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Abstract Cholesteryl ester storage disease (CESD) results 
from inherited deficiencies of the lysosomal hydrolase, acid li- 
pase (LAL; E.C. 3.1.1.13). To estabIish the molecular defects in 
LAL deficiency, two unrelated probands with severely reduced 
LAL activity were examined. DNA amplification by reverse- 
transcription polymerase chain reaction and subsequent se- 
quence analysis of LAL cDNA identified two mutant alleles. Pa- 
tient l, presenting with hepatosplenomegaly, mildly elevated 
liver function tests, and hyperlipidemia, was homozygous for a 
deletion of nucleotides 823 to 894 of the LAL cDNA. This 72-bp 
deletion maintained the reading frame and resulted in a loss of 
24 amino acids from the LAL protein. Analysis of genomic 
DNA revealed that the 72 bp corresponded to an exon of the 
LAL gene. A single G to A point mutation at the last exon posi- 
tion was observed in the genomic DNA of patient 1, indicating 
a splicing defect with consecutive exon skipping underlying the 
72-bp deletion. Patient 2 was a compound heterozygote for the 
72-bp deletion and a dinucleotide deletion at positions 967 and 
968. This deletion resulted in a shifted reading frame carboxy- 
terminal of codon 296, and 43 random amino acids followed the 
frame shift. A premature stop at codon 339 truncated the 
mutant LAL protein by 34 amino acids. e Allele-specific 
hybridization confirmed that patient 1 was homozygous for the 
72-bp deletion mutation, and that patient 2 was a compound 
heterozygote for the 72-bp deletion and the 2-bp deletion.- 
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and fatty acids. Cholesterol liberated is transferred to the 
cytosol where it participates in cellular sterol homeostasis 
(2). LAL is synthesized by virtually all cells and tissues of 
the human body, including liver cells, fibroblasts, macro- 
phages, and lymphocytes (reviewed in ref. 3). Human 
fibroblast and liver LAL were purified to apparent 
homogeneity, full-length LAL cDNA clones were isolated, 
and their DNA sequence was determined (4, 5). The  gene 
for fibroblast LAL is localized on chromosome 
10q23.2-23.3 (6). The coding region of liver LAL was 
found to be virtually identical to fibroblast LAL. 
However, peptide sequencing of purified liver LAL indi- 
cated that the amino terminus of the mature proteins 
differed significantly (5). cDNA sequence comparisons of 
hepatic LAL to known lipases revealed significant amino 
acid similarities with human gastric lipase (7) and rat lin- 
gual lipase (8), establishing the three enzymes as mem- 
bers of a gene family of acid lipases. Apart from a region 
highly conserved in all lipases analyzed (9), no similarity 
was found with neutral lipases, ie. ,  lipoprotein lipase, 
hepatic lipase, and pancreatic lipase, suggesting different 
gene families of acid and neutral lipases (10). Expression 
studies have revealed striking differences in LAL mRNA 
levels among human tissues. Brain, lung, mammary 
gland, kidney, and adrenal showed high levels of LAL ex- 
pression, while liver, heart, and skeletal muscle expressed 
only a small amount of LAL mRNA (5). 

Lysosomal acid lipase (LAL, EC 3.1.1.13) plays a central 
role in the intracellular degradation of neutral lipids der- 

~ 

Abbreviations: CESD, cholesteryl ester storage disease; LAL, lysosomal 
acid lipase; RT-PCR, reverse-transcription polymerase chain reaction; 
bp, base pair; apoB, apolipoprotein B. ived from plasma lipoproteins (1). T h e  enzyme hydrolyzes 

cholesteryl esters and triacylglycerols, releasing cholesterol 'To whom correspondence should be addressed. 
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In humans, the inherited deficiency of LAL activity 
results in two autosomal recessive disorders of lipid 
metabolism, cholesteryl ester storage disease (CESD) and 
Wolman disease (11). In both disorders, the enzyme 
deficiency leads to a progressive accumulation of 
cholesteryl esters and triacylglycerols in lysosomes of 
affected tissues (12-14). Clinically, CESD frequently re- 
mains unrecognized until adulthood when hepatomegaly 
develops. In some cases hepatomegaly evolves to hepatic 
fibrosis (15) or frank liver cirrhosis (16, 17). Plasma 
lipoprotein analysis reveals elevated total plasma 
cholesterol and low density lipoprotein levels, accounting 
for the premature atherosclerosis observed in some pa- 
tients with CESD (11). In Wolman disease, a disorder with 
a brief and severe clinical course, affected infants present 
with massive hepatosplenomegaly, failure to thrive, 
adrenal calcifications, and usually succumb to hepatic 
and adrenal failure at age 3 to 12 months (14). Reduced 
or absent enzymatic activity of LAL in peripheral blood 
leukocytes, liver biopsies, or cultured skin fibroblasts es- 
tablishes the diagnosis of LAL deficiency (12-14). 

The availability of LAL-specific cDNA clones has al- 
lowed direct investigation of the molecular basis of LAL 
deficiency. In the present study we sought to identify mu- 
tations affecting the gene for LAL in two unrelated in- 
dividuals with clinically and biochemically diagnosed 
CESD. We report that a single G to A substitution at posi- 
tion -1 of a 5' splice site leads to aberrant splicing and 
exon skipping with loss of enzymatic activity in one pa- 
tient with CESD. This genomic mutation was identical to 
a recently described mutation in another CESD kindred 
(18), suggesting either a common ancestry of the afflicted 
families or a recurrent mutation in unrelated individuals. 
Another unrelated patient analyzed in this report was a 
compound heterozygote for the splice-region mutation 
and a dinucleotide deletion leading to a shifted reading 
frame with corresponding nonsense amino acids and a 
truncation of the LAL protein. 

MATERIALS AND METHODS 

Subjects 

We studied two unrelated patients with CESD. Patient 
1 (T. E) was from a family of eastern European ancestry, 
and presented with hepatosplenomegaly, mildly elevated 
liver function tests, hypercholesterolemia, and hyper- 
triglyceridemia at age 13 (ref. 19). The diagnosis of CESD 
was confirmed by greatly increased cholesteryl ester con- 
tent of a liver biopsy and by decreased LAL activity in 
peripheral leukocytes. The subject had one healthy 
brother; another brother died at the age of 1 day of 
unknown reasons. The subject is being treated with the 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi- 
tor lovastatin (19). Patient 2 (P.W.), a 38-year-old white 

male, presented at the age of 10 months with hepatospleno- 
megaly. He experienced bouts of right upper quadrant 
pain from early childhood. Hypercholesterolemia and 
hypertriglyceridemia were noted at age 21. Liver biopsy at 
age 23 showed widespread vacuolated hepatocytes. LAL 
deficiency was diagnosed in liver biopsy and cultured skin 
fibroblasts. The proband has a 49-year-old brother who 
was also diagnosed with CESD. Only the proband was 
available for the present study. 

Preparation of RNA, DNA, and oligonucleotide 
primers 

RNA was isolated from fibroblast or Epstein-Barr- 
virus-transformed lymphoblast cell lines by the guanidinium 
isothiocyanate method (20). Genomic DNA was extracted 
either from peripheral blood mononuclear cells or from 
established cell lines as described (21). Oligonucleotides 
were synthesized based on sequences of human liver LAL 
(5) (Table 1). In the amplification, one primer was bi- 
otinylated at the 5' end (22) to facilitate later purification 
for solid-state sequencing. The other primer had a 
17-base 5' extension containing the bacteriophage M13 
universal primer recognition site. 

Reverse transcription and PCR amplification of LAL 
cDNA 

LAL cDNAs from control and LAL-deficient subjects 
were synthesized by incubation of 2 pg of fibroblast or 
lymphoblast total RNA with 200 units of Superscript 
RNase H- reverse transcriptase (Gibco/BRL) and 20 
pmol of primer hLAL1626U (Table 2). After incubation 
at 37OC for 1 h, 1/10 vol of the newly generated cDNA was 
amplified (23) in a 100-p1 reaction volume containing 5 
pmol of each oligonucleotide primer; 200 pM each dATP, 
dCTP, dGTP, and dTTP; 1 x reaction buffer (50 mM 
KCl, 10 mM Tris HCl at pH 8.4, 2.5 mM MgCl,, 0.05% 
polysorbate (Tween) 20, 0.05% Triton X-100, 200 pg/ml 
gelatin); and 2 U of Taq DNA polymerase (Boehringer, 
Mannheim, Germany). A programmable thermocycler 
(Perkin-Elmer Cetus) was used to perform 35 cycles of 
denaturation for 1 min at 94OC, annealing for 1 min at 
55OC, and extension for 2 min at 72OC. The final exten- 
sion time was 10 min at 72°C. 

Electrophoresis of amplified products, subcloning and 
DNA sequence analysis 

PCR products were analyzed by electrophoresis on 1% 
SeaKem agarose gels (FMC Corp.) in Tris-borate buffer 
containing 0.5 pg/ml ethidium bromide and visualized 
with UV light (24). For direct solid-phase sequencing of 
the PCR products, biotinylated DNA strands were 
purified with steptavidin-coated magnetic beads (22) (Dy- 
nabeads M-280 Streptavidin, Dynal, Oslo, Norway). Se- 
quencing was performed with the Taq Cycle Sequencing 
Kit according to the supplier (Applied Biosystems) with 
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TABLE 1. Clinical and laboratory data of patients 

Variable Patient 1 Patient 2 

21 yr 38 yr 
10 months 

Age 
Age at presentation 12 yr 
Hepatomegaly + + 
Premature coronary artery disease - - 

Cholesterol (mmolfl) 10.1" 7.8 

HDL cholesterol (mmolll) 0.7 n.d. 
ApoB (mg/dl) 242 n.d. 
ApoA-I (mg/dl) 76 n.d. 
ApoA-I1 (mg/dl 38.6 n.d. 
ApoE genotype 6) 313 31 3 
LAL activity (nmol FFA x min-l x mg-l protein) 
LAL activity (nmol 4-MUB x min-1 x mg-l protein) 

Triglycerides (mmolll) 2.9" 2.7 

0.96' 0. 1tId 
n.d. 0.45' 

n.d. 0.3O 
n.d. 0 . 9  

Abbreviations: apoB, apolipoprotein B; apoA, apolipoprotein A; apoE, apolipoprotein E; LAL, lysosomal acid 

"Mean of three determinations prior to therapy with lovastatin (19). 
'Determined according to ref. 48. 
'Normal, 15.65 nmol FFA x min-1 x mg-1 protein. Determined in peripheral leukocytes according to ref. 49. 
dNormal, 15.65 nmol FFA x min-1 x mg-1 protein. Determined in cultured skin fibroblasts as described in 

'Normal, 7.5 nmol 4-methylumbelliferone x min-l x mg-l protein. Determined in liver biopsy according to 

'Normal, 5.0-10.0 nmol 4-methylumbelliferone x min-l x mg-' protein. Determined in cultured skin fibrob- 

YNormal, 3.0-8.0 nmol 4-methylumbelliferone x min'l x mg-' protein. Determined in isolated lymphocytes 

lipase, FFA, free fatty acids; 4-MUB, 4-methylumbelliferone; n.d., not determined. 

ref. 5. 

ref. 50. 

lasts (50). 

(50). 

TABLE 2. Synthetic oligonucleotide primed used for amplification, sequence analysis, 
and allele-specific hybridization 

I. Primer for cDNA synthesis 
hLAL1626U 5'-TGAAAACTGCGTACTTTTATACCT-3' 

11. Primers for PCR of cDNA and DNA sequence analysis 
hLAL-40D 5'-ACTGCGACTCGAGACAGCGG-3' 
hLAL184D 5'-TGCCTTAACCGAATTCC-3' 
hLAL389D 5'-AGACACTCTCAGTTTCT-3 ' 
hLAL568D 5'-CTGGCTAAAAGGATTAA-3 ' 
hLAL585D 5'-AATGTTTTTTGCCCTGG-3 ' 
hLAL790D 5 'CTGTGTGGATTTAATGA-3' 
hLAL984D 5'-CAATGTGAAGGACATGC-3' 
hLAL1092D 5'-GTTCCATGAGAGCATTC-3' 
hLAL268U 5'-CCAGCAAGCCATGTTGC-3' 
hLAL468U 5 '-AATGGAAGCTGGTAGGT-3 ' 
hLAL665U 5'-TGATCTGGTAATCGTCC-3 ' 
hLAL872U 5'-TGCACAGAAGTTCCAGC-3' 
hLAL1069U 5'-GTAAGATATTGACGTCGTAGAC-3' 
hLAL1244U 5'-TGACATAATCATTGACT-3' 
hLAL1481U 5'-ATAATGACCTTTTTACA-3' 

11. Primers for PCR of genomic DNA 
hLAL5'InlOlD 5'-GGCTCTAGTTTTTAGTGCTTTG-3' 
hLAL3'1n67U 5'-TTTGCATTCCCAGACCTTTCTG-3' 

111. Allele-specific oligonucleotides for hybridization 
hLAL872U 5'-TGCACAGAAGTTCCAGC-3' 
hLAL81 5D(A823-894)6 5 '-TAAATATGGCTGTTAAA-3' 
hLAL959D' 5'-ACAACCAG& TTATCCT-3' 
hLAL958qA967-968) 5 ' -TAC AAC C AGTTATC CTC -3 

"Nucleotide sequence numbering refers to the 5' nucleotide of respective oligonucleotide and is based on human 
hepatic LAL (5). D and U denote plus strand and complementary strand orientation of the oligonucleotide, respectively. 

*Oligonucleotide hLAL815D(A823-894) comprises nucleotides 815 to 822 and 895 to 903. 
'The AG dinucleotide of the normal allele which is deleted in the mutant allele is underlined. 
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fluorochrome-labeled M13 universal primers and ana- 
lyzed on an Applied Biosystems 373A DNA sequencer. 
For subcloning of PCR products from patient 2, RT-PCR 
was performed with oligonucleotide primer hLAL-40D 
and hLAL1244U. The resulting PCR products were gel- 
purified, and the two alleles were separately subjected to 
blunt end ligation in puC18 linearized with Sma I. As a 
control, the cDNA clone hLAL4/1 containing the full- 
length human liver LAL cDNA (5) was amplified and se- 
quenced in the same manner. 

Partial genomic cloning of LAL gene 
A human cosmid library constructed in pWE15 

(Stratagene) (25) was screened with a full-length human 
liver LAL cDNA ( 5 )  as described (26). Of approximately 
1 x lo6 recombinants screened, four clones hybridized 
with a 32P-labeled (27) human LAL cDNA probe. Posi- 
tive clones were purified by two rounds of colony hybridi- 
zation (24). Cosmid DNA was digested with several res- 
triction enzymes, fractionated on 1% agarose gels, and 
analyzed by blot hybridization. Fragments containing hu- 
man LAL-specific fragments were gel-purified and sub- 
cloned in pBS-KS (Stratagene). DNA sequencing of 
double-stranded DNA was performed as described above. 
Sequence analysis was performed by manual assignment 
of exon-intron junctions or by sequence comparison us- 
ing the program Tetra (SoftGene, Berlin, FRG). 

Allele-specific oligonucleotide hybridization 
One-tenth of the PCR products (10 pl) generated with 

primers hLAL568D and hLAL1244U was immobilized 
on nitrocellulose membranes (Schleicher and Schiill). The 
filters were prehybridized in hybridization buffer (0.3 M 
NaCl, 0.03 M sodium citrate, 0.12 M sodium phosphate, 
4 x Denhardt's solution, 0.1% NaDodS04, 1% N-lauryl 
sarcosine, 1 mM EDTA, 100 pg/ml denatured salmon 
sperm DNA) at 41OC for 4 h. They were then hybridized 
with the respective allele-specific oligonucleotides labeled 
with [y-32P]ATP by polynucleotide kinase (24). 
Oligonucleotides for the normal alleles were hLAL872U 
and hLAL959D; for the mutant alleles, hLAL815D(A823-894) 
and hLAL958D(A967-968), respectively (Table 1). 
Hybridization was at 41OC for all used oligonucleotides 
for 16 h. The filters were washed in 0.3 M NaCl, 0.03 M 
sodium citrate at 22OC for 30 min. Subsequently, the 
filters were washed in 0.3 M NaCl, 0.03 M sodium citrate 
at 41OC. Filters were air-dried and exposed to Kodak 
XAR film for 2 h. 

RESULTS 

To determine the molecular basis of familial CESD, we 
assessed the structure of the LAL gene in two unrelated 
subjects with primary LAL deficiency. The enzyme 

deficiency was diagnosed by a reduced intracellular acid 
lipase activity in fibroblast or lymphoblast cell lines from 
the two patients. To examine the LAL gene in detail, 
mRNA was extracted from lymphoblast or fibroblast cell 
lines of the two patients and relatives, and reverse- 
transcription with an LAL-specific oligonucleotide 
primer in conjunction with PCR amplification (RT-PCR) 
was performed. Oligonucleotides (Table 2) were synthe- 
sized for PCR amplification covering the complete coding 
region of the LAL cDNA (Fig. 1A). The length of the 
fragments obtained from the patient's total RNA was 
compared with that of the corresponding control frag- 
ment. Agarose gel electrophoresis of RT-PCR products 
revealed a reduced fragment size in patient 1, suggesting 
a deletion in the LAL cDNA (Fig. 1B). Both parents 
showed two products of normal and reduced fragment 
size, respectively, indicating heterozygosity for the ob- 
served deletion. 

Analysis of RT-PCR products of patient 2 revealed two 
fragments, suggesting that he was heterozygous for the 
same or a similar deletion as patient 1 (Fig. 1B). RT-PCR 
using various oligonucleotide primers in combination 
with primer hLAL1244U was performed to localize the 
deletion to the region between nucleotides 790 and 984 
(not shown). For subsequent DNA sequence analysis, 
each pair of oligonucleotides consisted of one member 
with a 5' biotin modification to facilitate purification on 
Streptavidin-coated Dynabeads. The other oligonucleo- 
tide was synthesized with a 5' extension of 17 bases com- 
plementary to the universal Mi3 primer recognition site. 
Using this strategy, the complete LAL cDNA sequence 
was determined on both DNA strands using fluorochrome- 
labeled M13 primers. When compared to a control subject 
or to the cloned LAL cDNA sequence (5), a 72-bp dele- 
tion mutation was observed in patient 1 (Fig. 2A). The 
deletion encompassing nucleotides 823 through 894, 
referred to as the A823-894 mutation, preserved the read- 
ing frame of the LAL cDNA. It resulted in a loss of 24 
amino acids at codons 248 to 271 of the mature LAL protein. 

To investigate the genomic alterations leading to the 
72-bp deletion, the genomic structure in the vicinity of the 
deletion was established. Exon-intron junctions were de- 
termined by DNA sequencing and revealed that the 72-bp 
region encompassing the deletion in patient 1 precisely 
corresponded to an exon of the LAL gene. Intron-specific 
oligonucleotide primers were derived from 5' and 3' flank- 
ing sequences and utilized to specifically amplify genomic 
DNA of patient 1. DNA sequence analysis revealed the 
presence of the 72-bp exon in the patient's genomic DNA, 
excluding a deletion in the LAL gene responsible for the 
cDNA deletion. Comparison of the patient's exon and 
flanking 5' and 3' intron sequences with a normal control 
identified a single nucleotide substitution at the last exon 
position, changing the wild-type G residue to A. This 
transition occurred in the third base of codon 271, and 
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resulted in a translationally silent change from CAG to 
CAA (Fig. 2B). The location of the G to A substitution 
at the -1 position of the 5' splice donor site strongly sug- 
gested a splicing defect with a consecutive skipping of the 
respective exon leading to the 72-bp deletion in the LAL 
cDNA of patient 1. 

Mutant alleles responsible for the LAL deficiency in 
patient 2 were assessed after RTPCR with oligonucleo- 
tides hLAL-40D and hLAL1244U and subcloning of 
PCR products in puC18. Two clones for each allele were 
sequenced individually. Allele 1 showed the A823-894 
mutation as detected in patient 1 (Fig. 2A). Allele 2 car- 
ried a deletion of residues A and G at positions 967 and 
968, referred to as A967-968 mutation (Fig. 3). All muta- 
tions were confirmed by determining the DNA sequences 
for the complementary DNA strands. 

Dot blot hybridization with allele-specific oligonucleo- 
tides was used to verify the deletion mutations and to 
identify heterozygous carriers of the A823-894 mutation 
(Fig. 4). Hybridization with wild-type oligonucleotide 
hLAL872U or mutation-specific oligonucleotide 
hLAL815D (A823-894) confirmed that patient 1 was 
homozygous for the A823-894 mutation. Both parents 
were heterozygous for the mutant allele. Allele-specific. 
hybridization demonstrated that patient 2 was heterozy- 
gous for the A823-894 mutation. Hybridization with 
wild-type oligonucleotide hLAL959D or the deletion- 

Fig. 1. PCR amplification and sequencing strategy, and elec- 
trophoretic analysis of PCR products. (A) The coding region of the LAL 
cDNA is indicated by solid line. Arrows denote binding sites for 
oligonucleotide primers used for cDNA synthesis and PCR amplifica- 
tion. (B) Agarose gel electrophoresis of PCR products from cDNA am- 
plification of a control; the homozygous patient 1; the heterozygous 
father of patient 1; the heterozygous mother of patient 1; a control; and 
patient 2. Filled and half-filled symbols indicate mutant-allele 
homozygote and heterozygote, respectively. The oligonucleotide primers 
used for amplification were hLAL568D and hLAL1244U without 5' 
modification, and 1/10 of the standard PCR reaction was resolved on a 
1% agarose gel. The size of the PCR fragments is indicated. Sizes of 
DNA markers are indicated in bp. 

specific oligonucleotide hLAL958D(A967-968) showed 
that allele 2 of patient 2 carried the A967-968 dinucleo- 
tide deletion. 

The effects of both mutations on the LAL coding se- 
quence are depicted in Fig. 5. In allele 1, the in-frame de- 
letion of 72 bp leads to a loss of 24 amino acids and thus 
reduces the mature lipase protein to 348 amino acids. In 
allele 2, the A967-968 mutation results in a shifted read- 
ing frame starting at codon 296. The predicted LAL pro- 
tein contains 43 random amino acids at the carboxy ter- 
minus. At codon 339, a premature stop codon occurs and 
truncates the lipase by 34 amino acids. 

DISCUSSION 

We have analyzed the complete coding region of the 
LAL gene in two unrelated subjects with CESD. Two de- 
letion mutations were identified as responsible for the 
LAL deficiency. One deletion, A823-894, for which pa- 
tient l was homozygous, resulted in the loss of 24 amino 
acids at codons 248 to 271. DNA sequence analysis of 
genomic DNA revealed that nucleotides 823 to 894 pre- 
cisely represented an exon of the LAL gene. Comparison 
of normal and patient DNA sequences of exon and flank- 
ing intron sequences detected a single G to A transition 
mutation at the last position of the exon. This substitution 
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wild type 

A 

B 

Fig. 2. Comparison of nucleotide sequences of PCR-amplified LAL 
cDNA and genomic DNA from patient 1 and a normal subject. (A) Up- 
per panel, cDNA sequence of a normal subject at codons 243 to 252, and 
267 to 276. Lower panel, Mutant allele of patient 1, showing the delaion 
of 72 bp (A823-894) resulting in a loss of amino acids 248 to 271. The 
position of the mutation is indicated by an arrow (B) Upper panel, 
Genomic DNA sequence of the exon-intron junction at codons 266 to 
271 from a normal control. Lower panel, Exon-intron junction of pa- 
tient 1, showing the G to A transition mutation at codon 271. The p i -  
tion of the mutation is indicated by a box. 

268a72m9118270271 
U l r b u t l b l Q S u ~  
Am T TACACTQBM mTAQc9mmA 

was not found in four control individuals. It strongly sug- 
gested aberrant splicing of the patient's genomic DNA 
with exon skipping and a consecutive loss of the respective 
exon from the mRNA. Interestingly, a recent study of a 
family of Polish-German ancestry with CESD revealed 
an identical splice-site mutation in the LAL gene (18). As 

patient 1 of the present study was also of eastern Euro- 
pean ancestry, a founder effect might be responsible for 
this exon loss mutation. Another possibility is that a 
recurrent mutation in the LAL gene lead to the splice-site 
defect in unrelated individuals. 

Mutations in comparable exon positions and with simi- 
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wild type 

mutant 

effects on the tertiary structure of the LAL molecule, 
resulting in a catalytically incompetent protein. 

CESD and Wolman disease have both been attributed 
to deficiencies of LAL enzymatic activity (12-14). 
However, the precise molecular mechanisms responsible 
for the striking differences in clinical phenotype are 
poorly defined. Residual enzymatic activity in the range 
of 1 to 10 percent of normal LAL activity in the two pa- 
tients described in this study and previous reports (12, 34, 
35) suggests that remaining LAL activity may prevent 
CESD patients from expressing the more severe pheno- 
type of Wolman disease. Currently, it is unclear whether 
residual enzymatic activity is due to LAL or an as yet un- 
characterized second lipase with similar properties. Par- 
tially reduced LAL activity may also arise from mutations 
resulting in minor changes of enzyme structure that affect 
various properties, such as enzyme half-life, substrate 
affinity, or substrate preference. Analysis of a patient with 
Wolman disease has recently revealed compound heter- 
ozygosity for a single-base insertion and a transition mu- 
tation in the LAL gene (36). Molecular investigation of 
the genetic defects in other CESD and Wolman disease 
patients should help to better understand the allelic vari- 
ants responsible for these d~SXders- In vitro expression 
studies of mutant LAL alleles from CESD and Wolman 
disease patients will then reved whi& types of mutations 
result in residual enzymatic activity or complete loss of 
catalytic function. 

Fig. 3. Comparison of nucleotide sequences of the normal and mutant 
LAL cDNA from patient 2. Upper panel, DNA sequence of a normal 
subject at codons 293 to 302. The wild type AG dinucleotide is indicated 
by a box. Lower panel, DNA sequence of patient 2 at codons 293 to 302. 
An AG dinucleotide deletion (A967-968) leads to a shifted mading frame 
at codon 296. The position of the frame shift is indicated by an arrow. 

lar effects have been defined in cerebrotendinous xan- 
thomatosis (28), protein C deficiency (29), Tay-Sachs dis- 
ease (30), Ehlers-Danlos syndrome type VI1 (31), acute 
intermittent porphyria (32), and 8'-thalassemia (33), em- 
phasizing the frequency and importance of this type of 
splice-site defects. Further studies are required to show 
whether the deleted LAL mRNA is transcribed in normal 
amounts or is p m d y  degraded due to "A instability 

To confirm the observed mutations and to detect heter- 
ozygote carriers of the altered alleles, allele-specific 
oligonucleotide hybridization was used. In accordance 
with an autosomal recessive mode of inheritance for LAL 

the A823-894 deletion. The second subject studied was 
also found to carry the A823-894 deletion on one allele. 

2-bp deletion, A967-968. This dinucleotide deletion 
resulted in a shifted reading frame starting at amino acid 
296 followed by 43 random amino acids. A premature 
stop codon was predicted at position 339, truncating the 
enzyme bY 34 amin0 acids* Thus* patient 2 was a 'Om- 

pound heterozygote for two deletion mutations. AS for pa- 
tient 1, the observed mutations were confirmed in patient 
2 by hybridization with allele-specific oligonucleotides. 
Both deletion mutations are likely to have major adverse 

- C Y  s s  o s  
r a 7 i i  

n k = z n & &  

- - - - -  
s = Z q f z z  e , o  
s g g g a  

Normal 

Mutant 
A823-884 

deficiency, both parents of patient 1 were heterozygous for Normal 

Mutant 

-67-968 

Sequence analysis of allele 2 of this patient revealed a 

Fig. 4. Analysis of the A823-894 and A967-968 mutations by dele- 
specific oligonucleotide hybridization. The cDNA region spanning the 
deletion mutations was amplified with primers hLAL568D and 
hLAL1244U as indicated in Fig. lA, and the products were applied onto 
nitrocellulose membrane by a dot-blot apparatus. The filters were hybfi- 
dized to normal oligonucleotide hLAL856U; to mutant oligonucleotide 
hLAM15D(A823-894); to normal oligonucleotide hLAL959D or to mu- 
tant oligonucleotide hLAL958D(A967-968) as described under 
Materials and Methods. Control deles 1 and 2 denote the cloned L a  
cDNAs of patients 1 and 2, respectively. 
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I 1  

]COW 372aa. 
Normal DNA t t  

NH2E 1 

Mutant Allele 1 I /  

4 296 
Deletion t 

Mutant Allele 2 
NH2 1 4  COOH 

340 aa. 
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t t  
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Fig. 5. Schematic representation of the LAL cDNA mutations in two subjects with CESD. The coding sequence of LAL is given by an open box. 
The signal peptide is indicated by a dotted box. In the mutant allele 1, for which patient 1 is homozygous and patient 2 is heterozygous, an in-frame 
deletion of 72 bp leads to a loss of codons 248 to 271, reducing the size of the mature lipase to 348 amino acids. In the mutant allele 2, for which 
patient 2 is heterozygous, a deletion of nucleotides 967 and 968 results in a shifted reading frame at codon 296. The resulting lipase protein contains 
43 amino acids of random sequence and is truncated prematurely at amino acid 338. 

At present, no specific therapy is available to replace 
defective LAL protein in CESD or Wolman disease. Symp- 
tomatic therapy of hypercholesterolemia and 
hepatomegaly has been attempted in CESD patients, us- 
ing the 3-hydroxy-3-methylglutaryl coenzyme A reduc- 
tase inhibitor, lovastatin. The clinical response to treat- 
ment with lovastatin has been variable, however. Patient 
1 of the present study (19) as well as CESD patients in 
three independent studies responded favorably to a ther- 
apy with lovastatin (34, 37, 38). Kinetic studies of 
lipoproteins in a 9-year-old subject with CESD indicated 
an elevated production rate of apoB (34). Lovastatin 
treatment decreased both the plasma LDL cholesterol 
and the VLDL and LDL apoB production rates, thereby 
reducing the secretion of apoB-containing lipoproteins 
(34). In a study of three unrelated CESD patients, no 
clinical benefit from the lovastatin treatment could be 
demonstrated (15). Splenomegaly with a splenic abscess 
resulted in subtotal splenectomy in one patient (39). The 
patient later developed progressive cirrhosis and portal 
hypertension and was one of two patients subjected to or- 
thotopic liver transplantation (17, 40). Gaucher’s disease, 
a lysosomal storage disorder caused by a deficiency in 
glucocerebrosidase, has recently been treated by bone 
marrow transplantation (41). This therapeutic strategy 
should also be considered in the severely affected patients 
with Wolman disease. Recent attempts of bone marrow 
transplantation in Wolman disease patients have been 
successful in some of the transplant recipients (42). 
Whether bone marrow transplantation will be beneficial 
for some severely affected CESD patients will have to 
await further studies. 

Gene replacement strategies using retroviral-mediated 
delivery of Fries that have been used in vitro or in animal 
models of lysosomal storage disorders (43, 44) may also be 
pursued for CESD and Wolman disease. A recently 
described strain of rats with absent acid lipase activity 
and striking hepatic accumulation of cholesteryl esters, 
free cholesterol, and triacylglycerol (45) provides a valua- 
ble animal model of LAL deficiency. It should help to es- 
tablish ex vivo or in vivo gene transfer protocols aimed at 
correcting the metabolic alterations due to LAL 
deficiency. This may also contribute to defining the patho- 
genesis of premature atherosclerosis that has been as- 
sociated with reduced LAL activity (46, 47). 
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