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ABSTRACT

Ocular ronnephropathic cystinosis, a variant of the classic
nephropathic type of cystinosis, is an autosomal recessive lyso-
somal storage disorder characterized by photophobia due to
corneal cystine crystals but absence of renal disease. We deter-
mined the molecular basis for ocular cystinosis in four individ-
uals. All had mutations in the cystinosis gene CTNS, indicating
that ocular cystinosis is allelic with classic nephropathic cysti-
nosis. The ocular cystinosis patients each had one severe muta-
tion and one mild mutation, the latter consisting of either a 928
G—A (G197R) mutation or an IVS10-3 C—G splicing muta-
tion resulting in the insertion of 182 bp of IVSI0 into the CTNS
mRNA. The mild mutations appear to allow for residual CTNS
mRNA production, significant amounts of lysosomal cystine
transport, and lower levels of cellular cystine compared with

Cystinosis is an autosomal recessive lysosomal storage dis-
order in which the disulfide amino acid cystine accumulates to
crystal-forming levels within cellular lysosomes (1). Patients
with the classic infantile nephropathic form of this disease are
normal at birth but typically present with renal tubular Fanconi
syndrome in infancy, characterized by failure to thrive, dehy-
dration, polyuria and polydipsia, acidosis, hypophosphatemic
rickets, and hypokalemia (1, 2). Hypothyroidism and photo-
phobia due to corneal cystine crystals develop at variable
times, but renal glomeruli lose function progressively, resulting
in kidney failure at approximately 10 y of age. After a renal
allograft procedure, cystine accumulation continues to destroy
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those in nephropathic cystinosis. The lack of kidney involvement
in ocular cystinosis may be explained by two different mecha-
nisms. On the one hand (e.g. the G197R mutation), significant
residual cystinosin activity may be present in every tissue. On the
other hand (e.g. the IVS10-3 C—G mutation), substantial cysti-
nosin activity may exist in the kidney because of that tissue’s
specific expression of factors that promote splicing of a normal
CTNS transcript. Each of these mechanisms could result in
minimally reduced lysosomal cystine transport in the kidneys.
(Pediatr Res 47: 17-23, 2000)
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SSCP, single-stranded conformational polymorphism

- RT-PCR, reverse-transcription polymerase chain reaction

the nonrenal organs of cystinosis patients (3), frequently caus-
ing a distal vacuolar myopathy (4, 5), swallowing difficulty (6),
pancreatic endocrine (7) and exocrine (8) insufficiency, CNS
deterioration (9, 10), testicular dysfunction (11), and ophthal-
mic complications that include severe retinal dysfunction (12).
The treatment of cystinosis consists of replacement of renal
losses and cystine depletion by using cysteamine orally (13-
17) or topically (18, 19).

Variants of classic nephropathic cystinosis contribute to a
broad spectrum of disease severity. Individuals with interme-
diate, or juvenile, cystinosis have the same signs and symptoms
of classic cystinosis only at a later age (1). Patients with ocular
nonnephropathic cystinosis, first reported in 1957 (20) and
termed “benign™ or “adult™ cystinosis, never suffer renal dis-
ease and do not exhibit a retinal pigment abnormality but do
have crystals in their cornea and bone marrow (1). Of the
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approximately 15 ocular cystinosis patients reported, most
presented in childhood with mild photophobia or with corneal
crystals on routine ophthalmologic examination. No ocular
cystinosis patient has experienced any consequence of the
disorder besides photophobia. Ocular cystinosis patients gen-
erally have leukocyte cystine levels of 1-3 nmol half-cystine
per milligram of protein, compared with 3-23 for classical
patients (normal, =0.2). Based upon fibroblast complementa-
tion studies, ocular cystinosis has been considered allelic with
the classic nephropathic disease (21).

The basic defect in cystinosis involves deficiency of a
cystine transporter in the lysosomal membrane (22-24). The
normal cystine carrier displays characteristics of both egress
(22, 23) and countertransport (25). a phenomenon in which a
small radiolabeled ligand appears to traverse a membrane
against its concentration gradient. The lysosomal cystine car-
rier is presumably encoded by the cysunosis gene CTNS,
mapped to chromosome 17p in 1995 (26) and isolated in 1998
(27). CTNS is known to contain 12 exons distributed across
~23 kb of genomic DNA; the CTNS gene product cystinosin
has 367 amino acids with seven predicted transmembrane

nains and eight potential glycosylation sites (27). To date,
31 distinct mutations in CTNS have been reported (27, 28), but
the most common is a 65-kb deletion found frequently in
patients of northern European descent. This deletion, now
known to be 57 kb (J. Touchman and E. Green, personal
communication), was found in 56% of the alleles of 108
cystinosis patients seen in the United States (29).

We performed mutation analysis of the CTNS gene on four
ocular cystinosis patients. The results indicate that the nonne-
phropathic variant is, indeed, allelic with the classic disorder.
Morcover, ocular cystinosis patients exhibit a unique array of
novel mutations combined with known classic mutations.

METHODS

Patients. All patients and their families were enrolled in a
protocol approved by the institutional Review Board at the
National Institutes of Health Clinical Center or the University
of “alifornia, San Diego Center for the Health Sciences. The
| :nts were examined and treated for various durations at
these institutions.

Clinical biochemical studies. Leukocyte cystine values
were determined using the cystine-binding protein method
(30). The severity of the renal tubular reabsorption defect was
gauged by the Fanconi syndrome index; a measure of the daily
urinary excretion of 21 amino acids per kilogram body weight
(31) was used (28). Patients were also evaluated using a
recently devised clinical severity scale involving five parame-
ters, i.e. age at presentation, leukocyte cystine value, Fanconi
syndrome index, age at renal failure, and age of nonrenal
complications. According to this scale, a value of 1 is ex-
tremely mild and a value of 3 is very severe. Typical nephro-
pathic cystinosis patients have a value of 2.0.

Molecular studies. Genomic DNA of each patient was
initially screened for mutations by performing SSCP analysis
on exons 3-12 of CTNS as previously described (28). Any
exons showing abnormal bands were subjected to direct DNA

sequencing using the ABI Prism dRhodamine Terminator Cy-
cle Sequencing Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s recommendations.

Detection of the 57-kb common deletion in the heterozygous
state. was accomplished using primers flanking the deletion.
This gave a 423-bp product if the deletion was present, and no
product if the deletion was absent (29). In this multiplex PCR
reaction, primers for the polymorphic marker D775829 were
included to verify the presence of a rondeleted allele.

Analysis of the polymorphic microsatellite marker D]75829
in cases 3 and 4 was performed as previously described (28).
Northern blot analysis was performed as previously described
(28) using human CTNS c¢cDNA (exons 3-10) random primer
labeled with a[**P]-dCTP (DuPont/NEN, Wilmington, DE) as
probe.

RT-PCR was performed after total RNA extraction from
cultured fibroblasts by using Trizol reagent (Life 1 echnologies.
Grand lsland, NY). ¢cDNA was synthesized by reverse tran-
scription by using 5 ug of total RNA according to the manu-
facturer’s protocol (GIBCO-BRL. Grand Island, NY). PCR
amplification was performed using 2 pl of the first-strand
c¢DNA, Ix PCR buffer (GIBCO-BRL), 1.5 mM MgCl,, 200
uM dNTP, 0.2 uM of each primer, and 2.5 U Tag DNA
polymerase in a final volume of S0 uL. After an initial
denaturation step at 94°C for 4 min, PCR was conduc: 2 for 20
cycles, each with a denaturation step at 94°C for 30 s, anneal-
ing at 55°C for 40 s, and extension at 72°C for 1.5 min. (The
extension time was 2.5 min when the entire coding cDNA was
amplified.) An elongation step at 72°C for 10 min finalized the
procedure. The PCR products were electrophoresed in 1.4%
agarose and were stained with ethidium bromide. The primers
used for amplification of the coding ¢cDNA were 5'-
CCTCTTCCAGTAACATTGAGG-3’ (in exon 2) and 5'-
AGAAAAGAGATGGCGCTGTC-3' (in the 3" UTR), yield-
ing a 1431-bp product. The primers used to create the probe for
Northern blot analysis were 5'-TGAAGCTCGTAGAGAAAT-
GTG-3" and 5'-GCTTGATGTAGGAGAAGCAG-3', yielding
a 779-bp band. The primers used to amplify the paternal allele
of case |, excluding the maternal allele, were 5'-CTATCCT-
TGAGCTCCCCG-3" and 5'-GGTTGGGTCTCCGAAGATC-
3', yielding a 799-bp product.

CASE HISTORIES

Case 1. This 26-y-old male was patient 2 of a previous
report (32). Briefly, he presented with corneal crystals on
routine ophthalmologic examination at 6 y 9 mo of age. At that
time, a renal biopsy, fixed in absolute ethanol to preserve
cystine crystals, showed no crystals, but a bone marrow biopsy
showed typical crystals on light microscopy (Fig. 14) and
under birefringent light (Fig. 1B). Serum creatinine was 0.7
mg/dL, growth and bone ages were normal, and there was no
evidence of renal tubular Fanconi syndrome. By age 14 y 6 mo,
the serum creatinine was 1.0 mg/dL, height was 166 cm (50%),
and weight was 73 kg (90%). Renal tubular function was
normal. At this time, the leukocyte cystine level was 2.85 nmol
half-cystine/mg protein, and the countertransport of cystine
across the membranes of leukocyte granular fractions (i.e.
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Figure 1. Biopsies of case 1. A, Light microscopy of bone marrow showing
hexagonal crystals against a background of normal cells. B, Bone marrow
crystals under cross-polarizing light.

lysosomes) was 9% of normal on one occasion and 29% of
normal on another. The patient’s father had a leukocyte cystine
level of 0.52 nmol half-cystine/mg protein and 61 and 73% of
the normal lysosomal cystine countertransport. The mother had
a leukocyte cystine level of 0.32 nmol half-cystine/mg protein
and 66 and 70% of the normal amount of countertransport.
Atage 20y, the patient had dense crystals in all layers of his
corneas (Fig. 2A). Between 20 and 26 y of age, the patient’s
creatinine clearance ranged from 101 to 127 mL/min (normal,
90-125 mL/min), and his Fanconi syndrome index ranged
from 51 to 72 pmolkg ~'-d~' (normal, 94 + 45). His leukocyte
cystine ranged from 8 to 16 nmol half-cystine/mg protein, but
he never received oral cysteamine therapy. At age 26 y 6 mo,
the patient’s height was 184 cm (85%) and his weight was 109
kg (>95%). The serum creatinine was 1.0 mg/dL, and two
creatinine clearances were 150 and 167 mL/min. Serum elec-
trolytes and blood counts were normal. The thyroxine level
was 8.1 pg/dL. (normal, 5.0-10.0), and the TSH was 1.61
ulU/mL (normal, 0.4—-4.4). Testosterone was 511 ng/dL (nor-
mal, 300-950), with an LH of 5 U/L (normal, 2-12). Total
serum cholesterol was 193 mg/dL (normal, 100-200 mg/dL).
The leukocyte cystines were 14.8 and 18.6 nmol half-

Figure 2. Slit lamp photographs of cornea. A, Case 1 at age 20 showing
abundant birefractive corneal crystals. B, Case 3 at age 20 showing moderate
crystals. C, Case 4 at age 21 with moderate corneal crystal density.

cystine/mg protein, and a fibroblast cystine level was 3.7 nmol
half-cystine/mg protein. The clinical severity score was 1.2,
indicating extremely mild disease.

Case 2. This 38-y-old woman presented with photophobia at
age 38 y but had suffered chronic sensitivity to light. Fluores-
cent lights, driving into headlights, and peering at flames were
especially bothersome. On examination, the patient was 164
cm in height (50%) and weighed 64 kg (75%). Typical corneal
and conjunctival crystals were seen by an ophthalmologist, but
a nephrologist found no medical evidence of renal tubular or
glomerular damage. The serum creatinine was 0.9 mg/dL, with
normal electrolytes and blood counts. The urinalysis was nor-
mal. The leukocyte cystine level was 1.2 nmol half-cystine/mg
protein. The clinical severity score was 1.0, based upon four of
the five designated parameters (28).
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Case 3. This 20-y-old woman was found to have corneal
crystals on an optometrist’s routine examination 6 mo before
admission. Crystals observed by an optometrist at age 12 were
interpreted as artifact due to cosmetic use. Chronic mild pho-
tophobia and a foreign body sensation were increased during
her pregnancy 7 mo before admission, but the patient had no
other health problems. She never received oral cysteamine
therapy. The physical examination was entirely normal except
for the presence of moderate crystals in the anterior stroma of
the corneas (Fig. 2B). Pigmentation of the retina was normal.
The patient was 170 cm tall (85%) and 56.6 kg (50%). Labo-
ratory studies revealed normal serum electrolytes, blood
counts, and serum chemistries. The serum creatinine was 0.7
mg/dL, with a clearance of 144 mL/min (normal, 90-125).
Two Fanconi syndrome indexes were normal, i.e. 85 and 109
umolkg ™ '-d™', and leukocyte cystines on 2 days were 1.3 and
1.1 nmol half-cystine/mg protein. The clinical severity score
was 1.0, the lowest possibie value.

Case 4. This 21-y-old woman was the first cousin of case 3.
She was also diagnosed with corneal crystals on routine oph-

Imologic examination and had suffered chronic photopho-
bia. Otherwise, she was an entirely healthy college student. On
physical examination, the patient was 164 cm in height (50%)
and 77 kg in weight (>90%). Her ophthalmologic examination
revealed moderate crystals in the anterior stroma of both
corneas (Fig. 2C) and normal pigmentation with a blond
fundus. Serum electrolytes, blood counts, and chemistries were
normal, with a serum creatinine of (.7 mg/dL and clearances of
i27 and 158 mL/min. Serum thyroxine was 10.3 pg/dL and
TSH 1.15 pIU/mL. Two Fanconi syndrome indexes were
normal, i.e. 95 and 98 pumolkg ™ »d~'. The leukocyte cystine
levels were 2.1 and 2.5 nmol half-cystine/mg protein on con-
secutive days. The clinical severity score was 1.0.

RESULTS

Mutation analysis. Mutations were identified on both alleles
of case 1. The first mutation was determined after SSCP
analysis of exons 3—12 showed an abnormal pattern for exon 5

A _ B

545

1 2345

Normal

Y
TTACTATCCTTGAGCTCCCCGAT

(Fig. 3A). Direct sequencing of the patient’s genomic DNA
revealed a heterozygous TCCTT deletion starting at nucleotide
545, causing an I69R amino acid substitution and resulting in
a stop codon at position 73. This deletion, previously described
in a classic nephropathic cystinosis case (28), was also found in
the heterozygous state in the patient’s mother but not in his
father. The patient’s maternal allele, analyzed using cDNA,
illustrates the deletion (Fig. 3B).

To search for the patient’s second mutated allele, exons
3-12 were completely sequenced from genomic DNA using
standard PCR primers (27). This revealed a heterozygous
C—G substitution at the —3 position of the acceptor splice site
for IVS10 (Fig. 4A, rop). The father was a carrier for this
mutation. Because the mutation could cause abnormal splicing
(33-36), the cDNA in the region was examined. First, a region
from exon 5 to 12 was amplified using a 5’ primer that included
the TCCTT deletion on the opposite allele; this eliminated
amplification of the maternal allele. The products formed
included fragments of the expected size (799 bp) as well as a
band of 981 bp and an intermediate-sized fragment (Fig. 4B).
Analysis of the small band showed the expected sequence. The
large fragment contained a 182-bp insertion whose sequence
was identical with the last portion of IVS10 (Fig. 4A, bottom).
The middle band contained a combination of the two se-
quences. At the 5" boundary of the 182-bp insciuon within
IVS10 was a splice site sequence that had exactly the same
degree of resemblance to the consensus sequence,
(Py),;NCAG-G, as the normal splice acceptor site. That is,
both the cryptic splice site and the normal acceptor site had
seven pyrimidines in the 11 nucleotide sequence 5’ to
CCAG-G. The cryptic splicing predicts a cystinosin protein
with 28 incorrect amino acids inserted, terminating at residue
313. There is inadequate information concerning the structure
of cystinosin to infer the impact of this mutation upon the
protein’s functional domains. A diagram of this abnormal
splicing situation is shown in Figure 4C.

Two mutations were also identified in case 2. Because SSCP
showed no obvious changes, we sequenced the entire coding

TEETT
544

Y
TTACTA'GAGC TCCC CGA T

Mutant

Figure 3. A, SSCP analysis of exon 5 of CTNS. Lanes I and 5, control DNA. Lanes 2 and 4, DNA from nephropathic cystinosis patients showing the normal
pattern, Lane 3, DNA from case | showing heterozygosity for the normal fragments plus an abnormally migrating pair of bands. B, Sequence of the cDNA of
the maternal allele of case | (righr) compared with normal (leff) in the region of exon 5. Note deletion of TCCTT starting at nucleotide 545, after which the

sequence is ambiguous due to overlap of the two different contributing alleles.



OCULAR CYSTINOSIS 21

A Ex 11 ¥
g

Foward-AC ATC CGlGAT

TAGGCIC TG

£

Reverse - T G

Ex 10

GACACCTTTTA
CTGTGGAAAAT

Ex11

WS 10

G TCAAACCCACCAG
c AGTTTGGGTGGTC

C Normal

Mutant

Figure 4. Paternal mutation in case 1. A, Sequencing of the genomic DNA of

case | revealed both the normal C and a mutant G in the —3 position of IVS10

top). Sequencing of the upper band of lane 3 of (B) revealed 182 bp of IVS10
incorporated into the cDNA between exons 10 and 11 (botiom). B, Agarose gel
electrophoresis of cDNA fragments, PCR amplified using a 5" primer including
nucleotides 545-549 to exclude the maternal allele. Lane I, DNA size markers.
Lane 2, negative control containing no DNA. Lane 3, case | cDNA template
showing three amplified bands. Lane 4, control cDNA template yielding a
fragment of the expected size, 799 bp. C, Schematic representation of the
paternal mutation of case 1. Normal splicing occurs using the consensus
acceptor site. Substitution of a G for a C renders this site less attractive, and a
cryptic site 182-bp 5' of exon 11 serves as the splice acceptor. The abnormal
splicing creates the band in (A), which is 182 bp larger than normal.

region of CTNS using both genomic DNA and cDNA. This
revealed a G— A substitution at nucleotide 928 (Fig. 5), caus-
ing a Gly to Arg change at amino acid 197. Sequencing
revealed only the A at this location, indicating that the patient
could be homozygous for this mutation. Alternatively, the
patient could be hemizygous for the 928 G— A mutation and
carry the common 57-kb deletion (27) on the other allele. We
studied this possibility by performing PCR amplification using

928 928
v v
ATACCCCAACGG AGTG A TACCC CAACAGAGTG
Gly Arg
. ; -3 .
i B n
":.:':[._l ::
rnll :'
PR | 1
:'.H:i
el p
Ak '.
“eal :
g 2

normal mutant

Figure 5. Sequence of a portion of exon 9 of CTNS using as template either
normal control DNA (left) or genomic DNA of patient 2 (right). The G— A
substitution at nucleotide 928 results in a GI97R amino acid change.

recently identified primers that flank the 57-kb deletion and
yield a product only if the deletion is present (29). In case 2, the
product was identified (data not shown), demonstrating that the
patient carried both the G197R mutation and the 57-kb dele-
tion. No 928 G— A changes were observed in the sequences of
55 other alleles, including 20 normal alleles and 35 alieles
containing a different CTNS mutation.

Cases 3 and 4 were part of a family whose pedigree is shown
in Figure 6. DNA was available from six of the seven members
depicted. The two patients with ocular cystinosis, II-1 and Ii-2.
were cases 3 and 4, respectively. For both patients, sequencing
of exons 3-12 of genomic DNA revealed the identical 928
G— A substitution found in case 2. Members of the family who
carried this base change also carried a silent polymorphism,
843A—G. Genotyping family members for the polymorphic
CA microsatellite repeat D775829 in intron 3 of CTNS allowed
for the identification of a mild haplotype (2775829, aliele
3-843G-928A) referred to as haplotype number 3. This hap-
lotype was carried by five family members (1-2, -3, 1I-1. 1I-2,
II-3). Various normal haplotypes, with respect to these three
markers, were identified in unaffected family members. The

second cystinosis allele in patient II-1 was shown by the PCR

assay described above to be the common 57-kb deletion. This
deletion was presumably inherited from her mother and was
not detected in any other available family members. The

0.23

A3 b 8
|

1.21

Figure 6. Pedigree of case 3 (patient 11-1) and case 4 (patient 11-2). Haplo-
types are given (o the left of each patient symbol and are numbered using fine
type. Haplotype 1, depicted by an empty bar, is normal. Haplotype 2, depicted
by a solid bar, carries an unidentified presumably severe mutation in CTNS.
Haplotype 3 is the D/75829(3)-928A-843G haplotype associated with mild
disease. Haplotype 4 is another normal haplotype. The A haplotype carries the
57-kb deletion involving CTNS. Leukocyte cystine values in nmol half-
cystine/mg protein are given beneath each patient symbol.
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second, presumed severe, cystinosis allele was not identified in
patient II-2. Nevertheless, the two siblings I-2 and 1-3 appar-
ently each married an individual heterozygous for cystinosis.
The haplotype segregation pattern in the family is depicted in
Figure 6, along with leukocyte cystine values.

Northern blots. RNA was available from fibroblasts of
patients 1, 2, and 4 as well as from two normal controls and
two cystinosis patients homozygous for the 57-kb deletion in
CTNS. Patient 1 showed a small amount of CTNS mRNA (Fig.
7A), 10.5% of normal using a Fujifilm BAS-1500 phosphoim-
ager, whereas patients 4 and 2 exhibited normal or nearly
normal levels (Fig. 7B). Patients homozygous for the 57-kb
deletion in CTNS had no CTNS mRNA expression in their
cultured fibroblasts.

DISCUSSION

The identification of CTNS mutations in four patients with
ocular nonnephropathic cystinosis (Table 1) allows for several
important conclusions. First, the results confirm that ocular
cvtinosis is allelic with infantile nephropathic cystinosis. In
& .tion, our findings promote the guarded generalization that
ocular cystinosis patients are heterozygous for one severe
mutation (e.g. 545delTCCTT in case 1 and the 57-kb deletion
in cases 2 and 3) and one mild mutation {(e.g. IVS10-3 C—G
in case 1 and 928 G— A 1n cases 2—-4). The severe mutations
are known to be debilitating because they occur in patients with
classic nephropathic cystinosis. The 545delTCCTT has been
found in the hemizygous state in a nephropathic cystinosis cell
line (28) and the 57-kb deletion in the homozygous state
produces classic severe cystinosis (27, 28).

The 928 G—A and splicing mutations are inferred to be
mild because they occur in patients with ocular cystinosis.
However, additional findings support their mild nature. Al-
though no cystinosin determinations were available, the 928
G— A mutation yields large quantities of CTNS mRNA cven in
combination with a CTNS deletion allele (case 2, lane 3, Fig.
7B). Moreover, cystinosis heterozygotes bearing 928 G—A
plus a normal CTNS allele, i.e. patients 1-2, I-3, and 1I-3 in
F' -re 6, had leukocyte cystine values that were normal (0.10
n. .ol half-cystine/mg protein) or only slightly above normal
{0.23 and 0.2% nmol half-cystine/mg protein), indicating min-
imal impairment of lysosomal membrane cystine transport.
Finally, whereas the seven previously identified missense mu-

A B

1 '] < Cystinosin —

.Q.”.“— B-Actin —»l..~
i 2 3 4 5 1 2 3

Figure 7. Northern blots of patient CTNS mRNA. A, lanes I and 5, normal
control fibroblast RNA. Lanes 2 and 4, RNA from 57-kb deletion patients.
Lane 3, fibroblast RNA from case 1. Loading can be gauged by the abundance
of B-actin mRNA. B, lane I, normal control fibroblast RNA. Lane 2, RNA
from fibroblasts of case 4. Lane 3, RNA from fibroblasts of case 2.

Table 1. Summary of ocular cystinosis cases

Fanconi
Serum syndrome
creatinine index* Severity
Case Age (y) (mg/dL)  (pmolskg/d) score Mutations
1 26 1.0 51-72 1.2 545delTCCTT
IVS10-3C —= G
2 38 0.9 NA 1.0 928G — A
57-kb deletion
3 20 0.7 85, 109 1.0 928G — A
57-kb deletion
4 21 0.7 95. 98 1.0 928G — A
NA

* Normal, 94 = 45 pmol/kg/d. NA = not available.

tations causing nephropathic cystinosis have been located ei-
ther within a predicted transmembrane domain of cystinosin or
one amino acid outside of a transmembrane domain (27, 28),
the G197R mutation is nine amino acids away from the nearest
transmembrane domain. The 928 G—A change should be
considered a mutation rather than a polymorphism because it
segregated with the disease in cases 3 and 4 and was not
present in 55 other sequenced alleles.

The mild nature of the IVS10-3 C—G mutation is sup-
ported by several pieces of evidence. First, the maternal mu-
tation. 545delTCCTT, results in termination at codon 73 and is
expected to contribute no cystinosin. Second, the IVS10-3
C—G mutation clearly produces some normal mRNA that
gives rise to cDNA (lower band, Fig. 4B). In the fibroblasts of
case 1, some residual CTNS mRNA (approximately 10% of
normal) was apparent (Fig. 7), and the level of expression may
be considerably higher in this patient’s kidney. Splicing mu-
tations, in general, can be mild by virtue of some degree of
normal mRNA processing. Splicing defects caused by muta-
tions in the —3 position of a splice acceptor site are rare; only
three have been mentioned in recent publications on the subject
(35, 37).

Perhaps the most intriguing question broached by the mo-
lecular analysis of ocular cystinosis is why the kidney is spared
in these patients. For cases 2—4, one explanation is straight-
forward. The 928 G— A mutation allows for significant resid-
ual activity of cystinosin, consistent with the high level of
CTNS mRNA expression in fibroblasts (Fig. 7) and with the
relatively low leukocyte cystine values in these patients, i.e. 1.2
and 2.3 nmol half-cystine/mg protein. The cystinosin activity
appears sufficient to prevent kidney damage but not enough to
spare the cornea, whose lysosomes produce enough cystine to
saturate the endogenous cystine carrier and form crystals.

This explanation fails to hold for case 1. First, the residual
CTNS mRNA, 10-15% of normal (Fig. 7), and lysosomal
cystine countertransport, on average 19% of normal (32), is
relatively low. Second, the leukocyte and fibroblast cystine
levels are in the range for classic nephropathic cystinosis
patients. Clearly, if expression of CTNS is the same in this
patient’s kidney and leukocytes, this patient should have the
same serious kidney disease as other patients with his leuko-
cyte cystine levels. We propose that the sparing of the kidney
in case 1 relates to his specific CTNS mutation, the IVS10-3
C— G, affecting splicing. In particular, we suggest that the
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tissue-specific expression of splicing factors that presumably
occurs in all humans allows for increased use of the mutant
splice acceptor site in the kidney compared with other tissues
in which the cryptic splice site is preferred. This may be
because kidney expression of a splicing factor is increased
quantitatively or decreased in quality, i.e. it has less specificity
in its requirements for acceptor site recognition. It has been
previously demonstrated that variable expression of the splic-
ing factor Al influences the alternative splicing of cystic
fibrosis gene (CFTR) splicing mutants (38). Furthermore, any
residual normally spliced CTNS mRNA in kidney cells may
undergo enhanced expression because the endogenous level of
CTNS mRNA is normally increased in kidney compared with
other tissues (27). Note that no such increased CTNS expres-
sion is possible in the kidney of classic nephropathic cystinosis
patients. because their two severe mutations allow no normal
CTNS mRNA production.

A final speculation concerns the reason for the high expres-
sion of CTNS mRNA in cases 2 and 4. Case 2 has only one
functional allele (the one bearing the 928 G— A mutation),
which produces a significant fraction of the normal contingent
of CTNS mRNA (Fig. 7B). It may be that reduced cystinosin
production with consequent elevation in lysosomal cystine
results in induction of CTNS at the transcriptional level, ac-
counting for the high level of its mitNA. A similar induction
may occur for both the 928 G— A allele and the unidentified
allele of patient 4, resulting in a supranormal level of CTNS
mRNA (Fig. 7B). Although regulatory activity involving an
integral lysosomal membrane protein is not generally consid-
ered to exist. a TSH-responsive tyrosine transport system has
been described in the lysosomal membrane of rat thyroid
(FRTL-5) cells in culture (39). Mutant CTNS alleles may serve
as reagents for future investigations into the regulation of
cystinosin production.
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