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Abstract

Lysosomal a-mannosidase (EC 3.2.1.24) is a major
exoglycosidase in the glycoprotein degradation path-
way. A deficiency of this enzyme causes the lysoso-
mal storage disease, a-mannosidosis, which has been
described in humans, cattle, domestic cats and guinea
pigs. Recently, great progress has been made in
studying the enzyme and its deficiency. This includes
cloning of the gene encoding the enzyme, character-
ization of mutations related to the disease, estab-
lishment of valuable animal models, and encourag-
ing results from bone marrow transplantation exper-
iments.
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Lysosomal a-mannosidase

Biochemical studies

Lysosomal a-mannosidase (HGMW-approved symbol
MANB) is a major exoglycosidase that cleaves a-D-
mannoside linkages during ordered degradation of N-
linked oligosaccharides. The predominant activity in
most tissues has an acidic pH optimum of 3.5-4.5, is
relatively stable, is activated by Zn?*, and is located in
the lysosomal fraction of cells. The substrate specificity
of MANB from human, rat, bovine and feline liver has
been studied in vitro. All the activities can hydrolyze
al,2-, al,3- and al,6-mannosidic linkages in oligosac-
charides derived from N-linked glycans of the glyco-
proteins, albeit at different rates. The substrates are
hydrolyzed in a non-random manner, which is essen-
tially the same in all species (for reviews see Daniel et

a-Mannosidase and Its

al.,, 1994; Thomas and Beaudet, 1995).

MANB is ubiquitous in eukaryotic cells. In all tissues
investigated, it exists as two major forms, A and B,
which can be separated by ion-exchange chromato-
graphy although they are immunologically identical. The
proportions of the two forms vary from tissue to tissue.
The form B, but not A, can be taken up into cells by
receptor-mediated endocytosis, indicating that the two
different forms of the enzyme result from differences in
post-translational modifications of a common precursor.
It is not known, however, whether the existence of the
two different forms has any physiological significance
(for reviews see Daniel et al., 1994; Thomas and Beaudet,
1995).

Biosynthesis

Like other lysosomal enzymes, biosynthesis of MANB
involves a high molecular weight precursor that under-
goes specific post-translational modifications including
addition of a mannose-6-phosphate (m6p), a recognition
marker for lysosomal targeting. The precursor is sub-
sequently transported to the lysosome, where the fully
processed enzyme accumulates. Metabolic labeling of
human fibroblasts shows that MANB is synthesized as
a 110 kD precursor, which is partly secreted into the
culture media of cells. Intracellularly, the enzyme is
represented by several polypeptides with molecular
weights ranging from 40 to 67 kD (Pholmann and
Hasilik, 1983). Purification and expression studies, how-
ever, have shown considerable discrepancy in number
and composition of the subunits of the enzyme. For
example, the form A purified from human liver has a
native molecular mass of 280 + 10 kD and is composed
of equimolar proportions of subunits of 62 and 26 kD.
Whereas the form B has a molecular mass of 260 + 10
kD with a mixture of subunits of 58 and 62 kD, as well
as the 26 kD subunit (Cheng et al., 1986). Another study
shows that MANB purified from human placenta is
synthesized as a single-chain precursor, which is pro-
cessed into three glycopeptides of 70, 42 and 15 kD.
The 70 kD peptide is further partially proteolyzed into
three more peptides joined together by disulfide bridges
(Tsuji and Suzuki, 1987). These differences in the mole-
cular mass and composition of the enzyme are likely to
be the result of using different tissues and purification
methods.

MANB in other animal species is also synthesized as
a single-chain precursor followed by proteolysis into
subunits. For example, bovine MANB is originally syn-
thesized as a single-chain precursor of 949 amino acids,



2 Exp. Mol. Med. Vol. 33(1), 1-7, 2001

which is cleaved into five peptides of 35/38 (peptide a),
11/13 (peptide b), 22 (peptide c), 38 (peptide d) and 13/
15 kD (peptide €). The peptides a, b and c are disulfide-
linked. Variation in the degree of N-glycosylation accounts
for molecular mass heterogeneity of peptides a, b and e
(Tollersrud et al., 1997). Feline liver MANB consists of
three polypeptides with molecular weights of 72, 41 and
12 kD (Berg et al., 1997a).

The precursor of normal human MANB is partly
secreted and taken up by neighboring and distant cells.
The uptake can be greatly inhibited in the presence of
mannose 6-phosphate, indicating that the process is
mainly mediated by m6p receptor-mediated endocytosis
(Pholmann et al., 1983). Such secretion and uptake are
the basis of the so-called cross-correction, the main
rationale for lysosomal enzyme replacement therapy.

In addition, direct enzyme transfer by cell-to-cell contact
has also been described for MANB, of which efficacy
appears to be superior to that of receptor-mediated
transfer. This was shown by co-culturing human lym-
phocytes with a-mannosidosis fibroblasts (Olsen et al.,
1988). When co-cultured with fibroblasts from an a-
mannosidosis patient, MANB activity increases marked-
ly in the lymphocytes. Cell-to-cell contact is obligatory
for such increase in activity, which requires new protein
synthesis. The enzyme induced in the co-cultured lym-
phocytes is the precursor form of MANB, which is
directly transferred to the deficient fibroblasts. Even low
levels of such contact-transferred MANB activity are
functionally effective in correction of the metabolic
defect in a-mannosidosis cells (Abraham et al., 1985).
These data suggest that direct contact with lymphocytes
could play an important role in enzyme replacement
therapy by bone marrow transplantation or gene therapy.

Genomic organization

The MANB gene is located on human chromosome
19p13.2-q12 (Kaneda et al., 1987), spans about 22.0 kb
of genomic DNA, and contains 24 exons (Wakamatsu et
al., 1997; Riise et al., 1997). The mouse MANB gene is
also encoded by 24 exons, but spans approximately16
kb of genomic DNA (Tollersrud et al., 1997, Gonzalez et
al. 1999).

Transcription

The major transcription initiation sites of the human
gene map to positions -309, -196, and -191 relative to
the first in-frame ATG codon. No CAAT or TATA
sequences have been identified within 134 bp upstream
of the transcription initiation site, but the 5'-flanking
region contains several GC-rich regions with putative
binding sites for transcription factors SP-1, AP-2, and
ETF (Riise et al., 1997). Promoter analysis using dele-
tion constructs of the 5'-flanking region fused to the
bacterial CAT gene shows that 150 bp of the 5'-

sequence can drive expression of the human MANB
gene in COS-7 cells. RACE analysis of the 5’-sequence
of human MANB mRNA shows that transcription is
initiated from a cluster of sites centered -28 and -20 bp
from the first in-frame ATG codon (Wakamatsu et al.,
1997).

The processed mMRNA contains 3443 bp from the most
upstream transcription initiation site to the RNA cleav-
age site, based on the genomic organization of MANB
gene (Riise et al., 1997). Northern blotting detects one
main transcript of approximate 3.0 kb in most tissues
investigated, but one commercial Northern blot of dif-
ferent human tissues shows smear bands of 2.0 to 3.6
kb, indicating that human pre-mRNA is alternatively
spliced to generate different transcripts (Liao et al,
1996). This is consistent with the fact that a 3.6 kb
alternatively spliced cDNA is isolated from human
spleen (Liao et al., 1996). RT-PCR analysis of HeLa and
HepG2 cells also suggests that alternative splicing is
involved in human MANB pre-mRNA processing, in
which at least three minor bands ranging from 2.3 to 2.8
kb, as well as the 3.0 kb main message, are detected
(Sun et al., 2000).

The 5'-flanking region of the murine MANB gene
contains GC-rich regions, TATA and CAAT elements,
and putative binding sites for the transcription factors
Spl, AP2, and PEA3. The PEAS3 transcription factor is
thought to participate in the transcriptional control of the
MANB expression in the mouse epididymis, based on
the findings that PEAS3 is spatially and temporally ex-
pressed in the mouse epididymis and that its accumu-
lation is controlled by androgens and testicular factors.
A 1279-bp fragment from the initiation codon has the
strongest promoter activity, and three different transcrip-
tion start sites have been identified at positions -131,
-149, and -174 (Stinchi et al., 1998).

cDNA cloning and expression

Several cDNAs for human MANB have been reported,
but only one expresses high MANB activity in a-manno-
sidosis cells. The first was a composite cDNA isolated
from human retina and muscle libraries by a PCR-based
technique, which encodes a polypeptide of 961 amino
acids (Nebes and Schmidt, 1994). Transfection of the
cDNA into a-mannosidosis human fibroblasts shows a
43% or 91% increase in MANB activity over the back-
ground (Wang et al., 1996). The significance of such low
levels of expression is arguable since they are within the
normal variation ranges of MANB activity in human cells
of different densities.

The second cDNA for human MANB was isolated by
RT-PCR of human spleen, which encodes a polypeptide
of 988 amino acids (Liao et al., 1996). The cDNA ex-
presses detectable MANB activity in methylotropic yeast
(Pichia). The expressed enzyme migrates as a diffuse



band with an apparent molecular weight of 210 kD on
SDS-PAGE. The treatment of the purified enzyme under
denaturing conditions with endo H results in decrease in
molecular mass to ~150 kD, which is still larger than that
predicted from the cDNA sequence and was proposed
to result from O-linked glycosylation. The expressed
enzyme shows catalytic activity toward both synthetic
substrates and high mannose oligosaccharides accu-
mulated in a-mannosidosis cells. The Pichia-expressed
enzyme is inhibited by swainsonine and has a pH opti-
mum, K, and V.« characteristic of the enzyme purified
from human liver. However, whether the cDNA could
express active enzyme in a-mannosidosis cells remains
to be tested.

The third cDNA encoding human MANB was assem-
bled from overlapping fragments obtained by PCR on
human fibroblast and lung cDNAs (Nilssen et al., 1997).
The coding region is nearly identical to that of the
spleen cDNA (Liao et al., 1996), but more 5-sequence
encoding the putative signal peptide and 3'-untranslated
sequence were obtained. As with the spleen cDNA,
whether the chimeric cDNA could express the active
enzyme in a-mannosidosis is not known. This cDNA
contains an in-frame ATG that is 63 bp upstream of the
ATG identified in the previously characterized clones
and was proposed to be the actual translation start
codon. This would results in a predicted signal peptide
of 48 amino acids followed by a peptide of 962 amino
acids. However, more recent expression experiments
have shown that the second ATG is sufficient as the
translation start codon to generate active enzyme (Sun
et al., 1999a). This start site is more consistent with the
expected size of the leader sequence of other lyso-
somal enzymes.

A cDNA expressing high levels of MANB activity was
isolated by RT-PCR from HelLa cells (Sun et al., 1999a).
An amphotropic recombinant virus expressing the cDNA
was generated and shown to efficiently transduce a-
mannosidosis cells. An expected transcript and very
high levels of MANB activity are detected in both human
and feline a-mannosidosis fibroblasts after transduction
with the virus vector. Biochemical properties of the
recombinant enzyme are essentially same as that of
normal human MANB purified from liver (Daniel et al.,
1994). The recombinant enzyme is present in the lyso-
some of the transduced cells and partially secreted into
the culture medium, which is taken up by uninfected
cells. Such uptake is significantly inhibited in the pre-
sence of mannose 6-phosphate, showing that the
recombinant enzyme has the correct modifications for
lysosomal targeting. Expression of the cDNA corrects
the secondary elevation of other lysosomal enzymes in
affected cells, which is reported in most lysosomal
storage diseases. When transplanted into a-mannosido-
sis cats, neo-organs containing the vector-corrected
cells express detectable MANB activity in vivo (Sun et
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al, 1999b). These data demonstrate the authenticity
and usefulness of the cDNA for development of gene
therapy strategy for the human disease.

Among the reported cDNAs for human MANB, the
retina/muscle composite cDNA (Nebes and Schmidt,
1994) is relatively distinct from the others (Liao et al.,
1996; Nilssen et al., 1997; Sun et al., 1999a), with an
identity of only 90% in terms of predicted amino acid
sequence. The differences include a 69 bp deletion as
well as a number of other smaller deletions/insertions,
which cause several frame shifts and significant differ-
ence in the predicted amino acid sequences. The other
three cDNAs for human MANB differ by only 3 or 4
single bases over the 2967-bp coding region. The
cDNA expressing high activity MANB in a-mannosidosis
fibroblasts differs from the consensus sequence by a
single T to C conversion at position 2325 (Sun et al.,
1999a).

Cloning of MANB cDNAs in other animal species
have also been reported. A full-length cDNA for MANB
has been isolated from a mouse macrophage cDNA
library, of which deduced amino acid sequence is 75%
identical with the human cDNA. Expression of the cDNA
in COS cells shows that both the isoenzymes A and B
can arise from a single transcript (Beccari et al., 1997).
Another murine cDNA for MANB encodes a polypeptide
of 992 amino acids and its deduced amino acid
sequence is 76.5% identical to the human MANB.
Expression of the cDNA in Pichia pastoris results in the
secretion of the MANB activity in the culture medium.
The recombinant enzyme has characteristics highly
similar to the enzyme purified from mammalian sources
(Merkle et al., 1997). The cDNA encoding bovine MANB
has been isolated from kidney. The deduced amino acid
sequence contains a putative signal peptide of 50 amino
acids, followed by a polypeptide of 949 amino acids,
which is cleaved into five subunits in the mature enzyme
(Tollersrud et al., 1997). The cDNA sequence of feline
MANB has been determined from RT-PCR products
obtained from skin fibroblast MRNA. The deduced amino
acid sequence consists of a putative signal peptide of
50 amino acids and a polypeptide of 957 amino acids.
The deduced amino acid sequence is 81.1% and 83.2%
identical with the human and bovine MANB sequences,
respectively (Berg et al., 1997a).

o-mannosidosis

A deficiency of MANB causes the lysosomal storage
disease, a-mannosidosis, which is an autosomal reces-
sive disorder in humans (Ockerman, 1967), cattle (Whittem
et al, 1957), domestic cats (Burditt et al., 1980) and
guinea pigs (Crawley et al., 1999). The inherited disor-
der is characterized by massive accumulation of unde-
graded oligosaccharides, resulting in varied neural,
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skeletal and immune defects, and extension of the
lysosomes in most cell types.

Clinical manifestations

The human disease can be divided into two types, the
infantile phenotype (or type I) and the juvenile-adult
phenotype (or type IlI) according to its clinical mani-
festations. Virtually all patients have psycomotor retar-
dation, facial coarsening and some degrees of dysosto-
sis multiplex. Frequent clinical findings include recurrent
bacterial infections, deafness, hepatomegaly, and lenti-
cular or corneal opacities. The more severe infantile
phenotype includes rapid mental deterioration, obvious
hepatosplenomegaly, more severe dysostosis multiplex,
and often death before age of 12. The milder juvenile-
adult phenotype is characterized by more normal early
development, followed by gradual appearance of mental
retardation. Hearing loss is particularly prominent in type
Il patients (for review see Thomas and Beaudet, 1995).

Animal models

Naturally occurring a-mannosidosis has also been describ-
ed in cattle (Red Angus, Murray Grey, Galloway, and
short horns), domestic cats (Persian and shorthaired),
and guinea pigs. About 10% of New Zealand stocks of
Aberdeen Angus cattle are heterogeneous carriers of an
abnormal MANB gene. Homozygous cattle have reduc-
ed levels of MANB activity and show a similar progres-
sive ataxic disease to that seen in humans (Whittem
and Walker, 1957).

Feline a-mannosidosis shows similar clinical finding,
including multiple skeletal deformities, retarded growth,
ataxia, intention tremors and deficiency in the acidic
MANB activity (Burditt et al., 1980; Walkley et al., 1981;
Vandevelde et al., 1982). In addition, the affected cats
share similar phenotypic heterogeneity with the human
patients, suggesting that the cats are suitable model
system for studying the human disease (Raghavan et
al., 1988). Recent studies using magnetic resonance
imaging techniques have revealed significant amounts
of dysmyelination in both the central and peripheral
nervous systems (Vite et al., 2001).

Guinea pigs with stunted growth, progressive mental
duliness, behavioral abnormalities, and a deficiency of
MANB activity in variety of tissues have been described
recently (Crawley et al., 1999). Thin layer chromato-
graphy of urine and tissue extracts shows a pattern of
excreted and stored oligosaccharides almost identical to
that of urine from a human a-mannosidosis patient.
Systematic pathological experiments show that a-
mannosidosis in the guinea pigs closely resembles the
human disease.

An a-mannosidosis mouse model has been generated
by targeted disruption of the gene for MANB (Stinchi et
al., 1999). Homozygous mutant mice exhibit enzymatic

deficiency and elevated urinary secretion of mannose-
containing oligosaccharides. The morphological lesions
and their distribution, as well as the biochemical changes,
closely resemble those reported for human a-manno-
sidosis. This mouse model will be a valuable tool for
studying the pathogenesis of the inherited disease and
for evaluating therapeutic approaches for lysosomal
storage diseases.

Enzymatic defect

Generally, patients with a-mannosidosis and affected
animals lack or have severely decreased (about 2-5%)
MANB activity. This is further supported by a recent
study, in which no significant MANB activity was detect-
ed in any of the fibroblast cultures, though there are
clinical variations among 43 patients from 39 families
(Berg et al., 1999). However, it has also been reported
that some patients have high residual MANB activity,
which appears to have increased heat lability and a
marked increase in the K., against artificial substrates.
The culture medium of some a-mannosidosis human
fibroblasts accumulate acidic a-mannosidase activity.
This was interpreted as indicating that normal synthesis
and partial secretion of the enzyme occurred, and that
the intracellular deficiency resulted from a defect that
manifests itself only after delivery of the enzyme to the
lysosome. However, later experiments showed that the
acidic a-mannosidase activity secreted by deficient
fibroblasts was immunologically unrelated to MANB (for
review see Thomas and Beaudet, 1995).

Causative Mutations

Mutations related to a-mannosidosis are expected to be
highly heterogeneous. Recently, a variety of missense
and nonsense mutations related to a-mannosidosis have
been described. One study analyzed 24 exons and
intron/exon boundaries of the MANB gene from five
patients using PCR followed by either SSCP analysis or
direct sequencing (Gotoda et al., 1998). Two amino acid
and two nonsense mutations were identified in four type
Il patients. One amino acid substitution was identified in
exon 8 from a type | patient. This patient and three of
the type Il patients had homozygous mutations, while
one type Il patient was a compound heterozygote of two
missense mutations. Two affected siblings of Palestinian
origin were homozygous for a mutation that causes a
His to Leu replacement at a position which is conserved
among class Il a-mannosidases from several species
(Berg et al., 1999). In a follow-up study, 21 novel muta-
tions and four polymorphisms were identified by screen-
ing 43 patients from 39 families. Causative mutations
were identified in 72% of the alleles, including eight
splicing, six missense, and three nonsense mutations,
as well as two small insertions and two small deletions.
Most of the mutations are private or occur in two or



three families, except for a missense mutation found in
13 patients from different European countries. No corre-
lation between the types of mutations and the clinical
manifestations is evident (Berg et al., 1999).

Causative mutations related to o-mannosidosis in
other animal species have also been reported. AT to C
transition, resulting in a Phe to Leu substitution, has
been identified in a cDNA cloned from a-mannosidosis
Angus cattle. In another affected breed, Galloway cattle,
a G to A transition causes an Arg to His substitution.
These substitutions are likely to be disease-causing
since they occur in the conserved regions of class Il a-
mannosidases (Berg et al., 1997b). In the cat, a 4-bp
deletion has been identified in an affected Persian cat
by sequencing of RT-PCR product, which causes a
frame-shift and a premature stop codon. A domestic
longhaired cat expressing a milder a-mannosidosis
phenotype than the Persian cat does not possess the
deletion (Berg et al., 1997a).

Diagnosis

The clinical diagnosis for a-mannosidosis in children is
likely to be neglected or misjudged due to its low rate of
occurrence and heterogeneous phenotypes. Some patho-
logical findings are indicative, which include vacuolated
lymphocytes, a granular or foamy cytoplasm in the
hepatocytes, and marked and widespread ballooning of
the nerve cells. Based on these pathological findings,
thin-layer chromotography and high-performance chro-
motography can be utilized to demonstrate accumulated
or elevated amounts of oligosaccharides in urine and
fibroblasts. Once a urinary oligosaccharide pattern sug-
gestive of a-mannosidosis is demonstrated, the diagno-
sis can be confirmed or excluded by direct measure-
ment of MANB activity in white blood cells, fibroblasts or
cultured amniotic fluid cells.

There are several reports of the successful prenatal
diagnosis of a-mannosidosis, including demonstration of
MANB activity in trophoblast biopsy material and a tri-
mester diagnosis using chorionic villi and cultured amnio-
tic fluid cells (for review see Thomas and Beaudet,
1995).

In cattle, DNA tests based on polymerase chain reac-
tion (PCR) have been developed for detection of two
breed-specific mutations responsible for bovine a-man-
nosidosis. The tests involve separate amplification of
two exons of the MANB gene, followed by restriction
enzyme digestion of the amplicons. Using these methods,
one of the mutations, the 662 G to A transition, has
been demonstrated to be responsible for a-mannosido-
sis in Galloway cattle. The other mutation, the 961 T to
C transition, is associated with a-mannosidosis in
Angus, Murray Grey, and Brangus cattle. Of 39 animals
classified as heterozygotes on the basis of biochemical
assays, all were heterozygous for one of the two muta-
tions and none of the 102 animals classified as homozy-
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gous normal on the basis of biochemical assays had the
mutations (Berg et al., 1997b).

Treatment

Several potential therapeutic strategies for a-manno-
sidosis have been proposed, which include enzyme
replacement therapy, bone marrow transplantation and
gene therapy. An early attempt at enzyme replacement
therapy using purified protein in cattle failed to normalize
the bovine a-mannosidosis (Jolly et al., 1976).

One human patient with a-mannosidosis accepted
bone marrow transplantation but died 18 weeks later.
However, there was some evidence of somatic correc-
tion at autopsy (Will et al, 1987). In a-mannosidosis
cats treated by bone marrow transplantation at an early
age, increased MANB activity in the brain was found
and little or no progression of neurological signs 1-2
years after transplant (Walkley et al., 1994). This encou-
raging result led to a successful bone marrow trans-
plant in a child with a severe form of a-mannosidosis
(type 1), with complete resolution of the recurrent sino-
pulmonary disease and organomegaly, improvement in
the bony disease, and stabilization of neurocognitive
function (Wall et al, 1998). Even more encouragingly,
the MANB genotype of the patients leukocytes is identi-
cal to that of the donor one year after transplantation,
indicating colonization of the donor bone marrow cells in
the patient (Frostad-Riise et al., 1999).

Success of the above experiments warrants further
development of therapeutic strategies for a-mannosido-
sis by combination of bone marrow transplantation with
gene therapy, which is facilitated by a number of parti-
cularities of a-mannosidosis. These include secretion
(about 10%) of normal MANB and its uptake by adja-
cent or distant cells, highly efficient direct enzyme transfer
by cell-to-cell contact, and requirement for low levels of
enzymatic activity to correct the defect. Presently, feline
and guinea pig colonies with the naturally occurring
disease have been established and an a-mannosidosis
mouse model has been generated by targeted disrup-
tion of the gene for MANB (Sinchi et al, 1999). In
addition, a high activity human MANB cDNA has been
cloned and shown to express authentic enzyme in both
affected human and cat cells (Sun et al, 1999a). A
recombinant retrovirus vector expressing the cDNA
efficiently transduced primary fibroblasts from diseased
cats and neo-organs containing the vector-infected cells
express detectable levels of MANB activity (Sun et al.,
1999b). All these will greatly facilitate development of
the proposed combination strategy for treating the human
disease.
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