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NPHP proteins: gatekeepers of the

ciliary compartment
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The cilia and the cytoplasm are separated by a region
called the transition zone, where wedge-shaped structures
link the microtubule doublets of the axoneme to the ciliary
membrane, thereby forming a ciliary “gate.” In this issue,
Craige et al. (J. Cell Biol. doi:10.1083/jcb.201006105)
demonstrate in Chlamydomonas reinhardltii that Nphp6/
cep290, which is mutated in nephronophthisis (NPHP), is
an integral component of these connectors and maintains
the structural integrity of this gate.

Cilia, tiny hairlike organelles that protrude from the cell surface,
are located on almost all polarized cell types of the human body.
Although the basic structures of different types of cilia are simi-
lar, they exert various tissue-specific functions during develop-
ment, tissue morphogenesis, and homeostasis. Their prevalence
and involvement in various cellular functions could explain why
cilia-related disorders (ciliopathies) can affect many organ sys-
tems. Ciliopathies can either involve single organs, such as cys-
tic kidney disease, or can occur as multisystemic disorders, such
as Bardet Biedl syndrome and nephronophthisis (NPHP)-related
disorders with phenotypically variable and overlapping dis-
ease manifestations (Badano et al., 2006; Fliegauf et al., 2007).
Among syndromic forms of cystic kidney diseases, NPHP is the
most common and complex disorder in childhood. NPHP com-
prises a genetically heterogenous group of renal cystic disorders
with an autosomal recessive inheritance pattern. NPHP can
cause end-stage renal disease in early infancy, childhood, and
adolescence, as well as in adulthood, and can be associated with
extra-renal disease manifestations such as ocular motor apraxia
(Cogan syndrome), retinitis pigmentosa, Leber congenital am-
aurosis, coloboma of the optic nerve, cerebellar vermis aplasia
(Joubert syndrome), liver fibrosis, cranioectodermal dysplasia,
cone-shaped epiphyses, asphyxiating thoracic dysplasia (Jeune’s
syndrome), Ellis-van Creveld syndrome, and, rarely, situs inver-
sus (Omran and Ermisch-Omran, 2008). In addition, it has been
shown that NPHP mutations can cause Meckel syndrome, a
perinatal lethal disease characterized by congenital cystic kidney
disease and encephalocele.

Several genes responsible for NPHP have been identified
(summarized in Omran and Ermisch-Omran, 2008), and many
of the encoded proteins, such as NPHP1, NPHP2 (inversin),
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NPHP3, NPHP4 (nephroretinin), NPHP6, and NPHPS8, have been
found to interact with each other (Olbrich et al., 2003; Mollet
et al., 2005; Delous et al., 2007; Bergmann et al., 2008). Although
important mechanistic insights in the pathogenesis of NPHP
have been established, such as perturbed Wnt signaling, the
exact functional role of NPHP proteins still remained enigmatic
(Simons et al., 2005; Bergmann et al., 2008). In this issue, Craige
et al. shed new light in the function of NPHP6. They demon-
strate that NPHP6 is a structural component of the champagne
glass—shaped structures that link the microtubular doublets of
the axoneme to the ciliary necklace, a distinct portion of the cili-
ary membrane first described almost 40 yr ago (Gilula and Satir,
1972) . Up to now, nothing was known about the protein compo-
sition of this unique structure at the ciliary base.

The ciliary compartment including the ciliary membrane is
equipped with a distinct composition of proteins, and the com-
partment border is located at the transition zone, where intrafla-
gellar transport (IFT) particles are involved in active transport of
cargoes from and to the ciliary compartment across the compart-
ment border driven by two kinesin-2 family members: the hetero-
trimeric KIF3A-KIF3B-KAP complex and the homodimeric
KIF17 motor (Fig. 1). Interestingly, several studies demonstrated
that NPHP proteins sublocalize to the ciliary base of primary cilia
(NPHP1, NPHP4, NPHP6, NPHP8, NPHPY, and NPHP11) as
well as to the connecting cilium of the photoreceptor (NPHP1,
NPHPS5, and NPHP6), which is considered to be the orthologous
structure of the transition zone (Olbrich et al., 2003; Mollet et al.,
2005; Otto et al., 2005; Sayer et al., 2006; Delous et al., 2007,
Bergmann et al., 2008; Otto et al., 2008; Valente et al., 2010).
Detailed analyses of proteins such as NPHP1 revealed specific
and exclusive localization at the transition zone (Fig. 1 A), which
suggests a possible gatekeeper-like functional role of NPHP pro-
teins at the ciliary compartment border to control delivery and
exit of proteins to and from the cilium, respectively (Fliegauf
et al., 2006). During ciliogenesis, NPHP1 becomes immediately
recruited to the transition zone, which indicates that NPHP pro-
teins may also be important for formation of this organelle. Inter-
estingly, localization of these proteins to the transition zone has
been evolutionary conserved and is also observed in Caenorhab-
ditis elegans (Jauregui et al., 2008).
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Figure 1.

NPHP proteins function at the ciliary gate (transition zone). (A) Localization of nephrocystin (red, NPHP1) at the transition zone is shown in

murine (mMIMCD3) immotile renal cilia (top), immotile canine renal MDCK cilia (middle), and motile human respiratory cilia (bottom). The ciliary axoneme
is stained with antibodies targeting acetylated a-tubulin (green). Bars, 5 pm. (B) The triplet microtubule structure of the basal body is converted into the
axonemal doublet structure at the transition zone of primary cilia. Proximal transition y-shaped fibers (red) connect each outer microtubule doublet to the
membrane and mark the border at which IFT proteins start to shuffle cargoes to and from the ciliary compartment. The ciliary compartment, including
the ciliary membrane, is therefore equipped with a distinct composition of proteins such as polycystin-2 and BBS proteins (i.e., BBS4), which differs from
the cytoplasm and the apical plasma membrane. NPHP6/CEP290 as well as other NPHP proteins (e.g., NPHP1) localize at the transition zone and prob-
ably function as gatekeepers that control access and exit of proteins to and from the ciliary compartment, respectively.

In this issue Craige et al. (2010) exploit the excellent
genetic and biochemical tools available in Chlamydomonas
reinhardtii to investigate the role of cep290/Nphp6 in the regu-
lation of ciliary protein trafficking. Using immunoelectron
microscopy, they show that cep290 localizes to the wedge-
shaped structures that bridge and connect the flagellar mem-
brane to the axonemal outer doublets within the transition
zone. Further ultrastructural studies revealed defects of those
structures in cep290 mutants, which indicates that cep290 is es-
sential for integrity of the ciliary “gate” and an integral compo-
nent of this poorly characterized structure. Detailed analyses of
anterograde and retrograde IFT transport kinetics did not reveal
gross alterations, which indicated that cep290 does not regu-
late IFT motor activity. Mass spectrometry analyses of flagella
identified a complex pattern of abnormal protein composition.
Biochemistry analyses of the flagella found increased amounts
of IFT complex B proteins and BBS4, and decreased levels
of the IFT complex A protein IFT139 as well as polycystin-2,

which confirms that cep290 functions as a gatekeeper to con-
trol protein content of the flagella compartment. Alteration of
polycystin-2 and BBS4 levels might even explain the complex
clinical phenotype of cystic kidney disease and BBS-like find-
ings present in children affected by CEP290/NPHP6 mutations
(den Hollander et al., 2006; Sayer et al., 2006; Valente et al.,
2006; Baala et al., 2007).

Craige et al. (2010) also make some interesting obser-
vations that could be relevant to somatic gene therapy. Using
dikaryon rescue studies, they show that cep290 is a dynamic
protein that shuttles between the cytoplasm and the transition
zone and that can incorporate into preassembled mutant transi-
tion zones and restore function. These results could be applied
toward targeted gene therapy in NPHP-related diseases, such as
Leber congenital amaurosis, a retinal degeneration disease in
which cep290 is frequently mutated. Expression of CEP290 by
gene therapy vectors in photoreceptors of patients could restore
ciliary function.
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The cellular biological findings presented by Craige et al.
(2010) are of major scientific interest because they open a new
NPHP research field focusing on the ciliary compartment bor-
der. Future studies will address the roles of other interacting
NPHP proteins for the integrity and/or function of the ciliary
gate. Cell type—specific differences of the composition of the
ciliary gate might account for the phenotypic differences ob-
served in NPHP patients. Recent findings indicate similarities
between the mechanisms regulating nuclear and ciliary import.
Consistently, ciliary targeting of the IFT motor protein KIF17
has been shown to be regulated by a ciliary-cytoplasmic gradient
of the small GTPase Ran, with high levels of GTP-bound Ran
(RanGTP) in the cilium (Dishinger et al., 2010). Furthermore,
KIF17 interacts with the nuclear import protein importin-32 in a
manner dependent on the ciliary localization signals and inhib-
ited by RanGTP. Thus, the wedge-shaped fibers may function as
the ciliary equivalent of the nuclear pore. Further work will shed
light on the relationship between the different components of
this interesting structure.
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