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Abstract

Cystinuria, a genetic disorder of cystine transport, is characterized by excessive excretion of cystine in the urine and recurrent
cystine stones in the kidneys and, to a lesser extent, in the bladder. Males generally are more severely affected than females.
The disorder may lead to chronic kidney disease in many patients. The cystine transporter (b%*) is a heterodimer consisting
of the rBAT (encoded by SLC3AT) and b>*AT (encoded by SLC7A9) subunits joined by a disulfide bridge. The molecular
basis of cystinuria is known in great detail, and this information is now being used to define genotype—phenotype correla-
tions. Current treatments for cystinuria include increased fluid intake to increase cystine solubility and the administration of
thiol drugs for more severe cases. These drugs, however, have poor patient compliance due to adverse effects. Thus, there is
a need to reduce or eliminate the risks associated with therapy for cystinuria. Four mouse models for cystinuria have been
described and these models provide a resource for evaluating the safety and efficacy of new therapies for cystinuria. We are
evaluating a new approach for the treatment of cystine stones based on the inhibition of cystine crystal growth by cystine
analogs. Our ongoing studies indicate that cystine diamides are effective in preventing cystine stone formation in the Slc3al
knockout mouse model for cystinuria. In addition to crystal growth, crystal aggregation is required for stone formation.
Male and female mice with cystinuria have comparable levels of crystalluria, but very few female mice form stones. The
identification of factors that inhibit cystine crystal aggregation in female mice may provide insight into the gender difference
in disease severity in patients with cystinuria.
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lysine and arginine (COLA) in the renal proximal tubules
[1-7]. Of the four amino acids, cystine is the least soluble
and it can crystallize in the urinary tract, leading to cystine
stone formation. The COLA transporter (b**) is a heterodi-
mer consisting of the rBAT (encoded by SLC3A1, located
on chromosome 2p16.3) and b®*AT (encoded by SLC7A9,
located on chromosome 19q13.1) subunits joined by a
disulfide bridge.

Cystinuria is a chronic disorder characterized by the
hyper-excretion of cystine in the urine (>400 mg/day com-
pared with <30 mg/day in normal subjects) and develop-
ment of cystine stones in the kidney and, to a lesser extent,
in the bladder [8-10]. It accounts for 1-2% and 6-8% of
urinary tract stones in adults and children, respectively [11,
12], making it the most common genetic cause of urolithi-
asis in the pediatric population. The same defect is present
in the small intestine, but this is considered to be of little
consequence as amino acids are primarily absorbed as small
peptides [13, 14].

Prevalence

The prevalence of cystinuria globally is estimated to be 1 per
7000 with widespread variation, ranging from 1 in 2500 in
Israeli Jews of Libyan origin (due to a founder effect) to 1
in 100,000 in Sweden [2, 3, 8]. The estimated prevalence in
the US population is 1 in 10,000, suggesting that there are
approximately 33,000 affected individuals [15]. However,
the true prevalence may be higher as some affected individu-
als do not form stones or form them so infrequently that the
diagnosis of cystinuria is not made [8].

Clinical presentation

Although stones may form at any age, stone formation in
cystinuria most commonly occurs within the first two dec-
ades of life, with approximately 50% of patients developing
their first stone in the first decade of life and 25-40% dur-
ing their teenage years [2, 8, 16, 17]. About 75% of these
patients will present with bilateral stones [8].The diagnosis
is usually made by confirming the stone composition as cys-
tine. Siblings of patients with cystinuria should be screened
by measurement of urinary cystine by adding nitroprusside
to the urine, which turns reddish/purple in the presence of
excess cystine.

Males are generally more severely affected than females
and they have a larger number of stones [2]. On average,
untreated patients experience one new stone every year and
undergo a surgical procedure to remove the stones every
3 years. By middle age, the average cystinuria patient will
typically undergo seven surgical procedures [18]. In a lon-
gitudinal study involving 16 patients, it was shown that
patients who received early medical management after the
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initial presentation had the lowest recurrence rates and they
tended to maintain their renal function, emphasizing the
importance of prompt metabolic assessment [19].

Kidney disease

Up to 70% of patients with cystinuria may develop chronic
kidney disease (CKD), which may lead to end-stage renal
disease (ESRD) [16, 18]. In a retrospective study that
collected data from 442 patients with cystinuria, 27% of
patients had an estimated glomerular filtration rate (¢eGFR)
<60 mL/min/1.73 m?, indicating some degree of CKD.
Hypertension was also common in this study, with 28.6%
of patients having high blood pressure [20]. Bilateral stones
may also increase the risk for acute kidney injury, particu-
larly in children. It has been suggested that young children
with acute renal failure due to ureteral stones should be
tested for cystinuria [21]. Compared with calcium oxalate
stone formers, patients with cystinuria are more likely to
have abnormal serum creatinine levels and they are at higher
risk for nephrectomy [15, 22].

Cystinuria genotypes

Cystinuria genotypes are classified as Type A or Type B.
Type A is caused by mutations in SLC3A1 and Type B by
mutations in SLC7A9. Clinical symptoms in the A and B
sub-groups are similar and there is no apparent correla-
tion between genotype and phenotype but, as noted below,
relationships between genotypes and phenotypes are now
beginning to be delineated. SLC3A I heterozygotes have no
apparent phenotype, but SLC7A9 heterozygotes excrete vari-
able levels of COLA in the urine [2, 23]. Few of these latter
patients will have stones, but perhaps they are more likely
to do so if urine volumes are low or animal-protein inges-
tion is high.

The percentage of Type A and B genotypes appears to be
population-dependent, but the distribution may be skewed
by the inevitably small number of patient samples in the
various studies. There is a preponderance of mutations in
SLC7A9 in the Spanish population, but a higher percentage
(55-75%) of mutations in SLC3A 1 has been reported in other
European populations (UK, France, Eastern Europe) and an
equal distribution has been found in the American popula-
tion. Approximately 2% of patients have mutations in at least
one copy of each gene, but stone formation only occurs if
both copies of either gene are abnormal (Type AAB or ABB
cystinuria). Mutations have not been identified or only one
mutant allele has been identified in approximately 5% of
patients with cystinuria [5, 16, 17, 24, 25]. To date, 241
mutations have been identified in SLC3A and 159 muta-
tions in SLC7A9, including atypical cases for both genes, in
the Human Gene Mutation Database (HGMD® Professional
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2018, http://www.hgmd.cf.ac.uk/ac/index.php, accessed
November 12, 2018) [26].

Limitations of current treatment modalities

Medical treatment for cystinuria involves increasing cystine
solubility by increasing urine volume and pH. Hyperdiure-
sis is the most important factor for preventing cystine stone
formation, but this requires water intake of >4 liters/day
and urine output of > 3 liters/day [2, 6, 23], which is difficult
to achieve in young children. Cystine solubility increases
with pH but only at values greater than 7.0, which is dif-
ficult to maintain on a long-term basis and may predispose
to formation of calcium phosphate stones [27]. The use of
thiols p-penicillamine (Cuprimine®) and tiopronin (Thiola®)
are options for the most seriously affected patients [6, 28].
These sulthydryl drugs convert cystine to the more solu-
ble mixed disulfides of cysteine-penicillamine or cysteine-
tiopronin, respectively. Both drugs require the use of high
doses (1-2 g/day) and are associated with allergy and toxic-
ity, limiting their use.

Despite preventative measures, most patients with
cystinuria eventually require multiple surgical procedures for
stone management. Surgical options include extracorporeal
shockwave lithotripsy (ESWL), but cystine stones are some-
what resistant to ESWL and may require multiple rounds of
treatment with attendant risk of kidney injury [29]. Patient
compliance with dietary therapy is often poor; sulfthydryl
drugs have multiple side effects; and repeated surgical inter-
ventions can lead to renal insufficiency. Therefore, current
therapies for cystinuria are inadequate.

Clinical trials

The thiol drugs p-penicillamine and tiopronin are part of
the standard treatment regimen for cystinuria, but they are
associated with significant side effects, including allergic
reactions, skin disorders, liver abnormalities, nephrotic syn-
drome, and blood disorders [30]. Clinical trials are currently
in progress aimed at reducing the side effects associated with
cystinuria therapy (http://www.clinicaltrials.gov, accessed
November 12, 2018). These include bucillamine, a thiol-
binding drug developed from tiopronin (NCT02942420);
tolvaptan, a vasopressin antagonist that increases urinary
output (NCT02538016); and a-lipoic acid, a nutritional
supplement that has been shown to increase cystine solu-
bility in the Slc3al knockout mouse model for cystinuria
(NCT02910531) [31]. Two recently completed clinical trials
involved measurement of cystine supersaturation as a pre-
dictor of cystine stone recurrence (NCT02120105) and the
relationship between dosage of cystine-binding thiol drugs
and cystine concentration in the urine (NCT02125721).
An earlier trial involving a mixture of nine Asian Indian

herbs collectively known as Cystone did not decrease urine
cystine levels or stone burden in patients with cystinuria
(NCTO00381849) [32].

Quality of life issues

A number of surveys have evaluated the health-related
quality of life (HRQoL) issues in patients who form cystine
stones compared with non-cystine stone formers or the gen-
eral public [33-35]. Using the Rand Medicine Survey Form
36 (SF-36), a generic form for self-reporting of quality of
life measures, Modersitzki et al. [33] noted that, in a sample
of 214 cystine stone formers and 81 non-cystine stone form-
ers, the former group suffered longer from kidney stones
and had significantly more episodes of stones than the latter
group and that all stone formers, irrespective of stone type,
had worse HRQoL scores than the general US population.
In the Parr et al. SF-36 survey [34], based on a sample size
of 14 patients, cystinuria was associated with a higher rate
of surgical intervention and a lower QoL compared with
the general population. Further, patients reported that medi-
cal management was either ineffective or poorly tolerated,
at least in part due to the adverse side effects of available
medications. In the Streeper et al. study [35], using the dis-
ease-specific Wisconsin Stone Quality of Life (WISQOL)
questionnaire in a sample of 12 cystine stone formers and
90 patients with mixed calcium stones, patients with cystine
stones had lower WISQOL scores and lower HRQoL scores
compared with non-cystine stone formers. Collectively,
these studies highlight the importance of improving the
medical management of patients with cystinuria to reduce
the rate of morbidity and surgical interventions.

Associated disorders

Cystinuria normally manifests as a renal system disorder,
but several patients have been reported in which cystinuria
is associated with neurological, muscular, mitochondrial, or
other abnormalities. These include 2p21 deletion syndrome,
hypotonia-cystinuria syndrome (HCS), and atypical HCS
[36-38]. The 2p21 deletion syndrome is characterized by
moderate—severe psychomotor retardation and a decrease in
activity of the respiratory chain complexes I, III, IV and V.
Patients with HCS have generalized hypotonia, growth retar-
dation and minor facial dysmorphic features. The phenotype
in atypical HCS is similar to that in classical HCS but with
mild-moderate mental retardation and a decrease in activity
of only respiratory chain complex I'V. Genomic alterations in
these patients include contiguous gene deletions involving
SLC3A1I and one or more other genes, with the severity of
the different syndromes reflecting the number of genes that
are deleted. The deletion spans SLC3A, PREPL, C2orf34
and PPM1IB in 2p21 deletion syndrome; SLC3A1, PREPL

@ Springer


http://www.hgmd.cf.ac.uk/ac/index.php
http://www.clinicaltrials.gov

60

Urolithiasis (2019) 47:57-66

and C2o0rf34 in atypical HCS; and SLC3A1 and PREPL in
HCS.

A contiguous gene deletion involving SLC7A9 has
recently been described in a patient with the 19q13.1 micro-
deletion syndrome [39]. Clinical features of this syndrome
include facial dysmorphism, ectodermal dysplasia, growth
retardation, neurologic features and genitourinary anoma-
lies. The patient had elevated levels of cystine and lysine
in the urine but no urinary tract stones. A 5.81 Mb deletion
spanning 19 genes, including SLC7A9, was identified in one
allele and the other SLC7A9 allele had a point mutation.
SLC7A9 deletions have been suggested, but not verified, in
several patients with elevated COLA levels in the urine but
with an identified mutation in only one allele of SLC7A9. A
Korean boy with mental retardation, ataxia and hyper-excre-
tion of COLA but no renal stones had a heterozygous muta-
tion (G173R) in SLC7A9. The same mutation was present
in his mother and sister, but extensive analysis of SLC7A9
and SLC3A1 did not identify the second mutation in this
patient. DNA from the father was not available for testing.
The second mutation could be a contiguous gene deletion
spanning SLC7A9 inherited from the father [40].

A Japanese patient with elevated excretion of COLA but
no urinary stones and with atrophy in the cerebellum, brain-
stem and cerebrum had a heterozygous mutation (P482L)
in SLC7A9, again suggesting the possibility that the second
mutation is a large deletion [41]. A homozygous point muta-
tion (F4976L) was identified in the ryanodine receptor type
1 (RYRI) gene in two sisters from a consanguineous fam-
ily with cystinuria due to a point mutation in SLC7A9 and
congenital myopathy. RYR/ is located telomeric to SLC7A9
in a 5 Mb region on chromosome 19q13.1, thus explaining
the association between these two disorders. No deletions
or insertions were identified in the sequenced region, sug-
gesting that the co-occurrence of these two conditions is due
to the inheritance of the same haplotype from both parents
[42].

Recent findings
Genotype-phenotype correlations

Analysis of genetic alterations and their functional effects at
the protein level may allow prediction of the clinical course
of a disease as well as identification of modifying genetic,
epigenetic or environmental factors that influence clinical out-
come. This approach has been demonstrated for diseases such
as Lesch—Nyhan disease [43] and ATP-binding cassette trans-
porter A3 (ABCA3) deficiency [44]. As indicated earlier, 241
mutations in SLC3A 1 and 159 mutations in SLC7A9 are listed
in the Human Gene Mutation Database. Observational stud-
ies have generally not identified specific genotype—phenotype
correlations for cystinuria [16, 45], but preliminary analysis of
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genetic data from 74 patients showed that the presence of at
least one missense mutation in SLC3A [ correlated with lower
urinary levels of ornithine, lysine and arginine, but not of cys-
tine, compared with all other combinations of mutations [17].

The relationship between cystinuria genotypes and pheno-
types is now being explored in more detail using a variety
of computational methods [46—48]. As an example, com-
puter modeling of b**AT (encoded by SLC7A9), suggested
that mutations such as p.Argl71Trp and p.Arg333Trp are
located close to the end of the transport membrane channel
and they could affect membrane stability [48]. Computational
predictions can: (i) provide better understanding of geno-
type—phenotype relationships; (ii) facilitate the development
of new diagnostic markers; and (iii) eventually lead to person-
alized treatment options [46, 47]. Ultrasound scanning dur-
ing the 22-33 weeks of gestation has identified hyperechoic
colon (HEC) in some fetuses with cystinuria. DNA sequence
analysis from newborns with or without HEC indicated that
only patients with more severe mutations within SLC3AI or
SLC7A9 presented with HEC, suggesting another relationship
between genotype and phenotype [49].

SLC7A13 and isolated cystinuria

Early studies on lysine and arginine infusion in control sub-
jects and in patients with cystinuria suggested the presence of
two transport systems for cystine in the kidney: a low capac-
ity system that is defective in patients with cystinuria and
a high capacity system that is intact in these patients [50].
Three additional lines of evidence support the presence of a
second transporter for cystine. First, atypical cystinuria has
been described in a British family and in a German family in
which probands had hypercystinuria without a concomitant
increase in the excretion of ornithine, lysine and arginine [51,
52]. Second, the primary COLA transporter (b**) is located in
the S1 segment of proximal renal tubules, but the expression
of rBAT is most abundant and that of b®*AT least abundant in
the S3 segment, suggesting the presence of another partner for
rBAT in this segment [53, 54]. Third, in Slc7a9 knockout mice
[55], the fractional excretion of cystine is 11%, suggesting the
reabsorption of cystine through an uncharacterized transporter
[56]. The nature of this transporter has remained elusive until
recently. AGT1 (encoded by SLC7A13) has now been identi-
fied as the partner of rBAT in the S3 segment [57]. It remains
to be determined whether mutations in SLC7A 13 are the cause
of isolated cystinuria.
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Mouse models
Knockout and point-mutation models

Four mouse models for cystinuria have been described to
date. These are Sic3al knockout (exon 1 deletion), induced
mutation (D140G), and spontaneous mutation (E383K),
respectively, for Type A and Slc7a9 knockout (exons 3-9
deletion) for Type B (Table 1) [31, 55, 58-60]. A model for
Type AB cystinuria (Sic3al and Slc7a9 double heterozy-
gous mice, Slc3al*'=Slc7a9*7) also has been generated by
crossing Slc3al mice with the induced mutation and Slc7a9
knockout mice (Table 1) [61]. We recently compared the
biochemical and histopathological findings in our Slc3al
knockout mice with the other three mouse models (Sahota
et al. submitted). Our findings are summarized below.
Cystine stone formation in mutant mice was evident
within the first two months of life replicating, to a large
extent, the corresponding human cystinuria phenotypes.
Mice with two mutant copies of Slc3al (irrespective how
they were generated) excreted significantly higher levels
of COLA compared with their wild-type counterparts, but
amino acid excretion in heterozygous mice was indistin-
guishable from that in wild-type mice [60]. Slc7a9 knock-
out mice also showed elevated excretion of COLA and
Slc7a9 heterozygotes showed moderate but significant
excretion of these amino acids [55]. As indicated earlier, a
small number of patients with the rare type AB cystinuria
have been reported, but these individuals actually have two
mutant copies of one gene and a mutant copy of the other
gene (genotype AAB or ABB) [6, 17, 24]. Four percent of

Table 1 Sic3al and Sic7a9 mutant mice

double heterozygous mice showed cystine stone formation,
suggesting possible digenic inheritance [61].

Gender differences in disease severity

Males with cystinuria are affected more frequently and
more severely, and they have an earlier onset of stone
formation and a larger number of stones compared with
females [3]. This phenotypic characteristic is also evident
in Slc3al mouse models of cystinuria. Microcrystalluria
was present in female mice with the induced mutation in
Slc3al, but these mice showed a delayed onset or reduced
penetrance of stone formation compared with males [60].
In the Slc3al mouse model with the spontaneous mutation,
cystine crystals were present in the urine from both males
and females but urolithiasis affected mainly males [59]. In
Slc3al knockout mice, crystal number and size distribu-
tion of crystals in urine samples from females were simi-
lar to those in males, but bladder stones were detected in
only a few female mice and then only after age 18 months
(Sahota et al. submitted).

In contrast, sex differences in stone formation were not
noted in Slc7a9 knockout mice [55]. These mice formed
stones from age 1 month in an approximate 1:1 male/
female ratio and this ratio was maintained throughout the
lifespan of the animals. The basis for the increased disease
severity in Slc7a9 knockout females compared with Sic3al
knockout females is not known, but it may be due to dif-
ferences in cystine crystal aggregation between different
mouse strains (see Future direction).

Gene (protein) Cystinuria type Mutation Generation pro-  Strain back- Phenotype in Phenotype in References
cedure ground mutant mice heterozygous
mice
Slc3al (rBAT) A c.464A>G N-ethyl-N- C3HeB/Fel COLA hyper- Same as wild- [60]
(D140G) nitrosourea excretion type
mutagenesis
c.1232G>A Spontaneous 129S2/SvPasCrl [59]
(E383K) mutation
Deletion of Homologous C57BL/6-129/ [31, 58, 58]
exon 1 recombination Sv]
Sic7a9 0**AT) B Deletion of exons Homologous C57BL/6]- Moderate COLA [55]
3-9 recombination 129P2/OlaHsd excretion
Slc3allSlc7a9 AB c.464A>G/dele- Mouse breeding C57BL/6J/ COLA hyper- Mild COLA [61]
®%h) tion of exons C3HeB excretion. excretion
3-9 More severe in double
lithiasis in dou-  heterozygous
ble mutant than  mice

single mutant
mice
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Genetic and environmental factors

The wide phenotypic variability in patients with cystinu-
ria, even in families with the same mutation, suggests that
modifying genes or environmental factors contribute to the
phenotype [62]. These influences also are evident in mouse
models for cystinuria. We have shown that Sic3al knockout
male and female mice have crystalluria but only about 60%
of male mice form stones by 16 weeks of age and only a few
female mice form stones by 18 months (Sahota et al. submit-
ted). In another study [55], approximately 82% of Sic7a9
knockout mice had crystalluria and 42% had cystine stones
at age 1 month, but approximately 2% were stone-free up
to age 1 year. These findings suggest that modifier genes
or epigenetic effects influence the cystinuria phenotype but
no such effect has been identified to date. The contribution
of diet to the propensity for stone formation in the various
mouse models also has not been fully evaluated.

COLA deficits in plasma

Patients with cystinuria generally have lower plasma lev-
els of COLA due to the excessive excretion of these amino
acids in the urine, but this loss can be compensated to a
large extent through the absorption of oligopeptides [13, 14].
Lower plasma levels of COLA also have been observed in
mouse models of cystinuria, but this is gender- and strain-
dependent. We observed lower levels of COLA and lower
levels of OLA in Sic3al knockout male and female mice,
respectively, compared with their wild-type counterparts
(Sahota et al. submitted). Slc7a9 knockout mice exhibited
a 30% decrease in plasma cystine and lysine levels, but no
differences were observed for the other dibasic amino acids
[55]. In Sic3al mice with the induced or spontaneous muta-
tion, on the other hand, plasma levels of OLA did not differ
among genotypes, indicating that the mutant animals can
compensate completely for the urinary loss of these amino
acids [60].

Kidney disease

CKD in patients with cystinuria may result from recurrent
stones, repeated urologic interventions, or obstructive uropa-
thy [2, 63]. In mouse models of cystinuria, cystine stone for-
mation occurs primarily in the bladder but there are age- and
strain-dependent changes in renal histopathology that likely
are due to obstructive uropathy. At age 3 months, plasma
levels of creatinine and blood urea nitrogen in Slc3al knock-
out males were similar to those in wild-type males (Sahota
et al. submitted). In addition, there were no changes in
renal pathology at this age but progressive changes, includ-
ing tubular atrophy and tubulointerstitial nephritis, were
observed at age 5 months and beyond. At age 4 months,
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Slc3al mice with the spontaneous mutation had cystine casts
in the tubules that were associated with focal inflammatory
cell infiltrates in the cortex [59]. In Slc3al mice with the
induced mutation, cystine lithiasis led to cystic pelvis dilata-
tion and atrophy of renal cortex and medulla at age 3 months
[60]. Kidneys from stone-bearing Slc7a9 knockout mice
4 months of age or older showed severe tubular and pelvic
dilatation, tubular necrosis and chronic interstitial nephritis,
or tubular hyaline droplets [55].

Primary site of cystine stone formation

As outlined above, there are multiple similarities between
human and mouse cystinuria but the initial site of stone
formation in the two species is different. In patients with
cystinuria, stones are seen predominantly in the kidney and
ureter [64] and instances of cystine stones in the bladder are
rare [65, 66]. Mice, on the other hand, initially form cystine
stones in the bladder but, with advancing bladder obstruc-
tion in older male mice, stones are observed in the upper
urinary tract as well [55, 59, 60]. The bladder also is the
major site of cystine stone formation in other animals with
cystinuria [67]. In animal models, including Slc3al mutant
mice, the prevalence and/or severity of bladder stone dis-
ease in females is lower than that in males and this has been
ascribed to the shorter urethra in females [68]. The observa-
tion that Slc7a9-/- male and female mice have approximately
equal prevalence of bladder stones [55] suggests that compo-
nents in the urine that promote or inhibit crystal aggregation
may also be contributing factors to the propensity for stone
formation (see Future direction).

Evaluation of new therapies

The availability of mouse models provides a resource for
evaluating the safety and efficacy of new therapies for
cystinuria. Font-Llitjo’s et al. [69] described a protocol to
assess the therapeutic effects of the thiol drug D-penicil-
lamine in the Slc7a9 knockout mouse model. As described
below, we are evaluating a new approach for the treatment of
cystinuria based on the inhibition of cystine crystal growth
by cystine analogs and we have demonstrated the utility of
this approach in the Slc3al knockout mouse model [70-73].
We have also demonstrated that a-lipoic acid inhibits cystine
stone growth in this model [31].

Inhibition of cystine crystal growth
as a therapy for cystinuria

Cystine stones are difficult to manage medically or surgically
and drug therapy in severe cases is limited to two thiol drugs
that have poor patient compliance due to adverse effects [6,
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28]. The high recurrence rate and the need for multiple treat-
ments can lead to progressive decline in renal function [2,
20, 74]. Thus, there is a need to reduce or eliminate the risks
associated with therapy for cystinuria.

Ward and colleagues described a strategy that interferes
with the earliest stages in the stone formation process, i.e.,
inhibition of crystal growth [71, 75-77]. Using real-time in
situ atomic force microscopy (AFM) and bulk crystallization
studies, they demonstrated that low concentrations of cystine
mimics, such as cystine dimethyl ester (CDME), bind to pre-
ferred sites on cystine crystal surfaces, thus retarding further
growth of these crystals in vitro [76]. This was accompanied
by a dramatic reduction in crystal size as well as a change
in crystal habit. This strategy offers an innovative approach
for the treatment of cystinuria.

As a proof of principle, we assessed the effectiveness of
CDME as an inhibitor of cystine crystal growth for the treat-
ment of cystine urolithiasis in the Slc3al knockout mouse
model of cystinuria [73]. Our studies demonstrated that in
the presence of CDME the stone burden was decreased by
50% and the stones formed were smaller in size and more
numerous compared with stones from untreated mice. This
is consistent with the hypothesis that CDME inhibits cys-
tine crystal growth. There are, however, limitations to using
CDME as the basis for further drug development because
this compound is an ester and it would be expected to be
hydrolyzed to cystine by intestinal and plasma esterases,
thus limiting its bioavailability. Hu and colleagues designed
and synthesized a series of cystine diamides with greater
stability and bioavailability compared with CDME. One of
the most effective inhibitors synthesized to date is cystine
bis(N'-methylpiperazide), denoted LH708, which has been
shown to be effective in inhibiting cystine stone formation
in Slc3al knockout mice [70, 72, 78]. Our studies, to date,
strongly support the evaluation of this novel chemical entity
and its analogs as a potential therapy for cystinuria.

Future direction

The presence of cystine crystals in the urine is a necessary
but not a sufficient condition for the formation of cystine
stones. Female patients with cystinuria have slightly higher
concentration of cystine in the urine than males, but they
exhibit a lower frequency of renal stone occurrence [79].
Thus, the severity of the clinical phenotype among patients
cannot be explained by differences in urine cystine excre-
tion alone [80]. Masotti et al. reported that, based on LCMS
analysis of normal urine samples in the presence of increas-
ing levels of exogenously added cystine, the solubility of
cystine was markedly higher in female samples than in male
samples [81]. This inversely correlated with the levels of
purine nucleosides (adenosine, guanosine, and inosine) and

vanillylmandelic acid (VMA) in the urine, with lower lev-
els of these constituents favoring cystine solubility. Slc3al
knockout female mice have cystine crystals in urine at
levels similar to those in knockout male mice, but only a
few females form cystine stones by age 18 months. Slc3al
knockout male mice, on the other hand, form cystine stones
from age 68 weeks (Sahota et al. submitted).

In addition to crystal nucleation and growth, crystal
aggregation is required for stone formation [82-85], but
the factors that regulate cystine crystal aggregation are
not known. The role of crystal aggregation has been well
established for calcium oxalate stones [85-87], suggesting
that aggregation is likely to be important for cystine stone
formation as well. Metabolomic and proteomic analyses of
urine samples from patients with cystinuria and from differ-
ent mouse models of cystinuria may identify components in
the urine that promote or inhibit cystine crystal aggregation.
These findings may lead to a better understanding of the gen-
der differences in disease severity in patients with cystinuria.
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