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New Molecular

Approaches to Diagnosis and
Treatment

Ernest Beutler

Gaucher disease is characterized by the accumulation of glucocerebroside, leading to
enlargement of the liver and spleen and lesions in the bones. It is caused by an inherited
deficiency of the enzyme glucocerebrosidase. Many mutations exist, but four of these
account for over 97% of the mutations in Ashkenazi Jews, the population group in which
Gaucher disease is the most common. Although there is a strong relation between the
mutations and disease manifestations, genetic counseling is made difficult by the fact that
within each genotype there is considerable variability in the severity of the disease.
Intravenous infusion of glucocerebrosidase is an effective treatment, but the availability of
enzyme replacement therapy is limited by its high cost. Marrow transplantation is also
effective in treating the disease, but is rarely performed because of the risks involved. In
the future gene transfer may become the treatment of choice.

The breakdown of endogenous cellular
components and foreign substances by the
body is an exquisitely orchestrated function
that is largely accomplished within the ly-
sosome. In this organelle highly specific acid
hydrolases sequentially separate the building
blocks of macromolecules. Deficiencies in
any of these enzymes may prevent the break-
down of its substrate and result in its accu-
mulation. The accumulation of these
trapped intermediates of the catabolism of
complex molecules results in a storage dis-
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ease, each with its own clinical characteris-
tics. The most common of these disorders is
Gaucher disease, which is characterized by a
deficiency of glucocerebrosidase and hence
accumulation of the glycolipid glucocerebro-
side. Less common glycolipid storage diseas-
es include Tay-Sachs disease, in which GM,
ganglioside is stored, Fabry disease, in which
ceramide trihexoside accumulates, and Nie-
mann-Pick disease, in which the storage
compound is sphingomyelin.

Although glucocerebrosidase deficiency
exists in all body cells of patients with
Gaucher disease, the disease phenotype is
expressed only in the macrophages except in
the very rare neuronopathic forms of the
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disorder. As a consequence, patients with
Gaucher disease are burdened by an enlarged
liver and spleen and often by painful bone
lesions. Macrophages are derived from bone
marrow stem cells and are in constant con-
tact with the blood stream. Gaucher disease
is therefore ideally suited for the study of a
variety of interventional strategies. These
have included enzyme replacement, bone
marrow transplantation, and gene transfer.

Gaucher disease was first described in
1882. The composition of the storage mate-
rial was correctly identified in 1934, and the
enzyme deficiency was demonstrated in 1965
(1). Yet only in the last decade has identi-
fication of lesions that cause this disease and
implementation of successful therapeutic ap-
proaches been possible with the application
of modern techniques of cellular and molec-
ular biology. Recent findings have raised a
host of biologic, economic, and ethical ques-
tions that did not exist previously.

The Enzyme Deficiency

The cause of Gaucher disease is the inabil-
ity to catabolize glucocerebroside, which is
normally hydrolyzed to ceramide and glu-
cose by the B-glucosidase glucocerebrosi-
dase. In the vast majority of cases the
disease results from a deficiency of the
enzyme itself (2). Glucocerebrosidase is a
glycoprotein with a molecular size that
ranges from 58 to 66 kD, after glycosylation
and removal of a leader sequence. Some
enzyme protein, generally with decreased
catalytic activity, can be detected in the
cells of patients with Gaucher disease (3).
Some of the mutant forms of glucocere-
brosidase are unstable (4), and kinetic ab-
normalities of the residual enzyme include
abnormalities in activation by saposin C
and phospholipids, and in inhibition by the
active site inhibitors conduritol B epoxide
and glucosphingosine (5).

Because glucocerebrosidase is a 3-glucosi-
dase, water soluble fluorogenic B-glucosides
have been useful as enzyme substrates for
both the diagnosis of the disease and purifi-
cation of the enzyme (6). Examination of
the bone marrow or other tissues, once the
mainstay of diagnosis, has become an anach-
ronism; the modern method of diagnosis is
the estimation of the leukocyte acid B-glu-
cosidase activity. Although the average en-
zyme activity of the leukocytes of heterozy-
gotes is about one-half that of normal indi-
viduals, the distribution is so broad that the
usefulness of the enzyme assay in the detec-
tion of heterozygotes is limited (7).

The Glucocerebrosidase Gene

Complementary DNAs (cDNAs) encoding
glucocerebrosidase were cloned indepen-
dently by two groups with the use of expres-



sion libraries and antibodies to glucocerebrosi-
dase (8). The transcript is about 2 kb and is
unusual in that it has two functional AUG
start codons (9). As with other lysosomal
enzymes, a hydrophobic leader sequence is
present. Studies with covalently bound inhib-
itors suggest that the active site is encoded by
exon 10 (10). The cDNA is expressed in a
variety of eukaryotic cells (11).

Located on chromosome 1 (12), the glu-
cocerebrosidase gene consists of 11 exons
with a primary transcript of 7.25 kb (13). A
glucocerebrosidase pseudogene has been
identified about 16 kb downstream of the
functional gene (13, 14). The entire se-
quence of the gene is known, from 1230 bp
upstream of the start of transcription to 760
bp downstream from the putative polyade-
nylation site (13, 15). A portion of the
pseudogene that extends from 355 bp up-
stream of the start of transcription extending
to 130 bp downstream from the polyadenyl-
ation signal has been sequenced (13). There
is a high degree of sequence similarity be-
tween the gene and the pseudogene. The
promoter of the pseudogene can drive tran-
scription of a reporter gene (16), and pseu-
dogene transcripts can be recovered from
normal cultured cell lines (17). However,
these transcripts cannot be translated, as
there are no long open reading frames, and
some exons are lost during mRNA process-
ing because of mutations in the splice con-
sensus sequences (7). Large portions of
introns in the active gene are not present in
the pseudogene. These intron segments are
Alu sequences that may have been inserted
into the functional gene since the duplica-
tion that gave rise to the pseudogene (13).
Understanding of the structure of the pseu-
dogene has been important in the analysis of
glucocerebrosidase mutations.

The Genetic Lesions That Cause
Gaucher Disease

With the cloning of the glucocerebrosidase
gene it became possible to examine the
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Fig. 1. The median and second and third quar-
tile of the distribution of the age of first symp-
toms or diagnosis of Gaucher disease in pa-
tients with three different genotypes.

DNA sequence of the gene in patients with
Gaucher disease. The alterations that have
been discovered thus far include point mu-
tations in exons and in a splice site, a
nucleotide insertion, crossovers between
the gene and the pseudogene, and gene
conversions. On the basis of their deduced
functional effects and association with Gau-
cher disease phenotypes, it is possible to
classify these mutations into two groups.
The mutations associated with neurono-
pathic disease are designated as severe,
while those that are not associated with
neuronopathic disease, even when found in

Table 1. Gaucher disease mutations.
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combination with one of the severe muta-
tions, are classified as mild (Table 1). The
proximity of and high degree of similarity
between the functional gene and the pseu-
dogene have apparently resulted in a large
number of recombinational events. This
situation “is quite similar to that which
occurs in the human disease steroid 21-
hydroxylase deficiency, which causes con-
genital adrenal hyperplasia. Here mutations
of the CYP2IB gene often manifest se-
quences of the closely related CYP2IA
pseudogene (18).

The broad range of Gaucher disease

Point mutations that cause Gaucher disease

. Amino Population
CONA # acid # Genomic # Nucleotide Amino acid Effect frequency” Ref
substitution  substitution
IVS2 + 1 1067 G- At ? Severe  Uncommon (79)
476 120 3060 G—-A Arg — GIn  ? Mild Rare (42)
481 122 3065 C—>T Pro — Ser  Mild Rare (43)
535 |§ 140 3119 G—-C Asp — His ? Rare (44)
1093 326 5309 G—-A Glu — Lys ?
586 157 3170 A—C Lys = GIn  Severe Rare (44, 45)
751 212 3545 T-C Tyr — His  ? Mild Rare (43)
754 213 3548 T— A* Phe — lle  Severe Uncommon (46)
764 216 4113 T—-A Phe — Tyr  Mild Rare (47)
1043 309 5259 C—-T Ala — Val  Mild Rare (45)
1053 312 5269 G-T Trp — Cys  Mild Rare (45)
1090 325 5306 G- A* Gly - Arg  Severe Rare (48)
1141 342 5357 T—-G Cys = Gly  Severe Rare (48)
1208 364 5424 G—-C Ser — Thr  Mild Rare (45)
1226 370 5841 A—-G Asn — Ser  Mild Common (49)
1297 394 5912 G->T Val — Leu Severe Uncommon  (50)
1342 409 5957 G->C* Asp — His  Severe Uncommon (48, 50)
1343 409 5958 A—->T Asp — Val  Severe Rare (50)
1361 415 5976 C—-G Pro — Arg  Severe Rare (51)
1448 444 6433 T—C* Leu — Pro  Severe Common (52)
1504 463 6489 C->T Arg — Cys  Mild Uncommon (53)
1604 496 6683 G—-A Arg — His  Mild Uncommon (43)
Insertions and deletions (del) that cause Gaucher disease
cDNA # . } ) . Ref
. Nucleotide ~ Amino acid Population
Genomic # substitution  substitution Effect frequency®
84 1035 G-GG Severe Common (54)
1263-1317 del  5879-5933* del ? Severe  Rare (43)
Recombination events that cause Gaucher disease
Location of crossover event(s)! Etfoct Population Ref
cDNA # Genomic # frequency
>1343 <1388 >5957 <6272° Severe Uncommon (14)
>455 <475 | §** >3039 <3059 | §**  ? Severe Rare (45)
>754 >3548
>1317 <1343 >5932 <5957 Severe Uncommon (48, 55)
>1343 <1388 >5957 <6272 Severe Uncommon (48, 53, 55, 43)
>1225 <1263 >5588 <5878 Severe Rare (48)
?, Insufficient data to be certain of the classification, Ref, reference. *#, Position in the sequence. tCommon

= high frequency in at least one population, uncommon = found in a number of unrelated patients; rare = found

in only one or two individuals.

$Pseudogene sequence.

§Both found In one gene. |lOnly approximate

ranges can be given because the pseudogene and functional gene contain long identical sequences. For

example, in the first entry the crossover event occurred between nt 1343 and nt 1338.
**The first range represents crossover from gene to pseudogene, the second from

loss of intergenic segment.

YPhysical fusion with

pseudogene to gene. This region contains seven mutations, only six of which are identical with pseudogene
sequence. At genomic nt 3474, within the region, the nucleotide conforms to the active gene, not the pseudogene.

Thus “"conversion' seems imperfect.
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phenotypes, ranging from the acute neu-
ronopathic disease (Type II) to the virtually
asymptomatic disorder observed in the el-
derly, defied understanding until molecular
analyses of the mutations provided some
insight into this variability. In Gaucher
disease certain mutations, such as the one
at nucleotide (nt) 1448 (Table 1), are
regularly associated with neuronopathic dis-
ease unless a mild mutation, such as the one
at nt 1226, is present. The onset of disease
in patients homozygous for the 1226G mu-
tation tends to be late (median 27 years) as
compared with the 1226G/84GG (median
onset age 5) or 1226G/1448C (median on-
set age 9 years) genotypes (Fig. 1), and the
disease is less severe (19, 20). There is,
however, variability within each genotype;
patients with the ordinarily benign 1226G/
1226G genotype can have more serious
disease than some patients with genotypes
such as 1226G/84GG that are usually asso-
ciated with severe disease. Such variability
in the disease phenotype is seen even be-
tween siblings who share the same two
glucocerebrosidase mutations, and it is not
clear whether unlinked genetic factors or
environmental factors are responsible for
these differences.

The polymerase chain reaction has made
facile mutation detection possible, and be-
cause Gaucher disease is relatively common
we were able to examine the DNA from
154 unrelated people with this disorder,
representing 217 alleles of Jewish and 91 of
non-Jewish origin (Fig. 2). The nt 1226G
mutation, which results in the substitution
of serine for asparagine at amino acid 370 of
the processed protein, predominated in the
Jewish population. It accounts for ~75% of
disease-producing alleles. A second muta-
tion, the insertion of an extra G at nt 84
(84GG), accounts for an additional 13% of
the mutations, and a third mutation at the
upstream splice junction of intron 2
(IVS2+1) represents about 3% of the Gau-
cher disease mutations in unrelated Jewish
patients. These mutations that predomi-
nate in Jewish populations, together with
the panethnic mutation at nt 1448, ac-
count for about 96% of the mutations in the
Ashkenazi Jewish population.

A variety of different mutations accumu-
lates at low frequency in all populations.
When mutations are not subjected to posi-
tive selection in a population, this back-
ground of sporadic mutations predominates.
This is what has apparently happened in
the case of Gaucher disease in the non-
Jewish population, where a large variety of
mutations is found (Fig. 2). Even the rela-
tively common nt 1448 mutation occurs in
the context of different haplotypes (see
below), and therefore probably represents
the result of repeated independent muta-
tional events.
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Fig. 2. Mutations that cause Gaucher disease
found in 217 Gaucher disease alleles of Jewish
origin and 91 alleles of non-Jewish origin.
Among the 17 non-Jewish mutant alleles clas-
sified as “other,” there were six crossovers or
gene conversions, one 55-bp deletion, two
764A, one 476A, three 1504T, one 1604A, two
481T (homozygous patient), and one 1342C.
The nine Jewish alleles classified as “other”
include one crossover, four 1297T, two 1604A,
one 1504T, and one 751C.

Jewish

We have analyzed the DNA samples
from more than 1700 healthy persons of
Ashkenazi Jewish extraction for the
1226G and the 84GG mutations (21).
Within this population the frequency of
the 1226 mutation was 0.028 and that of
the 84GG mutation 0.0028. Among Gau-
cher disease patients the ratio of the mild
1226G mutation to the severe 84GG mu-
tation is 5.9:1, while in the population of
presumably well individuals the ratio is
10.0:1. Because the frequency of the
84GG mutation is quite low this difference
does not achieve statistical significance.
However we believe the trend observed is
probably a result of the fact that those who
have the phenotypically mild 1226G/
1226G genotype are underrepresented in
the patient population; they simply do not
have manifestations that cause them to
seek medical care. Indeed, we encoun-
tered four such persons in our normal
population surveys. Moreover it is not
unusual for those with the 1226G/1226G
genotype to be diagnosed in the sixth or
seventh decade of life. Of patients with
this genotype, 25% first have symptoms or
are diagnosed when they are over 45 years
of age. The proportion of 1226G to 84GG
mutations in the general Ashkenazi popu-
lation would correspond to that in the
patient population if about 60% of the
1226G homozygotes did not have clinical
symptoms of the disease.

In addition to disease-producing muta-
tions, there are at least 12 polymorphic sites
in introns of the glucocerebrosidase gene.
These sites produce only two major haplo-
types (— and +), although their sequential
occurrence over time would be predicted to
result in 11 different patterns, even if there
had been no crossovers (15). Either all of
these mutations occurred simultaneously or
the other theoretic haplotypes have been
lost from the population. The existence of
these haplotypes has aided us in the under-
standing of the origin of the common
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1226G and 84GG Gaucher disease muta-
tions. The 1226G mutation is always found
in the context of the — haplotype; that is,
all subjects with the 1226G/1226G geno-
type that we have examined have the —/—
haplotype, and every person who has one
1226G allele has at least one — allele (22).
In contrast, the 84GG mutation is always
found in the + haplotype. While the
84GG/84GG homozygous genotype has
never been encountered and is probably
lethal, one can draw these conclusions re-
garding the 1226G and 84GG mutations
from the fact that all 26 patients with the
1226G/84GG Gaucher disease phenotype
that we studied have the —/+ haplotype.
Similarly, in Jewish patients the IVS2+1
mutation seems to be linked to the —
haplotype, although we have thus far typed
only five Jewish 1226G/IVS2+1 patients.
The single IVS2+1 mutation found in a
non-Jewish patient was in the + haplotype
(19).

If the same mutation had occurred re-
peatedly it would sometimes be in the
context of one and sometimes the other
haplotype. Even if it had occurred only
once in the remote past the mutation would
be found in several haplotypes as a result of
genetic crossovers. Thus our findings sug-
gest that the two most common Gaucher
disease mutations in the Jewish population
arose recently and only once, and that each
person who now carries these mutations is
probably a descendant of the one in whom
it originally occurred. Moreover, these
findings imply that in the Ashkenazi Jewish
population the gene for glucocerebrosidase
deficiency either confers some selective ad-
vantage or did so at some time in the past.
The nature of this advantage is not clear,
although it is probably not an accident that
two other glycolipid storage diseases, Tay-
Sachs disease and Niemann-Pick disease,
are also most common in the Ashkenazi
Jewish population. Because of the correla-
tion between the geographic distribution of
tuberculosis and Tay-Sachs disease, it has
been suggested that this advantage might be
resistance to this infection, a common
cause of death in the medieval ghetto (23).
However, recent studies of Jewish patients
with tuberculosis show no decrease in the
frequency of the 1226G allele (24).

Treatment of Gaucher Disease

Until recently symptomatic treatment of
Gaucher disease, such as the repair or re-
placement of fractured bones, the removal
of an enlarged spleen, and the treatment of
intercurrent infections with antibiotics, was
all that medical science could offer patients
with this disorder. Such treatment has been
useful in prolonging and improving the
quality of life but is far from satisfactory.



Enzyme replacement. The idea of correct-
ing the intracellular defect in lysosomal
diseases by supplying exogenous enzyme is
not a new one (25), but difficulties in
producing large amounts of enzyme and
delivering it to the correct cellular target
are only now being overcome. In the 1970s
investigators attempted to treat Gaucher
disease by infusing enzyme purified from
human placenta, either without specific
targeting (26), by targeting in resealed
erythrocytes coated with immunoglobulin
(27), or by targeting with liposomes (28).
Although some encouraging results were
reported, the clinical improvement of pa-
tients was minimal, and ultimate success
was dependent on industrial-scale extrac-
tion and purification of enzyme and im-
proved understanding of the signals that
regulated the trafficking of proteins.

When Achord and Sly (29) discovered
the mannose receptor on macrophages they
suggested that it might provide a route for
enzyme delivery to lysosomes in Gaucher
disease patients. Glucocerebrosidase that is
modified to increase the number of man-
nose residues is somewhat more efficiently
incorporated by the nonparenchymal cells
of murine liver than is unmodified enzyme
(30). Human placental glucocerebrosidase
was purified on an industrial scale (Gen-
zyme Inc., Boston) and modified by remov-
ing outer sugars to expose additional man-
nose residues. The administration of large
amounts of this preparation (aglucerase)
has produced clinical improvement in pa-
tients with Gaucher disease, with regression
of organomegaly, and improvement . of
blood counts (31, 32). However, treatment
is expensive. The quantity of enzyme in-
fused with each dose in the initial studies
(31), 60 units per kilogram of body weight,
costs $14,700 per infusion for a 70-kg adult.
At the recommended frequency of one in-
fusion every 2 weeks the annual cost per
patient for the enzyme alone is $382,200
per year, and at the weekly infusions rec-
ommended for very ill patients it is
$765,000 per year. The Wall Street Journal
and the New York Times have aptly called
aglucerase the world’s most expensive drug
(33).

Because of the high cost of treatment
efforts have been made to administer the
enzyme preparation in a more efficient man-
ner. Because entry into macrophages is
believed to occur via specific mannose re-
ceptors, treatment strategies must take into
account the number, properties, and distri-
bution of such receptors and the intravas-
cular and intracellular half-life of the en-
zyme (34). It has been demonstrated that
reducing the initial dose from the recom-
mended 60 units/kg to 2.3 units/kg and
administering it three times per week rather
than every 2 weeks gives comparable results

at less than one-fourth the cost (35). How-
ever, endothelial cells also contain man-
nose receptors (36), suggesting that current
strategies, even with lower doses.of enzyme,
result in relatively inefficient delivery to
macrophages.

Marrow transplantation. Macrophages are
progeny of hematopoietic stem cells. If the
Gaucher disease phenotype, at least in the
non-neuronopathic form, is expressed en-
tirely by virtue of changes in macrophages,
marrow transplantation should be curative.
This has proven to be the case (37). How-
ever, the risks of transplantation do not
justify this procedure in patients with rela-
tively mild disease, and the risk of trans-
plantation increases with the severity of the
disease. Thus, especially with the availabil-
ity of enzyme replacement therapy, it is
usually difficult to justify transplantation as
a treatment modality. An exception may be
patients with neuronopathic disease or
those who have a genotype that predicts the
development of neurologic disease, al-
though it is not entirely clear to what
extent the neurologic disease of such pa-
tients is benefitted by transplantation.

Problems and Future Prospects

Progress in science often raises new ques-
tions and poses new ethical dilemmas. This
has certainly been true of the advances in
the understanding of Gaucher disease that
have been made in the past year. Until
then genetic counseling offered to families
was relatively inaccurate, and population-
based screening was not feasible. Patients
had no alternative to symptomatic manage-
ment of their disease. Now all of this has
changed. Population-based screening is
technically possible with accurate identifi-
cation of most heterozygotes, but in many
cases it is difficult to provide useful coun-
seling to couples at risk for producing a
child with Gaucher disease because of the
marked phenotypic variability. Enzyme
therapy is effective but so costly as to be
unavailable to all who could benefit.
Population-based screening. Screening for
people who are heterozygous for genetic
diseases and counseling couples at risk for
the disease have contributed to reducing
the incidence of several genetic diseases
including thalassemia and Tay-Sachs dis-
ease (38). The latter, in particular, is rele-
vant to the problem of screening for Gau-
cher disease because the same population,
the Ashkenazi Jewish community, is in-
volved. There are, however, major differ-
ences between screening for Tay-Sachs dis-
ease and Gaucher disease. When a couple
at risk is found to have a fetus with hex-
osaminidase A deficiency (the enzyme defi-
cient in Tay-Sachs disease) they can be told
with a high degree of confidence that their
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child will have a devastating disease that
will lead to blindness, severe neuromotor
disability, and almost surely death by the
age of 4. There are mutations of the hex-
osaminidase A gene that do not conform to
this gloomy scenario (39), but these are
unusual, and the information presented to
heterozygotes of the hexosaminidase A de-
ficiency is sound in most cases. The prog-
nosis of patients with Gaucher disease is far
less uniform than that of patients with
Tay-Sachs disease, and we lack the means
to differentiate between the 1226G/1226G
homozygote who will have no disease at all,
possibly representing more than one-half of
the total, and the less fortunate patient
with the same genotype who will have
serious problems with his disease.

What, then, are we to tell couples when
both are heterozygous for Gaucher disease
mutations and whose fetus is ordained to
develop the disease? Unfortunately there is
no clear-cut answer to this question. We do
not even know to what extent variability
within a given genotype is genetic and to
what extent it is environmental in origin.
Clearly insights into the marked variation
in patients with the same genotype would
greatly facilitate genetic counseling. Docu-
mentation of the degree of variability be-
tween siblings as compared with unrelated
patients would help to define the extent to
which genetic factors contribute to this
variability. Studies of identical twins would
also be useful. Discordance in siblings could
be a result of genetic factors unlinked to the
glucocerebrosidase gene itself, such as, for
example, the inducibility of the saposin
gene, while discordance among identical
twins would implicate environmental influ-
ences. Understanding of why some people
with the 1226G/1226G genotype have no
clinical manifestations while others have
moderately severe disease might point to
new strategies for treating the disease.

Even in the absence of the ability to
clearly predict the course of the disease, the
knowledge that a child is fated to develop
Gaucher disease can be of great value.
Unless there is a family history, many pa-
tients ultimately diagnosed with Gaucher
disease undergo a large number of diagnos-
tic studies and long delays in achieving the
correct diagnosis. Proper and prompt diag-
nosis becomes especially important when
specific treatment in the form of enzyme
replacement is available.

The cost of enzyme replacement. The most
pressing problem with respect to the treat-
ment of patients today is the high cost of
enzyme therapy. Whether or not a patient
receives this treatment has become largely a
matter of the willingness of insurance com-
panies to pay for the treatment, as few can
afford the >$50,000 annual cost. As a
result, some patients with mild forms of the
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disease are being treated at a cost of over
$300,000 per year, while others with much
more severe disease are denied access to
therapy. Although frequent small infusions
of enzyme are more effective than large
doses given at more convenient infrequent
intervals (35), some patients whose insur-
ance companies cover the cost of treatment
select the more convenient treatment
course. The problem of delivering this
treatment to patients with Gaucher disease
is a serious one for society as a whole (40).
On the basis of gene frequency estimates
and making allowance for the effect of
Jewish-non-Jewish marriages, there are
probably ~15,000 patients with Gaucher
disease, Jewish and non-Jewish, in the
United States. If one-third of these have
disease sufficiently severe to require treat-
ment and their average weight is only 40
kg, using the dose schedule recommended
by the drug label the national cost of
treatment for enzyme alone would be over
$1 billion per year. Even with the more
economical approach of giving the drug
three times per week in smaller doses, the
drug cost alone would be $250 million per
year.

Can society afford to expend such large
resources for the treatment of patients with
a single disease, no matter how deserving
they may be? Part of the reason for the high
cost is that the expense of developing the
manufacturing facilities and obtaining reg-
ulatory approval must be allocated among a
small number of patients. But compared to
the other storage diseases Gaucher disease is
quite common. If treatments are developed
for other storage diseases such as the muco-
polysaccharoidoses, Fabry disease, and Tay-
Sachs disease, the cost per patient might be
even higher.

To some extent the problem of drug cost
may be a temporary one because technolog-
ical advances and competitive pressures will
surely lower it. Until then further studies to
identify better ways to administer the en-
zyme continue to be of critical importance.
However, even implementation of rational
administration schedules or decreasing the
costs of its production by technological
advances will not solve the entire problem
as long as developmental and regulatory
costs remain high.

Gene transfer. Because the disease can be
corrected by transplantation of allogeneic
hematopoietic stem cells, introduction of a
wild-type form of the glucocerebrosidase
gene into autologous hematopoietic stem
cells and infusion of these genetically engi-
neered cells into the patient is an attractive
prospect for management of Gaucher dis-
ease (41). Development of such technology
is impeded by the fact that the genetically
corrected cells do not enjoy a selective ad-
vantage over those that have not received a
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normally functioning glucocerebrosidase
gene. Thus it is not only essential to
achieve a high efficiency of transformation
of the cells that have been removed from
the body, but also to destroy the endoge-
nous cells of the patient.

A less comprehensive implementation
of gene transfer therapy might be the trans-
formation of autologous cells such as lym-
phoblasts with a modified cDNA that al-
lows enzyme to be secreted. Secreted en-
zyme could then be taken up by cells with
mannose receptors. Such a strategy would
not provide permanent correction of the
disorder, as the transplanted transformed
cells would probably have a finite life span,
but it might constitute an intermediate step
toward more permanent correction of the
disease.

Conclusions

The application of modern technology has
made possible more effective diagnosis and
treatment of Gaucher disease, the most
common glycolipid storage disease. This
has created a number of ethical and eco-
nomic dilemmas for which there are no
simple solutions. Similar difhiculties are
likely to arise as we learn more about some
of the less common storage diseases. Further
technologic advances and better under-
standing of phenotype-genotype relations
in this group of disorders may provide solu-
tions to some of the problems that we now
face.
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Molecular Genetics of
Epidermolysis Bullosa

Ervin H. Epstein, Jr.

Blisters following minor trauma characterize epidermolysis bullosa, a group of hereditary
diseases of the skin. In the simplex type, epidermal basal cells are fragile, and mutations
of genes encoding keratin intermediate filament proteins underlie that fragility. In the
dystrophic types, the causative mutation appears to be in the gene encoding type VII
collagen, which is the major component of anchoring fibrils. These recent findings afford
solid evidence that at least one function of the cytoskeletal intermediate filament network
is the provision of mechanical stability and that anchoring fibrils indeed do anchor the

epidermis to the underlying dermis.

Job 7:5—My skin closeth up and breaketh out
afresh.

Skin diseases present a particular fasci-
nation and, by their visibility, cause partic-
ular embarrassment for the afflicted. They
are so common that all of us have had some
personal experience with them on our own
skin or at least on the skin of others we see
about us. Hence, it is not surprising that
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CA 94110.

skin disease was so prominent among Job's
trials. Because the eye can make such fine
discriminations, dermatologists can appre-
ciate an enormous number of skin diseases,
and many of these are inherited. Among
the latter, a group of diseases marked by
blistering, epidermolysis bullosa, is quite
prominent, less for their frequency and
more for their distinctive appearance.
Quite recently, our understanding of the
defects underlying this group has advanced
markedly through the application of the
techniques of molecular genetics. As is
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typical for such studies, new understanding
of normal functioning of skin molecules is
inherent in the identification of the defects.
Less typical, however, is that some of the
tissue-specific technology that might be
necessary for gene therapy of epidermal
disease already exists: removal of skin, in
vitro culture of keratinocytes, and reattach-
ment of epidermal sheets at their normal
site are techniques already used routinely
for treatment of patients with burns.
Hence, skin disease would seem an espe-
cially promising substrate for DNA-based
therapies. In this review, I will focus on
epidermolysis bullosa (EB), on the defec-
tive cytoskeletal keratins underlying EB
simplex and the defective dermal collagen
underlying dystrophic EB, and will mention
some of the array of hereditary skin diseas-
es, the underlying defects of which are
likely to be discovered soon by further
applications of molecular genetics.

Hereditary Blisters of the Skin

The term “epidermolysis bullosa” was at-
tached a century ago to a clinically hetero-
geneous group of disorders characterized by
blistering of the skin following minimal to
inapparent trauma. Onset is early in life,
often neonatally or during infancy, and,
except for the rather uncommon EB
aquisita, the disease is heritable. The inher-
itance may be dominant or recessive, and
the disease may be severe or mild and may
be generalized or localized to a portion of
the skin surface. Most importantly, blisters
may heal with mutilating scarring or with
no scarring at all (1).

Although some workers had noted histo-
logic heterogeneity previously, subclassifica-
tion of EB was rationalized three decades ago
when electron microscopy permitted accu-
rate assessment of the blister site in the skin
(Fig. 1) (2). Pearson initially and subse-
quently Anton-Lambrecht and others estab-
lished that the split in all variants of EB
simplex (termed “simplex” because healing
generally occurs without scarring) is within
the basal cells of the epidermis, such that the
base of the blister contains remnants of the
basal plasma membrane and the roof con-
tains the nucleus and supranuclear portion of
the basal cells. This site is quite different
from that of ordinary friction blisters, in
which the split is considerably higher, in the
upper spinous cells of the epidermis (3). In
junctional EB (one variety of which had been
termed EB letalis because of its dismal prog-
nosis) the split is within the basement mem-
brane zone in the lamina lucida, and blisters
heal with varying degree of scarring. In dys-
trophic EB, so called because chronic cycles of
blistering invariably lead to scarring and, in
more severe cases, to disability, inanition, and
death, the split is in the upper dermis.
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