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Abstract

Mucopolysaccharidosis type VI (MPS VI) is a lysosomal
storage disease caused by a deficiency of N-acetylgalac-
tosamine-4-sulfatase (4S). A feline MPS VI model used to
demonstrate efficacy of enzyme replacement therapy is due
to the homozygous presence of an L476P mutation in 4-sul-
fatase. An additional mutation, D520N, inherited indepen-
dently from L476P and recently identified in the same fam-
ily of cats, has resulted in three clinical phenotypes. L476P
homozygotes exhibit dwarfism and facial dysmorphia due
to epiphyseal dysplasia, abnormally low leukocyte 4S/Bhex-
osaminidase ratios, dermatan sulfaturia, lysosomal inclu-
sions in most tissues including chondrocytes, corneal cloud-
ing, degenerative joint disease, and abnormal leukocyte
inclusions. Similarly, D520N/D520N and L476P/D520N cats
have abnormally low leukocyte 4S/Bhexosaminidase ratios,
mild dermatan sulfaturia, lysosomal inclusions in some
chondrocytes, and abnormal leukocyte inclusions. However,
both have normal growth and appearance. In addition,
L476P/D520N cats have a high incidence of degenerative
joint disease. We conclude that L476P/D520N cats have a
very mild MPS VI phenotype not previously described in
MPS VI humans. The study of L476P/D520N and D520N/
D520N genotypes will improve understanding of genotype
to phenotype correlations and the pathogenesis of skeletal
dysplasia and joint disease in MPS VI, and will assist in de-
velopment of therapies to prevent lysosomal storage in
chondrocytes. (J. Clin. Invest. 1998. 101:109-119.) Key
words: mucopolysaccharidosis VI « lysosomal storage dis-
eases « genetics, medical « joint diseases « disease models,
animal

Introduction

Mucopolysaccharidosis type VI (MPS VI;! Maroteaux-Lamy
syndrome) is caused by a deficiency of the lysosomal enzyme
N-acetylgalactosamine-4-sulfatase (4S, E.C.3.1.6.1), which is
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essential for the degradation of the glycosaminoglycan (GAG)
dermatan sulfate (DS). This results in widespread lysosomal
storage of this substrate in connective tissues. Clinical presen-
tation is variable, and severely affected patients exhibit dwarf-
ism due to epiphyseal dysplasia, characteristic coarse facies,
heart valve thickening, carpal tunnel syndrome, joint stiffness,
corneal clouding, narrowing of airways, abnormal leukocyte
granulation, and dermatan sulfaturia, with death usually in the
second decade (1, 2). Less severely affected patients can have
almost normal skeletal growth but may have cardiac insuffi-
ciency due to valve thickening, less severe joint stiffness and
skeletal abnormalities, carpal tunnel syndrome, spinal cord
compression due to dural thickening, and less severe corneal
clouding (3-6).

The same degree of phenotypic variation in MPS animal
models has not been described previously. This may be due to
the difficulty in observing subtle clinical changes that would
lead to further evaluation for specific disorders. MPS VI was
originally described in the United States in three Siamese cats,
none of which had common ancestors, although an extensive
pedigree was not available (7). These cats were all similarly af-
fected, with severe skeletal abnormalities. MPS VI has since
been diagnosed in Siamese (8), long-haired Siamese (9), and
domestic long-haired (10) cat breeds from different locations
including Italy, and all appear similarly affected. Disease char-
acteristics in feline MPS VI closely parallel disease in humans
clinically and histologically, with lysosomal storage in many
cell types including chondrocytes, fibroblasts, Kupffer cells
(liver), smooth muscle cells, and corneal keratocytes (11). Mo-
lecular analysis of our cat colony derived from “family 3” cats
(7) has shown MPS VI-affected cats are homoallelic for an
amino acid substitution at codon 476, altering a leucine to a
proline codon (L476P) (12). Expression of the L476P allele re-
sulted in low yields of an inactive 4S precursor protein (12).
L476P homozygotes have been used to evaluate the efficacy of
enzyme replacement therapy (13, 14).

MPS VI patients generally have up to 5% residual 4S activ-
ity in leukocytes and fibroblasts, and therefore we presume
that this level is similar in other cell types. Recent studies have
demonstrated some correlation between this 4S activity, geno-
type, and disease phenotype (15-17). A better understanding
of genotype to phenotype correlations has been important in
patient diagnosis, prognosis, management, and evaluation of
therapies. In particular, knowledge of the genotype to pheno-
type relationship has been invaluable in assessing efficacy of

1. Abbreviations used in this paper: 4S, N-acetylgalactosamine-4-sul-
fatase; 4S/Bhex, 4S/Bhexosaminidase ratio; DS, dermatan sulfate;
HRE, high-resolution electrophoresis; GAG, glycosaminoglycan;
MPS VI, mucopolysaccharidosis type VI; N/N, D5S20N homozygote;
P/N, L476P and D520N compound heterozygote; P/P, L476P ho-
mozygote; +/+, normal genotype; +/N, D520N heterozygote; +/P,
LA476P heterozygote.
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bone marrow transplants (18). A threshold of ~ 5% residual
48 activity has been suggested as the level of 4S needed to pre-
vent or remove lysosomal storage (15). In enzyme replacement
therapy studies in L476P homozygous MPS VI cats, weekly in-
travenous administration of recombinant human 4S from birth
lead to complete reversal of lysosomal storage in liver, heart
valve, skin, kidney interstitium, brain perivascular cells, and
dura, but not in cartilage, cornea, and white blood cells (14).
Therapy also improved bone growth and bone histomorpho-
metric parameters (19). Effective enzyme replacement therapy
relies on the process of receptor-mediated uptake and translo-
cation via the endocytic pathway of recombinant enzyme to
the lysosomes, via cell surface receptors such as the mannose-
6-phosphate receptor. Cell types resistant to therapy suggest
either inadequate amounts of 4S reaching lysosomes due to
different receptors or inability to diffuse through surrounding
tissues, or increased DS metabolism and hence 4S require-
ments.

The availability of MPS animal models with both mild and
severe phenotypes would enable studies to better understand
the pathophysiology of disease processes by correlating the
level and quality of enzyme activity to histopathological
changes in different cell types, and the clinical outcome of
these changes. Differences in the degree of lysosomal storage
in various tissues between the different phenotypes would in-
dicate which tissues had sufficient enzyme levels to prevent or
reduce lysosomal storage in the milder phenotype, and which
tissues had high substrate turnover and hence persistent lyso-
somal storage in both phenotypes. These differences may then
lead to different clinical outcomes which may indicate involve-
ment of particular cell types in the development of disease. In
addition, due to lower rates of substrate accumulation in the
milder phenotype, it would be easier to determine the amount
of enzyme required for reversal of storage in certain cell types.
This may be useful in improving therapies directed toward tis-
sues with poor enzyme penetration or uptake, or high sub-
strate turnover, especially as new therapies are developed such
as enzyme and gene replacement therapy.

A second feline MPS VI mutation was discovered recently
within our MPS VI cat colony which involved a base change
leading to an amino acid substitution at codon 520 (D520N)
(Yogalingam, G., J.J. Hopwood, A. Crawley, and D. Anson,
manuscript in preparation). This has led to a unique situation
where homoallelic (for both L476P and D520N mutations) and
heteroallelic animals of fairly uniform genetic background
could be studied. We describe the clinical, biochemical, and
histological features of compound heterozygote cats (L476P/
DS520N), and cats homozygous for the D520N allele, compared
with cats homozygous for the L476P allele which exhibit a se-
vere MPS VI phenotype.

Methods

Experimental animals. All cats used in these studies were bred in an
outdoor housed colony originally established from five family 3 het-
erozygotes obtained in 1985 from M. Haskins (School of Veterinary
Medicine, University of Pennsylvania, Philadelphia, PA) (7). The dis-
ease originally occurred in purebred Siamese cats. Unrelated normal
cats were intermittently introduced to the colony for subsequent out-
breeding. Genotype of animals within the colony was established
from PCR-based analysis of dried blood spots or DNA prepared
from white cell pellets. Restriction analysis of PCR products using
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Haelll restriction enzyme was used to identify an L to P change at
codon 476 (12), and BslI or Avall to identify a D to N change at
codon 520 (Yogalingam, G., J.J. Hopwood, A. Crawley, and D. An-
son, manuscript in preparation). There were six genotypes observed
within the colony due to both mutations: normal for both alleles (an-
notated +/+), L476P homozygotes (P/P), L476P heterozygote (+/P),
D520N homozygotes (N/N), D520N heterozygote (+/N), and L476P
and D520N compound heterozygotes (P/N). The P/Ps exhibit severe
MPS VI and have been described previously (13, 14, 19).

Due to the D520N mutation being identified 1 yr after the L476P
mutation, most N/Ns and +/Ns were culled from the colony to opti-
mize breeding of P/Ps for other studies. Therefore, this study is
largely a retrospective study of archived material, with only small
numbers of young live animals from some genotypes available for this
study.

Enzymology. Peripheral leukocytes were prepared using dextran
sedimentation (20). Leukocyte 4S activities, expressed as 4S/Bhex-
osaminidase (4S/Bhex) ratios, were measured using radiolabeled
trisaccharide substrate (21). One-way ANOVA and the Tukey-HSD
test for posttesting was used for statistical comparison of 4S/Bhex ra-
tios between N/N, P/N, and P/P genotypes, accepting P < 0.05 as sta-
tistically significant.

Qualitative urinalysis. Urine high-resolution electrophoresis (HRE)
allows visualization of different GAG species present in the urine.
Urine samples were collected and stored at —20°C until assayed. Nor-
mal cat urine was obtained from cats outside the colony. Samples
were prepared using cetylpyridinium chloride precipitation for HRE
on cellulose acetate strips (22). Total uronic concentrations of pre-
pared samples were determined using the hydroxydiphenyl method
(23) and approximately the same amounts (pg uronic) were loaded
for HRE on cellulose acetate strips. GAGs were visualized by stain-
ing with Alcian blue. By this method, DS in MPS VI urine character-
istically migrates as three distinct bands (DS1 and a DS2 doublet),
probably due to differences in degree of sulfation (Hopwood, J., un-
published observation). Densitometric estimations of the approxi-
mate relative proportions of total DS (DS1 + DS2) were expressed as
a percentage of total GAG, in the urine of cats 1 yr or older (except
for P/Ps) (22). The relative proportions of the different GAG species
vary in young cats (Crawley, A., unpublished observation), hence
urine from cats < 1 yr old was excluded to minimize variability.

Leukocyte morphology. For light microscopy, air-dried blood films
were stained with May-Grunwald Giemsa and examined at a magnifi-
cation of 400-1,000. For electron microscopy, buffy coats (prepared
from venous blood collected into EDTA) were fixed in 1% glutaral-
dehyde/4 % paraformaldehyde in 0.1 M sodium cacodylate buffer, pH
7.2, for 60 min at room temperature, en bloc stained with saturated
uranyl acetate in 70% methanol, then postfixed in 1% osmium tetrox-
ide, dehydrated, and embedded in Spurr’s resin. 1-pwm-thick sections
were stained with toluidine blue and then ultrathin sections were cut
and stained with 2% uranyl acetate/1% lead citrate and examined
with a Hitachi H-7000 electron microscope.

Clinical and radiological examination. A blinded operator per-
formed slit lamp examinations of the corneas in the oldest available
cats of each genotype without anesthesia (P/N, 3.8-6.6 yr; N/N, 2 mo;
+/P, 1.2-1.7 yr; +/N, 2.5 mo; +/+, 7 mo; P/P, 5 mo). Two additional
N/N cats (4 yr old) were examined for corneal clouding without the
slit lamp. Corneal clouding in P/Ps is apparent without the aid of a slit
lamp from as early as 6-7 wk of age. Cervical spine flexibility was sub-
jectively measured by determining the ability to move the head later-
ally.

Standardized radiological examination under general anesthesia
was as described previously (13). Dimensions of the fifth lumbar ver-
tebra, third cervical vertebra, right tibia, and right patella were mea-
sured directly from radiographs (19). Magnification error was as-
sumed to be small due to the large focal film distance used (133 cm).
Measurements were taken from female cats > 18 mo of age to com-
pare final adult size among the different genotypes. Numbers of ani-
mals in each group were: +/+, +/P, and +/N (n = 9 combined), P/Ns



(n = 12), N/Ns (n = 8), and P/Ps (n = 4). Statistical comparison of
bone dimensions between these four groups was performed using
one-way ANOVA and the Tukey-HSD test for posttesting, accepting
P < 0.05 as statistically significant. These radiographs and additional
radiographs of adult males and cats 11-18 mo old were also examined
for qualitative changes in skeletal appearance.

Pathology. Cats of various ages were killed using an overdose of
intravenous barbiturate. Various tissues for electron microscopy were
fixed in 2% glutaraldehyde/2% formalin in 0.1 M sodium cacodylate
buffer, pH 7.2, overnight at 4°C, then postfixed in 1% osmium tetroxide
before routine processing and embedding in Spurr’s resin. 1-wm-thick
survey sections stained with toluidine blue were evaluated at a magni-
fication of 100400 to assess overall distribution of vacuolation due to
lysosomal storage. Cross sections of rib cartilage samples surrounded
by outer perichondral connective tissue were taken from approxi-
mately midway along the cartilage portion of the rib. Articular carti-
lage sections were cut from the articular surface through to the sub-
chondral bone. Tissue from both colony bred and external normal/
normal cats were examined as controls. The majority of noncartilagi-
nous tissue was also evaluated further under electron microscopy for
the presence of abnormal lysosomal vacuolation, particularly tissue
from the oldest available animals for each genotype (P/Ns up to 6.5
yr; N/Ns up to 4.3 yr). Postmortem of adult cats included examination
of the shoulder and stifle joints.

Results

Genotype analysis: origin of the D520N mutation. Genotype
analysis is summarized in the legend to Fig. 1. The pedigree of
our colony shows the origin of both the L476P and D520N al-
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Figure 1. Pedigree of the MPS VI cat colony showing origin of both
the L476P and D520N alleles in founder heterozygote cats (asterisks)
imported from the United States. Identification numbers of these in-
dividuals are also shown. DNA was not available from cats 1035 and
1189. However, all remaining cats were genotyped by PCR-based
mutation analysis. The P/N genotype of cat 1189 was deduced from
breeding outcomes. This cat had an abnormally low leukocyte 4S/
Bhex ratio of 0.11 (see normal reference ranges in Table I). However,
the genotype of cat 1035 could not be completely deduced. This cat
may have been a compound heterozygote (P/N) as she also had a
moderately low leukocyte 4S/Bhex ratio of 0.19, although she may
have been a +/P heterozygote. Males and females are represented by
square and round symbols, respectively. See figure for description of
symbols which represent the six possible genotypes within the colony.
Severely affected MPS VI cats are represented by fully shaded sym-
bols (P/P). Double parallel lines indicate consanguinity.

leles in one of the original imported heterozygote cats (cat
1189) (Fig. 1). The D520N mutation appears to have an auto-
somal recessive mode of inheritance (data not shown), and was
not detected in all P/Ps tested (n = 39), indicating that the two
mutations are not linked. The D520N mutation was also not
present in normal cats unrelated to the colony (n = 23).

Enzymology. P/Ps, P/Ns, and N/Ns all had significantly
lower leukocyte 4S/Bhex ratios than +/+, +/P, and +/N cats
(Table I). 4S/Bhex ratios in P/Ps and P/Ns were statistically dif-
ferent from N/Ns (ANOVA; P < 0.001 and Tukey-HSD at
P < 0.05). +/P and +/N heterozygotes showed enzyme ratios
approximately one-third of +/+. The vast majority of cats
were 2-3 mo old at the time of leukocyte collection for enzy-
mology, except +/+ cats, which were obtained from outside
the colony and were usually adult at the time of sampling. Ad-
ditional +/+ cats bred within the colony and sampled at 3 mo
old had much lower leukocyte 4S/Bhex ratios (mean=SD =
1.25+0.41, n = 5). This adds support to previously unpub-
lished observations that the 4S/8hex ratio may alter with age,
possibly due to changes within the white cell population, and
this may help to explain why +/P and +/N heterozygotes had
mean ratios less than the expected half of +/+ ratios.

Qualitative urinalysis. Clearly visible DS bands were seen
in the majority of P/Ns and N/Ns (mean*SD of %DS = 366,
and 32+4, n = 16 for both groups), however the intensity of
the bands was not as heavy as seen in P/P cats (% DS = 60% in
6-mo-old cats and older). Very faint bands corresponding to
DS were observed in over half of the +/+ cats (mean*=SD of
%DS = 17%+6, n = 6), +/P cats (mean=SD of %DS = 23+3,
n = 6), and +/N cats (mean=SD of %DS = 18%8,n = 4).

Leukocyte morphology. By light microscopy, coarse baso-
philic cytoplasmic granulation was observed in neutrophils and
basophils in P/Ps, and some lymphocytes contained vacuoles
(Fig. 2, A and B), as described previously (24). The normal
granules of eosinophils did not stain, with the granules appear-
ing as empty vacuoles (Fig. 2 A). Abnormal neutrophil granu-
lation was also observed in P/Ns and N/Ns, with intensity rang-
ing from normal or fine to very heavy basophilic granulation
(Fig. 2, C and D). Basophils also had variable numbers of ab-
normal basophilic cytoplasmic granules with variable staining
intensity (Fig. 2 D), some with a similar appearance to those
found in P/Ps, and some almost normal. Eosinophils and lym-
phocytes were normal (Fig. 2 C). There was no obvious differ-
ence in leukocyte morphology between N/Ns and P/Ns. No ab-
normal leukocyte morphology was observed in +/P, +/+ (Fig.
2, E and F), and +/N cats (not shown).

Table 1. Peripheral Leukocyte 45/Bhex Ratios in Cats with Six
Different Genotypes

Genotype 4S/Bhex ratio 4S/Bhex ratio range n

+/+ 2.32%0.99* 0.94-4.0 16
+/P 0.874%0.499 0.36-2.5 21
+/N 0.831+0.557 0.23-2.5 30
N/N 0.052+0.047 0-0.19 29
P/N 0.028+0.024* 0-0.105 38
P/P 0.008=0.008* 0-0.018 15

*Values are mean+1 SD; n, number of cats in each group; P < 0.05,
P/N vs. N/N; P < 0.05, P/P vs. N/N.
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Figure 2. Light microscopy of peripheral leukocytes. e, Eosinophil; n,
neutrophil; /, lymphocyte; b, basophil. (A) P/P (MPS VI severe), with
an abnormal nonstaining eosinophil, an abnormal neutrophil with
heavy basophilic granulation in the cytoplasm, and an abnormal lym-
phocyte with several cytoplasmic vacuoles; (B) P/P (MPS VI severe),
with an abnormal basophil with intensely basophilic granules obscur-
ing the nucleus, between two abnormal neutrophils showing heavy
basophilic granulation, and a normal lymphocyte; (C) P/N, showing a
normal staining eosinophil surrounded by five abnormal neutrophils
with basophilic cytoplasmic granulation of variable intensity; (D) N/N,
with an abnormal neutrophil containing basophilic granulation in the
cytoplasm and an abnormal basophil with increased basophilic stain-
ing of the cytoplasmic granules; (E) +/P heterozygote, with a normal
appearing basophil showing irregular but slight basophilic staining of
the cytoplasm, and a normal neutrophil with a clear cytoplasm, and a

Corresponding to changes observed by light microscopy,
abnormal inclusions or altered specific granules were observed
by electron microscopy in neutrophils, eosinophils, and baso-
phils in P/Ps (Fig. 3 A), as described previously (7, 24). Similar
but fewer abnormal inclusions were observed in some neutro-
phils in P/Ns and N/Ns; however, eosinophils and basophils ap-
peared normal (Fig. 3 B).

Clinical and radiographic examination. By slit lamp exam-
ination, from physical appearance and flexibility, and from
bone dimensions from radiographs at all ages measured, P/Ns
and N/Ns were indistinguishable from +/+, +/P, and +/N cats,
with no statistical significance between these groups for bone
dimensions. However, P/Ps exhibited corneal clouding, pro-
gressive reduction in flexibility with increasing age, significant
reduction in dimensions of all bones measured compared with
the other five genotypes, and characteristic skeletal changes
observed radiographically as described previously (25). These
findings have been summarized in Table II together with addi-
tional observations outlined below.

However, on radiographs of P/Ns, bilateral degenerative
changes were observed in 64% of shoulder (scapulohumeral)
joints (Table IIT), with mild to severe remodeling of the caudal
aspect of the proximal humeral epiphysis (Fig. 4, A-C). The
degree of severity of degenerative changes in the shoulder was
quite variable and did not appear to be directly correlated with
age. The degenerative joint changes observed were not as se-
vere as those seen in P/Ps, which included almost complete loss
of the proximal humeral epiphysis (Fig. 4 D). Mild remodeling
changes of the proximal humeral epiphysis were present in
only 1 (6%) 1.3-yr-old N/N of 18 examined with this genotype
(Table III). The genotype of this cat was confirmed from two
separate blood samples. The remaining N/Ns appeared normal
(Fig. 4 E). No degenerative shoulder changes were observed
on radiographs from 21 additional cats with +/+, +/P, and +/N
genotypes (Table IIT).

normal staining eosinophil; and (F) +/+ cat, with a normal basophil
with almost no staining of cytoplasmic granules, two normal neutro-
phils with clear cytoplasm, and two normal lymphocytes. Original
magnification, X400 (May-Grunwald Giemsa).

Figure 3. Ultrastructural
detail of a neutrophil
(bottom left), eosinophil
(top center), and basophil
(right) in (A) a P/P cat
and (B) a P/N cat. Small
abnormal oval to round
membrane-bound inclu-
sions, 0.2-0.5 pm in diam-
eter, containing fine
granular material are ob-
served in neutrophils in
both genotypes (long thin
arrows, A and B). The
eosinophil-specific gran-
ules in the P/P are se-

verely altered, with either empty specific granules (short thick arrows, A), or containing variable amounts of granular or lamellar material. Baso-
phil-specific granules in the P/P genotype are also modified with fine fibrillar material at the periphery of the granules (arrowhead, A).
Ultrastructure of leukocytes in N/Ns was no different from P/Ns. Bar, 2 pm.
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Table II. Summary of Feline MPS VI Genotype and Resulting Phenotype

Mean white cell

4S/Bhex ratio* Corneal Chondrocyte  Connective tissue White cell
Genotype (% normal =1SD)  DSuria (X normal)  Skeletal growth Joint disease? clouding  inclusions® inclusions inclusions’
Neutrophils
P/P 0.008 >3X Reduced Severe Mild  Severe Widespread  Basophils
(L476P/LAT6P) (0.3%20.3%) Eosinophils
Lymphocytes
P/N 0.028 ~ 1.8X Normal Mild to moderate  Clear Mild *Normal**  Neutrophils
(L476P/D520N) (1.0x£0.8%) ? Basophils
N/N 0.052 ~1.6X Normal +Normall Clear Verymild Normal Neutrophils
(D520N/D520N) (1.9%£1.7%) ? Basophils

*See Table I; fsee Table II and Figs. 4 and 5; Ssee Fig. 7; Isee Figs. 2 and 3; **1/4 cats had lysosomal storage in Kupffer cells (liver); 1/18 cats had de-

generative joint disease.

A subset of P/Ns with degenerative shoulder joint changes
also had generally less severe bilateral degenerative changes
in the stifle (femorotibial) joints (20% of the total number of
P/Ns examined) (Table IIT). Remodeling was predominantly
localized over the caudoventral aspect of the femoral condyles
(Fig. 5, A and B). Intraarticular calcification without evidence
of other changes was observed in an additional three P/Ns, one
+/N, and three +/P heterozygotes; however, this is a common
feature of nonspecific stifle joint disease in cats (Allan, G., per-
sonal communication) so it was not considered atypical. No sti-
fle abnormalities were observed in N/Ns (Fig. 5 C), +/+ cats,
and the remaining +/P and +/N heterozygotes. Radiographic
changes of joints in P/Ps were severe and as described previ-
ously (7, 14, 26).

Postmortem joint examination. Degenerative joint changes
observed on radiographs in P/Ns corresponded to severe ab-
normalities of the articular surface at postmortem in both the
shoulder and stifle joints. There were variable extents of fibril-
lation and erosion of the joint surfaces, particularly over the
caudoventral aspect of the proximal humeral epiphysis and on
the caudoventral aspect of the distal femoral condyles, with
large osteophytes and/or loose bodies present in some joints (Fig.

Table I11. Evaluation of Standardized Radiographs for the
Presence of Degenerative Joint Disease in the Shoulder and
Stifle of Male and Female Cats, with Six Different Genotypes

Genotype n Age range Shoulder pathology Stifle pathology
yr

+/+ 1 3.5 None None

+/P 11 0.9-5.8 None None*

+/N 9 0.9-4.2 None None?

N/N 18 0.9-5.2 1/18 (6%) None

PN 25 0.9-6.7 16/25 (64%) 525 (20%)

P/P 5 0.9-2.5 5/5 (100%) 5/5 (100%)

n, Number of cats in each group; *3/11 had very mild intraarticular cal-
cification; ¥1/9 had very mild intraarticular calcification; ¥3/25 additional
cats had mild to moderate intraarticular calcification without obvious
bone remodeling.

6, A and D). Corresponding to normal joint appearance on ra-
diographs, there were no obvious articular surface abnormalities
in some P/Ns (Fig. 6, B and E). The shoulder joints in a 30-mo-
old P/P were more severely affected than any of the P/Ns, with
more extensive remodeling, loss of epiphyseal bone, and loss of
articular cartilage (Fig. 6 C). Stifle joint changes also appeared
different in the P/P cat, with very thick cartilage without any
erosion on the caudoventral region of the distal femoral con-
dyles, but with erosion around the intercondylar notch. The
cartilage fibrillation and osteophyte formation was more severe
in the remainder of the stifle joint compared with the P/Ns.

Light and electron microscopy. Abnormal chondrocyte mor-
phology was observed in rib, tracheal, and articular cartilage
samples from P/Ps, P/Ns, and also N/Ns, with changes seen
most clearly in cross sections of rib cartilage. In rib sections
from P/Ps at all ages, all chondrocytes showed severe lysoso-
mal distension (Fig. 7 A), with larger and more elongated su-
perficial chondrocytes in the outer zone of the cartilage than
chondrocytes in the inner layers (Fig. 7, A and B). In 3-mo-old
+/+, +/P, and +/N cats, the superficial chondrocytes were
long and slender (Fig. 7, C and D) with occasional chondro-
cytes showing single or multiple vacuoles, and chondrocytes in
inner layers were broader and rounder, with increasing lipid
and occasional vacuoles (Fig. 7 C). In contrast, severe vacuola-
tion and distension of superficial chondrocytes, similar to that
seen in P/Ps, was present in age-matched P/Ns (Fig. 7, E and
F). Abnormal but less severe vacuolation was also present in
the same region in N/Ns (Fig. 7, G and H), but this was not uni-
form throughout the circumference of the rib, and chondro-
cyte morphology was almost normal in some areas of the
superficial zone. In both P/Ns and N/Ns, the degree of vacuola-
tion decreased to normal levels in the inner cartilage zones.
The severity of vacuolation and distension of the superficial
chondrocytes appeared to alter with age, and was most severe
at ~ 3 mo. The location and severity of abnormal vacuolation
in rib sections of the different genotypes is summarized in Ta-
ble IV.

The pattern of abnormal chondrocyte morphology in tra-
cheal cartilage in P/Ps, P/Ns, and N/Ns compared with +/+
cats was similar to that seen in rib sections. However, the pat-
tern and severity of abnormal chondrocyte morphology was
different in articular cartilage. In articular cartilage from P/Ps,
all chondrocytes were increased in size and completely filled
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Figure 4. Lateral radiographs of cervical spine and shoulder joints in adult cats (ages in parentheses): P/Ns with (A) mild (2.6 yr), (B) moderate
(1.2 yr), and (C) severe (6.7 yr) remodeling and loss of subchondral bone with mild to severe osteophyte formation in the caudal aspect of the
proximal humeral epiphyses in the shoulder (arrows) and normal cervical spine; (D) a P/P cat (2.5 yr) with severe degenerative shoulder changes
(arrows), and short cervical vertebrae with irregular epiphyses; and (E£) an N/N cat (3.9 yr) with normal shoulder joints and cervical spine.

with lysosomal vacuoles. In 3-mo-old P/Ns, abnormal but over-
all much milder chondrocyte vacuolation was observed than in
P/Ps, with both normal and completely vacuolated chondro-
cytes scattered throughout all depths of the articular cartilage
with no apparent pattern to the degree of vacuolation. Similar
but milder changes in abnormal morphology were observed in
age-matched N/Ns. In +/+, +/P, and +/N articular cartilage,
only very occasional isolated vacuoles were observed in chon-
drocytes.

One 6-mo-old P/N out of four examined appeared to have
mild Kupffer cell storage in the liver (data not shown). Apart
from this, no obvious storage was observed in noncartilage con-
nective tissues of P/Ns, N/Ns, +/P, and +/N heterozygotes of
various ages compared with +/+ cats. Tissue examined included
liver, skin, heart valve, aorta, cornea, and hip joint capsule.
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Discussion

Soon after establishing the feline colony, it was evident that
abnormally low leukocyte 4S/Bhex ratios were found in a num-
ber of apparently clinically normal animals, and only one clini-
cally affected MPS VI cat was produced from early breeding
attempts. Selection of heterozygote offspring from colony cats
outbred with outside normal cats became difficult due to the
wide variation in enzymology results obtained (see Table I).
This eventually led to heavy selection of clinically normal cats
with very low 4S/Bhex ratios as probable MPS VI heterozy-
gotes, which in retrospect were both P/Ns and N/Ns. A large
range in leukocyte 4S/Bhex ratios was still obtained after the
identification of the L.476P mutation using PCR-based muta-
tion analysis, which identified both P/N and +/P genotypes.



The disparity in enzymology results was clarified when the
D520N mutation was discovered.

Despite an outwardly normal physical appearance, P/N and
N/N cats demonstrate biochemical and histological evidence of
MPS VI disease, with abnormally low leukocyte 4S/8hex ra-
tios, mild dermatan sulfaturia, and lysosomal storage in chon-
drocytes and leukocytes. Cultured fibroblasts from N/Ns and
P/Ns show mild elevations in [**S]sulfate storage, and expres-
sion of the mutant D520N 4S in Chinese hamster ovary cells
results in normal amounts of a normal sized but unstable pro-
tein (Yogalingam, G., J.J. Hopwood, A. Crawley, and D. An-
ion, manuscript in preparation). Lysosomal storage in only
several cell types in P/Ns and N/Ns suggests that the residual
4S activity of this unstable protein is sufficient to prevent the
lysosomal accumulation of DS in most tissues, compared with
the extensive lysosomal storage in connective tissues in P/Ps.

The only apparent clinical outcome of these findings was
the high incidence of degenerative joint disease in P/Ns. These
results are summarized in Table II. The clinical and radio-
graphic features of the joint disease in P/Ns were not charac-
teristic of other known causes of arthritis in cats, including
rheumatoid arthritis, periosteal proliferative polyarthritis, and
feline idiopathic polyarthritis (27, 28) (Allan, G., personal
communication). Excessive calcification observed in the stifle
of one cat is also likely to be seen in hypervitaminosis A. How-
ever, the subchondral bone changes and remodeling in both
the shoulder and stifle of this cat were atypical (Allan, G., per-
sonal communication).

Because of increased longevity of bone marrow trans-
planted MPS patients and identification of more patients with
less severe phenotypes due to improved diagnostic methods,
greater numbers of MPS patients are surviving for longer peri-
ods of time. New management problems with these patients
are emerging, but the future course of their disease is largely
unknown. Degenerative joint changes have been reported in
several adult MPS VI patients (Hopwood, J., unpublished ob-
servations), although to our knowledge, there is only one pub-

Figure 5. Lateral views of the stifle joint in
adult cats (ages in parentheses): (A) P/N
(2.8 yr) with moderate remodeling of the
caudoventral aspect of the femoral
condyles (arrow) and very mild intraarticu-
lar calcification (arrow); (B) P/N (5.5 yr)
with severe remodeling, osteophyte forma-
tion, and intraarticular calcification (ar-
rows); and (C) no abnormalities observed
in the stifles of N/Ns (5.2 yr).

lished report of severe arthritic changes in the hips and shoul-
ders of a 27-yr-old MPS VI patient at postmortem (29). Initial
diagnosis in less severe MPS VI patients is often bilateral Per-
thes disease (4, 30), and bilateral hip replacements have been
performed in some patients (4). The lack of description of
gross joint pathology may be due to the small numbers of MPS
VI patients who survive long enough for possible degenerative
joint changes to develop, and also the difficulty in obtaining
joints for examination. Our results from the mild MPS VI cat
model suggest that degenerative joint changes in MPS VI pa-
tients may be an important clinical problem, and that chondro-
cytes have the greatest 4S requirements of all cell types. There-
fore, this site of pathology should be an important target for
gene product or gene replacement therapies.

Chondrocytes are normally responsible for production and
continued maintenance of the surrounding cartilage matrix in-
cluding the changes necessary for matrix to undergo mineral-
ization at the growth plate, the major site responsible for bone
growth. The pathogenesis of abnormal bone growth typical of
most of the MPS types is unknown. However, the characteris-
tic severe lysosomal storage in chondrocytes indicates that
they are closely implicated in this abnormal process. The se-
verity and extent of lysosomal inclusions in chondrocytes in
the three abnormal genotypes correlated closely with abnor-
mal skeletal growth and joint disease, resulting in three differ-
ent phenotypes: P/Ps with severe skeletal and joint disease,
P/Ns with normal skeletal appearance but moderate joint dis-
ease, and N/Ns with both normal skeletal appearance and nor-
mal joints. This indicates that partial correction of storage in
chondrocytes is sufficient for skeletal growth to proceed nor-
mally. It also suggests that if leukocyte 4S/Bhex ratios directly
reflect the enzyme levels in other cell types, then theoretically
only small increases in enzyme activity in cell types involved in
bone growth would lead to normal skeletal growth.

In enzyme replacement therapy studies from birth in P/P
cats (severe MPS VI phenotype), a dose-related improvement
or normalization in skeletal growth and bone histomorpho-

Two Feline Mucopolysaccharidosis Type VI Mutations with Three Phenotypes 115



Figure 6. Articular surfaces at postmortem. (A) Shoulder joint from a 6.6-yr-old P/N showing severe degenerative changes in articular cartilage
with erosion, loose bodies, and ventral osteophytes corresponding to the same regions on radiographs (see Fig. 4 C); (B) normal articular surface
in the shoulder joint of a 2.3-yr-old P/N; (C) shoulder joint from a 2.5-yr-old P/P with severe remodeling and loss of articular cartilage surface,
and eburnation of subchondral bone, corresponding to the same regions on radiographs (see Fig. 4 D); (D) caudoventral aspect of distal femoral
condyles (stifle joint) in a 5.5-yr-old P/N with severe focal erosion of articular cartilage, corresponding to the same regions on radiographs (see
Fig. 5 B); and (E) normal articular surface in the stifle joint of a 2.3-yr-old P/N.

metric parameters was observed. However, degenerative joint
changes and chondrocyte inclusions were unchanged at all
dose rates (14, 19). This improvement in skeletal growth and
bone parameters correlated directly with a dose-related in-
crease in bone formation rate (19). Osteoblasts are responsible
for new bone deposition, and high enzyme levels found in
bone marrow in distribution studies in normal cats would sug-
gest that enzyme was available to osteoblasts and possibly also
the lower growth plate regions resulting in this improved skel-
etal growth. Lack of correction of chondrocyte pathology in
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P/P cats that underwent enzyme replacement therapy and neg-
ligible levels of enzyme in cartilage in distribution studies (13)
are evidence of poor diffusion of recombinant human 4S
through cartilage matrix with insufficient levels of enzyme
reaching chondrocytes. Mannose-6-phosphate receptor-medi-
ated correction of storage in cultured chondrocytes indicates
that chondrocytes have the appropriate cell surface receptors
for enzyme uptake once sufficient enzyme levels are available
(31). There is a need to improve targeting of therapies to chon-
drocytes, and the mild MPS VI models in P/N and N/N cats



Figure 7. Rib cartilage sections from
3-mo-old cats. (A, C, E, and G) Toluidine
blue-stained 1-pm-thick sections orien-
tated with the perichondrial connective tis-
sue (P) on the left, superficial cartilage
zone (S) in the middle, and inner cartilage
zones on the right (/), original magnifica-
tion X400. (B, D, F, and H) Electron mi-
crographs show the corresponding ultra-
structure of chondrocytes in the superficial
zones of the rib cartilage (magnification
constant, bar, 5 um). (A and B) Severe ly-
sosomal storage and distension of all chon-
drocytes in all zones and fibroblasts in the
perichondrial connective tissue was ob-
served in P/Ps; (C and D) minimal vacuola-
tion was present in chondrocytes in +/P
heterozygotes (+/N and +/+ not shown)
with occasional chondrocytes showing sin-
gle or multiple vacuoles and increasing
lipid toward the inner zone; (E and F) se-
vere distension and lysosomal vacuolation
was observed in chondrocytes in the super-
ficial zone in P/Ns, and to a slightly lesser
degree in N/Ns (G and H). However, the
degree of vacuolation decreased to

normal levels in the inner cartilage zones
(E and G).
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Table 1V. Location and Severity of Lysosomal Inclusions in
Rib Cartilage Sections of 3-mo-old Cats with Six
Different Genotypes

Perichondrial ~ Superficial chondrocytes ~ Mature chrondrocytes

Genotype n cells (superficial zone) (inner zones)
+/+ 3 Normal Normal Normal
+/P 2 Normal Normal* Normal
+/N 1 Normal Normal Normal
N/N 2 Normal Mild to moderate Normal
P/N 3 Normal Moderate to severe Normal
P/P 2 Severe Severe Severe

n, Number of cats in each group; *some inclusions in these cells are
normal.

provide the opportunity to study this cell type in vivo in isola-
tion from other pathologies.

Cartilage is composed of a meshwork of predominantly
type II collagen fibrils and proteoglycans that interact to form
a matrix that can normally withstand mechanical stresses. Mu-
tations in the type II procollagen gene have been shown to
cause primary osteoarthritis in humans (32) and transgenic
mice (33). Thinner type II collagen fibers associated with os-
teoarthritis have also been observed in transgenic mice ex-
pressing abnormal type IX collagen (34) adding to the evi-
dence that type IX collagen plays a role in regulating type 11
collagen fibrillogenesis and matrix integrity (35). Decorin, a
cartilage proteoglycan containing DS, has also been shown to
inhibit collagen type I and II fibrillogenesis in vitro (36, 37).
This has led us to speculate that impaired DS degradation in
P/P and P/N chondrocytes leads to accumulation of DS in the
articular cartilage matrix causing altered collagen fibrillogene-
sis and matrix structural integrity, resulting in degenerative
joint disease. Abnormal subchondral bone almost certainly re-
sults in the more severe degenerative joint disease observed in
P/Ps. Detailed ultrastructural examination of cartilage from
both genotypes should clarify this, and any differences may
also help to improve understanding of the abnormal skeletal
growth in P/Ps and may further knowledge of cartilage struc-
ture and factors that maintain normal matrix function.

In one of the original feline MPS VI papers, in addition to
describing MPS VI in three unrelated families of Siamese cats,
a clinically normal family 3 obligate heterozygote male with
leukocyte 4S activities consistently in the affected range was
also observed (7). This cat had no radiographic features of
MPS VI, no corneal clouding, and lacked excessive urinary
GAG and coarse leukocyte granulation. Since the D520N mu-
tation originated in our family 3 heterozygote founder cats im-
ported from the United States (Fig. 1), it is likely that this cat
was a P/N. The clinical findings reported were consistent with
our observations of P/Ns, since some individuals had no abnor-
mal radiographic changes, leukocyte granulation was variable
and mild in some cats, and total urinary GAG was also indis-
tinguishable from normal (data not shown). Screening for the
L476P and D520N alleles in established MPS VI cat colonies,
new feline MPS VI cases, and Siamese cats in general would be
helpful to clarify previous observations made in MPS VI cats
and to establish if these mutations are common in the general
Siamese cat population. A very useful and rapid screening
method for P/N and N/N cats was the presence of obvious leu-
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kocyte inclusions on routine blood films (Fig. 2) despite a nor-
mal physical appearance, although these inclusions are not
found using some alternative stain preparations such as Diff-
Quik (our unpublished observations).

The lack of eosinophil staining in blood films of P/P cats is
probably due to extreme modifications of the specific granules
observed ultrastructurally. In normal cats, these granules con-
sist of a densely osmiophilic crystalline core, appearing as con-
centric rings, surrounded by a less dense matrix (38). The eosin-
ophil major basic protein, which strongly binds to eosinophilic
dyes due to charge, has been immunolocalized to the core of
the eosinophil-specific granule in humans (39) and guinea pigs
(40). GAGs have also been demonstrated cytochemically in
immature eosinophil-specific granules (41). Although the in-
teractions between these two granule components are poorly
defined, it seems probable that modification of the GAGs in
the P/P eosinophil granules, due to impaired GAG metabo-
lism, affects the charge of the eosinophil major basic protein in
the granule core and results in lack of binding by eosinophilic
dyes. Eosinophils from clinically affected MPS VI cats have
been reported previously to contain both eosinophilic and ba-
sophilic granules using a Wright-Giemsa stain (24) which is dif-
ferent from our observations of a complete lack of staining in
eosinophils in P/Ps. The origin of the MPS VI affected blood is
not stated and it may be possible that these cats had a different
genotype resulting in slightly less severe modifications of the
eosinophil-specific granules. It is difficult to adequately com-
pare ultrastructural features from the original paper with the
P/Ps described here to support this hypothesis.

Basophil-specific granules contain mostly 4-sulfated chon-
droitin and DS in humans (42) and guinea pigs (43), therefore
it is likely that the greatly increased basophilia observed in P/P
basophils is due to increased storage of 4-sulfated GAG in the
specific granules.

In conclusion, the clinical, histological, and biochemical
features of P/N and N/N cats indicate that residual enzyme ac-
tivity in these genotypes is sufficient to prevent the severe
MPS VI phenotype seen in P/Ps. Degenerative joint disease in
P/N cats is probably solely due to consequences of impaired
chondrocyte GAG metabolism. Understanding the pathogen-
esis of this process may provide new insights into cartilage ma-
trix development and organization. It also indicates that chon-
drocytes have the highest 4S requirement of any cell type, and
that degenerative joint disease may be an emerging problem in
longer lived MPS patients undergoing therapies. Therefore,
this should be a focus for further developments in therapies.
The possibility of MPS VI in human patients with normal
physical phenotypes but with degenerative joint disease of un-
known cause should also be considered.
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