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Abstract Introduction

The genetic defect leading to cholesteryl ester storage disease
(CESD) has been determined in a 12-yr-old patient. Lyso-
somal acid lipase (LAL) activity in cultured skin fibroblasts
was reduced to - 9%of control fibroblasts. Plasma cholesterol
(255 mg/dl) and LDL-cholesterol (215 mg/dl) were elevated
whereas HDL-cholesterol was reduced (19 mg/dl). Triglycer-
ides were moderately elevated (141 mg/dl). There were no
clinical abnormalities with the exception of hepatosplenomeg-
aly. Both parents have reduced LAL activity in white blood
cells. PCRanalysis of the LAL mRNAfrom the propositus
revealed a single slightly smaller mRNAspecies in skin fibro-
blasts as well as in leukocytes. The mother of the patient and
his older brother had two mRNAspecies: one of normal size
and one of the same size as the propositus. The father has a
LAL mRNAof normal size only. Sequence analysis of a PCR-
amplified cDNA fragment showed a 72-bp in-frame deletion
resulting in the loss of the codons for amino acids 254-277.
Analysis of genomic DNArevealed that the 72 bp represent an
exon, indicating that the deletion in the mRNAis caused by
defective splicing. Sequence analysis of the patient's genomic
DNArevealed a G-* A substitution in the last nucleotide of the
72-bp exon in one of his alleles. The mutant allele was shown to
cosegregate with the truncated mRNAin the pedigree,
providing further evidence that the G -> A substitution causes
aberrant splicing and exon skipping. No normal-sized mRNAis
detectable in the propositus even though he is not homozygous
for the splice site mutation. This can be only accounted for by
assuming that he is a compound heterozygote with a null allele
inherited from his father. In summary, the data presented pro-
vide evidence that deletion of the codons for amino acids 254-
277 in the LAL mRNAin combination with a null allele cause
the clinical expression of CESDin our patient. (J. Clin. Invest.
1993. 92:2713-2718.) Key words: acid cholesteryl ester hydro-
lase * acid lipase * cholesteryl ester storage disease * lysosomal
acid lipase deficiency * splicing defect
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Lysosomal acid lipase (LAL)' (acid cholesteryl ester hydro-
lase) plays an important role in cellular processing of plasma
lipoproteins, and thus contributes both to the homeostatic con-
trol of plasma lipoprotein levels and to the prevention of cellu-
lar lipid overload in the liver, spleen, and macrophages or
transformed smooth muscle cells of the arterial wall (1).

Deficient activity of LAL results in massive accumulation
of cholesteryl esters and triglycerides in most tissues of the body
(2). Both of these lipids are substrate for the enzyme; however,
the hydrolysis of lipoprotein-bound cholesteryl esters is prefer-
ential. The genetic deficiency state of LAL is expressed in two
major phenotypes: Wolman's disease (WD) and cholesteryl
ester storage disease (CESD) (2). Both diseases are inherited as
autosomal recessive traits. WDis nearly always fatal before the
age of 1 yr. Hepatosplenomegaly, steatorrhea, abdominal dis-
tension, other gastrointestinal symptoms, adrenal calcification,
and failure to thrive are observed in the first weeks of life.
Besides the infantile form of WD, other forms may exist that
are of later onset, lack adrenal calcification, and follow a less
severe and more prolonged clinical course (3-6). CESD is
more benign and may not be detected until adulthood. Lipid
deposition is widespread although hepatomegaly may be the
only clinical organ manifestation. Adrenal calcification is rare.
Hyperbetalipoproteinemia is common in CESD, and prema-
ture atherosclerosis may be severe, whereas patients with WD
usually succumb to liver failure in infancy before vascular
changes have had a chance to become manifest. It is not known
whether WDand CESDare only different expressions of de-
fects in the LAL gene or represent defects in different genes.

LAL activity may be relevant in the pathogenesis of arterio-
sclerosis. In freshly isolated mononuclear cells from patients
with premature coronary heart disease (7) or arteriosclerosis of
the carotid arteries (8) and patients with familial hypercholes-
terolemia and familial combined hyperlipidemia, (9) LAL ac-
tivity was significantly reduced compared to cells from age-
matched controls. Some forms of hypertension may also im-
pair aortic wall LAL activity (1O, 11).

Diagnosis of CESDand WDis still based on the clinical
picture combined with the demonstration of LAL deficiency in
cultured skin fibroblasts, leukocytes, or other tissues (2). The
LAL gene is located on chromosome 10 ( 12-14). Recently the
full-length cDNAhas been cloned ( 15 ). The enzyme is struc-
turally related to previously described enteric acid lipases, but

1. Abbreviations used in this paper: CESD, cholesteryl ester storage
disease; LAL, lysosomal acid lipase; RT, reverse transcription; WD,
Wolman's disease.
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lacks significant homology with any characterized neutral li-
pase. To our knowledge, no mutations in the LAL gene have
been reported so far. Specific molecular defects leading to
CESDor WDare unknown. Here, we present data showing
that a specific mutation in the LAL gene is associated with
CESD.

Methods

Culture of skin fibroblasts. Skin fibroblasts were cultured according to
standard protocols in DMEsupplemented with 1% L-glutamine, 1%
nonessential amino acids, and 10% fetal calf serum in a humidified
atmosphere containing 5% CO2. CESDand normal fibroblasts were
used between passages 5 and 15. Cells were grown to confluence and
used for the enzyme assay after at least 2 d at confluence.

Isolation of RNA and DNA. Total RNAand DNAwere isolated
from cultured skin fibroblasts or white blood cells. RNAwas isolated
using the isothiocyanate/cesium chloride method as described by
Chirgwin et al. ( 16). Isolation of genomic DNAwas carried out as
described by Miller et al. ( 17).

Reverse transcription/polymerase chain reaction (RT/PCR).
First-strand cDNAwas synthesized from total RNAby oligo dT prim-
ing, using a commercially available kit (Promega Corp., Madison, WI)
according to the instructions of the manufacturer. The protein coding
sequence and the noncoding region were amplified by overlapping
PCRusing a series of synthetic oligonucleotide primers (see also Fig.
3):

LACl-5' CCCGGCAGGACAGCTCCAGA3';

LAC2-5' GTGTGACACAGCTCAAGTCCAGCTT3';

LAC3-5' ATACAATGTGAAGGACATGC3';

LAC4-5' CCTATAAGTCTCACTCAATT3'.

After RT the reaction mixture was mixed with 30 pmol of the appro-
priate PCRprimers in a total volume of 100 pl containing 5 mMMgCl2
and 2.5 U Taq polymerase (Cetus Corp., Emeryville, CA). All PCRs
were carried out in a Perkin-Elmer Cetus (Norwalk, CT) thermocycler
using the following protocol: denaturation 90 s at 940C, annealing 90 s
at 580C, elongation 120 s at 720C; 30 cycles. The elongation time of the
last cycle was 10 min.

In vitro amplification of genomic DNA. Oligonucleotides used for
PCRof genomic DNAwere (see Fig. 3):

LAC5: 5' CTTCTGTGTGGATTTAATGAG3';

LAC6: 5' GTTTTGCACAGAAGTTCCAGCAGGAG3';

LAC7: 5' CTAGAGTGGATGTATATACAACAC3';

LAC8: 5' CCAGATCAGATTTGTAAGCAGGTTG3'.

The oligonucleotide pairs were used for amplifying a 1.2-kb and a 176-
bp fragment from genomic DNAcontaining three exon intron transi-
tions and the complete 72-bp exon. The PCRconditions were identical
to those described for cDNAamplification except that the hybridiza-
tion temperature was 55°C and the final MgC12 concentration was 2.5
mM. For each PCRreaction 1 gg of genomic DNAwas used as a
template.

Direct DNAsequencing of PCRproducts. PCRproducts were sepa-
rated by electrophoresis through 1.5% agarose gels. The amplified
DNAwas extracted from the gel using a glass powder method (Gene-
clean II, BIO 101, Inc., San Diego, CA). Single-stranded template
DNAwas generated by asymmetric PCRusing 40 ng of the purified
PCRproduct from the first amplification as a template. The DNAwas
reamplified for 35 cycles in the presence of one primer to generate
single-strand DNA. The single stranded DNA(1-2 Ag) was purified
using the Diagen Ml 3 DNApurification kit (Diagen, Hilden, FRG)
following the protocol of the manufacturer. DNA sequencing was

carried out by the dideoxy chain terminating method ( 1 8) using [ a 35S ]-
dATP as radioactive label and the modified T7 DNApolymerase (Se-
quenase 2.0, United States Biochemical Corp., Cleveland, OH).

Cloning and sequencing of amplified genomic DNA. PCRproducts
obtained from genomic DNAas described above were blunt end ligated
into the HincIl site of the plasmid pUC18 (19). Plasmid DNAwas
sequenced using the Sequenase 2.0 kit, according to the instructions of
the manufacturer. The sequence was analyzed on an automatic DNA
sequencer (Automated Laser Fluorescence, Pharmacia, Uppsala,
Sweden).

Isolation ofgenomic clones for LAL. A commercially available hu-
mangenomic library in lambda FIX II (Stratagene, Inc., La Jolla, CA)
was screened with the 1.2-kb cDNA fragment containing the coding
sequence of LAL from positions 21 to 1265 (15). Eight positive
lambda clones were purified and digested with Xbal for Southern blot
analysis ( 19). For sequencing fragments were subcloned into pUC18.

Measurement ofLAL activity. Enzyme activity was measured from
cell lysates of skin fibroblasts and white blood cells as described previ-
ously (20). The only difference from the published procedure was the
use of [ 1a,2a(n )-_3H ] cholesteryl oleate as substrate instead of [ 14C ]-
oleate-labeled cholesteryl ester. The protein concentration of cell ly-
sates was determined according to the method of Lowry et al. (21 ).
LAL activity is given as picomoles of cholesterol released per milligram
of protein during a 60-min incubation.

Results

Patient presentation. The patient is the second child of healthy
unrelated parents. His two brothers ( 14 and 3 yr) are both
asymptomatic. The family derives from a Polish-German ori-
gin. At the age of 5 yr hepatosplenomegaly was detected at a
routine examination in the propositus without significant clini-
cal symptoms. The liver was palpable 8 cmand the spleen 3 cm
below the costal margin. No adrenal calcification could be de-
tected. Lipid analysis from liver tissue revealed significant cho-
lesteryl ester storage. Electron microscopy showed cholesterol
crystals as well as multivesicular storage of lipids both in paren-
chymal cells as well as in Kupffer cells. The diameter of the
vesicles were between 1 and 5 gmwith a tendency to a smaller
diameter in the Kupffer cells. In parenchymal cells vesicular/
droplet-like lysosomes dominated, whereas in liver sinusoidal
cells crystal cleftlike lysosomes were predominant. There were
no obvious signs of increased fibrosis.

Plasma cholesterol and LDL-cholesterol levels were signifi-
cantly elevated while HDL-cholesterol was reduced (Table I).
Plasma triglycerides were only slightly elevated. All other clini-
cal and laboratory examinations were normal.

LAL activity was measured in the patient's fibroblasts. The
residual activity was 9%compared to controls. The enzyme
activity was also measured in leukocytes isolated from the pa-
tient's family. All members of the family have reduced activity
(Table II). In leukocytes the patient's residual LAL activity
was found to be only 2% of control activity.

Analysis of the LAL mRNAby RT/PCR. Total RNAwas
isolated from cultured skin fibroblasts or from white blood cells
of pedigree members, reverse transcribed into cDNA, and the
coding and noncoding regions of the LAL mRNAwere ampli-
fied using the primer pairs LAC1 /LAC2 and LAC3/LAC4,
respectively. The PCRproduct of the coding sequence of the
patient was smaller in size compared to controls (Fig. 1, lanes I
and 2), whereas the PCRproduct from the 3' nontranslated
region was identical in size (data not shown). There was no
detectable 5' PCRproduct of normal size. RNAfrom the pa-
tient's family was also analyzed by RT/PCR with the oligonu-
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Table I. Biochemical and Clinical Data of the Propositus,
His Parents, and Siblings

Initials V. W. M. W. W. W. N. W. M. W.
(position in the pedigree) (1-1) (1-2) (II-I) (II-2) (11-3)

Age, yr (sex) 37 (m) 37 (f) 14 (m) 12 (m) 3 (m)
Cholesterol (mg/dl) 227 226 148 255 202
LDL-cholesterol (mg/dl) 179 164 86 215 n.d.
HDL-cholesterol (mg/dl) 21 38 38 19 52
Triglycerides (mg/dl) 209 124 58 141 37
ApoB (mg/dl) 147 135 72 179 111
ApoA-I (mg/dl) 85 142 119 86 152
Lipoprotein (a) (mg/dl) 68 8 10 34 0,5
Hepatomegaly 0 0 0 ++ 0
Splenomegaly 0 0 0 + 0
Apo-B 3500 mutation no no no no no
ApoE phenotype 3/3 3/3 3/3 3/3 3/3

Positions in the pedigree correspond to Fig. 4.

cleotides LACI and LAC2. The results are shown in Fig. 1
(lanes 4-7). His mother and older brother had both the deleted
and normal-sized mRNA, and his father only a normal-sized
mRNA.The mRNAof the 3-yr-old brother (11-3) could not be
analyzed, because the blood obtained was only sufficient for
determination of enzyme activity. The parents denied consent
to take another blood sample for RNAanalysis.

Sequencing of coding region of LAL. Direct sequencing of
the region of the cDNAwhere the deletion was expected was
accomplished by asymmetric PCR using primers LAC1 /
LAC2. Sequence analysis revealed a 72-bp in-frame deletion in
the patient's cDNA (Fig. 2), resulting in the loss of 24 amino
acids of the protein (position 254-277). In addition, the cDNA
sequence of the propositus has a C instead of a T at position
937 when compared to the published cDNA (Fig. 2, right).
This T -) C transition affects the third position of the codon
Ala278 and does not change the predicted amino acid sequence.
When the whole coding region of the LAL mRNAof the pro-
positus (bases 21-1265) was sequenced after subcloning of the
PCRfragment into pUC18, no further differences to the pub-
lished sequence ( 15) were detected.

1 2 34 5 6 7 8

-1.40
- 1.15

-1.0

kb
kb
kb

C MW 11-1 1-1
11-2 11-2 1-2 MW

RNA
from
fibroblasts

RNA
from
leukocytes

Figure 1 . Agarose gel electrophoresis of RT/PCR fragments from four
family members and a control. The oligonucleotides LACI and LAC2
were used for amplification. RNAwas isolated from leukocytes and
fibroblasts. Lane 1, control fibroblasts (C); lane 2, patient (II-2) fi-
broblasts. Lanes 4-7 represent RNAfrom leukocytes: Lane 4, patient
(II-2); lane 5, brother (II-I); lane 6, mother (I-2); lane 7, father
(I-i). Lanes 3 and 8, molecular weight markers (MW).

Genomic analysis. To determine whether the 72-bp dele-
tion is on the gene level or is due to defective RNAsplicing,
genomic DNAfrom the pedigree and the control were digested
with Xbal and Southern blots were hybridized with a 1.2-kb
cDNAprobe containing the coding sequence of LAL. Since the
fragment deleted from the mRNAcontains an Xbal site, one

Table II. LAL Activity in Leukocytes and Fibroblasts from the Propositus, His Parents, and Siblings

Initials V.W. M.W. M.W. N.W. M.W.
(position in the pedigree) (1-1) (I-2) (1I-1) (11-2) (11-3) Control

LAL activity in leukocytes
(pmol/mg protein per h) 335±22 554±33 230±14 14±2 114±8 801±165

(n = 5)
LAL activity in leukocytes

(% of control) 42 69 29 2 14 100
LAL activity in fibroblasts

(pmol/mg protein per h) n.d. n.d. n.d. 55±49 n.d. 658±141
(n = 3)

LAL activity in fibroblasts
(% of control) n.d. n.d. n.d. 9 n.d. 100

Measurements in an individual's leukocytes represent means of triplicate determinations. The determination of the patient's fibroblasts represent
triplicate determinations from two separate cell culture experiments. Leukocytes served as controls from five normolipidemic blood donors or
three fibroblast cultures from normolipidemic subjects taken at the time of abdominal surgery. n.d., not determined.
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C

Figure 2. Left: Total RNAfrom a patient's (11-2) fibroblasts was re-
verse transcribed, amplified with primers LACI and LAC2, and ana-
lyzed by direct sequencing as described in Methods. - 300 bp of se-
quence from either end could be determined. In the cDNAa 72-bp
in-frame deletion was detected. The position of the deletion is indi-
cated by an arrow. Right: Partial cDNAsequence of the LAL cDNA
with the derived amino acid sequence. Amino acid and nucleotide
numbering according to reference 15. The deleted nucleotides in the
CESDpatient (II-2) are shown in lower key. The Xbal site is under-
lined. At position 937 a T -- C transition compared to the published
sequence was detected. This does not affect the predicted amino acid
sequence.

would expect an altered restriction fragment pattern, if the de-
letion was present on the genomic level. No differences in the
patterns of the propositus, the other family members, and a
control were detectable, indicating the presence of the Xbal site
in the propositus's DNA(data not shown). This was taken as
evidence that the defect is caused by defective splicing of the
hnRNA.

To further elucidate the genetic defect genomic DNAwas
amplified. Primers LAC 5 /LAC6 allowed the amplification of
a 1.2-kb fragment containing the entire 5'-intron and two exon
intron transitions (Fig. 3). PCRamplification of the 3'-intron
using primers within the 72-bp exon and the adjacent cDNA
sequence expected to be located in the downstream exon was
not successful, indicating the presence of a very large intron.
Therefore, a genomic lambda library (8 X 105 clones) was
screened with the LAL cDNA as a probe to isolate genomic
clones. Eight genomic clones were identified and further char-

acterized by Southern blotting. A 650-bp Xbal fragment, which
hybridized with oligonucleotide LAC6, was sequenced. It con-
tained the complete 72-bp exon and part of the 3' flanking
intron (intron B). From the intron sequence an oligonucleo-
tide (LAC8) was synthesized and used for amplification of the
3' exon intron junction in the patient's DNA(Fig. 3). By se-
quencing cloned PCR fragments a G -. A substitution was
detected in the last position of the 72-bp exon. 7 of 16 clones
sequenced had an A and 9 a G in this position, indicating
heterozygosity (data not shown). In the patient's genomic
DNAtwo additional exon intron transitions in the vicinity of
the 72-bp exon were analyzed (Fig. 3 and Table III). With the
exception of the point mutation there were no other differences
between the wild-type sequence and the patient's DNA. Analy-
sis of genomic DNAof the patient's family using the same
approach as for the propositus revealed that the father carries
two alleles with the wild-type sequence (G allele) around the
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Table III. DNASequence of the Analyzed Exon-Intron Transitions of the LAL Gene

Exon A Intron A Exon 72
5'GAG AGAAAT TTA AAT ATGgtatgcatgtttatagta ... . aatggtatttattttgcag TCT AGAGTGGATGTATAT 3'

Exon 72 Intron B Exon B
5'-ATG TTA CACTGGAGCCAGgtaggcattccaggagtg ........ not analyzed GCTGTTAAATTC CAAAAG3'

Patient Exon 72 Patient Intron B
5'ATG TTA CACTGGAGCCAAgtaggcattccaggagtg.....

Exon sequences are shown in upper case, intron sequences in lower case. The point mutation in the patient is underlined.

splice site (nine PCRclones out of nine), while the mother (5x
A allele, 5x G allele) and the older brother (6x A allele, 4x G
allele) are heterozygous at this locus.

Discussion

The genetic defect leading to CESDwas analyzed in a 12-yr-old
boy. The diagnosis of CESDis based on three lines of evidence.
(a) Clinically there is hepatosplenomegaly without any other
abnormality. (b) Laboratory tests revealed severely reduced
LAL activity in fibroblasts and white blood cells and hypercho-
lesterolemia. (c) There is storage of cholesterol esters in hepato-
cytes and Kupffer cells. Both parents are phenotypically nor-
mal. However, they have only approximately half-normal LAL
activity in white blood cells. This is also consistent with the
supposed inheritance of CESD(2).

Analysis of RNA from fibroblasts and white blood cells
showed that the patient had only one mRNAfor LAL that
lacked 72 bp compared to the wild-type mRNA. In that this
deletion contains a Xbal site, it was possible to distinguish be-
tween a deletion in the genome and a posttranscriptional event,
e.g., a splicing defect. Southern blotting showed that the Xbal
site is present in the genome of the patient and his mother who
transmitted the defective allele. In fact, the deleted fragment
could be shown by genomic sequencing to represent an entire
exon, indicating that exon skipping leads to truncation of the
mRNA.Whenthe 5' and 3' splice junctions of the exons were
sequenced, the only difference to the wild-type sequence was a
G -- A transition in the last base of the 72-bp exon of the
patient. This G -> A transition was also detected in the
mother's and older brother's genome, whereas it is not present
in the father's DNA. This demonstrates cosegregation of the
mutant allele and the truncated mRNAand is evidence for a

G-A transition at splice junction

null allele

Figure 4. Pedigree of the CESD
family described in this study.
The proposed pattern of inher-
itance is shown. From individ-
ual 11-3 neither RNAnor DNA
could be isolated. n.d., not de-
termined.

causal relationship between the two. In the literature five more
cases of a G -- A transition in the last base of an exon leading
to exon skipping have been reported (22-25).

Genomic sequencing proved that the patient is heterozy-
gous at the LAL locus. One allele has the G -- A transition,
whereas the other has the wild-type sequence. Thus, one would
expect, in addition to the truncated mRNA, a normal-sized
mRNA, which is not the case. There are only two possible
explanations for this observation. There might be another
splicing defect leading to a similar truncation of the mRNA.
This is highly unlikely, because the splice junctions have been
sequenced and are normal. In addition, one would expect to
detect a truncated mRNAin the father in this case. The second,
much more likely, explanation is the presence of a null allele
which is not expressed or leads to a highly unstable mRNA.
The assumption of the presence of a null allele would explain
the pedigree data including the reduced LAL activity in the
leukocytes of the patient's father. To solve this matter conclu-
sively, we are currently in the process of analyzing the pro-
moter region of the LAL gene. Fig. 4 summarizes the proposed
pattern of inheritance at the LAL locus in the family presented
here.

In that skipping of the 72-bp exon does not disrupt the
reading frame, the mutant mRNAwas expected to be trans-
lated into a truncated protein missing 24 amino acid residues
encoded by the 72-bp exon. The deletion does not include the
putative active esterase site with the consensus sequence for
serine esterases G-X-S-X-G. In addition, it does not affect po-
tential sites for N-glycosylation. No cysteine is within the 24-
amino acid deletion. Nevertheless, there appears to be a severe
reduction of the activity of the truncated protein. This may be
related to conformational changes in the protein structure. Al-
ternatively, the defective protein may be degraded immediately
posttranslationally or not be transported properly to the lyso-
some. Further studies that use expression vectors with the mu-
tant LAL are necessary to elucidate the mechanism leading to
the loss of LAL activity.

The patient and his father have low HDLcholesterol and
apoA-I. The reason for hypoalphalipoproteinemia in these two
cases is not known. There have been several cases of CESD
with low HDL(2). In fact, a separate genetic defect leading to
low HDLcannot be ruled out.

In summary, a genetic defect leading to CESDhas been
described in a small kindred of central European origin. It is a
combination of an allele which is abnormally spliced due to a
point mutation, leading to a 72-bp deletion from the mature
mRNA, with a nonfunctional allele.
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