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Mucolipidosis IIIC, or variant pseudo-Hurler polydystrophy, is an autosomal recessive disease of lyso-
somal hydrolase trafficking. Unlike the related diseases, mucolipidosis Il and ITIA, the enzyme affect-
ed in mucolipidosis ITIC (N-Acetylglucosamine-1-phosphotransferase [GlcNAc-phosphotransferase])
retains full transferase activity on synthetic substrates but lacks activity on lysosomal hydrolases.
Bovine GlcNAc-phosphotransferase has recently been isolated as a multisubunit enzyme with the
subunit structure 0,(3,y,. We cloned the cDNA for the human y-subunit and localized its gene to chro-
mosome 16p. We also showed, in a large multiplex Druze family that exhibits this disorder, that MLI-
IIC also maps to this chromosomal region. Sequence analysis of the y-subunit cDNA in patients from
3 families identified a frameshift mutation, in codon 167 of the y subunit, that segregated with the
disease, indicating MLIIIC results from mutations in the phosphotransferase y-subunit gene. This is
to our knowledge the first description of the molecular basis for a human mucolipidosis and sug-

gests that the Y subunit functions in lysosomal hydrolase recognition.

J. Clin. Invest. 105:673-681 (2000).

Introduction

Mucolipidoses II, IIIA, and ITIIC are 3 related diseases of
lysosomal enzyme trafficking. Although rare diseases,
they have been the subject of extensive study in the 20
years since their first description (1). The study of these
diseases revealed the previously unsuspected process of
lysosomal enzyme targeting (2, 3) and was crucial for the
discovery of the mannose 6-phosphate-dependent lyso-
somal enzyme trafficking pathway (4, 5; for a recent
review, see ref. 6). The trafficking of most lysosomal
hydrolases in higher eucaryotes is mediated by an M6P-
dependent pathway, in which asparagine-linked oligosac-
charides on newly synthesized lysosomal hydrolases are
specifically and uniquely modified to contain a terminal
MG6P. The initial and determining step in the biosynthe-
sis of the M6P modification is catalyzed by the enzyme
UDP-N-acetylglucosamine:lysosomal enzyme N-acetyl-
glucosamine-1-phosphotransferase (GlcNAc-phospho-
transferase). GIcNAc-phosphotransferase catalyzes the
transfer of GIcNAc 1-phosphate from UDP-GIcNAc to
specific 01,2-linked mannoses on lysosomal hydrolases

(7). The second enzyme in the pathway, N-Acetylglu-
cosamine-1-phosphodiester 0-N-Acetylglucosaminidase,
removes the covering GIcNAc, generating a terminal
MOG6P. Lysosomal enzymes bearing the M6P modification
then bind to 1 of 2 M6P-receptors in the trans-Golgi and
are transferred to the lysosome (5, 8). In the absence of
GlcNAc-phosphotransferase, lysosomal enzymes fail to
acquire M6P, enter the secretory pathway, and are secret-
ed from the cell.

GlcNAc-phosphotransferase activity is deficient in 2
distinct autosomal recessive human diseases. Mucolipi-
dosis III (MLIII; pseudo-Hurler polydystrophy; MIM
252600) was first described as a lysosomal storage dis-
ease with morphological changes similar to Hurler syn-
drome (9). Pseudo-Hurler polydystrophy was distin-
guished from Hurler syndrome because of slower
progression, absence of organomegaly, and absence of
mucopolysacchariduria. Typical clinical findings include
stiffness of the hands and shoulders, claw-hand defor-
mity, scoliosis, short stature, coarse facies, and mild
mental retardation. Radiographically, severe dysostosis
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Figure 1

(a) Nucleotide and deduced amino acid sequence of the human GlcNAc-phosphotransferase y-subunit cDNA. The predicted protein sequence
is shown below the DNA sequence. The putative signal peptide is indicated by the dotted underline. Sequences homologous to the bovine y
subunit are indicated by single underline. Two potential sites for N-linked glycosylation are indicated by double underline. (b) Northern blot
analysis of GlcNAc-phosphotransferase y subunit. The y-subunit cDNA was random labeled and hybridized to a human multiple tissue North-
ern blot (CLONTECH); each lane contained 2 pg of poly(A)* RNA from the indicated tissue. The filter was washed at 65°Cin 0.1 x SSC, 0.1%
SDS, and exposed for 18 hours. In a, transcripts of 1.3 kb are identified in all tissues with additional larger transcripts identified in lung; in b,
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after hybridization, the blot was stripped and rehybridized with a probe for human B-actin mRNA as a control for loading.
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multiplex of the hip is characteristic and frequently dis-
abling (10). The clinical diagnosis can be confirmed by
finding elevated serum lysosomal enzyme levels and/or
decreased lysosomal enzyme levels in cultured fibrob-
lasts. Alternatively, GIeNAc-phosphotransferase can be
directly assayed in cultured fibroblasts (11, 12). GIcNAc-
phosphotransferase activity is decreased in MLIII and
absent in mucolipidosis IT (MLII; inclusion-cell [I-cell]
disease; MIM 252500), a more severe disease that is gen-
erally fatal within the first decade. The deficiency of Glc-
NAc-phosphotransferase is believed to be the primary
genetic deficit in both MLIII and MLIL although this has
not yet been demonstrated at the molecular level (11,
13). Cultured MLIII fibroblasts, like MLII fibroblasts,
demonstrate the I-cell phenotype with prominent cyto-
plasmic inclusions, which represent lysosomes contain-
ing ingested material that cannot be degraded because
of the failure of lysosomal enzyme trafficking.

The relationship between the diseases MLII and MLIII
has not been determined. Initially, it was proposed that
the 2 disorders differed only in the amount of residual
GlcNAc-phosphotransferase activity. Alternatively, the
molecular basis for these 2 diseases may be distinct.

Support for this later proposal has been obtained by
genetic complementation studies demonstrating com-
plementation of MLII by some MLIII fibroblasts (14).

MLII is itself genetically heterogeneous. Heterokaryon
analysis has been used to divide MLIII into 3 distinct
complementation groups (15, 16). Complementation
group A (classic MLIII) is characterized by moderately
decreased GlcNAc-phosphotransferase activity measured
on all substrates. Complementation group B was repre-
sented by a single patient with atypical clinical features;
the relationship of this patient to the other diseases is
uncertain. Complementation group C (variant or Iranian
variant MLIII) is characterized by deficient activity when
assayed using lysosomal glycoproteins as acceptors, but
normal activity when assayed with the simple acceptor, O-
methylmannoside (16, 17). The variant MLIII phenotype
is confined to the MLIIIC complementation group, and
it seems these 2 designations refer to the biochemical and
genetic manifestations of the same primary defect (14).

Bovine GlcNAc-phosphotransferase has recently been
purified as a 54-kDa complex composed of 3 different
subunits (0, 3, and y,) (18). GlcNAc-phosphotrans-
ferase is the product of 2 genes, 1 encoding the a and 3
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Locus name

subunits, the second encoding the y subunit (W.M.
Canfield, unpublished study). With the identification
of GlcNAc-phosphotransferase as a multisubunit
enzyme, we sought to define the relationship between
the subunits identified biochemically, the complemen-
tation groups, and the mucolipidoses. We now report
isolation of the human GlcNAc-phosphotransferase y-
subunit cDNA and localization of the gene to chromo-
some 16p. Homozygosity mapping with polymorphic
microsatellite markers resulted in the mapping of vari-
ant MLIII to chromosome 16p. Direct sequence analy-
sis of the y-subunit cDNA in variant MLIII patients
from 3 families demonstrate a single base insertion
resulting in a frameshift and early termination. These
results indicate that MLIIIC can result from mutations
in the GlcNAc-phosphotransferase y-subunit gene.

Methods

Amino acid sequencing. Bovine GlcNAc-phosphotrans-
ferase (1.5 mg) was isolated by mAb immunoaffinity
chromatography as described previously (18). Lubrol
was removed by chromatography on a 0.2-mL column
of POROS 50 HQ equilibrated with 0.025 M Tris HCI

Table 1
Pairwise lod-scores between MLIII (pedigree 1) and 5 polymorphic DNA markers on chromosome 16p

(pH 7.4), followed by elution in buffer containing 0.5
M NaCl. The enzyme was denatured, reduced, and alky-
lated, and the subunits were resolved by chromatogra-
phy ona 1.0 X 30 cm column of Superose 6 equilibrat-
ed with 5% formic acid. An aliquot was subjected to
automated Edman degradation in an Applied Biosys-
tems Model 492 protein sequencer (Perkin-Elmer
Applied Biosystems, Foster City, California, USA). A
second aliquot was subjected to digestion with trypsin,
and a tryptic peptide was isolated by reverse phase
microbore HPLC and similarly sequenced.

cDNA cloning. A full-length cDNA for the y subunit was
assembled by ligating an 85-bp EcoRI-Apal fragment
amplified from a human brain cDNA library in pPSPORT1
(Life Technologies, Grand Island, New York, USA) with an
SP6 promoter primer and 5'-GTAGACGCAGGTGCTC-
CGCTCG-3', with a 1,147-bp Apal-Not I fragment from
EST 48250 into EcoRI/Not I cut pcDNA3.

DNA sequence analysis. LM.A.G.E. clone 48250 was
sequenced as described previously using Thermus
aquaticus (Taq) DNA polymerase, universal forward,
reverse DNA, or custom sequencing primers and the
Perkin-Elmer Cetus dye-labeled Taq terminators

Recombination fraction (8)

0 0.01 0.05

D16S521 Sibs 1 -1.74 -1.03 -0.42
(AFMa139wgl) Sibs 2 -00 -3.23 -1.33
Sibs 3 -0.58 -0.01 0.47

Sibs 4 1.02 0.99 0.88

Sibs 5 -0.75 -0.46 -0.10

Total -00 -3.74 -0.51

D16S3024 Sibs 1 1.92 1.88 1.74
(AFMa134xcl) Sibs 2 2.65 2.59 2.36
Sibs 3 2.76 2.70 2.47

Sibs 4 0.90 0.87 0.77

Sibs 5 1.83 1.79 1.62

Total 10.04 9.83 8.98

D16S3070 Sibs 1 0.99 0.96 0.86
(AFMa353yhl) Sibs 2 0.32 0.31 0.26
Sibs 3 0.38 0.36 0.31

Sibs 4 1.04 1.02 0.91

Sibs 5 1.09 1.06 0.93

Total 3.81 3.70 3.27

D16S3082 Sibs 1 1.60 1.56 1.41
(AFMb070yg5) Sibs 2 2.51 2.46 2.24
Sibs 3 2.64 2.59 2.36

Sibs 4 0.95 0.92 0.81

Sibs 5 1.69 1.64 1.44

Total 9.39 9.17 8.26
D16S3072 Sibs 1 -1.73 -1.03 -0.49
(AFMb015wa9) Sibs 2 1.20 1.18 1.1
Sibs 3 0.66 0.63 0.55
Sibs 4 -1.65 -0.93 -0.37
Sibs 5 -0.67 -0.38 -0.00

Total -2.20 -0.52 0.80

0.10 0.20 0.30 0.40 Zmax
-0.17 0.01 0.04 0.03 0.04
-0.63 -0.12 0.02 0.03 0.03
0.60 0.59 0.45 0.24 0.6

0.74 0.47 0.25 0.10 1.02
0.01 0.02 0.00 -0.01 0.02
0.55 0.96 0.76 0.40 0.96
1.56 1.17 0.77 0.37 1.92
2.08 1.51 0.95 0.44 2.65
2.18 1.59 1.00 0.45 2.76
0.65 0.43 0.24 0.10 0.90
1.42 1.00 0.50 0.26 1.83
7.89 5.70 3.57 1.62 10.04
0.74 0.50 0.29 0.11 0.99
0.21 0.12 0.05 0.01 0.32
0.24 0.14 0.07 0.02 0.38
0.79 0.54 0.31 0.13 1.04
0.77 0.49 0.25 0.08 1.09
2.75 1.78 0.97 0.36 3.81
1.21 0.82 0.44 0.13 1.6

1.96 1.40 0.86 0.37 2.51

2.08 1.51 0.96 0.44 2.64
0.67 0.41 0.21 0.08 0.95
1.19 0.73 0.35 0.1 1.69
7.1 4.87 2.81 113 9.39
-0.29 -0.14 -0.07 -0.03 -0.03
0.99 0.72 0.44 0.18 1.20
0.44 0.26 0.13 0.05 0.66
-0.16 -0.04 -0.01 -0.00 -0.01
0.12 0.13 0.08 0.03 0.13
1.10 0.94 0.57 0.23 1.10

(=) o O o O O

o
w

0.2
0.1

To reduce the computational complexity, the pedigree was divided into 5 sibships that were analyzed individually as described in Methods.
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Expression of human GlcNAc-phosphotransferase y subunit in COS
cells. Membrane fractions of COS cells transfected with either the
epitope-tagged Y-subunit cDNA or a vector control were analyzed by
immunoblot. The samples were analyzed by 7.5% SDS-PAGE under
reducing and nonreducing conditions followed by transfer to a nitro-
cellulose membrane, which was probed with mAb HPC4 and '?%I-
labeled goat anti-mouse IgG. Disulfide bonds were reduced with 10%
[B-mercaptoethanol in samples electrophoresed in lanes labeled +SH.
The migration positions of molecular mass markers (in kDa) are indi-
cated on the left.
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(Perkin-Elmer Corp., Norwalk, Connecticut, USA) (19).
The reactions were incubated for 30 cycles in a Perkin-
Elmer Cetus DNA Thermocycler 9600, and, after
removal of excess primers by filtration through
Sephadex G-50, the fluorescent-labeled nested frag-
ment sets were resolved by electrophoresis on an ABI
373A Automatic Sequencer modified with a Stretch
Upgrade (Perkin-Elmer Applied Biosystems). After base
calling with the ABI Analysis Software (version 2.1), the
analyzed data were transferred to a Sun Sparcstation II
(Sun Microsystems, Palo Alto, California, USA), and
the electrophoretograms were edited using the TED
trace editor program. Overlapping sequences and con-
tigs were analyzed using the XGAP program (20, 21).
Sufficient data were analyzed to obtain at least 3-fold
coverage for each base.

Multiple-tissue Northern blot analysis of GIcNAc-phospho-
transferase Yrsubunit expression. A human multiple tissue
Northern blot (CLONTECH Laboratories, Palo Alto,
California, USA) was probed with a 1.15-kb Not I-Hind
I fragment from the y-subunit gene labeled with [*?P]
by random hexamer priming with Klenow fragment.
The blot was washed with 0.1 X SSC, 0.1% SDS at 65°C,
and exposed to Biomax film (Eastman Kodak Co.,
Rochester, New York, USA) at -70°C for 3 hours.

Patients. Three consanguineous families from North-
ern Israel were studied. Family 1 of Druze ancestry
included 28 individuals (18 healthy and 10 affected

with MLIII). Family 2 (6 healthy and 2 affected) and
family 3 (5 healthy and 2 affected) were of Arab origin.

The clinical diagnosis of MLIII was based on typical
clinical, radiographic, and biochemical features. Clini-
cal criteria included stiffness of the hands and shoul-
ders, claw-hand deformity, scoliosis, short stature,
coarse facies, and mild mental retardation. X-ray crite-
ria included dysostosis multiplex with progressive
destruction of the hip joint. Biochemical criteria
included an at least 10-fold increase in serum lysoso-
mal enzyme levels (Arylsulfatase A, B-hexosaminidase,
o-mannosidase) and/or low intracellular lysosomal
enzyme levels in cultured fibroblasts.

Genotyping. DNA was isolated from peripheral blood
lymphocytes by standard methods. Genotyping was per-
formed with the PCR-based hype-variable microsatellite
technique (22). PCR reactions contained genomic DNA
(100 ng), Taq polymerase (1 unit), 50 pmol of each
primer, 6.25 nmol of each deoxynucleotide triphos-
phate, 50 mM KCI, 10 mM Tris-HCI [pH 8], 1.5 mM
MgCl,, and 0.1% gelatin, in a final volume of 25 UL.

PCR were performed in a thermocycler (Perkin-
Elmer 480) with a 10-minute initial denaturation and
30 cycles of denaturation (94°C, 40 seconds), anneal-
ing (55°C, 40 seconds), and elongation (72°C, 40 sec-
onds) and a final elongation (72°C, 10 minutes). An
aliquot of the amplification reaction was denatured
(10 minutes, 94°C) and loaded on a 6% polyacry-
lamide denaturing gel. After transfer to Hybond N+
membranes (Amersham Pharmacia Biotech, Piscat-
away, New Jersey, USA) and crosslinking in 0.4 N
NaOH, membranes were hybridized with a (CA); per-
oxidase-labeled probe (Amersham ECL kit) for at least
8 hours at 42°C. Blots were washed once in 0.3 X SSC,
0.1% SDS, 42°C for 15 minutes, then twice in 0.2 X
SSC solution for 20 minutes each time, and hybridiz-
ing bands were revealed using an Amersham ECL kit.

Linkage analyses. Two-point linkage analyses were per-
formed with the MLINK linkage package (version 5.1)
(23, 24). Autosomal recessive inheritance with com-
plete penetrance, an assumed disease allele frequency
of 0.0001, and CEPH allele frequencies were used.
Because of the excessive computational requirements
created by the large number of inbreeding loops, pedi-
gree 1 was splitinto 5 sibships that were analyzed indi-
vidually and lod scores were summed, thus reducing
the overall statistical power of the pedigree. Sibships
1-5 consisted of VI:1-8; V:2-10; VI:9-14; VIII:1-6, and
V:17-25. Inbreeding loops were broken at mothers as
described in the Linkage software manual (23, 24).
Homozygosity mapping was performed with MAP-
MAKER/HOMOZ (25). Haplotypes were constructed
by minimizing the number of recombination events. A
multiple map was constructed with the pedigree divid-
ed into 5 sibships with the 5 relevant markers using
the HOMOZ program.

Sequence analysis of mutant Ysubunit cONAs. Total RNA
was isolated from cultured skin fibroblasts as
described using QIAGEN kit (QIAGEN Inc., Valencia,
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California, USA) and reverse transcribed with oligo dT
using the GeneAmpkit (Perkin-Elmer) to generate
cDNA, which was amplified in 3 segments with the
following primer pairs:
5'-GAGCGCAGGTGCGCGGCTCGA-3';

5'- GCGTTCCAGCGGAAGGTCTGC-3';
5'-GTTCCACAACGTGACCCAGCACGAGCA-3';
5'-GTGATCAGCTCATCGGCCAGGT-3';
5'-GCAGCGGCAGTGGGACCAGGT-3';

and 5''TCCACCTCTGCTCTCCCACCA-3'.

PCR was performed after a 10-minute 94°C initial
denaturation and consisted of 30 cycles (denaturation
94°C, 40 seconds; annealing 65°C, 40 seconds; exten-
sion, 72°C, 40 seconds).

Amplification products were loaded onto a 2%
Nusieve-agarose gel, purified by phenolchloroform
extraction, and recovered by ethanol precipitation. Both
strands were sequenced using the fluorescent dideoxy
terminator method (26). Fluorometric sequences were
analyzed using the Applied Biosystem 373A DNA
Sequencer according to the manufacturer’s protocol.

Single-strand  conformation polymorphism. Single-
strand conformation polymorphism (SSCP) analysis
(27) of PCR-amplified genomic DNA was performed
with the forward primer §-AGCACCTGCGTC-
TACGCGCT-3' and backward primer §'-GGGGGTGCG-
GAACGATCACAT-3', generating a 68-bp product. The
product was labeled by adding 20 uCi a-[P3%]-dCTP
to the PCR reaction. PCR products were denaturated
at 95°C for 10 minutes and then loaded onto a

I Family 1

1T

III

hydrolink MDE gel (Bioprobe Systems, Montreuil,
France) and electrophoresed at 3 W for 10 hours in
0.6 TBE. Gels were dried and autoradiographed.

GleNAc-phosphotransferase ~ assays. GlcNAc-phospho-
transferase transfer to d-methylmannoside was deter-
mined with 3-[3?P]-UDP-GlcNAc as described previous-
ly (28). Transfer to uteroferrin was performed by
incubation of a solubilized membrane fraction at 37°C
for 16 hours with 40 UM uteroferrin and 10 pCi [¥2P]-
UDP-GIcNAc. The uteroferrin was then precipitated
with 10% trichloracetic acid, resolved by electrophoresis
ona 12% SDS-PAGE gel, and incorporated radioactivity
quantitated by Phosphorimager (Molecular Dynamics,
Sunnyvale, California, USA). Protein was quantitated
with the micro BCA assay (Pierce Chemical Co., Rock-
ford, Illinois, USA), and results were expressed as pmol
GlcNAc-1-phosphate incorporated per milligram of pro-
tein relative to a normal human fibroblast control.

Accession numbers. The GIcNAc-phosphotransferase y-
subunit cDNA has been deposited in GenBank with
the accession number 179091.

Results

Cloning and characterization of the human GIcNAc-phospho-
transferase \subunit cDNA. Purified bovine GlceNAc-phos-
photransferase was reduced and alkylated, and the y-
subunit was isolated by gel filtration. The sequence of
the NH,-terminus, AKMKVVEEPNTFGLNNPFLPQT-
SRLQP, and a tryptic peptide, LAHVSEPSTCVY, were
determined by automated Edman degradation.

VI

9 10 11 12 13 14

v

vl

Family 2
I

I
v

vI

12 3 4 5 86

Family 3

1 2 3 45 87

Figure 3
Pedigrees of 3 Families with MLIII. Family 1 is of Druze origin; families 2 and 3 are of Arab origin. Circles denote female family members;
squares, male family members; solid symbols, affected family members; and symbols with a slash, deceased family members.
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Figure 4

Multipoint linkage analysis of the MLIII locus using DNA markers
D165521-D1653024-D16S3070-D1653082-D1653072 with MAP-
MAKER/HOMOZ. Genetic distances between the 5 marker loci on
the abscissa are expressed in cM and based on the 1996 Généthon
human genetic linkage map.

When the peptide sequences were used to search the
databases using the program TBLASTN (29), 3 human
expressed sequence tags (ESTs) were identified. ESTs
29315 and 179293 contain a 99-bp common sequence,
a portion of which codes for a 20/22 amino acid
sequence match with the bovine y-subunit NH,-termi-
nal sequence. EST 280314 contains a 12/12 amino acid
match with the tryptic peptide sequence. A relationship
between EST 29314 and EST280314 was demonstrat-
ed by PCR using a forward primer, S'-GCGAAGAT-
GAAGGTGGTGGAGGACC-3', corresponding to the NH,-
terminal protein sequence and a reverse primer,
5'-GTAGACGCAGGTGCTCCGCTCG-3', corresponding to
the tryptic peptide sequence using a human brain
cDNA library as template. A 402-bp product was
obtained that, when sequenced, demonstrated that
EST 29315 and 280314 were derived from a common
cDNA and that a 45-bp sequence bridges the gap.

LM.A.G.E. clone 48250 from which the 280314 EST
sequence was determined was obtained and sequenced
demonstrating an 1,151-bp insert containing an almost
full-length cDNA for the Y subunit missing only the ini-
tiator methionine from the coding portion. The remain-
ing 5' portion of the cDNA was obtained by PCR of a
human brain cDNA library using an SP6 promoter primer
as forward primer, and the previously described reverse
primer yielded a 569-bp product that, upon cloning and
sequencing, contained the 23 bp 5' nontranslated
sequence and the codon for the initiator methionine.

Sequence analysis of the GIcNAc-phosphotransferase \-sub-
unit cDNA. The sequence of the 1,219-bp cDNA con-
taining a 20-bp poly(A) tail is shown in Figure 1a. A

predicted open reading frame of 915 bp begins with a
potential initiator ATG codon at base 24 and ends with
a TGA termination codon at base 939. The cDNA lacks
a consensus polyadenylation signal. The first ATG in
the sequence fulfills the consensus sequence described
for an initiator methionine (30). After the initiator
methionine is a 24-amino acid signal peptide followed
by a consensus signal peptidase cleavage site (31), just
before the experimentally identified NH,-terminal ala-
nine. The sequence predicts a mature protein of 281
amino acids with a molecular weight of 31,827. A
search for protein motifs with Pustell Protein Matrix
(MacVector, version 4.5.3; Genetics Computer Group,
Madison, Wisconsin, USA) identified only 2 N-glycosy-
lation sites. The sequence predicts that the mature pro-
tein contains 7 cysteine, the odd number being consis-
tent with the disulfide-linked y-subunit homodimers
found in bovine GlcNAc-phosphotransferase.

a

TTCGAGACCCCCC|TCGT

AV AV ST WY,

TTCGAGACCCCCCCITCG

r:ml ol \J et e S N

Wild type:
GIC (XXX),5-TGA

Mutant:

(X0KK) 107~TGA
Thr Pro Leu Arg (aa ),n-C0CH

Figure 5

Sequence analysis of the mutant and wild-type y-subunit cDNA. RNA
was isolated from cultured fibroblasts, reverse transcribed, and a
300-bp portion of the y-subunit cDNA amplified by PCR as
described in Methods. The amplified fragment was resolved by
agarose gel electrophoresis, excised, and directly sequenced using the
PCR primers as primers and fluorescent terminators. (a) Wild-type
sequence. (b) Mutant sequence. (c) Effect of the insertion on the y-
subunit protein.
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Figure 6

Linkage of the y-subunit mutation to MLIII in families 2 and 3 by SSCP analysis. A 680-bp region of the y-subunit gene containing the y-sub-
unit mutation was amplified, denatured, electrophoresed, and detected by autoradiography as described in Methods. The SSCP pattern of
each patient tested is given below the pedigree symbol. (a) Family 2; (b) family 3. m, mutant allele; +, wild-type allele.

A search of the BLOCKS database (32), and the
Swiss Prot GenBank, and dbEST databases using the
BLASTN or BLASTP algorithms (29) identified no
significant similarities to genes of known function.
However, a near identity (> 95% similarity) was found
to a number of human ESTs isolated from 7 inde-
pendent cDNA libraries.

A multiple-tissue Northern blot probed with a full-
length y-subunit cDNA showed a single 1.3-kb tran-
scriptin all 8 human tissues examined (Figure 1b). The
size of this transcript indicates that the 1,189-bp cDNA
clone we isolated represents the full-length mRNA.
Additional transcripts up to 7.5 kb were found in lung,
consistent with alternate splicing, incomplete process-
ing, or variation in polyadenylation.

Biochemical characterization of the Vsubunit gene product
in COS cells. Transient expression of the GlcNAc-phos-
photransferase y-subunit was obtained by subcloning
an epitope-tagged version of the cDNA in the vector
pRCcRSV (33). This construct replaces the native signal
peptide with the human transferrin signal peptide
(MRLAVGALLVCAVLGLCLA) and adds the HPC4 cal-
cium-dependent epitope (EDQVDPRLIDGK) to the
NH,-terminus of the mature Y subunit. As negative
controls, COS cells were also transfected in parallel
with the vector alone. Forty-eight hours after transfec-
tion, the cell membranes were isolated and the mem-
brane proteins were solubilized, subjected to SDS-
PAGE, and transferred to a nitrocellulose membrane.
The epitope-tagged Y subunit was detected with mouse
mAb HPC4 against the epitope, [!2’I|rabbit anti-mouse

IgG, and autoradiography (Figure 2). In COS cells
transfected with the epitope-tagged y-subunit cDNA
but not the vector alone, a 35-kDa protein is expressed
that forms disulfide-linked homodimers similar to the
bovine GlcNAc-phosphotransferase y subunit.

Chromosomal localization of the human GlcNAc-phospho-
transferase Vsubunit gene. EST T30150 had previously been
localized to chromosome 16p (D16S3024-D16S3070) by
radiation hybrid mapping with the Genebridge 4 radia-
tion hybrid panel (34). These results indicated the y-sub-
unit gene is also localized to chromosome 16p.

Linkage of MLIII to chromosome 16p. To test whether
MLIII results from mutations in the y-subunit gene,
linkage analysis with 5 polymorphic microsatellite
markers from chromosome 16p was performed in a
large multiplex MLIII family from northern Israel (Fig-
ure 3, family 1). Because of the computational com-
plexity of the multiple inbreeding loops, family 1 was
analyzed as 5 separate sibships. Table 1 shows pairwise
lod scores between microsatellite markers of chromo-
some 16 and the disease locus. A maximum pairwise
lod score was obtained with probe AFMal34xcl at
locus D16S3024 (Zmax = 10.04 at 6 = 0). Positive lod
scores were also obtained for polymorphic markers at
loci D16S3070 and D16S3082 (Zmax = 3.81 at 6 = 0,
and Zmax = 9.39 at 8 = 0, respectively). Multipoint link-
age analysis performed to estimate the position of the
MLIII gene gave a peak lod score of 11.59 at locus
D16S3024. The maximum likelihood estimate for loca-
tion of the MLIII locus was defined by loci D16S521
and D16S3072 in a genetic interval of 7 cM (Figure 4).
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Figure 7

Enzymatic characterization of the mutant GlcNAc-phosphotrans-
ferase. Normal human skin fibroblasts (Wt); and skin fibroblasts from
patients with classical MLIII (GM2425) and variant MLIII (GM3391);
and patient VI:8 (pedigree 1), patient I1:3 (pedigree 3), were cultured
and a solubilized membrane fraction prepared as described in Meth-

ods.

GlcNAc-phosphotransferase was assayed using both the lysoso-

mal enzyme uteroferrin and a-methylmannoside as acceptors and cal-
culated as pMol GlcNAc-1-phosphate transferred per milligram of cell
protein per hour. The data are expressed as a percentage of the activ-
ity observed in the wild-type cell line.

680

Identification of a GIcNAc-phosphotransferase \subunit muta-
tion in MIII. The y-subunit cDNA was amplified by RT-
PCR using 3 sets of primers in the probands of family 1
(VI:8) and family 3 (II:3, II:4). The products were identi-
fied by electrophoresis on agarose gels and excised, and
both strands were directly sequenced using the PCR
primers and fluorescent dideoxy terminators. Insertion
of a single cytosine at codon 167 (ACC CCC CTC -
ACC CCC CCT; Figure 5, a and b) resulted in a frame
shift and predicts a premature translation termination,
107 bp downstream from the insertion (Figure 5c).

Linkage of MLIII to the \-subunit insertion by SSCP analy-
sis. A 68-bp segment, encompassing the insertion
already identified here, was amplified from genomic
DNA for SSCP analysis. The mutation segregated with
the disease in the 3 families except for individual VIII:5
(family 1), whose SSCP profile was normal (Figure 6).
SSCP study of 75 unrelated healthy individuals did
not show the abnormal profile. These results indicate
the y-subunit mutation is the molecular basis for
MLIII in these 3 families.

The SSCP profile was normal in VIIL:5 and his par-
ents. Although this patient was homozygous at the loci
studied, his haplotype was different than the one seg-
regating in the rest of family 1 and is probably derived
from individual IV:11. GlcNAc-phosphotransferase
assays showed that this patient belonged to comple-
mentation group A (data not shown). This indicates
both MLIII complementation groups (A and C) are seg-
regating in family 1 (see later here). Sequence analysis
of the y-subunit cDNA from patient VIIL:5S did not
show the cytosine insertion. These data suggest that
this patient carries a different mutation, probably in
the d or 3 subunit.

Enzymatic characterization of the mutant GlcNAc-phos-
photransferase. To classify the disease resulting from the
y-subunit mutation as either classical or variant MLIII,
GlcNAc-phosphotransferase assays were performed. A
solubilized membrane fraction was prepared from cul-
tured skin fibroblasts from patients VI:8 (pedigree 1),
I1:3 (pedigree 3), 2 reference MLIII lines (GM2425; MLI-
ITA and GM3391; MLIIIC), and controls. In MLIII(A),
GlcNAc-phosphotransferase activity is equally reduced
with either 0-methylmannoside or lysosomal enzymes
as acceptors. In MLIII(C), the GlcNAc-phosphotrans-
ferase activity with a-methylmannoside as acceptor is
retained, but it is defective with lysosomal enzymes as
acceptors. As shown in Figure 7, extracts from MLIII(A)
and MLIII(C) cells are similarly deficient in GlcNAc-
phosphate transfer to the lysosomal enzyme, uterofer-
rin. The extracts. however, differ in the ability to trans-
fer GlcNAc-phosphate to the simple acceptor,
o-methylmannoside. GM2425 is deficient ((2% activi-
ty), whereas GM3391 demonstrates approximately
140% of normal activity with the simple acceptor.
When membrane fractions from patients VI:8 (pedigree
1) and II:3 (pedigree 3), were examined, little transfer to
uteroferrin was observed, but 60-85% of normal activ-
ity in the ad-methylmannoside assay was found. These
results indicate the y-subunit mutation results in a vari-
ant or MLIII(C) type defect.

Discussion

The molecular basis for the distinctive properties of the
mutant GlcNAc-phosphotransferase in MLIII(C) has
been enigmatic since the original description (17). The
demonstration that GlcNAc-phosphotransferase is a
multiple subunit enzyme encoded by 2 distinct genes
suggested the MLIII(C) defect might be due to deficien-
cy of 1 of the gene products. This study demonstrates
that MLII(C) results from a mutation in the y-subunit
gene and provides the first description to our knowledge
of the molecular basis of a human mucolipidosis.

The mutation identified in this study results in a Glc-
NAc-phosphotransferase that is catalytically active but
lacks the ability to recognize lysosomal enzymes as
acceptors, strongly suggesting the y-subunit functions
in substrate recognition. The mechanism by which the
y-subunit functions is unclear, and the sequence
demonstrates no homology with previously described
proteins, providing no clues. How this mutation alters
the structure of the GlcNAc-phosphotransferase com-
plex is also unknown, but given that the mutant
enzyme retains near normal activity with some sub-
strates, it is unlikely the absence of the intact y subunit
interferes with assembly or stability of the complex.

The genetic relationships between the multiple vari-
ants of MLII and MLIII are complex and have been dif-
ficult to understand in the absence of information
about the gene(s) involved (14-16, 35). This study
demonstrates the MLIII(C) phenotype can result from
a mutation in the GIcNAc-phosphotransferase y sub-
unit. Further study will be required to demonstrate
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that the MLIII(C) phenotype is exclusively caused by
mutations in the y-subunit gene, although we believe
this is likely. The mutant GleNAc-phosphotransferase
lacking an intact Y subunit still expresses near normal
catalytic activity, strongly suggesting that the y subunit
does not contribute to the catalytic function of the
enzyme. Because the catalytic activity is decreased or
absent in MLII and MLIII(A) with all substrates, it is
tempting to speculate that these diseases result from
alterations in the o and/or B subunits of the enzyme
and that the o and/or 3 subunits contain the catalytic
portion of GleNAc-phosphotransferase. This model
also predicts that MLII and MLIII(A) would be geneti-
cally complemented by MLIII(C), a result that has been
demonstrated previously (14).
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