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Lights on for aminopeptidases
In cystic kidney disease

Erwin P. Béttinger
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While erudite cell biologists have for many decades described singular
immotile appendages known as primary cilia to be present on most cells in
our bodies, cilial function(s) long remained an enigma. Driven largely by
an ever increasing number of discoveries of genetic defects in primary cilia
during the past decade, cilia were catapulted from a long lasting existence in
obscurity into the bright spotlight in cell biology and medicine. The study
by O’Toole et al. in this issue of the JCI adds a novel “enzymatic” facet to the
rapidly growing information about these little cellular tails, by demonstrat-
ing that defects in the XPNPEP3 gene, which encodes mitochondrial and
cytosolic splice variants of X-prolyl aminopeptidase 3, can cause nephro-
nophthisis-like ciliopathy. Future studies are in order now to elucidate the
cystogenic pathways affected by disrupted enzymatic function of XPNPEP3

in cilia-related cystogenic diseases.
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Based on a flood of recent evidence, prima-
ry cilia are now heralded as sensory organ-
elles for detection and transmission of a
broad range of cues from the extracellular
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environment of cells (1), including mechan-
ical and chemical information as diverse
as fluid flow in kidneys, mechanical bone
deformation, and light and odorant detec-
tion (2). By processing such physical and
chemical information from the environ-
ment into molecular signals in develop-
ment and postnatal growth and homeosta-
sis, cilia can affect cell differentiation and
polarity and cell cycle control (3).

Genetic damage to primary cilia results
in a spectrum of perplexing disorders with
seemingly disparate manifestations, now
classified as ciliopathies. A growing list of
bona fide ciliopathies at present includes
Bardet-Biedl syndrome (BBS), nephro-
nophthisis (NPHP), and Senior-Loken syn-
drome (SNLS), just to name a few. Common
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Ciliary and/or mitochondrial dysfunction as consequences of defective ciliary and mitochondrial
XPNPEPS3. Cilia consist of a microtubule-based axoneme enveloped by a specialized plasma
membrane. The basal body is a microtubule-organizing center that anchors the axoneme. The
transition zone (composed of transition fibers) filters molecules that enter or exit the cilium at the
junction of the basal body. Axonemal and membrane components are transported in raft mac-
romolecular particles (complexes A and B) by intraflagellar transport (IFT) along the axonemal
doublet microtubules toward the tip complex, supported by microtubule end binding protein 1
(Eb1). Anterograde IFT toward the cilial tip is driven by heterotrimeric kinesin-2. Retrograde
IFT back to the cell body occurs via the cytoplasmic motor protein dynein. As suggested in the
study by O’'Toole et al. in this issue of the JC/ (13), a cytosolic 48-kDa form of XPNPEP3 may
mediate enzymatic cleavage of known cystic-disease proteins ALMS1, LRRC50, and CEP290/
NPHP6, and/or other yet unknown ciliary proteins, possibly regulating ciliary targeting or trans-
port. O'Toole et al. report that loss of substrate cleavage, which is associated with defective
XPNPEP3, leads to ciliary dysfunction. Similarly, loss of mitochondrial 51-kDa XPNPEP3 pep-
tidase activity may result in failure to cleave yet unknown mitochondrial XPNPEP3 substrates
and mitochondrial dysfunction. However, it is unclear at this time whether or how mitochondrial
XPNPEP3 defects affect ciliary function. Image adapted with permission from Journal of the
American Society of Nephrology (9).

clinical features of ciliopathies include the
hallmark renal cysts as well as liver disease,
laterality defects, polydactyly, cognitive dys-
function, retinal degeneration, skeletal bone
defects, and obesity among others (4).
Cilia are composed of a plasma mem-
brane sheath, enveloping a microtubule-
based axoneme that extends from the basal
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body. Cilia dismantle when cells enter cell
cycle and reassemble during interphase.
Growth and maintenance of cilia depend
on microtubule-based transport motors,
including kinesin II-dependent antero-
grade intraflagellar transport (IFT) and
dynein-dependent retrograde IFT (Figure 1)
(5). The cargo targeted to cilia by these
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transport processes includes, among oth-
ers, components of several major signal-
ing pathways, including sonic hedgehog
receptors (6, 7) and WNT receptors (8).
Thus, primary cilia modulate activities of
major developmental signaling pathways
involved in cell cycle control, differentia-
tion, and planar cell polarity, and various
ciliopathy-associated problems can be
attributed to disrupted hedgehog and
WNT signaling (2, 9, 10).

The growing spectrum of NPHP
pathways
Among the ciliopathies, NPHP is an auto-
somal recessive cystic kidney disease char-
acterized by the triad of corticomedullary
cysts, tubular basement membrane disrup-
tion, and tubulointerstitial nephropathy
(9). Ten causative NPHP genes (NPHP1-
NPHP9 and NPHP11) have been identified
by positional cloning and a functional
candidate gene approach, and their gene
products, known as nephrocystins, localize
to primary cilia (nephrocystins 1-5) and to
basal bodies and centrosomes (nephrocys-
tins 2-6, 8, and 9) (9, 11). An exception is
NPHP7 (also known as GLI-similar protein
2 [GLIS2]), which is similar to the GLI fam-
ily of transcription factors that are down-
stream targets of hedgehog signaling (12).
In a new and stunning twist on ciliopa-
thies, in their new study in this issue of
the JCI, O’Toole et al. report the pres-
ence of homozygous frameshift and
splice-site mutations in the XPNPEP3
gene (which encodes X-prolyl aminopep-
tidase 3) in two families with an NPHP-
like phenotype (13). Surprisingly, the
XPNPEP3 protein has an N-terminal
mitochondrial-targeting signal (MTS),
and using recombinant expression in
inner medullary collecting duct cells
(IMCDs) of XPNPEP3-GFP chimeric pro-
teins carrying the MTS, the authors con-
firmed the exclusive mitochondrial but
not ciliary localization of the XPNPEP3
protein. While suppression of xpnpep3
in zebrafish phenocopied the develop-
mental phenotypes observed in zebrafish
ciliopathy morphants, the authors were
surprised to find that expression of a
cytosolic form of human XPNPEP3 lack-
ing the MTS was able to rescue the cilia-
related phenotype, indicating that mito-
chondprial localization of XPNPEP3 is not
essential for its ciliary function.
XPNPEP3 belongs to the aminopeptidase
P family of metallo-exopeptidases that spe-
cifically remove the N-terminal amino acid
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Two alternative splice forms of XPNPEPS3 exist in the kidney. If exon 3 of XPNPEP3 is
absent, the XPNPEP3 gene product starts with amino acid sequence MPWI and contains
an N-terminal MTS that targets the protein to mitochondria. Exon 3 contains a stop codon
(stp) in-frame, resulting in premature termination and removal of the MTS-containing gene
product. The alternative XPNPEPS3, lacking MTS, is translated from exon 4 AUG, possesses
the starting amino acid sequence MSLI, and is likely localized to the cytosol. Mitochondrial
XPNPEPS, i.e., the exon 3—spliced form, was used in the localization studies reported in this

issue by O'Toole et al. (13).

from peptides that have a proline residue in
the second position after methionine (14).
XPNPEP2 is a ubiquitous cell-surface mem-
brane-bound peptidase that is thought to
degrade peptides filtered by renal epithe-
lium brush border membranes but may
also be involved in bradykinin metabolism
in endothelial cells (15). In contrast to
XPNPEP2, physiological substrates or
functions have not yet been identified for
XPNPEP1 (which is a soluble cytosolic iso-
form) or XPNPEP3 (which is known to occur
in two alternative splice forms) (Figure 2)
(14). In contrast with the mitochondrial
form of XPNPEP3, the cytosolic variant lacks
the MTS (Figure 2). Importantly, both splice
variants are expressed in kidney (14).

Proof of principle for the XPNPEP3
enzyme

How then may a poorly characterized
enzyme with mitochondrial localization
in distal tubules and intercalated collect-
ing duct cells in human kidney cause cystic
renal disease similar to NPHP, a bona fide
ciliopathy? O’Toole et al. examined mito-
chondrial and respiratory chain functions in
muscle biopsies and fibroblasts in affected
individuals of the aforementioned kindreds
(13). Mitochondriopathy with childhood
end-stage renal disease and severe extrare-
nal manifestations (seizures, cardiomyopa-
thy, and pancreatitis) was observed in two
affected individuals in the Turkish kindred,
carrying the homozygous frameshift muta-
tion p.N311LfsX5. However, mitochondrial
function was normal in affected adults with
moderate renal disease from the Finnish
kindred, carrying the less severe splice-site
mutation p.G453C in XPNPEP3. These find-

662 The Journal of Clinical Investigation

ings were inconsistent with the mitochon-
drial dysfunction hypothesis, and together
with the observation that a cytosolic form
of XPNPEP3 was able to rescue cilia-related
phenotypes in the zebrafish studies, these
data suggest that the functional defect
underlying the NPHP-like renal phenotype
might be independent of mitochondria.
The authors offer no explanation for the
apparent contradiction between mitochon-
drial localization and cytosolic function
of XPNPEP3 in NPHP-like phenotypes in
their study but pursued another lead with
acceptable results (13). They examined a
pool of 426 likely ciliary protein sequences
for candidate XPNPEP3 substrates and
identified 51 putative candidates, includ-
ing three proteins — centrosomal protein
290 kDa/NPHP6 (CEP290/NPHP6),
Alstrom syndrome 1 (ALMS1), and leucine-
rich repeat-containing 50 (LRRCS50) — that
are known to cause cystic disease (16-18).
Indeed, synthetic peptides identical to the
N-termini of all three substrate candidates
were cleaved as predicted by the recombi-
nant Escherichia coli ortholog of XPNPEP3,
ecAPP. A key finding was the demonstration
of the authors that an xpnpep3-mediated
cleavage-resistant LRRCSO0 failed, while
WT LRRCS50 succeeded to rescue the cilia-
related phenotype associated with endog-
enous lrrc5S0 suppression in zebrafish. The
authors rightfully concluded that loss of
activity of XPNPEP3-mediated enzymatic
cleavage of substrates with ciliary and cen-
trosomal functions may explain some forms
of NPHP-like cystic renal disease, but their
provocative speculation about an emerging
link between mitochondria and ciliary dys-
function deserves further scrutiny.
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Mitochondrial XPNPEP3: a red
herring for ciliopathies?

Is it possible that the mitochondrial local-
ization of XPNPEP3 shown in this report
(13) is a red herring when it comes to cili-
opathy pathways? The answer may well be
affirmative. XPNPEP3 localization stud-
ies in the current report were performed
exclusively using an XPNPEP3-GFP chime-
ric construct containing the MTS, which,
not surprisingly, localized exclusively to
mitochondria when expressed in murine
IMCD3 cells. However, two alternative
splice variants of XPNPEP3 were previ-
ously reported in kidney (14). The alterna-
tive splice variant studied by O’Toole et al.
lacks exon 3 and initiates translation of a
507-amino acid XPNPEP3 isoform in exon
1, encoding an N-terminal MTS, which
is removed by peptidases after import to
mitochondria, resulting in an approxi-
mately 51-kDa mature mitochondrial
enzyme (Figure 2). In contrast, exon 3 pres-
ents a stop codon in-frame to the exon 1
AUG, resulting in premature termination
and removal of the truncated protein, and
expression of a 428-amino acid isoform of
XPNPEP3 devoid of MTS, translated from
an AUG site located in exon 4 (14). Indeed,
after probing for endogenous XPNPEP3 in
IMCD3 cell lysates, the authors describe,
in addition to the 51-kDa mitochondrial
form, a second discrete band of XPNPEP3
of approximately 48 kDa, which can be pre-
dicted from the 428-amino acid cytosolic
form of XPNPEP3 (13).

If the 48-kDa band is indeed the pre-
dicted cytosolic form of XPNPEP3, then
the mitochondrial link may well be a
red herring, because the NPHP-like dis-
ease observed in some individuals with
XPNPEP3 mutations may be attributable
to loss of proper cleavage of ciliary pro-
teins by defective cytosolic XPNPEP3, as
suggested by the overwhelming evidence
from zebrafish studies (13). Of course, the
same defect(s) in the mitochondrial form
of XPNPEP3 may underlie some of the
observed extrarenal manifestations, such
as cardiomyopathy and seizures, which
may be caused by mitochondrial dysfunc-
tion, as demonstrated in one kindred, and
independent of ciliary dysfunction.

Perhaps the most intriguing prospect
of the exciting study by O’Toole et al. (13)
is that the novel discovery of functional
mutations in the XPNPEP3 aminopepti-
dase in individuals presenting with NPHP-
like ciliopathy may well lead to the further
elucidation of two independent pathways
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associated with a distinct phenotypic spec-
trum: a cystogenic cilium-dependent path-
way, dependent on defective cleavage of
ciliary proteins by cytosolic XPNPEP3, and
a mitochondriopathy, dependent on defec-
tive cleavage of mitochondrial substrates
by mitochondrial XPNPEP3. Wow! Future
work is needed to define the mitochondrial
versus ciliary substrates and roles for hith-
erto rather obscure, spatially defined metal-
lo-exopeptidases, encoded by a single novel
human disease gene, XPNPEP3. Investiga-
tors concerned with ciliopathies and mito-
chondriopathies should stay tuned.
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Resisting arrest: a switch from angiogenesis to
vasculogenesis in recurrent malignant gliomas
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The cellular and molecular events that initiate and promote malignant
glioma development are not completely understood. The treatment modali-
ties designed to promote its demise are all ultimately ineffective, leading to
disease progression. In this issue of the JCI, Kioi et al. demonstrate that vas-
culogenesis and angiogenesis potentially play distinct roles in the etiology
of primary and recurrent malignant gliomas, suggesting that patient therapy
should perhaps be tailored specifically against the predominant vasculature
pathway at a given specific stage of gliomagenesis.

Formation of new blood vessels is an essen-
tial component of malignant glioma devel-
opment and progression. As the mecha-
nisms underlying this crucial element of
tumor growth are gradually elucidated,
it has become increasingly evident that
this vascularity arises through multiple
mechanisms, depending on the stage of the
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tumor and possibly the therapies utilized to
combat tumor growth. With unregulated
cell proliferation and growing tumor size,
there is a need for greater oxygen supply to
sustain this growth. As mounting cellular
metabolism outstrips the oxygen supply
made available via the existing vasculature,
hypoxia ensues, triggering the process that
has been dubbed the “angiogenic switch.”
While the additional blood supply initially
may be obtained simply by co-option of
preexisting vessels, the increasing hypoxia
eventually necessitates angiogenesis — the
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sprouting of local vessels via proliferation
of existing endothelial cells. Alternatively,
vasculogenesis may occur as factors released
from tumor cells increase recruitment of
circulating endothelial precursor cells or
bone marrow-derived hematopoietic cells,
also resulting in the formation of new ves-
sels to supply the tumor. Understanding
the balance between angiogenesis and vas-
culogenesis lies at the very core of elucidat-
ing how tumors grow, and is crucial to the
development of anti-angiogenic therapies.
Abetter comprehension of this process may
also allow for the design of new, more effec-
tive therapies to target the pathways tumors
employ to sustain their growth. In the cur-
rent issue of the JCI, Kioi et al. (1) suggest
that vasculogenesis — but not angiogenesis
— is at the center of the revascularization
that occurs during glioma recurrence. In
clinical terms, their findings suggest that
when gliomas recur after irradiation, as they
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