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The most common mutation in the cystinosis
gene, CTNS, is a 65-kb deletion thought to have
originated in Germany. Although homozygotes for
this deletion are detectable by the absence of the
D175829 polymorphic marker, no method exists to
identify heterozygotes. We identified the 65-kb de-
letion breakpoints and used fianking PCR primers
to amplify a 423-bp fragment present only in the
deletion alleles. Using this method, we determined
that 121 of 216 (56%) cystinosis allelies examined
bore the 65-kb deletion. We found no non-Europe-
ans with the deletion, and the deletion size and
breakpoints appeared identical in all patients stud-
ied, supporting the concept of a founder effect. The
addition of D175829 primers (266 bp apart) to the
PCR created a multiplex PCR system useful for di-
agnosing cystinosis patients homozygous and het-
erozygous for the 65-kb deletion.
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Nephropathic cystinosis (MIM 219800) is a stor-
age disorder due to the defective transport of the
disulfide amino acid, cystine, out of iysosomes (1—3).
Its incidence has been estimated to be 1 in 100,000—
200,000 live births. Affected patients are normal at
birth, but typically exhibit failure to thrive, acidosis,
dehydration, and hypophosphatemic rickets at 6 to
12 months of age (4, 5). These symptoms reflect renal
tubular Fanconi syndrome, but renal glomerular
damage soon supervenes, leading to kidney failure
at approximately 10 years of age unless long-term
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cystine-depleting therapy is instituted. Hypothy-
roidism and photophobia due to corneal crystals of-
ten manifest late in childhood. After renal trans-
plantation, a variety of nonrenal complications,
including a distal vacuolar myopathy (6), impaired
swallowing (7), retinal blindness (8), pancreatic in-
sufficiency (9, 10), neurological deterioration (11,
12), and gonadal insufficiency in males (13), occur
with differing frequencies.

The treatment of cystinosis includes replacement of
renal losses due to the Fanconi syndrome and supple-
mentation with L-thyroxine for those patients with
hypothyroidism (4, 5). However, the mainstay of ther-
apy involves early initiation of treatment with cys-
teamine (14), a free thiol that reacts with intralysoso-
mal cystine to form cysteine and the mixed disulfide
cysteine—cysteamine (15). These compounds exit the
cystinotic lysosome via a process not requiring the
defective cystine carrier (16). The consequent cystine
depletion prevents renal deterioration and growth re-
tardation (17, 18), depletes muscle of cystine (19), and
obviates the need for thyroid hormone replacement
(20). Cysteamine eyedrops effectively dissolve existing
corneal crystals (21, 22).

In 1995, the cystinosis gene, presumed to encode
the defective cystine carrier, was mapped by linkage
analysis to chromosome 17p13 (23). After progres-
sive narrowing of the critical region (24-26), a poly-
morphic marker in the area, D178829, was found to
be absent in several cystinosis patients (27). This
apparent deletion facilitated the isolation of the
cystinosis gene, called CTNS. The mRNA of CTNS is
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~2.6 kb in size. CT'NS contains 12 exons that are
distributed across ~23 kb of genomic DNA and is
predicted to encode a 367 amino acid protein called
cystinosin. Cystinosin has seven predicted trans-
membrane domains and eight potential glycosyla-
tion sites (27).

Although 31 different mutations in CTNS have
already been identified, between 33 and 44% (27, 28)
of patients are reported to be homozygous for a
65-kb deletion that encompasses the D175829
marker located within intron 3. The homozygous
deletion state is associated with the failure to am-
plify a product with PCR primers specific for
D175829, but a method for establishing the het-
erozygous state for this deletion has yet to be re-
ported. Therefore, we determined the breakpoints of
the common 65-kb deletion and used primers imme-
diately distal to these breakpoints for designing a
PCR assay that detects heterozygotes for the dele-

ion. Our method has allowed the frequency of this

common deletion among cystinosis alleles to be es-
tablished. It also provides a diagnostic test for the
most common CTNS mutation in individuals of
Northern European descent.

MATERIALS AND METHODS

All patients were enrolled in an Institutional Re-
view Board-approved protocol, and they or their par-
ents gave informed consent. DNA extraction and aga-
rose gel electrophoresis were performed as described
(28, 29). BAC RG147P12 (Research Genetics, Hunts-
ville, AL) was sequenced using the “shotgun” method
(30). Direct, automated DNA sequencing was per-
formed using the ABI Prism dRhodamine termina-
tor cycle sequencing kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s recom-
mendations. The conditions for multiplex PCR am-

lification are provided in the Results. The PCR
primers used in this study are listed in Table 1.
Sequence comparisons were performed using Pow-
erBLAST (31).

RESULTS

Determination of the deletion breakpoints. The 3’
breakpoint of the common 65-kb deletion was re-
ported by Town et al. (27) to reside within intron 10
of CTNS. We chose two reverse sequences in IVS 10
and IVS 11 that flanked exon 11 (see Table 1). These
sequences served as the 3’ primers for PCR ampli-
fication across the deletion. Since these primers

TABLE 1
Primers for Multiplex PCR Amplification

Name Sequence

Flanking exon 11
Reverse-1 (IVS10)
Reverse-2 (IVS11)*

5'-AGACAGACGGACAGACAGAC-3'
5'-GCCCGATGCCCCAGC-3'

LDM,"
Forward 5'-CTAACAGTATCACCGGAGTC-3'
Reverse 5-GGCCATGTAGCTCTCACCTC-3’
LDM,
Forward 5-ACCTCTCTGATGTGTCCAAG-3’
Reverse 5-AGCCAAAGGCATCAGGAAAG-3'
D175829
Forward 5-CTAGGGGAGCGTGTTAGCAT-3'
Reverse 5-TGTAAGACTGAGGCTGGAGC-3'
Exon 4
Forward 5'-GTCATTGATTTGGGTCC-3'
Reverse 5 -TAGGGCTTGTCTTACAGGTA-3'

“ Reverse 2 (IVS11) is identical to the reverse primer for exon
11 of CTNS, previously described (27).

" LDM, large deletion marker. The reverse primer of LDM, is
identical to the reverse primer for exon 10 of CTNS (27).

were 174 bp apart, the resulting PCR products gen-
erated using these primers along with suitable 5’
primers should differ in size by ~170 bp.

Potential PCR primers for the 5’ end of the break-
point were selected based upon data acquired in the
search for the cystinosis gene. Sequence data for
BAC RG147P12, which contains the 5’ portion of the
deleted sequence, was available (manuscript in
preparation). In addition, the 5’ deletion breakpoint
had been placed within 4 kb of EST T85505 (NID
g713857) by Town et al. (27). Hence, candidate 5’
primer sequences, chosen at 1-kb increments on ei-
ther side of T85505, were screened using the two 3’
primers flanking exon 11; DNA from a homozygous
deletion patient served as template.

One 5’ primer, LDM, Forward (Table 1), vielded
PCR products that were 2.22 and 2.05 kb in size
(data not shown), indicating amplification across the
deletion. The 2.22-kb product was sequenced from
both ends. Its 5’ portion matched the sequence of
BAC RG147P12 for 360 bases (or 361 bases, depend-
ing upon whether the C nucleotide at the junction
was from the 5’ or the 3’ border of the deletion) (Fig.
1). The remaining sequence contained the last 5 (or
4) bases of exon 10 and the beginning of IVS 10.
(Note that the entire 1683-bp sequence of IVS 10
was previously determined by sequencing the PCR
product formed using primers from exon 10 and
exon 11.) The 3’ portion of the 2.22-kb fragment was
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FIG.1. Map of the region encompassing the 65-kb deletion and portions of CTNS. (A) Schematic representation of the 65-kb deletion,
whose 5’ breakpoint occurs approximately 1.1 kb upstream of EST T85505 and whose 3’ breakpoint occurs in exon 10 of CTNS. Blue and
red arrows indicate the annealing positions of the 5’ and 3' LDM, primers, and a green arrow indicates the annealing position of the pair
of D175829 primers. (B) Cartoon of gel-separated PCR products using large deletion (LDM,) and D175829 primers. Using DNA from a
nondeletion patient as template (lane 1), only a 266-bp band is apparent. Using DNA from a homozygous deletion patient (lane 3), only
a 423-bp band is visible. DNA from a patient heterozygous for the deletion (lane 2) yields both bands. (C) Expanded view of the PCR
fragment formed using LDM, primers. The breakpoint occurred at the cytidine indicated by the converging arrows. The 5’ region contains
360 bases upstream of the deletion. The 3’ portion contains 62 bases downstream of the deletion, including 4 bp of exon 10 and 58 bp of

IVS 10. See text for details.

identical to the sequence of exon 11 and the 3' por-
tion of IVS 10. The GenBank accession number for
the sequence of the 5’-breakpoint region in BAC
RG147P12 is AF112441. The GenBank accession
number for the 3'-breakpoint sequence, including
IVS 10, is AF112442.

In summary, the 3’ breakpoint of the deletion was 5
(or 4) bases from the end of CTNS exon 10. The 5’
breakpoint was approximately 1.1 kb 5’ of T85505
(Fig. 1). The region of the deletion breakpoint was
sequenced on 24 different chromosomes, and the iden-
tical sequence at the breakpoint was seen in all cases.

Multiplex PCR amplification. In light of the
above findings, PCR amplification across the 65-kb
deletion was performed using LDM, Forward (as the
5" primer) and LDM, Reverse, the previously re-
ported reverse primer for exon 10 (27) (as the 3’
primer) (Table 1). To ascertain the presence of a
nondeleted allele, D175829 primers (Table 1) were
also included. The deletion primers yield a 423-bp
PCR product, while the D175829 primers yield
~266-bp product (Fig. 1B).

For the PCR, all reagents were obtained from
Qiagen (Valencia, CA). The 25-ul reaction mixture
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FIG. 2. Agarose gel electrophoresis of multiplex PCR prod-
ucts generated with LDM, and D175829 primers. Arrows point to
the 423-bp band of the large deletion marker (LDM,) and the
266-bp band of the D175829 marker. Lane 1, DNA size markers
(GIBCO-BRL-Life Technologies, Gaithersburg, MD); lane 2, nor-
mal control; lane 3, homozygous deletion patient; lane 4, het-
erozygous deletion patient (No. 7 in Ref. 28)—the second muta-
tion is 537del21bp; lane 5, heterozygous deletion patient—the
second mutation is W138X (28); lane 6, heterozygous deletion
patient—the second mutation hac not been determined; lane 7,
homozygous for 985insA (T216M, patient 14 in Ref. 28); lane 8,
negative control (nu DN*).

contained 1xX PCR buffer, 1.5 mM MgCl,, 200 uM
dNTPs, 0.2 uM each primer, 1.25 U of HotStarTaq
DNA polymerase, and 500 ng of template DNA. Af-
ter an initial activation step at 94°C for 15 min, PCR
was conducted for 30 cycles of 94°C for 30 s, 55°C for
40 s, and 72°C for 1 min. An elongation step at 72°C
for 10 min finalized tie procedure. The PCR prod-
ucts were electrophoresed in 2% agarose and stained
with ethidium bromide. For reactions not using the
HotStarTag DNA polymerase, an initial denatur-
ation step at 94°C for 4 min replaced the 15-min
activation step.

An example of the multiplex PCR amplification
using the LDM, primers is provided in Fig. 2. A
normal individual (lane 2) yields only the 266-bp
product, reflecting the presence of D175829 and the
inability to amplify between the LDM, primers
when no deletion is present. The same product is
generated from a patient homozygous for a nondele-
tion CTNS mutation, 985insA (lane 7). In contrast,
only a 423-bp product is made from a homozygous
.eletion patient (lane 3). Finally, DNA from cystino-
sis patients carrying the 65-kb deletion allele as well
as another CTNS mutation yields both bands (lanes
4-6). In the examples shown in Fig. 2, one patient
was previously considered to be homozygous for the
537del21bp mutation (lane 4), another was consid-
ered homozygous for W138X (lane 5), and another
had no known mutation (lane 6).

Figure 3 illustrates segregation of the deletion
allele with the disease in a cystinosis family. Both
parents and one child are heterozygous for the dele-
tion, while the child with cystinosis inherited the
deletion from each parent. Note that the polymor-
phic marker D1785829 is smaller in the mother

than in the father; the heterozygous child inherited
the father’s nondeletion allele and, by inference, the
mother’s deletion allele.

As an alternative to the use of LDM, primers, a
second set of deletion-specific primers (called LDM,)
was designed (Table 1). LDM, Forward, located 140
(or 139) bp 5’ of the breakpoint, and LDM, Reverse,
located 302 (or 303) bp 3 of the breakpoint, yield a
442-bp product. In addition to the LDM, primers,
exon 4 primers (Table 1) could be used to amplify a
fragment of approximately 250 bp from nondeleted
alleles (data not shown). The PCR conditions used
were identical to those used with the LDM, primers.

Frequency of the 65-kb deletion. In a previous
paper (28), we reported CTNS mutations in 108
patients with the caveat that “some of the mutations
noted. . .as homozygous actually may be hemizy-
gous, with a second allele carrying the large dele-
tion.” The ability to detect heterozygotes for the
65-kb deletion using the deletion primers described
above (Table 1) allowed us to refine our estimates of
the frequency of the deleted allele. For example, of
i1 patients apparently homozygous for W138X, 7
proved to be hemizygous, each containing the 65-kb
delction as their second allele. Of 13 individuals
deemed homozygous for various other mutations, 5
carried the 65-kb deletion. Specifically, patients 3, 6,
7, 8, and 18 (in Table 3 of Ref. 28) were hemizygous
for their respective mutations. Thus, 1 of 6 patients
in whom only one mutation had been identified was
found to also carry the deletion, while 11 of 20 pa-
tients in whom no mutation had been recognized
were heterozygous for the deletion.

In total, 50% (12/24) of “homozygous” nondeletion
patients were actually hemizygous. Of 50 patients
homozygous for deletion of D17S8829, 1 showed no
PCR amplification with LDM, primers and another

— LDM,

S = — D175829

FIG. 3. Multiplex PCR amplification of the common deletion
allele in a cystinosis family. Lanes 1 and 6 contain DNA size
markers; lanes 2-5 represent the respective family members’
PCR products. The deletion product (LDM,) and the D175829
band are indicated by arrows.
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was heterozygous for the deletion. Both of these two
patients carried a smaller deletion that included the
D178829 marker. In total, 97 of 100 alleles, pre-
sumed by DI175829 testing to bear the complete
65-kb deletion, actually did. Of 216 cystinosis al-
leles, the 65-kb deletion was identified in 121 (56%),
with 48 homozygous and 25 heterozygous for the
deletion.

Finally, of 100 random alleles from normal indi-
viduals of unknown ethnicity, none was heterozy-
gous for the 65-kb deletion.

DISCUSSION

The identification of suitable PCR p:.imers flank-
ing the common 65-kb deletion in CTNS allowed the
design of a vastly improved method for detecting the
deletion. First, the method can be used to detect
heterozygosity for the deletion or hemizygosity for a
different CT'NS mutation. This new diagnostic ca-
pacity, for example, allowed us to revise our esti-
mate of the frequency of the W138X mutation in
cvstinosis patients from 25 of 216 alleles (12%) (28)
to 18 of 216 alleles (8%). Previously, it was impossi-
ble to distinguish between homozygosity and hem-
izygosity for a nondeletion allele. Second, the new
method generates positive evidence for the deletion
(i.e., a 423-bp band) rather than relying upon the
absence of a PCR product using D17S829 primers
(27, 28). Conversely, in nondeletion patients, the
presence of a control band confirmed the adequacy of
the DNA template. Finally, the percentage of 65-kb
deletion alleles in American-based cystinosis pa-
tients can be accurately estimated at 56%. These
patients, of course, are largely of Northern Euro-
pean ancestry, and the 65-kb deletion has not been
associated with non-European-derived populations.
Hence, the use of a frequency of at least 56% for the
deletion corresponds only to patients of Northern
European heritage. In addition, as with other mul-
tiplex PCR methods, the intensity is not always
equal among amplified bands, and separate PCR
amplifications may occasionally be required.

With these reservations, the multiplex PCR tech-
nique identifies patients with zero, one, or two al-
leles bearing the 65-kb deletion and can be used in
several situations. For families with a child who is
homozygous for the deletion, subsequent prenatal
diagnosis can be performed, since this technique
distinguishes homozygotes from heterozygotes. For
couples whose family history places them each at
risk for carrying the deletion, PCR amplification can

be used to ascertain whether or not they carry the
deletion alleles. This constitutes a significant ad-
vance over current heterozygote detection by leuko-
cyte cystine measurement (4), a tedious procedure
seldom performed. For all cystinosis patients, in-
cluding those with variants of the disease (4, 5),
multiplex PCR amplification provides a simple and
reliable diagnostic test that can eliminate the need
for more extensive, sequence-based analyses. We
generally employed the LDM, primers, but for ver-
ification of critical results, the LDM, primers can be
used in addition.

In their paper describing the CTNS gene identifi-
cation, Town et al. (27) state that the 65-kb “deletion
was detected only in patients of European origin
suggesting a founder effect.” We agree (28), having
verified the absence of the deletion in 11 of 11 non-
European cystinosis alleles. Moreover, PCR amplifi-
cation using the described assays has yielded prod-
ucts of apparently identical size in 73 of 73 patients
and of absolutely identical sequence in 24 of 24
alleles. These findings support the hypothesis that a
founder effect accounts for the high frequency of the
deletion and may obviate the need to invoke one of
the mechanisms of repeated gene rearrangement
recently delineated (32).
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