
The findings of Otto et al.1 suggest addi-
tional functions for NPHP gene products
(Fig. 1). The authors show that NPHP2, an
infantile form of NPHP, results from reces-
sive mutations of INVS (encoding
inversin). Disruption of this gene was
already known to cause situs inversus and
severe cystic disease of the kidneys in mice7.
Inversin contains multiple motifs including
anykrin repeats, IQ domains, D boxes and a
bipartite nuclear localization signal.
Although the protein’s function is not
known, it had been localized to centrioles,
to the primary cilium and also in complexes
with the anaphase promoting complex pro-
tein Apc2 (ref. 8). This had led to the

proposition that inversin might link a sens-
ing function of the primary cilium to con-
trol of the cell cycle.

Otto et al.1 show that inversin, like
nephroretinin, interacts with nephrocystin.
The authors also identified β-tubulin, a prin-
cipal component of primary cilia, as another
nephrocystin interactor. Furthermore, they
showed that all three proteins colocalize in the
primary cilia of cultured renal epithelia cells.
These results are consistent with a recent pro-
teomic analysis that independently identified
nephrocystin as a component of human cilia9.
Taken together, these findings suggest that
each of the NPHP proteins forms a complex
in the primary cilium.
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Cystic diseases of the kidney are a clinically
important and genetically diverse group of dis-
orders that share in common altered regula-
tion of tubular morphology. Despite their
clinical and pathological heterogeneity, the fact
that the diseases result in a similar outcome—
dilated tubules or cysts—has led to the naive
assumption that the gene defect in each of
these disorders must somehow disrupt a com-
mon pathway. Nearly a decade since the dis-
covery of the first ‘cystogenes’ (TSC2 and
PKD1), the identification of genes responsible
for various cystic diseases seems to point to a
unifying pathogenic mechanism. On pages 413
and 455, Otto et al.1 and Olbrich et al.2 add to
recent studies that implicate defects in the pri-
mary cilium as the universal abnormality
underlying renal cystic disease.

Accumulating evidence
Nephronophthisis (NPHP) comprises a
group of autosomal recessive disorders char-
acterized by renal interstitial fibrosis, tubular
cysts and renal insufficiency. Four genetically
distinct forms of NPHP have been described,
which differ in the age at which renal insuffi-
ciency presents and in the spectrum of associ-
ated extrarenal manifestations including
retinitis pigmentosa, ocular motor apraxia,
cone-shaped epiphyses and hepatic fibrosis.
Although NPHP has typically been classified
as a cystic disease, fibrosis is typically a much
more prominent feature and many affected
individuals lack cysts when imaged by ultra-
sound or computed tomography (CT) scan.

Two loci (NPHP1 and NPHP4), which are
associated with the juvenile form of the dis-
ease, had previously been found to encode the
proteins nephrocystin3 and nephrocystin-4
(ref. 4; also known as nephroretinin), respec-
tively. Nephrocystin contains coiled-coil and
SH3 domains and has been shown to interact
with nephroretinin4 and a series of cell-cell
and cell-matrix signaling proteins5,6.
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Nephronophthisis is the most common inherited cause of renal failure in children. Two new studies add to the growing
body of literature that suggests that cilial dysfunction may underlie all forms of cystic renal disease.

Flow

Ca2+ CTJ
Des

AJ

FAP

Cen

BB

ER



Olbrich et al.2 provide additional proof for
this model. They report identification of the
gene mutated in NPHP3 and show that a mis-
sense change in the same gene is probably
responsible for slowly progressive renal cystic
disease in the pcy/pcy mouse. The NPHP3
protein has an N-terminal coiled-coil seg-
ment, a C-terminal tetratrico peptide repeat
and a tubulin-tyrosine ligase domain. This
latter region may have a role in regulating
microtubular assembly and function. Not
unexpectedly, the NPHP3 protein also binds
to nephrocystin. Although the authors do not
show colocalization in primary cilia, they
show that NPHP3 expression is confined to
the node during mouse embryonic day
7.5–8.25. The node is composed of a ciliated
group of cells whose function is to establish
proper left-right patterning. Inversin has also
been localized to the same structure.

The case is not closed
These reports add to the list of ‘cystoproteins’
that have been localized in cilia and associated
structures (Table 1). This body of evidence has
led to the indictment of cilial dysfunction as
the principal culprit responsible for cystic dis-
ease10. The cilium makes a good suspect.
Virtually all renal epithelial cells have one ‘pri-
mary’, non-motile cilium. Often overlooked
and deemed functionless, recent studies sug-
gest that primary cilia in renal epithelia may
sense environmental cues, such as tubular
flow11,12. In turn, this triggers transient cal-
cium currents, which may regulate a variety of
intracellular signaling systems. The link
between the cilium and the centriole suggests a
mechanism whereby cilial sensing may serve to
maintain the growth-arrested phenotype of
mature tubules. Cystoproteins may function at
various key steps in this process and their loss
may explain the dysregulated growth and
altered differentiation status that is common to
virtually all forms of polycystic kidney disease.

This model is attractive, but does it meet the
standard of ‘guilt beyond reasonable doubt’?
The localization of most cystoproteins is not
limited to the cilia. For example, polycystin-1,
like nephrocystin and inversin, has been
detected in the cilia and other structures that
are involved in cell-cell and cell-matrix interac-
tions5,6,13,14. Dysfunction of either of these sys-
tems could independently result in altered
tubular morphology. This observation sug-
gests that many cystoproteins are multifunc-
tional and it is uncertain which of their
activities are directly related to cyst formation.

Studies of TgN737Rpw are particularly illus-
trative. Polaris, the product of TgN737Rpw, is a
cilial protein that is thought to be crucial for
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intraflagellar transport. Mice lacking polaris
have stunted cilia, situs inversus and die in mid-
gestation, whereas mice homozygous with
respect to a hypomorphic allele of TgN737Rpw
(orpk) survive to birth and have cystic kidney
disease. Unexpectedly, transgenic expression of
polaris in a null TgN737Rpw background
results in mice with normal nodal function
and cilia of normal length but with renal cystic
disease15. These findings suggest that one can
dissociate cilial function from cystic disease.

One way to establish a definitive causal con-
nection between cilia and cyst formation
would be to selectively inhibit the cilial func-
tion of cystoproteins and then assess the effect
on cyst formation. Unfortunately, we do not
yet know enough about how proteins are tar-
geted to the cilium and what they do once they
get there to effectively use this approach. The
interdependence of cell-cell contact, growth
arrest and formation of the primary cilium, at
least in cell culture systems, may make it diffi-
cult to assign ‘blame’ to any one factor for
causing renal epithelial cells to misbehave. An
additional challenge for the ciliocentric model
is explaining how cilial dysfunction results in
such disparate renal phenotypes. In the case of
autosomal dominant polycystic kidney dis-
ease, macroscopic cystic disease is the principal
finding, even in the end-stage kidney, whereas

in NPHP, kidneys are small and fibrosis is the
predominant feature. One possibility is that
cilial dysfunction initiates cyst formation but
the loss of functional cystoproteins at extracil-
iary sites determines the final fate. In sum, the
jury is still deliberating. The identification of a
variety of cystogenes has now laid the ground-
work for arriving at a judicious verdict. If the
primary cilium isn’t guilty of at least some of
the charges, it is an amazing set of coincidences
that keeps placing it at the center of the crime.

1. Otto, E.A. et al. Nat. Genet. 34, 413Ð420 (2003).
2. Olbrich, H. et al. Nat. Genet. 34, 455Ð459 (2003).
3. Hildebrandt, F. et al. Nat. Genet. 17, 149Ð153

(1997).
4. Mollet, G. et al. Nat. Genet. 32, 300Ð305 (2002).
5. Donaldson, J.C. et al. J. Biol. Chem. 277,

29028Ð29035 (2002).
6. Benzing, T. et al. Proc. Natl. Acad. Sci. USA 98,

9784Ð9789 (2001).
7. Mochizuki, T. et al. Nature 395, 177Ð181 (1998).
8. Morgan, D. et al. Hum. Mol. Genet. 11, 3345Ð3350

(2002).
9. Ostrowski, L.E. et al. Mol. Cell. Proteomics 1,

451Ð465 (2002).
10. Calvet, J.P. et al. Nat. Genet. 33, 113Ð114 (2003).
11. Praetorius, H. & Spring, K.R. J. Membr. Biol. 184,

71Ð79 (2001).
12. Nauli, S.M. et al. Nat. Genet. 33, 129Ð137 (2003).
13. Boletta, A. & Germino, G.G. Trends Cell Biol. (in the

press).
14. Nurnberger, J. et al. Mol. Biol. Cell 13, 3096Ð3106

(2002).
15. Brown, N.E., Murcia, N.S. Kidney Int. 63,

1220Ð1229 (2003).

356 VOLUME 34 | NUMBER 4 | AUGUST 2003 NATURE GENETICS

Table 1  Cystoproteins linked to primary cilia, centriole and basal body

Lateralization
Gene Protein Disease Species defects*

TgN737Rpw Polaris ARPKD Mouse Y

NPHP2 Inversin NPHP2 Human Y
Inversin (infantile)

Invs Inversin ARPKD Mouse Y

NPHP1 Nephrocystin NPHP Human N
(juvenile)

NPHP4 Nephroretinin NPHP Human N
(juvenile)

NPHP3 NPHP3 NPHP Human N
NPHP3 (adolescent)

pcy NPHP3 ARPKD Mouse N

PKD1 Polycystin-1 ADPKD Human N

Pkd1 Polycystin-1 ARPKD Mouse N

PKD2 Polycystin-2 ADPKD Human N

Pkd2 Polycystin-2 ARPKD Mouse Y

Cys1 Cystin ARPKD Mouse N

OFD1 OFD1 Oro-facial- Human N
digital syndrome

Kif3a Kinesin-II ARPKD (kidney- Mouse Y
3a subunit specific inactivation) (germline null)

PKHD1 Polyductin ARPKD Human N

ARPKD, autosomal recessive polycystic kidney disease; ADPKD, autosomal dominant polycystic
kidney disease.

*Identifies only published reports.


