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COMMENTARY
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Renal cystic diseases are complex and multifaceted disor-
ders that can have genetic or nongenetic bases. The etiology
of these disorders is not unique but may be associated with
other systemic diseases, acquired or inherited. With signif-
icant progress in genetics, several mutated genes have been
associated with renal cyst development. Different abnormal
protein functions, causing different renal cystic diseases,
imply that several molecular mechanisms may lead to the
formation of cysts. Cysts can be generated from any tract of
the nephron; they usually generate in the distal nephron and
in the collecting ducts.1 Autosomal dominant polycystic
kidney disease (ADPKD) is the most common cystic
disorder, caused by mutations in the genes coding for
polycystin-1 and polycystin-2. Renal cysts are also found in
50% of patients with tuberous sclerosis complex (TSC).2

Patients with TSC can develop several disturbances,
affecting many organs. Neurologic symptoms are often
described, although renal defects can be considered the
second most common features in TSC-affected individuals.
In this issue of The American Journal of Pathology, Barone
et al3 proposed the electrogenic exchanger ClC5 as a
possible candidate for mediating chloride secretion into the
renal cyst lumen in TSC.

TSC is an autosomal dominant disease, displaying a birth
incidence of 1:6000. TSC is due to loss-of-function muta-
tions in the genes coding for TSC1 (hamartin) or TSC2
(tuberin). Physiologically, TSC2 down-regulates mamma-
lian target of rapamycin (mTOR), which is a key player
controlling cell proliferation, by modulating Ras homolog
enriched in brain (RHEB) activity.4,5 Cyst formation is a
complex mechanism that is accompanied by altered tubu-
logenesis, increased apoptosis, and cellular proliferation.

In ADPKD and TSC, abnormal mTOR functioning has
been observed. Several hypotheses have been raised to
explain the molecular process leading to fluid secretion into
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the cysts. Fluid transport across the cyst-lining cells is
sustained by transepithelial secretion of chloride. In
ADPKD, several studies proposed the cAMP-regulated
cystic fibrosis transmembrane regulator (CFTR) as the api-
cal chloride channel involved in chloride accumulation into
the lumen of the cysts. Accordingly, a significant reduction
in cyst expansion has been demonstrated by using CFTR
inhibitors or tolvaptan, which reduces the intracellular level
of cAMP by inhibiting the vasopressin V2
receptoredependent signaling. Tolvaptan, a selective V2
receptor antagonist, has been approved in the United States,
Europe, and many other countries for slowing the progres-
sion of cyst development and retarding renal insufficiency in
patients with ADPKD, although several adverse effects have
also been reported.6,7 More important, not all patients with
ADPKD respond to tolvaptan treatment in terms of total
kidney growth, suggesting possible alternative cAMP/V2
receptoreindependent pathways promoting renal cysts.8 On
the other hand, compared with polycystin-1 knockout mice,
mice carrying the codeletion of CFTR and polycystin-1 do
not display a significant reduction in cystogenesis and
proliferation, likely proposing that CFTR is not essential to
promote the growth of renal cysts.9 In this scenario, the
findings reported by Barone et al3 in this issue provide novel
insights into the mechanism modulating chloride secretion
into the lumen of TSC renal cysts. Using different trans-
genic mouse models of TSC,3,10 the authors clearly and
elegantly described the different and temporal phases of
cystogenesis and identified ClC5 as a channel possibly
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Role of ClC5 in TSC
involved in chloride secretion in TSC renal cysts. Specif-
ically, small cysts appeared in Tsc2þ/e mice 300 days old,
whereas larger cysts were observed secondary to a robust
expression of forkhead box I1 (Foxi1) at 450 days of age.
Forkhead genes code for a large family of transcription
factors involved in cell differentiation and organogenesis. In
the kidney, Foxi1 is a crucial factor modulating the differ-
entiation and the expression of intercalated cells. Mice
deficient for Foxi1 did not have functional intercalated cells
and displayed a significant inability to acidify urine.11

Conversely, Foxi1 induction promoted renal tubular differ-
entiation of a-intercalated cells. Interestingly, a robust
expression of Foxi1 has been found under treatment with
lithium chloride, a known mood stabilizer, which causes an
acquired form of nephrogenic diabetes insipidus. Indeed,
some of the molecular signals associated with lithium
chloride treatment share similarities with TSC cystogenesis
in terms of Foxi1 induction, hyperproliferation, of a-inter-
calated cells, paralleled with a reduction of the renal
principal collecting duct cells expressing the vasopressin-
dependent water channel aquaporin 2. In line, in Tsc2þ/e

mice, a time-dependent decrease of aquaporin 2 expression,
correlated with loss of renal principal cells, was found and
was more pronounced at 450 days of age. At this stage, a
remarkable costaining of ClC5 and Hþ-ATPase was found
on the apical membrane of cyst epithelia that do not express
CFTR, which is mainly expressed in renal principal cells.
More importantly, the costaining of ClC5 and Hþ-ATPase
was also found in human patients with TSC. By contrast,
these proteins were expressed at a lower level in the renal
cysts of patients with ADPKD.3 Together, these findings
indicate that different renal cystic disorders might share
some molecular events, such as mTOR deregulation.
Nevertheless, the mechanism sustaining and expanding
renal cysts may have specific peculiarities that depend on
cyst-lining cell types.

Results presented by Barone et al3 leave, however,
several open questions. i) What is the role of Foxi1 in the
whole kidney? In this respect, the authors showed that in
Tsc1/aquaporin 2 knockout mice, cyst formation, which
precedes Foxi1 induction, occurs in the kidney cortex,
whereas enhanced Foxi1 mRNA expression was found in
both the cortex and medulla. ii) Can short- and long-loop
nephrons, having a different expression of transporters and
channels,12,13 display differential sensitivity to cyst forma-
tion in TSC? iii) Considering the remarkable loss of prin-
cipal cells expressing aquaporin 2, what about renal water
balance in TSC animal models?
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Although future investigations are still needed to depict a
global picture leading to renal cyst formation, the findings
published by Barone et al3 shed more light on a selective
mechanism underlying cystic expansion in patients with
TSC that involves ClC5. The development of new drugs that
inhibit ClC5 specifically to slow the increase of cyst’s size
is, therefore, an unmet need.
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