'*'® In 1 patient with FLD, lipid-lowering therapy
led to a reduction of LpX and a concomitant reduction in
proteinuria.*’ LpX is phospholipid (PL)-rich and free choles-
terol (FC)-rich but triglyceride (TG)-poor particle without
apolipoproteins, ranging in size between very low density
lipoprotein and large LDL.?

To characterize the abnormal lipoproteins associated with
the renal pathology of FLD, we characterized lipoprotein
fractions by analyzing patients with different mutations and
manifestations in comparison with another LCAT-deficiency
syndrome, FED. We applied high-performance liquid chro-
matography with a gel filtration column (HPLC-GFC) for
the first time to characterize the above abnormal lipoproteins
and in fact identified lipoprotein subfractions specific to FLD.
The lipid contents and particle size were biochemically deter-
mined, and the responsiveness of the lipoproteins against
incubation with rLCAT was investigated in vitro.

Materials and Methods

Materials and Methods are available in the online-only Supplement.
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Results

Lipoprotein Subfractions Specific to
LCAT-Deficiency Syndromes

Five patients with FLD (1-5) and 4 patients with FED
(6-9) were compared with 4 nonaffected normolipidemic
controls. Clinical and molecular characteristics and lipid pro-
files of the patients are given in Tables 1 and 2, respectively.
Ultracentrifugation fractionation followed by determination of
lipid contents was performed in patients 1, 2, and 5 (Table Iin the
online-only Data Supplement). LCAT a-activities in the patients’
sera were all <2% of reference. As expected in LCAT deficiency,
mature HDL particles found at fraction (Fr.) 16 and 17 of unaf-
fected controls were absent in the 9 patients (Figure 1). Although
the lipid profiles of patients were heterogeneous, HPLC-GFC
showed 4 lipoprotein fractions in sera of patients with FLD and
FED that were not present in sera of unaffected controls: large
lipoproteins (>80 nm) in Fr. 1 (Lp1), lipoproteins corresponding
to large LDL in Fr. 8 (or Fr. 7-10; Lp8), lipoproteins correspond-
ing to very small LDL and large HDL in Fr. 12 to 16 (Lp12~16),
and lipoproteins corresponding to small HDL in Fr. 18 to 20
(Lp18-20). The levels of cholesterol, TG, and PL in these specific
fractions varied among the 9 patients (Figure 1). Serum apolipo-
protein analyses of Fr. 7 to 10, Fr. 13 to 15, and Fr. 18 to 20in 3
patients (1, 2, and 5) showed that Fr. 13 to 15 and Fr. 18 to 20 were
rich in apolipoprotein A as normolipidemic control although var-
ied among patients (Figure I in the online-only Data Supplement).
Apolipoprotein Cs were also rich in Fr. 18 to 20 but not in Fr. 13 to
15. Apolipoprotein B was mostly distributed in Fr. 8 to 10 among
the 3 fraction categories. Apolipoprotein E was abundant in all 3
fraction categories when compared with that in the control.

Abnormal Lipoproteins Are Present in FLD
Regardless of Degree of Proteinuria

To study the relationship between lipoproteins and the degree
of proteinuria in patients with FLD, lipoproteins between 2
sibling patients with FLD homozygous for the C337Y muta-
tion in LCAT were compared (Figure 1, patients 1 and 3).
Patient 1 had proteinuria in the nephrotic range (6 g/24 h),
whereas patient 3 had only mild proteinuria (0.45 g/L).?
All 4 abnormal lipoproteins were present in both patients
(Figure 2A), although 3 lipoproteins (Lp1, Lp8, and Lp18-20)
were lower in the younger patient.

Clinical and Molecular Characteristics of Patients With Lecithin:Cholesterol Acyltransferase Deficiency

Renal Failure/Proteinuria  Corneal Opacity Anemia CAD Phenotype AA Substitution References

Table 1.

Patient Sex Age,Y Race

1 F 17 White (Morocco) 6g/24h
2 F 61  Japanese 2g/24h
3 F 12 White (Morocco) 0.45 g/L

4 F 63  Japanese 0.23g/24h
5 M 68 Japanese 0.5g/L

6 M 38 Japanese -

7 M 58  White (Dutch) -

8 M 36  White (Dutch) -

9 F 30 White (Dutch) -

+ 11.4g/dl - FLD C337Y 23
+ 95g/dL - FLD casy 24
+ 92¢g/dL - FLD C337Y 23
+ 103¢g/dL - FLD G203R 25
+ 6.6g/dL - FLD G54S 26
+ - - FED Ti471 10
+ - - FED T147] None
+ - - FED W99S/T1471 27
- - FED T147IN333M 28

Patients 8 and 9 are compound heterozygotes; others are homozygotes for the indicated mutations. AA indicates amino acid; CAD, coronary
artery disease; F, female; FED, fish-eye disease; FLD, familial lecithin:cholesterol acyltransferase deficiency; and M, male.
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Table 2. Lipid Profiles of Patients With Lecithin:Cholesterol
Acyliransferase Deficiency

Patients TC TG HDL-C LDL-C CE/TC
1 109 179 5.8 67 0
2 123 307 9.3 52 0.13
3 47 56 10.1 26 0
4 47 89 6.3 23 0.13
5 56 59 2.0 42 0
6 85 120 4.0 57 0.57
7 133 120 47 104 0.54
8 144 205 3.9 99 0.57
9 98 118 4.9 70 0.39

Values for LDL-C were calculated according to Friedewald et al.?® CE/TC
indicates cholesteryl ester/total cholesterol ratio; HDL-C, high-density lipoprotein-
cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol; and
TG, triglyceride.

Next, lipoprotein profiles of a patient with FLD with
homozygous for the C98Y? mutation before and after a fat-
restricted diet, which led to a reduction of proteinuria from 2.0
g/gCr to 0.6 g/gCr, were compared (Figure 1, patient 2). All 4
lipoproteins remained present after the diet although Lp1 and
Lp8 were decreased to some extent (Figure 2B).

Lp8 and Lp12 to 16 Are Specific

to FLD and Not to FED

Next, composition of the 4 Lps was analyzed (Figure II in the
online-only Data Supplement). In all lipoproteins, cholesteryl
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ester (CE) was absent in FLD and low in Lpl, Lpl2 to 16,
and Lp18 to 20 in FED (panel A). PL in Lp8 was significantly
lower in FLD when compared with that in FED (panel D). PL
and FC were increased in Lp12 to 16 in FLD when compared
with that in FED (panels B and D). FC, TG, and PL in both
Lp! and Lp18 to 20 did not differ between FL.D and FED.

Lp8 Is a Large LDL, Rich in FC, PL,

and TG, and Different From LpX

In comparison with unaffected controls and to patients with
FED, CE in the LDL fractions of FLD sera was significantly
decreased, whereas TG was increased (Figure 3A). In patients
with both FLD and FED, FC, TG, and PL in Fr. 8 were signifi-
cantly higher than in Fr. 9, whereas in controls, FC, TG, and
PL in Fr. 8 were significantly lower than in Fr. 9 (Figure 3B).
As a result, average sizes of Lp8 (Fr. 7-10) in FLD were sig-
nificantly increased when compared with normal, whereas
averaged particle size in FLD was lower than those in FED
because of the severe deficiency of CE (Figure 3C). The com-
position of Lp8 in our patients with FLD is consistent with
the previously reported FLD-LDL, and not consistent with the
lipid characteristics of LpX.

Abnormal Lipid Compositions of FLD-

Specific Lps Are Ameliorated by In

Vitro Incubation With rLCAT

In vitro rLCAT incubation was performed followed by HPLC-
GFC analyses (Figure IIT in the online-only Data Supplement).
Incubation of patients’ sera with rLCAT increased CE, TG,
and PL in Fr. 16 to 18 in both FLD and FED (Figure IV in
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Figure 1. Lipoprotein profiles in patients with familial lecithin:cholestero! acyltransferase deficiency (FLD) by high performance liquid
chromatography (HPLC) with gel filtration column (GFC). Sera from patients with 5 FLD (patients [Pts.] 1-5) and 4 Fish-eye disease (FED;
Pts. 6-9) were subjected to lipoprotein size fractionation with concomitant determination of lipid concentrations in each fraction by high-
performance liquid chromatography-GFC analyses. Representative result is shown for normolipidemic subjects. Concentrations of total
cholesterol (@), triglyceride (m), free cholesterol (¢), and phospholipid (a; y axis) in each fraction (x axis) are shown.
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Figure 2. Differences in lipoproteins in patients with familial lecithin:cholesterol acyltransferase deficiency (FLD) with or without renal
insufficiency. A, Lipoprotein profiles were compared between a patient with FLD with nephrotic range proteinuria (patient 1, o) and patient
3 with mild proteinuria (@). B, Lipoprotein profiles were compared between before (o) and after (@) fat-restricted diet.

the online-only Data Supplement), indicating LCAT-mediated
maturation of HDL. CE and PL contents of Lp8 were sig-
nificantly increased and decreased, respectively, in FLD after
incubation with rLCAT, whereas TG content was not signifi-
cantly altered (Figure 4A and 4B). In FED, composition of
Lp8 was not significantly altered by the treatment (Figure 4A
and 4B). On incubation with rLCAT, Lp8 increased in size in
FLD and it decreased in size in FED (Figure 4C). However,
FC and PL in Lp12to 16 decreased on incubation (Figure 4D).

Discussion
In this study, 4 lipoprotein fractions specific to LCAT-deficiency
syndromes were identified by the HPLC-GFC analysis of sam-
ples from genetically diagnosed patients with different muta-
tions and manifestations. Two of these had lipid compositions

that were specific to FLD and thus may be involved in causing
the renal damage that characterizes FL.D. In vitro incubation
with rLCAT corrected the abnormal fractions.

Lpl, one of the abnormal lipoproteins characteristic to
LCAT-deficiency syndrome, was rich in TG and PL, and asso-
ciated with the degree of proteinuria in 2 siblings with FLD,
and was decreased on fat restriction in another patient with FLD
(Figure 2). Indeed, abnormal lipoproteins with size of =100
nm corresponding to Lpl have been identified in patients with
LCAT deficiency with renal failure.>'"2!1> The lipid composi-
tion of Lp1 did not change on incubation with rLCAT (data not
shown). Together, this suggests that Lp1 is most likely secondary
to renal failure rather than directly caused by LCAT deficiency.

As opposed to controls, Fr. 8 was richer in total choles-
terol, TG, FC, and PL than Fr. 9 in the patients with LCAT
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Figure 3. Characterization of lipid profiles in Lp8 of familial
lecithin:cholesterol acyltransferase deficiency (FLD) and Fish-eye
disease (FED). A, Lipid compositions of Fr. 7 to 10 fractions (Lp8)
were compared-among FLD (closed column), FED (gray column),
and normal (open column). *P<0.05. B, Lipid concentrations of
fractions 8, 9, and 10 were compared in FLD (n=5), FED (n=4),
and controls (n=4). *P<0.05. Cholesteryl ester (CE) concentra-
tions in FLD are not shown because levels were undetectable.

C, Size distribution of lipoproteins in Lp8 (Fr. 7-10) was com-
pared among FLD (closed column), FED (gray column), and
normal (open column) based on total cholesterol (TC) and phos-
pholipid (PL) concentrations. *P<0.05. FC indicates free choles-
terol; and TG, triglyceride.

deficiency (Figures 1 and 4B). Lp8 also differed in composi-
tion between FLD and FED: in FLD, it contained increased
TG and decreased CE in comparison with FED (Figure 3A).
Importantly, although the levels varied with the severity of
renal damage as did those in Lp1, the buoyance of the peak
at Fr. 8 did not vary with severity of renal damage (Figure 2),
strongly suggesting that Lp8 directly results from a lack of
LCAT and not from metabolic disturbances that occur during
proteinuria and progressive renal failure.

In addition to the above-mentioned characteristics for Lp8
in LCAT-deficiency syndrome, HPLC-GFC analyses clarified
novel unique lipid properties of Lp8 in FLD in comparison
with that in FED; the averaged sizes of Lp8 are smaller in
FLD than those in FED (Figure 3C). The lipid compositions
of Lp8 in FLD were, in part, ameliorated by rLCAT incubation
(Figure 4A). The averaged sizes of the Lp8 increased in FLD,
whereas those in FED decreased (Figure 4C). rLCAT increased
the CE formation in both LDL and HDL fractions in FLD sera.
Thus, these findings indicated that the abnormal compositions
were most likely caused primarily by the dysfunction of LCAT
in the patients, and that the abnormal characteristics of Lp8
were not because of metabolic disturbances that occur during
proteinuria and progressive loss of kidney function.

Previous extensive analyses using electron microscopy
have identified 3 abnormal lipoproteins in the LDL fraction
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Figure 4. Effects of in vitro familial lecithin:cholesterol acyltrans-
ferase (LCAT) supplementation on the lipid profiles of abnor-

mal lipoproteins in LCAT-deficiency syndrome. After analyses
described in Figure Il in the online-only Data Supplement, lipid
composition (A), cholesteryl ester (CE)/TC ratio (B), averaged par-
ticle size based on total cholesterol (TC) and phospholipid (PL)
concentrations (C), in Lp8, and lipid concentrations in Lp12 to 16
(D), were compared between culture media containing recom-
binant LCAT (rLCAT; closed column) and media without rLCAT
(open column). *P<0.05. FC indicates free cholesterol; FED, Fish-
eye disease; and TG, triglyceride.

of FLD'%: TG-rich and CE-poor particles of sizes similar to
normal LDL (FLD-LDL); FC- and PL-containing particles of
sizes distributing from 40 to 60 nm (LpX-like particle)?; par-
ticles with a diameter of 100 nm (designated as LM-LDL)!?-0
that were later reported to be identical to LpX." LpX is FC-
and PL-rich but TG-poor lipid particles (30%, 60%, and 2%,
respectively)? without apolipoproteins, which range from
very low density lipoprotein to large LDL fractions in fast
performance liquid chromatography analysis.*! The abnormal
particles have been shown to be decreased by lipid-lowering
therapy in a patient with FLD.* Lipoproteins in Lp8 were dif-
ferent from LpX in the lipid contents; the fractions were rich
in FC and PL and also rich in TG (13.2+1.3%, 41.4+3.3%,
and 45.8+3.8%, respectively). The composition analyses sug-
gested that Lp8 corresponds to FLD-LDL, but the calculated
sizes of Lp8 were larger than normal LDL using the data
obtained by size fractionation with HPLC-GPC in the present
study. Thus, the identified Lp8 in LCAT-deficiency syndrome
was most likely not identical to LpX in the characteristics.
There is a limitation for the interpretation of the quantita-
tive measurement of LpX in the frozen samples collected in
our study because the abnormal lipoproteins were known to
be labile to freezing-and-thawing treatment. In this context,
fresh sera were collected from patients 2 and 4 and analyzed
by agarose gel electrophoresis. The lipid staining of lipopro-
teins electrophoresed in agarose gel detected the abnormally
slowly migrating TG-poor lipoproteins, LpX, at the expectedly
migrating position, as well as TG-rich abnormal 3-lipoproteins
(LDL) in the once-frozen sample, as well as the fresh sample
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in patient 4, although the staining intensity tended to decrease
in comparison with the fresh counterpart. However, LpX was
not detected in either sample with or without freeze-and-
thaw treatment from patient 2. Thus, LpX was indeed labile
to freeze/thawing, and the frozen samples were not adequate
for the quantitative measurement. However, the presence was
still able to be evaluated after once-freezing treatment. On the
basis of background data, HPLC-GFC analysis showed that
lipid contents in Lp8 were not largely affected by once-freez-
ing treatment in both patients 2 and 4: in contrast, the contents
of TG and PL were slightly decreased in lipoproteins with
peak of Fr. 5 (data not shown). Additional studies using fresh
samples of patients with distinct mutations and manifestations
are needed to interpret the significance of novel lipoproteins
in comparison with LpX for the development of renal insuf-
ficiency in LCATOdeficiency syndrome quantitatively.

In FLD but not in FED, Lp12 to 16 were heterogeneous in
size and rich in PL. rLCAT decreased PL in these fractions
specifically (Figure 5D; Figure II in the online-only Data
Supplement). This may suggest that the heterogeneous-sized
PL-rich particles in Fr. 12 to 16 converge to normal-sized
HDL (Fr. 16-18) on incubation with rfLCAT, with concomi-
tant esterification of FC.

In conclusion, 4 lipoprotein fractions specific to LCAT-
deficiency syndromes were identified by the HPLC-GFC
analysis of samples from genetically diagnosed patients with
different mutations and manifestations. The composition of 2
of these was unique to only FLD; these were not likely com-
patible with the previously reported LpX. These abnormal
lipoproteins may be causal to the renal pathology in FLD,
the main cause of increased morbidity and mortality in this
condition. The regular evaluation of these specific lipid frac-
tions during LCAT enzyme replacement therapy in patients
with LCAT deficiency may provide guidance for success of
the intervention. The value of these lipid fractions for risk of
future renal disease needs to be addressed in prospective fol-
low-up studies in patients with FLD with various mutations in
the LCAT gene before the onset of proteinuria.
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Significance

Lecithin:cholesterol acyltransferase-deficiency syndromes are classified into 2 forms: familial lecithin:cholesterol acyltransferase deficiency
and fish-eye disease. Patients with familial lecithin:cholesterol acyltransferase deficiency develop renal failure, whereas fish-eye disease
patients do not. This study was performed to identify abnormal lipoproteins associated with the renal damage of patients with different
mutations and manifestations. Size fractionation with gel filtration of patients’ sera and in vitro incubation experiments with recombinant
lecithin:cholesterol acyltransferase showed abnormal lipoproteins associated with the renal damage. Thus, our novel analytic approach
identified large low-density lipoprotein and high-density lipoprotein with a composition specific to familial lecithin:cholesterol acyliransferase
deficiency but not to fish-eye disease. The identification of abnormal lipoproteins may shed light on the clarification of renal pathology and
the development of treatment for the patients with familial lecithin:cholesterol acyltransferase deficiency.
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