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group of hereditary renal diseases 1s summarized un-
Ad;r the term NPHP-MCKD complex,'* because the dif-
rent disease entities share several features regarding
(1) macroscopic pathology, (2) microscopic pathology, and
(3) clinical symptoms (Table 15.1A). In this way the com-
plex describes a distinct clinicopathologic entity.’ The term
nephronophthisis (NPHP) is used for the autosomal recessive
variants, which lead to end-stage renal disease (ESRD) in the
first 3 decades of life, whereas the term medullary cystic kid-
ney disease (MCKD) refers to the autosomal dominant forms,
in which ESRD develops in the third to seventh decade of
life. Extrarenal manifestations such as ocular motor apraxia,
retinitis pigmentosa, hepatic fibrosis, skeletal defects, and
cerebellar vermis aplasia have exclusively been described
in association with juvenile nephronophthisis. The only ex-
trarenal associations in MCKD are hyperuricemia and gout.
The identification of causative recessive genes in nephro-
nophthisis has implicated the function of primary cilia and
centrosomes in its pathogenesis.

FEATURES SHARED AMONG DISEASES
OF THE NEPHRONOPHTHISIS-
MEDULLARY CYSTIC KIDNEY
DISEASE COMPLEX

Macroscopic Pathology

A major feature shared among the disease entities of the
NPHP-MCKD complex (Table 15.1A[1]) 1s the appearance
on macroscopic pathology as described in 27 patients
with juvenile NPHP by Waldherr et al.'! Kidney size is
normal or moderately reduced. Cysts primarily appear at
the corticomedullary border of the kidneys (Fig. 15.1).
This 1s quite distinct from autosomal dominant and re-
cessive polycystic kidney disease, where kidneys become
grossly enlarged as a result of cystic dilatation throughout
the organ. From the external surface, the kidney is indis-
tinguishable from the kidney affected by glomerulone-
phritis or pyelonephritis. The surface usually has a finely
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granular appearance, most likely due to the protrusion of
dilated cortical collecting ducts. Calices and pelvis appear
completely normal. There are from 5 to over 50 cysts of 1
to 15 mm in diameter located preferentially at the corti-
comedullary border (Fig. 15.1). The cysts primarily arise
from the distal convoluted and medullary collecting tu-
bules as shown by microdissection,* but may also appear
in the papilla. Cysts are not always present, but do occur
in about 70% of autopsy cases. They apparently arise late
in the course of the disease® and do not seem to be impor-
tant for disease progression to renal failure.® Therefore,
the presence of cysts is not a prerequisite for diagnosis.

Microscopic Pathology

The second shared feature among diseases of the NPHP-
MCKD complex pertains to renal histology (Table 15.1A[11]).
The histologic changes are characteristic, but not pathogno-
monic, for the disease group. The characteristic histologic
triad of NPHP-MCKD consists of (1) tubular basement
membrane disintegration with irregular thickening as well as
attenuation of the tubular basement membrane, (2) intersti-
tial round cell infiltration with marked fibrosis and, (3) later
in disease development, tubular atrophy with cyst develop-
ment, which occurs predominantly at the corticomedullary
junction (Fig. 15.2). Cysts seem to be the result rather than
the cause of the atrophic process, although this time course
could not be corroborated by statistical analysis."” Some-
times, a communication between a cyst and a tubule can be
seen. The tubular basement membrane (TBM) is extremely
thickened and multilayered. Fibroblasts are noted between
the membrane layers. TBM changes and diverticulum forma-
tion are most prominent in the distal tubules, where cysts
are lined with a single layer of cuboidal or flattened epithe-
lium. In the advanced stage, the picture merges into a diffuse
sclerosing tubulointerstitial nephropathy, the characteristic
picture of end-stage NPHP-MCKD. The only significant
glomerular change in early stages involves periglomeru-
lar fibrosis with a splitting and thickening of the Bowman
capsule and glomerular obsolescence only in nephrons that
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Shared and Distinguishing Features Among Diseases of the NPHP-MCKD Complex

A. Shared Features

(1) Macroscopic pathology:

Corticomedullary cysts

(i1) Microscopic pathology:

Tubuli: basement membrane disruption (thickening and attenuation),
distal tubular atrophy and cysts

Interstitium: round cell infiltration, fibrosis

Glomeruli: periglomerular fibrosis only

(111) Symptoms:

Polyuria, polydipsia, anemia, growth retardation, ESRD

B. Distinguishing Features

NPHP

MCKD

(1) Inheritance: Autosomal recessive

Autosomal dominant

(i1) Median onset of ESRD:

NPHP4: 20 yrs
NPHP5: 13 yrs

Juvenile NPHPI1: 13 yrs
Infantile NPHP2: 1-3 yrs
Adolescent NPHP3: 19 yrs

MCKD 1: 62 yrs
MCKD 2: 32 yrs

(111) Extrarenal associations:

Retinal degeneration, cerebellar
vermis hypoplasia, hepatic
fibrosis, cone-shaped epiphyses

Hyperuricemia, gout

ESRD, end stage renal disease; NPHP, nephronophthisis; MCKD, autosomal dominant medullary cystic kidney disease.

have been destroyed by the tubular alterations. An escape
of Tamm-Horsfall (uromodulin) protein from damaged col-
lecting tubules into the interstitium has been demonstrated
in about 50% of patients with NPHP-MCKD as a periodic
acid-Schiff (PAS)-positive material and by specific immuno-
fluorescence staining with an anti-THP antibody.® Immuno-
fluorescence does not otherwise contribute to the diagnosis
of NPHP-MCKD.

Characteristic changes demonstrated by transmission
electron microscopy include thickening, splitting, attenua-
tion, and granular disintegration of the TBM (Fig. 15.3). The
transition between these alterations is abrupt.” Fibroblasts
are seen in direct contact with the TBM. At the base of the
tubular epithelial cells, a marked increase of microfilaments
is seen. The thickening is either homogeneous or has a la-
mellated, annular, and ringlike appearance. The glomerular
basement membrane is normal. Multiple tubular diverticula
are seen but the connections between cysts and distal tubular
segments are patent.

(linical Presentation

The third group of features shared among different diseases
of the NPHP-MCKD complex involves clinical symptoms

(Table 15.1A[111]). Classical symptoms are polyuria,
polydipsia, decreased urinary concentrating ability and, in
children, anemia and growth retardation. The insignificance
of the symptoms together with the lack of edema, hyper-
tension, and urinary tract infections characteristically leads
to a delayed diagnosis and therapy in NPHP-MCKD. In all
variants of NPHP-MCKD, terminal renal failure isidiously
ensues at characteristic age ranges, necessitating renal re-
placement therapy (Fig. 15.4). Disease recurrence has never
been reported in kidneys transplanted to NPHP patients.’

FEATURES DISTINGUISHING
DISEASE ENTITIES OF THE

NPHP-MCKD COMPLEX

There are three features that clearly distinguish different dis-

ease entities of the NPHP-MCKD complex: (1) the mode of
inheritance, (2) the age of onset for ESRD, and (3) the type
of extrarenal organ involvement (Table 15.1B).

The Mode of Inheritance

In the NPHP-MCKD complex, the mode of inheritance
can be either autosomal recessive or autosomal dominant.
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FIGURE15.1 Juvenile nephronophthisis (autopsy case, 13-year-old girl). Note the numerous cysts of varying size in the medulla and
at the corticomedullary junction.(Reproduced with permission from Hildebrandt EWaldherr R, Kutt R et al. The nephronophthisis

complex:clinical and genetic aspects. (in lnvest 1992;70:802.)

For the recessive forms the term nephronophthisis (NPHP)
1s used, whereas the designation medullary cystic kidney

disease (MCKD) denotes the dominant variants of the com-
plex (Table 15.1B]i]).!%!!

The Onset of End-Stage Renal Disease

The second distinction pertains to the age of onset of
ESRD (Table 15.1BJii]). In all variants of NPHP-MCKD,
ESRD ensues at characteristic age ranges, necessitating re-
nal replacement therapy (Fig. 15.4). In NPHP, chronic re-
nal failure develops within the first 3 decades of life.!* "
In a study conducted in 46 children with juvenile nephro-
nophthisis (NPHP1), a serum creatinine value of 6 mg per
deciliter was reached at a median age of 13 years (range:
4 to 20 years).'*"” In a study by Waldherr et al." ESRD was
reached at a median age of 11.5 years. Gretz et al.'® showed
that the rate of deterioration of renal function was homoge-
neous in a study of 29 patients with NPHP1. The median
time elapsing between a serum creatinine of 2 and 4 mg per
deciliter was 32 months, between 4 and 6 mg per decili-
ter was 10 months, and between 6 and 8 mg per deciliter
was 5 months.'® A high concordance of the development

of renal failure was noted in monozygotic twins.'”'® Infan-
tile nephronophthisis (NPHP2) is characterized by an early
onset of ESRD between the neonatal period and 3 years of
age.'* In adolescent nephronophthisis (NPHP3), terminal
renal failure develops at a median age of 19 years, which i1s
6 years later than in NPHP1."? The median age of ESRD in
patients with NPHP4 and NPHP5 mutations is 20 years'” and
13 years,?” respectively. If renal failure has not developed by
the age of 25 years, the diagnosis of recessive NPHP should
be questioned and a pedigree analysis should be intensified
to exclude dominant MCKD.

In MCKD, terminal renal failure occurs only in adult
life. Two different variants are known, MCKD1 and MCKD2,
with a median onset of ESRD of 62 years*' and 32 years*
respectively (Fig. 15.4).

Extrarenal Associations

The third distinguishing feature among variants of NPHP-
MCKD is represented by the degree to which extrarenal
associations occur (Table 15.1B[1i]). Extrarenal dis-
case manifestations have only been described in reces-
sive forms. One exception to this rule 1s the occurrence
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FIGURE15.2 Renal histology in juvenile nephronophthisis (NPHP1). Note the characteristic triad, which consists of (1) tubular base-
ment membrane disintegration with thickening as well as attenuation ofthe tubular basement membrane, (2) interstitial round cell
infiltration with marked fibrosis,and later on (3) tubular atrophy and cyst development. (Courtesy of Prof. R Waldherr, Heidelberg,

Germany.)

of hyperuricemia and gout in MCKD1%* and MCKD2.*
MCKD?2 patients with UMOD mutations also may exhibit
defects in urine concentrating ability.”* Recently, an ex-
tensive study on genotype—phenotype correlations in mu-
tation of NPHP genes has been published.”> NPHP1 can
occur in combination with ocular motor apraxia Cogan
type,”®*’ with retinitis pigmentosa in Senior-Leken syn-
drome (SLSN),?’ with liver fibrosis*® with cone-shaped
epiphyses in Mainzer-Saldino syndrome,* and with colo-
boma of the optic nerve and cerebellar vermis aplasia in
Joubert syndrome type B (JBTSB) (Tables 15.1B[1i1] and
15.2).%° Infantile NPHP (type 2) can be associated with
situs inversus’' and one case report describes a patient
with a nonsense inversin mutation with retinitis pigmen-
tosa.”> NPHP4 patients may have retinitis pigmentosa
(SLSN) and Cogan syndrome.’® NPHP5 patients display
carly onset retinitis pigmentosa (SLSN) in all known cas-
es.”” NPHP6 and NPHPS patients have SLSN, Joubert syn-
drome, or Meckel-Gruber syndrome (MKS).?>**>> NPHP9
is associated with SLSN.?° NPHP10 patients display SLSN
and Bardet-Biedl syndrome (BBS)-like phenotypes,’’
whereas patients with NPHP11 show JBTS, MKS, and liver

fibrosis.”®** NPHP12 patients exhibit Jeune asphyxiating
thoracic dystrophy.*

Epidemiology

NPHP and dominant MCKD seem to be distributed evenly
among males and females. NPHP has been reported from
virtually all regions of the world.*' Information on the in-
cidence of the disease has been estimated at 9 patients per
8.3 million** in the United States or 1 in 50,000 live births
in Canada.'"” The condition constitutes the most frequent
genetic cause for ESRD in the first 3 decades of life and is
a major cause of ESRD in children, accounting for 10%
to 25% of these patients.*’*** In contrast, in the North
American pediatric ESRD population, pooled data indicate
a prevalence of less than 5%.%%*’

MCKD has initially been reported in the United States.'’
Its prevalence in Europe might have been underestimated
because recently, kindred have been reported from Cyprus,>
Italy,”>*® France,* England, Finland,’*”! Belgium, Czech
Republic,”® and Germany.>>~* The diagnosis of MCKD may
be frequently missed because clinical symptoms and signs
are subtle.>”



CHAPTER 15 = NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 505

B
.

Fel

FIGURE15.3 Thickening, wrinkling,and double layering of tubular basement membranes with intermembranous fibroblasts and
dedifferentiation oftubular epithelial cells. An electron micrograph. (Reproduced with permission from Hildebrandt EWaldherr R,
Kutt R et al. The nephronophthisis complex:clinical and genetic aspects. (in lnvest 1992;70:802.)
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FIGURE15.4 The time course ofrenal failure in NPHP-MCKD. Range for age of onset ofend-stage renal disease is shown as solid
triangles. Numbers indicates median age in years. NPHP,nephronophthisis; MCKD, medullary cystic kidney disease; FJHN, familial
juvenile hyperuricemic nephropathy.
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MOLECULAR GENETICS OF THE
NEPHRONOPHTHISIS-MEDULLARY
CYSTIC KIDNEY DISEASE COMPLEX

Classification of disease variants of the NPHP-MCKD complex
has recently become more definite through the identification
of distinct genes for the different variants. The disease com-
plex 1s genetically very heterogeneous. Aspects of disease no-
menclature, known genes, and extrarenal involvement within

the NPHP-MCKD complex are summarized in Table 15.2.

Recessive Disease Variants:
Nephronophthisis

Within recessive variants of the NPHP-MCKD complex, the
different forms are distinguished on the basis of the mutated
gene. To date, thirteen distinct genes (NPHP1-12, NPHPLI)
have been identified by positional cloning and massively
parallel sequencing.

Nephronophthisis Type 1 (Juvenile
Nephronophthisis): Qinical Features

The first case of juvenile nephronophthisis was described
by Smith and Graham®® in 1945. This report of a sporadic
case was followed by the publication of two large kindred
with familial disease by Fanconi et al.,>” who introduced the
term familial juvenile nephronophthisis. This disease variant is
now classified as nephronophthisis type 1 (NPHPI). Since
the first description, over 300 cases of NPHP have been pub-
lished in the literature.” NPHP1 is the most common variant
within the NPHP-MCKD complex. Penetrance of recessive
mutations is 100% by adolescence.

In juvenile NPHP, the symptoms of polyuria, polydip-
sia, decreased urinary concentrating ability, and secondary
enuresis are the earliest presenting symptoms in over 80%
of cases*' and occur at around 4 to 6 years of age. Pallor,
weakness, and generalized pruritus are also common. Ane-
mia®' and, in children, growth retardation occur later and
are pronounced. In juvenile NPHP, children usually start to
drink regularly at nighttime around age 6 years. This char-
acteristic symptom should actively be sought when taking
the patient3 history. The mild nature of symptoms, together
with a frequent lack of edema, hypertension, and urinary
tract infections, characteristically leads to delayed diagnosis
and therapy in NPHP-MCKD. Due to the late detection of
symptoms, there is a small but definite risk of sudden death
from fluid and electrolyte imbalance. For NPHP1, definite
molecular genetic diagnosis is possible (see the text that fol-
lows). Disease recurrence has never been reported in kidneys
transplanted to NPHP patients.’

Nephronophthisis Type 1:
Molecular Genetics

Because little was known about the pathogenesis of NPHP, a
positional cloning approach was used for gene identification.

By total genome search for linkage, a gene locus for juvenile
NPHP1 was mapped to human chromosome 2q12-q13.”%°
The critical genetic region was subsequently cloned in
yeast artificial chromosome (YAC) and P1-derived artificial
chromosome (PAC) contigs, which led to the identifica-
tion of the NPHPI gene, defects in which are responsible
for NPHP1.%%! About 66% of children with juvenile NPHP
harbor large (250 kb) homozygous deletions of the NPHP1
gene, whereas some carry point mutations in combination
with heterozygous deletions.®”** Through gene identifica-
tion, a molecular genetic diagnosis in NPHP1 has become
possible (see the text that follows).®* ¢’

The NPHPI1 gene spans 83 kb, consists of 20 exons,
and encodes an mRNA of 4.5 kb. It is flanked by two large
(330 kb) inverted duplications. In addition, a second se-
quence of 45 kb, which is located between the centromeric
inverted duplication and the NPHP1 gene, i1s repeated
directly within the telomeric inverted duplication. In sev-
eral NPHP1 families, the deletion break points have been
localized to the 45 kb direct repeats using pulsed field gel
electrophoresis.®” Chromosomal misalignment followed by
unequal crossing over or the formation of a loop structure on
a single chromosome has been suggested as a potential cause
for these deletions. In addition, there 1s a high degree of fur-
ther rearrangements known to occur in this region of chro-
mosome 2.% Furthermore, an unusual maternal deletion in
a child with NPHP1 molecularly characterized, showing that
the centromeric break point occurred within a long inter-
spersed nuclear element-1 (LINE1).°® The NPHP1 gene is a
novel gene, which 1s not related to any known gene families.
Expression studies in humans and mice revealed a broad
tissue expression pattern. In addition, in situ hybridization
studies of whole mount mouse embryos showed ubiquitous
but weak Nphpl expression at all embryonic stages between
days 7.5 and 11.5 postconception.® In the adult mice, there
was also a strong expression in testes.

Nephronophthisis Type 2

A second gene locus (NPHP2) for recessive NPHP has been
localized to chromosome 9q31.1 in a large Bedouin pedigree
by homozygosity mapping (Table 15.2).!* This disease vari-
ant 1s termed mfantile nephronophthisis (NPHP2) due to its
prenatal, perinatal, or infantile onset. The clinical course and
histology in this disease are quite different from other forms
of NPHP" The inv mouse model, in which a disruption of the
protein inversin led to a consistent reversal of the left-—right
body axis,”' was noted to have cystic kidney disease.”>"* These
observations led to the identification of inversin (INVS) as the
gene mutated in NPHP2 with and without situs inversus.”'
INVS encodes a 1,062 amino acid protein containing 16 an-
kyrin repeats, a nuclear localization signal, and an 1Q calmod-
ulin domain.” Yeast two-hybrid and coimmunoprecipitation
experiments have confirmed the interaction between inversin
and calmodulin. By a knockdown of inversin expression in ze-
bra fish, a polycystic kidney disease (PKD)-like phenotype in
addition to a randomization of heart looping was observed.’'



CHAPTER 15 = NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 507




508 SECTION III = CYSTIC AND TUBULAR DISORDERS




CHAPTER 15 ® NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 509

Inversin localizes to primary cilia, mitotic spindles, and cen-
trosomes’* and is intimately associated with the microtubule
cytoskeleton.”” INVS/NPHP2 mutations remain a rare cause of
NPHP, accounting for <<1% of cases.

Nephronophthisis Type 3

A third locus (NPHP3) for NPHP was mapped to chromo-
some 3g22.1 in alarge Venezuelan kindred by a total genome
search for linkage by applying the strategy of homozygosity
mapping (Table 15.2).">7%7" This disease variant was termed
adolescent nephronophthisis (NPHP3) because the onset
of ESRD occurs 6 years later than in juvenile NPHPI1, with
a median onset of terminal renal failure occurring at age
19 years (Fig. 15.4).

Identification of the gene NPHP3, which causes adoles-
cent NPHP. was carried out in the same Venezuelan kindred.”®
The novel NPHP3 protein interacts with nephrocystin-1.
NPHP3 mutations were found in patients with isolated
MPHP and in families with NPHP and hepatic fibrosis or
tapetoretinal degeneration. Murine Nphp3 was shown to be
expressed in the embryonic node, kidney tubules, retina,
respiratory epithelium, liver, biliary tract, and neural tissues.
A homozygous missense mutation in Nphp3 was identified
as the underlying defect in the polycystic kidney disease
(pcy) mouse phenotype.”®

Nephronophthisis Type 4

By atotal genome search for linkage, a fourth gene locus (NPHP4)
was localized to chromosome 1p36,” including a family with
SLSN. The respective gene (NPHP4) was subsequently 1denti-
fied as causing NPHP type 4 and SLSN type 4."”*> The gene
and its gene product, nephroretinin/nephrocystin-4, are highly
conserved in evolution. Nephrocystin-4 protein expression has
been demonstrated in primary cilia, centrosomes, and near the
cortical actin cytoskeleton, showing partial colocalization with
B-catenin in polarized MDCK cells.*> Co-immunoprecipitation
experiments showed that nephrocystin, p130Cas, and Pyk2 are
in a complex with nephrocystin-4.>> More recently; it was dem-
onstrated that NPHP4, in conjunction with NPHPI, interacts
with the conserved polarity complex PALS1/PAT)/Crb3.%° This
data may reconcile the involvement of the nephrocystin com-
plex of proteins in both, at the adherens junction and at the
cilia/centrosomes (Fig. 15.5).

Nephronophthisis Type 5

NPHP5 (ICQBI) is a novel gene, which was identified by
positional cloning as a cause of NPHP type 5.%° All of the
mutations found i NPHPS and its protein product, nephro-
cystin-5, are the result of truncating mutations. Interestingly,
all mutations were associated with the presence of early
onset SLSN/retinitis pigmentosa where blindness occurred
before the third year of life.*” The nephrocystin-5 protein
directly interacts with calmodulin and is in a protein com-
plex with the retinitis pigmentosa GTPase regulator (RPGR),
thus explaining the renal-retinal phenotype of the disease.

Nephronophthisis Type 6

By positional cloning, mutations in NPHP6 (CEP290) were
identified as causing NPHP type 6.%'%% Patients with trun-
cating NPHP6 mutations displayed JBTS phenotype (JBI'S6),
whereas missense mutations caused SLSN. NPHP6 was shown
to regulate the activity of the cAMP-regulated transcription
factor CREB2/ATF4, suggesting that the loss of NPHP6 func-
tion leads to aberrant gene expression that may contribute to
disease progression in NPHP6.3! A direct interaction between
NPHP5 and NPHP6 was demonstrated in zebra fish, where the
depletion of either gene led to almost identical phenotypes.®’

Nephronophthisis Type 7

Mutations in NPHP7 (GLIS2) have been identified in a single
family as causing NPHP type 7.%* GLIS2 is a transcription
factor that negatively regulates the Sonic hedgehog path-
way mediator GLI1 transcriptional activity by binding to
GLI-binding sites.®> NPHP7 activity is required in the adult
kidney to suppress the Shh pathway activation. Loss of Nphp7
leads to the inactivation of the Snail and Wnt4 genes, which
in turn initiates tubular dedifferentiation and epithelial-to-
mesenchymal transition in the kidney, resulting in intestinal
fibrosis.®® NPHP7, together with NPHP6, is the second NPHP
gene that 1s implicated i gene expression and regulation.

Nephronophthisis Type 8

Mutations in NPHP8 (RPGRIP-like 1, [RPGRIPLI]) were shown
to cause NPHP type 8 in cerebello-oculo-renal syndrome
(Joubert syndrome type B) and Meckel-Gruber syndrome.*>%7-%%
Mutations in NPHP8 cause a wide range of phenotypes.*

Nephronophthisis Type 9

Homozygous mutations in NPHP9 (never in mitosis A-related
kinase 8 [NEKS8]) were shown to cause NPHP type 9.°° NEKS8
interacts and colocalizes with NPHP2/INV and NPHP3 to the
proximal segment of the primary cilia.*” The interaction of
NEKS8 with the autosomal dominant polycystic kidney dis-
case (ADPKD) protein PKD2 suggests that NEK8 may regu-
late both the expression and posttranslational modification
(phosphorylation) of both PKD1 and PKD2.”

Nephronophthisis Type 10

Mutations in the NPHP10 (SDCCAGS) gene were recently
identified by candidate exome capture and massively paral-
lel sequencing as causing NPHP type 10.°” All patients car-
ried two truncating mutations and developed juvenile NPHP
with associated retinitis pigmentosa (SLSN). Interestingly;
some patients presented Bardet-Biedl syndrome-like fea-
tures, including obesity and hypogonadism.>’

Nephronophthisis Type 11

Homozygous and compound heterozygous missense muta-
tions in the NPHP11 (transmembrane protein 67 [TMEM67/
MKS3]) gene were shown to cause NPHP type 11.%° Similar
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FIGURE15.5 localization ofthe nephrocystin complex to the renal epithelial cell primary cilium,the adherens junction,the focal

adhesions,and the microtubule organizing centers (centrosomes). Aprimary renal cilium is shown bending as a result of urinary flow.

Fluid shear forces lead to an increase in intracellular calcium,mediated by calcium permanent channels,such as polycystin-2,local-

ized to the surface ofthe cilia. This initial calcium influx may lead to multiple downstream effects including calcium-induced calcium

release,targeted fusion of cytoplasmic vesicles with the plasma membrane, protein kinase signaling cascades,and gene expression,
which may modulate cellular proliferation, differentiation,and apoptosis.(Modified from Nauli SM, et al. Polycystins 1 and 2 mediate
mechanosensation in the primary cilium ofkidney cells. Nat Genet 2003;33:129;and Praetorius HA, Spring KR. Bending the MDCKcell
primary cilium increases intracellular calcrum.J Mem br Biol 2001;184:71.) Nephrocystin complexes are shown within the cilum, where
they are moved up the cilium by intraflagellar transport protein complexes (kinesin-Il) and down via the cytoplasmic dynein.The pre-
cise function ofthe nephrocystin complex within the cilium remains to be established.In addition to the cilium,inversin and neph-
rocystins have been localized to the adherens junctions,the centrosomes,and the nucleus (not shown).Nephrocystin complexes are
also shown localized to the focal adhesion kinase complex, which includes proteins,such as pyk2 and p130Cas,and binding partners
ofnephrocystin-1 and nephrocystin-4.(Modified from Mollet G, et al. Characterization ofthe nephrocystin/nephrocystin-4 complex
and subcellular localization of nephrocystin-4 to primary cilia and centrosomes. Hum Mol Genet 2005;14:645;and Benzing T, et al.
Nephrocystin interacts with Pyk2,p130 (Cas),and tensin and triggers phosphorylation of Pyk2. Proc Natl Acad Sci USA 2001;98:9784.)
Cell adhesion signaling events and polarity may be regulated by the nephrocystin complex at this location.

to NPHP3, NPHP6, and NPHPS, mutations in NPHP11 can
cause a syndromic ciliopathy, with phenotypes ranging from
SLSN and JBTS to MKS.”!

Nephronophthisis Type 12

NPHPI12 (tetratricopeptide repeat domain 21B [TTC21B]) 1s a
novel gene that has very recently been identified as the cause
of NPHP type 12.*° Because mutations in NPHP12 were
identified in 5% of other ciliopathy cases, it was suggested
that NPHP12 mutations may have a role as genetic modifier
mutations in ciliopathies.*’

Nephronophthisis-like 1

Mutations in the XPNEPEP3 (X-prolyl aminopeptidase 3)
gene were shown to cause an NPHP-like 1 (NPHPL-1)
nephropathy’? Unlike other NPHP proteins, the NPHPL-1
gene product does not localize to the primary cilia or cen-
trosomes. Instead, the enzyme XPNPEP3 harbors a mito-
chondrial leader sequence and localizes to mitochondria.”?
Possible involvement of NPHPL-1 in ciliary function is
suggested by the presence of putative XPNPEP target
sequences on several centrosomal proteins, including
NPHP6/CEP290.”
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Nephronophthisis with Extrarenal
Associations

With the exception of the occurrence of hyperuricemia
and gout in MCKD, extrarenal disease manifestations have
only been described in recessive forms of nephronophthisis
(Tables 15.1B and 15.2). Ocular motor apraxia Cogan type
1s a transient inability of horizontal eye movements occur-
ring in the first few years of life. This has been described in
patients with mutations in NPHP1°*’ or NPHP4.>"

SLSN, represented by a concomitant occurrence of
NPHP with retinitis pigmentosa, was first described by
Contreras et al.,”* Senior et al.,”* and Loken et al.”” The des-
ignation SLSN seems more appropriate than the term reti-
nal-renal dysplasia, because both renal and retinal changes
are degenerative rather than dysplastic.”® In NPHP types 1
through 4 retinitis pigmentosa occurs in about 10% of all
affected families. In NPHP type 5, all patients exhibited ear-
ly onset retinitis pigmentosa,”’ whereas in NPHP type 10,
nearly all patients display late onset retinitis pigmentosa.*’
Retinitis pigmentosa is diagnosed by its specific findings on
an ophthalmoscopy including increased pigment, attenua-
tion of retinal vessels, and pallor of the optic disc, and 1is
coupled with the results of an electroretinography and elec-
trooculography. Retinal degeneration is characterized by a
constant and complete extinction of the electroretinogram,
which precedes the development of visual and funduscopic
signs of retinitis pigmentosa.”’””® The early onset and the
late onset type of SLSN have been distinguished. The early
onset type seems to represent a form of a Leber congeni-
tal amaurosis because children exhibit coarse nystagmus
and/or blindness at birth or within the first 2 years of life.””
Funduscopic alterations are present in all SLSN patients
by the age of 10 years. The late onset form is character-
1zed by the development of blindness during the school age
years after a preceding night blindness. Other eye symp-
toms besides tapetoretinal degeneration include nystagmus,
myopia, and coloboma of the choroidea.”’ The age of onset,
symptoms, and a histology of renal disease i1s identical to
what is known from patients with juvenile nephronophthi-
sis without ocular involvement.

The association of NPHP with the degenerative phe-
notype of liver fibrosis was first noted by Boichis et al.,*
and was later also reported by others.'”'%* All patients had
hepatomegaly and moderate portal fibrosis with mild bile
duct proliferation. This pattern differs from that of classi-
cal congenital hepatic fibrosis, where biliary dysgenesis is
prominent. Cases with skeletal changes, predominantly in
the form of cone-shaped epiphyses (type 28 and 28A) are
known as Mainzer-Saldino syndrome, and were first pub-
lished by Mainzer et al.*’ in combination with cases of reti-
nal degeneration and cerebellar ataxia. Recessive mutations
in the NPHP3, NPHP4, NPHP6, NPHPS, and NPHP11 genes
have been described in patients with NPHP and liver degen-
erative phenotypes”’® where NPHP11 mutations seem to be
the most frequently associated.”

In Joubert syndrome type B (JBIS), a developmental dis-
order with multiple organ involvement, NPHP occurs in
association with coloboma of the eye or retinal degenera-
tion, aplasia of the cerebellar vermis with ataxia, the facul-
tative symptoms of psychomotor retardation, and neonatal
tachy/dyspnea.’®!%-1%* A diagnostic feature of Joubert syn-
drome on an axial magnetic resonance imaging (MRI) of the
brain 1s prominent superior cerebellar peduncles, termed
the molar tooth sign (MTS).'"* Thirteen genes have now
been shown to cause Joubert syndrome. NPHPI gene de-
fects are a rare cause of Joubert syndrome in a subset of pa-
tients with NPHP'?> Additionally, patients with mutations
in NPHP3, NPHP6, NPHP8, NPHPI11, and NPHP12 genes
display JBTS.?-"%4081° A homozygous deletion of NPHP1
was found in two siblings and in a third patient with mild
features of Joubert syndrome type B. The second gene de-
fect was found in the Abelson Helper Integration Site (AHI1)
gene, and its protein product has been termed Jouberin. The
Jouberin protein has three known isoforms and possesses a
coiled coil domain, at least six WD40 domains, and an SH3
domain. It 1s thus likely to be part of the nephrocystin com-
plex of proteins. In the initial reports of AHII mutations, the
phenotype included cerebellar abnormalities, but no renal
phenotype was reported. Recently, Jouberin mutations were
detected in patients with NPHP and JBTS.'"®

Additional phenotypes have been described in associa-
tion with NPHP. These include Jeune syndrome (asphyxiating
thoracic dysplasia)'’’'?”; Meckel-Gruber syndrome®->*"; Ellis
van Creveld syndrome''®; ulcerative colitis'''; retinitis pig-
mentosa, hypopituitarism, nephronophthisis, and mild skel-

113,

etal dysplasia (RHYNS) syndrome''?; Alstrom syndrome''’;
Sensenbrenner syndrome''*'!’; and Arima syndrome.''®'"”
BBS'?*12! has been reported to exhibit renal histol-
ogy findings reminiscent of NPHP. Recently, it was shown
by using candidate exome capture and massively paral-
lel sequencing that mutations in SDCCAG8/NPHP10 cause
BBS-like phenotype (without polydactyly) in NPHP type 10
patients.”” Gene identification of NPHP genes has revealed
that the molecular relation between these diseases may lie
in the expression of the respective gene products in primary

cilia, basal bodies, or centrosomes of renal epithelial cells.?

Animal Models of NPHP

Genetic animal models resembling NPHP have been fruitful
in the identification of underlying gene defects, and more re-
cently in the experimental treatment of cystic kidney disease.

The Invs gene, when mutated, gives rise to renal cysts as
well as left-right asymmetry, cardiovascular defects, hepa-
tobiliary defects, and premature death in inv/inv knockout
mice.”*'?* Collecting ducts of newborn inv/inv mice dem-
onstrate diffuse cystic dilatation.'*® Mutations in INVS give
rise to human NPHP type 2, with and without situs inversus.
The pcy mouse model'> demonstrates interstitial fibrosis
and cystic kidneys. The underlying defect was shown to be
a missense mutation in the Nphp3 gene.’® Recently, mouse
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models of Nphpl,'** Nphp4,'*> Nphp7/Glis2,*® and Nphp9/
jck'*® have been reported. Unexpectedly, the phenotype of
Nphpl”- mice is relatively mild, affecting only spermatogen-
esis.'** Another study, with a different Nphp1 knockout de-
sign, uncovered an epistatic relationship between Nphpl and
Ahi in regulating the severity of retinal degeneration pheno-
type first in mice and then in humans,'?’ underlining the
strength of the animal models in studying the pathomecha-
nisms of NPHP. Similarly to Nphpl knockout mice, homo-
zygous mutant Nphp4 mice do not display renal phenotype,
but present a severe retinal degeneration and male infertility
phenotype.'* The Nphp7 knockout mouse model has been
instrumental in deciphering the underlying molecular de-
fects causing NPHP7 by showing that the derepression of
Sonic hedgehog (Shh) signaling in the adult kidney leads to
epithelial to mesenchymal transition and, ultimately, intersti-
tial fibrosis—the disease phenotype in NPHP7 patients.®**
The juvenile cystic kidney (jck) mouse model has been used
extensively as a model for PKD, and its renal phenotype
1s caused by a recessive missense mutation in the Nphp9
gene.'*® This model has been fruitful for testing different
modalities to ameliorate renal cystic disease progression. It
was shown that cyst formation in jck mice can be suppressed
by treatment with the CDK inhibitor roscovitine'*® or the
glycosylceramide synthase inhibitor.'*

The kd (kidney disease) mouse strain has also been
reported as a genetic animal model of NPHP'**"*! It shares
several clinical and histologic'’' features with human NPHP
The mice are born healthy, but by 8 weeks of age, they devel-
op severe interstitial nephritis that progresses to ESRD by 4 to
8 months of age. The defect 1s caused by a mutation of a gene
that encodes a mitochondrial protein, namely prenyltrans-
feraselike mitochondrial protein (PLMP).'** Kd/kd mice were
shown to have dysmorphic mitochondria within renal tubular
epithelia.'** Additional transgenic mouse models for NPHP,
such as the tensin knockout mouse,'* the bcl-2 knockout
mouse, > %> and the Ace knockout mouse'*® will hopefully
aid our understanding of the pathophysiology of NPHP'*’
A canine model of NPHP has also been reported.!-!?8140

The Pathogenic Hypotheses of
Nephronophthisis

The identification of mutations in the inversin gene, which
cause NPHP type 2, established a link between the pathogen-
esis of NPHP to disease mechanisms of PKD.*! The knock-
down of invs in the zebra fish embryo causes a renal cystic
phenotype. In addition, the positional cloning of the novel
gene NPHP3, mutated in adolescent NPHP (type 3) and in
the renal cystic mouse model pey,'** confirmed this paradigm.
Nephrocystin interacts with both inversin and with b-tubulin,
with colocalization of all three proteins in the primary renal
cilia of epithelial cells.”* Inversin was also shown to be local-
ized to mitotic spindles and centrioles.”* The IQ calmodulin-
binding motif containing protein-1 (IQCBI), also known as
nephrocystin-3, also reveals a ciliary and basal body colocaliza-

tion.?’ All NPHP proteins identified so far share the localiza-
tion to cilia, centrosomes, or the basal body, with the exception
of mitochondrial NPHPLI. The finding that such nephrocys-
tins colocalize to primary cilia, basal bodies, or centrioles to-
gether with other proteins that, if defective, cause renal cystic
diseases, suggests a role within a functional module shared
with other proteins (Fig. 15.5). Therefore, recently, a unifying
hypothesis of renal cystogenesis has been established, thus
characterizing renal cystic diseases as ciliopathies.'*' This hy-
pothesis states that proteins, which, if mutated, cause renal
cystic disease in humans, mice, or zebra fish, are part of a
functional module, as defined by their subcellular localization
to primary cilia, basal bodies, or centrioles.” This applies to
polycystin-1 and -2, fibrocystin/polyductin, nephrocystin-1,
-2 (inversin), -3, -4, -5, BBS-associated proteins, cystin, po-
laris, ALMSI, oral-facial-digital syndrome type 1 (OFDI),
and others. The existence of such functional modules in cil-
lopathies was recently demonstrated by proteomic studies,
showing that NPHP-JBTS-MKS proteins function i distinct
modules that are mechanistically connected.'*?

A model of evolutionary conserved proteins involved
in cilia has also recently added weight to the ‘cystogenes”
hypothesis. Following identification the NPHPI, 2, and 4
genes, orthologs of these genes in the nematode Caenorhabdi-
tis elegans have been identified.'”***” This strong evolution-
ary conservation of genes that, if defective, cause NPHP in
humans, suggests that their products may be part of a func-
tional module conserved i C. elegans. This assumption was
also supported by the finding of cell-specific GFP expression
under the nephrocystin-1 and -4 promoters in the same cell
types of head and tail ciliated neurons, in which the C. elegans
orthologs of other renal cyst-causing genes are expressed,
such as pkd-1 (lov-1), pkd-2, and polaris (osm 5).'*

In addition to the ciliary hypothesis, an adherens junc-
tion/focal adhesion hypothesis has also been suggested on
the basis that nephrocystin-1 contains an SH3 domain.®%'*
This theory 1s based on the fact that most SH3 domains are
found in adapter proteins, which have a function in focal
adhesion signaling complexes of cell-matrix contacts.'*>'%¢
Several findings support this hypothesis, such as:

1. Nephrocystin was shown to bind to the protein
p130Cas (“crk-associated substrate”),"*”'* which is a
major mediator of focal adhesion assembly'** and to
compete for binding with Src and Fyn.'*’

2. In children with NPHP, Rahilly and Fleming'*’ de-
scribed strong o531 integrin expression in proximal
tubules, from which a5 integrin i1s normally absent,
which most likely results from defective a6 mtegrin
expression. The o586 complex is an important recep-
tor for focal adhesion signaling in renal tubular cells.

3. The knockout mouse models for tensin'** and for the
Rho GDIa gene'”! both exhibit an NPHP-like pheno-
type, thereby implicating proteins of the focal adhe-
sion signal transduction cascade in the pathogenesis of
NPHP-like diseases.
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Together, these findings may point to a pathogenesis
of NPHP. which involves focal adhesion and/or adherens
junction signaling processes. Data from Mollet et al.'>?
demonstrated, in addition to ciliary and centrosomal local-
ization, that NPHP4 was part of a subplasmalemmal pro-
tein complex which included NPHP1, p130Cas, and Pyk?2.
These data confirm the role of the nephrocystin proteins
within both a cilial/centrosomal hypothesis and an adherens
junction/focal adhesion hypothesis.

Medullary Cystic Kidney Disease

The first large kindreds of autosomal dominant medullary
cystic kidney disease (MCKD) were reported by Goldman
and by Gardner.'%!>*!>* Dominant MCKD by a renal mac-
roscopic pathology and histology is indistinguishable from
recessive NPHP In MCKD, terminal renal failure devel-
ops later than mm NPHP, within the seventh decade of life
(Fig. 15.4). The only extrarenal associations known to occur
with MCKD are hyperuricemia and gouty arthritis, which
have been described in the majority of the kindred reported.

Medullary Cystic Kidney Disease
Type 1 (MCKD1)

A gene locus for MCKD1 was mapped to chromosome 121
in large pedigrees from Cyprus.”' Further refinement of this
locus has been possible using an observed recombinant from
within a Belgian kindred,'> reducing the critical genetic re-
gion to 2.1 Mb (Table 15.2). This disease form was asso-
ciated with hyperuricemia and gout.”” ESRD occurred at a
median age of 62 years (Fig. 15.4).

Medullary Cystic Kidney Disease

Type 2 (MCKD2)

A second locus (MCKD?2) for medullary cystic kidney disease
was localized to chromosome 16p12 (Tablel5.2).%!°%17 In
this variant, ESRD develops much earlier, at a median age of
32 years (Fig. 15.4). MCKD2 and an autosomal dominant
disease formerly known as familial juvenile hyperuricemic
nephropathy (FJHN)'® have been shown to map to the same
chromosomal region and suggest that they represent the same
disease entity.'>”'®" This was confirmed with the identifica-
tion of mutations within the uromodulin (UMOD) gene in
affected patients with phenotypes of FIHN and MCKD?2.'¢!
UMOD encodes the Tamm-Horsfall protein, which is a GPI-
anchored glycoprotein and is present abundantly in normal
urine. It has been suggested that mutations within UMOD
may disrupt the tertiary structure of UMOD.'®! A clustering
of UMOD mutations was noted within the highly conserved
exon 4 of the encoded sequence of UMOD.!'®* An investiga-
tion of UMOD mutations in the urine of affected individuals
and renal biopsies revealed an abnormal accumulation of uro-
modulin within tubular cells and reduced urinary excretion
of wild-type uromodulin.'® Glomerulocystic kidney disease
(GCKD), characterized by dilatation of the Bowman space and
the collapse of the glomerular tuft, is a renal disorder distinct

from MCKD/FJHN, although some clinical features are shared.
A clinical variant of GCKD demonstrates a reduced fractional
excretion of uric acid, resulting in hyperuricemia. A muta-
tion in UMOD was recently described in one family (three
patients) with this condition, thus broadening the phenotype
associated with UMOM mutations further.'®* Finally, there is
evidence for at least one additional locus for MCKD.>~*

MOLECULAR GENETIC DIAGNOSIS,
IMAGING, AND LABORATORY STUDIES

Molecular Genetic Diagnosis in
Nephronophthisis

Nephronophthisis types 1 through 12 can now be unequiv-
ocally diagnosed, because direct molecular genetic diagno-
sis has become available through the identification of the
responsible genes (www.renalgenes.org). Molecular genet-
ic analysis 1s the only diagnostic procedure by which the
diagnosis of NPHP can be made with certainty. It should be
initiated to noninvasively prove or exclude NPHP before the
invasive procedure of renal biopsy is performed. However,
due to the presence of additional genes for NPHP, the lack
of detection of mutations in NPHP1-12 and NPHPL-1 genes
does not exclude the diagnosis of NPHP. In a similar man-
ner, UMOD mutational analysis will allow a precise genetic
diagnosis of MCKD?2, but a lack of any mutations will not
exclude MCKD. Molecular genetic testing should be per-
formed only in the context of genetic counseling and within
the guidelines of the National and International Societies for
Human Genetics (www.ethics.ubc.ca). Prior to genetic coun-
seling, a thorough pedigree analysis to distinguish recessive
(early onset) from dominant (late onset) disease is manda-
tory, and extrarenal organ involvement should be sought.

Imaging Techniques

Renal ultrasound is a very useful imaging technique in the
NPHP-MCKD complex. Kidneys are normal or moderately
reduced in size and exhibit, typically, a loss of corticomedul-
lary differentiation and an increased echogenicity. Later in
the course of the disease, mostly when patients have reached
ESRD, cysts can be detected at the corticomedullary junction
(Fig. 15.6).'%71%7 Garel and associates'®® have seen medul-
lary cysts in 13 out of 15 children studied at the time of renal
failure (mean age: 9.7 years).

Magnetic resonance tomography and computed tomog-
raphy demonstrate the presence of cysts in MCKD.'®*!7
The invasive procedure of renal arteriography is not indi-
cated to demonstrate the presence of medullary cysts,'’* and
caution must be exercised when performing contrast studies
in patients with renal failure.

Laboratory Studies and Urinary
Concentrating Ability

Besides a molecular genetic diagnosis of NPHP1-12, NPH-
PL-1, and UMOD, there are no chemical laboratory tests in
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FIGURE15.6 Characteristic renal ultrasound findings in juve-
nile nephronophthisis (NPHP1). Note the normal kidney size,
the loss of corticomedullary differentiation,and the increased
echogenicity, which renders the pattern ofthe kidney similar
to that ofthe liver (*),together with the presence of cysts at
the corticomedullary border ofthe kidney. (Courtesy of Prof.J.
Dippel, Frankfurt, Germany.)

the NPHP-MCKD complex that specifically establish the
diagnosis. Hematuria, proteinuria, and bacteriuria are typi-
cally absent in NPHP. In rare cases where proteinuria is pres-
ent, 1t is usually mild and of the tubular type. Laboratory
studies are needed to assess the severity of renal failure and
generally demonstrate elevated serum creatinine, blood urea
nitrogen (BUN), phosphorus, a metabolic acidosis, and ane-
mia at the characteristic ages of the onset of ESRD for the
different disease entities. Ophthalmoscopy should be per-
formed in any patient to exclude SLSN. Liver function and
hepatic ultrasonography should also be performed to facili-
tate the detection of patients with hepatic fibrosis.

A characteristic early finding in NPHP is the decreased
ability to concentrate the urine following a water depriva-
tion test.*’ An impairment of tubular function, with the
constant finding of a renal concentration defect, usually
precedes any documentable reduction in the glomerular fil-
tration rate'’ and may be present with minimal histologic
abnormalities.!”

An intermediate defect of urinary concentration abil-
ity has been inconsistently demonstrated in the parents and
some siblings of children with NPHP, and has been sug-
gested to reflect the heterozygous state of the disease.'”®
An 8-hour water deprivation test or vasopressin adminis-
tration can be used to demonstrate a tubular concentration
defect. Such tests should be performed with caution because
dehydration may precipitate acute renal failure in patients
with the disease or in unrecognized affected family mem-
bers. In affected individuals, urine osmolality after 8 hours

of water deprivation or vasopressin administration 1s <800
mOsm per kilogram of water. The diseases of the complex
have also become known as salt losing nephritis. Poor renal
uptake of 99™-technetium-DMSA has been proposed as di-
agnostic of NPHP'"’

Differential Diagnosis of Nephronophthisis-
Medullary Cystic Kidney Disease

On histopathology, the NPHP-MCKD complex has to be dif-
ferentiated from other forms of interstitial nephropathies like
chronic pyelonephritis or drug injury. In oligomeganeph-
ronic dysplasia'’® kidney size is reduced and histology is
distinct from NPHP. The paucity of urinary abnormalities,
the frequent lack of hypertension, and the localization of
renal cysts (if present) readily differentiate variants of the
NPHP-MCKD complex from recessive or dominant poly-
cystic kidney disease. Finally, a medullary sponge kidney' "
(see the subsequent text) does usually not lead to chronic
renal failure and shows calcifications and calculi on renal
ultrasound, and 1s, therefore, readily distinguishable from
the complex.

PROGNOSIS, THERAPY, AND

COUNSELING

Therapy of NPHP and MCKD i1s symptomatic and will per-
tain to the treatment of hypertension, if present, as well as
the correction of disturbances of electrolyte, acid—base, and
water balance. Hypokalemia may contribute to the poly-
uria, so that oral potassium supplementation may allevi-
ate this symptom. Metabolic acidosis should be corrected,
and osteodystrophy and secondary hyperparathyroidism
should be treated with adequate calcium supplementation,
phosphorus restriction or binders, and vitamin D therapy.
Anemia can be treated with erythropoietin and growth
retardation may require the administration of growth
hormone if the diagnosis is made early enough for an in-
tervention. Adequate nutrition (caloric and amino-acid
supplementation) should be maintained with the help of
a dietician. Salt wasting seems to be more frequent in the
phase just preceding the development of end-stage renal
disease. Patients are at risk for sudden water and electro-
lyte disturbances due to the high urinary output and salt
loss. In some cases, an event of severe dehydration with
acute renal failure can abruptly precipitate chronic renal
failure. Sufhicient salt and water supplementation is im-
portant at this stage, but may have to be restricted because
hypertension develops late in the course of renal failure.
Psychological counseling of the patients 1s an integral part
of therapy because of the poor self-image associated with
growth retardation and to alleviate pressures resulting
from the need to comply with complicated medications
and dietary prescriptions. All patients will require renal
replacement therapy during childhood, adolescence, or in
dominant disease, in adulthood.



CHAPTER 15 = NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 515

At present, renal transplantation is the treatment of
choice for ESRF associated with both NPHP and MCDK.
Stavrou et al.'”” recently reported the outcomes of renal
transplantation for 19 patients with MCKD type 1. Five-year
graft survival was 90% with no evidence of recurrence of
disease or specific complications.

Prior to genetic counseling, a thorough pedigree analy-
sis to distinguish recessive (early onset) from dominant (late
onset) disease is mandatory, and diseases other than renal
organ involvement should be excluded. Siblings below 13
years of age should be reevaluated yearly by maximal uri-
nary concentrating ability to allow for early detection and
early prevention of complications. If a transplant recipients
renal histology suggests NPHP or MCKD and a living related
donor 1s considered, an extensive search should be made to
exclude or detect renal disease within the family.

Future therapeutic strategies targeted at renal cyst ex-
pansion may lead to the successful delay of ESRD. Vasopres-
sin, a major adenyl cyclase agonist, acts via V2 receptors in
the collecting duct. Recently, an antagonist of the V2 recep-
tor (OPC31260) has been shown to mhibit renal cystogen-
esis in the pcy mouse, which i1s the murine equivalent of
human NPHP3.'"® Clinical trials in patients with NPHP are
eagerly awaited. Similarly, the antiproliferative agent rapa-
mycin has been used in the Han:SPRD rat model of polycys-
tic kidney disease, where a reduction in cyst volume density
and a preservation of renal function was observed.'®! Thus,
additional studies into therapeutic interventions in animal
models are necessary to enable the development of thera-
peutic approaches to NPHP-MCKD.

REFERENCES

1. Waldherr R, Lennert T, Weber HP, et al. The nephronophthisis com-
plex. A clinicopathologic study in children. Virchows Arch A Pathol Anat Histol
1982;394:235-254.
http://www.ncbi.nlm.nih.gov/pubmed/7072145

2. Hildebrandt E Benzing T, Katsanis N. Ciliopathies. N Engl JMed. 2011;364:
1533-1543.

3. Gardner KD . Juvenilenephronophthisisand renalmedullarycystic disease.
Perspect Nephrol Hypertens. 1976;4:173—185.
http://www.ncbi.nlm.nih.gov/pubmed/1264565

4. Sherman FE, Studnicki FM, Fetterman G. Renal lesions of familial juvenile
nephronophthisis examined by microdissection. Am J Clin Pathol. 1971;55:
391-400.

5. Sworn MJ, Eisinger AJ. Medullary cystic disease and juvenile nephronoph-
thisis in separate members of the same family. Arch Dis Child. 1972;47:278.

6. Hildebrandt E Waldherr R, Kutt R, et al. The nephronophthisis complex:
clinical and genetic aspects. Clin Investig. 1992;70:802—808.
http://www.ncbi.nlm.nih.gov/pubmed/1450635

7. Zollinger HU, Mihatsch MJ, Edefonti A, et al. Nephronophthisis (medullary
cystic disease of the kidney). A study using electron microscopy, immuno-
fluorescence, and a review of the morphological fndings. Helv Paediatr Acta.
1980;35:509-530.
http://www.ncbi.nlm.nih.gov/pubmed/7009503

8. Resnickl, SissonS, Vernier RL. Tamm-Horsfallprotein. Abnormallocalization
in renal disease. Lab Invest 1978;38:550.
http://www.ncbi.nlm.nih.gov/pubmed/347168

9. Steel BT, Lirenman DS, Battie CW. Nephronophthisis. Am JMed. 1980;68:
531-538.

10. Gardner KD. Evolution of clinical signs in adult-onset cystic disease of the
renal medulla. Ann Intern Med. 1971;74:47-54.
http://www.ncbi.nlm.nih.gov/pubmed/5539277

11. HildebrandtE Juvenilenephronophthisis. In: Barratt TM, Avner ED, Harmon
WE, eds. Pediatric Nephrology. Baltimore: Lippincott Williams & Wilkins; 1999.
12. HildebrandtE Strahm B,NothwangHG, etal. Molecular geneticidentif cation
of families with juvenile nephronophthisis type 1: rate of progression to renal
failure. APN Study Group. Arbeitsgemeinschaft fur Padiatrische Nephrologie.
Kidney Int. 1997;51:261-269.
http://www.ncbi.nlm.nih.gov/pubmed/8995741

13. Omran H, Fernandez C, Jung M, et al. Identif cation of a new gene locus
for adolescent nephronophthisis, on chromosome 3q22 in a large Venezuelan
pedigree. Am J Hum Genet. 2000;66:118—-127.

14. Haider NB, Carmi R, Shalev H, et al. A Bedouin kindred with infantile
nephronophthisis demonstrates linkage to chromosome 9 by homozygosity
mapping. Am J Hum Genet. 1998;63:1404—1410.
http://www.ncbi.nlm.nih.gov/pubmed/9792867

15. Hildebrandt E Waldherr R, Kutt R, et al. The nephronophthisis complex:
clinical and genetic aspects. Clin Investig. 1992;70:802—-808.
http://www.ncbi.nlm.nih.gov/pubmed/1450635

16. GretzN. Rateof deterioration of renal function in juvenilenephronophthisis.
Pediatr Nephrol. 1989;3:56—-60.
http://www.ncbi.nlm.nih.gov/pubmed/2702089

17. Mongeau JG, Worthen HG. Nephronophthisis and medullary cystic disease.
Am JMed. 1967;43:345-355.
http://www.ncbi.nlm.nih.gov/pubmed/6038723

18. Makker SP, Grupe WE, Perrin E. Identical progression of juvenile heredi-
tary nephronophthisis in monozygotic twins. J Pediatr. 1973;82:773-779.
http://www.ncbi.nlm.nih.gov/pubmed/4698949

19. OttoE,HoefeleJ, RufR, etal. Agenemutated innephronophthisisand retinitis
pigmentosa encodes a novel protein, nephroretinin, conserved in evolution.
Am J Hum Genet. 2002;71:1167-1171.
http://www.ncbi.nlm.nih.gov/pubmed/12205563

20. Otto E, Loeys B, Khanna H, et al. A novel ciliary 1Q domain protein,
NPHPS5, is mutated in Senior-Loken syndrome (nephronophthisis with retini-
tis pigmentosa), and interacts with RPGR and calmodulin. Nat Genet. 2005;37:
282-288.

21. Christodoulou K, Tsingis M, Stavrou C, et al. Chromosome 1 localization
of a gene for autosomal dominant medullary cystic kidney disease. Hum Mol
Genet. 1998;7:905-911.
http://www.ncbi.nlm.nih.gov/pubmed/9536096

22. Scolari E Ghiggeri GM, Amoroso A, et al. Genetic heterogeneity for auto-
somal dominant medullary cystic kidney disease (ADMCKD). J Am Soc Nephrol.
1998;9:393A.
http://www.ncbi.nlm.nih.gov/pubmed/9719147

23. Stavrou C, Pierides A, Zouvani I, et al. Medullary cystic kidney disease with
hyperuricemia and gout in a large Cypriot family: no allelism with nephronoph-
thisis type 1. Am JMed Genet. 1998;77:149-154.
http://www.ncbi.nlm.nih.gov/pubmed/9605289

24. Scolari E Caridi G, Rampoldi L, et al. Uromodulin storage diseases: clinical
aspects and mechanisms. Am J Kidney Dis. 2004;44:987-999.
http://www.ncbi.nlm.nih.gov/pubmed/15558519

25. Chaki M, Hoefele J, Allen SJ, et al. Genotype-phenotype correlation in 440
patients with NPHP-related ciliopathies. Kidney Int. 2011;80(11)1239-1245.

26. Saunier S, Morin G, Calado J, et al. Large deletions of the NPH1 region in
Cogan syndrome (CS) associated with familial juvenile nephronophthisis (NPH).
Am J Hum Genet. 1997;61:A346.

27. Betz R, Rensing C, Otto E, et al. Children with ocular motor apraxia type
Cogan carry deletions in the gene ( NPHP1 ) for juvenile nephronophthisis. J
Pediatr. 2000;136:828—-831.
http://www.ncbi.nlm.nih.gov/pubmed/10839884

28. Boichis H, Passwell J, David R, et al. Congenital hepatic fbrosis and
nephronophthisis. A family study. Q JMed. 1973;42:221-233.
http://www.ncbi.nlm.nih.gov/pubmed/4688793

29. Mainzer E Saldino RM, Ozonoff MB, et al. Familial nephropathy associated
with retinitis pigmentosa, cerebellar ataxia and skeletal abnormalities. Am J Med.
1970;49:556-562.
http://www.ncbi.nlm.nih.gov/pubmed/4991086

30. Saraiva JM, Baraitser M. Joubert syndrome: a review. Am J Med Genet.
1992:43:726-731.
http://www.ncbi.nlm.nih.gov/pubmed/1341417

31. Otto EA, Schermer B, Obara T, et al. Mutations in INVS encoding inversin
cause nephronophthisis type 2, linking renal cystic disease to the function of
primary cilia and left-right axis determination. Nat Genet. 2003;34: 413—420.

32. O’Toole JE Otto EA, Frishberg Y, et al. Retinitis pigmentosa and renal
failure in a patient with mutations in INVS. Nephrol Dial Transplant. 2006;21:
1989-1991.
http://www.ncbi.nlm.nih.gov/pubmed/16522655



516 SECTION III = CYSTIC AND TUBULAR DISORDERS

33. Mollet G, Salomon R, Gribouval O, et al. The gene mutated in juvenile
nephronophthisis type 4 encodes a novel protein that interacts with nephrocystin.
Nat Genet. 2002;32:300-305.
http://www.ncbi.nlm.nih.gov/pubmed/12244321

34. Baala L, Audollent S, Martinovic J, et al. Pleiotropic effects of CEP290
(NPHP6) mutations extend to Meckel syndrome. Am J Hum Genet. 2007;81:
170-179.
http://www.ncbi.nlm.nih.gov/pubmed/17564974

35. Delous M, BaalaL, Salomon R, et al. The ciliary gene RPGRIP1Lis mutated in
cerebello-oculo-renal syndrome (Joubert syndrome type B) and Meckel syndrome.
Nat Genet. 2007;39:875-881.
http://www.ncbi.nlm.nih.gov/pubmed/17558409

36. Otto EA, Trapp ML, Schultheiss UT, et al. NEK8 mutations affect ciliary
and centrosomal localization and may cause nephronophthisis. J Am Soc Nephrol.
2008;19:587-592.
http://www.ncbi.nlm.nih.gov/pubmed/18199800

37. Otto EA, Hurd TW, Airik R, et al. Candidate exome capture identif es
mutation of SDCCAGS8 as the cause of a retinal-renal ciliopathy. Nat Genet.
2010;42(10):840-850.
http://www.ncbi.nlm.nih.gov/pubmed/20835237

38. Smith UM, Consugar M, Tee LJ, et al. The transmembrane protein meck-
elin (MKS3) is mutated in Meckel-Gruber syndrome and the wpk rat. Nat Genet.
2006;38:191-196.
http://www.ncbi.nlm.nih.gov/pubmed/16415887

39. Otto EA, Tory K, Attanasio M, et al. Hypomorphic mutations in meckelin
(MKS3/TMEM67) cause nephronophthisis with liver fbrosis (NPHP11). J Med
Genet. 2009;46:663-670.
http://www.ncbi.nlm.nih.gov/pubmed/19508969

40. Davis EE, Zhang Q, Liu Q, et al. TTC21B contributes both causal
and modifying alleles across the ciliopathy spectrum. Nat Genet. 2011;43:
189-196.
http://www.ncbi.nlm.nih.gov/pubmed/21258341

41. Kleinknecht C. The inheritance of nephronophthisis. In: Spitzer A, Avner
ED, eds. Inheritance of Kidney and Urinary Tract Diseases. Boston: Kluwer Aca-
demic Publishers;1989:464.

42. Potter DE, Holliday MA, Piel CE et al. Treatment of end-stage renal discase
in children: a 15-year experience. Kidney Int. 1980;18:103—-109.
http://www.ncbi.nlm.nih.gov/pubmed/7012418

43. Pistor K, Scharer K, Olbing H, et al. Children with chronic renal failure
in the Federal Republic of Germany: II. Primary renal diseases, age and inter-
vals from early renal failure to renal death. Arbeitsgemeinschaft fur Padiatrische
Nephrologie. Clin Nephrol. 1985;23:278-284.
http://www.ncbi.nlm.nih.gov/pubmed/4028524

44. BettsPR, Forest-Hayl. Juvenilenephronophthisis. Lancet. 1973;2:475-478.
http://www.ncbi.nlm.nih.gov/pubmed/4124996

45. Green A, Allos M, Donohoe J, et al. Prevalence of hereditary renal disease.
Ir Med J. 1990;83:11-13.
http://www.ncbi.nlm.nih.gov/pubmed/2361828

46. Warady BA, Hébert D, Sullivan EK, et al. Renal transplantation, chronic
dialysis, and chronic renal insuff ciency in children and adolescents. The 1995
Annual Report of the North American Pediatric Renal Transplant Cooperative
Study. Pediatr Nephrol. 1997;11:49—-64.
http://www.ncbi.nlm.nih.gov/pubmed/9035173

47. Avner ED. Medullary cystic disease and medullary sponge kidney. In:
Greenberg A, ed. Primer on Kidney Diseases. Boston: Academic Press;1994.

48. Gusmano R, Ghiggeri GM, Caridi G. Nephronophthisis-medullary cystic
disease: clinical and genetic aspects. J Nephrol. 1998;11:224-228.
http://www.ncbi.nlm.nih.gov/pubmed/9831234

49. Saunier S. Linkage analysis in familial interstitial nephritis. J Am Soc Nephrol.
1994;652:xx.

50. Ala-Mello S, Koskimies O, Rapola J, et al. Nephronophthisis in Finland:
epidemiology and comparison of genetically classifed subgroups. Eur J Hum
Genet. 1999;7:205-211.
http://www.ncbi.nlm.nih.gov/pubmed/10196704

51. Ala-Mello S, Kivivuori SM, Ronnholm KA, et al. Mechanism underlying
early anaemia in children with familial juvenile nephronophthisis. Pediatr Neph-
rol. 1996;10:578-581.

52. Stiburkova B, Majewski J, Sebesta I, et al. Familial juvenile hyperuricemic
nephropathy: localization of the gene on chromosome 16p11.2-and evidence for
genetic heterogeneity. Am J Hum Genet. 2000;66:1989—-1994.

53. Fuchshuber A, Deltas CC, Berthold S, et al. Autosomal dominant med-
ullary cystic kidney disease: evidence of gene locus heterogeneity. Nephrol Dial
Transplant. 1998;13:1955-1957.
http://www.ncbi.nlm.nih.gov/pubmed/9719147

54. Kroiss S, Huck K, Berthold S, et al. Evidence of further genetic hetero-
geneity in autosomal dominant medullary cystic kidney disease. Nephrol Dial
Transplant. 2000;15:818—-821.
http://www.ncbi.nlm.nih.gov/pubmed/10831633

55. Kiser RL, Wolf MT, Martin JL, et al. Medullary cystic kidney disease type 1
in a large Native-American kindred. Am J Kidney Dis. 2004;44:611-617.
http://www.ncbi.nlm.nih.gov/pubmed/15384011

56. Smith CH, Graham JB. Congenital medullary cysts of the kidneys with
severe refractory anemia. Am J Dis Child. 1945;69:369-377.

57. Fanconi G, Hanhart E, Albertini A, et al. Die familidre juvenile
Nephronophthise. Helv Paediatr Acta. 1951;6:1-49.
http://www.ncbi.nlm.nih.gov/pubmed/14823504

58. Antignac C, Arduy CH, Beckmann JS, et al. A gene for familial juvenile
nephronophthisis (recessive medullary cystic kidney disease) maps to chromo-
some 2p. Nat Genet. 1993;3:342-345.
http://www.ncbi.nlm.nih.gov/pubmed/7981755

59. Hildebrandt E Singh-Sawhney I, Schnieders B, et al. Mapping of a gene
for familial juvenile nephronophthisis: refning the map and defning flank-
ing markers on chromosome 2. APN Study Group. Am J Hum Genet. 1993;53:
1256-1261.
http://www.ncbi.nlm.nih.gov/pubmed/8250041

60. Hildebrandt E Otto E, Rensing C, et al. A novel gene encoding an SH3
domain protein is mutated in nephronophthisis type 1. Nat Genet. 1997;17:
149-153.
http://www.ncbi.nlm.nih.gov/pubmed/9326933

61. Saunier S, Calado J, Heilig R, et al. A novel gene that encodes a protein
with a putative src homology 3 domain is a candidate gene for familial juvenile
nephronophthisis. Hum Mol Genet. 1997;6:2317-2323.
http://www.ncbi.nlm.nih.gov/pubmed/9361039

62. Konrad M, Saunier S, Heidet L, et al. Large homozygous deletions of the
2q13 region are a major cause of juvenile nephronophthisis. Hum Mol Genet.
1996;5:367-371.
http://www.ncbi.nlm.nih.gov/pubmed/8852662

63. Saunier S, Calado J, Benessy E et al. Characterization of the NPHP1 locus:
mutational mechanism involved in deletions in familial juvenile nephronophthi-
sis. Am J Hum Genet. 2000;66:778-789.
http://www.ncbi.nlm.nih.gov/pubmed/10712196

64. Hildebrandt E Rensing C, Betz R, et al. Establishing an algorithm for mo-
lecular genetic diagnostics in 127 families with juvenile nephronophthisis. Kid-
ney Int. 2001;59:434-445.
http://www.ncbi.nlm.nih.gov/pubmed/11168925

65. Caridi G, Dagnino M, Gusmano R, et al. Clinical and molecular heteroge-
neity of juvenile nephronophthisis in Italy: insights from molecular screening.
Am J Kidney Dis. 2000;35:44-51.
http://www.ncbi.nlm.nih.gov/pubmed/10620543

66. Otto EA, Helou J, Allen SJ, et al. Mutation analysis in nephronophthisis us-
ing a combined approach of homozygosity mapping, CEL I endonuclease cleav-
age, and direct sequencing. Hum Mutat. 2008;29:418-426.
http://www.ncbi.nlm.nih.gov/pubmed/18076122

67. Otto EA, Ramaswami G, Janssen S, et al. Mutation analysis of 18
nephronophthisis associated ciliopathy disease genes using a DNA pooling and
next generation sequencing strategy. J Med Genet. 2011;48(2):105-116.

68. Otto E, Betz R, Rensing C, et al. A deletion distinct from the classical ho-
mologous recombination of juvenile nephronophthisis type 1 (NPH1) allows ex-
act molecular def nition of deletion breakpoints. Hum Mutat. 2000;16: 211-223.

69. Otto E, Kispert A, Schatzle, et al. Nephrocystin: gene expression and se-
quence conservation between human, mouse, and Caenorhabditis elegans. J Am
Soc Nephrol. 2000;11:270-282.
http://www.ncbi.nlm.nih.gov/pubmed/10665934

70. Gagnadoux ME Bacri JL, Broyer M, et al. Infantile chronic tubulointerstitial
nephritis with cortical microcysts: variant of nephronophthisis or new disease
entity? Pediatr Nephrol. 1989;3:50-55.
http://www.ncbi.nlm.nih.gov/pubmed/2702088

71. Morgan D, Goodship J, Essner JJ, et al. The left-right determinant inversin
has highly conserved ankyrin repeat and IQ domains and interacts with calmo-
dulin. Hum Genet. 2002;110:377-384.
http://www.ncbi.nlm.nih.gov/pubmed/11941489

72. Mochizuki T, Saijoh Y, Tsuchiya K, et al. Cloning of inv, a gene that con-
trols left/right asymmetry and kidney development. Nature. 1998;395:177-181.
http://www.ncbi.nlm.nih.gov/pubmed/9744276

73. Mochizuki T, Tsuchiya K, Yokoyama T. Molecular cloning of a gene for
inversion of embryo turning (inv) with cystic kidney. Nephrol Dial Transplant.
2002;17 Suppl 9:68-70.
http://www.ncbi.nlm.nih.gov/pubmed/12386294



CHAPTER 15 = NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 517

74. Morgan D, Eley L, Sayer J, et al. Expression analyses and interaction
with the anaphase promoting complex protein Apc2 suggest a role for inversin
in primary cilia and involvement in the cell cycle. Hum Mol Genet. 2002;11:
3345-3350.

75. Nurnberger J, Kribben A, Opazo Saez A, et al. The Invs gene encodes a
microtubule-associated protein. J Am Soc Nephrol. 2004;15:1700-1710.
http://www.ncbi.nlm.nih.gov/pubmed/15213257

76. Omran H, Haffner K, Vollmer M, et al. Exclusion of the candidate genes
ACE and Bcl-2 for six families with nephronophthisis not linked to the NPH1
locus. Nephrol Dial Transplant. 1999;14:2328-2331.
http://www.ncbi.nlm.nih.gov/pubmed/10528654

77. Omran H, Sasmaz G, Haffner K, et al. Identif cation of a gene locus for
Senior-Loken syndrome in the region of the nephronophthisis type 3 gene. J Am
Soc Nephrol. 2002;13:75-79.
http://www.ncbi.nlm.nih.gov/pubmed/11752023

78. Olbrich H, Fliegauf M, Hoefele J, et al. Mutations in a novel gene, NPHP3,
cause adolescent nephronophthisis, tapeto-retinal degeneration and hepatic f -
brosis. Nat Genet. 2003:;34:455-459.
http://www.ncbi.nlm.nih.gov/pubmed/12872122

79. Schuermann MIJ, Otto E, Becker A, et al. Mapping of gene loci for
nephronophthisis type 4 and Senior-Leken syndrome, to chromosome 1p36. Am
JHum Genet. 2002;70:1240-1246.
http://www.ncbi.nlm.nih.gov/pubmed/11920287

80. Delous M, Hellman NE, Gaude HM, et al. Nephrocystin-1 and nephrocys-
tin-4 are required for epithelial morphogenesis and associate with PALS1/PATJ
and Par6. Hum Mol Genet. 2009;18:4711-4723.
http://www.ncbi.nlm.nih.gov/pubmed/19755384

81. Sayer JA, Otto EA, O’Toole JE et al. The centrosomal protein nephrocys-
tin-6 is mutated in Joubert syndrome and activates transcription factor ATF4. Nat
Genet. 2006;38:674—-681.
http://www.ncbi.nlm.nih.gov/pubmed/16682973

82. Valente EM, Silhavy JL, Brancati E et al. Mutations in CEP290, which en-
codes a centrosomal protein, cause pleiotropic forms of Joubert syndrome. Nat
Genet. 2006;38:623-625.

83. Schafer T, Putz M, Lienkamp S, et al. Genetic and physical interaction
between the NPHP5 and NPHP6 gene products. Hum Mol Genet. 2008;17:
3655-3662.
http://www.ncbi.nlm.nih.gov/pubmed/18723859

84. Attanasio M, Uhlenhaut NH, Sousa VH, et al. Loss of GLIS2 causes
nephronophthisis in humans and mice by increased apoptosis and fbrosis. Nat
Genet. 2007;39:1018-1024.
http://www.ncbi.nlm.nih.gov/pubmed/17618285

85. Vasanth S, ZeRuth G, Kang HS, et al. Identif cation of nuclear localization,
DNA binding, and transactivating mechanisms of Kruppel-like zinc fnger pro-
tein Gli-similar 2 (Glis2). J Biol Chem. 2011;286:4749-4759.
http://www.ncbi.nlm.nih.gov/pubmed/21127075

86. Li B, Rauhauser AA, Dai J, et al. Increased hedgehog signaling in postnatal
kidney results in aberrant activation of nephron developmental programs. Hum
Mol Genet. 2011;20:4155-4166.
http://www.ncbi.nlm.nih.gov/pubmed/21816948

87. Arts HH, Doherty D, van Beersum SE, et al. Mutations in the gene encod-
ing the basal body protein RPGRIP1L, a nephrocystin-4 interactor, cause Joubert
syndrome. Nat Genet. 2007;39:882—-888.
http://www.ncbi.nlm.nih.gov/pubmed/17558407

88. Wolf MT, Saunier S, O’Toole JE et al. Mutational analysis of the RPGRI-
P1L gene in patients with Joubert syndrome and nephronophthisis. Kidney Int.
2007;72:1520-1526.

89. Shiba D, Manning DK, Koga H, et al. Inv acts as a molecular anchor for
Nphp3 and Nek8 in the proximal segment of primary cilia. Cytoskeleton (Hobo-
ken). 2010;67:112—119.

90. SoharaE, Luo Y, ZhangJ, et al. Nek8 regulates the expression and localiza-
tion of polycystin-1 and polycystin-2. J Am Soc Nephrol. 2008;19:469—476.
http://www.ncbi.nlm.nih.gov/pubmed/18235101

91. Baala L, Romano S, Khaddour R, et al. The Meckel-Gruber syndrome gene,
MKS3, is mutated in Joubert syndrome. Am J Hum Genet. 2007;80: 186—194.
http://www.ncbi.nlm.nih.gov/pubmed/17160906

92. O7Toole JE Liu Y, Davis EE, et al. Individuals with mutations in XPN-
PEP3, which encodes a mitochondrial protein, develop a nephronophthisis-like
nephropathy. J Clin Invest. 2010;120:791-802.
http://www.ncbi.nlm.nih.gov/pubmed/20179356

93. Contreras DB, Espinoza JS. Discussion clinica y anatomopatologica
de enfermos que presentaron un problema diagnostico. Pediatrica (Santiago).
1960;3:271-282.
http://www.ncbi.nlm.nih.gov/pubmed/14080021

94. Senior B, Friedmann Al, Braudo JL. Juvenile familial nephropathy with
tapetoretinal degeneration: a new oculorenal dystrophy. Am J Ophthalmol.
1961;52:625-633.
http://www.ncbi.nlm.nih.gov/pubmed/13910672

95. Leken AC, Hanssen O, Halvorsen S, et al. Hereditary renal dysplasia and
blindness. Acta Paediatr. 1961;50:177-184.
http://www.ncbi.nlm.nih.gov/pubmed/13763238

96. Saraux H, Dhermy P, Fontaine JL, et al. La dégéneréscence rétino-tubulaire
de Senior et Loken [Senior-Loken retino-tubular degeneration]. Arch Ophtalmol
Rev Gen Ophtalmol. 1970;30:683—-696.
http://www.ncbi.nlm.nih.gov/pubmed/4099092

97. Biersdorf WR. The clinical utility of the foveal electroretinogram: a review.
Doc Ophthalmol. 1989;73:313-325.
http://www.ncbi.nlm.nih.gov/pubmed/2700165

98. Polak BC, van Lith FH, Delleman JW, et al. Carrier detection in tapetoreti-
nal degeneration in association with medullary cystic disease. Am J Ophthalmol.
1983;95:487-494.
http://www.ncbi.nlm.nih.gov/pubmed/6837691

99. Medhioub M, Cherif D, Benessy E et al. Ref ned mapping of a gene (NPH1)
causing familial juvenile nephronophthisis and evidence for genetic heterogene-
ity. Genomics. 1994;22:296-301.
http://www.ncbi.nlm.nih.gov/pubmed/7806215
100. Delaney V, Mullaney J, Bourke E. Juvenile nephronophthisis, congenital
hepatic f'brosis and retinal hypoplasia in twins. Q JMed. 1978;47:281-290.
http://www.ncbi.nlm.nih.gov/pubmed/568809
101. Proesmans W, Van Damme B, Macken J. Nephronophthisis and tapetoreti-
nal degeneration associated with liver fbrosis. Clin Nephrol. 1975;3:160—164.
http://www.ncbi.nlm.nih.gov/pubmed/1149338
102. Rayfeld EJ, McDonald FD. Red and blonde hair in renal medullary cystic
disease. Arch Intern Med. 1972;130:72-75.
http://www.ncbi.nlm.nih.gov/pubmed/5035984
103. Joubert M, Eisenring JJ, Andermann E Familial dysgenesis of the vermis: a
syndrome of hyperventilation, abnormal eye movements and retardation. Neurol-
ogy. 1968;18:302-303.
http://www.ncbi.nlm.nih.gov/pubmed/5690407
104. Gleeson JG, Keeler LC, Parisi MA, et al. Molar tooth sign of the midbrain-
hindbrain junction: occurrence in multiple distinct syndromes. Am J Med Genet.
2004;125A:125-134.

105. Parisi MA, Bennett CL, Eckert ML, et al. The NPHP1 gene deletion associ-
ated with juvenile nephronophthisis is present in a subset of individuals with
Joubert syndrome. Am J Hum Genet. 2004;75:82-91.
http://www.ncbi.nlm.nih.gov/pubmed/15138899

106. Saar K, Al-Gazali L, Sztriha L, et al. Homozygosity mapping in families
with Joubert syndrome identifes a locus on chromosome 9q34.3 and evidence
for genetic heterogeneity. Am J Hum Genet. 1999;65:1666—1671.

107. Jeune M, Beraud C, Carron R. Dystrophie thoracique asphyxiante de cara-
ctere familial. [Asphyxiating thoracic dystrophy with familial characteristics.].
Arch Fr Pediatr. 1955;12:886-891.
http://www.ncbi.nlm.nih.gov/pubmed/13292988

108. Amirou M, Bourdat-Michel G, Pinel N, et al. Successful renal transplanta-
tion in Jeune syndrome type 2. Pediatr Nephrol. 1998;12:293-294.
http://www.ncbi.nlm.nih.gov/pubmed/9655360

109. Sarimurat N, Elcioglu N, Tekant GT, et al. Jeune} asphyxiating thoracic
dystrophy of the newborn. Eur J Pediatr Surg. 1998;8:100-101.
http://www.ncbi.nlm.nih.gov/pubmed/9617610

110. Moudgil A, Bagga A, Kamil ES, et al. Nephronophthisis associated with
Ellis-van Creveld syndrome. Pediatr Nephrol. 1998;12:20-22.
http://www.ncbi.nlm.nih.gov/pubmed/9919463

111. Ala Mello S, Kaariainen H, Koskimies O. Nephronophthisis and ulcera-
tive colitis in siblings: a new association. Pediatric Nephrology (Berlin, Germany).
2001;16:507-509.

112. Di Rocco M, Picco P, Arslanian A, et al. Retinitis pigmentosa, hypopituita-
rism, nephronophthisis, and mild skeletal dysplasia (RHYNS): a new syndrome?
Am J Med Genet. 1997;73:1-4.

113. Alstrom CH, Hallgren B, Nilsson LB, et al. Retinal degeneration combined
with obesity, diabetes mellitus and neurogenous deafness: a specif ¢ syndrome
(not hitherto described) distinct from the Laurence-Moon-Bardet-Biedl syn-
drome: a clinical, endocrinological and genetic examination based on a large
pedigree. Acta Psychiatr Neurol Scand Suppl. 1959;129:1-35.

114. Costet C, Betis E Berard E, et al. [Pigmentosum retinis and tubulo-intersti-
tial nephronophtisis in Sensenbrenner syndrome: a case report]. J Fr Ophtalmol.
2000;23:158-160.

http://www.ncbi.nlm.nih.gov/pubmed/10705117



518 SECTION III = CYSTIC AND TUBULAR DISORDERS

115. Arts HH, Bongers EM, Mans DA, et al. C14ORF179 encoding IFT43 is
mutated in Sensenbrenner syndrome. J Med Genet. 2011;48:390-395.
http://www.ncbi.nlm.nih.gov/pubmed/21378380

116. Gilissen C, Arts HH, Hoischen A, et al. Exome sequencing identi-
fes WDR35 variants involved in Sensenbrenner syndrome. Am J Hum Genet.
2010;87:418-423.

http://www.ncbi.nlm.nih.gov/pubmed/20817137

117. Walczak-Sztulpa J, Eggenschwiler J, Osborn D, et al. Cranioectodermal
dysplasia, Sensenbrenner syndrome, is a ciliopathy caused by mutations in the
IFT122 gene. Am J Hum Genet. 2010;86:949-956.
http://www.ncbi.nlm.nih.gov/pubmed/20493458

118. Chance PE Cavalier L, Satran D, et al. Clinical nosologic and genetic as-
pects of Joubert and related syndromes. J Child Neurol. 1999;14:660—666; dis-
cussion 9-72.

http://www.ncbi.nlm.nih.gov/pubmed/10511339

119. Satran D, Pierpont ME, Dobyns WB. Cerebello-oculo-renal syndromes in-
cluding Arima, Senior-Loken and COACH syndromes: more than just variants of
Joubert syndrome. Am J Med Genet. 1999;86:459—469.
http://www.ncbi.nlm.nih.gov/pubmed/10508989

120. Green JS, Parfrey PS, Harnett JD, et al. The cardinal manifestations of
Bardet-Biedl syndrome, a form of Laurence-Moon-Biedl syndrome. N Engl ] Med.
1989;321:1002-1009.

http://www.ncbi.nlm.nih.gov/pubmed/2779627

121. Badano JL, Teslovich TM, Katsanis N. The centrosome in human genetic
disease. Nat Rev Genet. 2005;6:194-205.
http://www.ncbi.nlm.nih.gov/pubmed/15738963

122. Morgan D, Turnpenny L, Goodship J, et al. Inversin, a novel gene in the
vertebrate left-right axis pathway; is partially deleted in the inv mouse. Nat Genet.
1998;20:149-156.

http://www.ncbi.nlm.nih.gov/pubmed/9771707

123. Takahashi H, Calvet JB Dittemore-Hoover D, et al. A hereditary model
of slowly progressive polycystic kidney disease in the mouse. J Am Soc Nephrol.
1991;1:980-989.

http://www.ncbi.nlm.nih.gov/pubmed/1883968

124. Jiang ST, Chiou YY, Wang E, et al. Targeted disruption of Nphpl causes
male infertility due to defects in the later steps of sperm morphogenesis in mice.
Hum Mol Genet. 2008;17:3368-3379.

125. Won J, Marin de Evsikova C, Smith RS, et al. NPHP4 is necessary for nor-
mal photoreceptor ribbon synapse maintenance and outer segment formation,
and for sperm development. Hum Mol Genet. 2011;20:482—496.
http://www.ncbi.nlm.nih.gov/pubmed/21078623

126. Liu S, Lu W, Obara T, et al. A defect in a novel Nek-family kinase causes
cystic kidney disease in the mouse and in zebraf sh.

Development. 2002;129:5839-5846.
http://www.ncbi.nlm.nih.gov/pubmed/12421721

127. Louie CM, Caridi G, Lopes VS, et al. AHII is required for photorecep-
tor outer segment development and is a modifer for retinal degeneration in
nephronophthisis. Nat Genet. 2010;42:175-180.
http://www.ncbi.nlm.nih.gov/pubmed/20081859

128. Bukanov NO, Smith LA, Klinger KW, et al. Long-lasting arrest of murine
polycystic kidney disease with CDK inhibitor roscovitine. Nature. 2006;444:
949-952.

http://www.ncbi.nlm.nih.gov/pubmed/17122773

129. Natoli TA, Smith LA, Rogers KA, et al. Inhibition of glucosylceramide ac-
cumulation results in effective blockade of polycystic kidney disease in mouse
models. Nat Med. 2010;16:788-792.
http://www.ncbi.nlm.nih.gov/pubmed/20562878

130. Sibalic V. Sun L, Sibalic A, et al. Characteristic matrix and tubular base-
ment membrane abnormalities in the CBA/Ca-kdkd mouse model of hereditary
tubulointerstitial disease. Nephron. 1998;80:305-313.
http://www.ncbi.nlm.nih.gov/pubmed/9807040

131. Peng M, Jarett L, Meade R, et al. Mutant prenyltransferase-like mitochon-
drial protein (PLMP) and mitochondrial abnormalities in kd/kd mice. Kidney Int.
2004;66:20-28.

http://www.ncbi.nlm.nih.gov/pubmed/15200409

132. Lo SH, Yu QC, Degenstein L, et al. Progressive kidney degeneration in
mice lacking tensin. J Cell Biol. 1997;136:1349-1361.
http://www.ncbi.nlm.nih.gov/pubmed/9087448

133. Veis DJ, Sorenson CM, Shutter JR, et al. Bcl-2-def cient mice demonstrate
fulminant lymphoid apoptosis, polycystic kidneys, and hypopigmented hair.
Cell. 1993;75:229-240.

http://www.ncbi.nlm.nih.gov/pubmed/8402909

134. Sorenson CM, Rogers SA, Korsmeyer SJ, et al. Fulminant metanephric ap-
optosis and abnormal kidney development in bcl-2-def cient mice. Am J Physiol.
1995;268:F73-F81.

135. Sorenson CM. Nuclear localization of beta-catenin and loss of apical
brush border actin in cystic tubules of bcl-2 -/- mice. Am J Physiol. 1999;276:
F210-F217.

136. Carpenter C, Honkanen AA, Mashimo H, et al. Renal abnormalities in mu-
tant mice. Nature. 1996;380:292.
http://www.ncbi.nlm.nih.gov/pubmed/8598926

137. Hildebrandt E Otto E. Molecular genetics of nephronophthisis and medul-
lary cystic kidney disease. J Am Soc Nephrol. 2000;11:1753-1761.
http://www.ncbi.nlm.nih.gov/pubmed/10966501

138. Finco DR. Familial renal disease in Norwegian Elkhound dogs: physiolog-
ic and biochemical examinations. Am J Vet Res. 1976;37:87-91.
http://www.ncbi.nlm.nih.gov/pubmed/942838

139. Finco DR, Duncan JD, Crowell WA, et al. Familial renal disease in Norwe-
gian Elkhound dogs: morphologic examinations. AmJ Vet Res. 1977;38:941-947.
http://www.ncbi.nlm.nih.gov/pubmed/883721

140. Finco DR, Kurtz HJ, Low DG, et al. Familial renal disease in Norwegian
Elkhound dogs. J Am Vet Med Assoc. 1970;156:747—760.
http://www.ncbi.nlm.nih.gov/pubmed/5462987

141. Watnick T, Germino G. From cilia to cyst. Nat Genet. 2003;34:355-356.
http://www.ncbi.nlm.nih.gov/pubmed/12923538

142. Sang L, Miller JJ, Corbit KC, et al. Mapping the NPHP-JBTS-MKS pro-
tein network reveals ciliopathy disease genes and pathways. Cell. 2011;145:
513-528.

http://www.ncbi.nlm.nih.gov/pubmed/21565611

143. Wolf MT, Lee J, Panther E et al. Expression and phenotype analysis of the
nephrocystin-1 and nephrocystin-4 homologs in Caenorhabditis elegans. J Am Soc
Nephrol. 2005;16:676—687.

http://www.ncbi.nlm.nih.gov/pubmed/15659564

144. Clark EA, Brugge JS. Integrins and signal transduction pathways: the road
taken. Science. 1995;268:233-239.
http://www.ncbi.nlm.nih.gov/pubmed/7716514

145. Brugge JS. Casting light on focal adhesions. Nat Genet. 1998;19:309-311.
http://www.ncbi.nlm.nih.gov/pubmed/9697683

146. Deflippi B Gismondi A, Santoni A, et al. Signal Transduction by Integrins.
Heidelberg, Berlin: Springer;1997.

147. Donaldson JC, Dempsey PJ, Reddy S, et al. Crk-associated substrate
p130(Cas) interacts with nephrocystin and both proteins localize to cell-cell con-
tacts of polarized epithelial cells. Exp Cell Res. 2000;256:168—178.
http://www.ncbi.nlm.nih.gov/pubmed/10739664

148. Donaldson JC, Dise RS, Ritchie MD, et al. Nephrocystin-conserved do-
mains involved in targeting to epithelial cell-cell junctions, interaction with
flamins, and establishing cell polarity. J Biol Chem. 2002;277: 29028-29035.
149. Benzing T, Gerke P, Hopker K, et al. Nephrocystin interacts with Pyk2,
p130(Cas), and tensin and triggers phosphorylation of Pyk2. Proc Natl Acad Sci
USA. 2001;98:9784-9789.

http://www.ncbi.nlm.nih.gov/pubmed/11493697

150. Rahilly MA, Fleming S. Abnormal integrin receptor expression in two
cases of familial nephronophthisis. Histopathology. 1995;26:345-349.
http://www.ncbi.nlm.nih.gov/pubmed/7607623

151. Togawa A, Miyoshi J, Ishizaki H, et al. Progressive impairment of kid-
neys and reproductive organs in mice lacking Rho GDIlalpha. Oncogene.
1999;18:5373-5380.

http://www.ncbi.nlm.nih.gov/pubmed/10498891

152. Mollet G, Silbermann E Delous M, et al. Characterization of the nephro-
cystin/nephrocystin-4 complex and subcellular localization of nephrocystin-4 to
primary cilia and centrosomes. Hum Mol Genet. 2005;14:645-656.
http://www.ncbi.nlm.nih.gov/pubmed/15661758

153. Goldman SH, Walker SR, Merigan TC Jr, et al. Hereditary occurrence of
cystic disease of the renal medulla. N Engl J Med. 1966;274:984-992.
http://www.ncbi.nlm.nih.gov/pubmed/5909742

154. Burke JR, Inglis JA, Craswell PW, et al. Juvenile nephronophthisis and med-
ullary cystic disease—the same disease (report of a large family with medullary
cystic disease associated with gout and epilepsy). Clin Nephrol. 1982; 18:1-8.
http://www.ncbi.nlm.nih.gov/pubmed/7116701

155. Wolf MT, Karle SM, Schwarz S, et al. Refnement of the critical region
for MCKDI1 by detection of transcontinental haplotype sharing. Kidney Int.
2003;64:788-792.

http://www.ncbi.nlm.nih.gov/pubmed/12911527

156. Scolari E Ghiggeri GM, Casari G, et al. Autosomal dominant medullary
cystic disease: a disorder with variable clinical pictures and exclusion of linkage
with the NPHI locus. Nephrol Dial Transplant. 1998;13:2536-2546.

157. Scolari E Valzorio B, Vizzardi V, et al. Nephronophthisis-medullary cystic
kidney disease complex: a report on 24 patients from 5 families with Italian an-
cestry. Contrib Nephrol. 1997;122:61-63.
http://www.ncbi.nlm.nih.gov/pubmed/9274802



(contd.)

CHAPTER 15 = NEPHRONOPHTHISIS—MEDULLARY CYSTIC KIDNEY DISEASE 518

158. McBride MB, Rigden S, Haycock GB, et al. Presymptomatic detection
of familial juvenile hyperuricaemic nephropathy in children. Pediatr Nephrol.
1998;12:357-364.

http://www.ncbi.nlm.nih.gov/pubmed/9686952

159. Dahan K, Fuchshuber A, Adamis S, et al. Familial juvenile hyperuricemic
nephropathy and autosomal dominant medullary cystic kidney disease type 2:
two facets of the same disease? J Am Soc Nephrol. 2001;12:2348-2357.
http://www.ncbi.nlm.nih.gov/pubmed/11675411

160. Kamatani N, Moritani M, Yamanaka H, et al. Localization of a gene for
familial juvenile hyperuricemic nephropathy causing underexcretion-type gout
to 16p12 by genome-wide linkage analysis of a large family. Arthritis Rheum.
2000;43:925-929.

http://www.ncbi.nlm.nih.gov/pubmed/10765940

161. Hart TC, Gorry MC, Hart PS, et al. Mutations of the UMOD gene are re-
sponsible for medullary cystic kidney disease 2 and familial juvenile hyperuricae-
mic nephropathy. J Med Genet. 2002;39:882—892.
http://www.ncbi.nlm.nih.gov/pubmed/12471200

162. Wolf MT, Mucha BE, Attanasio M, et al. Mutations of the Uromodulin
gene in MCKD type 2 patients cluster in exon 4, which encodes three EGF-like
domains. Kidney Int. 2003;64:1580—1587.
http://www.ncbi.nlm.nih.gov/pubmed/14531790

163. Dahan K, Devuyst O, Smaers M, et al. A cluster of mutations in the UMOD
gene causes familial juvenile hyperuricemic nephropathy with abnormal expres-
sion of uromodulin. J Am Soc Nephrol. 2003;14:2883-2893.
http://www.ncbi.nlm.nih.gov/pubmed/14569098

164. Rampoldi L, Caridi G, Santon D, et al. Allelism of MCKD, FJHN and
GCKD caused by impairment of uromodulin export dynamics. Hum Mol Genet.
2003;12:3369-3384.

http://www.ncbi.nlm.nih.gov/pubmed/14570709

165. Blowey DL, Querfeld U, Geary D, et al. Ultrasound fndings in juvenile
nephronophthisis. Pediatr Nephrol. 1996;10:22-24.
http://www.ncbi.nlm.nih.gov/pubmed/8611349

166. Ala-Mello S, Jaaskelainen J, Koskimies O. Familial juvenile nephronoph-
thisis. An ultrasonographic follow-up of seven patients. Acta Radiol. 1998;39:
84-89.

http://www.ncbi.nlm.nih.gov/pubmed/9498877

167. Aguilera A, Rivera M, Gallego N, et al. Sonographic appearance of the
juvenile nephronophthisis-cystic renal medulla complex. Nephrol Dial Transplant.
1997;12:625-626.

168. Garel LA, Habib R, Pariente D, et al. Juvenile nephronophthisis: sono-
graphic appearance in children with severe uremia. Radiology. 1984;151:93-95.
http://www.ncbi.nlm.nih.gov/pubmed/6701346

169. McGregor AR, Bailey RR. Nephronophthisis-cystic renal medulla complex:
diagnosis by computerized tomography. Nephron. 1989;53:70-72.
http://www.ncbi.nlm.nih.gov/pubmed/2779704

170. Fyhrquist FY, Klockars M, Gordin A, et al. Hyperreninemia, lysozymuria,
and erythrocytosis in Fanconi syndrome with medullary cystic kidney. Acta Med
Scand. 1980;207:359-365.

http://www.ncbi.nlm.nih.gov/pubmed/6992516

171. Neumann HP, Zauner I, Strahm B, et al. Late occurrence of cysts in au-
tosomal dominant medullary cystic kidney disease. Nephrol Dial Transplant.
1997;12:1242-1246.

172. Elzouki AY, al-Suhaibani H, Mirza K, et al. Thin-section computed to-
mography scans detect medullary cysts in patients believed to have juvenile
nephronophthisis. Am J Kidney Dis. 1996;27:216-219.
http://www.ncbi.nlm.nih.gov/pubmed/8659496

173. Mena E, Bookstein JJ, McDonald FD, et al. Angiographic fndings in renal
medullary cystic disease. Radiology. 1974;110:277-281.
http://www.ncbi.nlm.nih.gov/pubmed/4810136

174. Bennett WM, Simon NM, Krill AE, et al. Cystic disease of the renal medulla
associated with retinitis pigmentosa and imino acid abnormalities. Clin Nephrol.
1975;4:25-31.

http://www.ncbi.nlm.nih.gov/pubmed/1157347

175. Brouhard BH, Srivastava RN, Travis LB, et al. Nephronophthisis. Renal
function and histologic studies in a family. Nephron. 1977;19:99-112.
http://www.ncbi.nlm.nih.gov/pubmed/887191

176. Mangos JA, Opitz JM, Lobeck CC, et al. Familial juvenile nephronoph-
thisis. An unrecognized renal disease in the United States. Pediatrics. 1964;34:
337-345.

http://www.ncbi.nlm.nih.gov/pubmed/14211100

177. Hecht H, Ohlsson J, Starck SA. Poor renal uptake of 99mtechnetiumdi-
mercaptosuccinic acid and near-normal 99mtechnetium-mercaptoacetyltrigly-
cine renogram in nephronophthisis. Pediatr Nephrol. 1996;10:167—-170.
http://www.ncbi.nlm.nih.gov/pubmed/8703703

178. Cacchi R, Ricci V. Sopra una rara e forse ancora non descritta effezione
cistica della piramidi renali (“rene a spugna”). Atti Soc Ital Urol. 1948;5:59.

179. Stavrou C, Deltas CC, Christophides TC, et al. Outcome of kidney trans-
plantation in autosomal dominant medullary cystic kidney disease type 1. Neph-
rol Dial Transplant. 2003;18:2165-2169.
http://www.ncbi.nlm.nih.gov/pubmed/13679497

180. Torres VE. Therapies to slow polycystic kidney disease. Nephron Exp Neph-
rol. 2004;98:el1—¢7.

181. Tao Y, Kim J, Schrier RW, et al. Rapamycin markedly slows disease pro-
gression in a rat model of polycystic kidney disease. J Am Soc Nephrol. 2005;16:
46-51.

http://www.ncbi.nlm.nih.gov/pubmed/15563559

182. Nauli SM, Kawanabe Y, Kaminski JJ, et al. Endothelial cilia are fluid shear
sensors that regulate calcium signaling and nitric oxide production through poly-
cystin-1. Circulation. 2008;117:1161-1171.

183. Praetorius HA, Spring KR. Bending the MDCK cell primary cilium increas-
es intracellular calcium. J Membr Biol. 2001;184:71-79.
http://www.ncbi.nlm.nih.gov/pubmed/11687880



