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Preface

Polycystic kidney disease exists in many forms, with different onset patterns,
inheritance, and renal survival times. A common theme binding all these dis-
eases together is the suffering experienced by patients and their fami-
lies. Empathy has made this group of affected people even larger, by recruiting
our mentors, colleagues, and friends. Knowledge in the field of polycystic
kidney disease has grown rapidly, so much so that the American Society of
Nephrology, supported by the Polycystic Kidney Disease Foundation, hosted
this topic in their early programs four times in the last decade. This book is in
many ways an extension of those programs. When the Polycystic Kidney
Research Foundation (now the Polycystic Kidney Disease Foundation) was
founded over 35 years ago, very little was known about the mechanisms of
disease initiation and progression. The concept of developing therapies was
only an aspirational goal. Since that time, many bright, talented, and dedi-
cated individuals have expanded our knowledge of disease mechanisms,
making this book possible. What we hope to achieve is a summary to help
center the reader and identify areas in need of further research. Experts in the
field have generously provided chapters with the intent of including critical
information regarding basic and translational science, clinical features, and
care of patients with polycystic kidney disease in one place to bring clini-
cians, researchers, and other interested individuals up to date. The editors
thank our patients, the Polycystic Kidney Disease Foundation, our expert
friends who wrote chapters, the leaders and mentors in the field who have
inspired us, the participants in the early programs over the years, and our
families for supporting us in this effort to help all those affected by polycystic
kidney disease.

Oklahoma City, OK, USA Benjamin D. Cowley, Jr.
Memphis, TN, USA John J. Bissler
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Classical Polycystic Kidney
Disease: Gene Structures
and Mutations and Protein
Structures and Functions

Emilie Cornec-Le Gall and Peter C. Harris

For the purposes of this chapter, classical forms of
PKD are defined as ones where the phenotypes
resulting in morbidity and mortality are mainly
limited to the kidney and the liver. The diseases
defined in this category are autosomal dominant
polycystic kidney disease (ADPKD) and autoso-
mal recessive polycystic kidney disease
(ARPKD). Other syndromic diseases, where PKD
is just one of a range of pleotropic phenotypes,
will be addressed separately, in Chaps. 2 and 3.

Autosomal Dominant Polycystic
Kidney Disease (ADPKD)

Introduction to Autosomal Dominant
Polycystic Kidney Disease (ADPKD)

ADPKD (incidence 1/500-1000) is an inherited
nephropathy where the typical presentation is
progressive cyst development and enlargement
that results in bilateral renal expansion and often
in end-stage renal disease (ESRD) [1, 2]. Cysts
develop as outpouchings from the normally

E. Cornec-Le Gall, MD, PhD

Department of Nephrology, European University of
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developed tubules, with only a fraction of tubules
developing cysts that eventually bud off from the
tubules but continue growing. Some cysts develop
in utero but likely new cysts develop and grow
throughout the patient’s life [3]. Kidney expan-
sion occurs in an exponential fashion but is much
more heterogeneous at the level of the individual
cyst [4, 5]. A measurable decline in renal function
typically only occurs a dozen years or so before
ESRD. The process by which cyst expansion
results in destruction of normal tubules is poorly
defined but likely involves mechanical damage
through cystic expansion, development of fibro-
sis, and the effects of paracrine factors [6]. The
typical age at ESRD is related to gene and muta-
tion type (see section “Genotype/Phenotype
Studies”). Major extrarenal phenotypes of clinical
significance are polycystic liver disease and vas-
cular abnormalities (see Chaps. 10 and 11 for
details). The majority of patients have a parent
diagnosed with ADPKD, although not necessarily
reaching ESRD. However, at least 10% of fami-
lies appear to have a negative family history
within the traceable period of the family [7].

The ADPKD Genes

PKD1

The first defined ADPKD gene, PKDI, was
linked to the tip of chromosome 16 (16p13.3),
~5 cM from the a-globin locus, in 1985 [8].
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Employing positional cloning, PKD1I was identi-
fied in 1994 through analysis of a patient with a
chromosomal translocation disrupting the gene
[9]. Due to much of PKD] lying in a segmentally
duplicated region of the genome (Fig. 1.1), the
full extent of the PKDI coding region and pre-
dicted protein structure were not revealed until
the following year [10, 11]. The longest defined
coding region is 12,909 bp with 5" and 3’ untrans-
lated regions (UTR) of 211 bp and 1018 bp,
respectively, making a total transcript size of
14,138 bp. PKD1 contains 46 exons and lies in a
region of the genome enriched for cytosine and
guanine bases (GC rich), and, characteristic of
such genes, the genomic structure is compact
with a total genomic size of ~49.5 kb. Of note,
exon size varies considerably from the very large
exon 15 (3620 bp) to exon 32 of 53 bp.
Interestingly, and reflecting the compact genomic
structure, the smallest intron is only 66 bp, barely
larger than required for efficient excision.
Examples of alternative splicing have been sug-
gested, but the only substantiated case is an alter-
nately included codon at the start of exon 32,

explaining the difference between the two
described sizes of the coding region, 12,906 bp
and 12,909 bp. PKDI encodes the protein poly-
cystin-1 (PC1).

The 5’ region of PKD1, from 1376 bp 5’ to the
start codon to nucleotide position 10,304 in exon
33 (genomic region of ~42 kb), lies within an
intrachromosomal duplicated region, with six
pseudogenes (PKDIPI-P6) defined that are
localized more proximally on 16p [9, 12]
(Fig. 1.1). PKDI is localized ~2.19-2.14 Mb
from the 16p telomere, while the pseudogenes
are spread over ~3.5 Mb in 16pl3.1: PKDIPI
(~16.31-16.35 Mb), PKDIP2 (~16.35-
16.38 Mb), PKDIP3 (~14.91-14.94 Mb),
PKD1P4 (~18.36-18.33 Mb), PKDIP5 (~18.40—
18.37 Mb), and PKD1P6 (~15.15-15.12 Mb). All
the pseudogenes have a common 3’ sequence,
with major differences from PKDI shown in
Fig. 1.1. Many of the pseudogenes are expressed
since for PKDIPI, P3, P5, and P6, the promoter
region is also duplicated. But due to a frameshift-
ing duplication in exon 1 (found in PKDIPI, P3,
and P5) and frameshifting deletion in exon 7 for

PKD1 TSC2

<

Common 3"
P sequence

hhhhh

____________ ex15- ex15- ex7- ~ex15.55_
S IVS16 IVS16 5 o5 IVS16
ex1 ex33  ex2\/ ex33 ex33 ex2 ex33 \/ ex{ ex1 \/ex33 ex33 \/ e)ﬁ
-/\ ] — ] ] ] ] | [e— 1 IR 1]1]] 1 o] ] | jfw— ]
Vs 5-IVS1 5-IVST Ivs1 VST
PKD1P5 PKD1P4 PKD1P2 PKD1P1 PKD1P6 PKD1P3
3.49Mb

Fig. 1.1 Structures of the PKD/ pseudogenes. At the top
is shown the PKD1 gene lying in a tail-to-tail orientation
with the tuberous sclerosis gene, 7SC2. Most of PKDI
lies in a segmentally duplicated region (pink), including
the promoter region. At the bottom are shown the struc-
tures of the six PKD1 pseudogenes (PKD1P1-PKDIP6).
The middle region shows the relative location of PKDI

(16p13.3) and the pseudogenes (16p13.1) on chromosome
16. Pink areas of the pseudogenes show areas of homol-
ogy with PKD1, while a common pseudogene 3’ region is
shown in blue. Promoters and transcriptional direction are
shown with red arrows, and regions deleted relative to
PKDI are shown above and below the pseudogene
structure
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PKDIP6, the pseudogenes are not predicted to
generate long protein products. The duplication
occurred during the evolution of the great apes
(within the last 10Myr), and consequently
sequence similarity between the pseudogenes
and PKD] is very high (~98%). Therefore, locus-
specific enrichment methods are needed to screen
PKD1 for mutations [7, 13].

PKD2

Before PKD1 was identified, locus heterogeneity
was noted with families unlinked to the PKDI
region, and a second locus, PKD?2, was identified
linked to chromosome 4q22.1 in 1993 [14, 15].
Employing a positioned cloning approach and
taking advantage of a region of homology
between PC1 and the PKD2 protein, PC2, PKD2
was identified in 1996 [16]. In contrast to the
complexity of PKDI, PKD?2 is a more conven-
tional gene with a coding region of 2904 bp, a
5'UTR of 67 bp, and a substantial 3'UTR
(2081 bp), resulting in a messenger RNA
(mRNA) of ~5050 bp. PKD2 has 15 exons and a
genomic size of 70.1 kb.

Further ADPKD Genetic Heterogeneity?

During the 1990s, five families apparently
unlinked to PKD1 or PKD?2 were described, sug-
gesting further genetic heterogeneity [17-21].
Recently, these families were screened for muta-
tions in the ADPKD genes, and in three families
a PKD1 mutation was found, a PKD2 mutation in
one family, with no mutation in the fifth [22]. The
unresolved family was atypical for ADPKD, with
atrophy of a kidney in one of the two affected
individuals. The reasons for lack of linkage
include false-positive diagnoses by ultrasound in
three cases and sample mix-ups in three families.
A de novo mutation, a subject with a few simple
cysts, and a possible weak allele explain the lack
of linkage in the fourth family. Overall, this study
is not supportive of further genetic heterogeneity
in ADPKD. However, since mutations are not
detected in a significant proportion of ADPKD
patients (see section “Mutation Analysis of the
ADPKD Genes”) and because there is some
overlap between ADPKD and other cystic pheno-
types (see section “What Types of Mutations

Cause ADPKD?” and Chap. 3), the question of
further genetic heterogeneity in ADPKD remains
unresolved. Since the initial preparation of this
chapter, a third ADPKD gene, GANAB, that is
also associated with autosomal dominant poly-
cystic liver disease (ADPLD), has been identifed
[23, 24].

Mutation Analysis of the ADPKD
Genes

Screening Approaches
The segmental duplication of the 3’ ~80% of the
PKD] transcript limited initial descriptions of
mutations to the 3’ single copy region (exons
33-46). However, locus-specific enrichment
methods were soon developed for PKDI includ-
ing long-range (LR) polymerase chain reaction
(PCR) with a primer anchored in the single copy
region and locus-specific LR-PCR exploiting the
rare mismatches between PKD/ and all six pseu-
dogenes [7, 13, 25]. A variety of methods were
employed to screen PKDI and PKD2, including
single-strand ~ conformation  polymorphism
(SSCP) analysis, heteroduplex analysis, denatur-
ing gradient gel electrophoresis (DGGE), protein
truncation testing (PTT), and denaturing high-
performance liquid chromatography (DHPLC),
but up until recently, Sanger sequencing of exonic
amplicons from the locus-specific LR-PCR
(duplicated region) or directly (rest of PKDI and
PKD?2) has been the method of choice [26, 27].
Recently next-generation sequencing (NGS)
methods have been used to screen the ADPKD
genes [28, 29]. To analyze PKDI specifically,
methods have employed direct NGS of the
locus-specific LR-PCR products, plus LR-PCR
products covering the rest of PKDI and PKD?2.
Hybridization capture methods also capture the
pseudogenes so whole exome sequencing is not
areliable means to screen the duplicated portion
of PKDI. Two recent studies described targeted
capture of PKDI and PKD?2 and then NGS, with
a variety of bioinformatics methods and segre-
gation employed to detect mutations in the
duplicated PKD1 region [30, 31]. However, the
sensitivity and the specificity of these methods
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have not been rigorously tested, and locus-
specific enrichment and Sanger or NGS
sequencing is employed for some clinical
molecular testing.

Larger rearrangements are not detected by the
sequencing approaches, and such mutations in
the duplicated part of PKDI are not readily
detected by global methods to detect larger rear-
rangements, such as array CGH or microarrays.
Specific, multiplex ligation-dependent probe
amplification (MLPA) methods have been devel-
oped to screen the ADPKD genes (including the
duplicated region of PKDI) to detect multi-exon
deletions and duplications [32].

What Types of Mutations Cause

ADPKD?

Two large and comprehensive mutation screens
of the ADPKD genes have been completed by
Sanger sequencing that provide a clear view of
the mutational pattern in ADPKD; 202 families
from the CRISP study [26] and 519 from the
French, Genkyst cohort were screened [27, 33].
The level of PKD1 families in mutation resolved
cases was 85.6% [26, 32] and 80.5% [27, 33].
There is some evidence that the level of PKD2
may be higher in geographic populations not
focused on patients with renal insufficiency, and
in patient populations enriched for milder disease
[34]. No mutation was detected (NMD) in 8.4%
[26, 32], 10.1% [27], and 6.3% of families [33].
These NMD families likely reflect missed muta-
tions at the existing loci, including detected vari-
ants (and variant combinations) not recognized
as pathogenic, deep intronic cryptic splicing
changes, and promoter and 3’'UTR (miR binding
site) mutations that were not screened in these
studies. Some mutations are also likely not
detected because of mosaicism (see section
“Mosaicism in ADPKD”), while mutations in
other PKD genes such as the renal cysts and dia-
betes (RCAD) syndrome gene, HNFIB, and the
polycystic liver disease (without PKD; PCLD)
genes (SEC63, PRKCSH, GANAB, SEC6IB,
ALGS8 and LRP5) can occasionally present with
an ADPKD-like phenotype [23, 24, 35-40].
However, further genetic heterogeneity cannot be
ruled out.

Mutations can be considered as definite
where the change is predicted to truncate the
protein (frameshifting deletions and insertions
[indels], including larger rearrangements and
large inframe mutations, nonsense mutations,
and typical splicing changes), while for non-
truncating mutations (missense, small inframe
indels, and atypical splicing events), further
scoring is required to determine if a mutation is
likely pathogenic. Bioinformatics methods
judging the significance of amino acid substitu-
tions based on conservation in a multi-sequence
alignment of orthologous proteins, the strength
of the chemical change of a substitution (includ-
ing through the use of mutation assessment pro-
grams, such as SIFT, PolyPhen2, Align GVGD,
and MutationTaster), plus conservation in
domains, segregation in the family, and other
contextual information about the mutation have
been employed to determine if non-truncating
mutations are pathogenic [26, 27, 33, 41, 42].

The frequencies of specific types of PKD1I and
PKD2  truncation/non-truncating  mutations
determined from the CRISP and the Genkyst
population are shown in Table 1.1 [26, 27, 32,
33]. This shows that more PKDI mutations are
non-truncating  (~30-35%) than in PKD?2
(6-18%). The most frequent single mutation
group in PKDI is frameshifting mutations,
whereas nonsense mutations are most common
for PKD2. The ADPKD Mutation Database
(PKDB) [43] collects data on published and
unpublished mutations and contains records on a
total of 2323 different PKDI and 278 PKD?2 vari-
ants. A large number of these variants are pre-
dicted as neutral in PKDI (857), while this
number is lower in PKD2 [44]. In the PKDB
there are a total of 1273 different pathogenic
PKDI mutations listed, accounting for 1895 fam-
ilies, while there are 202 different pathogenic
PKD?2 mutations from 438 families. The number
of mutations found recurrently is significant,
with 28.1% for PKD1 and 40.7% for PKD?2 in the
CRISP study, while in the Genkyst study, 20.8%
of mutations were found in more than one pedi-
gree, with 18.8% of PKDI and 33.3% PKD2
mutations previously described [26, 27, 33]. No
single mutation accounts for as much as 2% of all
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Table 1.1 Breakdown of mutation types associated with ADPKD in the

CRISP and Genkyst cohorts

Gene Mutation type Crisp (%) Genkyst (%)

PKDI Truncating 70.2 65.1
Frameshifting 28.7 332
Nonsense 242 22.9
Splicing 10.2 8.2
Large rearrangements 5.1 0.8
Non-truncating 29.8 34.9
Missense 26.1 28
Inframe 5.7 6.9

PKD2 Truncating 81.5 93.7
Frameshifting 25.9 13.7
Nonsense 333 43.1
Splicing 222 21.1
Large rearrangements 0 15.8
Non-truncating 18.5 6.3
Missense 11.1 6.3
Inframe 7.4 0.0

ADPKD families with ¢.5014_5015delAG (43
families; 1.9%) the most common PKDI muta-
tion recorded in PKDB [43] and p.E2771K (29
families; 1.3%) the most common missense
change. In PKD2 the most common mutations
are two nonsense variants, p.R872X (21 families;
0.9%) and p.R306X (18 families; 0.8%).

The large number of different PKDI and
PKD?2 mutations of various types that are spread
throughout the genes indicates that any mutation
that completely inactivates an ADPKD allele
results in PKD. This lack of specificity of the
mutation and the observation that only a single
mutation is required for pathogenesis probably
explain why ADPKD is such a common disease,
rather than the genes being particularly muta-
genic. The large number of different mutations,
even within specific racial/ethnic groups, indi-
cates that new mutations are occurring at a sig-
nificant rate, consistent with the level of families
with a negative family history (>10%) that has
been noted [7].

One unusual form of mutation that has been
described in the duplicated region of PKDI is
gene conversions, where sequence from one of
the pseudogenes converts a part of PKDI to con-
tain the pseudogene sequence. The best-
characterized gene conversion event, studied by

NGS, extended ~8.5 kb from exon 28 to IVS32
and is due to a gene conversion by PKD1P6 [28].
Other possible gene conversions have been
described in exon 23 [45]. This mutation type is
not a common cause of ADPKD, but because of
the locus-specific amplification approaches
employed to identify PKDI, they may be under-
detected with existing screening methodologies.

Mosaicism in ADPKD

As indicated earlier, de novo mutations are rela-
tively common in ADPKD and have been demon-
strated molecularly in a few cases [9]. If the de
novo mutation occurs in the germ cell, the patient
offspring will have the mutation in all cells.
However, more rarely, the mutation occurs in the
embryo at a few cell stage in which case the
patient will be a chimeric (a mosaic) where some
cells in the patient have the mutation and others
do not. Mosaicism has been described in ADPKD,
which may or may not be associated with a milder
disease outcome, likely depending on the level of
the cells containing the mutation in the kidney
[32, 46, 47]. Mosaicism can also occur at the level
of the germ cells, so that, for instance, some sperm
have the mutation and some do not. In this case,
siblings with the same ADPKD gene haplotype
can be affected or unaffected, depending on
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whether the mutation is present, confounding
linkage-based diagnostics [48]. Mosaicism is dif-
ficult to detect by Sanger sequencing, and so the
number of cases is probably greatly underesti-
mated in de novo cases.

Genotype/Phenotype Studies

Genic Effects

Studies extending from before the PKD2 gene
was identified indicated that PKD1 was a more
severe disease in terms of renal severity. The
study of Hateboer [49] of a linkage determined
population found the median age at the onset of
ESRD was 54.3 years in PKD1 and 74.0 years in
PKD2. More recent data from Genkyst shows a
median age at ESRD of 58.1 years in PKD1 and
79.7 years in PKD2, indicating that many PKD2
patients do not experience ESRD [33]. The
median age at onset of hypertension is also ear-
lier in PKD1 (38.6 years) than PKD?2 (48.6 years).
For extrarenal manifestations, intracranial aneu-
rysms (ICA) are found in both diseases, and the
proportion of families with at least one patient
with an ICA is about as expected given the gene
frequencies [50]. Recent data indicates that
severe PLD is as common in PKD2 as PKDI1 [51,
52]. Overall, the clinical phenotypes are similar
for PKD1 and PKD2 but with significantly more
severe renal disease in PKDI.

Allelic Effects

Early studies of PKDI reported different renal
disease severity in different families but did not
identify differences in renal disease severity in
PKD1 populations based on the type of mutation
(truncating or non-truncating) [53]. However, a
modest difference was found associated with the
position of the mutation in PKDI, with 5’ muta-
tions associated with more severe renal disease
[53]. A similar association was found between 5’
mutations and the development of ICA, which
was seen especially in families with more than
one ICA case and early rupture [50]. However,
analysis of the larger Genkyst PKDI population
study did not find an association between muta-
tion position and severity of renal disease [33].

Analysis of a PKD?2 population did not find a cor-
relation between mutation type or position and
severity of renal disease [54].

The recent Genkyst study found a strong asso-
ciation between renal disease severity and the
type of mutation [33]. Patients with truncating
mutations in PKD/ had an average age at onset of
ESRD of 55.6 years, whereas those with non-
truncating mutations reached ESRD at 67.9 years,
approximately midway between that for truncat-
ing PKDI mutations and PKD?2 patients. This
data strongly indicates that a significant propor-
tion of non-truncating PKDI mutations are
incompletely penetrant (hypomorphic); the
mutant protein has some residual function.
However, not all non-truncating PKD mutations
are hypomorphic; a gradation from fully inacti-
vating mutations to ones associated with very
mild PKD not resulting in renal failure likely
describes this population [55]. A recent Canadian
study also found that PKDI patients with non-
truncating mutations had later ESRD and smaller
kidneys than PKDI patients with truncating
mutations [34]. An unresolved problem in using
this allelic information prognostically is reliably
identifying hypomorphic alleles and determining
the relative level of residual activity of each
allele, with family and cellular studies likely to
be helpful. However, a simple approach (the
PROPKD Score) of rating patients dependent on
gene/allele type (PKDI truncating or non-
truncating or PKD?2), gender, early hypertension,
and early urologic event has been used to predict
renal survival [56].

Recessive Inheritance of ADPKD Alleles
and Early-Onset ADPKD

Consistent with ADPKD being a dominant dis-
ease and studies of mouse models (see section
“ADPKD Rodent Models” ), no patient with two
inactivating PKDI or PKD2 mutations has been
described; a family with two affected parents and
multiple miscarriages also hinted at embryonic
lethality [57]. Therefore, two families with mod-
erate to severe PKD associated with homozygos-
ity of a PKD] variant were of particular interest
[41]. In a consanguineous US family of French
origin, two patients with ESRD at 62 years and
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75 years were homozygous for the PKD/ variant
p-R3277C, while heterozygotes developed a few
cysts. In a second consanguineous family, two
patients with childhood onset PKD and the father
with PKD were homozygous for the variant
PKDI: p.N3188S. Both of these variants are at
well-conserved sites in PC1, but the viable phe-
notypes suggest they are hypomorphic variants.

Occasionally in families with otherwise typi-
cal ADPKD, PKD is diagnosed in utero with
enlarged and echogenic kidneys, which can result
in death in the perinatal period with a phenotype
of oligohydramnios and Potter’ sequence, similar
to severe cases of ARPKD [58]. Analysis of a
French family showed that co-inheritance of the
familial PKD] inactivating mutation in trans with
the putative hypomorphic allele, PKDI:
p-R3277C, resulted in very early-onset disease
[41]. The hypomorphic nature of p.R3277C (RC)
has been proven by making a knock-in mouse
mimicking this allele (see section “ADPKD
Rodent Models”) [59]. A combination of hypo-
morphic alleles in trans was also found in two
ARPKD-like families with early-onset PKD and
a negative family history [42]. In addition, a
recent French study found a second PKD] allele
predicted to be pathogenic in 15 prenatal onset
PKDI cases [60]. One hypomorphic allele has
been described in PKD2, where a patient with
early-onset renal disease was homozygous for
the missense variant, PKD2: p.L656W, that arose
through uniparental disomy [61]. There is addi-
tional evidence that mutant variants in other cys-
togenes may cause early-onset disease in
combination with a PKD mutation, with HNF1B
alleles the most compelling [62].

ADPKD Digenic Inheritance

One family with more than the expected numbers
of affected individuals was found to have both a
PKDI and PKD2 mutation [44]. In this family,
since the PKDI mutation was hypomorphic,
there was considerable phenotypic overlap in
terms of renal disease severity in the family [63].
However, the two digenic patients had more
severe disease, with ESRD ~20 years before
other family members with either the PKDI or

PKD?2 mutation alone. Other studies employing
hypomorphic and hypermutable mouse models
have shown that digenic, PKDI/PKD?2 animals
have appreciably more severe disease than the
monogenic equivalents [64].

Contiguous Deletion of PKD1 and TSC2
Results in Early-Onset PKD

The tuberous sclerosis (TSC) gene, TSC2, lies
immediately 3" of PKDI, with their 3’ ends just
63 bp apart [65]. TSC is a dominant disease
associated with the development of benign
tumors throughout the body, including angio-
myolipoma and sometimes cysts in the kidney
(see Chap. 3 for details). Patients with large
deletions that disrupt the coding regions of both
genes (the TSC2/PKDI contiguous gene syn-
drome, CGS) typically have infantile or child-
hood onset PKD with enlarged kidneys, as well
as various features of TSC [66]. The average age
at ESRD is ~20 years [67]. De novo, mosaic
cases are common and the severity of renal dis-
ease in these cases is much more variable. It is
not clear if the 7SC2 mutation enhances the renal
phenotype because of direct interaction of PC1
with the TSC2 (tuberin) protein, through com-
mon signaling pathways, or additive effects
through different pathways [68, 69].

Molecular Diagnostics in ADPKD

Diagnosing an at-risk ADPKD adult family
member can normally be performed by renal
imaging (see Chaps. 7 and 8). However, when the
imaging data is equivocal, especially when a defi-
nite diagnosis is required, such as in the case of
evaluating a living-related kidney donor, molecu-
lar testing can be helpful [70]. Molecular testing
can also provide a definite diagnosis in patients
with a negative family history, ones with mild
disease and those with an asymmetric presenta-
tion. In early-onset ADPKD, molecular analysis
of the PKDI and PKD?2 genes can help under-
stand the etiology, especially if a modifying allele
can also be identified (see section “Recessive
Inheritance of ADPKD Alleles and Early-Onset
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ADPKD”). Mutation data may also be of prog-
nostic value [56].

In the past, linkage studies have been
employed to provide presymptomatic diagnoses,
but because of the significant level of de novo
mutations and mosaicism in ADPKD, this method
is no longer recommended. Due to the genetic
and extreme allelic heterogeneity in ADPKD,
mutation screening of all exons of both the PKD1
and PKD2 gene by Sanger or NGS with locus-
specific amplification of the duplicated region of
PKD1, and MLPA to screen for larger rearrange-
ments, is recommended for clinical and research
testing. When testing a living-related kidney
donor, the mutation should first be defined in an
affected family member before the donor is tested
for the mutation. Single exon analysis for the
familial mutation can be performed in all family
members of a mutation characterized case.
Complications from molecular testing include
that no mutation is detected in ~8% of cases, plus
uncertainty whether some non-truncating vari-
ants are pathogenic, and their level of penetrance.
Consulting the PKDB, bioinformatics analysis
and segregation can help evaluate the likelihood
of pathogenicity. As well as presymptomatic test-
ing, prenatal diagnosis has occasionally been
employed in ADPKD, with particular relevance
in families with an early-onset case [71].
Recently, there has been increased interest in pre-
implantation genetic diagnosis (PGD) in
ADPKD. In this case, following in vitro fertiliza-
tion, a cell is removed from the embryo at a few
cells stage, and the familial mutation (or employ-
ing gene flanking markers) is screened for and
only negative embryos are implanted [72, 73].
For prenatal diagnosis and PGD, the familial dis-
ease gene and mutation need to be known in the
family before testing is performed.

ADPKD Rodent Models

PkdI~~ and Pkd2~'"- mice develop cystic kidneys
and pancreas from embryonic age E12.5 and typ-
ically die by ~E14.5, showing that ADPKD is a
loss of function disease [74, 75]. Heterozygous
animals develop very few kidney and liver cysts

even if maintained to 24 months [76]. These
models are therefore of limited value for preclini-
cal testing. The Pkd2V5% hypermutable allele in
combination with a null PKD2 allele results in
progressive cyst development in the kidney and
liver and has been extensively used for drug test-
ing [77, 78]. Inducible, conditional models have
also provided important insights into the pro-
cesses of cystogenesis in ADPKD. Interestingly,
the timing of loss of the second allele in the kid-
ney significantly influences the phenotype.
Before P13 (while the kidney is still developing)
loss results in rapidly progressive cystogenesis,
while complete loss after this time results in
slowly progressive disease [79, 80]. These results
indicate changing roles for PC1/PC2 and/or an
altered environment in the kidneys at this time,
possibly associated with the reduction in prolif-
eration after kidney development. By careful use
of specific Cre transgenics and by altering the
time of polycystin loss, models mimicking adult
onset ADPKD have been developed and
employed for preclinical testing [81]. A low level
of induced deletion of the normal allele during
adulthood results in slow cyst development with
later cyst clustering around early ones, possibly
due to paracrine cystogenic factors [82].
Interaction studies between conditional mouse
models of Pkdl, Pkd2, Sec63, Prkcsh and inacti-
vation of the ARPKD gene (Pkhdl) in many
cases showed enhanced cystic phenotypes in
digenic animals with Pkd 1, in particular, suggest-
ing PC1 as the rate-limiting component in cysto-
genesis [83].

Other rodent models that have advanced the
understanding of pathogenesis and mimic human
ADPKD are hypomorphic models. Lowering the
level of functional PKDI to 13-20% of normal
by inducing splicing defects results in rapidly
progressive ADPKD that causes increasing fibro-
sis and reduction of kidney size starting at about
P30 [84-86]. Mimicking the human PKD/ hypo-
morphic allele, p.R3277C (RC), has also gener-
ated an interesting model where homozygotes
develop slowly progressive disease with cystic
expansion over 9 months, with increasing fibrosis
occurring thereafter [59]. This model, therefore,
mimics cyst development in human ADPKD (but
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on a faster scale), and, hence, the model is valu-
able for preclinical testing [87]. PkdI®“~ mice
develop rapidly progressive disease, such that
~25% of body weight is accounted for by kidney
weight at P25. These animals live on average to
P28 but there is variability with a few animals,
living to adulthood. This model shows that the
level of reduction of functional PC1 is associated
with the severity of disease.

The Mutational Mechanism in ADPKD

For the past ~30 years, there has been debate
about how mutation to just a single PKDI or
PKD?2 allele results in the development of the
innumerable cysts that are characteristic of
ADPKD. The classical view, as first enunciated
in 1992, is that ADPKD is a two-hit disease and
that cyst initiation requires inactivation of the
“normal” allele by somatic mutation [88].
Consistent with this theory, analysis of cystic
epithelia from single cysts has shown somatic
mutations resulting in loss of heterozygosity or
base-pair changes in large kidney and liver cysts
[89-91]. In addition, cysts have been proposed
to be clonal and, hence, derived from a single
cell. Other evidence comes from hypermutable
and conditional mouse models (see section
“ADPKD Rodent Models”). The need for a
somatic mutation for cyst initiation could also
explain the focal nature of the disease. Using this
rationale, PKD1 may be a more common disease
than PKD2 since PKDI is a larger mutational
target. Of interest, fewer cysts are found in
PKD2, but both diseases have a similar kidney
growth rate [92].

However, there has been some doubt about the
two-hit theory since the number of individual
cysts (1000s in a PKD1 kidney) would suggest a
very high level of somatic mutation. More recent
data employing mouse models and ADPKD fam-
ilies (see sections “ADPKD Rodent Models” and
“Recessive Inheritance of ADPKD Alleles and
Early-Onset ADPKD”) show that cysts can
develop even if some PC1 is present [84, 85] and
that the severity of biallelic disease is related to
the penetrance of the alleles [59]. Analysis of

cysts in chimeric mice shows that cysts are
dynamic at early stages containing PC1-positive
and PCl-negative cells but that the PC1-negative
cells over time become the dominant form [93].
Similarly, somatic mutation to PKD2 in PKDI
cysts and vice versa indicates complexity in cyst
development [94, 95].

Taken together, a threshold hypothesis now
seems most likely to explain cystogenesis in
ADPKD [59, 96, 97]. In this case, cyst develop-
ment can occur when the level of functional
PC1 (or PC2) falls below a certain threshold
(Fig. 1.2). In mice, slowly progressive cyst
development occurs when the level of functional
PCI is ~40% of normal and is rapidly progres-
sive with ~20% functional PC1 [59, 84, 85]. In
patients with a 50% reduction of functional PC1
or PC2 (typical patients with one fully inactivat-
ing mutation), cysts can occur if the level of
PCI falls below the cystogenic threshold. This
may occur by somatic mutation to the other
allele, but mutations to other cystogenes and
stochastic variability in expression levels may
also determine if a cyst develops. Once initiated,
further genetic events at the disease locus, other
cystogenes, and elsewhere, similar to tumor
development in cancer, likely favor cyst growth
and survival. Environmental influences, like a
response to kidney damage resulting in prolif-
eration, may also influence cystogenesis [98,
99]. Identification of genetic modifiers of
ADPKD will help understand the cystogenic
process. DKK3, a negative regulator of Wnt sig-
naling, has been suggested to be a modifier from
a candidate screen [100], but genome-wide
approaches may be more powerful.

ADPKD Proteins: Structure
of the Polycystins

Identification and sequencing of the ADPKD
genes have enabled the structure of PC1 and
PC2 to be predicted. In addition, analyses with
antibodies, tagged constructs, and other
approaches have enabled questions about
expression, processing, and localization to be
explored.
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Fig. 1.2 Pathogenesis of ADPKD and illustration of the
threshold hypothesis. To trigger cystogenesis, the residual
level of PC1 and PC2 is reduced below a critical thresh-
old. In the slowly progressive example, the initial level of
PC conferred by the “normal” and the mutant allele (in
this case a hypomorphic allele) is far above the critical
threshold, and a succession of secondary events (either
environmental factors or genetic events, including somatic
mutations at the disease locus and elsewhere, and stochas-
tic events) are needed to trigger cystogenesis, accounting
for the low cyst number and late-onset and slow disease
progression. In the typical case, the residual level of PC

Polycystin-1 (PC1)

PC1 is predicted to be a large, membrane-
associated protein with a cleavable signal peptide
and topology with the N-terminus extracellular
and C-terminus cytoplasmic (Fig. 1.3). It consists
of 4303 amino acids (460 kDa peptide backbone,
~600 kDa glycosylated) with an ectodomain of
~3000aa, 11 transmembrane domains, and a short
carboxy-terminal intracellular portion, including
a coil-coiled domain that mediates binding to
PC2 [10, 101]. The three-dimensional structure
of PC1 remains largely unknown, although recent
atomic force microscopy suggests that the
N-terminal domains and the transmembrane
region form globular structures that are linked by
a string consisting of the PKD repeats [102].
More detailed information about the structure
and roles of a significant number of domains
have steadily been unraveled since the identifica-
tion of the protein [103]. The ectodomain con-

results from the expression of the “normal allele” only
(the mutation is fully inactivating). Acquired PC loss suf-
ficient to trigger cystogenesis is therefore more likely to
occur than in the slowly progressive case. Lastly, the rap-
idly progressive case has co-inherited a hypomorphic
allele with a null allele, resulting in a PC level constitu-
tively low and close to the critical threshold. In this case,
minimal secondary events will be sufficient to trigger cys-
togenesis resulting in an early-onset form of the disease.
In addition, somatic mutations acquired in rapidly divid-
ing cystic cells can secondarily provide the cyst a growth
or survival advantage

sists of a number of regions involved in
protein-protein (e.g., LRR domain) and protein-
carbohydrate (e.g., C-type lectin and WSC
domain) interactions, and the region of 16 PKD
repeats with an immunoglobulin domain-like
conformation has been shown to have mechani-
cal stability properties that may also be the case
for repeats in the REJ region [104-106]. The
PLAT domain is conserved in a wide range of dif-
ferent proteins and has a beta sandwich structure
[107]. Recent NMR studies of the human domain
show binding to specific acidic phospholipids
and calcium; it may function as a lipid/protein
domain.

A major processing event that gives rise to
functional PC1 is cis-autoproteolysis cleavage
at the GPS domain, yielding a large N-terminal
(NT) and a transmembrane C-terminal (CT)
product [108, 109]. The products are thought
to usually remain tethered and functionally act
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Fig. 1.3 Structures of the ADPKD proteins, polycystin-1 (PC1) and polycystin-2 (PC2), and the ARPKD protein,
fibrocystin/polyductin (FPC). Details of domains and conserved motifs found in these proteins are shown in the key

together, although separate functions of the NT
and CT products have recently been proposed
[110]. The GPS cleavage event is important for
PCI1 folding, maturation, and surface localiza-
tion [64, 111]. The GAIN regulatory domain,
located immediately before the first transmem-
brane helix, is a highly conserved 320-residue
region, including the GPS motif, that mediates
PC1 cleavage [112]. A handful of PKDI mis-
sense mutations disrupting cleavage have been
shown to be likely fully penetrant mutations in
cellular systems [59, 108, 109]. Uncleaved
PCI1 may play a critical role during develop-
ment, as a PKDI cleavage mouse mutant
escapes embryonic lethality but develops rap-
idly progressive PKD [109]. Additional C-tail
cleavage has been suggested, generating prod-
ucts that translocate to the nucleus and act as

coactivators of several transcriptional path-
ways [113, 114].

Polycystin-2 (PC2)

PC2 is a protein of 968aa (~110 kDa) that com-
prises two intracytoplasmic extremities and six
transmembrane domains [16] (Fig. 1.3). The
transmembrane region of PC2 has homology
with the last six transmembrane domain region of
PC1. The C-terminal tail has a number of recog-
nized domains and motifs, including an EF hand
with a standard calcium-binding pocket [115], an
ER-retention signal, and two coiled-coil domains
[116]. The C-terminal coiled-coil domain (CC2)
has been implicated in homotypic interactions
and heterotypic interactions with PC1, although
the precise structure of the PC1/PC2 complex is
unresolved [117, 118]. A number of phosphory-
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lation sites in the N and C terminal regions have
also been identified [119]. PC2, also known as
TRPP2, has been defined as a member of the
transient receptor potential (TRP) family of
calcium-responsive cation channels and has been
shown to function as a high-conductance, nonse-
lective, calcium-permeable channel [16, 120,
121]. Recently the structure of a homotetrameric
PC2 complex has been resolved by cryo-EM
[122-124]. This shows that the large extracellular
loop between transmembrane domains 1 and 2,
the polycystin or TOP domain, may play a role in
gating the channel.

Localization and Trafficking
of the Polycystins

Expression studies have shown that PKD/ and
PKD?2 are widely expressed at the mRNA level
[16, 125] and immunolocalization indicates
widespread expression of the proteins [126, 127].

Subcellular Localization

In renal and biliary epithelial cells, the primary
cilium, a sensory organelle, is found on the apical
surface. Consistent with the description of
ADPKD as a cilia-related disease (a ciliopathy)
[128] (see Chap. 5), PC1 and PC2 form a com-
plex and are localized to the primary cilia mem-
brane [129]. However, it is likely that PCI1 has
other subcellular localizations, including on the
plasma membrane [64], with specific localization
suggested at tight junctions of the lateral mem-
brane and desmosomes [130]. PC1 is secreted
from cells with the protein likely associated with
specific extracellular vesicles (exosomes) [131].
PC2 is mainly localized in the endoplasmic retic-
ulum (ER), where it is thought to play a role as a
nonselective calcium channel in replenishing ER
calcium stores and interacts with both the ryano-
dine receptor (RyR) and the inositol-1,4,5-
triphosphate receptor (IP3R) [132-134].

Cilia/Plasma Membrane (PM)

Trafficking

Recent data have shed light on PC1 and PC2 inter-
dependence for maturation and trafficking, with

interaction of these proteins occurring in the ER
before GPS cleavage [129, 64]. Characterization
of different PC1 glycoforms has helped to under-
stand this process with two N-terminal GPS cleav-
age products, defined by endoglycosidase H
(EndoH) treatment: mature (trafficking through
the trans-Golgi) and sensitive (ER localized) [59,
64]. Data indicates that PC2 is not required for
PCI1 cleavage (although it may make it more effi-
cient), but is absolutely required for PC1 matura-
tion and trafficking to the PM and cilia, in a
dose-dependent manner [64]. This study did not
find an EndoH mature form of PC2, suggesting
that cilia trafficking may occur separately for the
two proteins. However, a second study found an
EndoH-resistant form of PC2 in a cilia fraction,
suggesting co-trafficking of the proteins for cilia
localization [129]. A  Rabepl/GGA1/Arl3-
dependent mechanism has been proposed to facili-
tate this trafficking.

Functions of the Polycystins

A wide body of evidence, much from syndromic
forms of PKD (Chaps. 2 and 5), strongly link cili-
ary signaling defects and PKD [128]. Unlike
many of these syndromic PKD proteins that regu-
late protein trafficking to cilia, the PC complex is
thought to have a sensory/mechanosensory role
on the cilium. Generally ciliary defects have not
been associated with ADPKD mutations (in con-
trast with syndromic disorders); however, the
observation of longer cilia in the Pkd 1R model is
interesting and may be a compensatory response
to reduced cilia signaling [59]. The role of PC2 as
a calcium channel suggests that calcium transport
through the PC complex, with PC1 regulating
PC2, is the basic defect in ADPKD. Cilia move-
ment (mechanically or by flow) is associated with
a calcium influx, and analysis of PKDI null cells
suggested that the PC complex acts as a ciliary
flow receptor, with the calcium influx required to
maintain the normal epithelial differentiated state
[135, 136]. However, there is controversy over
whether the PC1/PC2 complex regulates the level
of ciliary calcium (see also section “Polycystin
Paralogs™) [137]. Further controversy over the
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exact role of the PC complex and cilia comes
from a study showing in conditional Pkdl or
Pkd2 knockout models that disruption of the cilia
by inactivation of genes essential to its formation
(Kif3a or Ift20) attenuate the cystic phenotype
[138]. Based on these unexpected findings, the
authors suggest that the polycystins may act as a
regulator of a yet-unidentified cilia-dependent
proliferative pathway. One other mechanism of
how the PCs could alter ciliary signaling is by
PC-bearing exosomes interacting and fusing with
cilia downstream in the nephron from where the
exosomes are shed, triggering a signaling reac-
tion or by transferring a protein or miR cargo
[131, 139].

ER localized PC1 and PC2 are thought to
regulate intracellular Ca** homeostasis by inter-
acting with other calcium channels and sensor
proteins, such as IP3R and STIMI1 (stromal
interaction molecule 1) for PC1, and IP3R, RyR,
and several other TRP channels for PC2 [140].
Hence, the PC complex might enhance the cilia
calcium signal, through calcium-induced cal-
cium release [136]. However, this model has
been challenged by the observation that ciliary
calcium stores may be too low to trigger any
response from the ER PC2 [137], suggesting that
other intermediate steps may be involved.
Recently, other studies have shown a cellular
response to a ciliary calcium signal [141]. PKD
proteins have also been implicated in other key
functions such as maintenance of planar cell
polarity [142], although the significance to
ADPKD is questioned [143], cell cycle regula-
tion through JAK2/STAT signaling [144], and
regulation of cell-cell or cell-matrix interactions
[145]. For more details on PC functions, includ-
ing downstream signaling pathways, readers are
referred to Chaps. 4 and 5.

Polycystin Paralogs

Several polycystin-like proteins have been
described that potentially provide further insight
into this protein family. The highest degree of
similarity between PC1 paralogs is in the trans-
membrane regions, while the structure of PC2

paralogs (PKD2L1, PKD2L2) is closely similar
to PC2. PKD1L1, in association with PC2, senses
nodal flow during embryonic development, with
disruption of these proteins associated with later-
ality defects [146, 147], while PKDIL1 and
PKD2L1 have recently been described to regu-
late calcium levels in cilia [137]. PKDRE]J is
expressed just in the testis, and possible acting
with PKD2L2 is a mediator of the sperm acro-
some reaction [148, 149]. PKD1L3, in combina-
tion with PKD2L1, acts as the sour (H*) taste
detector [150]. The role of PKDIL2 is still
unknown, but its upregulation in mice results in
chronic neuromuscular impairment [151].

Autosomal Recessive Polycystic
Kidney Disease

Introduction to ARPKD

Autosomal recessive polycystic kidney disease
(ARPKD) is a severe, early-onset cystic kidney
disease, with an estimated Caucasian prevalence
of 1 in 20,000 live births [152], corresponding to
a carrier frequency of 1:70 in non-isolated popu-
lations. First symptoms of the disease typically
arise during pregnancy or in the neonatal period,
with greatly enlarged, hyperechogenic kidneys.
The most extreme cases are associated with the
Potter type I sequence, which includes pulmo-
nary hypoplasia, spine and limb abnormalities,
and characteristic facies. In up to 30% of cases,
ARPKD results in neonatal demise, mainly due
to respiratory insufficiency. The majority of sur-
viving children develop hypertension and chronic
kidney disease in early childhood, with 50% of
them reaching ESRD in the first decade of life
[152]. Congenital hepatic fibrosis (CHF) due to
ductal plate malformation represents the most
common liver involvement and often results in
portal hypertension (i.e., splenomegaly with
hypersplenism, varices at risk of bleeding,
abdominal ascites). In addition, bile duct dilata-
tion (Caroli disease) can result in cholangitis
[153]. ARPKD is marked by significant pheno-
typic variability with later-presenting cases in
adolescence or even adulthood more frequent
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than once thought, which most often exhibit pre-
dominant liver involvement [154].

Identification of the ARPKD Gene,
PKHD1

The ARPKD gene locus was first mapped to
chromosome 6p21 in 1994 [155], and the region
involved successively refined [156—159] through
the 1990s. Positional cloning approaches, includ-
ing study of a recessively inherited rat model of
PKD, PCK, led finally to the identification of the
disease gene, PKHDI, in 2002 [160, 161]. The
region of the PCK gene, on rat chromosome 9,
was mapped in a cohort of F2 rats, which
appeared to be syntenic to the human chromo-
some 6 interval containing PKHDI. Using a
RT-PCR approach linking predicted exons,
PKHD1 was successfully cloned and mutations
initially identified in 11 pedigrees [160].

Mutation Analysis of PKHD1

PKHDI is a large gene covering more than
472 kb of genomic DNA and comprising 67
exons, 66 coding. The canonical transcript is
16,235 bp with a coding region of 12,222 bp, a
5'UTR of 276 bp and a 3'UTR of 3634 bp. A
complex splicing pattern for PKHDI has been
described [161-164], although for diagnostic
testing generally just the canonical gene is
screened. Analysis of the PKHDI1 protein, fibro-
cystin, also termed polyductin (hence FPC), also
questions the importance of the detected alterna-
tively spliced forms [139].

Apart from the large gene size, other factors
hampering routine molecular diagnostic testing
in ARPKD include the high levels of allelic het-
erogeneity; half of the identified mutations are
private to a single pedigree. In addition, ~60%
of mutations are missense (with ~40% truncat-
ing), and as is typical for novel missense variants,
pathogenicity is difficult to prove [165-168].
Over 700 different mutations have been invento-
ried on the ARPKD/PKHD1 mutation database

(http://www.humgen.rwth-aachen.de). A minor-
ity of recurrent mutations have been described,
some specific for certain populations [166], and
most notably the missense mutation p.T36M
that accounts for approximately 20% of all
European pathogenic alleles, and likely has a
common ancestral origin [169, 170]. Although
there are no evident mutational hot spots, an
uneven distribution of mutations, partly due to
the locations of recurrent/ancestral mutations,
has led to the cost-effectiveness proposition of
incremental analysis of exons [169, 171].
However, since it is important to identify all
variants in PKHD]I to understand the pheno-
type, complete analysis by sequencing of the 66
coding exons and flanking intronic regions is
typically performed. Current overall mutation
detection rates in cases with strong clinical evi-
dence for ARPKD approached 90% [172],
although this may be less in patients with just
CHF [154]. Increasingly, next-generation
sequencing approaches are being employed for
routine screening, either of PKHDI alone, as
part of a ciliopathy disease panel, or by whole
exome sequencing [173, 174].

Genotype-Phenotype Studies

Several studies have underlined that the presence
of at least one non-truncating (missense) variant
is needed to escape embryonic lethality, indicat-
ing that many missense variants are incompletely
penetrant (hypomorphic) alleles that still gener-
ate some functional protein [165-168, 175, 176].
However, it is worth noting that many missense
variants are likely fully inactivating; hence some
lethal cases have two missense mutations, and
there are exceptional cases of patients with non-
lethal ARPKD harboring two truncating muta-
tions [164]. Due to the difficulty of predicting the
penetrance of PKHDI missense variants, analy-
sis for prognostic purposes should be exercised
with caution. This is amplified by the findings in
126 sibships of the occurrence of significant
intrafamilial variability, suggesting the role of
additional genetic modifying factors [176]. In the
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future, insights from large international cohorts,
such as the recently launched ARegPKD initia-
tive, may enhance our understanding of clinical
variability of the disease [177].

Molecular Diagnosis in ARPKD

Molecular analysis in ARPKD may be discussed
in different contexts.

Confirm or Establish the Diagnosis

in a Proband

The diagnosis of ARPKD usually relies on typical
findings on renal imaging (increased renal size
from antenatal period to childhood, increased
echogenicity, poor corticomedullary differentia-
tion) and one or more of the following: imaging
findings of biliary ductal ectasia, clinical or bio-
logic signs of portal hypertension, pathologic find-
ings demonstrating CHF (especially in adolescent
or young adults), or pathologic or genetic diagno-
sis of ARPKD in an affected sib [178]. Ultrasound
examinations should be obtained in both parents to
confirm the absence of cystic kidney disease.
However, liver or kidney cysts detected in ~10%
of PKHDI mutation carriers complicates this
analysis [24, 179]. Recommendations recently
issued by an international group of experts have
underlined that given the technical difficulties of
PKHDI analysis and the high number of differen-
tial diagnoses of ARPKD, “single gene analysis
should not been considered as a first line diagnos-
tic approach for infant and children presenting
with an ARPKD-like phenotype” [152].

However, clinical diagnostic criteria may not
be met in some patients, and genetic testing may
therefore allow a firm diagnosis of ARPKD to be
made. The testing strategy is usually to sequence
the entire coding region of ARPKD and second-
arily to search for deletion or duplication if two
mutations are not identified [180]. While the
identification of two pathogenic mutations allow
a firm diagnosis of ARPKD to be made, physi-
cians and patients should keep in mind that the
absence of mutations does not exclude the diag-
nosis, as the overall mutation detection rate is
<90% [178]. Also, some missense variants of

unknown pathogenicity may be difficult to inter-
pret. In addition, several other cystic diseases can
phenocopy ARPKD, such as severe forms of
ADPKD [42, 60], RCAD due to mutations of
HNFIB, as well as rare hepatorenal fibrocystic
diseases, including nephronophthisis, Joubert
syndrome, and the related disorders of Bardet-
Biedl and Meckel syndrome [172, 181, 182] (see
Chap. 2).

Prenatal Diagnostics

In families with a previous child affected by
ARPKD where the pathogenic alleles have been
identified, prenatal genetic testing can provide an
earlier diagnosis than ultrasound screening, as
echographic abnormalities may arise only at the
end of the second trimester or beyond. Molecular
prenatal diagnostics is usually done after chori-
onic villus sampling between 10 and 12 weeks of
pregnancy. In the past, haplotype-based linkage
analysis was performed for ARPKD prenatal
diagnosis, but given the existence of phenocopies
and the possibility of further genetic heterogene-
ity, it is no longer a method of choice [152], and
sequencing of PKHDI should have previously
been conducted to identify the mutated alleles
unequivocally. In the future, a harmless — yet
challenging — alternative may be the develop-
ment of noninvasive prenatal testing of the cell-
free DNA in the mother’s plasma.

Preimplantation Diagnosis (PGD)

PGD can be considered as a valuable alternative
especially for couples having already experi-
enced fetal loss or with an infant with the severe
form of the disease [183, 184], provided that the

mutations involved have previously been
identified.
ARPKD Rodent Models

The PCK rat model is the rodent model most
closely resembling human ARPKD, although the
renal disease is progressive (ADPKD-like) and
cysts as well as fibrosis are found in the liver
[185, 186]. This model has been widely employed
for preclinical testing in PKD [185]. A number of
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knockout mouse models of ARPKD have been
described with a variety of Pkhdl mutations
[139, 187-190]. All of the mouse models develop
biliary dysgenesis and fibrosis, similar to human
ARPKD, but the kidney disease is generally mild
and late-onset compared to severe human
ARPKD. Pancreatic cysts, including grossly
enlarged pancreatic cystic disease, can occur. In
contrast to ADPKD, abnormal ciliary structures
have been described in several rodent models
[187, 191]. A mouse generating tagged FPC has
been helpful for analysis of the expression and
processing of the protein, plus analysis of FPC
containing exosomes [139].

Structure and Processing
of Fibrocystin (FPC)

FPC is a large (4074aa) (447 kDa unglycosyl-
ated, ~550 kDa glycosylated) type I integral
membrane protein. The large ectodomain of FPC
contains 12 TIG/IPT domains (immunoglobulin-
like fold shared by plexins and transcription fac-
tors), which is reminiscent of the above-described
PKDI repeats (Fig. 1.3) [160]. In addition in the
extracellular region, a PA14 domain with a beta-
barrel architecture that may be involved in carbo-
hydrate binding, two G8 domains, and a region of
120aa that is glycine rich and composed of five
B-strand pairs, plus two right-hand p-helical
regions, have been defined [160, 161, 192—-194].
At the C-terminus is a cytoplasmic tail of 192aa,
which carries an 18-residue ciliary targeting sig-
nal [160, 161, 192, 193]. The protein is thought to
be cleaved at a pro-protein convertase site
between residues 3617 and 3620, with the extra-
cellular region shed into the urine [195]. More
controversially, cleavage of the C-tail has been
suggested that is transported to the nucleus where
it may activate transcription [195, 196].

Localization and Function of FPC
Unlike PKD1 and PKD2, PKHDI1/Pkhdl has a

restricted expression pattern in the kidney, liver,
pancreas, and lung [160]. Studies with a

Pkhd '™ model showed expression in the renal
collecting ducts, proximal tubules, Bowman’s
capsule, and pancreatic ducts, and regions of the
Pkhdl promoter have been used to drive renal-
specific expression of other genes, like PKDI
[190, 197]. Antibody studies have localized FPC
to the cortical and medullary collecting ducts and
thick ascending limbs of the loop of Henle and in
the biliary and pancreatic tracts [198]. At a sub-
cellular level, FPC has been localized to the shaft
of the cilium, to the basal body as well as to the
mitotic spindle [198-200]. Like the polycystins,
high quantities of mature FPC are found in exo-
somes [131, 139].

The precise function of fibrocystin is at pres-
ent unknown, but it may mediate its activity
through PC2 [201, 202], with which it is thought
to interact through its C-terminal tail, regulating
its expression and function. FPC has also been
implicated in the maintenance of planar cell
polarity (see Chap. 5), with disruption of FPC
causing loss of oriented cell division [142].

Fibrocystin Paralog

A FPC paralog, fibrocystin-L, has sequence
homolog with FPC throughout its length but, in
contrast to FPC, is widely expressed in most tis-
sues and conserved to fish (FPC is only conserved
to frog [203]). The function of fibrocystin-L is
unknown.
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Bardet-Biedl Syndrome

Yangfan P. Liu and Nicholas Katsanis

Introduction

Bardet-Biedl syndrome (BBS, MIM#209900) is
a rare genetic disease with an estimated preva-
lence that ranges from 1:160,000 in northern
Europeans [1, 2] to 1:13,500 in the Bedouin pop-
ulation of Kuwait [3, 4]. Interest in BBS started
with the discovery of a wide spectrum of pheno-
types including birth defects and metabolic disor-
ders [2, 5-7]. These phenotypes can be attributed
to mutations in two alleles of one single causal
gene, but the penetrance and expressivity of phe-
notypes can vary within and between families
due to the presence of a third allele on a second
locus [8—11]. The primary cellular mechanism
underlying Bardet-Biedl syndrome is the dys-
function of the basal body/cilium, which groups
BBS with a spectrum of cilium-related disorders
named ciliopathies [12]. Here we summarize the
clinical features and the molecular genetics of
BBS and provide an overview of BBS proteins in
regulating specific developmental events and dis-
ease states.
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Clinical Features of Bardet-Bied|
Syndrome

The diagnosis of BBS as a clinically discrete
entity is based on the presence of a characteristic
combination of multiple symptoms. Here, we
have listed the clinical phenotypes of BBS, sepa-
rated by major and minor symptoms according to
prevalence among affected individuals, and sum-
marized the diagnostic criteria.

Major Symptoms

Retinal Degeneration

Retinitis pigmentosa, a hallmark of BBS, is an
atypical pigmentary retinal dystrophy of rod and
cone photoreceptors with early maculopathy,
which affects more than 90% of BBS children as
early as 7-8 years old [13]. Extinguished rod and
cone electroretinography are observed before the
occurrence of black pigment in the peripheral
retina (Fig. 2.1a) [19]. By the end of the second
decade, almost all patients manifest night blind-
ness, followed by loss of peripheral vision. In
advanced disease cases, central vision may dete-
riorate over time [20, 21].

Obesity (Fig. 2.1b)

Another major symptom observed in 72-96%
of BBS patients is obesity [22]. Despite nor-
mal birth weight, obesity begins at about 1 or
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Fig. 2.1 Bardet-Biedl syndrome symptoms. (a) Retinitis
pigmentosa: a speckling of the retinal pigment epithelium
with bone spicule pigmentation, optic nerve pallor, and
retinal arteriolar attenuation (Reprinted from Al-Adsani
and Gader [14], https://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC2850186/. Copyright © Annals of Saudi
Medicine). (b) Central obesity (From Pasinska et al. [15],
https://www.omicsonline.com/open-access/prenatal-and-
postnatal-diagnostics-of-a-child-with-bardetbiedl-syn-
dromecase-study-1747-0862-1000189.php?aid=65495.
Copyright © 2015 Pasinska et al.). (¢) Postaxial polydac-
tyly of hand and foot (Reprinted from Al-Adsani and
Gader [14], https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC2850186/. Copyright © Annals of Saudi Medicine).
(d) Micropenis and absence of secondary sexual charac-
ters (Reprinted from Chakravarti et al. [16] by permission
of Oxford University Press). (e) Hematoxylin and eosin
stain of cystic kidney (Reprinted from Karmous-Benailly
etal. [17] with permission from Elsevier). (f) Characterized
facial features of BBS patients include downward palpe-
bral fissures, a long philtrum, a thin upper lip, and micro-
gnathia (Reproduced from Beales et al. [13] with
permission from BMJ Publishing Group LTD). (g) MRI
shows cerebral and cerebellar atrophy in a BBS patient
compared to control (Reproduced from Baker et al. [18]
with permission from John Wiley and Sons)
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Fig. 2.1 (continued)
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Fig. 2.1 (continued)
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2 years of age, and the body mass index can
reach 40 kg/m? in adulthood [13]. The distri-
bution of adipose tissue changes with age and
progresses from a global distribution to an accu-
mulation in the trunk and proximal limbs during
adulthood [19].

Limb Abnormalities (Fig. 2.1¢)

Postaxial polydactyly is observed in 58-69% of
patients. Accessory digits can be found on only
one limb or up to all four limbs [13, 23]. In addi-
tion, other limb deformities, such as brachydac-
tyly, partial syndactyly, fifth finger clinodactyly,
and “sandal gap,” have been reported at lower
prevalences of 8—46% [13, 19].

Intellectual Disability

About 62% of BBS patients have significant
learning disabilities during childhood. Although
impaired vision may contribute to these condi-
tions, IQ tests have confirmed deficiencies in
mental faculties in 40% of cases [13, 22, 24].

Hippocampus

Genital Abnormalities

Genital abnormalities in BBS females include
hydrometrocolpos,  uterine  and  ovarian
hypoplasia, and absence of vaginal and/or ure-
thral orifices [25-27]. Hypogenitalism in about
50% of male patients [28] is characterized by a
small penile shaft and/or testes (Fig. 2.1d). In
spite of genital abnormalities, there are several
reports of BBS females giving birth and two
reports of affected males fathering children [13].

Renal Abnormalities (Fig. 2.1e)

Both structural and functional renal abnormali-
ties are observed in BBS patients, although most
anatomical abnormalities (in 46% BBS patients)
are present without the manifestation of physi-
ological symptoms (in 5% BBS patients) [13, 29].
Anatomical abnormalities include fetal lobulation,
calyceal clubbing or calyceal cysts, cortical scar-
ring, and polycystic kidney disease. Physiological
symptoms include polyuria, polydipsia, renal
tubular acidosis, anemia, and hypertension.
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End-stage renal disease resulting from progres-
sive renal abnormalities accounts for most mor-
bidity and mortality in BBS patients [30].

Minor Symptoms

In addition to the six major symptoms, other phe-
notypes are observed at a lower prevalence
(<50%). These include abnormalities in the
facial skeletal system (Fig. 2.1f), central
(Fig. 2.1g) and peripheral nervous system, teeth,
heart, liver, metabolism (diabetes, hypertension),
sensation (anosmia, hearing deficit), left/right
patterning, as well as psychiatric problems (see
Table 2.1 for details).

Diagnosis

Diagnosis of BBS can be challenging, because of
the incomplete manifestation of symptoms until
the age of about 9 [13], the intrafamilial as well as
interfamilial variability in penetrance and expres-
sivity, and the phenotypic overlap with other
genetic disorders, most of which are now under-
stood to share the same organellar etiopathology
(see subsequent section on ‘“Ciliopathies”). To
resolve this issue, Schachat and Maumenee
(1982) compared BBS to other syndromes with
similar symptoms and proposed that the detec-
tion of four of the five major symptoms would
suffice to make a diagnosis [43]. Renal abnormali-
ties were not considered in early studies and were
later added as a sixth major symptom [5]. Beales
et al. (1999) further refined these criteria based on
a survey describing the prevalence of the major
and minor features in 109 BBS patients and their
families [13]. The new “4 or 3+2” criterion pro-
posed by Beales et al. (1999) is utilized for the
diagnosis of BBS today, which requires a mini-
mum of four major symptoms or three major
symptoms plus two minor symptoms.

Upon clinical diagnosis based on phenotypic
criteria, genetic tests can confirm a molecular
diagnosis of BBS, and determine the causal genes
and mutations in each family. Resequencing the
exons of all BBS genes can also detect both novel

Table 2.1 Clinical symptoms of Bardet-Biedl syndrome

Major symptoms [13]

Retinitis pigmentosa

Obesity

Limb abnormalities

Mental retardation

Hypogenitalism and genital

abnormalities

Renal abnormalities

Minor symptoms Tissues

Craniofacial dysmorphism, high- Skeletal

arched palate [13, 22, 31, 32] system

Structural cerebral abnormalities Central

(hydrocephalus) [33], developmental | nervous

delay, speech disorder/delay, ataxia, system

poor coordination, imbalance [13]

Hirschsprung’s disease [31, 34, 35], Peripheral

mild spasticity [13] nervous
system

Strabismus, cataracts, glaucoma, Eye

astigmatism [13]

Dental crowding, hypodontia, small Tooth

roots [13]

Left ventricular hypertrophy, Heart

congenital heart disease [36]

Hepatic fibrosis [37] Liver

Diabetes mellitus [5], hypertension Metabolism

(38]

Anosmia [39, 40], hearing deficit Sensation

[41]

Situs inversus [35, 42] Left/right
patterning

Anxiety, depression, autism, bipolar | Psychiatric

disorder, obsessive compulsive problems

behavior [22]

and previously reported point mutations and
small insertions/deletions (several base pairs),
but this method is costly and time-consuming.
Genotyping for targeted mutations is more effi-
cient and cost-effective, and available for BBSI-
13, but can only detect known point mutations
(ASPER  Biotech http://www.asperbio.com/
and CGC Genetics http://www.cgcgenetics.
com/cgc/en/main-en.html). To examine copy
number variations (coverage of whole exons to
whole genes hence that are not detectable by
sequencing or genotyping), deletion/duplication
analysis is available for BBSI-13 (Prevention
Genetics  http://www.preventiongenetics.com/)
and BBSI4-15 (The Rare Disease Company
Centogene http://www.centogene.com/) [44].
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Recently, an in-solution targeted capture strategy
based on next-generation sequencing was pro-
posed as a high-throughput, cost-effective
method [45] that detects novel and known point
mutations, small insertions and deletions, large
copy number variations [46], and some putative
splicing mutations. However, the coverage of
this new technique needs to be improved [47].
Methods that efficiently detect splicing mutations
by examining DNA samples are still unavailable
in part due to (1) large intron sizes, (2) high fre-
quency of nonpathogenic intronic mutations,
(3) poor reliability of splicing prediction tools,
and (4) requirement of RNA samples to confirm
splicing change.

Cloning of BBS Genes

BBS is a genetically heterogeneous disorder with
17 causal genes identified to date (Table 2.2). The
contribution of each BBS gene to the mutational
burden in BBS patients of European descent var-
ies significantly, from 0.4% to 23.3% (Fig. 2.2)
[65-68]. Collectively, the primary causal genetic
lesion of ~80% of European BBS cases is
accounted for by mutations in the 17 known BBS
genes, suggesting that the remaining cases may
be attributed to lesions in other genes and/or
genomic structural variation. Here we present a
summary of known BBS genes with the goal to
provide insight into the isolation of unknown
BBS genetic loci.

Positional Cloning

Historically, positional cloning in large BBS
families led to the isolation of candidate genomic
regions, which facilitated the discovery of causal
genes. A prime example is the identification of
BBS6. Katsanis et al. (2000) initially mapped a
putative BBS locus to a 1.9 ¢cM candidate region
on 20pl2 using genome-wide homozygosity
mapping, linkage study, and haplotype analysis.
The authors then sequenced the coding exons in
this region for pathogenic mutations and identi-
fied loss of function mutations in BBS6/MKKS

[69], aided by the recent, at that time, positional
cloning of the phenotypically related MKKS
gene for McKusick-Kaufman syndrome in the
same genomic interval [70]. Similar studies led
to the identification of five additional BBS genes:
BBSI [71-74], BBS2 [75-77], BBS4 [78-80],
BBS10 [81-83], and BBS16 [84]. In the case of
BBS16, a candidate genomic region was defined
by homozygosity mapping of large consanguine-
ous BBS families, but sequencing the coding
exons of five candidate genes in this region
detected no mutations. However, a mutation was
uncovered by RT-PCR analysis of mRNA from
patient fibroblasts that identified a splicing varia-
tion in SDCCAGS8 (BBS16) caused by a homozy-
gous intronic insertion [84].

Although positional cloning has contributed
to the identification of six BBS genes (BBSI,
BBS2, BBS4, BBS6, BBS10, BBS16), the applica-
tion of this method is limited by the availability
of large pedigrees. The identification of other
BBS disease genes, as described below, has been
expedited by the development of new techniques,
combined with the improved knowledge about
the cellular and molecular mechanisms underly-
ing BBS.

Evolutionary Strategy

Evolutionary theory points to the possibility that
the paralogs of known BBS proteins contribute to
the etiopathology of BBS. Consistent with this
notion, searching the database of expressed
sequence tags (AbEST) and human genome trans-
lation with BBS2 peptide sequences led to the
identification of BBS7 [85]. Additionally, BBSS
was identified because the BBS8 protein aligns
partially with BBS4 and contains similar tetratri-
copeptide repeat domains [86].

Studies of the protein products of BBSS and
BBS4 point to their centrosome/basal body local-
ization in ciliated tissues, which is consistent
with cilium-related phenotypes in BBS patients,
such as left-right axis defect, retinitis pigmen-
tosa, polycystic kidney disease, and male infertil-
ity [86, 87], and suggests a role for the cilium in
the pathology of BBS. On the basis of this
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Table 2.2 Causative genes for Bardet-Biedl syndrome

Genomic Genomic | Knockout
position position mouse

Genes | Alternative names | (human) (mouse) availability | Knockout mouse phenotypes

BBS1 BBS2L2 11ql3 19 Yes Stereociliary defect [41], anosmia [39],
airway motile cilia defect [48], thermo-
and mechanosensation defect [49],
neuronal migration defect [50]

BBS2 | BBS 16g21 8 Yes Lack of sperm flagella, retinopathy, renal
cysts, anosmia, defect in social
dominance [51], obesity [52], cartilage
abnormalities [53], vascular dysfunction
[54], inflammatory filtration [55]

BBS3 | ARL6, RP55 3pl2-ql3 16 Yes Abnormal kidney and photoreceptor
development [56], retinal degeneration,
male infertility, obesity, severe
hydrocephalus, elevated blood pressure
[57]

BBS4 |N/A 15q22.3-q23 9 Yes Lack of sperm flagella [58], defect in
social function [51], exencephaly, open
eyelid, stereociliary defect [41], anosmia
[39], liver dysfunction, hydrometrocolpos
[59], airway motile cilia defect [48],
retinal degeneration [60], thermo- and
mechanosensation defect [49], obesity
[52], inflammatory infiltration, renal cysts
[55]

BBS5 | N/A 2q31 2 No N/A

BBS6 | MKKS 20p12 2 Yes Retinal degeneration, stereociliary defect
[41], airway motile cilia defect [48],
obesity [52], cartilage abnormalities [53],
vascular dysfunction [54]

BBS7 | BBS2LI1 4q27 3 Yes Retinal degeneration, hyperphagia,
obesity, hydrocephalus, male infertility
[57]

BBS8 TTCS, RP51 14q32.11 12 Yes Anosmia, defects in axon targeting [61]

BBS9 | PTHBI Tpl4 9 No N/A

BBS10 | C120RF58 12q21.2 10 No N/A

BBS11 | TRIM32, HT2A, |9q33.1 4 Yes Mild myopathic changes, motor axonal

LGMD2H, changes [62]
TATIP

BBS12 | C40RF24 4q27 3 No N/A

BBS13 | MKSI 17q22 11 Yes Structural abnormalities in the neural
tube, biliary duct, limb patterning, bone
development and the kidney [63]

BBS14 | CEP290, MKS4, |12q21.32 10 Yes Runting, retinal degeneration, midline

JBTSS5, NPHP6, fusion defect, mild foliation defect [64]
SLSN6, LCA10
BBS15 | Fritz, WDPCP, 2pl5 11 No N/A
C20RF86
BBS16 | SDCCAGS, 1q43 1 No N/A
SLSN7,
NPHP10
BBS17 | LZTFLI1 3p21.3 9 No N/A
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Fig. 2.2 The percentage contribution of BBS genes to the mutational burden of European patients with Bardet-Biedl

syndrome

hypothesis, comparative genomics analyses of
ciliated and non-ciliated species/tissues, coupled
to evolutionary studies, led to the identification of
new BBS genes. Li et al. (2004) studied the pro-
teomes of humans, the ciliated green alga
Chlamydomonas, and the non-ciliated plant
Arabidopsis. Subtraction of the Arabidopsis pro-
teome from the overlap of the human and
Chlamydomonas proteomes defined a subset of
proteins enriched for ciliary proteins. Two genes
encoding proteins in this database were located
in the candidate region for a putative BBS gene
defined by positional cloning study of a
Newfoundland family [88]. Sequencing identi-
fied pathogenic mutations in one of the genes,
now called BBSS5 [89].

Chiang et al. (2004) and Fan et al. (2004)
applied similar strategies to identify BBS3.
Chiang et al. (2004) proposed that organisms
expressing orthologs of the known BBS genes
should also express orthologs of novel BBS
genes. Based on this hypothesis, they selected
several ciliated organisms (H. sapiens, T. brucei,
T. cruzi, C. reinhardtii, and C. intestinalis) and
non-ciliated organisms (S. cerevisiae and A.
thaliana) and performed comparative genomic
analysis to generate a database of candidate BBS
genes. Sequencing of BBS patients identified
pathogenic mutations in ARL6 [90], one of the
genes located in the 6 cM BBS3 critical region on
3p12-13 [91-93]. Independently, Fan et al. (2004)

searched the Caenorhabditis elegans genome for
genes with an X-box domain, a promoter
sequence that is bound by the transcription factor
DAF-19 in ciliated sensory neurons [86]. The
authors identified three putative BBS genes and
showed subsequently that ARL6 is BBS3 by
mutation screening in BBS patients [94].

Small Consanguineous Pedigrees

Large pedigrees are typically required for gene
mapping. However, homozygosity mapping
with small consanguineous BBS pedigrees can
identify multiple candidate regions in single
pedigrees. Genetic characterization of these
regions, in combination with other techniques,
such as an evolutionary approach, gene expres-
sion analysis, mutational screening, and func-
tional studies, led to the identification of
additional BBS genes, including BBS9 [95],
BBS11 [66], and BBS12 [96]. For example, to
clone BBS9, Nishimura et al. (2005) combined
comparative genomics, gene expression analy-
sis, homozygosity mapping with small consan-
guineous pedigrees, and sequencing of candidate
genes. The gene PTHBI was identified as BBS9
because (1) it is expressed and conserved in
organisms whose specific pathways containing
all the known BBS genes are functional; (2) like
other BBS genes, its expression level is more
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than twofold lower in Bbs4 knockout mice than
in wild-type mice; (3) it is localized to the criti-
cal region defined by homozygosity mapping of
small consanguineous BBS pedigrees; and (4)
pathogenic mutations of this gene were detected
in BBS patients [95].

Cellular and Molecular Architecture
of BBS

Studying the function of BBS proteins has first
implicated dysfunction of cilium and/or basal
body and the subsequent misregulation of cellu-
lar processes in the molecular pathology of the
disease [86, 87]. These studies led to the hypoth-
esis that additional genes encoding either ciliary
proteins or components of cilium/basal body-
related pathways could play roles in BBS. Wnt
signaling is one of several well-characterized sig-
nal transduction pathways linked to the cilium/
basal body. Sequencing of FRITZ, the coding
gene of a protein that regulates both ciliogenesis
and noncanonical Wnt signaling, led to the dis-
covery of a homozygous splice mutation and two
heterozygous missense mutations in BBS
patients, defining BBS15 [67].

Genetic Overlap with Other
Ciliopathies

Ciliopathies are a group of diseases that are all
attributed to the dysfunction of ciliary and/or
basal body proteins and hence overlap in the
clinical phenotypes [12, 97]. This disease cate-
gory includes greater than 16 different disorders,
such as nephronophthisis, Joubert syndrome,
oral-facial-digital syndrome, and Meckel-
Gruber syndrome. An overlap of disease genes
between two or more conditions is observed
[98]. Consistent with this rationale, Slavotinek
et al. (2000) identified BBS6 by sequencing BBS
patients for mutations in MKKS, the causal gene
of McKusick-Kaufman syndrome [99], a disease
characterized with polydactyly, congenital heart
disease, and genital abnormalities [100].
Similarly, Leitch et al. (2008) sequenced a BBS

cohort of 155 families and detected mutations in
MKSI and MKS4 (CEP290), the causal genes of
another ciliopathy Meckel-Gruber syndrome
(MKYS), identifying them as BBS13 and BBSI4,
respectively [101].

Next-Generation Sequencing

Next-generation sequencing is a high-throughput
technique that provides the capacity to sequence
large target regions, including whole exomes,
simultaneously, so that mutational screening of
numerous genes in large candidate regions is pos-
sible. In a consanguineous BBS family with no
mutation in BBSI-16, homozygosity mapping
revealed nine large candidate regions. Without
further narrowing down these regions for fewer
candidate genes, whole exome sequencing was
performed and identified a 5 bp deletion in
LZTFLI/BBS17 [102].

Inheritance of BBS

Pedigree analysis and sequencing of BBS patients
suggests that two alleles of pathogenic mutations
in one BBS gene are necessary for the pathology.
However, some observations in these pedigrees,
especially the non-penetrance and intrafamilial
expressivity variation, cannot be explained by
autosomal recessive inheritance. For example,
with the possible exception of retinal degenera-
tion, familial segregation of most BBS endophe-
notypes does not confine to Mendelian models.
In turn, oligogenic models of inheritance have
been proposed, highlighting the relationship
between phenotypes and mutational load, which
is the aggregate of deleterious mutations carried
in multiple related genes of an individual.

Autosomal Recessive Inheritance
and Its Limitations

In BBS pedigrees, the segregation of primary
causal mutations suggests that BBS is an auto-
somal recessive disease. Mykytyn et al. (2003)
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studied the role of BBSI in a cohort of 129 BBS
probands, demonstrating a pattern of autosomal
recessive inheritance [103]. Hichri et al. (2005)
screened mutations in 6 BBS genes (BBSI,
BBS2, BBS4, BBS6, BBS7, and BBSS) in 27
families with BBS and did not detect mutations
in 2 BBS genes in a single patient, consistent
with an autosomal recessive inheritance model.
However, an excess of heterozygous single
mutations in BBS patients left the possibility
of both yet-identified BBS genes and complex
inheritance [104].

An autosomal recessive model of inheritance
cannot explain some observations in BBS pedi-
grees. These observations include (1) the incom-
plete or variable BBS phenotypes in family
members other than the probands [19, 105, 106];
(2) decreased occurrence of consanguinity than
expected in an autosomal recessive disease [19];
and (3) the presence of more affected males than
affected females [19, 105, 107, 108], without
linkage of BBS to the X chromosome to date. All
these discrepancies suggest a more complex
inheritance pattern, which was supported by later
studies, partly due to an increased sample size of
cohorts or the increased number of known BBS
causal genes.

Phenotypic Effect of Heterozygous
Mutations

In an autosomal recessive inheritance model,
BBS heterozygous carriers should be pheno-
typically the same as the control population.
However, mild BBS phenotypes are observed
in carriers. Relative to family members with no
known mutations in BBS genes, BBS heterozy-
gous carriers have a higher frequency of obesity
(especially in males), hypertension, diabetes
mellitus, renal disease [109, 110], and retinal
dysfunction [111]. On average, the parents of
BBS patients are taller [110]. All these mild
phenotypes in BBS carriers are attributed to the
presence of one mutated copy of a BBS gene.
These observations suggest that the presence of
one mutant allele in BBS genes has a contributory
effect for some BBS symptoms.

Oligogenic Inheritance

Penetrance and Expressivity Variation

in BBS Homozygous Individuals

The autosomal recessive model is also challenged
by the differences in penetrance and expressivity
of BBS phenotypes observed between affected
individuals within the same BBS family. The fol-
lowing are two examples of such pedigrees.

In the first example, BBS family AR259, each
parent has a single copy of different nonsense
mutations in BBS2, with the affected child
(AR259-03) being a compound heterozygote for
both alleles. Although an autosomal recessive
model can explain the mode of inheritance in this
trio, a sibling (AR259-05), who has the same
BBS?2 genotype as the proband, is phenotypically
normal, indicating that further explanation is
required (Fig. 2.3a). Therefore, at least in family
AR259, the presence of two nonsense BBS2
alleles is insufficient to explain the spectrum of
observed phenotypes [8].

In a second example, pedigree AR768, a range
of phenotypes was observed in the probands and
siblings. The father of this family bears a hypo-
morphic mutation in BBS1, and the mother has a
frameshift mutation in the same gene. One of
their two daughters (AR768-04) was diagnosed
with BBS, presenting with obesity, severe mental
retardation, delayed speech and development,
and crowded teeth. Since AR768-04 is a com-
pound heterozygote with respect to both mutant
alleles in BBSI, this adheres to an autosomal
recessive model. However, her sister (AR768-03)
is also compound heterozygous for BBS/ but did
not meet the diagnostic criteria for BBS, given
that she only presented with mild mental retarda-
tion, but her development, body weight, and teeth
are all normal (Fig. 2.3b) [10].

Digenic and Triallelic Model

Such intrafamilial differences of penetrance and
expressivity between individuals with the same
mutations in one BBS gene require an expansion
of the autosomal recessive model of inheritance.
These models predate the molecular era. Bergsma
and Brown (1975) proposed a hypothesis of poly-
genic inheritance, which suggests that multiple
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A B
AR259 AR768
BBS2 BBS1
01 02 01 02
wi|wt wit|Y24X M3S0R|wt wi|wt
Q59X |wt wifwt wi|wt wi|fs
03 04 05 03 04
wit|Y24X wi|wt wit|Y24X M390R [wt M390R [wt
Q59X |wt wijwt  Q59X|wt wilfs wi|fs
BBS6 BBS6
01 02 01 02
Q147X |wt wit|wt M390R|wt | wijwt
03 04 05 03 04
Q147X |wt wijwt wt|wt wi|wt T325P|wt
# No obesity # Obese (90th percentile)
# Bardet-Biedl syndrome # Normal # Mild MR # Severe MR

# Normal development

# Normal teeth

# Delayed speech, development
# Crowded teeth

Fig.2.3 Sample pedigrees demonstrate digenic and trial-
lelic inheritance. (a) Pedigree AR259, in which two broth-
ers both harbor compound heterozygous mutations in
BBS2, but only the patient has the third mutant allele in

genes exert a simultaneous effect in the inheri-
tance of Bardet-Biedl syndrome, with the genetic
interaction between genes determining pheno-
types. Under this model, multiple genes could
contribute to an outcome, or one gene could be
the major causal locus with other genes acting as
modifiers of penetrance and/or expressivity [112].

One example of a polygenic inheritance model
is the digenic and triallelic model, which pro-
poses that three mutant alleles in two BBS genes
function together to give rise to the phenotypes in
BBS patients [8, 113]. The contribution from the
third allele is supported by the phenotypic effect
of a single mutant BBS allele observed in the
heterozygous carriers. Although other genetic
and/or environmental factors may play a role in

BBS6. (b) Pedigree AR768, in which two sisters both har-
bor compound heterozygous mutations in BBS1, but only
the one with a third mutant allele in BBS6 manifests more
severe phenotypes

modulating penetrance and expressivity, such
oligogenic models could explain the inheritance
pattern observed in several BBS families.

As detailed above, the presence of two mutant
alleles in BBS2 is not sufficient to give rise to
BBS phenotypes in pedigree AR259, so that
AR259-05 is phenotypically normal. However,
the affected individual (AR259-03) has a hetero-
zygous nonsense mutant allele in a second BBS
gene (BBS6), potentially acting as a modifier of
penetrance (Fig. 2.3a) [8]. Similarly, the presence
of a mutated allele in BBS6 in addition to the two
mutated alleles in BBSI could explain the phe-
notypic severity variation in the pedigree AR768.
The sibling who does not harbor a BBS6 muta-
tion is mildly affected, whereas the sibling who
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is heterozygous for BBS6 is severely affected
(Fig. 2.3b) [10].

To date, BBSI-10 and BBSI2 and BBS13 are
reported to participate in oligogenic inheritance
[8-11, 101, 114, 115]. The frequency of triallel-
ism varies between different BBS genes, from
about 30% to almost 90% [113]. Oligogenic
events were observed in 16% of BBS patients in
a cohort from Denmark [116]. A survey based on
systematic functional assays of all known BBS
alleles showed that in addition to an enrichment
of expected hypomorphic mutations, a significant
fraction (33%) of trans modifying alleles in a
second BBS gene are dominant-negative at the
cellular level [117].

Modifying Genes

Genetic screening of BBS patients revealed mod-
ifying alleles in other loci, which cannot cause
BBS independently even in homozygosity, but
which likely interact with BBS causal genes to
modify the penetrance and expressivity of the
phenotype. The first reported BBS modifying
gene was MGCI1203, which is enriched in BBS
patients, interacts genetically with BBS genes,
modifies the severity of disease, and, at least
in one family, acts as a likely modifier of pen-
etrance. The protein product of MGC1203 inter-
acts biochemically and co-localizes with BBS
proteins [118]. Some modifying alleles appear
to have effects specific to a subset of organs
and endophenotypes. For instance, the presence
of the T allele at rs2435357 in the RET proto-
oncogene is associated with Hirschsprung’s
disease in BBS patients [119]. Similarly, a com-
mon mutation A229T in RPGRIPIL is enriched
in ciliopathy patients with retinitis pigmentosa,
including BBS patients [120]. Screening of BBS
cohorts detected the enrichment of some hetero-
zygous mutations in MKS3 [101], KIF7 [121],
and TTC2IB [122]. Complementation assays
utilizing a zebrafish modeling system were car-
ried out to test the pathogenicity of mutations and
demonstrated synergistic effects between these
putative modifying genes and BBS genes [101,
121, 122]. However, the specific effect of these
alleles on the human phenotype is not known.

Application of Oligogenic Models
Cumulatively, genetic and functional data sug-
gest that BBS can be considered a quantitative
trait, thus underlining the importance of muta-
tional load in a pool of multiple relevant genes
that encode proteins with convergent function.
Oligogenic inheritance is not unique to BBS, but
also observed in other disorders, such as cystic
fibrosis [123], Huntington disease [124], and sen-
sory neural deafness [125]. Notably, a survey of
the literature about 10 years ago pointed to more
than 50 examples of such phenomena [126], a
catalog accelerating further with the advent of
whole exome and whole genome sequencing.

Molecular Mechanisms
of Bardet-Biedl Syndrome

Subcellular Localization of BBS
Proteins

The first indication of the function of BBS pro-
teins arose from studies on their subcellular
localization. Most BBS proteins, under certain if
not all conditions, have been shown to localize to
or in proximity to the centrosome, to the basal
body, and/or to the cilium [48, 84, 86, 87, 89, 96,
127-133], with three exceptions: (1) the E3 ubig-
uitin ligase TRIM32, encoded by BBSI1, local-
izes throughout the cytoplasm as discrete
speckles in mammalian cells [134]; (2) the planar
cell polarity (PCP) effector FRITZ, encoded by
BBS15, localizes to the proximal plasma mem-
brane in the Drosophila pupal wing [135]; and
(3) LZTFL1, encoded by BBS17, localizes to the
cytoplasm in hTERT-RPEI cells, although
LZTFLI regulates ciliary trafficking of proteins
including the BBS family of proteins by inhibit-
ing ciliary entry of these proteins [136].

The centrosome is the organization center for
the microtubule network of the cell. This network
provides mechanical power for cellular pro-
cesses, such as vesicular transport, neuronal
migration and axonal targeting, cytokinesis dur-
ing mitosis or meiosis, and postmitotic cell polar-
ity [137]. In postmitotic polarized cells, the
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mother centriole of the centrosome forms the
basal body, a structure that nucleates the cilium
[138], which plays major roles in development
and homeostasis as described below. BBS pro-
teins may participate in all these cilium-/basal
body-/centrosome-related processes.

The relationship between the subcellular
localization of BBS proteins and their function is
exemplified by studies characterizing BBS6.
BBS6 localizes to the pericentriolar material
around the centrosome. During mitosis, BBS6
also resides at the midbody, an intercellular struc-
ture that forms during cytokinesis [129]. Some
patient-derived mutations in BBS6 result in the
mislocalization of BBS6, suggesting that BBS
phenotypes might be linked to the mis-trafficking
and dysfunction of proteins in cellular processes
[129]. This notion is supported by in vitro and
in vivo studies of cellular processes and develop-
ment in the absence of BBS6. Knockdown of
BBS6 gives rise to multicentrosomal and multi-
nucleated cells in cultured mammalian cell lines,
suggesting defects in cytokinesis [129].

Cytoplasmic Functions of BBS
Proteins

Based on their subcellular localization, BBS pro-
teins can serve as both cytoplasmic and ciliary
proteins either at the same time or at different
stages of cell cycle. At the centrosome, BBS pro-
teins may regulate the microtubule network or
function as scaffold proteins, adaptors, substrates,
or motors. Outlined below are some studies
describing the role of BBS proteins in microtu-
bule organization and intracellular transport.

Microtubule Network Organization

Pericentriolar material 1 (PCM1) is a component
of the pericentriolar material at the centrosome
and is important in the recruitment of centro-
somal components such as centrin, kentrin, and
pericentrin [139]. Kim et al. (2004) observed a
random distribution of PCMI1 and its cargo
throughout the cytoplasm upon the depletion of
BBS4 in cultured cells, suggesting that BBS4 is

necessary for the organization of the centrosome
and the assembly of the microtubule network.
Furthermore, a truncated form of BBS4 co-
localizes with PCM1 and associated cargo but
cannot recruit them to the centrosome. These
observations suggest that BBS4 may have multi-
ple domains and be responsible for the associa-
tion of PCM1 with the centriole [87]. The BBS4
protein has 13 tandem tetratricopeptide repeat
(TPR) motifs, which are protein-protein interac-
tion domains [140]. Yeast two-hybrid and Co-IP
experiments provided evidence for the direct
interaction between BBS4 and PCM1. In paral-
lel, similar experiments resulted in the identifica-
tion of the pl150¢™d subunit of dynactin, an
activator of the retrograde motor dynein [141], as
another BBS4-interacting protein. BBS4 domain
mapping experiments confirmed these interac-
tions and identified the specific regions necessary
for interaction of BBS4 with PCM1 and p1508,
as well as the region required for the localization
of BBS4 to the centrosome. These data led to a
proposed mechanism for BBS4; by interacting
with p1502ed. BBS4 moves PCMI1 and associ-
ated cargo via retrograde transport by dynein, to
the pericentriolar area to assemble the centro-
some and organize the microtubule network [87].

Retrograde Intracellular Transport

The microtubule network at the centrosome plays
a significant role in intracellular transport of ves-
icles and cellular organelles. A number of BBS
proteins residing at the centrosome have been
implicated in retrograde transport along the
microtubule network [142].

Melanosomes are cellular organelles that pro-
vide pigment in the melanophores of skin cells.
In response to visual and hormonal stimuli, mela-
nosomes are transported along microtubules
between the perinuclear region and the cell cor-
tex of melanophores. The retraction of melano-
somes to the perinuclear region is dependent on
the retrograde motor dynein and its activator dyn-
actin. As described above, based on an interac-
tion with p150gd, BBS4 participates in this
process. Consistent with this idea, melanosome
retraction delay was observed in zebrafish
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depleted of bbs4. Similarly, suppression of bbs2,
bbs5, bbs6, bbs7, and bbs8 in zebrafish also leads
to melanosome retrograde transport defects
[143]. In addition to the retrograde transport of
melanosomes, BBS proteins have been suggested
to participate in general organelle and vesicular
transport along the microtubule network. For
example, BBS3 belongs to the ARL-ARF family
[94], of which several members are known to par-
ticipate in vesicular transport from the endoplas-
mic reticulum to the Golgi [144-146].

Neuronal Development and Function

The microtubule network in neurons is essential
for the transport of protein cargo throughout the
axon and dendrites. Therefore, BBS proteins may
play a role in neuronal function via retrograde
transport along the microtubule network [147],
which is consistent with behavioral defects
observed in Bbs2, Bbs4, and Bbs6 knockout mice
[51, 148]. Loss of hearing is another symptom in
both BBS patients and Bbs knockout mice [51,
148]. May-Simera et al. (2009) suggested that
hearing defects in Bbs4 knockout mice were the
result of defective microtubule-dependent cyto-
plasmic transport [149]. BBS4 is expressed in the
olfactory epithelium, and olfactory defects in
Bbs4 knockout mice can be explained by a disor-
ganized microtubule network and trapping of
olfactory receptor proteins in dendrites and cell
bodies in olfactory sensory neurons [87].

A caveat to the prediction that neuronal pheno-
types in Bbs knockout mice are driven by defects
in microtubule transport is that BBS proteins are
also required for ciliary function. For example, a
reduced ciliated border was observed in the olfac-
tory sensory neurons of Bbs4 knockout mice [39].
Similarly, a critical role for BBS proteins in the
sensory cilia of C. elegans was also established in
paradigms that model behavioral plasticity and
associative learning in humans [150].

BBS proteins may also be required for neuro-
nal development. BbsS§ is expressed in the neural
plate of 8.5 dpc mice [151], and loss of Bbs8 in
mice leads to reduction of cilia and aberrant axo-
nal targeting from olfactory sensory neuron to the
olfactory bulb [61].

Ciliary Functions of BBS Proteins

Given the localization of BBS proteins to the
basal body and cilium, it is not surprising that
BBS proteins can regulate the assembly of the
cilium, participate in the transport of cargo along
the ciliary axoneme, and modulate signal trans-
duction pathways.

Ciliogenesis
The role of BBS proteins in ciliogenesis was first
observed by examining cilia formation in Bbs2,
Bbs4, and Bbs6 knockout mice. Although no
major structural defects were discovered in non-
motile cilia, spermatozoa flagella (motile cilia)
were absent in mutant mice [51, 58, 148].
Interestingly, not all motile cilia were absent, as
motile cilia in the airway of these mice were
present, although morphologically abnormal
[48]. In Xenopus, when bbsl15 (fritz) is knocked
down, multiciliated epidermis cells display fewer
and shorter cilia [67]. These findings indicate that
the depletion of BBS proteins may cause aberrant
ciliogenesis rather than complete loss of cilia.
Work described by Nachury et al. (2007) pro-
vided an alternative hypothesis to the molecular
mechanism of BBS proteins in ciliogenesis.
Seven highly conserved BBS proteins (BBSI,
BBS2, BBS4, BBSS5, BBS7, BBSS, and BBS9)
can form a stable complex called the BBSome,
which was shown to localize to the ciliary mem-
brane as well as to the centriolar satellites in the
cytoplasm of cultured cells. Perturbation of the
BBSome leads to defects in ciliogenesis, which is
partially mediated by Rab8§ GDP/GTP exchange
factor. Based on the role of Rab8°™ in vesicle
trafficking to the primary cilium, the BBSome
was proposed to contribute to the same process
[133]. Another complex consisting of three BBS
proteins that form the type II chaperonin subfam-
ily (BBS6, BBS10, and BBS12) has been identi-
fied. This complex participates in ciliogenesis by
mediating the assembly of the BBSome complex
[152]. Finally, BBS14 (CEP290) is necessary for
the ciliary localization of the GTPase Rab8 in
cultured hTERT-RPE cells and hence for cilio-
genesis in vitro [153].
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Intraflagellar Transport

Intraflagellar transport (IFT) is a process by
which protein cargo is trafficked along the cili-
ary axoneme. IFT utilizes motor proteins to shut-
tle cargo from the basal body to the tip of cilium
(anterograde transport) and from the tip of cil-
ium back to the basal body (retrograde transport)
[154]. BBS7 and BBS8 were the first BBS pro-
teins described to regulate intraflagellar trans-
port. Blacque et al. (2004) demonstrated that
mutations in bbs7 and bbs8 in C. elegans led to
the mislocalization of IFT components and cili-
ary defects [128]. Ou et al. (2005) showed that
IFT components form a functional particle con-
taining two subunits. These two subunits are
driven by two different motors to sequentially
build distinct parts of the cilium. BBS7 and
BBSS stabilize the IFT particle by keeping the
two subunits in a complex [155]. Pan et al.
(2006) further explored the mechanistic details
of the two IFT subunits and proposed a mechani-
cal competition model, in which BBS7 and
BBSS provide tension on the IFT particle to sta-
bilize the complex [156]. Further studies have
suggested that other BBS proteins contribute to
intraflagellar transport [94, 157] and proposed
that these BBS proteins form an IFT-BBS com-
plex to facilitate IFT [157]. The relationship
between an IFT-BBS complex and the BBSome
is unclear and has led to additional studies sug-
gesting that the BBSome and IFT-BBS com-
plexes are not the same and that the BBSome is
the cargo but not an integral component of the
IFT system [158].

Given that IFT is necessary for the assembly,
maintenance, and function of the cilium, dys-
function of the IFT system leads to defects in cil-
iogenesis and cellular processes in which the
cilium participates. The fact that BBS proteins
are necessary for IFT can explain some BBS phe-
notypes, such as retinal degeneration associated
with mislocalization of phototransduction pro-
teins in photoreceptors, which is IFT dependent
[51, 60].

Signaling Pathways
Initial interest in the cilium was centered on
motile cilia and a role in fluid propulsion along

the cell surface and locomotion of cells (such
as sperm motility) [159]. Non-motile cilia were
thought to be vestigial organelles, and their
importance was underappreciated until about
10 years ago. The sensory role of non-motile
cilia first came to light through work conducted
on the ciliary disorder polycystic kidney dis-
ease (PKD). The two causal genes of autosomal
dominant PKD encode calcium channel pro-
teins PC1 and PC2, which localize to the cilium
[160]. The calcium channel opens in response
to ciliary bending under pressure from extracel-
lular fluid flow [161]. Besides mechanosensa-
tion in the kidney and cochlea, chemosensation
in the olfactory epithelium, and photosensa-
tion in the retina, the detection of morphogens
is an emerging function of the primary cilium
[162]. Morphogenetic signaling pathways play
vital roles in development; it is now known that
phenotypes of BBS can be attributed to mor-
phogenetic signaling defects brought about by a
malfunctioning cilium.

Sonic Hedgehog Signaling

Sonic Hedgehog (Shh) signaling was first linked
to the cilium by the observation of Shh signaling
phenotypes in mice with mutations of IFT sub-
units [163]. Several components of the Shh sig-
naling pathway, including the receptor Patched1
(PTC) [164], the effectors Smoothened (SMO)
[165] and GLI2 and GLI3, and the negative regu-
lator SUFU [166], localize to cilium. Localization
of Patched! at the cilium appears to be involved
in the inhibition of Smoothened accumulation.
When Shh ligand binds to Patchedl, Patched] is
transported from the cilium, which allows
Smoothened to be transported into the cilium
[164]. Localization of Smoothened to the cilium
is required for Shh signaling [165], possibly
through the activation of the proteolytic process-
ing of GLI3 from the repressor form to the activa-
tor form [167]. The IFT subunit IFT88 is required
for the processing of GLI3 and thus the activation
of Shh signaling [166] (Fig. 2.4a).

As BBS proteins are known to function in cil-
iogenesis and intraflagellar transport, defects in
either the localization or processing of Shh signal-
ing components were predicted in BBS mutants.
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Fig. 2.4 The components of selected signaling pathways
and the subcellular localization of some components to
the cilium or the basal body. (a) In the Sonic Hedgehog
signaling pathway, the receptor PTC, the effectors SMO
and GLI2/3, and the negative regulator SUFU localize to
the cilium. (b) In Wnt signaling pathways, the effector

BBS1, BBS3, BBSS5, and BBS17 (LZTFL]1) are
required for localization of Smoothened to the
cilium [136]. Kif7, a putative modifier of BBS,
has dual functions in the regulation of Shh signal-
ing via SUFU-dependent positive regulation and
SUFU-independent negative regulation, prob-
ably by regulating the localization of SUFU-GLI
complex along the cilium [168]. The expression
pattern of shh is altered in zebrafish bbsl and
bbs7 morphants, leading to abnormal fin skeletal
structure [169]. In bbs4, bbs6, and bbs8 zebraf-
ish morphants, the expression level of patchedl
decreases, suggesting perturbation of Shh signal-
ing. This disruption of Shh signaling may explain
craniofacial dysmorphology and Hirschsprung’s
disease in Bardet-Biedl syndrome patients [31].
Zebrafish morphants of bbsl5 (fritz) also dis-
play craniofacial dysmorphology and defective
Shh signaling [67]. Taken together, these studies
support the idea that BBS proteins participate in

TCF/LEF

Notch
signaling

VANGL2 localizes to the cilium and the basal body, and
the effector APC localizes to the basal body. (¢) In the
PDGEF signaling pathway, the receptor PDGFRa localizes
to the cilium. (d) In the Notch signaling pathway, the
receptor NOTCH3 localizes to the cilium

Shh signaling. Defective Shh signaling explains,
at least in part, polydactyly, craniofacial dys-
morphology, and the central nervous system and
peripheral nervous system symptoms in individ-
uals affected with BBS.

Wnt Signaling

The Wnt signaling pathway is broadly conceptu-
alized as canonical and noncanonical branches.
Canonical Wnt signaling regulates cell prolif-
eration and differentiation [170], through the
mediator P-catenin [171], while noncanonical
Wnt signaling controls polarized convergent
extension movements during gastrulation and
neurulation in vertebrates, through the planar
cell polarity (PCP) pathway [172]. Abnormal
convergent extension movements affect early
development and result in a shortened body axis
in zebrafish [173] and neural tube closure defects
in mice [173, 174].
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Some phenotypes observed in zebrafish
embryos and mice upon suppression of bbs genes
are consistent with PCP defects, suggesting the
involvement of BBS proteins in the PCP path-
way. Zebrafish embryos injected with bbs4 [41],
bbsl, and bbs6 morpholino (MO) [175] have a
shortened body axis, phenocopying the loss of
function of the PCP component vangl2.
Localization of VANGL2 to the basal body and
cilium in cultured mammalian cells and human
respiratory epithelial cells (Fig. 2.4b), plus a
genetic interaction between bbs4 and vangl2,
indicates that Bbs4 participates in the PCP path-
way as a basal body/ciliary protein [41]. Similarly,
genetic interaction was also observed between
bbs genes (bbsl, bbs4, and bbs6) and the nonca-
nonical Wnt ligands wnt5bh and wntll [175]. In
mice, knockout of Bbs4 and Bbs6 causes pheno-
types associated with PCP defects, including the
presence of an open eyelid, open neural tube, and
disrupted cochlear stereociliary bundles [41].

Involvement of BBS proteins in canonical Wnt
signaling pathway was also reported. Suppression
of bbsli, bbs4, and bbs6 results in upregulation of
TCF-/LEF-dependent transcription in both zebraf-
ish embryos and mammalian ciliated cells, which
was phenocopied by depletion of axonemal pro-
tein KIF3A but not by chemical disruption of the
cytoplasmic microtubule network, suggesting that
regulation of canonical Wnt signaling by BBS
proteins is cilium-related. Given the observation
of proteasome dysfunction and concomitant
[-catenin accumulation when BBS4 is suppressed,
part of the molecular mechanism underlying
canonical Wnt regulation by BBS proteins is
attributable to defective proteasomal degradation
of p-catenin [175]. The same work also dissected
the relationship between the two branches of Wnt
signaling pathway and demonstrated that the non-
canonical branch inhibits the canonical branch in
a BBS4-dependnet manner [175]. However,
another study demonstrated overexpression of
another BBS gene, BBS3, lead to hyperactivation
of canonical Wnt signaling [132].

Despite the debate about which branch and
which direction of Wnt signaling is regulated by
BBS proteins, accumulating evidence supports
the participation of BBS proteins in Wnt signaling

pathways. Based on the known role of Wnt signal-
ing in kidney development and homeostasis, the
participation of BBS proteins in Wnt signaling
may partially explain renal abnormalities observed
in Bardet-Biedl syndrome patients [176, 177].

Other Signaling Pathways

There are several other signaling pathways that
require normal ciliary structure and function. The
receptor of platelet-derived growth factor
(PDGF), PDGFRa«, localizes to the cilium
(Fig. 2.4c¢), can be activated by serum starvation
or the ligands PDGF-AA and PDGF-BB, and is
then phosphorylated to activate signaling. A
hypomorphic mutation of the IFT subunit IFT88
perturbs both the localization and the activation
of PDGFRa [178]. An intact cilium is also
required for Notch signaling in the epidermis,
and a receptor of Notch signaling, Notch3, local-
izes to cilium (Fig. 2.4d) [179]. Given the role of
BBS proteins in ciliogenesis, these proteins are
likely to participate in the regulation of PDGF
and Notch signaling pathways in addition to Wnt
and Shh signaling pathways.

Nuclear Functions of BBS7

Although most BBS proteins mainly localize to
the centrosome/basal body and/or cilium [48, 84,
86, 87, 89, 96, 127-133] and play a role in the
cilium/basal body or cytoplasmic microtubule
network as described above, temporary localiza-
tion of BBS7 to the nucleus and involvement of
BBS7 in transcription regulation were reported.
In silico analysis of the BBS7 amino acid
sequence predicted a nuclear export signal, and
chemical inhibition of nuclear export resulted in
increased BBS7 protein levels in the nucleus.
Interaction between BBS7 and the transcription
repressor RNF2 was observed by yeast two-
hybrid and co-immunoprecipitation. Suppression
of BBS7 leads to accumulation of RNF2 in vitro,
possibly due to defective proteasomal degrada-
tion of RNF2, and concomitant decreased expres-
sion levels of RNF?2 target genes in both cells and
zebrafish embryos [180]. This work provided the
first piece of evidence about the nuclear role of
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BBS proteins. The possible nuclear role of other
BBS proteins was also discussed, based on the
presence of nuclear export signals in other BBS
proteins and the interaction between RNF2 and
other BBS proteins [180].

Summary

The study of BBS has provided insights from a
genetic standpoint as a model of oligogenic
inheritance and from a cell biology perspective to
help understand the functions of the centrosome,
basal body, and cilium. The study of diseases
inherited in an oligogenic manner is vitally
important as it provides a link between Mendelian
inheritance (a single gene defect) and complex
inheritance (due to defects in multiple genes).
The digenic and triallelic model of inheritance in
BBS is a modified autosomal recessive model
and also the simplest form of complex inheri-
tance. Interaction between the casual gene and
additional alleles affecting components of the
same ciliary module expands the standard auto-
somal recessive model that has limited applica-
tion to the majority of human genetic diseases
and sheds a light on the mechanism by which
multiple genes interact in complex diseases.

The study of BBS also informs how cilia regu-
late many aspects of development and homeosta-
sis. Different symptoms observed in BBS are due
to deficiencies in different tissues and organs that
initiate at different stages of life. These data point
to the ubiquity of the cilium and its fine-tuned
functions in multiple processes of development
and homeostasis. As the causal genes and clinical
presentation of the ciliopathies overlap, under-
standing of the pathogenesis of BBS and the
associated ciliary biology may be applied to other
ciliopathies as well.
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Introduction

In a commentary about the use of a tyrosine kinase
inhibitor in polycystic kidney disease, Grantham
used a title that is timeless, “Time to treat poly-
cystic kidney diseases like the neoplastic disor-
ders that they are” [1]. Decades of literature have
tried to definitively resolve any relationship
between autosomal dominant polycystic kidney
disease and malignancy. While this risk, if any,
seems to be very small, there are malignancy pre-
disposition syndromes in which renal cystic dis-
ease can be an impressive phenotype. Tuberous
sclerosis complex (TSC), von Hippel-Lindau
(VHL) disease and Birt-Hogg-Dubé (BHD) dis-
ease are autosomal dominant tumor suppressor-
associated syndromes that are characterized by
solid and cystic renal lesions. These diseases can
also have a purely renal cystic disease phenotype.
Phenotypic expression of these diseases also
occurs through a somatic mutation mechanism,
specifically the combination of an acquired
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somatic mutation occurring in a patient with an
inherited inactivating mutation in the TSC gene
loci (TSCI1 gene on chromosome 9q34 or the
TSC2 gene on chromosome 16p13.32), the VHL
gene locus (on chromosome 3p25.3), or the FLCN
gene (on chromosome 17p11.2), respectively. The
second somatic mutation results in complete cel-
lular deficiency of the protein products hamartin
(TSC1), tuberin (TSC2), von Hippel-Lindau
tumor suppressor protein (pVHL), or folliculin
(FLCN). These proteins have a pivotal role in nor-
mal gene expression and are linked in an intricate
pathway that regulates cell growth, proliferation,
vascular supply, and renal cilia [2].

TSC Renal Disease

Genetics of Tuberous Sclerosis
Complex Renal Cystic Disease

Tuberous sclerosis complex (TSC) is an autoso-
mal dominant genetic disorder affecting every
organ system and exhibits a birth incidence of
~1:5800, thus affecting approximately one mil-
lion patients worldwide [3, 4]. Proper diagnosis
can be missed if one relies on the outdated Vogt’s
triad for TSC (facial angiofibromas, developmen-
tal delay, and intractable epilepsy) because less
than 40% of affected patients exhibit these classi-
cal features [5]. In fact, only about half of patients
demonstrate cognitive impairment, autism, or
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other behavioral disorders [6]. There are two loci
associated with TSC: the TSC! gene, located on
chromosome 9, and the TSC2 gene, located on
chromosome 16. The identification of the 7.SC2
gene location was assisted because of an astute
genetic observation in a family with autosomal
dominant polycystic kidney disease. The family
members who manifested polycystic disease did
so because they suffered from a balanced translo-
cation involving the PKDI gene. A child in this
family not only had autosomal dominant poly-
cystic kidney disease but also had tuberous scle-
rosis complex. The cause of simultaneous
ADPKD and TSC in this child was an unbalanced
translocation, while the family members with
only autosomal dominant polycystic disease had
balanced translocations, and this fact aided in the
positional cloning of the 7SC2 gene [7].

Tuberous sclerosis complex is phenotypi-
cally expressed by a somatic silencing event of
the nonmutant allele, either through a second
somatic mutation or other possible silencing
mechanisms. Both TSC and autosomal dominant
polycystic kidney disease are phenotypically
expressed due to a second hit or somatic muta-
tion mechanism [8—10]. The kidney disease asso-
ciated with the PKD1 and the TSC2 loci accounts
for a majority of their respective diseases, and
both exhibit a more severe phenotype compared
to the disease associated with the PKD2 and
TSCI loci. The association of these genes with
more severe disease appears to have a molecu-
lar underpinning. Both the PKD1I and TSC2 loci
are immediately adjacent, in a tail-to-tail orienta-
tion, on chromosome 16p. The proximity of the
genes is important because the PKDI gene con-
tains an intronic sequence with unique structural
properties [11] that can predispose to mutation
because this tract interferes with DNA replica-
tion and leads to double-strand breaks and thus
an array of somatic mutational effects [12, 13].
Synergizing this predisposition to DNA double-
strand breaks, the renal microenvironment also
inhibits DNA damage recognition [14—16]. This
renal microenvironmental predisposition to dis-
ease may also help explain the multifocal and
bilateral nature of the TSC cystic disease as well
as the angiomyolipomata.

TSC and Renal Function

Premature impairment of glomerular filtration
rate (GFR) has been reported in up to 40% of
patients with TSC [17]. Practically speaking,
the reduction of renal function is similar to that
expected if the TSC patient population were
30 years older. This reduction in function occurs
in the absence of overt bleeding from angio-
myolipomata or interventions [18]. This under-
scores the need to use methods that preserve
kidney function when treating angiomyolipo-
mata preemptively to prevent bleeding and for
hypertension control. To assess renal function at
the time of diagnosis, as well as on an annual
basis, blood tests need to be done to estimate
glomerular filtration rate (GFR) using creatinine
[19, 20] or cystatin C equations [21]. Renal
function in patients with TSC is of critical
importance because many of the drugs com-
monly used to treat patients are renally cleared
(Table 3.1).

Intersection of Cilial Cystogenic
and Oncogenic Signaling Pathways
in TSC Renal Cystic Disease

Tuberous sclerosis complex proteins regulate cell
growth and proliferation, crucial features of
organogenesis, organ maintenance, and malig-
nancy. As reviewed in Chap. 5, the mammalian
target of rapamycin complex 1 (mTORC1) sig-
naling pathway integrates intra- and extracellular
environmental information in order to regulate
metabolism, protein translation, growth, prolif-
eration, autophagy, and survival (Fig. 3.1). The
TSC?2 protein interacts with polycystin-1 to con-
trol the mTORC1 pathway by way of the cleaved
C-terminal tail of polycystin-1 [22]. AKT phos-
phorylation of TSC2 causes its retention at the
cell membrane in order to regulate mTOR. This
phosphorylation step is inhibited by the uncleaved
membrane-bound C-terminal tail of polycystin-1.
Without this phosphorylation, TSC2 complexes
with TSCI to inhibit mTORCI.

The integrated role of the primary cilium
and the mTORC1 pathway in cystogenesis is
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Table 3.1 Renal clearance of commonly used medications in TSC

Generic (brand)

Metabolism/elimination

Renal dosing

Carbamazepine | Hepatic Cl,; <10 mL/min: administer 75% of recommended dose;
(Tegretol) monitor serum levels
Clobazam Hepatic Cl,, >30 mL/min: no dosage adjustment required
(Onfi) Cl,, <30 mL/min: use with caution, has not been studied
Clonazepam Hepatic No dosage adjustment provided in manufacturer’s labeling;
(Klonopin) use with caution. Clonazepam metabolites may accumulate in
patients with renal impairment Hemodialysis: supplemental
dose not necessary
Divalproex Extensive in the liver via Cl,,; <10 mL/min: no dosage adjustment is needed for patients
(Depakote) glucuronide conjugation and on hemodialysis
oxidation
Everolimus Hepatic No dosage adjustment necessary
(Afinitor)
Lamotrigine >75% metabolized in the liver | Use with caution; has not been adequately studied; base
(Lamictal) via glucuronidation initial dose on patient’s Anti-epileptic drug regimen;
decreased maintenance dosage may be effective in patients
with significant renal impairment
Metyrosine Primarily in the urine (53-88% | No dosage adjustment provided in manufacturer’s labeling
(Demser) as unchanged drug)
Oxcarbazepine | Hepatic Cl,; <30 mL/min: initial dose—administer 50% of the normal
(Trileptal) starting dose; slowly increase the dose if needed, using a
slower dosage titration than normal
Phenytoin Metabolized in the liver; major | Phenytoin serum concentrations may be difficult to interpret
(Dilantin) metabolite (via oxidation) in renal failure. Monitoring of free (unbound) concentrations
HPPA undergoes enterohepatic | or adjustment to allow interpretation is recommended
recycling and elimination in
urine as glucuronides
Quetiapine Hepatic No dosage adjustment required
(Seroquel)
Risperidone Hepatic Cl,, <30 mL/min: starting dose of 0.5 mg twice daily;
(Risperdal) titration should progress slowly in increments of no more
than 0.5 mg twice daily; increases to dosages >1.5 mg twice
daily should occur at intervals of >1 week. Clearance of the
active moiety is decreased by 60% in patients with moderate-
to-severe renal disease (Cl,, <60 mL/min) compared to
healthy subjects
Sirolimus In the intestinal wall via No dosage adjustment (in loading or maintenance dose) is
(Rapamune) P-glycoprotein and hepatic via | necessary in renal impairment. However, adjustment of
CYP3A4 regimen (including discontinuation of therapy) should be
considered when used concurrently with cyclosporine and
elevated or increasing serum creatinine is noted
Topiramate 70% excreted unchanged in the | Cl; <70 mL/min/1.73 m? administer 50% of the usual dose;
(Topamax) urine titrate more slowly due to prolonged half-life. Significantly
hemodialyzed; dialysis clearance: 120 mL/min (4—6 times
higher than in adults with normal renal function);
supplemental doses may be required
Trazodone Hepatic No dosage adjustment required
Vigabatrin Eliminated via urine Cl,; >50-80 mL/min: decrease dose by 25%
(Sabril) Cl,, >30-50 mL/min: decrease dose by 50%

Cl,,; >10-30 mL/min: decrease dose by 75%
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supported by experiments using unilateral
nephrectomy. Transgenic mice that underwent
adult-induced cilia loss and subsequent unilateral
nephrectomy showed an increase in cyst severity,
and the cilia mutants showed significantly higher
levels of mTORCI activity in the remaining kid-
ney compared to controls [23].

mTORCI activity is also modulated by cilia
deflection or mechanosensation. Specifically,
cilia-mediated detection of fluid flow modulated
cell volume by inhibiting the mTORCI1 signal-
ing cascade. When adult cells that had cilia
expression disrupted were cultured in the pres-
ence of flow, they did not adjust cell volume and
were significantly larger than the same cells that
continued to express cilia. The size phenotype
in the mutant cells could be normalized using
mTORCI inhibitors [24]. Although there is an
interaction between polcystin-1 and TSC2 pro-
tein as discussed above, this effect of cilia trans-
duction through mTORC1 was mediated
through LKBI. LKBI1, a cilium-localized
kinase, phosphorylates AMP-activated protein
kinase (AMPK). AMPK inhibits mTOR activity
but is upregulated as a consequence of cilia
sensing flow under normal conditions [24].

Cell growth and Proliferation

Activation of AMPK by LKBI1 is required for
cell polarization and essential for formation of
epithelial tight junctions [25]. A curious potential
mechanism linking LKB1 signaling to AMPK is
through the activity of sterol response element-
binding proteins (SREBPs), which regulate cell
metabolic processes. Increased SREPB1 activity
may be, at least in part, involved in lipid synthesis
in the angiomyolipomata. In addition, increased
expression of SREBP1 causes loss of cilia and
fatty acid synthesis. Remarkably, inhibition of
fatty acid synthesis is sufficient to restore cilia
[26]. An additional association with cystogenic
pathways includes the relationship between
SREPB1 and Wnt signaling. SREBP1, signaling
through downstream fatty acid synthase (FASN),
promotes palmitoylation of a group of protein
targets including Wnt. This protein is a key regu-
lator of planar cell polarity (PCP) [27].
Specifically, palmitoylated Wnt is stabilized at
the cell and ciliary membrane, stabilizing cyto-
plasmic expression of its major canonical effec-
tor B-catenin [27]. Stabilization of p-catenin in
the cytoplasm contributes to cell cycle entry and
limits the cilial hedgehog/sonic hedgehog (Hh/
Shh) signaling that supports differentiation rather
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than proliferation. p-Catenin also increases
expression of NEDD9 which also may play a role
in the SREBP1-associated loss of cilia [28].
Perturbations in the TSC proteins can also
affect the physical cilial structure. Mutations dis-
rupting the activity of TSC2 and its heterodimer-
izing partner TSC1 de-suppress mTOR signaling,
and this activity has been associated with length-
ened cilia [29, 30]. Mechanistically, TSC nega-
tively regulates PLK1 [31], and LKB1 negatively
regulates NEDDO9 [32, 33], suggesting mecha-
nisms for dialogue between regulation of the
mTOR pathway and the presence of cilia.

Practical Clinical Considerations
of TSC Renal Cystic Disease

Renal cystic disease is much more common than
once appreciated in the TSC population and
increases the patient’s risk for hypertension.
Most patients with TSC exhibit at least stage |
chronic kidney disease (CKD), and blood pres-
sure control is important to slow progression of
CKD. Hypertension in TSC is thought to be
renin-mediated and responds very well to
angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers. There is evidence
that the TSC-associated renal angiomyolipomata
express the angiotensin II receptor type 1 [34],
and early reduction of the renin-angiotensin-
aldosterone system in autosomal dominant poly-
cystic kidney disease slows cystic disease
progression [35]. Despite a significant burden of
renal parenchymal abnormalities observed by
imaging, renal function often is preserved.
Nephrolithiasis is not infrequent in patients
with TSC because of their renal disease manifesta-
tions as well as side effects of some anticonvulsant
therapies. For example, topiramate is an effective
anticonvulsant for some forms of TSC-associated
epilepsy. The drug enhances GABA-activated
chloride channels and inhibits excitatory neuro-
transmission, thereby reducing seizure activity.
Topiramate also inhibits carbonic anhydrase, par-
ticularly subtypes II and IV, leading to reduced
renal citrate excretion and subsequently increased
risk of nephrolithiasis. While a ketogenic diet can

significantly improve seizure control for some
patients with TSC, it is also associated with hyper-
calciuria, hypocitraturia, and decreased uric acid
solubility caused by the low urine pH. These three
factors synergize to increase the risk of nephroli-
thiasis in patients treated with a ketogenic diet.
Significant renal cystic disease also increases the
risk of nephrolithiasis because of altered distal
tubular function and subsequent hypocitraturia.
Diagnosing nephrolithiasis in a developmentally
delayed patient can be difficult because they may
not be able to articulate their symptoms well.
Understanding the risk factors can help guide
imaging and diagnosis. Successful medical ther-
apy for nephrolithiasis in this patient population is
relatively simple, involving adequate hydration
and citrate supplementation when required.
Minimally invasive treatment of nephrolithiasis
includes extracorporeal shock wave lithotripsy
(ESWL), percutaneous nephrolithotomy (PCNL),
and ureteroscopic stone removal (URS). ESWL
may result in renal subcapsular hematoma forma-
tion, and PCNL involves accessing by puncture
and dilation of the renal collecting system via the
renal parenchyma. Because patients with TSC
renal disease have a well-known potential for renal
hemorrhage, such approaches may pose an unac-
ceptable risk. Ureteroscopic stone removal by
stone baskets to remove small stones and a laser
fiber to direct pulsed laser energy that will frag-
ment stones are better options.

Some patients also experience nocturnal
enuresis. This can be part of a normal develop-
ment and can be prolonged in part because of
developmental delay, as well as renal cystic
disease-induced urinary concentration defect.
This can be quite trying for patients and families,
and the topic belongs in a chapter about renal
cystic disease because families will seek help
wherever they can. Well-meaning practitioners
may use desmopressin (ddAVP), a synthetic
replacement for vasopressin, to reduce the noc-
turnal urine volume. This approach is contraindi-
cated in patients with cystic disease given the role
of vasopressin/cyclic adenosine monophosphate
in cyst enlargement [36].

Because about a third of TSC-associated angi-
omyolipomata can have fat-poor components,
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and because at least half of the patients affected
with TSC will have cystic disease, it is not
uncommon that some patients will have a solid
mass, which may even enhance, associated with
their cystic components. This basic finding
should raise concern for renal cell carcinoma in
the general population but should not raise the
same level of concern in the population with TSC
because renal cell carcinoma is actually very rare
in the population of TSC patients. Such lesions
can be serially measured and assessed for grow
characteristics that can help sort the fat-poor
angiomyolipoma from the malignancy [37].
Current research focuses on noninvasive
approaches to help better delineate malignancy
from fat-poor angiomyolipoma [38].

Recognizable Patterns of TSC-
Associated Renal Cystic Disease

TSC renal cystic disease can be detected by con-
ventional MRI in approximately 50% of patients
with TSC and is associated with mutations in
either the TSCI or TSC2 genes [39-41]. The size
of the renal cysts in TSC renal disease ranges
from the microscopic glomerulocystic disease
[42] to a polycystic renal phenotype associated
with the TSC2/PKD1 contiguous gene syndrome

Fig. 3.2 Polycystic
variant of TSC renal
disease. Coronal MRI of
a preteen boy with the
polycystic variety of
TSC
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[43]. To better understand the natural history and
communicate about TSC renal cystic disease, the
five basic patterns of cystic disease are described
below.

TSC Polycystic Kidney Disease

This syndrome usually involves deletions that
encompass a portion of the adjacent 7SC2 and
PKD1 genes on chromosome 16p13 and accounts
for about 2% of TSC patients [44]. However,
there are cases that appear identical to this con-
tiguous gene syndrome that are linked to 7SCI.
Renal cysts in TSC can arise from all nephron
segments [42]. There is a high number of mosaic
cases [45], and often these children have some
cystic disease in utero or shortly after birth but
develop very significant disease by 2 months of
age (Fig. 3.2). Hypertension usually develops by
the first 2 weeks of life but can take up to several
months and is best treated with angiotensin-
converting enzyme inhibitors or angiotensin
receptor blockers. Because of the severity of
renal parenchyma disruption, these children
develop a urinary concentrating defect very early,
and this may further drive cystogenesis by
increasing antidiuretic hormone secretion [46].
There are also practical considerations. Because
the kidney mass can be so large, balance can
be affected, so the ambulation developmental
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Fig. 3.3 Cortical TSC
cystic kidney disease.
TSC cystic renal disease
is limited to the cortex
and columns of Bertin

milestone can be delayed. Likewise, nocturnal
enuresis can be prolonged because of the concen-
tration defect and must not be treated with ddAVP
given the cyst-promoting potential. Even cloth-
ing options for the child can be a source of frus-
tration for the family as the protuberant abdomen
often can be an impediment for proper-fitting
trousers; fortunately, bib overalls are still in style
for infants and toddlers.

TSC Cortical Cystic Kidney Disease

Another recognizable pattern of TSC cystic renal
disease is that it is limited to the cortex and col-
umns of Bertin (Fig. 3.3). This cystic disease
occurs early on, and the cysts are remarkably uni-
form in size. This imaging pattern may suggest
glomerulocystic disease or even dilatation of
other tubular segments. There are usually a num-
ber of cysts but often less than two dozen or so.

TSC Multicystic Kidney Disease

Cysts can also be distributed throughout the cor-
tical and medullary tissue and exhibit variable
sizes (Fig. 3.4). This pattern is also associated
with either 7SC/ or TSC2 mutations and with

significant chronic kidney disease. It can also
resemble the polycystic variety but genetically is
different than TSC2/PKD1 contiguous gene
syndrome.

TSC Cortical Microcystic Kidney Disease
Initially the findings of cortical microcystic dis-
ease are subtle and detected by careful inspection
of the abdominal MRI (Fig. 3.5). The renal cortex
will exhibit an increased water signal of fast spin
echo T2 or similar sequences before overt dis-
crete cortical cysts can be identified. Eventually,
the cortex may exhibit an increased echotexture
similar to that seen in the medullary pyramids in
autosomal recessive polycystic renal disease.
Identification of this pattern is important because
it is also associated with a more rapid decline in
renal function, not uncommonly developing
chronic kidney disease stage II or III in the late
teens or early 20s. The renal pyramids are spared,
the urinary concentration capacity is preserved,
sometimes there is evidence of tubular protein-
uria with the creatinine increase, and hyperten-
sion is not common until significant chronic
kidney disease develops.
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Fig.3.4 TSC
multicystic kidney
disease. Cysts are
distributed throughout
the cortical and
medullary tissue and
exhibit variable sizes
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Fig. 3.5 TSC cortical microcystic kidney disease. (a) MRI imaging. Note cortical cysts and increased water signal
(white) in the cortex (between white arrows). (b) Note microcystic disease on hematoxylin and eosin staining

TSC Focal Cystic Kidney Disease

Focal cystic disease appears to result in a somatic
mutation during branching of the ureteric bud
such that there is significant cystogenesis in a
localized renal pyramid (Fig. 3.6). The develop-
mental timing can be such that a small child can
have an isolated renal pyramid with profound
cystic disease, while the other pyramids are struc-
turally normal. I posit that the mutation can occur
after a critical time period during induction and
only be phenotypically expressed after acute kid-
ney injury. Following renal injury, TSC patients

develop cystic disease in an isolated renal pyra-
mid. This renal injury has been postulated to con-
stitute a “third hit” in autosomal dominant
polycystic kidney disease and results in rapid
cyst formation in adult research animals [47].
TSC focal cystic kidney disease appears to fol-
low the same sort of temporal sequence. Risk fac-
tors for acute kidney injury in TSC patients
include certain anticonvulsant and nonsteroidal
anti-inflammatory medications, as well as rhab-
domyolysis and hypoxia induced by status epi-
lepticus [48].
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LT KIDNEY

Fig.3.6 TSC focal cystic kidney disease. (a) Coronal CT scan showing focal cystic disease (black arrow), correspond-
ing to (b). Axial CT showing cystic disease. (¢) Ultrasound showing individual cysts

Von Hippel-Lindau Renal Disease

Genetics of Von Hippel-Lindau Renal
Disease

The birth incidence of VHL disease is approxi-
mately 1 in 36,000, and roughly 20% are new
mutations [49, 50]. The disease most often pres-
ents with retinal or cerebellar hemangioblasto-
mas, clear cell renal cell carcinoma (RCC),
pheochromocytomas, and pancreatic endocrine
tumors (reviewed in [51]). The mean age of onset
is 35-40 years [51], and patients have an ~70%
lifetime risk of developing RCC.

VHL phenotypic expression is divided into
four different patterns. Type 1 is characterized by
the absence of pheochromocytoma and associ-
ated with large mutations deleting or truncating

fragments of the VHL gene causing the complete
inactivation of the gene and high HIF activity.
Type 2 is characterized by the presence of pheo-
chromocytomas and more moderate changes in
the VHL gene, including those preserving some
pVHL activity toward HIF-as. Type 2 VHL dis-
ease is subdivided into type 2A which is charac-
terized by a low incidence of renal lesions, type
2B characterized by a high risk of RCC, and type
2C that is characterized by the development of
only pheochromocytoma.

Like TSC, VHL is typically phenotypically
expressed following a second somatic mutation
in a patient who already has a mutant allele. This
loss of VHL expression in the cell predisposes to
the development of cysts, which occur in the kid-
ney, pancreas, epididymis, and broad ligament.
The renal cystic disease can initially be diag-
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nosed as atypical autosomal dominant polycystic
kidney disease until other manifestations are
identified [52, 53]. In such cases of renal cystic
disease and a family history of VHL, a single reti-
nal or cerebellar hemangioblastoma, renal cell
carcinoma, or pheochromocytoma is sufficient to
make the diagnosis of VHL. If there is no family
history, two or more retinal or cerebellar heman-
gioblastomas or a single hemangioblastoma and
a related visceral tumor are required to make the
diagnosis.

Intersection of Cilial Cystogenic
and Oncogenic Signaling Pathways
in VHL Renal Cystic Disease

Although many pVHL functions would appear to
confer tumor suppressor capabilities, the loss of
pVHL function alone is insufficient for renal
tumor initiation. The kidneys of patients with
familial VHL disease can contain thousands of
sites which have lost pVHL function, but most
are single cells [54]. Murine experimental data
also support this mutational insufficiency because
the loss of VHL alone does not lead to significant
cystic disease or conventional renal cell carci-
noma [55, 56], though some models can eventu-
ally develop cysts [57]. These observations
indicate that additional factors, including possi-
ble additional mutations, are required for the phe-
notypic expression. Although the loss of the VHL
gene is insufficient to lead to renal cell carci-
noma, this loss appears to be associated with and
perhaps required for VHL-associated renal cell
carcinoma. For example, approximately 38,000
new cases of sporadic renal cell carcinoma occur
per year, and the majority are the clear cell vari-
ety, of which 50-80% of cases are associated
with mutations in the VHL locus [58].

pVHL occupies a central regulatory position
in several different signaling pathways, including
those directly modulating cellular transcription
as well as those controlling the activity of cyto-
skeletal proteins. The most well-established role
of pVHL is its E3 ubiquitin ligase function as
part of a multiprotein complex containing elon-
gins C and B, Cullin2, and the RING-H2 finger

protein Rbx-1. This multiprotein complex ubig-
uitinates a number of proteins, including HIF-as,
atypical protein kinase C (aPKC), deubiquitinat-
ing enzyme-1 (VDU-1), and two subunits, Rpbl
and Rpb7, of the RNA polymerase II complex
(RNAPII) (for review see [59]). During nor-
moxia, HIF-as are hydroxylated on proline 564
and 402 residues located within L(XY)LAP
motifs, by the 02, Fe(Il), and oxoglutarate-
regulated Egl-9-type proline hydroxylases
(Eglns1-3), resulting in HIF-o’s ubiquitination
and subsequent degradation [60]. During
hypoxia, the proline hydroxylation is inhibited,
and ubiquitination and degradation of HIF-as are
reduced such that HIF-a accumulates. A gratu-
itous HIF-a accumulation also occurs with the
loss of pVHL activity, which prevents normal
ubiquitination and degradation of HIF-a, and is
seen in the sporadic renal clear cell carcinomas
and familial VHL disease [61]. As a downstream
event, HIF activity is increased and stimulates
transcription of the HIF-responsive genes includ-
ing angiogenic factors, such as vascular endothe-
lial growth factor (VEGF), that contribute to the
highly angiogenic phenotype of RCC and other
tumors associated with the loss of pVHL activity.
The glucose transporter Glutl and several glyco-
lytic enzymes are also HIF responsive, and this
helps to explain the Warburg effect, i.e., a meta-
bolic switch in the source of ATP generation
toward anaerobic glycolysis and away from mito-
chondrial oxidative phosphorylation in RCC
cells. HIF-2a also stimulates expression of trans-
forming growth factor-a (TGF-a), a potent renal
cell mitogen [62]. TGF-a is released from RCC
cells and interacts with EGFR on the cell surface,
activating it and driving proliferation [62]. This
pathway is considered to be primarily responsi-
ble for HIF-2a-induced cell proliferation, because
knockdown of EGFR inhibits formation of
tumors by VHL(-) cells in nude mouse xenograft
assays [63]. This HIF-2-/TGF-a-dependent acti-
vation of EGFR also leads to increased activity of
PI3K/AKT/NF-kappaB cascade and induction of
NF-kappaB anti-apoptotic gene targets [64, 65].
Understanding the activation of EGFR through
TGF-a or in any other VHL-dependent mecha-
nism is likely critical because 85% of human
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RCC exhibit overexpression or inappropriate
activation of EGFR [66, 67]. pVHL also has mul-
tiple activities unrelated or indirectly related to
HIF activity and has also been implicated in
cystogenesis.

Beyond its oxygen-sensing capacity, pVHL
controls microtubule dynamics [68, 69] and is
necessary for the formation of primary cilia in
cultured cancer cell lines and immortalized cells
[70-72]. Cell culture experiments suggest a
cooperative interaction between pVHL, PI3K,
and GSK3p in primary cilium maintenance [73,
74]. Under normal conditions, serum starvation
induces primary cilium formation regardless of
VHL status, but cells devoid of pVHL lose their
primary cilia with GSK3p inhibition or PI3K sig-
naling activation [73, 74]. Dysregulation of
[-catenin is also associated with both TSC and
VHL disease, and disturbances in this pathway
have likewise been linked to renal cystic disease
[75, 76]. Taken together, these data indicate that
pVHL is active in the regulation of multiple HIF-
dependent and HIF-independent pathways, and
the loss of pVHL contributes to renal oncogene-
sis and cystogenesis at multiple levels including
those that converge at the primary cilia.

Birt-Hogg-Dubé Renal Disease
Genetics of Birt-Hogg-Dubé

Birt-Hogg-Dubé syndrome is caused by germ-
line mutations in the BHD gene found at chromo-
some 17pll.2, encoding folliculin(FLCN), a
64-kDa polypeptide that shares little sequence
similarity with any other known proteins [77].
Like TSC, patients with BHD also exhibit pulmo-
nary cysts, although it is more common and there
is no gender bias as seen in TSC [78]. About 90%
of BHD patients have pulmonary cysts, and
24-29% develop recurrent pneumothorax at the
average age of 36 years [79-84]. The cysts pre-
dominantly are seen in lower and/or peripheral
regions of the lungs [84]. Histologically, BHD-
associated lung cysts exhibit cuboidal cells
resembling type 2 pneumocytes in the innermost
layers that show the activation of mTORC1 and

hypoxia-inducible factor-vascular endothelial
growth factor pathways [85-88].

Between 16% and 34% of BHD patients
develop bilateral, multifocal renal tumors at the
averageage of SOyears[81,89-91]. Histologically
these tumors include hybrid oncocytic/chromo-
phobe tumors (50%), chromophobe renal cell
carcinoma (34%), clear cell renal cell carcinoma
(9%), oncocytoma (5%), and papillary renal cell
carcinoma (2%) [92]. Multifocal renal oncocyto-
sis, composed of cells filled with mitochondria
and observed in the surrounding normal kidney
of BHD-associated renal tumors in 50-58% of
patients, is possibly a precancerous lesion [92—
94]. Small papillary tufts are often observed in
the periphery of the tumor and are helpful for
diagnosing BHD-associated renal tumors [95—
97]. Usually, the progression of these tumors is
slow, and nephron-sparing surgery is indicated
for these types of tumor, although there is one
case report of metastasis [81]. Renal cystic dis-
ease also has been reported and recapitulated in
the mouse model [98].

Intersection of Cilial Cystogenic
and MTORC1 Signaling Pathways
in BHD Renal Cystic Disease

Folliculin complexes with AMPK and folliculin-
interacting protein 1 (FNIP1), although what this
association does for folliculin function is unclear
[99]. Folliculin-deficient mouse models develop
polycystic kidneys and renal cell carcinoma that
are similar to those found in patients with BHD
[98, 100]. Likewise, the inactivation of FNIPI,
together with its homolog FNIP2, in mice pro-
duces similar phenotypes, suggesting that FNIP1
may be required for folliculin function [101].
Analyses of tumor cells from BHD patients as
well as folliculin-deficient animals reveal a con-
sistent relationship with the activity of mamma-
lian target of rapamycin complex 1 (mTORC1)
[85, 99, 102-105].

This abnormality in mTORCI1 signaling is
thought to contribute to the pathobiology of
BHD, as inhibition of mTORCI1 reduces BHD
tumor growth in animal models [98, 100],
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although exactly how folliculin regulates
mTORC1 is not understood. At G, most
eukaryotic cells possess a primary cilium [106].
As discussed above, this structure plays a critical
role in maintaining tissue homeostasis and func-
tioning as an environmental sensor for extracel-
lular fluidic shear stress and chemicals [107,
108]. Many of the cell growth and proliferation
signaling pathways are regulated by the primary
cilia, including the mTORC1 pathway [109—
111]. Several upstream regulators of mTORCI,
such as TSC1 and TSC2, LKB1, and AMPK,
localize to primary cilia [22, 24, 29]. Primary
cilia can modulate mTORCI signaling through
an LKB1- and AMPK-dependent mechanism to
effect cell size in response to flow stress [24,
112]. FLCN is a critical element of a flow sen-
sory mechanism that regulates mTORC1 through
the primary cilia [113].

Commonalities of Biology

and Approach to Tuberous Sclerosis
Complex, Von Hippel-Lindau,

and Birt-Hogg-Dubé

All three diseases, TSC, VHL, and BHD, can
present with renal cystic disease and of course
have an association with renal malignancy. All
three diseases are associated with the primary
cilia signaling and abnormal mTORCI axis.
These commonalities have practical, patient-care
implications.

The cornerstone of reducing patient chronic
kidney disease and malignancy risk is surveil-
lance. For TSC renal disease, including cystic
disease, the recommended screening for disease
discovery is to use MRI every 1-3 years [114].
Because renal disease progresses for the vast
majority of patients throughout life, this means
lifelong monitoring. Likewise for VHL renal dis-
ease, abdominal MRI is also recommended
every 2-3 years after the age of 16 years. For
BHD, kidney surveillance is recommended to
commence after the age of 20 years [115]. As
recommended for TSC and VHL disease, com-
puted tomography or magnetic resonance imag-

ing is far more appropriate than ultrasonography,
because computed tomography and magnetic
resonance imaging detect renal masses of
15-20 mm with 100% detection rates, whereas
ultrasonography can detect those masses with
58% detection rates [116]. mTORCI1 inhibitors
are Food and Drug Administration approved for
TSC-associated renal angiomyolipomata and
renal cell carcinoma and are being studied for
renal tumors in BHD (NCT02504892). There is
preclinical evidence, and research just starting,
to examine the possible role of mTORC1 inhibi-
tors in the treatment or prevention of the renal
cystic disease in TSC and soon possibly VHL
and BHD.
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Aberrant Cellular Pathways in PKD

Alison Grazioli, Patricia Outeda, and Terry Watnick

Introduction

Cystic kidney diseases are a heterogeneous group
of genetic, developmental, and acquired disor-
ders characterized by dilated or cystic tubular
segments caused by dysregulation of tubular
morphology. Very often, these diseases are asso-
ciated with a wide spectrum of extrarenal abnor-
malities with bilateral renal cysts being just one
feature of a systemic disorder. Cystic kidney dis-
eases fall into two broad categories: (1) polycys-
tic kidney disease which has two prevalent
subtypes, autosomal dominant polycystic kidney
disease (ADPKD) and autosomal recessive poly-
cystic kidney disease (ARPKD), characterized by
renal enlargement due to cyst burden and (2)
hereditary diseases such as Bardet-Biedl syn-
drome and nephronophthisis which feature small
kidneys, significant interstitial fibrosis, and tubu-
lar atrophy [1-4]. Of these, ADPKD is the most
prevalent and extensively studied cystic kidney
disease and the most common cause of genetic
renal disease [5].
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The overarching question for these diseases is
how does the normal tubular epithelium give way
to cyst formation? In broadest terms, renal cyst
development involves dilatation of the renal
tubule, with formation of a saccular cyst filled with
fluid derived from glomerular filtrate. Progressive
expansion eventually leads to separation of cysts
from the tubule of origin. Subsequent enlargement
of the newly independent cyst is driven by tran-
sepithelial fluid secretion and cyst epithelial cell
proliferation. Expanding cysts cause parenchymal
changes such as macrophage infiltration, fibrosis,
and neovascularization, ultimately resulting in
renal failure. Several pathologic hallmarks have
been identified to explain the abnormal cellular
phenotype of cystic epithelium. Though not with-
out some controversy, these include enhanced pro-
liferation, increased apoptosis, remodeling of the
extracellular matrix, a secretory phenotype, dys-
regulated metabolism, and an inability to maintain
planar cell polarity [6].

Extensive work over the last few decades has
identified many of the genes responsible for
inherited forms of cystic kidney disease. This has
provided an entry into the identification of cysto-
genic pathways that result in the pathologic hall-
marks described above. In this review, we discuss
our current understanding of some of the key sig-
naling pathways that are disrupted in the most
common form of renal cystic disease, autosomal
dominant polycystic kidney disease (ADPKD).

69

B. D. Cowley, Jr., J. J. Bissler (eds.), Polycystic Kidney Disease,

https://doi.org/10.1007/978-1-4939-7784-0_4

4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7784-0_4&domain=pdf
mailto:twatnick@som.umaryland.edu

70

A. Grazioli et al.

Genetic Mechanisms
of Cystogenesis in ADPKD

ADPKD arises when there is an inherited or spo-
radic mutation in one copy of either PKDI,
encoding polycystin 1 (PC1), or PKD2, encoding
polycystin 2 (PC2) [7, 8]. Most cases of ADPKD
have a delayed clinical onset and are identified in
adulthood between the ages of 30 and 50 [9].
Early microdissection studies performed on kid-
neys retrieved from patients with ADPKD
revealed that cysts are focal lesions capable of
affecting any segment of an otherwise normal-
appearing renal tubule [10]. Surprisingly, no
more than 1-5% of nephrons develop cysts
despite each renal tubular cell harboring a germ
line mutation of a polycystin gene.

The earliest proposed mechanism for explain-
ing this phenomenon, along with the adult onset
of disease, was a “two-hit hypothesis” not unlike
that proposed to explain the origin of cancer [11].
Under this premise, a somatic mutation or “sec-
ond hit” of the remaining wild-type allele is
acquired in a tubular cell already containing an
inherited germ line PKD mutation (Fig. 4.1).
Somatic mutation is followed by clonal expansion

of the now PKD-deficient cell, thereby setting the
stage for cyst formation and enlargement [11, 12].
Genetic analysis of cyst lining epithelium in both
PKDI and PKD2 kidneys ultimately confirmed
that independent somatic mutations could be
identified in a large fraction of renal cysts [13—
17]. The same mechanism was also shown to be
operative in ADPKD-associated liver cysts [18].

Studies in mouse models support the two-hit
hypothesis. Wu et al. described a Pkd2 mouse
model with an unstable allele that undergoes
random somatic mutation to produce a function-
ally null allele [19]. Mice that are heterozygous
for this allele in combination with a germ line
null develop polycystic kidney and liver disease
that mimics human disease [19]. In addition,
mice bearing floxed alleles of PkdI or Pkd?2 that
allow regulated deletion of these genes also
develop human-like ADPKD [20-22]. However,
the data generated in murine models do not
exclude the possibility that there may be other
mechanisms that lower polycystin signaling in
human ADPKD.

The two-hit hypothesis has been refined based
on evidence supporting the idea that a reduction
in polycystin signaling below a critical threshold

ADPKD Kidney

Germline
mutation in
epithelial cells

Second Hit
Somatic
Mutation

Clonal expansion

Cyst Expansion
and Cyst Formation yer mxpane)

Fig. 4.1 The two-hit model of focal cyst formation in
ADPKD. Cyst formation in ADPKD is a focal process
that affects a small fraction of nephrons. Each epithelial
cell in a renal tubule from an ADPKD kidney harbors the
same germ line PKD mutation. When a cell acquires a
mutation in the PKD allele inherited from the unaffected

parent, the level of polycystin signaling falls below a criti-
cal threshold and that cell undergoes clonal expansion
eventually forming a cyst. Cyst expansion is accompanied
by increased cell proliferation and fluid secretion through
aberrant regulation of a variety of signaling pathways dis-
cussed in the text
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level is the most significant factor for cyst
formation [23-26]. This was initially suggested
by a mouse model with a cystic phenotype carry-
ing an aberrantly spliced variant of the Pkdl
gene, lowering its expression to 13-20% normal
levels [25]. Further evidence that gene dosage is
important came with the identification of
ADPKD families with individuals carrying
homozygous, hypomorphic Pkdl mutations
[23]. Another corollary of this model is that the
threshold of polycystin signaling that is required
to maintain tubular architecture may vary
depending on the renal milieu. Therefore cyst
formation may occur when there is an imbalance
in the supply and demand of polycystin signal-
ing based on environmental factors, genetic
modifiers, physiologic demands particularly in
response to injury, and temporality of a second
hit [26]. In fact, the timing of polycystin loss
appears to be a major determinant of the rapidity
of cyst formation [27-29]. In conditional mouse
models, inactivation of Pkdl before about post-
natal day 13 results in severely cystic kidneys
within 3 weeks [27, 28]. In contrast, inactivation
of PkdI at about postnatal day 14 or later resulted
in cysts after a delay of ~5 months and mimiced
adult onset ADPKD. Developmentally regulated
gene expression profiles within the kidney are
thought to underlie the differential effect of Pkd/
loss on rapidity of cyst formation. Thus, the
pathologic consequences of inactivation are
seemingly defined by cellular developmental
status [27].

The discordance between rapid cyst growth in
neonates with germ line deletion of Pkdl and
slower cyst growth in mouse models with adult
PkdI inactivation prompted the hypothesis that
there might be a “third hit” required for rapid cyst
development [30, 31]. It has since been shown
that in an adult onset mouse model, ischemia
reperfusion injury significantly accelerates cyst
growth [30]. Dysregulated apoptosis, increased
cell proliferation, disruption of planar cell polar-
ity, and disoriented mitotic spindle formation,
almost all seen following renal injury, are thought
to contribute to cyst formation in current prevail-
ing models [6, 32].

The Role of the Cilium in Cyst
Formation

Over the past 15 years or so, there has been intense
focus on the role of the primary cilium in the
maintenance of renal tubular architecture.
Mutations in many genes associated with PKD
are involved in the assembly or function of the
cilium and their protein products, including PC1
and PC2, localize to the cilia-basal body complex
[33-37]. The primary cilium is a structure that
protrudes from the surface of most cells and acts
as a sensor for a variety of chemical and mechani-
cal stimuli with subsequent transmission of these
environmental signals to the interior of the cell.
Specialized translocation machinery, referred to
as intraflagellar transport (IFT), is required to
develop, maintain, and traffic both structural and
signaling proteins into and out of cilia [38, 39].
Cilia are critical for the integrity of an ever-
growing list of signaling pathways including
sonic Hedgehog and Wnt (reviewed in [40, 41]).
Kidney cysts arise following inactivation of genes
that disrupt either the structure or function of the
primary cilium, including the IFT genes [37].
Since both polycystins localize to the primary
cilium and the primary cilium remains intact in
both Pkdl and Pkd2 mutant cells, it has been
speculated that the polycystin complex is not
required for ciliary assembly but rather for detect-
ing external stimuli that results in altered regula-
tion of downstream signaling pathways [22, 35,
36]. Some of the major implicated effector path-
ways of abnormal ciliary signaling include the
Wnt signaling-planar cell polarity pathway,
mTOR, cAMP, intracellular calcium, CFTR, and
MAPK/ERK [5, 26, 42, 43]. Until recently, it was
assumed that the cellular pathway alterations
caused by loss of PC1 or PC2 were due to the
disruption in normal ciliary function when these
cystoproteins were eliminated. In this paradigm,
the cellular defects resulting from polycystin loss
would likely parallel the effects of loss of struc-
turally intact cilia (independent of PC1 and PC2
knockout). However, recent experimental data
suggests that it is much more complicated than
previously thought (Fig. 4.2). Ablation of cilia
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Hecir2

Kif3a Deletion
PC1/2 Deletion

Fig. 4.2 Schematic illustration showing that loss of cilia
slows cystogenesis in Pkd mutant mice (see reference
[22]). Polycystin 1 and polycystin 2 are found in the cilia
of renal epithelial cells. When cilia are ablated in renal
epithelial cells by conditional inactivation of Kif3a (a
gene required for ciliogenesis), slowly progressive cystic
kidney disease ensues (top panel). When a Pkd gene is

(via knockout of IFT proteins: Kif3a or IFT20)
reduces cyst growth in Pkdl or Pkd2 mutant kid-
neys irrespective of the timing of polycystin gene
inactivation [22]. Additionally, loss of cilia alone
also resulted in slow cyst growth with neither
reduction or overexpression of PCIl impacting
the phenotype in vivo. In essence, structurally
intact cilia are stimulators of cyst growth in Pkd!
or Pkd2 mutant kidneys. This work brings to light
the existence of distinct signaling pathways that
promote cystogenesis via (1) cilia-dependent
(polycystin-independent) activation or (2) the
loss of polycystin-dependent inhibition of ciliary
pathways which promote cyst growth [22, 44].
The identity of the so named “cilia-dependent
cyst activation” signal remains elusive [44].

Calcium Signaling in PKD

PC2 is a member of the transient receptor poten-
tial (TRP) family of ion channels, and many
groups using a variety of experimental systems

( ( a Q o
Kif3a Deletion yi N
J\J!us—*,u!a > ]—- %
PC1/2 Deletion

Cilia Ablation ) #

Ol ™

deleted by conditional inactivation in renal epithelial
cells, cilia remain intact but cyst formation with massive
renal enlargement occurs (middle panel). When both cilia
and a Pkd gene are lost, cystogenesis is reduced and the
kidney does not exhibit massive enlargement (bottom
panel). This interaction occurs regardless of whether dele-
tion occurs early or late

have reported that it is a nonselective, calcium-
permeable cation channel [45-52]. Recent cryo-
EM studies have solved the three-dimensional
structure of PC2 in lipid bilayers and have pro-
vided new insights into its novel structural fea-
tures [53-55]. PC1 is the main binding partner of
PC2, and together these proteins are speculated
to form a receptor-channel complex that is a hub
for signaling pathways utilizing Ca?* as a second
messenger [46, 49, 52, 56]. This is an attractive
hypothesis since calcium is a highly versatile
intracellular signaling molecule that regulates
numerous cellular processes implicated in PKD
including secretion, proliferation, and apoptosis
[57]. The precise alterations in intracellular cal-
cium homeostasis that occur in ADPKD, how-
ever, remain controversial [58]. This is in part
because the PC1/PC2 complex is found in multi-
ple cellular compartments including the cilium,
the plasma membrane, and the endoplasmic retic-
ulum (ER) [49, 59-62]. In addition, heterolo-
gously expressed PC2 is retained in the ER,
making direct electrophysiologic characterization
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of the channel properties at the plasma membrane
challenging [58].

Because the cilium is thought to be of prime
importance in the development of polycystic kid-
ney disease, intense effort has been devoted
toward defining the link between the polycystins,
cilia, and calcium signaling. The idea that the pri-
mary cilium might function as a mechanosensor
was first suggested by the seminal studies of
Praetorius and Spring who showed that bending
the cilium by a variety of methods, including lam-
inar flow, resulted in an increase in cytosolic cal-
cium concentration [Ca>] [63, 64]. Since PCl
and PC2 were detected in the cilium and PC2 was
presumed to be a Ca®* channel, it seemed logical
that the polycystin complex might contribute to
ciliary mechanosensation. In order to test this
hypothesis, Nauli et al. isolated renal epithelial
cells from Pkdl~~ embryos and showed that
unlike wild-type cells, they failed to increase
intracellular Ca*" in response to fluid flow [65].
Wild-type cells treated with blocking antibodies
to PC2 as well as human ADPKD cyst lining epi-
thelia were similarly defective [65, 66]. These
findings led to the theory that PC1 induces ciliary
Ca* influx via PC2 in response to flow triggered
ciliary bending and that this calcium signal is pre-
sumably propagated to the cell body. Loss of this
PC1-/PC2-dependent calcium signal was thought
to ultimately result in cystogenesis [67, 68].

Over the past several years, however, chal-
lenges to this model have been accumulating
from a variety of directions. Knockdown of the
calcium channel TRPV4, which complexes with
PC2, abrogates the intracellular calcium response
to sheer stress or flow in cultured renal epithelial
cells, but TRPV4 knockout in mice or zebrafish
doesn’t result in a cystic phenotype [69]. In addi-
tion, a series of technical advances have yielded
more precise characterization of ciliary calcium
dynamics, casting doubt on a simple flow model
[70-72]. Delling et al. generated transgenic mice
with a genetically encoded, ratiometric calcium
indicator targeted to primary cilia that allowed
for control of motion artifacts and yielded more
accurate Ca?* measurements [72]. These investi-
gators measured responses to flow in the primary
cilia of kidney epithelial cells, in the cilia of the

embryonic node, and in intact kidney thick
ascending tubules and failed to show ciliary cal-
cium influx in response to fluid flow.

Delling et al. also used these tools to demon-
strate that the resting ciliary calcium concentra-
tion, [Ca®*], is approximately 600 nM, which is
~sixfold higher than the normal resting cytoplas-
mic [Ca?*] of ~100 nM [71]. The cilia’s resting
membrane potential is also ~30 mV more posi-
tive in comparison with the cytoplasm [71]. The
combination of a high ciliary [Ca?*] and the more
positive resting potential promotes calcium efflux
from cilia to cytoplasm. However, because the
volume of the cytoplasm is large in comparison
to the cilium, cytoplasmic [Ca®*] appears to be
unaffected by variations in ciliary [Ca®*] which
makes direct propagation of ciliary Ca** signal to
the cell body seem unlikely [71].

There has also been disagreement as to
whether PC2 is indeed a ciliary calcium channel
at all. Several labs have developed methods that
allowed sensitive and direct recording of ciliary
currents using patch clamp methods [70, 73].
Knockdown of either PKDI or PKD?2 in retinal
pigment epithelial (RPE) cells with short inter-
fering RNAs did not reduce ciliary calcium cur-
rent, whereas knockdown of PKDILI or
PKD2L] did [70]. PKDILI and PKD2LI are
members of the PC1 and PC2 family, respec-
tively, and similarly interact to form a receptor-
channel complex [70, 71]. Ciliary currents were
also much reduced in Pkd2L1 homozygous
knockout mouse embryonic fibroblasts (MEFs)
[70]. These results suggest that PKD2L1 is the
primary ciliary calcium channel, at least in the
cell types tested. On the other hand, direct ciliary
patch clamp recordings from wild-type and Pkd2
knockout murine IMCD-3 cells did in fact detect
a ciliary current that is dependent on Pkd2 [73].
Characterization of this channel suggests that it
has high conductance with permeability to K*>
Ca?*> Na* [73]. Similar biophysical properties
were reported when a chimeric protein contain-
ing only the PC2 pore in a PKD2L1 backbone
(thus allowing PC2 to reach the plasma mem-
brane) was heterologously expressed in
HEK?293T cells [53]. The inconsistent results in
RPE cells versus IMCD cells could be due to
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context-dependent differences in ciliary signal-
ing or other differences in experimental proto-
cols. More work will be required to resolve these
contradictory findings.

Since PC2 is abundant in the ER, another line
of inquiry has focused on the role of the polycys-
tin complex in regulating intracellular calcium
stores [45, 74]. In a variety of overexpression
studies, PC1 and PC2 have each been shown to
interact with various ER calcium channels and
proteins including the inositol 1,4,5-trisphosphate
(IP3) receptor (PC1 and PC2), the ryanodine
receptor (PC2), and STIM1 (PC1) [75-79]. The
IP3 receptor and the ryanodine receptor are the
two major Ca** channels localized in the ER and
sarcoplasmic reticulum (SR) that initiate calcium
release from internal stores (ER/SR) (reviewed in
[80, 81]). STIM1 is an ER protein that senses ER
[Ca?*] and stimulates store-operated Ca’* entry
via plasma membrane ORAII calcium channels
when ER calcium is depleted [81]. Taken together
the data suggest that the polycystin complex
interacts with these proteins to modulate ER cal-
cium levels, but whether the result is an increased,
decreased, or unchanged ER [Ca®*] remains con-
troversial. Most groups have concluded that the
polycystins prevent depletion of calcium stores
by inhibiting leakage of calcium out of the SR/
ER and thereby preserving the integrity of intra-
cellular Ca?* flux [45, 78, 82-85]. However, in
other studies overexpression of PC2 has been
reported to increase ER Ca*' leak resulting in
decreased ER Ca** concentration and decreased
release of ER Ca?" upon stimulation [86]. In these
studies, PKD2 knockdown causes the reverse and
augments the amount of releasable ER Ca*.
Whether alterations in ER calcium levels result in
a lower resting cytosolic calcium concentration
remains controversial, but several studies have
reported a reduction in some cell types [87].

There are many additional unanswered ques-
tions related to the role of polycystins in Ca* sig-
naling. The final six transmembrane spanning
segments of PCl bear sequence homology to
PC2, raising the question of whether PC1 is itself
a channel [88, 89]. Several studies have shown
that binding between PC1 and PC2 is required for

the polycystin complex to reach the cilium/cell
membrane, but whether PC1 forms an integral
part of the channel pore versus serving as a chap-
erone remains unclear [46, 90-92]. Modeling of
the PC1 channel-like domain based on the cryo-
EM structure of PC2, however, led Grieben et al.
to conclude that there are differences in key
amino acid residues that make it less likely that
PC1 is an ion channel [54]. Finally, if flow doesn’t
activate the polycystin complex, then what does?
Kim et al. reported that a variety of Wnts bind to
the extracellular domain of PC1, which activates
PC2-dependent (whole cell) calcium influx [93].
However, these findings could not be reproduced
by another group [53, 72].

In summary, there is agreement that PC2 is
likely to function as a calcium channel, but an
integrated understanding of the function of
PC2 in the various cellular compartments where
it is found remains elusive. The consequence of
polycystin loss on downstream calcium signal-
ing will continue to be a subject of intense
investigation.

cAMP, an Essential Second
Messenger in PKD

Cyclic 3’,5" adenosine monophosphate (cAMP) is
an important second messenger that is synthe-
sized from adenosine triphosphate (ATP) by ade-
nylate cyclase (AC), which is activated by
adenylate cyclase stimulatory G (Gs)-protein-
coupled receptors (GsPCRs) such as vasopressin
(AVP) receptors and inhibited by inhibitory G
(Gi)-protein-coupled receptors (GiPCRs) [87, 94,
95]. The degradation of cAMP via hydrolysis is
mediated by the activity of phosphodiesterases
[96]. cAMP activates protein kinase A (PKA)
which in turn targets and phosphorylates many
substrates including aquaporin 2, CFTR, ROMK,
and ENaC [95, 97-100]. cAMP has been reported
to be elevated in almost all PKD models studied
to date [101-106] and as described in more detail
below has been implicated in driving the secretion
of luminal fluid and cell proliferation, thus, propa-
gating cyst enlargement [101-103, 107, 108].
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The mechanisms underlying elevations in
cytosolic cAMP in PKD remain incompletely
understood but are thought to involve an imbal-
ance in the production and breakdown of
cAMP. It has been hypothesized that perturba-
tions in cytosolic Ca?* flux underlie changes in
cAMP concentration through effects on both
cAMP synthesis (via adenylate cyclase) and
hydrolysis (via phosphodiesterase) (reviewed in
[109]). If cell calcium is indeed reduced in
ADPKD cells, this might result in the stimulation
of calcium inhibitable ACs, notably, AC6
(Adcy6), and an inhibition of calcium-dependent
cAMP phosphodiesterases like PDE1. Consistent
with this model, introduction of an Adcy6 mutant
allele ameliorates cystic disease in mice with col-
lecting duct deletion of Pkdl [110]. In addition,
knockdown of Pdela by morpholino or gene tar-
geting exacerbates cystic disease in Pkd2 zebraf-
ish morphants and in Pkd2 mutant mice,
respectively [111, 112]. There are several other
factors that have been proposed to contribute to
elevations in cAMP levels, for example, disrup-
tion of PCl binding to the heterotrimeric
G-proteins, which inhibit AC activity and accu-
mulation of other agonists of AC activity in cyst
fluid such as endogenous forskolin [95, 113,
114].

The most important contributor to elevated
renal cAMP levels in ADPKD, however, is the
vasopressin pathway. Vasopressin, acting on the
Gs-coupled V2 receptor, is the major agonist of
adenylate cyclase in the renal collecting duct. A
large body of data indicates that upregulation of
this pathway is significant in the progression of
polycystic kidney disease [87, 95]. Impaired uri-
nary concentrating capacity is one of the earliest
manifestations of ADPKD, and this presumably
is the basis for increased activity of the vasopres-
sin pathway [115, 116]. Copeptin, a vasopressin
surrogate which is produced when AVP is pro-
cessed to its active form, is elevated in ADPKD
and has been correlated with disease severity in
several studies [117-119]. In addition, expres-
sion of other vasopressin pathway members, such
as the V2 receptor and aquaporin 2, is increased
in cystic kidneys from multiple rodent models
including Pkd2 mutant mice [102, 103]. Perhaps

the most compelling piece of data comes from
experiments in an ARPKD rat model (PCK)
showing that introduction of a vasopressin null
allele nearly abolishes cystic disease in these ani-
mals, while treatment with DDAVP causes cystic
disease to re-emerge [120]. As further proof of
the importance of the vasopressin pathway, V2
receptor antagonists have been shown to improve
cystic disease in all rodent models where they
have been tested, and these finding have formed
the basis for human clinical trials that are dis-
cussed elsewhere [102, 103, 121-123].

So why are elevated levels of cAMP detrimen-
tal in ADPKD? cAMP has been implicated in dif-
ferential modulation of cell proliferation, which
is an important feature of cyst expansion
(reviewed in [95]). cAMP has a pro-proliferative
effect on cultured cells derived from human
ADPKD cysts, whereas an inhibitory effect is
observed in normal renal epithelial cells (NHK)
[107, 124]. The effect of cAMP and its agonists
on proliferation in PKD cells is mediated by PKA
stimulation of the mitogen-activated protein
kinase  kinase/extracellular-regulated  kinase
(MEK/ERK) pathway [124-126]. This pathway
is activated in many malignancies and promotes
cell proliferation (reviewed in [127]). Yamaguchi
et al. showed that treatment of ADPKD cells with
8-Br-cAMP stimulated ERK phosphorylation,
and this could be prevented by treatment with
either PKA or MEK inhibitors [124]. In contrast
8-Br-cAMP had no effect on P-ERK levels in
normal human kidney cells. The activation of
MEK/ERK in ADPKD cells appears to occur at
the level of B-Raf, a kinase upstream of the Ras/
Raf/MEK/ERK pathway. cAMP treatment of
ADPKD cells (but not normal human kidney
cells) resulted in augmented B-Raf kinase activ-
ity, an effect that could be abrogated by pretreat-
ment with a PKA inhibitor [95, 124].

The relationship between calcium homeosta-
sis and cAMP signaling in ADPKD cells has
been further studied in vitro. Yamaguchi et al.
treated M1 collecting duct cells and normal
human kidney cells with calcium channel block-
ers (nifedipine and verapamil) and found that this
maneuver converted these cells to an ADPKD,
cAMP growth-stimulated phenotype [128].
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Under calcium-restricted conditions, cCAMP was
able to stimulate ERK and B-Raf activity.
Conversely increasing intracellular calcium in
ADPKD cyst cells, by either activating L-type
Ca’* channels or by treating the cells with a cal-
cium ionophore, inhibited cAMP-dependent pro-
liferation, ERK phosphorylation, as well as
activation of B-Raf [129]. In aggregate these data
have been interpreted to link the differential
response to cAMP in ADPKD cells versus nor-
mal human kidney cells to a reduction in intracel-
lular Ca* associated with mutations in
PKDI1/PKD2 [87, 95, 109]. However, whether
pharmacologic maneuvers in cell culture, which
presumably cause dramatic alterations in calcium
homeostasis, mimic in vivo conditions in ADPKD
remains uncertain. A more detailed and inte-
grated understanding of the role that the polycys-
tin complex plays in regulating cell calcium is
needed to draw a more definitive conclusion.

In addition to cell proliferation, cAMP is also
an important mediator of chloride-driven tran-
sepithelial fluid secretion, which is responsible
for cyst enlargement in polycystic kidney disease
[130-132]. In the absence of fluid secretion, it is
believed that the relatively small degree of
increased cell proliferation would not be suffi-
cient to cause the parenchymal distortion that
occurs secondary to the large cyst burden that is
characteristic of the ADPKD kidney [133]. Early
studies using intact cysts dissected from ADPKD
kidneys showed that they secrete fluid and enlarge
when treated with forskolin, thereby linking fluid
secretion to elevated cAMP [130, 132, 134]. Like
other secretory epithelia, fluid flux is driven by
active chloride secretion [130, 132].

Much attention has been focused on the role
of the cystic fibrosis transmembrane conductance
regulator (CFTR) in this process. CFTR is an
ABC transporter-class ion channel activated by
cAMP/protein kinase A that allows flow of chlo-
ride ions down an electrochemical gradient and
plays an important role in chloride-driven fluid
flux by other secretory epithelia [135, 136].
Immunolocalization studies in ADPKD kidneys
showed that CFTR is located in the apical mem-
brane of cyst epithelium [137-139]. Moreover,
inhibitors of CFTR or genetic introduction of a

CFTR mutation were able to block cAMP-
induced cyst formation in Pkdl null murine kid-
neys grown in metanephric organ culture
[140—142]. There are several reports describing a
small number of families harboring both CFTR
and ADPKD mutations with some investigators
concluding that a CFTR mutation may be protec-
tive in the context of ADPKD and others finding
no effect [143-145]. It is difficult, however, to
establish a definitive correlation from these anec-
dotal reports since the numbers of individuals
with both PKD and CFTR mutations are small.
There are no published reports describing
whether a CFTR null allele is protective in an
orthologous adult ADPKD mouse model. In any
case, CFTR is unlikely to be the sole channel
responsible for chloride secretion in ADPKD
given the heterogeneity of its expression in cyst
epithelium [137, 146]. In addition to CFTR-
mediated chloride secretion, apical calcium-
activated chloride channels have also been
implicated in luminal C1~ secretion in in vitro and
ex vivo PKD models [147, 148].

Taken together many lines of evidence support
the idea that cAMP levels are associated with
ADPKD progression and that cAMP is a “bad
actor” in the context of cyst progression. The
vasopressin pathway is an important player in
upregulating cAMP levels presumably in those
cysts arising from renal tubular segments where
vasopressin is active. The cAMP-vasopressin
axis continues to be an important therapeutic tar-
get in clinical trials.

The Role of mTOR in ADPKD
Pathogenesis

A spotlight on mTOR’s involvement in PKD
dates back over two decades when it was discov-
ered that many individuals afflicted with infantile
onset ADPKD had large deletions of chromo-
some 16 affecting PKD1 and the adjacent 7SC2
gene [149]. TSCI and TSC2 mutations give rise
to tuberous sclerosis, a rare multi-system genetic
disease with renal cysts as one of its features
[150]. Given the increased severity and infantile
onset of renal cystogenesis in individuals with
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mutations in PKDI and TSC2, a regulator of the
mammalian target of rapamycin (mTOR) path-
way, it seemed plausible that PKDI might also
have a role in mTOR signaling.

The mammalian target of rapamycin (mTOR)
is a conserved serine/threonine kinase that senses
cellular states of energy, stress, nutrition, and
oxygenation and integrates this information to
regulate complex cellular pathways that control
growth and survival (reviewed in [151-154]). In
general, when nutrients are plentiful and specific
growth stimuli are present, mTOR signaling is
turned on to coordinate anabolic processes such
as nutrient import and macromolecular synthesis
all of which increase cell size and mass [154].

mTOR exits in two distinct large multiprotein
complexes, mTOR complex 1 (mTORCI1) and
mTOR complex 2 (mTORC2). Both complexes
share core components including the kinase
mTOR, GPL/mLST8, and DEPTOR, but each
also contains unique proteins [151]. mTORCI is
in a complex with raptor and PRAS40 and is
inhibited by the rapamycin-FKB12 (FK506
binding protein) complex, while mTORC?2 is
distinguished by interaction with Rictor, mSinl,
and Protor [151, 153, 154]. A large body of work
has focused on regulators of mTORC1, which to
date is much better characterized than mTORC?2.
The best-known regulator of mTORCI is the
TSC1-TSC2 complex, which is a heterodimer
composed of TSC1 (known as hamartin) and
TSC2 (known as tuberin) [155]. This complex
acts as a GTPase-activating protein (GAP) for
the Rheb GTPase. When in its GTP-bound form,
Rheb stimulates mTORCI kinase activity
through direct interaction. TSC1/TSC2 converts
Rheb to its inactive, GDP-bound form, thereby
inhibiting mTORC1 [156]. The TSC1/TSC2
complex is a target for several Kkinases.
Phosphorylation events can either inhibit TSC1/
TSC2 (thereby increasing mTOR signaling) or
the reverse [153, 155, 157]. Negative regulators
of TSC1/TSC2 include PI3K/Akt and ERK1/2,
while positive regulators include AMPK and
GSk3p (reviewed in [155, 157]).

There is also a body of data suggesting that
there is cross talk between polycystin pathways
and TSCI1/TSC2. Distefano et al. noted that

MDCK cells stably overexpressing PC1 were
smaller than controls, whereas Pkdl null mouse
embryonic fibroblasts (Pkdl~~ MEFS) were
larger than their wild-type counterparts [158].
This “large cell” phenotype in Pkdl~~ MEFs was
associated with upregulation of mTOR signaling
(as measured by levels of phosphorylated 70S6K
and 4EBPI1) along with activation of MEK/
ERK. Inhibition of mTOR with rapamycin, as
well as application of MEK/ERK inhibitors, was
able to return cell size to normal. These authors
proposed that loss of polycystins activate the
MEK/ERK pathway, which in turn phosphory-
lates tuberin and relieves its repression of
mTOR. It should be noted that other investigators
failed to show constitutive upregulation of mTOR
signaling in Pkd1~~ MEFs, which may be due to
variation in clonal cell isolates or to differences
in experimental protocol [159].

The cell-based studies described above were
complemented by findings that mTOR signaling
is upregulated in cyst lining epithelial cells from
rodent models of PKD [160-163] as well as in
human ADPKD [159, 160]. Consistent with this,
blocking mTOR activity with sirolimus (formerly
rapamycin) or everolimus had a beneficial effect
in numerous rodent models of PKD including
ORPK-rescue  (Tg737°7%wk:TgRsq),  bpk,
HanSPRD, Pkd [<on¥eond: Nestin-Cre, and
Pkd2"s?¥= [160-168]. These preclinical data
formed the basis for clinical trials of mTOR
inhibitors in human ADPKD that are discussed
elsewhere in this monograph [169, 170].
Unfortunately, the results of these studies were
disappointing for a variety of reasons. One pos-
sibility is that the mTOR pathway may not be the
most proximate upstream initiator of cyst forma-
tion given the existence of subsets of ADPKD
cysts that are found which lack mTORCI1 upreg-
ulation [22, 159]. Another proposed explanation
is that the standard doses of mTOR inhibitors
used to achieve immunosuppression in the trans-
plant setting may not be sufficient to inhibit
mTOR in the kidney [171, 172]. One approach
that has been tried to circumvent this problem is
to target rapamycin to the kidney by targeting it
to the folate receptor, which is expressed in both
normal and cystic kidney at high levels [173].
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This approach has been successful in a non-
orthologous bpk mouse model of PKD [173].
There is also complex cross talk between the
mTORCI1 and mTORC2 complexes [151, 157].
Whether inhibitors of both complexes would be
more effective remains to be formally tested
[168]. Additional strategies aimed at metabolic
reprogramming are also being pursued as dis-
cussed below.

Metabolism in PKD

The link between ADPKD and increased cell
proliferation and growth has led to comparisons
between the processes of cystogenesis and neo-
plasia [6, 174]. Therefore, it is no surprise that
metabolic reprogramming of pathways involved
in energy production and biosynthesis has been
discovered in PKD, a phenomenon that has been
long associated with cancer (Fig. 4.3). Evidence
of metabolic alterations in ADPKD was shown
through transcriptomic and urine metabolomic
analysis in mice with inducible inactivation of
Pkdl [175, 176]. These analyses showed an
enrichment for genes linked to metabolic path-
ways in mutant signature sets, notably HNF4«
[175]. HNF4a is a transcription factor down-
stream of mTOR that is involved in regulation of
development and metabolism and, notably, has
been implicated as a regulator of glucose homeo-
stasis [177].

Further evidence that cystic epithelia have
metabolic alterations came from reports that
PkdI~~ MEFs, Pkdl mutant mouse kidneys and
human cyst lining epithelial cells all have high
levels of glycolysis [178, 179]. This finding is
akin to the Warburg effect found in many malig-
nancies that harbor a preference for aerobic gly-
colysis [180, 181]. The rewiring of metabolism in
these neoplasms causes an addiction to glucose
rendering them susceptible to agents that inhibit
glucose utilization. Cancer cells that rely on aero-
bic glycolysis are glucose dependent largely
because the PI3K/Akt/mTOR pathway directs
metabolic substrates into lipid and protein syn-
thesis and away from catabolism [181]. It is con-
ceivable that the same may be true in

ADPKD. Treatment of Pkdl mutant mice with
the glucose analog 2-deoxyglucose (2-DG)
which inhibits glycolysis was effective in reduc-
ing the cystic phenotype [178, 179, 182]. This
benefit was observed regardless of whether the
Pkdl gene was inactivated early (aggressive early
onset model) or late after renal development is
complete.

Follow-up studies by other groups have added
weight to the general principle of metabolic
reprogramming in ADPKD but failed to confirm
that cystic disease or Pkdl mutation in MEFs is
associated with the Warburg effect [183, 184]. A
study describing transcriptional and metabolo-
mic profiling in a large data set of more than 30
control and 30 cystic Pkdl murine kidney sam-
ples failed to detect differences in lactic acid lev-
els or glycolytic activity and instead found
defects in fatty acid oxidation which was con-
firmed by seahorse analysis of Pkdl mutant cell
lines [183]. Interestingly, in this study male mice
had more severe cystic kidney disease than
females, and it was speculated that differences in
lipid metabolic pathways might account for the
protection seen in females [183]. In several stud-
ies calorie restriction and fat restriction appear to
have salutatory effect on cyst progression in vari-
ous mouse models [183-185].

The mechanistic link between PkdI/Pkd2
mutation, cystogenesis, and metabolic repro-
gramming, however, has yet to be defined. Rowe
et al. suggested that activation of glycolytic genes
in Pkdl mutant cells and mice is being driven by
the transcription factor HIFla which can be sta-
bilized in cystic epithelia by either hypoxia or
mTOR [178]. As noted above, the ERK pathway,
which is upregulated in ADPKD, is implicated as
an upstream mediator of metabolic alterations
through its activation of the mTORCI complex
and its inhibition of the LKB1-AMPK axis [157,
158, 178]. LKB1-AMPK signaling serves as a
key nutrient sensor, which is critical for mainte-
nance of cellular metabolic homeostasis [186].
LKBI1 phosphorylates and activates AMPK in
response to an increase in the intracellular AMP
to ATP ratio. AMPK, in turn, phosphorylates
numerous substrates controlling processes that
contribute to a shift from anabolism to catabolism
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Fig. 4.3 Overview of metabolic reprogramming in
ADPKD. Schematic diagram showing a subset of signal-
ing pathways that converge on the mammalian target of
rapamycin (mTOR) to control cell metabolism. mTOR is a
conserved serine/threonine kinase that integrates informa-
tion about cellular energetics to regulate pathways that
control growth and survival. mTOR exists in two distinct
complexes, mMTORCI and mTORC2; only the former is
depicted here. The TSC1-TSC2 complex acting thru Rheb
(see text) is the primary negative regulator of mTORCI.
Under normal conditions (left panel), there are various
positive (e.g., MAPK/ERK1/2 and Akt) and negative
inputs at the level of TSCI1/TSC2 (e.g., AMPK and

with the ultimate goal of restoring cellular ATP
levels to ensure survival. mTOR is among the
pathways negatively regulated by AMPK, which
phosphorylates TSC and raptor, core components
of the mTORC1 complex [187, 188]. In Pkdl~"~
cells, LKB1 is phosphorylated at ERK specific
sites, which results in inhibition of AMPK [178].
Presumably in this scenario, AMPK would be
further inhibited by elevated rates of aerobic gly-
colysis yielding high levels of ATP and a decrease
in the AMP to ATP intracellular ratio. Indeed, in
several studies Pkdl~~ cells and kidneys appear
to have reduced levels of phosphorylated (active)
AMPK [178, 184, 185]. Consistent with this,
agents that increase AMPK (and inhibit ERK)
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GSK3p) that either increase or decrease mTOR signaling,
respectively. Disruption of the polycystin complex (right
panel) is associated with upregulation of the MAPK/ERK
pathway and decreased levels of AMPK which result in
upregulation of mTOR. AMPK negatively regulates
CFTR, so reduction in AMPK may result in an increase in
fluid-driven chloride secretion. Overexpression of PCl1
results in increased levels of p-AKT*” but whether the
converse is true in PC1-deficient cells is less clear and may
hint at complicated cross talk between mTORCI1 and
mTORC?2 [157, 158, 178]. Most of the data supporting this
diagram has been generated in Pkd/ mutant cells and tis-
sues, and the role of Pkd2 has not been explored in depth

such as metformin have been shown to slow renal
cystogenesis presumably by inhibition of mTOR
and also of CFTR-mediated chloride secretion,
which is also negatively regulated by AMPK
[178, 189-191].

In addition to the LKB1-AMPK and mTOR
pathways, other metabolic sensors such as sirtuin
1 have also been implicated in cystogenesis.
Sirtuinl (SIRT1), a deacetylase which senses
NAD-+ levels and, in turn, modulates the expres-
sion of metabolic genes, was found to be upregu-
lated in Pkdl mutant kidneys [192, 193].
Inactivation of SIRT1 delayed the cystic pheno-
type and treatment with inhibitors led to delayed
renal cyst growth in Pkd/ mutants [192].
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As our understanding of metabolism in neo-
plastic diseases advances, there will undoubtedly
be more insights into the parallels that are present
in polycystic kidney disease and the role that
metabolic reprogramming plays in ADPKD
pathogenesis.

Concluding Remarks

Over the past 20 years, there has been remarkable
progress in furthering our understanding of cys-
togenesis. Advances in the laboratory have
resulted in the development of new therapeutic
approaches for PKD with a number of drugs now
in clinical trials. Despite the strides that have
been made, however, challenges remain. Notably,
we do not yet know what activates the polycystin
complex in vivo, and we have not distinguished
the most proximal effects of gene mutation from
secondary cellular abnormalities that arise from
distorted cystic architecture in late stages of dis-
ease. Many of the pathogenic pathways that have
been implicated in cyst progression, such as
mTOR, cAMP, and calcium signaling, are com-
plex and have varying regulatory functions con-
tingent upon cell type, environment, and
developmental stage. How the dysregulation of
PKD signaling pathways arises, what the impli-
cation of these changes are, and how they fit into
a larger more complete picture of disease patho-
genesis will require further investigation. The
authors apologize if any relevant publications
were overlooked in this review.
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Cilia and Polycystic Kidney Disease

Dawn E. Landis, Scott J. Henke,

and Bradley K. Yoder

Introduction

Many pathways involved in renal cyst develop-
ment are regulated by the cilium, and most pro-
teins linked to cystic kidney phenotypes either
localize to cilia or disrupt ciliary assembly or
function [1-3]. Diseases that are associated with
the dysfunction of cilia are classified as ciliopa-
thies [4, 5]. Although the phenotypes of different
ciliopathies can vary dramatically, many of the
ciliopathies present with a cystic kidney pheno-
type [4]. A prime example is found in polycystic
kidney disease (PKD), one of the most common
genetic causes of kidney failure in humans [6].
The three main proteins associated with PKD
localize to the primary cilium, and mutation of
these proteins results in defects in multiple sig-
naling pathways [1, 3]. Thus, to develop effective
therapeutic strategies, it is important that we
understand the mechanisms involved in cilia for-
mation and maintenance and the diverse roles
they may have in the kidney. Many studies utiliz-
ing model systems that range from single-celled
eukaryotes to humans have led to several hypoth-
eses to explain how loss of cilia function might
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contribute to cystogenesis. This chapter will dis-
cuss these hypotheses in light of mechanisms of
ciliogenesis and the proposed roles for the cilium
in the kidney.

Cilia

Cilia are microtubule-based organelles that
extend from the surface of most cell types in the
mammalian body [7]. Cilia can be classified into
two broad groups: motile and primary (immotile)
cilia (Fig. 5.1a). Motile cilia have roles in move-
ment of cells and to generate fluid flow across
various cell types, while primary cilia are critical
in many sensory functions, such as smell and
vision, and have been implicated as mechanosen-
sors and in reception of several secreted ligands
[8-11]. The involvement of cilia in human health
was originally observed decades ago when
defects in motile cilia were linked to a disease
called primary ciliary dyskinesia (PCD, OMIM
#, 244400) named for primary movement defects
in motile cilia and not primary cilia [12, 13]. In
contrast to this long history documenting the
clinical significance of motile cilia, primary
immotile forms of cilia were long thought to be
vestigial. A dramatic shift in cilia research
occurred in the late 1990s and early 2000s when
mutations involved in cilia formation revealed
that primary cilia are critical for proper develop-
ment and tissue function [14-16].
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Fig. 5.1 Cilia structure, subdomains, and intraflagellar
transport. (a) Cross sections of primary and motile cilia.
Nine microtubule doublets are symmetrically distributed
in the cilia axoneme. Motile cilia have an additional two
microtubules which extend through the center of the axo-
neme, as well as a pair of inner dynein and outer dynein
arms which connect with the neighboring microtubules to
generate movement. (b) The cilium extends from the basal
body which is composed of triplet (a, b, ¢) microtubules.
Microtubule doublets (a and b) then form the core struc-
ture within the cilium and extend outward from the basal
body at the cilium’s base. The transition fibers, located
just distal to the basal body, as well as the “Y-links” of the

transition zone separate the cell’s cytoplasm from that of
the cilium. The intraflagellar transport (IFT) protein com-
plex attaches to the transition fibers and is carried from the
base of the cilium to its tip (anterograde movement, blue
arrow) by kinesin motors and back again toward the base
(retrograde movement, red arrow) by the dynein motor
(Red arrow). Many receptors, signaling machinery, and
channels, including polycystin-1 and polycystin-2 com-
plex and GPCRs, are enriched in the ciliary compartment.
(¢) Cross and longitudinal sections, respectively, of kid-
ney tubules showing cilia projecting from the tubule epi-
thelial cells into the nephron lumen (tubules are outlined
by white dotted lines)
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Motile cilia are found on a few distinct cell
types in mammals, and unlike solitary primary
cilia, motile cilia are normally present on large
numbers per cell. These types of motile cilia are
found in the respiratory tracts, fallopian tubes,
and the ependymal cells lining the ventricles in
the brain. Motile cilia beat in a coordinated wave
to move fluid across the epithelia. For example,
cilia on the ependymal cells move cerebral spinal
fluid through the ventricular system; cilia of the
tracheal epithelium are used to move mucus and
clear debris; and cilia of the fallopian tubes aid in
the migration of the ova. As such, defects in the
motility of these cilia as seen in PCD patients are
associated with hydrocephalus, chronic respira-
tory infection, and infertility [17-19].

Interestingly, PCD patients also present with
defects in left-right asymmetry, and some patients
display a complete inversion of the internal
organs called situs inversus [18, 20]. This situs
defect is a clinical hallmark of a subset of PCD
known as Kartagener’s syndrome (OMIM#
242650) [18]. At the cellular level, situs inversus
is due to the loss of nodal cilia function. Nodal
cilia are another form of motile cilia located on
an early developmental structure called the node
[21]. The node acts as the organizer for gastrula-
tion in mammals and is involved in specifying
left-right body axis patterning [22]. Coordinated
beating of nodal cilia creates extraembryonic
fluid movement across the node’s surface [23—
25] that initiates increased Ca* signaling in the
cells on the left side of the node [26]. This Ca**
signal is dependent on polycystin-2 (PKD2), a
ciliary localized calcium channel better known
for its connection to renal cyst formation in PKD
[27]. Mutations in Pkd2 in mice, zebrafish, and
some human ADPKD patients with mutations
with recessive hypomorphic mutations in PKD2
also result in situs inversus showing a link
between situs defects observed in ciliopathies
and cystic kidney patients [28-30].

Cilia Structure

The cilium membrane and its axonemal microtu-
bules protrude from the cell surface and can be

divided into multiple subdomains (Fig. 5.1b).
At the base, anchoring the cilium to the cell cyto-
skeleton is the basal body from which the micro-
tubule axoneme extends [31]. The basal body
contains nine triplet microtubules (A, B, and C
microtubule) arranged in a circle [31-34]. The
basal body is docked to the cell membrane
through transition fibers. Just distal to the transi-
tion fibers is the transition zone (TZ). The TZ
along with the rest of the ciliary axoneme typi-
cally have nine pairs of microtubule doublets (A
and B microtubules). The TZ is also defined by
elaborate structures called “Y-links” that extend
from the microtubule doublets at the junction
between the A and B microtubule to the ciliary
membrane. The Y-links are thought to connect to
the membrane through the ciliary necklace, a
protein aggregation of unknown composition
located around the membrane at the level of the
TZ [7, 35, 36]. The TZ subdomain can vary in
length and structure depending on organism or
even tissue. For example, the connecting cilium
in the photoreceptor cells is an elongated TZ that
is typically 500 nm compared to 200 nm for pri-
mary cilia of most mammalian cells [37]. Just
distal to the TZ in the axoneme is another subdo-
main called the inversin compartment because of
the localization of the protein inversin (Inv) to
this region. When disrupted in mice, it causes
renal cystic disease. Inv is required in renal devel-
opment and left-right axis patterning. It is thought
to inhibit the canonical Wnt pathway by targeting
cytoplasmic disheveled (Dvll) for degradation
and may be required during renal development to
oppose the repression of terminal differentiation
of tubular epithelial cells caused by Wnt signal-
ing. Inv is also involved in the organization of
apical junctions in kidney cells. Electron micros-
copy studies indicate the inversin compartment is
not structurally distinct from the rest of the cil-
ium but is classified as a separate subdomain due
to its unique protein composition [38, 39]. The
functions of the transition zone, the ciliary neck-
lace, transition fibers, and inversin compartments
are still to be determined.

The cilia microtubule axoneme is the main
extension of the cilia, and it is typically subdi-
vided into the proximal and distal segment. The
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proximal segment is made up of nine doublet
microtubules (A and B microtubules) arranged in
a ring. A well-defined distal segment character-
ized by the presence of only single microtubules
(A microtubule) is not typically present in most
mammalian cells but is found in some organisms
such as C. elegans (a nematode often used in cilia
research) cilia as well as in mammalian olfactory
cilia [31, 33, 40]. The functional significance of
this singlet microtubule domain is not well
known, but it is interesting in C. elegans that a
specific microtubule motor protein (OSM3) is
needed for transport along these microtubules
[41]. The sub-compartmentalization of the cilia
may provide specialization of the sensory and
signaling activities of the cilium.

Regardless of whether it is a primary cilia or a
motile cilia, both require a process called intrafla-
gellar transport (IFT) for their assembly
(Fig. 5.1b). IFT is the process by which structural
subunits and other signaling and sensory machin-
ery are actively transported bidirectionally
(anterograde and retrograde) along the cilia axo-
neme by IFT proteins and their associated motor
proteins [42]. IFT has been extensively analyzed
in Chlamydomonas and C. elegans [42—47]. The
motor proteins responsible for moving these par-
ticle trains include the heterotrimeric kinesin-2
motor that moves the IFT particle in the antero-
grade (base to tip) direction and the cytoplasmic
dynein-2 motor involved in retrograde (tip to
base) transport [43, 45]. In addition to their role
in the cilium, several proteins involved in IFT
have also been implicated in other functions such
as trafficking proteins from the Golgi to the cili-
ary base, mitotic spindle function and genomic
stability, and in immune synapse formation [48—
53]. IFT proteins dock at the transition fibers at
the base of the cilium and assemble into a large
complex that travels along the cilium [54]. The
IFT particle is comprised of two different molec-
ular IFT sub-complexes, IFT-A and IFT-B [45,
46]. When proteins in complex B are mutated,
anterograde movement of IFT is disrupted and
cilia are not formed [55]. If complex A proteins
are disrupted, retrograde movement is impaired
and proteins accumulate in the distal portion
of the axoneme, and cilia become stumpy and

bulbous [56, 57]. Mutations affecting IFT pro-
teins in mice are typically embryonic lethal, and
those found in human patients are associated
with severe ciliopathies. Interestingly, every IFT
mutation identified in human patients thus far is
hypomorphic, suggesting that the loss of IFT is
not viable, similar to what was observed in IFT
mutant mice [58, 59].

Ciliary Function

The protein composition of the primary cilia is
unique from that of the rest of the cell even
though the ciliary membrane and lumen is con-
tinuous with the cell’s membrane. This distinct
protein composition allows the primary cilium to
function as a specialized signaling and sensory
center. Examples of this specialization are the
many G-protein-coupled receptors (GPCRs) such
as somatostatin receptor 3 (SSTR3), serotonin
receptor (SHT6), the olfactory receptors of olfac-
tory sensory neurons, and rhodopsin in photore-
ceptors that localize to the cilium [60, 61]. In
addition to GPCRs, there are many other types of
signaling receptors and components enriched in
the cilium, for instance, cyclic nucleotide gate
channels (in the photoreceptors, olfactory neu-
rons, and kidney collecting duct cells), adenylate
cyclases 3 and 6, the polycystins, and hedgehog
pathway components [62—74]. The importance of
having these receptors and signaling machinery
in the cilia for regulation of these pathways
remains poorly defined.

There are several models that have been pro-
posed for how the cilium may establish and
maintain its unique complement of proteins.
Some ciliary proteins have a ciliary targeting sig-
nal, although there appears to be no universal
motif common to cilia proteins [61, 75]. Other
studies have suggested a sequence similar to that
found on proteins targeted to the nucleus [76].
Intriguingly, nuclear pore complex proteins have
been localized to the base of the cilium and thus
may function to regulate cilia entry [76-78].
While small proteins freely diffuse into the cil-
ium, proteins larger than 9 nm are restricted from
entering the cilium and require active transport
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for ciliary entry, similar to the mechanism of the
nuclear pore complex [79]. Support for the active
transport theory is established through experi-
ments confirming the dependence of a kinesin
motor involved in IFT (KIF17) ciliary localiza-
tion on the gradient of the small GTPase (Ran)
between the cilia and cytoplasm. Disrupting the
Ran GTP/GDP gradient through expression of
GTP-bound versions of Ran, which negatively
affect association of importins (proteins involved
in transported other proteins into the nucleus
through binding to a specific recognition
sequence) and their cargos, disrupts ciliary local-
ization of KIF17 [76, 78, 80, 81]. Suggesting an
alternate explanation to a nuclear pore complex
at the base of the cilium are studies involving
GFP monomers, dimers, and trimers expressed
transgenically in frog rod cells. These data sug-
gest that the differing ciliary permeability of
these molecules is due to the steric hinderance
from the outer segment disc membranes and due
to active transport [82]. Another model proposes
that cilia composition regulation may involve a
selective protein retention mechanism that uti-
lized PDZ protein domain-dependent interac-
tions to retain certain proteins outside the cilium
[83, 84]. Additionally, the structures found at the
TZ may constitute a ciliary size diffusion barrier
regulating what proteins are allowed access to the
cilium or are retained within the cilium [36].
Using a chemically inducible diffusion trap at the
base of the cilia, it was shown that proteins rang-
ing in size from 3.2 to 7.9 nm were able to enter
into the cilium, although their rate of entrance
was inversely correlated with size, suggesting a
molecular sieve at the base of the cilium [85]. Of
further interest, multiple proteins involved in
renal cystic disease syndromes, such as
Nephronophthisis (NPHP) and Meckel-Gruber
syndrome (MKS), localize to the TZ [36, 86—88].
Mutations in these NPHP and MKS proteins
result in “leaky” cilia where nonciliary proteins
are allowed access into the cilium and proteins
that normally localized in the cilium fail to accu-
mulate there. Most relevant to PKD is that poly-
cystin-2 fails to be retained in the cilium of
several of the transition zone mutants in mice
[36, 89, 90].

The specialized nature of the cilium is thought
to have an important role in allowing it to regu-
late numerous pathways. Several examples of
pathways in which cilia have been implicated in
regulating their activity are discussed further
below and include mTOR, Wnt, PDGF, puriner-
gic, Jak/STAT, and hedgehog (Hh).

Polycystic Kidney Disease

PKD is broadly classified as either autosomal
recessive polycystic kidney disease (ARPKD) or
autosomal dominant polycystic kidney disease
(ADPKD). ADPKD is the more common form
that typically begins showing symptoms in adult-
hood. In most cases the development of cystic
kidneys in these patients results in eventual end-
stage renal disease. FEighty-five percent of
ADPKD are caused by mutations in PKD1, while
the remaining 15% of cases are caused by muta-
tions in PKD2 [6, 91]. Despite ADPKD being a
dominantly inherited disease, it is recessive at the
molecular level requiring a germline mutation
and a subsequent somatic mutation or “second
hit” in the second allele. Patients found with
homozygous mutations in PKD1 develop a severe
phenotype similar to ARPKD patients supporting
the idea of a second hit mutation. This model is
further supported by the clonal nature of the cells
with the same second somatic mutation identified
in epithelium within a single cyst [92, 93]. The
“second hit” hypothesis helps explain the devel-
opment of cysts later in life, variability of cyst
formation with families, and the limited number
of nephrons affected as these new mutations must
be acquired over time. The factor that leads to
cyst formation after loss of the second allele is
not clear. In some studies it appears to be prolif-
eration; however, in other studies, increased pro-
liferation is a consequence of cyst formation and
not a driving cause [94-96].

A second and less common form of the dis-
ease is autosomal recessive polycystic kidney
disease (ARPKD). ARPKD is caused by muta-
tions in PKHD1 [97]. This form of the disease is
more severe as it develops earlier in life, fre-
quently prenatally. Most neonates with ARPKD
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die shortly after birth of pulmonary hypoplasia.
Of the patients that survive the neonatal period,
80% live past the age of 10 but develop end-stage
renal disease by age 15 [98]. ARPKD patients
also present with hepatic defects associated with
ductal plate malformation and fibrosis. Although
we’ve made substantial advances in care for
ARPKD patients, the prognosis is poor and there
is little treatment available aside from kidney
transplantation [99].

Connections Between the Cilium
and PKD

Although the connection between cilia and PKD
is a recent discovery, Zimmerman first visualized
primary cilia projecting from kidney epithelial
cells and into the lumen of nephrons in 1898
[100] (Fig. 5.1c). An important advance connect-
ing cilia dysfunction to PKD came from the
development of the Oak Ridge Polycystic Kidney
(ORPK) mouse. The ORPK mouse was gener-
ated in the lab of Dr. Richard Woychik during a
large-scale transgene insertional mutagenesis
project at the Oak Ridge National Laboratory
[101]. In this particular case, a transgene inserted
into an intron of the 7g737 gene that was subse-
quently determined to encode the protein IFT88
[1, 16, 55]. This integration partially disrupted
Ift88 expression and causes a hypomorphic muta-
tion [102]. ORPK mice develop cysts in the kid-
ney, liver, and pancreas, hydrocephalus,
blindness, anosmia, polydactyly, cleft palate, and
extra teeth, have scruffy fur with abnormal folli-
cle formation, and are growth retarded. Scanning
electron microscopy analysis of the kidney
tubules of ORPK mice showed that the cilia were
stunted and malformed [103]. The hypomorphic
mutation in the ORPK mice was fortuitous in
making the connection between cilia dysfunc-
tion, cyst development, and other ciliopathy phe-
notypes as a complete null allele of Ift88 was
subsequently shown to cause body situs and neu-
ral tube defects that cause early embryonic lethal-
ity prior to kidney development [16, 102-104].
Another important breakthrough establishing
the link between PKD and cilia was research

done in C. elegans on the homologs of PKDI (an
interactor of PKD2 that is mutated in the majority
of PKD patients) and PKD?2 (the calcium channel
mutated in the remaining cases of PKD). During
a mutagenesis screen for male mating behavior
defects, Barr et al. identified mutations in lov-/
(the homolog of Pkd1) that resulted in the inabil-
ity of males to sense and locate the hermaphro-
dite vulva (a cilia-dependent behavior) [105].
Lov-1 and Pkd-2 proteins were shown to localize
to the cilia of the male-specific ciliated sensory
neurons [3, 105, 106]. Subsequent studies then
confirmed that mammalian PKD1 and PKD2 also
localize to the primary cilium (as well as to sev-
eral other sites in the cell) and that the loss of
these proteins disrupts ciliary-related signaling
while leaving the ciliary structure unaffected [2,
107].

Temporal Effects of Cilia
Dysfunction and Cyst Progression

Studies using conditional cilia (IFT mutants),
Pkdl, and Pkd2 mutant mouse lines have unex-
pectedly revealed that cilia dysfunction induced
at different time points will cause dramatically
different rates of cyst progression. In the case of
Ift88 conditional mutants, cilia loss induced prior
to pl2 (juvenile-induced) causes cysts to form
rapidly, within 3 weeks (Fig. 5.2). If cilia are lost
after pl12 (adult-induced mutants), cyst forms
slowly and can take more than 6 months to form
[108]. Similar results were obtained with the
Pkdl and Pkd2 mutant mouse lines [109-111].
These data raised the possibility that a prolifera-
tive environment, such as seen in the juvenile
kidney, in combination with cilia dysfunction
may be an important factor in determining the
rate of cyst formation. Cell proliferation rates in
the early postnatal kidney drop by around pl4,
coinciding with the time point where there is a
switch from rapid to slow cyst progression [95].
An increase in proliferation rates in combination
with changes in the orientation of cell division
was raised as a possible mechanism that would
lead to an increase in tubule diameter and even-
tual cyst formation (Fig. 5.3). This hypothesis is
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Fig. 5.2 Temporal effects of cilia loss on cyst progres-
sion. Disruption of cilia in the kidney prior to postnatal
day 12 (p12) leads to rapid cyst development (red line) in
mice. However, if cilia are disrupted after this period, the
rate of cyst progression is protracted requiring months
(green line) for cysts to develop. In adult-induced cilia
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(en face)

T

Cilia
A

Nucleus

Fig. 5.3 Oriented cell division in the nephron. (a)
Schematic of a nephron tubule depicting cilia on the api-
cal side of the cells pointing toward the tubule’s lumen.
(b) A schematic of a tubule showing normal orientation of
cell divisions with the mitotic spindles positioned parallel
to the tubule’s axis. This process contributes an increase in

supported by the rapid cyst development that
occurs in adult-induced cilia mutant mice after
ischemic reperfusion (IR). IR injury causes

Injury

e

2 months 6 months

mutants, rapid cyst formation similar to that observed in
juvenile-induced cilia mice can be initiated by injury
(orange line). (Red- and green-/orange-colored arrows
indicate when cilia loss was induced for each paradigm.
Orange arrow indicates timing of kidney injury)

Normal Tubule

tubule length. (¢) In PCP and cilia mutant tubules, the ori-
entation of cell division is random (2) and does not con-
tribute to elongation of the nephron. As such, disorganized
cell divisions may cause spherical growth of the tubule
that contributes an increase in tubule diameter and cyst
development

increased proliferation rates in the tubule epithe-
lium similar to the proliferation rates in the
juvenile-induced cilia mutants [112]. The rapid
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rate of cystogenesis that occurs in adults after IR
injury could however be caused by other factors
than proliferation, such as inflammation and cel-
lular dedifferentiation, and reinitiation of devel-
opmental pathways. The direct connection
between cilia loss, proliferation, and the rate of
cyst initiation is uncertain as data showing that
genetically maintaining high proliferation rates,
at least in the proximal tubules of the kidney of
adult-induced cilia mutants, was not sufficient to
exacerbate the rate of cyst formation [96]. Thus,
the cause for the divergent rates of cyst formation
that occurs in the juvenile-induced versus adult-
induced cilia and polycystin mutants is not yet
known.

Another recent intriguing finding reported by
Ma et al. was that in polycystin conditional
mutants, the subsequent deletion of cilia in either
juvenile or adult mice attenuated the rate of dis-
ease progression and improved renal function
[113]. The critical factor determining disease
severity was the amount of time the polycystins
were absent prior to the involution of the cilium.
These data led the authors to propose a polycystin-
dependent inhibition and cilia-dependent activa-
tion of a rapid cyst-promoting signal [113]. The
nature of these signals and interactions between
the cilium and the polycystins are unknown.

Cilia Regulating Signaling and PKD
Cilia and Mechanosensation

Cilia extend off most epithelial cells of the neph-
ron into the lumen leading to a model wherein
cilia function as a mechanosensor to detect fluid
flow through the kidney tubules. The first sugges-
tion that cilia could be involved in mechanosen-
sation was experiments showing that deflection
of cilia on MDCK cells caused an increase in
intercellular Ca** (Fig. 5.4) [114-116].
Importantly, the flow-induced Ca** response fails
to occur in cells lacking the polycystin proteins
or the cilium [115, 117, 118]. Similar mechano-
sensory roles for the cilium have been proposed
on the early embryonic node, endothelium of
blood vessels, and epithelium of the biliary and

pancreatic ducts. During mammalian develop-
ment, the embryonic node uses motile cilia to
generate flow toward the left side of the embryo
that also establishes a Ca®* signal. This flow and
the ability of cilia to sense it through Pkd2 are
necessary for establishing the left-right axis [28,
119]. Cilia loss in murine biliary and pancreatic
ductile epithelium leads to pancreatic cysts pos-
sibly through a similar mechanism as in the kid-
ney [120].

In cultures of renal epithelium, flow-induced
deflection of the cilium also prevents the proteo-
lytic cleavage of the C-terminal tail of PC-1 (the
protein product of the PKD1) by PC-2 (the pro-
tein product of PKD?2) [121]. The C-terminal tail
of PC-1 is critical for the complex interaction
between Pkdl and Pkd2 as well as multiple other
proteins [122, 123].

Although it is evident that cilia on renal epi-
thelium are capable of functioning in mechano-
sensation, the importance of this signal for
cystogenesis is controversial. If mechanosensory
defects were the major cause of cyst formation, it
is difficult to envision why cyst formation is so
protracted in mice where cilia loss is induced in
adults relative to what is observed in juvenile-
induced mice [95, 108, 110]. These data argue
that a defect in the mechanosensory signal is not
the sole factor determining the rate and severity
of cyst formation and progression.

Purinergic Receptors

Recent findings have raised the possibility that
cilia deflection caused by fluid flow in the kidney
can activate purinergic receptors, resulting in an
intracellular Ca*? response (Fig. 5.4). Supporting
this theory, the purinergic-dependent intracellu-
lar Ca*? signal induced by flow was blocked using
the P2YR pan inhibitor, suramin. Similarly, the
response to flow is reduced in mouse mutants
lacking the P2Y?2 receptor, indicating this recep-
tor as a likely candidate in the response even
though these mice do not develop cysts [124,
125]. Recent data also suggests that fluid flow
sensed through cilia and purinergic pathway activa-
tion stimulates clathrin- and dynamin-dependent
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Fig. 5.4 Purinergic signaling and the cilium. Fluid flow-
ing across the cell causes the cilium to bend and allows
calcium to enter the cilium involving the polycystin-2
channel (inset). The ciliary calcium activates nucleotide

apical endocytosis in the proximal tubules [126].
Increasing apical endocytosis could aid in the
retrieval of filtered proteins in the proximal
tubule. This action is important in aiding the kid-
ney in controlling resorption rates and fractional
solute resorption across a wide range of glomeru-
lar filtration rates.

transporters which release ATP into the extracellular envi-
ronment. ATP then signals back onto the purinergic recep-
tor (P2Y2) to signal the release of calcium from the
endoplasmic reticulum

Control of ATP and Ca*? levels through puri-
nergic signaling is critical for regulating electro-
lyte and water transport in the nephron [127].
ATP inhibits ion transport from proximal to distal
tubules causing a diuretic response. It has been
shown that using antagonists to the purinergic
receptor P2X7 in zebrafish morpholinos of PKD?2
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improves cystic phenotypes [128]. These antago-
nists reduce glomerular cysts and reduce pERK
activity and cell proliferation. This suggests that
purinergic receptor signaling through cilia may
function to modulate the kidney’s ability to
absorb filtrate and could be a contributing factor
in disease progression.

mTOR Pathway

The mammalian target of rapamycin (mTOR)
signaling pathway allows a cell to incorporate
environmental cues to regulate cell metabolism
and growth, protein translation, autophagy, pro-
liferation, and survival. mTOR acts as a serine/
threonine phosphatidylinositol kinase-related
kinase that is regulated by many different factors
such as insulin, growth factors, amino acids,
oxygen, and energy levels. The mTOR pathway
has been implicated in many diseases such as
cancer, obesity, neurodegeneration, and type 2
diabetes, and the pathway is markedly upregu-
lated in cystic renal epithelium [129-131].
Mechanistic in vitro studies indicate that poly-
cystin-1 regulates the mTOR pathway through
its C-terminal tail that is proteolytically cleaved
and released into the cytosol. This regulation
also involves tuberous sclerosis complex 2
(TSC2) [132]. TSC2 is an inhibitor of mTOR
activity, and mutations in TSC2 are also associ-
ated with cystic kidney pathology [133]. TSC2 is
phosphorylated by AKT retaining it at the cell
membrane where it regulates mTOR. The
uncleaved membrane-bound C-terminal tail of
PKD1 interacts with TSC2 and prevents its phos-
phorylation by AKT (Fig. 5.5). In the absence of
phosphorylation, TSC2 is partitioned into the
cytosol where it will no longer inhibit mTOR
[132]. Thus, through TSC2, PKD1 can regulate
mTOR activity. Importantly, nonfunctional
humanized versions of PKDI1 expressed in cell
culture preventing its C-terminal tail from asso-
ciating with TSC2 impair the inhibition of the
mTOR pathway [132]. Disruption of this inter-
action through mutations in Pkdl could be
involved in cyst progression in some PKD
patients.

Studies involving unilateral nephrectomy also
support the hypothesis that cystic kidney forma-
tion could involve aberrant mTOR signaling
through the cilium [134]. Mice with induced cilia
loss that underwent unilateral nephrectomy
showed an increase in cyst severity. When wild-
type and adult-induced cilia mutants underwent
unilateral nephrectomy, the cilia mutants showed
significantly higher levels of mTOR in the
remaining kidney compared to controls. This
resulted in renal hypertrophy and rapid cyst for-
mation in the cilia mutants [134].

mTor pathway activity may also be regulated
through mechanosensation signals. In vitro
assays demonstrated that cilia-mediated detec-
tion of the flow regulated cell size in part by
inhibiting the mTOR pathway. In contrast to cili-
ated cells, when cilia mutant cells were cultured
in the presence of flow, the cells did not adjust
cell volume and were significantly larger than the
ciliated control cells. The abnormal cell size phe-
notype was reversed by inhibitors of the mTOR
pathway, confirming this was an mTOR-mediated
phenotype. Unexpectedly this was not regulated
by PKD1 or PKD2 but was mediated through
Lkbl. Lkbl is a kinase that also localizes to the
cilium and is an inhibitor of the mTOR pathway
through AMP-activated protein kinase (AMPK).
Lkb1 phosphorylates AMPK that inhibits mTOR
activity and is upregulated as a consequence of
cilia sensing flow under normal conditions [135].
Since cilia on the cells of the kidney tubules in
PKD patients may be unable to respond to flow,
Lkb1 would also be deregulated leading to altered
mTOR pathway activity.

Studies using mTOR inhibitors sirolimus (for-
merly rapamycin) and everolimus cause a reduc-
tion in cyst size and kidney volume in several
mouse models [136, 137]. In human PKD trials,
sirolimus was less efficacious in part due to the
low dosage that was tolerable by humans without
severe side effects [138]. In an attempt to circum-
vent this problem, trials with a folate-conjugated
rapamycin, which is taken up through folate
receptor-dependent endocytosis, directly target-
ing the drug to the kidney, and requires lower
concentrations, strongly attenuated proliferation,
growth of renal cysts, and preserved renal
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Fig. 5.5 Flow modulates polycystin-1 regulation of
mTOR signaling. (a) LKB1 and AMPK localize to the
base of the cilium. In the presence of flow, LKB1 phos-
phorylates and activates AMPK. AMPK subsequently
activates TSC2 and downregulates the mTOR pathway.
TSC2/polycystin-1 interaction prevents AKT from phos-

function in mouse models [139]. As renal cyst
cells highly express folate receptors, this conju-
gated rapamycin inhibited mTOR activity in the
kidney without affecting other organs. This study
suggests using mTOR inhibitors that specifically
target cystic cells may be useful means to treat
PKD patients.

Jak/STAT Signaling and Immune
Response

The Jak/STAT pathway is important for develop-
ment and homeostasis in mammals. It is one of
the main pathways that receive signals from cyto-
kines and growth factors to alter transcription and
affect many different cellular activities such as
inflammation, cell proliferation, cell migration,
differentiation, and apoptosis. Jak/STAT activa-
tion is critical for immune cell development and
inflammation, hematopoiesis, mammary gland

phorylating and deactivating TSC2 — further down regu-
lating mTOR. (b) In the absence of flow, LKB1 does not
activate AMPK, and the C-terminal tail of polycystin-1 is
unavailable to prevent AKT from inactivating TSC2.
Thus, Rheb is free to stimulate mTOR and activate the
mTOR pathway

development, kidney development, stem cell
maintenance, and organismal growth [140]. The
Jak/STAT pathway is activated during kidney
development for proper tubulogenesis, but down-
regulated in adult kidneys (Fig. 5.6a).
Deregulation of this pathway has been implicated
in cancer, immune deficiency, and myeloprolif-
erative disorders, and it is markedly upregulated
in renal cystic epithelium [141].

PKDI is able to regulate the Jak/STAT path-
way through multiple mechanisms. One of the
first links between the Jak/STAT pathway and
PKD was that overexpression of PC-1 led to
increased PC-2-dependent activation of STATI
through phosphorylation of Ser727 and Tyr701
residues [142]. Additionally, the reverse was
proven when PKDI mutant mouse embryos
were shown to have lower levels of activated
STAT1. The C-terminal region of PC-1 can bind
directly to JAK2 suggesting that STAT1 activa-
tion might be controlled by PC-1 through JAK2
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Fig. 5.6 Polycystin-1 is a regulator of Jak/STAT signal-
ing. (a) During development JAK2 binds polycystin-1’s
C-terminal tail to phosphorylate STAT1 and STAT3. This
activates STAT1 and STAT3 and causes them to travel to
the nucleus. (b) Kidney epithelial cells in normal condi-

(Fig. 5.6a) [143]. Studies have also shown that
STAT3 can also be regulated by PC-1 through
two different mechanisms [144]. Membrane-
bound PC-1 can activate STAT3 in a JAK2-
dependent mechanism similar to STAT1. Further,

tions have inactive STAT3 and STAT6 present. (¢) Upon
tubule injury, cytokines activate STAT3 and STAT6. After
phosphorylation, STAT3 and STAT6 bind to the cleaved
polycystin-1 tail and translocate to the nucleus

the proteolytically cleaved C-terminal tail of
PC-1 also functions as a coactivator of STAT1,
STAT3, and STAT6 in response to cytokine sig-
naling [144]. Finally, STAT6 and p100, another
STAT coactivator, localize to cilia and the basal
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body, respectively, and in the absence of flow
STAT6 and p100 translocate to the nucleus along
with the C-terminal tail product of PC-1 to regu-
late downstream targets (Fig. 5.6c) [145].
Regulation of the Jak/STAT pathway has shown
promise in controlling cystic kidney disease pro-
gression. Inhibition of STAT signaling geneti-
cally or through pharmacological approaches
decreased cyst size and kidney volume and
maintained better renal function [146].

Inflammatory Responses and Cystic
Kidney Disease

Research has shown that an inflammatory
response, which has strong ties to the Jak/STAT
pathway and mTOR activity, can influence sever-
ity of cyst development and fibrosis in PKD and
that this could be mediated through a cilia-
dependent mechanism [91, 147, 148]. Cystic epi-
thelial cells secrete macrophage chemoattractants
such as MCP-1 (Ccl2) and Cxcl16 [149]. In fact,
one of the best urinary biomarkers associated
with cystic disease progression is MCP-1, as
increased levels of this protein in urine have a
negative correlation with cyst progression and
future renal function decline [150]. These che-
mokines induce recruitment of myeloid cells
including monocytes and neutrophils into the
kidney similar to what occurs after renal injury.
Once in the kidney, the monocytes normally
become polarized into an M1 (proinflammatory)
and M2 (anti-inflammatory/pro-fibrotic) fate.
Interestingly, in the cystic kidney, there is a
marked increase in the number of M2 macro-
phages [98]. This polarization change may occur
in response to cytokine signals from the epithe-
lium that are regulated by Stat3 and Stat6, expres-
sion of which could be controlled through cilia/
polycystin function. In vitro experiments with
cytokines expressed downstream of STAT3 and
STAT6 show that renal epithelial cells from cysts
will promote naive monocyte differentiation
toward an M2 fate and that these M2 macro-
phages subsequently increase proliferation in the
epithelium of tubules [151]. Importantly, when

macrophages are depleted from the cystic mouse
models, the cystic phenotype is reduced and renal
function is improved [98]. These experiments
have increased interest in the area of the innate
immune responses in the context of cyst develop-
ment and progression. A current hypothesis is
that cilia-mediated signals regulate resolution of
an inflammatory or injury response. The slow and
more focal nature of the cysts that form in the
adult-induced cilia mutants may result in neph-
rons that have received an injury that occurs as
part of normal renal function. In the absence of
the cilium, this injury response is inappropriately
regulated leading to excess proliferation and cyst
formation.

Canonical WNT Signaling
and Planar Cell Polarity

The planar cell polarity pathway (PCP) is a criti-
cal pathway regulating how cells orient in an
appropriate direction and position within tissues.
A classic example in mammalian development is
the position of the stereocilia in the inner ear
[152]. PCP is also important for proper orienta-
tion of cells undergoing division and for migra-
tion events such as convergent extension during
gastrulation and has been implicated in tubulo-
genesis during renal development [153-155].
PCP involves the Wnt pathway, but in a -catenin-
independent manner, and as such is often referred
to as one of the noncanonical Wnt pathways.
Attenuation of noncanonical Wnt9b expression
in mouse results in decreased tubule diameter
size establishment and maintenance [156]. The
PCP pathway regulates the cytoskeleton to orient
the cell correctly. This is done through reposi-
tioning of the centrioles to the apical side of the
cell and asymmetrically distributing polar pro-
teins, such as Vangl, Van Gogh, Frizzled, and
Flamingo through Rho-kinase family cascades
[157, 158]. The activation of PCP in the kidney is
regulated by the interaction of disheveled (Dvl)
and inversin (Inv/NPHP2). The binding of a non-
canonical ligand and flow will induce elevated
levels of inversin which targets Dvl to the basal
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Fig.5.7 Fluid flow shifts Wnt signaling from the canoni-
cal pathway to the noncanonical, PCP, pathway. (a) Low
beta-catenin levels are maintained in the cell by the APC
complex and GSK3 actively marking the f-catenin for
degradation. However, when Wnt ligands bind the Frizzled
receptor, disheveled is recruited to Frizzled and inhibits the
APC complex and GSK3 from initiating the degradation of
B-catenin. f-Catenin levels are therefore able to rise and

body. This results in a modification of Dvl that
causes degradation of cytosolic Dvl and the
downregulation of the canonical Wnt pathway
(Fig. 5.7). The downregulation of the canonical
Wnt pathway allows an increased amount of
activity in PCP.

Some of the PCP proteins, such as Vangl2,
are critical for the proper apical localization of
the primary cilium [159]. Mutations in several
different ciliary proteins in zebrafish or mice
result in phenotypes typical of those observed
when the PCP pathway is disrupted [21, 160—
162]. However, in some cases, such as those in

enter the nucleus to regulate transcription. (b) Deflection
of the cilia by flow induces an intracellular rise in calcium
and leads to an increase in the transcription rate of inversin.
‘When inversin levels are elevated, inversin is able to recruit
free cytosolic disheveled to the basal body where it is
marked for degradation. This lowers the amount of dishev-
eled available to be recruited to Frizzled upon Wnt binding
and diminishes the cell’s response to Wnt ligands

the inner ear, the defects have been shown to be
independent of the PCP proteins, as PCP pro-
teins organize properly even though the
cochlear stereociliary bundles are disorganized
[163]. One hypothesis is that cilia are impor-
tant for controlling the strength of the polariz-
ing cues generated by noncanonical Wnt
signaling as cilia mutants in some studies and
kidneys of PKD patients were shown to have
an increased level of sRFP4 (a protein that
blocks Wnt from binding to Frizzled receptors)
which results in blocking of some canonical
Wnt components [164].
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PCP is an essential pathway in the developing
kidney, regulating cell migration and cell divi-
sion [154]. Disruption of Wnt signaling in the
developing kidney can cause severe malforma-
tion of the nephrons which is thought to contrib-
ute to cyst formation [156]. In mouse and rat
nephrons, the mitotic spindle is typically ori-
ented parallel to the nephron lumen allowing cell
division to extend the tubule lengthwise instead
of increasing its diameter (Fig. 5.3). In cystic
animals this mitotic spindle orientation becomes
random [165]. While divisions parallel to the
kidney lumen would cause lengthening of the
nephron, division perpendicular to this axis
would result in expansion of the tubule. Thus
cells dividing in a random orientation could
result in the development of expanded tubules
that ultimately develop into cysts. Some theories
have merged the mechanosensation and PCP
theories to suggest that the sensing of flow
through the cilia is critical for the proper orienta-
tion of the mitotic spindles. Cilia mutants would
be unable to properly sense the flow causing
mitotic spindles to be misoriented and result in
cyst formation. Some PCP mouse mutant mod-
els, such as FAT4 mutants, are known to develop
kidney cysts [166, 167]. Despite many studies
supporting a role for cilia and PCP in kidney cyst
development, there are also several studies that
raise concerns with this model. Mouse studies
involving BBS7 mutant mice indicate that cilia
may not be important for PCP [168]. Zebrafish
morpholinos of BBS7 and Prickle2 suggest that
loss of recruitment of some PCP proteins such as
Prickle2 to the actin cytoskeleton is not depen-
dent on BBS7, despite overlapping phenotypes
in the knockdowns indicating PCP is indepen-
dent of BBS [168]. IFT88 mutant zebrafish stud-
ies showed PCP was ciliary independent as cilia
were not required to establish PCP in these
mutants [163]. Also, mice with mutations in
Pkhd1 have the misaligned mitotic spindles, but
yet do not develop kidney cysts [169]. Thus, the
importance of PCP and oriented cell divisions in
the development of the cystic kidney phenotype
and how cilia may regulate these processes are
still being assessed.

Hedgehog Signaling and Cyst
Formation

The hedgehog (Hh) pathway is arguably the most
conclusively connected to the cilium. The recep-
tor for Hh, Patched 1 (Ptchl), is localized to the
cilia when the pathway is not active (Fig. 5.8a).
When Hh binds Patched 1 (Ptchl), Ptchl leaves
the cilia, preventing it from repressing the entry
or accumulation of Smoothened (Smo) into the
cilium (Fig. 5.8b). Once Smo enters the cilium, it
results in the conversion of transcription factors
(Glil/Gli2) into activators and prevents proteo-
lytic processing of Gli3 into the repressor form.
These transcription factors then translocate to the
nucleus to activate Hh-responsive genes. The for-
mation of the Gli activators and repressor does
not occur properly in cilia mutants leading to
dysregulation of the pathway [71]. Experiments
to disrupt Hh signaling in mice cause severe
defects in kidney development that include
hydronephrosis, fewer nephrons, inhibited ure-
teric branching, and less glomeruli [155, 170-
174]. It has also been shown that patients with
Smith-Lemli-Opitz syndrome, which is thought
to disrupt Hh signaling by affecting cholesterol
biosynthesis, develop cystic kidneys [175].
Genetically deleting Gli2 in kidney explants from
Thm1 (IFT139) mutants that have retrograde IFT
defects and show elevated Hh pathway activity
was able to decrease cyst severity [176]. This
suggests that the overactivation of the Hh path-
way in the Thm1 mutant mice is contributing to
the cyst growth; however, it is intriguing that
mutations in anterograde IFT proteins, such as
IFT88, also develop cysts yet have a repressed
Hh pathway. Thus, the level of Hh signaling may
need to be tightly controlled with too much or too
little pathway activity contributing to cyst forma-
tion. The Hh pathway is also important in regu-
lating renal injury and repair processes [177,
178]. Thus, the increased cyst formation that
occurs after injury may be related to defects in
proper regulation of the Hh signal when cilia are
not present. Although hedgehog has been linked
to renal abnormalities and cilia are essential for
normal Hh pathway regulation, defects in Hh
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Fig. 5.8 Cilia and hedgehog signaling in developed kid-
neys. (a) In normal adult kidneys, the hedgehog (Hh)
pathway is inactive. Without Hh binding to its receptor
Patched, Smoothened, Gli2, and Gli3 do not accumulate
in the cilium. Gli3 is processed into Gli3 repressor
(Gli3R) and Gli2 is degraded. (b) During development
and after injury, the hedgehog pathway is activated.

activity have not yet been directly linked to cyst
formation in humans.

Cilia and Regulation of Water
Reabsorption

Vasopressin signaling is one of the primary
mechanisms for the human body to control water
homeostasis. Vasopressin is a hormone produced
in the hypothalamus and stored in the pituitary. It
is released in response to dehydration or
decreased blood volume. Vasopressin signaling
causes vasoconstriction and triggers the reten-
tion of water in an attempt to correct these condi-
tions. The increase of water retention by vaso-
pressin signaling mostly occurs in the kidney

Hedgehog ligand binds to Patched causing Patched to
become internalized. Smoothened begins to accumulate
in the cilium resulting in the activation of Gli2 and pre-
venting the processing of Gli3 to its repressor form. The
activated Gli transcription factors then enter the nucleus
to induce expression of Patched and Glil and other Hh
target genes

tubules by increasing the water permeability of
the collecting duct and distal tubule. The recep-
tor for vasopressin (V2R) localizes to the baso-
lateral membrane and in one report was detected
in the cilium of renal tubule epithelium [179]. In
the presence of vasopressin, V2R begins a sig-
naling cascade that results in increased cAMP
levels. This activates protein kinase A (PKA)
that phosphorylates the water channel aquaporin
2 (AQP2) in the collecting duct of the kidney
tubules [180]. This causes AQP2 to translocate
to the apical cell surface increasing absorption of
water from the renal filtrate (Fig. 5.9a). Cell cul-
ture from cilia mutant mice has shown that loss
of cilia results in mislocalization of V2R from
the basolateral membrane and an increase of
AQP2 in the apical membrane [181] (Fig. 5.9b).
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Fig. 5.9 The loss of cilia disrupts vasopressin local-
ization and signaling. (a) Vasopressin 2 receptor (V2R)
localizes to the basolateral membrane as well as to the
cilium. Under normal conditions, only the V2Rs located
on the basolateral membrane bind vasopressin and acti-
vate the pathway. V2R activation leads to increased
cAMP which activates protein kinase A (PKA). PKA
then phosphorylates aquaporin 2, which activates the

This mislocalization may interfere with the func-
tion of the pathway.

The connections of the vasopressin pathway
in kidney functions and cystic diseases have been
studied in depth. Patients with PKD as well as
nearly all of the mouse cystic kidney disease
models have increased levels of intracellular
cAMP and difficulty concentrating urine [182—
185]. Mouse studies using V2R antagonists to
treat cystic kidneys have shown promise as they
have reduced intracellular cAMP levels and
attenuation of cyst progression [186]. A phase III
clinical trial investigating the effect of the V2R
antagonist tolvaptan in ADPKD patients has
shown that this treatment blunts kidney growth,
reduces associated symptoms, and slows kidney
function decline when given over 3 years, but

channel and causes it to be transported to the apical
membrane increasing water reabsorption. (b) When cilia
are mutated or missing, V2Rs are no longer restricted to
the cilium and can be found throughout the apical mem-
brane and basolateral membranes. Interestingly, in these
mutants apical and basolateral V2Rs can be activated by
vasopressin and stimulate aquaporin 2 incorporation into
either membrane

also caused aquaresis and adverse hepatic effects
leading to a high discontinuation rate [187, 188].
Recent studies have shown that therapies that
combine tolvaptan with other drugs such as
rapamycin, AEZ-13, and pasireotide may be effi-
cacious in treating cyst formation [189, 190].

Conclusion

The long understudied organelle, the primary
cilium, is now the focus of intense research to
dissect its diverse functions as a coordinator of
multiple signaling pathways. There have been
substantial advances made in the field especially
the work showing a direct link between cilia dys-
function and cystic kidney disorders. However,
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the cilium’s role in the kidney as a purely mecha-
nosensor appears to have been an oversimplifica-
tion. Current research has shown that the
connection between cilia and PKD is compli-
cated and probably involves multiple intertwined
pathways. Future research will elucidate the pre-
cise roles for the cilium in these signaling path-
ways and their subsequent contributions to
disease. Unfortunately, there are currently no
curative treatments beyond kidney transplanta-
tion or prolonged dialysis for PKD. However,
clinical trials based on the cilia-PKD connection
are currently underway. Some of these treatments
have provided hope that we will develop
improved treatment strategies and quality of life
for patients with renal cystic disorders.
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In addition to renal cysts, interstitial inflamma-
tion and fibrosis are among the most notable hall-
marks of cystic kidney diseases. While cyst
formation and expansion are believed to play a
principal role in renal pathobiology of polycystic
kidney diseases (PKDs), interstitial inflammation
and fibrosis used to be mostly attributed to
advanced end-stage organ-like changes with lim-
ited impact on overall pathobiology of PKD pro-
gression. However, seminal studies by Cowley
and Grantham have indicated that pro-
inflammatory mediators may play a key role in
the development of interstitial inflammation and
renal function loss seenin PKD [1, 2]. Subsequent
analyses, primarily in rodent models, provided
compelling support for a complex interplay
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among immune responses and cyst formation and
demonstrated relevance of such interactions in
the progression of cystic kidney diseases.
Therefore, abnormal PKD-associated immune
responses and fibrosis are now recognized as key
components of a complex multidirectional rela-
tionship that, together with abnormal injury and
tissue repair, as well as renal tubular and vascular
epithelial function, defines the pathobiology of
renal cystic disease progression (Fig. 6.1).

Inflammatory Pathways Associated
with PKD

Activation of Inflammation in PKD

The PKD-associated immune response was
observed across a spectrum of stages of PKD
progression. Since the pathobiology of these
individual stages differs substantially (e.g., in
degree of renal cystic burden, vascular dysfunc-
tion, interstitial and extracellular matrix changes,
and proportion of normally functioning neph-
rons), it is conceivable that immune responses
and their triggers also differ across individual
stages of the renal cystic disease.

Perhaps the earliest PKD-induced immune
changes are triggered by the loss of PKD protein
function in renal epithelial cells, which may
occur even before the immune pathway activa-
tion by PKD-associated renal injury (Fig. 6.2).
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Fig. 6.1 Complex
relationship of immune
responses and fibrosis in
the pathogenesis of renal
cystic disorders.
Polycystic kidney
disease-associated
epithelial and vascular
dysfunction, abnormal
immune responses,
injury and repair, as well
as extracellular matrix
abnormalities and
fibrosis are likely key
components of a
complex multidirectional
relationship that defines
the pathobiology of
renal cystic disease
progression
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Fig. 6.2 Changes in renal cystic burden, fibrosis, and
immune and injury responses over time. Renal cystic dis-
ease burden (e.g., as reflected by total kidney volume)
increases over time in human studies (upper panel; solid
line). In some animal studies (dashed line), the kidney size
does not increase or may decrease in advanced stages of
the disease progression, while the tissue becomes progres-
sively more fibrotic. Abnormal immune responses repre-

sent one of the early hallmark features of renal cystic
disease and may precede frank injury-like responses.
Abnormalities in both immune and injury responses
increase over time (solid line); however, in advanced
stages of the disease, the progression magnitude of some
of these responses may be reduced due to a loss of func-
tional renal parenchyma (dashed line)
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Several studies support this hypothesis. For
example, polycystin-1-deficient tubular cell lines
overexpress macrophage chemoattractants Mcpl
and Cxcli6 [3], while polycystin-2 or Kif3a defi-
ciency in inner medullary collecting duct cell
lines dysregulates expression of Mcpl and com-
plement factor C3 [4, 5]. Similar to the polycystin-
1-deficient cell lines, renal cystic epithelia
isolated from ADPKD patients overexpress mul-
tiple immunomodulators including cytokines and
complement system factors [6]. In addition,
increased expression of Mcpl or monocyte/mac-
rophage marker CdI4 was observed before sig-
nificant changes occurred in the expression of
renal injury markers such as Lcn2 (a neutrophil
gelatinase-associated lipocalin; NGAL) [7].
Additional factors contribute to the induction of
immune responses later, especially after the for-
mation of renal cysts. Among these factors, renal
tubular obstruction is most notable. However,
renal tubules can be obstructed even in precystic
kidneys by casts of sloughed off tubular epithelial
cells. The importance of renal cyst-related
obstruction increases along time with progres-
sively worsening renal cystic burden. In addition,
consequences of tubular obstruction may be
related to the location of individual cysts. Since a
single collecting duct drains ~2800 upstream
nephrons, an inner medullary cyst that compresses
six adjacent collecting ducts may potentially
obstruct drainage from 16,800 upstream tubules
(reviewed in [8]). The response of the renal paren-
chyma to such an alteration of tubular flow in cys-
tic kidney diseases likely closely resembles studies
of experimental urinary obstruction [9]. Parallels
between cystic kidney disease and urinary obstruc-
tion include increased production of chemokines,
pro- and anti-inflammatory cytokines, and para-
crine and autocrine immunomodulating products
[10, 11]. In addition to the obstruction of tubular
flow, renal cysts can lead to compression of and
diminished flow in the surrounding microvascula-
ture. Functional relevance of such effects is sug-
gested by impaired renal vascular architecture
observed in PKD animal models and PKD patients

[12]. The PKD-induced impairment in renal
vascular flow leads to regional hypoxia and cellu-
lar injury, which have been denoted by increased
expression of hemoxygenase [13] and shown to be
exacerbated by reductions in superoxide dismutase
[14]. Cellular responses to such injury trigger
complex immune responses. While these immune
responses play an important role in tissue repair
and recovery from acute kidney injury (e.g., [15]),
their chronic activation may lead to fibrotic
changes and irreversible renal parenchyma loss.
Recurrent activation of the injury-induced inflam-
matory pathways by chronic and progressive cys-
tic kidney disease may thus explain prominent
renal fibrosis seen in advanced stages of PKD. In
addition, the chronic obstruction and vascular
changes triggered by expanding renal cysts may
induce ineffective repair (reviewed in [8]) that is in
part regulated by inflammatory cells and their
mediators [3].

Another potential cause of enhanced PKD-
associated inflammatory responses is increased
susceptibility to renal injury, e.g., in unilateral
ischemia/reperfusion injury (IRI) that leads to
excessive renal infiltration by macrophages and
neutrophils in Pkd2*~ heterozygous mice [16].
Follow-up cytokine assays indicated that the
observed enhancement of Pkd2-associated
post-IRI interstitial inflammation is mediated
by elevated levels of Cxcll and IL-1f [16];
IL-1p was found in 70% cyst fluids from patients
with ADPKD [17].

Finally, systemic inflammatory changes
induced by advanced renal dysfunction may
modulate immune responses in PKD kidneys
especially among individuals approaching end-
stage renal disease. Such associations were
observed in animal studies where expression of
immune factors (e.g., Mcpl or Cdi4) increased
exponentially in advanced stages of cystic dis-
ease progression despite progressive loss of func-
tional renal parenchyma that expresses these
inflammatory factors [18]. Comparable studies in
humans are complicated due to a lack of kidney
tissues available for such analyses.
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Inflammatory Signaling Pathways
in PKD

Recent genome-wide expression analyses pro-
vided comprehensive assessment of biological
processes associated with PKD. Among these
studies, a global gene expression analysis of renal
cystic epithelia from patients with PKDI muta-
tions revealed that among the 100 most upregu-
lated gene sets, 11 were associated with the
Jak-STAT pathway and 3 with NF-kB signaling
[19]. Therefore, these two pathways likely play a
central role in the modulation of the immune
responses of cystic epithelial cells. Since these
pathways also play a central role in modulating
of immune activity of other renal cell types (e.g.,
endothelial cells, fibroblasts, myeloid lineage
cells), it is likely that the Jak-STAT and NF-xB
signaling pathways are altered in multiple cell
types found in PKD kidneys.

The Jak-STAT system represents one of the
most important pathways in immune signaling. It
is activated by several cytokines and growth fac-
tors including the key immunomodulators IL-6
and interferon gamma (IFNy). Binding of these
ligands to their receptors activates Janus kinase
(Jak) that in turn transduces these cytokine-
mediated signals through phosphorylation of
STAT (signal transducer and activator of tran-
scription). Dimers of phosphorylated STAT
translocate to the nucleus to selectively activate
transcription of specific genes [20]. Importantly,
both Jakl and Jak2 are activated by mutated
polycystin-1 and polycystin-2 proteins [21];
polycystin-1 also regulates STAT3 [21].
Therefore, the abnormal activity of Jak-STAT
signaling and its ensuing immunomodulatory
effects may represent the initial PKD mutation-
induced alteration of immune responses.

The NF-xB protein complexes regulate tran-
scription of genes involved in many biological
processes including inflammation, as well as
growth and apoptosis [22, 23]. The NF-kB pro-
teins are located in the cytoplasm of the cell, and
once activated, they undergo phosphorylation
and enter the nucleus, where they activate tran-
scription of many important regulators of immune
responses including MCP-1, TNFa, IL-1a and f3,

and IL-6 [22, 23]. Several studies demonstrated
upregulated NF-kB activation in human PKD and
its animal and cell line models. For example,
increased NF-xB activity in PkdI-deficient cells
was shown by multiple approaches including
luciferase assay, increased expression of NF-kB
protein p65, and presence of p65 in Pkdl~'~ cyst-
derived epithelial cells [24]. In addition, phos-
phorylated NK-kB was identified in cyst-derived
epithelial cell nuclei and in tubules surrounding
cysts in mutant Pkd2 mice and human ADPKD
kidneys [25]. Importantly, experimental inhibi-
tion of NF-kB activity in animal PKD models
had important functional consequences — reduc-
tion of renal cystic indices [24]. While the exact
mechanisms underlying these effects of NF-xB
inhibition remain unknown, they may include
alterations of renal development or repair. This
speculation is supported by NF-xB inhibition-
induced downregulation of nephron development
regulators (e.g., Pax2) and planar cell polarity
regulators (e.g., Wnt7a and Wnt7b) in the context
of Pkd2 deficiency [24, 26-28]; macrophage-
derived Wnt7b is critical for kidney repair [29].
NF-kB is also involved in interactions with pri-
mary apical cilia as suggested by IL-1-induced
primary cilia elongation [30, 31]. Together, these
data point to a central role of the NF-xB pathway
in modulation of PKD-associated immune
responses.

Immune Cell Infiltrates in PKD
Macrophages

Renal interstitial inflammatory infiltrates are
among most notable hallmarks of PKD. Among
these infiltrating inflammatory cells, macrophages
represent the most extensively studied cell type.
However, rather than belonging to a uniform cell
population, macrophages consist of highly het-
erogeneous cell types that may have specific roles
in the pathobiology of PKD progression. For
example, yolk sac-derived resident macrophages
(characterized in humans by CD16* expression
and in mice by F4/80"e" and Cd11b'°¥ expression)
may be involved in disease progression from the
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earliest stages of renal cystic disease. These cells
may provide critical supportive roles in renal tis-
sue that resemble the effects of microglia on
proper function of the brain (reviewed in [32]);
microglia is another type of yolk sac-derived resi-
dent macrophage that operates in brain tissue
(reviewed in [33]). For example, the resident renal
macrophages play a central role in ureteric bud
branching during kidney development [34]. Also,
after injury, these cells cross endothelial vessels
and are thought to monitor surrounding cells for
injury [35]. The other distinct population of renal
macrophages expresses CD16~ in humans and
F4/80"" and Cdl1b"s" (Myb-dependent popula-
tion) in mice. These macrophages (or their earlier
differentiation stage — monocytes) are derived
from bone marrow. They infiltrate renal tissue
after an injury (e.g., after renal ischemia-reperfu-
sion injury; IRI) and at least initially differentiate
into inflammatory macrophages [35, 36]. As the
magnitude of injury-like responses increases in
the cystic kidney increases over time (Fig. 6.2),
these macrophages may elicit prominent effects
on renal cystic disease progression in more
advanced stages of the disease (Fig. 6.3).

In addition to the division of macrophages by
their origin (the yolk sac-derived resident vs bone
marrow-derived infiltrating macrophages), mac-
rophage populations can also be defined by their
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Fig. 6.3 Hypothetical differences in immunomodulatory
responses in early and late stages of renal cystic disease
progression. (a) In early stages, some immunomodulators
released by affected renal tubular epithelial cells may pro-
mote cystogenesis through activation of immune cells that
are already present in renal tissue; such cells likely include
yolk sac-derived resident macrophages (R M®). (b) In
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“activation” pathway [37]. For example, the
Ly6Chish macrophages express IL-1p and Cxcl2
and are associated with the “classical” macro-
phage activation that is often designated as M1
activation. In contrast, the Ly6C'® macrophages
share gene expression characteristics with the
alternative (or M2) macrophage activation path-
way. The “classical” or “innate” M1 pathway is
typically also associated with IFNy activation
and pathogen recognition by pattern recognition
receptors (e.g., LPS by CD14-TLR4 complex).
The Ly6C"¢" monocytes are the major infiltrating
cell subtype inducing injury after both IRI and
unilateral ureteric obstruction (UUO) [35, 38].
The impact of these extrarenal cells is further
enhanced by phenotypic and physiologic changes
that these infiltrating cells trigger in macrophages
and other mononuclear phagocytes that are
already present in renal tissue [39—41]. In con-
trast to the M1 macrophages, the classification of
the “alternative” M2 pathway is emerging to be
more complex and likely involves several M2
macrophage subtypes (reviewed in [42]).
However, at least a subset of M2 macrophages is
believed to slow the production of pro-
inflammatory cytokines and participate in tissue
repair and fibrosis [35]. There is also another
model suggesting that M1 macrophages are
engaged in cleanup of necrotic or apoptotic cells
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more advanced stages of the disease progression, an
injury-like response enhances recruitment of bone
marrow-derived peripheral macrophages (BM M®) from
blood; such cells likely become a dominant force in
macrophage-enhanced cystogenesis and fibrosis seen in
more advanced stages of cystic kidney disease
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through phagocytosis. Once the M1 macrophages
engulf these cells, they become M2-like macro-
phages. Then those M2 macrophages will secrete
the anti-inflammatory cytokines to enhance the
resolution of inflammation and to promote heal-
ing (reviewed in [43]).

While it remains to be determined whether the
recruitment of macrophages to renal tissues is
enhanced from the earliest stages of renal cystic
disease progression, CD68-positive macrophages
were observed in the renal interstitium in both
early and late stages of ADPKD [44, 45] as well
as in ARPKD [7, 46]. While in some cases
recruitment of macrophages may be explained by
cystic kidney infection [45], the presence of mac-
rophages in adult ADPKD and newborn ADPKD
patients without renal infections [47] further sup-
ports the idea that renal macrophage accumula-
tion is an intrinsic feature of PKD rather than an
antimicrobial response [37]. Similarly, multiple
animal models including orthologous ADPKD
and ARPKD models demonstrated accumulation
of inflammatory cells in the renal interstitium
suggesting it is a common factor in cystic renal
diseases [37]. However, in some non-orthologous
models, the cyst formation preceded the appear-
ance of interstitial macrophages (e.g., in Lewis
polycystic kidney (LPK) rat or in a pcy mouse)
[48]. In contrast, CD68-positive macrophages
have been detected in postnatal week 3 in hetero-
zygous Han:SPRD-Cy rats when cystic dilata-
tions were minimal [1, 49].

The predominant type of interstitial macro-
phages found in PKD kidneys is characterized as
the alternatively activated M2 type (however,
these studies did not consider the contributions of
yolk sac-derived macrophages). The predomi-
nant M2 macrophage-like response was first
noted in a rapidly progressive model of ARPKD,
the CysI®* mouse [7]. Subsequent studies in the
orthologous Pkd1"™" Pkhdl-Cre mouse model
validated the presence of alternatively activated
macrophages in cystic kidney by demonstrating
the predominance of Ly6C™ cells in cystic kid-
ney infiltrates [35, 50]. Functional relevance of
these macrophages in cystic disease progression
was demonstrated by their depletion with liposo-
mal clodronate in Pkd1™" Pkhdl-Cre mice and

CysI®* mice [3, 51] This intervention decreased
the circulating monocyte numbers and improved
cystic indices as well as renal function in treated
animals [50]. Reduction of proliferation in cystic
kidneys with depletion of macrophages suggests
that the tissue repair-promoting M2 macrophages
enhance cystic disease progression at least in part
as stimulators of cystic epithelial cell prolifera-
tion [8, 15].

Other Interstitial Inflammatory Cells

in Cystic Kidneys

While macrophages are among the most exten-
sively studied components of renal interstitial
infiltrates, renal interstitium of ADPKD patients
includes also CD45* and CD4* lymphocytes [44,
45]. Lymphocytes have also been identified in
multiple mouse and rat PKD models [48, 52, 53].
Lymphocytes have been shown in other inflam-
matory renal states, such as IRI, to produce che-
mokines including TNFa and IFNy, which may
stimulate cystic disease progression-promoting
inflammatory effects in PKD [37].

In addition to macrophages and lymphocytes,
PKD was also associated with multiple other
inflammatory cell types including mast cells,
dendritic cells, and neutrophils (reviewed in
[37]). These cells may promote cystic disease
progression by enhancing immune and injury
responses. For example, mast cells, which form a
part of the renal interstitial infiltrates in ADPKD
[54], produce chymases that play multiple roles
in host defense including promotion of inflam-
mation, chemotaxis, tissue remodeling, regula-
tion of transcription of genes encoding specific
immunomodulating factors, and conversion of
angiotensin I to angiotensin II [55].

Immunomodulators Associated
with PKD

As stated above, interstitial inflammation was
found in PKD patients without a history of infec-
tion, indicating that it is likely an intrinsic com-
ponent of PKD pathophysiology. Without an
infectious nidus or presence of injury, PKD
mutation-induced activation of immune signaling
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pathways (e.g., Jak-STAT or NF-kB) is likely
central to initiation of PKD-associated immune
responses. These intrinsic changes include the
expression of chemokines, cytokines, and other
immunomodulators that enhance recruitment of
and activation of macrophages and inflammatory
cells participating in multiple aspects of renal
cystic disease progression and pathogenesis (e.g.,
initiation of cystogenesis and subsequent pro-
gressive growth of renal cysts, extracellular
matrix changes, and fibrosis). While many
immune response factors have been associated
with PKD (reviewed in [37]), the most exten-
sively studied ones include monocyte chemoat-
tractant protein 1 (MCP-1), tumor necrosis alpha
(TNFa), and complement component C3.

MCP-1 in PKD

MCP-1, a chemokine, mediates recruitment of
monocytes and other inflammatory responses
[56, 57]. This chemokine is secreted by multiple
cell types including tubular epithelial cells and
interstitial cells including different types of mac-
rophages [58]. It has been implicated in the
pathogenesis of many renal diseases (reviewed in
[59, 60]) and recognized as a potential biomarker
of acute kidney injury [61]. In ADPKD, increased
levels of MCP-1 were found in renal cyst fluid
(vs urine) [2]. Additionally, MCP-1 was associ-
ated with worse renal function [2, 62], higher
height-adjusted total kidney volume (TKV), and
PKDI1 (vs PKD2) genotype [62]. In multivariable
models, elevated MCP-1 was strongly associated
with declining glomerular filtration rate (GFR)
and served as a predictor of stage 3 chronic kid-
ney disease [62—64]. On the basis of these find-
ings, urinary MCP1 may be considered a marker
of disease progression in patients with ADPKD.

TNFo in PKD

TNFa is a canonical immune cytokine that acti-
vates inflammatory signaling and plays important
roles in multiple biological processes and clinical
conditions (reviewed in [65]). It has been also

implicated in the pathogenesis of PKD, where it
interferes with processing and membrane presen-
tation of polycystin-2 [66]. In ADPKD, TNFa« is
present in renal cysts, in half of them at concen-
trations similar to that of synovial fluid in psori-
atic arthritis, and its intracystic levels correlated
with the size of renal cysts [17, 66, 67]. TNFa
enhanced cystogenesis in co-culture of Pkd2~"~
and wild-type embryonic kidney explants, and
intraperitoneal TNFoa administration increased
renal cystic disease severity in Pkd2~'~ mice [66].
Importantly, TNFa inhibition with etanercept
attenuated cytogenesis in Pkd27~ mice [66];
however, this treatment was ineffective in animal
models with established cystic kidney disease
(Pkhd 17K rat and PKD2 %183 mouse) [68].

Complement System in PKD

The complement system is activated by three
independent pathways that converge on C3 [69].
C3 convertase cleaves C5, activating the common
complement pathway (C6-C9). In addition, com-
plement component split products have multiple
biologic effects [70]. For example, activated C3
fragment C3b binds via its reactive thioester to
cell surface carbohydrates or immune aggregates
and has opsonic and immunoregulatory func-
tions. Further cleavage of C3b generates iC3b, a
major ligand for complement receptor 3 [CR3,
also called macrophage receptor 1; Mac-1 [71]],
an essential regulator of key cellular functions in
monocytic/macrophage cells including their sur-
vival and alternative (M2; repair and fibrosis-
promoting) activation [72] that appears to play a
central role in cystic disease progression in PKD
models [3].

The first association of abnormal complement
system activation with the pace of cystic disease
progression was based on genome-wide expres-
sion studies in the CysI®* model of ARPKD [7].
Similarly, transcriptomic analyses of epithelial
cells from PKDI renal cysts showed increased
expression of multiple complement system genes
[19]. Both of these studies identified C3 among
the most highly overexpressed complement genes,
and subsequent mass spectrometry analyses have
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identified C3 as the most abundant protein in the
cyst fluid from PkdI-deficient mice and as one of
the most abundant proteins in cyst fluid from
ADPKD patients [73, 74]. While C3 is expressed
in inactive form, cyst fluid and urine from ADPKD
patients contained C3 fragments that were acti-
vated [75]. Functional relevance of C3 in PKD
pathogenesis was demonstrated in crosses of PKD
models with C3-deficient (C3~~) mice [5, 76], by
administration of nonselective C3 inhibitors in
several PKD models [77-79], and by association
of hypoactive C3 variants with slower progression
to ESRD among PKD patients [80].

Complex Pathobiology of Immune
Effects in PKD

Initially, immune changes associated with PKD
were attributed to various consequences of
advanced renal cystic disease and were therefore
expected to alter only this stage of the disease
progression (e.g., inflammatory infiltrates in
advanced disease stages in the Han:SPRD-Cly rat
are concurrent with severe interstitial fibrosis and
cyst formation [81]). However, overexpression of
a large number of innate immune factors was also
observed in juvenile mice with a rapid (vs slow)
pace of renal cystic disease progression, e.g., in
the CysI®* mouse model of ARPKD where a
variability of cystic disease progression pace was
induced by different admixtures of two genetic
backgrounds [7]. These data suggested that
immune responses have functionally relevant
roles in the pathogenesis of renal cystic disease
progression. This hypothesis was further sup-
ported by cystogenesis-promoting effects of
TNFa in co-cultures of both Pkd2*~ heterozy-
gous and wild-type kidneys [66]. In addition to
potentially leading to worsening cystogenesis,
abnormal immune responses in PKD may also
further renal injury after it is already initiated. It
may also contribute to adverse changes in extra-
cellular matrix and facilitate the development of

interstitial fibrosis. For example, in UUO, the
Ly6C*" macrophages, that are also present in
transgenic Pkdl and Pkd2 kidneys [50], express
markers of pro-fibrotic activity (such as Ccll7,
Ccl22, Igf-1, and PDGF-B) [38].

Immune responses may also mediate disease
progression by affecting the primary cilia and/or
function of primary cilia-associated proteins
[37]. For example, exposure to IL-1 leads to cilia
elongation, which could amplify the production
of PGE2, a prostanoid with potent immunomod-
ulatory properties [30]. Also, collecting duct cells
treated with TNFoa had diminished expression of
polycystin-2 in the primary cilium but increased
polycystin-2 expression in the nuclei [66]. TNFa
also disrupted the interaction between polycys-
tin-1 and polycystin-2, which normally forms a
complex that mediates mechanosensory
responses, and disruption of this interaction could
potentially enhance cystogenesis [37, 82].

While multiple sources point to adverse
effects of immune responses in the pathogenesis
of cystic disease progression, immune responses
may also have restorative potential. Cowley et al.
suggested chemoattractants induced by cyst for-
mation may be a signal to repair the renal paren-
chyma [1]. For example, the PKD-associated
alternatively activated Ly6C"™ cells [50] were
linked with protective pro-angiogenic factors in
skeletal injury and anti-inflammatory markers in
cardiac injury [83, 84]. However, the activation
of reparative pathways in PKD may have dual
protective and disease-promoting outcomes.
While macrophage activity is not always pre-
dictable based on phenotype [85], the repair-
promoting M2 macrophages may directly
stimulate PKD progression by enhancing the pro-
liferation of renal cystic epithelia [3]. Chronic
activation of such responses in cystic kidneys
may lead to “futile” repair that further exacer-
bates the rate of disease progression by enhanc-
ing cyst formation and interstitial fibrosis
(reviewed in [86]). Further studies are needed to
clarify these complex relationships.
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Potential Imnmune Function-
Modulating Therapies for PKD

While there is no FDA-approved therapy avail-
able for treatment of PKD, several drugs are or
have been evaluated as potential PKD therapeu-
tics in clinical studies (at this point the vasopres-
sin receptor 2 antagonist tolvaptan [85] is in the
most advanced phase 3b of clinical testing).
Unfortunately, so far most clinical studies that
may have altered immune responses did not dem-
onstrate substantial efficacy in slowing the dis-
ease progression (e.g., in the case of everolimus,
lisinopril, and telmisartan [87-89]). A potential
exception is treatment with somatostatin agonists
(somatostatin receptor is also expressed on lym-
phocytes and macrophages), because in initial
studies it appeared to reduce the pace of ADPKD
progression [90, 91]. However, it should be noted
that the primary effect of somatostatin agonists
may be due to inhibition of cyclic adenosine 3’,5
phosphate production through activation of a
G-inhibitory receptor.

A number of anti-inflammatory compounds
ameliorated disease progression in animal mod-
els of PKD. Glucocorticoids administered to
DBA/FG-pcy mice reduced cystic indices,
improved renal function, and diminished intersti-
tial infiltration of monocytes [92]. Rosmarinic
acid that covalently binds C3 complement has
reduced cystic indices and slowed renal function
loss in Pkdl mouse and in Han:SPRD-Cy rat
models [78]. Similarly, mycophenolate mofetil
administered to Han:SPRD-Cy rats reduced cyst
area, improved renal function, and decreased
inflammation and fibrosis [93]. Additional prom-
ising cystic disease progression-inhibiting effects
were noted with other drugs that have immuno-
modulating properties, such as COX-2 inhibitors
[94], PPARYy agonists [95], or vasopressin V2
receptor antagonists [96]. However, Cowley et al.
have reported that some immunosuppressants
such as azathioprine or cyclosporine failed to
improve renal disease in Han:SPRD-Cy rats,
indicating that potential therapeutic benefits in

PKD may be tied to targeting only a subset of
specific immune pathways [37].

While many studies that targeted immune
pathways in animal models appear promising, it
remains to be determined if similar effects can be
achieved in PKD patients. Differences in phar-
macokinetics, use of excessive drug doses in ani-
mal models, and differences in immune responses
between rodents and humans are examples of
factors that may be at least in part responsible for
a failure of promising candidate therapeutics in
clinical studies. For example, angiotensin recep-
tor blockade (ARB) administered to DBA/2FG-
pcy mice reduced cyst areas [97]; however, it
failed to slow disease progression in clinical test-
ing [87]. Similarly, mTOR inhibition with siroli-
mus administered to Han:SPRD-Cy rats
diminished cyst areas, improved renal function,
and reduced inflammation and fibrosis in animal
models [93], but did not induce significant
changes in disease progression in two ADPKD
clinical trials [88, 89]. Therefore, although some
immune function-modulating drugs appear
attractive as therapeutics in preclinical studies in
animal PKD models, their effects will require a
critical review before a subsequent evaluation in
clinical trials.

Renal Fibrosis in PKD

Progressive tubulointerstitial fibrosis is recog-
nized as a common mechanism by which renal
injuries of diverse etiologies lead to end-stage
renal disease. Therefore, similar to many other
disorders, interstitial fibrosis is a hallmark of
advanced cystic kidney diseases. Functional rel-
evance of fibrotic changes in PKD is suggested
by a strong association between the degree of
fibrosis and rate of disease progression to ESRD
[44, 98, 99]. However, the mechanisms underly-
ing the pathogenesis of fibrosis in renal disorders
are likely complex and incompletely understood
even in genetically well-defined disorders like
PKD.
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PKD-Associated Changes
in Extracellular Matrix (ECM)

The hallmark of tubulointerstitial fibrosis is
accumulation of ECM proteins such as collagen
I. Similar to many renal disorders, ECM abnor-
malities were also found in kidneys from PKD
patients and from orthologous and non-
orthologous animal PKD models [100-104].
These changes included abnormal ECM deposi-
tion in basement membranes and in the intersti-
tium. While ECM changes were often described
in end-stage kidneys, abnormal renal ECM
composition and increased thickness of base-
ment membranes were also observed in pre-
dialysis ADPKD patients [105]. The ADPKD-
associated changes include abnormalities in
ECM production, composition, and turnover
and include differences in the content of colla-
gen types I and III, basement membrane colla-
gen type IV, fibronectin, and heparin sulfate
proteoglycan (HSPG) [101]. Similarly, abnor-
mal expression of interstitial collagen type I, III,
and IV genes was identified. These abnormali-
ties were most commonly noted in the basement
membrane structures surrounding cysts and
interstitial fibroblasts [105].

Regulation of ECM Production in PKD

While many factors regulate the activity of pro-
fibrotic pathways, recent studies in animal mod-
els indicate that polycystins regulate the
production of ECM directly and that inadequate
regulation of this process is responsible for PKD-
associated  vascular  abnormalities  [106].
Importantly, upregulation of the central regulator
of ECM production transforming growth factor {3
(TGEP) [105] was caused simply by PkdI haplo-
insufficiency, and the loss of PKDI alone was
also sufficient to induce a heightened responsive-
ness to TGFp [107]. These observations may
explain the enhanced TGFf pathway signaling
seen in PKD patients and Pkdl animal models.
Similarly, polycystins regulated collagen produc-
tion in zebra fish [108]. Together, these data sug-
gest that the hallmark PKD-associated ECM

changes represent an evolutionary conserved
direct consequence of polycystin dysfunction.

In addition to the direct effects of cystopro-
teins on expression and responsiveness to TGFp,
PKD-related changes in ECM production were
associated with other interstitial fibrosis modula-
tors. They include epithelial growth factor (EGF),
fibroblast growth factor-1 (FGF-1), and hepato-
cyte growth factor [100, 109-111]. While levels
of these pro-fibrotic factors increased in PKD
over time and their highest levels were often
found in end-stage or near-end-stage PKD kid-
neys (e.g., in the case of TGFP and FGF-1 [107,
110]), pro-fibrotic factors may alter the pathobi-
ology of even very early stages of PKD progres-
sion. For example, overexpression of the bone
morphogenic protein receptor activin receptor-
like kinase (ALK)-3, as well as Bmp-7 knockout,
triggers the formation of renal cysts in mice [112,
113]. Importantly, in complementary studies
BMP-7 treatment attenuated renal cystic disease
progression in the Nek8' mouse model, and sol-
uble activin type IIB receptor treatment effec-
tively blocked cyst formation in a mouse Pkdl
model [114, 115]. Similarly, EGF is another
important regulator of cystic epithelial cell prolif-
eration [100, 109], and targeting its pathway is
currently being explored for therapeutic develop-
ment in PKD.

Regulation of ECM Turnover in PKD

Interstitial fibrosis is a consequence of increased
ECM production; however, inadequate matrix
degradation represents another key regulator of
the fibrogenic process [116]. Among many fac-
tors that influence ECM turnover, matrix metal-
loproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) were perhaps most
extensively studied in multiple renal disorders,
including PKD. Consistent with extensive ECM
changes observed in cystic kidneys, abnormal
renal expression of MMPs and TIMPs was also
described in PKD patients and several PKD mod-
els. Among many reported abnormalities in
expression of multiple MMPs and TIMPs, sev-
eral were consistently reported across different
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models of renal cystic disease. They include
overexpression of MMP-2 in kidneys or tubules
from ADPKD and ARPKD mouse models (e.g.,
mutant Pkdl mice, CysI®* mice [107, 117]) and
MMP-14 overexpression in kidneys from the
Pkdl mouse model, the Cys/®* mice, and mini-
mally cystic 3-week-old Han:SPRD-Cy rats [7,
107, 118]. In human studies, ADPKD-associated
increases in serum levels of MMP-1, MMP-9,
and TIMP-1 were noted [119]. In addition,
expression of several MMPs was consistent in
both pre-dialysis and end-stage ADPKD kidneys
(e.g., MMP-2, MMP-3, MMP-9, TIMP-1 and
TIMP-2, and plasminogen activator inhibitor-1
(PAI-1) [105]).

The functional consequences of changes in
ECM turnover regulators in PKD are not fully
understood. However, they likely include changes
in multiple cellular functions, including prolifer-
ation and differentiation [105]. Their additional
activities may resemble effects of a collagen I
breakdown fragment proline-glycine-proline
(PGP) in lungs. PGP is a key regulator of inflam-
matory neutrophil accumulation, a process that is
central to the pathogenesis of chronic obstructive
pulmonary disease [120]. Since one of the two
MMPs that participate in the generation of PGP
is also upregulated in ADPKD (MMP-9; [105]),
PGP or other ECM collagen fragments may exert

important immunoregulatory and  disease
progression-modulating effects also in PKD
kidneys.

The interactions of cells with ECM or its
breakdown products are mediated by specialized
matrix receptors. They include chemokine recep-
tors, as well as integrins and syndecans [121] that
often interact with ECM components at focal
adhesion complexes [122]. These complexes
activate intracellular signaling pathways involved
in regulation of major cellular regulatory pro-
cesses, including gene expression [122, 123].
The complex interplay between ECM, its degra-
dation fragments’ receptors, signaling pathways,
and ensuing selective transcriptional activation of
specific genes provides a unique microenviron-
ment that modulates local cellular responses
[105]. Changes observed in ADPKD that point to
specific abnormalities in interactions between

cystic epithelial cells and ECM include increased
expression of integrins a2pl, o8, av, p4, syn-
decan-4, as well as integrin-associated focal
adhesion kinase [103, 104, 124-126]. Some of
these changes were identified in pre-dialysis
ADKPD cystic epithelia. Induction of renal cyst
formation in response to disruption of these path-
ways (e.g., by genetic targeting of Bl integrin in
mice; [127]) and the fact that ECM receptors may
localize on primary cilia (integrins o and f;
[128]) point to functional relevance of cell-ECM
interactions in the pathogenesis of PKD.

Roles of Specialized Cell Types
in Regulation of ECM in PKD

Myofibroblasts are specialized cells that can
exert large contractile forces, mediate wound
healing, and substantially contribute to the expan-
sion of ECM and development of tissue fibrosis
[129]. A hallmark of the myofibroblast pheno-
type is the expression of cytoskeletal alpha
smooth muscle actin (aSMA). While aSMA
expressing interstitial cells were found in focal
areas in early ADPKD kidneys, they become
widespread in end-stage ADPKD kidneys [105].
aSMA-positive cells were also found in kidneys
from several PKD models including PkdlI-
deficient mice [107]. Similarly, expression of
genes encoding smooth muscle proteins, a signa-
ture of myofibroblasts, was found in end-stage
ADPKD kidneys and kidneys from Han:SPRD-
Cy rats [19, 118]. Although the origin of renal
PKD myofibroblasts remains unknown, it appears
that these cells differentiate from several differ-
ent precursors. For example, they may be derived
from resident interstitial fibroblasts [110]. Such
transformation may be regulated by TGFp [130]
or perhaps by PKD-related alteration of calcium
flux [131]. Myofibroblasts may also differentiate
from infiltrating bone marrow-derived inflamma-
tory cells and fibrocytes (reviewed in [132]).
Fibroblasts may differentiate into myofibro-
blasts after appropriate stimulation. This stimula-
tion may be enhanced in PKD as suggested by
ADPKD and disease stage-specific differences in
proliferative response to ECM-promoting factors
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such as TGFp, platelet-derived growth factor
(PDGF), FGF-1, and insulin-like growth factors
(IGF) Iand IT [110]. These changes also included
increased secretion of FGF-1 and overexpression
of TGFB, MMP-2, and heat shock protein 47
(HSP47). Similar changes in proliferative
response and TGFP pathway activation were
observed in mouse embryonic fibroblasts with
Pkdl defects [107, 133]. In addition, fibroblast
differentiation to myofibroblasts may be modu-
lated by macrophages that secrete growth factors
including PDGF, FGF-2, insulin-like growth
factor-binding protein 5, and galectin 3 [43].

Fibrocytes represent another ECM-producing
cell type. They differentiate from peripheral
blood leukocytes and express both hematopoietic
(e.g., CD45) and stromal cell (e.g., collagen type
I) markers, as well as multiple chemokine recep-
tors [132]. Their differentiation is enhanced by
cytokines associated with repair and fibrosis-
promoting Th2-type immune response, and it is
inhibited by pro-inflammatory Thl-type cyto-
kines [134]. Since the pace of renal cystic disease
progression was associated with the Th2-type
immune response, fibrocyte differentiation may
be enhanced in cystic kidneys and contribute to
the PKD-associated ECM abnormalities.

Several inflammatory cell types are relevant to
the regulation of ECM characteristics in
PKD. They include macrophages, a heteroge-
neous group of cell types that differ by origin and
activation. Among them, a subset of macrophages
that are associated with Th2 cytokine-driven
responses (an M2 type) promotes renal tissue
repair and fibrosis (reviewed in [135, 136]). This
subset of macrophages was associated with PKD
[46, 51] but also with a rapid (vs slow) pace of
renal cystic disease progression in the Cys*
model of ARPKD [7]. The pro-fibrotic bone
marrow-derived macrophages express CDI11b,
and this feature is often used for their identifica-
tion [38]. However, some macrophage types may
have opposite, fibrosis-attenuating effects [137].
In addition to macrophages, renal ECM abnor-
malities and fibrosis may be enhanced by CD11c-
expressing dendritic cells [138, 139], lymphocytes
[138], and mast cells [140].

Renal tubular and vascular epithelial cells or
macrophages can also transition to a myofibro-
blast phenotype through a process called
epithelial-mesenchymal  transition (EMT)
(reviewed in [141]). TGFpI1 is recognized as a
potent EMT inducer. However, EMT likely
makes negligible contributions to the pathogene-
sis of renal cystic disorder as suggested by stud-
ies in Pkdl mouse model of ADPKD [107].

Prognostic Value of ECM
Abnormality Assessment in PKD

Since abnormal contents of collagen I- and III-
derived fragments were recently identified in the
urine of young, dialysis-independent ADPKD
patients [142], ECM remodeling may play an
important role in PKD pathogenesis and repre-
sents an attractive target for therapeutic develop-
ment and for identification of predictive
biomarkers. A follow-up study based on analyses
of small urinary peptides (mostly urinary colla-
gen fragments) by capillary electrophoresis-
coupled mass spectrometry (CE-MS) provided
further support for this hypothesis (urinary pro-
teomic CE-MS score predicted ADPKD severity
reflected by height-adjusted total kidney volume
with r = 0.415 and p < 0.0001) [143].
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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is the most common Mendelian genetic
kidney disease, affecting 1 in 500-1000 births
worldwide [1]. Focal development of an increas-
ing number of renal cysts with age is a hallmark of
ADPKD, leading to the distortion of normal kid-
ney architecture and, ultimately, end-stage renal
disease (ESRD) in a majority of patients [2].
Mutations of two genes, PKDI and PKD?2, have
been, respectively, implicated for the disease in
85% and 15% of linkage-characterized European
families [3]. However, a more recent population-
based study has reported a higher prevalence of
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PKD2 of 26% [4]. Disease severity and progres-
sion is highly variable in ADPKD in part due to
strong effects from the gene locus and alleles
[5-11]. Adjusted for age, patients with PKD1 have
more renal cysts, larger kidneys, and earlier onset
of ESRD than patients with PKD2 (mean age at
ESRD: 53.4 vs. 72.7 years, respectively) [7, 8].
More recent studies have further demonstrated a
significant allelic effect in PKD1 with milder renal
disease associated with non-truncating mutations
and severe disease, with truncating mutations
[9-11]. Marked renal disease variability within
families has been well documented in ADPKD
and suggests a modifier effect from genetic and
environmental factors [12, 13].

Imaging-based testing is commonly per-
formed for presymptomatic screening or clinical
diagnosis of ADPKD. Conventional ultrasound,
which is inexpensive and widely available, is the
most common modality used for presymptomatic
screening of ADPKD. As simple cysts occur with
increasing age in the general [14] and hospital
patient [15] population, age-dependent ultra-
sound diagnostic criteria have been established
for PKD1 [16] and subsequently refined and
extended for evaluation of at-risk subjects of
unknown gene type (a.k.a. “unified diagnostic
criteria”) [17]. More recently, highly sensitive
and specific criteria based on magnetic resonance
imaging (MRI) have also been derived for earlier
diagnosis and exclusion of ADPKD in younger
at-risk subjects [18]. In general, presymptomatic

133

B. D. Cowley, Jr.,, J. J. Bissler (eds.), Polycystic Kidney Disease,

https://doi.org/10.1007/978-1-4939-7784-0_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7784-0_7&domain=pdf
mailto:Moumita.Barua@uhn.ca
mailto:york.pei@uhn.ca
mailto:Anna.Mcnaught@health.nsw.gov.au
mailto:Korosh.Khalili@uhn.ca
mailto:Korosh.Khalili@uhn.ca

134

Y.-H. Hwang et al.

screening of at-risk children (under 18 years of
age) cannot be recommended at this time based
on the potential risks including adverse psycho-
logical consequences and denial of future insur-
ance coverage. Additionally, there is currently no
evidence that clinical management in this setting
would improve outcomes. The possible implica-
tions of all diagnostic screening should be dis-
cussed beforehand, and the results clearly
explained to the test subjects. Blood pressure
assessment should be performed routinely in at-
risk subjects of all age groups whether or not they
undergo the screening.

It is important to note that the diagnostic crite-
ria derived for US and MRI are applicable only to
test subjects with a definitive family history of
ADPKD who are born with a 50% risk of disease.
By contrast, the pretest probability of subjects
without a positive family history is that of the
population risk (i.e., 1 in 500-1000); thus, the
above criteria may not be valid. Moreover, the
possibility of other genetic and nongenetic causes
of PKD needs to be considered in the latter set-
ting [2]. In subjects without a positive family his-
tory, it is useful to screen their parents and older
first-degree relatives with ultrasound as mild dis-
ease associated with a PKD2 or non-truncating
PKDI mutation may not be apparent, especially
in small families [2]. If one or both parents are
deceased, review of their medical record for prior
renal imaging results may be helpful. The docu-
mentation of at least one affected first-degree
relative with bilaterally enlarged kidneys and
numerous cysts is sufficient evidence to support
the use of the imaging-based diagnostic criteria.
On the other hand, the presence of several cysts
without kidney enlargement in an elderly relative
may be due to simple cysts and should not be
considered as sufficient evidence for a positive
family history.

screening of at-risk subjects, age-dependent cri-
teria based on conventional ultrasound have been
derived for PKDI [16]. However, the utility of
these criteria is limited by the unknown gene type
of most test subjects in the clinical setting and the
negative impact on diagnostic performance by
the milder cases associated with PKD2. To over-
come these limitations, Pei et al. derived age-
dependent diagnostic criteria from a cohort of
948 at-risk subjects by comparing their molecu-
lar genetic results (for the presence or absence of
disease) and ultrasound findings, using a simu-
lated case mix of 85-15% for PKD1 and PKD2,
respectively [17]. Based on the “unified criteria”
derived from this study (Table 7.1), the presence
of “a total of three or more renal cysts” for at-risk
subjects aged 15-39 years and “two cysts or more
in each kidney” for at-risk subjects aged
40-59 years can be considered as sufficient for
diagnosis. Conversely, the “absence of any renal
cyst” can be considered sufficient for disease
exclusion only in at-risk subjects aged 40 years
or older. It should be noted that a resolution of
approximately 1 cm or more is required for con-
ventional ultrasound to detect most of the renal
cysts. Thus, the validity of the unified criteria
should not be extrapolated to high-resolution
ultrasound using modern scanners, which has
imaging resolution enabling routine detection of
very small renal cysts of 2—3 mm. It is also clear
that reduced diagnostic sensitivity (e.g., ~81%
for unknown gene type) is a limitation of conven-
tional ultrasound rendering early diagnosis of at-
risk subjects with milder disease suboptimal. A
corollary is that the “absence of any renal cyst”
cannot be used as definitive evidence for disease
exclusion in younger at-risk subjects of unknown
gene type, where their negative predictive values
are ~91% and 98%, under 30 and between 30 and
39 years of age, respectively.

Diagnosis of ADPKD
by Conventional Ultrasound

The diagnosis of ADPKD is generally straight-
forward in patients with symptomatic disease and
a positive family history. For presymptomatic

Diagnosis of ADPKD by MRI
and High-Resolution Ultrasound

Given that younger subjects at risk for ADPKD
are increasingly being evaluated as potential liv-
ing kidney donors [19, 20], there is a need to
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Table 7.1 Ceriteria for diagnosis and exclusion of ADPKD using conventional ultrasound
Age (years) ‘ Criterion ‘ PKD1 ‘ PKD2 ‘ Unknown gene type
Performance of criteria for diagnostic confirmation
15-29 A total of three or more cysts* PPV = 100% PPV = 100% PPV = 100%
SEN =94.3% SEN =69.5% SEN =81.7%
30-39 A total of three or more cysts® PPV =100% PPV =100% PPV =100%
SEN = 96.6% SEN =94.9% SEN =95.5%
40-59 >2 cysts in each kidney PPV =100% PPV =100% PPV =100%
SEN =92.6% SEN = 88.8% SEN =90%
Performance of criteria for disease exclusion
15-29 No renal cyst NPV =99.1% NPV =83.5% NPV =90.8%
SPEC =97.6% SPEC =96.6% SPEC =97.1%
30-39 No renal cyst NPV = 100% NPV =96.8% NPV =98.3%
SPEC = 96% SPEC =93.8% SPEC = 94.8%
40-59 No renal cyst NPV = 100% NPV = 100% NPV = 100%
SPEC =93.9% SPEC =93.7% SPEC =93.9%
Unilateral or bilateral
develop highly sensitive and specific tests for dis- tion. Instead, a widely quoted study by

ease exclusion. While molecular diagnostics may
be used here for disease exclusion, it is expensive
and time-consuming and may not provide a
definitive diagnosis in up to one third of cases
[21]. With increased resolution for detecting very
small cysts by magnetic resonance imaging
(MRI) and contrast-enhanced computed tomog-
raphy (CT), many transplant centers have rou-
tinely included one of these imaging modalities
in their evaluation of subjects at risk of ADPKD.
However, until recently, validated diagnostic cri-
teria for these modalities were lacking [19, 20].
Thus, Huang et al. empirically proposed that CT
or MRI be used for screening in this setting, and
if there are at least three unilateral or bilateral
renal cysts, that the kidney donation be deferred
pending the results of molecular genetic testing
[19]. On the other hand, Niaudet proposes that
CT or MRI be used for detection of small renal
cysts in at-risk subjects under 30 years of age
and, if the scan is negative, molecular genetic
testing be considered for disease exclusion [20].
With improved resolution to detect smaller
cysts, there is a general concern that MRI or CT
may also detect more simple renal cysts.
However, until recently, there was no data on the
prevalence of simple renal cysts detected by these
imaging modalities in the heathy general popula-

Nascimento et al. [15] provides a retrospective
survey of the prevalence of renal cysts by MRI in
528 patients with various non-specified medical
conditions from a large university hospital in the
United States. In this study, 31% (i.e., 11/35) and
51% (i.e., 97/190) of the patients aged
18-29 years and 30-44 years, respectively, had at
least one renal cyst, and 11% (i.e., 4/35) and 12%
(i.e., 23/190) of the patients from the two respec-
tive age strata had a total of three or more renal
cysts. However, chronic renal disease (including
polycystic kidney disease), if not manifested as
renal atrophy, was not excluded in the study.
Furthermore, molecular genetic analysis was not
employed to ascertain whether those patients
with renal cysts had ADPKD. Thus, the preva-
lence estimates of renal cysts provided by this
study should not be taken to reflect those from a
healthy general population.

The Toronto Radiological Imaging Study of
Polycystic kidney disease (TRISP) has recently
shown that MRI and high-resolution ultrasound
provide improved performance for early diagno-
sis and exclusion of ADPKD compared to con-
ventional ultrasound [18]. In this study, we
prospectively enrolled 126 subjects at risk for
ADPKD aged 16—40 years to undergo renal MRI
and high-resolution ultrasound as well as com-
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prehensive mutation screening of PKDI and
PKD?2 (to define the disease status). Concurrently,
46 age-matched healthy controls without a fam-
ily history of ADPKD also underwent the same
imaging protocol to provide specificity data.
Using these imaging modalities, we were able to
detect very small renal cysts down to 3 mm in
diameter. Despite increased sensitivity for detect-
ing very small cysts by MRI, we only found 1/82
unaffected subject aged 1640 years with more
than three renal cysts. Thus, simple renal cysts in
this healthy population remain few in number
despite enhanced resolution for detecting very
small cysts. By contrast, all but one (i.e., 72/73)
of our genetically affected subjects had a total of
more than 20 renal cysts (left panel, Fig. 7.1).
These two features together enable MRI to pro-
vide highly discriminant diagnostics for
ADPKD. Thus, the presence of “a total of more
than 10 renal cysts” (with both positive predictive
value and sensitivity of 100%) can be considered
as sufficient for diagnosis in a subject at risk of
ADPKD. Conversely, “less than a total of 10
renal cysts” (with both negative predictive value
and specificity of 100%) can be considered as
sufficient for disease exclusion. For evaluation of
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Fig. 7.1 Distribution of total renal cyst counts by disease
status: MRI (left panel) versus high-resolution US (right
panel). Both MRI and HR-US provided highly discrimi-
nant diagnostics for ADPKD; however, HR-US is both
operator- and center-dependent and may be affected by
the body habitus of the test subject (Adapted from Pei
et al. JASN; [18]). "TOR190.1 is a genetically affected

living kidney donors, among whom the clinical
agenda is disease exclusion with high certainty,
we recommend using “less than a total of 5 renal
cysts” (with negative predictive value of 100%
and specificity of 98.3%) as a more stringent cri-
terion. Pending future studies demonstrating
diagnostic equivalence between the two modali-
ties, we do not recommend extrapolating the
MRI-specific criteria to contrast-enhanced CT.
Overall, we found improved diagnostic per-
formance by high-resolution ultrasound com-
pared to conventional ultrasound [18].
Specifically, we noted a significant increase in
sensitivity with a small decrease in specificity
across all the criteria tested, likely due to
increased imaging resolution in detecting cysts as
small as 3 mm with the modern scanners and
experienced operators attuned to detection of
small cysts. Using the unified criterion of “a total
of three or more renal cysts” in at-risk subjects
under 30 years of age, we found a significant
increase in sensitivity (i.e., 97.3% from 81.7%)
with a small decrease in positive predictive value
(i.e., 100-97.3%). To minimize false-positive
cases with high-resolution ultrasound, a more
stringent criterion such as “two or more cysts in

ek
2 * #

Number of Test Subjects

0 1 2 3 4 5-10 11-20 >20
Total Cyst Number

subject with a BMI of 35.6 kg/m? who had more than 20
renal cysts by MRI but no cyst detectable by a suboptimal
US. *TOR31.2 is a subject with six renal cysts on US and
ten renal cysts on MRI; he did not carry the familial PKD2
mutation and was considered as unaffected. “TOR404.1
and TOR208.5 were both unaffected but had three renal
cysts by US
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each kidney” (with positive predictive value of
100%) should be used. Conversely, the “absence
of any renal cyst” by high-resolution ultrasound
may be considered sufficient for disease exclu-
sion in at-risk subjects aged 30-40 years, but not
younger. An important caveat is that a suboptimal
scan (e.g., due to body habitus) should be inter-
preted as indeterminate, and this point was well
illustrated by patient TOR190.1 (right panel,
Fig. 7.1). Another limitation of ultrasound is that
its diagnostic performance is both operator- and
center-dependent, reflecting differences such as
imaging resolution of the scanners and experi-
ence of the technicians/radiologists. Thus, cur-
rent availability of ultrasound scanners with
different imaging resolution has important impli-
cation for diagnostic testing. Specifically, the
diagnostic criteria we derived here should be
applicable to experienced centers using high-
resolution ultrasound; otherwise, the unified cri-
teria [17] should be used for centers that utilize

[FEWIE FRETE FEWEE N

Fig.7.2 T2-weighted MRI images showing a spectrum of
autosomal dominant polycystic kidney disease. (a)
26-year-old female with a protein-truncating PKD I muta-
tion (TKV = 890 ml), (b) 22-year-old female with a
protein-truncating PKD2 mutation (TKV = 610 ml), (c)
26-year-old male with a hypomorphic PKDI mutation
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conventional ultrasound. While conventional
ultrasound will continue to be the first-line test
for presymptomatic screening of ADPKD, MRI
or high-resolution ultrasound will be useful for
diagnostic clarification in cases with equivocal
results and for disease exclusion in at-risk sub-
jects being evaluated as potential kidney donors.
Moreover, MRI also provides an assessment of
renal cystic burden and disease severity in
affected subjects (Fig. 7.2).

Diagnosis of ADPKD Without a
Positive Family History

The absence of a positive family history in
15-28% of patients with suspected ADPKD
poses a diagnostic challenge [2, 22, 23]. This
problem is well illustrated by our findings in the
Toronto Genetic Epidemiology Study of PKD
(TGESP) in which 28% (58/209) of our probands

EJ | _IJJ _'JJé_lJJ _'JJ 1]

(TKV = 310 ml), (d) 42-year-old male with protein-
truncating PKD 1| mutation (TKV = 1280 ml), (e) 40-year-
old male with a complete PKD2 deletion (TKV =470 ml),
and (f) 43-year-old male with a hypomorphic PKDI
mutation (TKV = 470 ml). Each small unit of the ruler
denotes 1 cm
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did not report a family history of ADPKD [22]. In
this subgroup of patients, we reviewed their
parental medical records and screened all avail-
able parents by renal imaging. We found that
15.3% (32/209) of them had de novo PKD, 2%
(4/209) had a positive family history in retrospect
due to mild disease from non-truncating PKD]
mutations in one of their parents, and 10.5%
(22/209) had an indeterminate family history due
to missing parental information. Of interest, no
pathogenic PKDI and PKD2 mutation could be
identified in ~16% (34/209) of our patients with
atypical (i.e. asymmetric, focal, or unilateral)
polycystic kidney disease on renal imaging.
In one family with both an affected mother (pro-
band) and daughter, we were able to prove that
the mother was a somatic mosaic harboring a
frameshift PKD/ mutation. Somatic mosaicism
of a dominantly inherited disease such as ADPKD
results from a pathogenic somatic mutation
affecting one of the pluripotent progenitor cells
during early embryo development [24]. The hall-
mark of somatic mosaicism is the presence of
two distinct cell populations (i.e., one with and
one without the pathogenic mutation) in the
affected subject whose disease is typically focal,
milder, and variably expressed due to dilution of
the mutant gene dosage at one or more disease
tissues [25]. This diagnosis should be considered
in patients with asymmetric polycystic kidney
disease of de novo onset (see molecular genetic
testing).

In the absence of a family history of ADPKD,
other causes of renal cystic diseases need to be
considered in the differential diagnosis
(Table 7.2). Autosomal dominant polycystic liver
disease (ADPLD) [MIM 174050] is caused by
mutations in at least two genes that are distinct
from PKD1 and PKD?2 [26]. In the classical form,
ADPLD presents as a late-onset disease with
liver cysts. However, patients with ADPLD may
have a few renal cysts which can be confused as
mild ADPKD. By contrast, patients with autoso-
mal recessive polycystic kidney disease
(ARPKD) [MIM 263200] can present with
enlarged echogenic kidneys in the prenatal period

as an incidental finding detected by screening
ultrasound. The presence of oligohydramnios
and respiratory failure at the perinatal period or
congenital hepatic fibrosis and renal failure dur-
ing childhood heralds more severe disease typi-
cally associated with two protein-truncating
mutations [27]. Two other syndromic forms of
PKD due to tuberous sclerosis complex (TSC)
[MIM 191100] [28] and Von Hippel-Lindau
(VHL) syndrome [MIM 193300] [29] should be
easily recognized by their extrarenal clinical fea-
tures (Table 7.2). However, when present atypi-
cally they can mimic ADPKD. Of note, the
characteristic renal angiomyolipomas or skin
lesions may be absent in up to 30% of patients
with mild disease, some of whom may harbor
TSC somatic mosaicism [28]. Glomerulocystic
kidney disease [MIM 137920] due to hepatocyte
nuclear factor 1-beta (HNF-1B) gene mutations
can mimic ADPKD. However, the association of
renal cysts with urogenital abnormalities, matu-
rity onset diabetes mellitus, as well as chronic
renal insufficiency that is discordant with the cys-
tic disease burden (i.e., renal insufficiency with-
out enlarged cystic kidneys) should raise a
suspicion for this disorder [30]. Autosomal domi-
nant medullary cystic kidney disease [OMIM
174000 and 603,860] typically presents as
chronic renal insufficiency with few or no renal
cysts and may be associated with hyperuricemia
and gout [31, 32]. Other non-syndromic causes
of PKD including simple renal cysts, acquired
renal cystic disease, medullary sponge kidney
[33], and somatic mosaicism of ADPKD should
also be considered in patients without a family
history of ADPKD. Examples of both syndromic
and non-syndromic forms of PKD are shown in
Fig. 7.3.

An Integrated Approach
for Diagnosis of Renal Cysts

We present in Fig. 7.4 an integrated approach
for the evaluation of patients with renal cysts.
The first step in the evaluation is a detailed
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Fig. 7.3 Examples of other cystic disorders. (a) Acquired
cystic kidney disease in a 63-year-old female with end-stage
renal failure due to diabetes mellitus, (b) simple renal cysts
in a 6l-year-old-male with normal eGFR and negative
PKDI and PKD2 mutation screen, (c¢) parapelvic cysts
(arrows) in a 64-year-old-male, (d) unilateral ureteropelvic
junction (UPJ) obstruction in a 44-year-old-male with mark-
edly distended left renal collecting system and abrupt transi-

family history including renal disease severity
(i.e., age at ESRD) in older affected family
members. For at-risk subjects with a definitive
family history of ADPKD, the unified criteria
based on conventional ultrasound can be used
for both diagnosis and disease exclusion
(Table 7.1). Specifically, the presence of “a total
of three or more renal cysts” for at-risk subjects
aged 15-39 years and “two cysts or more in
each kidney” for at-risk subjects aged
40-59 years can be considered as sufficient for
diagnosis. Conversely, the “absence of any renal
cyst” can be considered sufficient for disease
exclusion only in at-risk subjects aged 40 years
or older. In addition, the absence of any renal
cyst by 30 years of age (“Ravine criterion”) can
be used for disease exclusion in at-risk subjects
from families with one or more affected member
who developed ESRD before 50 years of age or

tion at UPJ (arrow), (e) multiple renal cysts (arrows) and
renal cell carcinomas (RCCs) (arrowheads) in a 44-year-old
male with Von-Hippel Lindau disease and a previous left
nephrectomy for RCC, and (f) kidney enlargement from
numerous cysts (asterisks) and angiomyolipomas (arrows)
in a 32-year-old female with tuberous sclerosis complex. All
figures are T2-weighted MRI images except for panels (d)
and (f) which are from contrast-enhanced CT scans

known truncating PKD1 mutations [4]. In at-risk
subjects with equivocal results, MRI may be
used for further diagnostic clarification [18].
Specifically, the presence of “a total of more
than 10 renal cysts” can be considered as suffi-
cient for diagnosis and “less than a total of 5
renal cysts” for disease exclusion with high
stringency. In patients without an apparent fam-
ily history of ADPKD, review of medical record
or ultrasound screening of other older first-
degree relatives may uncover one oOr more
affected but undiagnosed members with mild
disease due to PKD2 or non-truncating PKD]
mutations. In the absence of a definitive family
history of ADPKD, the differential diagnosis
will need to broaden to include other syndromic
and non-syndromic causes of renal cysts
(Table 7.2) with molecular genetic testing often
indicated for diagnostic clarification.
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Fig. 7.4 An integrated approach for evaluation of renal
cysts detected by conventional ultrasound (US). The doc-
umentation of a positive family history is a critical step
allowing the use of age-dependent imaging-based criteria
for both diagnosis and exclusion of ADPKD. In the
absence of a family history, the differential diagnosis
needs to include other syndromic and non-syndromic
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Epidemiology

ADPKD is the most common hereditary kidney
disease, characterized by progressive kidney cyst
growth and enlargement over decades, ultimately
leading to loss of kidney function and end-stage
renal disease (ESRD) [1]. ADPKD is the fourth
most common cause of renal failure in the United
States with approximately 200,000 individuals
diagnosed. There are two identified genes, PKD1
and PKD2, which code for the proteins polycys-
tin-1 and polycystin-2, and mutations in these
genes account for approximately 85% and 15%
of all diagnosed cases, respectively. Patients with
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PKD? disease have a less severe phenotype with
a later age of onset of ESRD (mean age 74.0
versus 54.3 years PKD2 vs. PKD1I), later onset of
hypertension, and a greater life expectancy [2, 3].

ADPKD is a systemic disorder and includes
both renal and extrarenal manifestations such as
hypertension, kidney pain, hematuria, cyst hem-
orrhage and infection, urinary tract infections,
nephrolithiasis, liver and pancreatic cysts,
abdominal hernias, valvular heart disease, left
ventricular hypertrophy, biventricular diastolic
dysfunction, and intracerebral aneurysms [1].
Clinical and genetic characteristics that associate
with an earlier age of onset of ESRD include the
PKDI genotype, male gender, proteinuria, gross
hematuria before the age of 30, hypertension
before the age of 35, and a history of three or
more pregnancies [4]. All of these characteristics,
as well as pain, are directly related to the degree
of cystic involvement as measured by total kidney
volume (TKV).

The characteristically increased TKV found
in ADPKD differentiates this disease from other
renal cystic diseases. ADPKD is characterized
by unrelenting progression, a gradual but insis-
tent nature of increase, and the appearance of
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enlarged cysts throughout both the medulla and
cortex. Although other hereditary cystic disorders
carry similar manifestations, increased TKV is
not a universal finding. The increase in TKV in
ADPKD can be seen in utero or during childhood,
is predominant in adult life, and does not reverse
[5]. Acquired cystic kidney disease, the most
common non-hereditary cystic disease of the
kidney, observed in patients with advanced renal
disease, typically presents with multiple small- to
moderate-sized renal cysts, an echogenic cortex,
and small- to normal-sized kidneys. Other cystic
disease of the kidneys, such as medullary cystic
kidney disease, juvenile nephronophthisis, glo-
merulocystic kidney disease, and von Hippel-
Lindau syndrome, are typically not associated
with increased TKV [6], and cyst distribution is
often limited to the medulla or the cortex, typi-
cally without extremely large cysts [7].

Pathogenesis of Cyst Formation
in ADPKD

Cysts in ADPKD arise from the nephrons and can
arise from any nephron segment, as well as the
glomerulus; however cysts occur in only 5% of
all nephrons due to a required “second hit” or
somatic mutation that results in focal, clonal pro-
liferation [8—10]. Cysts form as focal, segmental
dilatations of the tubule that ultimately discon-
nect from the parent tubule (typically once the
cyst reaches a diameter of 2 mm or greater) and
continue to grow through autonomous prolifera-
tion and fluid secretion [8, 11]. The process of
cystogenesis can start in utero with an initial
growth rate reaching 2400%/year, arising from
100 pm tubules and growing to 5 mm or 5000 pm
size by birth. This level of cyst expansion is
undetectable by clinical imaging techniques, and
increased kidney size with echogenicity is often
the only ultrasound (US) finding [12]. The growth
rate of cysts measured by magnetic resonance
imaging and US is approximately 17%/year dur-
ing childhood. [13]. The process of continual cyst
growth and expansion commonly results in an
impressive TKV of approximately 1 L by the age
of 30 or a weight of 5 kg/kidney once closer to

ESRD. This is dramatic in contrast with a normal
kidney weight of 0.15 kg.

The polycystins are essential to maintain a
fully differentiated tubular epithelium. Reduction
in one of these proteins below a critical threshold
results in an increased rate of proliferation and
apoptosis, expression of a secretory phenotype,
inability to maintain planar cell polarity, and
remodeling of the extracellular matrix [14].
Polycystins 1 and 2 are two transmembrane pro-
teins that form a single functional complex [15—
18]. Polycystin-2 is a nonselective cation channel
capable of transporting calcium (Ca’+) into the
cell by interacting with the transient receptor
potential channel 1 (TRPC1) [19, 20].
Polycystin-1 is a receptor for an unidentified
ligand. The polycystins are located together in
the primary cilium [21, 22], a hairlike organelle
projecting from the apical surface of tubular epi-
thelial cells into the lumen. The polycystin com-
plex contributes to ciliary function as a
mechanosensor, detecting changes in urinary
flow. Calcium influx secondary to activation of
the calcium channel via polycystin-2 in turn
induces release of calcium from intracellular
stores within the endoplasmic reticulum. [23]. In
the setting of decreased availability of functional
polycystins, reduced intracellular concentrations
of calcium and increased intracellular concentra-
tions of cyclic AMP (cAMP) are present which
lead to alterations in epithelial cell signaling and
increased cellular proliferation [24, 25].
Decreased polycystin levels also lead to aberrant
apical secretion of chloride. The progressive
chloride accumulation within the cyst lumen
drives sodium and water secretion following
transepithelial potential and osmotic gradients
[14] ultimately resulting in cyst expansion.

Natural History of ADPKD: Kidney
Cyst Burden and Decline in Kidney
Function

Renal cyst growth and kidney enlargement are
cardinal features of ADPKD. In the first system-
atic and extensive review of 284 patients with
ADPKD in 1955, Dalgaard identified the value



8 Renal Structural Involvement in Autosomal Dominant Polycystic Kidney Disease: Cyst Growth...

145

A Total Kidney Volume
50007 ___ women
4000 4
E ]
® 3000
I -
=] -
5 ]
> ]
Z 2000
2 ]
kel i
X .
1000
0 ] T L] L] T 1 T ] 1
10 15 20 25 30 35 40 45 50
Age (yr)

Fig. 8.1 Total kidney volume (a) and total cyst volume
(b) in relation to age in women (in blue) and men (in red).
The lines connecting the four measurements for each
patient in the 3 years of follow-up exhibit an exponential

of renomegaly on physical examination in diag-
nosing ADPKD and clarified that in some cases,
renomegaly would be absent or unilateral, mak-
ing a diagnosis of ADPKD more difficult [26]. In
an early study of 38 patients with ADPKD where
serial determinations of glomerular filtration
rate, PAH clearance, and reciprocal serum cre-
atinine were performed, renal function remained
preserved for decades and ultimately decreased
rapidly at a later stage. Franz and Reubi postu-
lated that a complex nonlinear relationship exists
between renal function, age, and the slow but
constant growth of kidney cysts [27]. More con-
temporary large longitudinal studies of ADPKD
demonstrate that GFR remains stable for decades
despite significant increases in TKV. In fact,
hyperfiltration has been reported in a number of
studies [28-30]. While hyperfiltration of the
remaining non-cystic nephrons allows GFR to be
maintained within the normal range, this is
falsely reassuring, particularly as TKV contin-
ues to increase and renal fibrosis is already pres-
ent [31] (Fig. 8.1). In ADPKD, once GFR begins
to decline (typically in the 5th decade of life)
progression to renal failure is rapid and rela-
tively uniform, with an average rate of decline of
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growth process (From Grantham et al. [40]. Copyright ©
Massachusetts Medical Society (2006). Reprinted with
permission from the Massachusetts Medical Society)

4.4-5.9 mL/min/year, more predictable and
faster than other progressive chronic kidney dis-
eases [32].

Imaging Studies to Measure Total
Kidney Volume (TKV)

Over the past three decades, different imaging
modalities have been used to establish the impor-
tance of increases in TKV in ADPKD. US imaging
was used at the University of Colorado to measure
TKYV using the ellipsoid formula in a 16-year lon-
gitudinal cohort of 241 patients. Sequential
US-based TKV measurements were performed
along with measurements of serum creatinine at a
mean interval of 7.8 (£3.1) years. The mean
increase in single TKV was 46 (+£55) cm®/year and
correlated (r = —0.53) with a mean decline in GFR
of 2.4 (x2.8) mL/min/1.73m*year. Men had
greater kidney growth, more severe hypertension,
and a faster decline in GFR than women of similar
age. Multiple linear regression models showed a
significant relationship between rate of change in
GFR and TKYV, rate of change in TKYV, proteinuria,
and age of initiation of ESRD [33].
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Similarly, several studies reported CT-based
TKV and cyst volume measurements in
ADPKD. An early study from Denmark in 1983
evaluated 43 ADPKD patients with creatinine
clearance levels between 8 and 130 ml/min.
CT-based measures of TKV were 70% larger in
patients with severely decreased renal function vs.
patients with preserved kidney function
(2053+£698 vs. 1212411 mls) [34]. Sise et al.
analyzed two contrast-enhanced CTs more than
3 years apart in ten ADPKD patients with serum
creatinine levels <1.6 mg/dl. The rate of TKV
increase was 53.9 (x10.4) mL/year/kidney
(p <0.001), and 50% of the patients who reached
dialysis within the following 11.2 years had a total
cyst volume/kidney volume ratio of >0.43 [35].
Torres and colleagues used fast electron-beam CT
weekly on three occasions 1 week apart in nine
patients with serum creatinine levels of <1.3 mg/
dl and were able to obtain follow up imaging
8 years later. They demonstrated high reproduc-
ibility and reliability of initial TK'V measures with
an average coefficient of variation for TKYV, cyst
volume, % cystic volume, and renal parenchymal
volume of 3.4%, 7.2%, 5.3%, and 5.6%, respec-
tively. Spearman rank correlation coefficients
between slope of GFR and TKV and cyst volume
were —0.48 and —0.78, respectively [36].

Even though these studies established the util-
ity of CT imaging in ADPKD, the use of CT for
longitudinal TKV measures is limited due to the
risk associated with ionizing radiation and iodin-
ated contrast exposures. Increased availability of
magnetic resonance (MR) imaging in the 1990s
has provided an alternative to CT imaging.

Total Kidney Volume by Magnetic
Resonance Imaging (MRI)

and the Consortium for Radiologic
Imaging Studies of Polycystic
Kidney Disease (CRISP)

Magnetic resonance imaging (MRI) relies on
detecting a radio-frequency signal emitted by
excited hydrogen atoms in the body (present in
any tissue containing water molecules) using
energy from an oscillating magnetic field applied

at the appropriate resonant frequency. MRI has
been used in rodent and human models of poly-
cystic kidney disease to measure TKV and total
cyst volume (TCV).

The first systematic assessment of MR-based
TKYV came from the National Institutes of Health
(NIH)-funded Consortium for Radiologic
Imaging Studies of Polycystic Kidney Disease
(CRISP), which developed reliable and sensitive
imaging modalities for assessment of kidney dis-
ease progression in ADPKD [37]. Before initiat-
ing the CRISP protocol, several steps were
undertaken to establish the accuracy and repro-
ducibility of TKV measurements.

MR-based phantom models were developed
and tested to establish the accuracy and validity
of TKV measures by MR [38]. In one model, a
kidney-shaped mold of agarose (representing
renal parenchyma) containing grapes (mimicking
cysts) and olive oil (representing fat) was frozen
and measured in two different 1.5 Tesla MRI
machines. True individual grape and total phan-
tom volumes were measured by volume of fluid
displacement. An additional geometric phantom
made of solidified agarose containing four water-
filled balloons (5, 10, 20, 30 mls) was constructed
to evaluate accuracy of cyst volume measurement
across a broad range of volumes. Image segmen-
tation and measurements were performed using
stereology.

Measuring the whole simple phantom and the
individual balloon volumes located within the
phantom was accurate (mean coefficient of varia-
tion: 2.8% (2-5%)). The grape volume measure-
ments were highly accurate (mean coefficient of
variation 1.4% (0.1-3.1%)) and reliable (mean
1.8% (0.2-4.6%)). The accuracy and reliability
of the second phantom for cyst/renal parenchyma
were in  close agreement  (Siemens
149.8/396.9 cm?, GE 147/383.3 cm?® vs. fluid dis-
placement methodology 150/385 cm?).

Standardization of TKV acquisition methods
was tested in a variety of ways [39]. Four small
and large balloon phantoms were created and
scanned at four different clinical centers using
the methodology of Bae et al. [38]. To test reli-
ability of MR-based TKV measures in humans,
four patients (ages 21, 40, 48, and 58 with vary-



8 Renal Structural Involvement in Autosomal Dominant Polycystic Kidney Disease: Cyst Growth...

147

ing levels of kidney function) were scanned at
each of the four participating centers for the
CRISP consortium 2 weeks apart by Siemens,
Phillips, or GE MR scanners. TKV was calculated
from contiguous 3 mm, non-overlapping images
by summing the products of the area measure-
ments and the slice thickness (stereology
method). A region-based thresholding method
was used to calculate total cyst volume. A thresh-
old was selected interactively by an analyst using
T2-weighted images. Excellent reliability of
measurement was found with reliability coeffi-
cients (interclass r) ranging between 0.961 and
0.998 for intra-reader and inter-reader variability.
Both TKV and TCV were reproducible with
repeat error for TKV and TCV ranging from
0.2% to 2.5% and 0.1% to 5.6% and mean differ-
ence between measurements of 1.3% and 4.0%,
respectively.

CRISP participants were 1546 years old with
relatively intact renal function (24 h creatinine
clearance >70 ml/min/1.73 m? or a Cockcroft-
Gault estimate of creatinine clearance >70 ml/
min or serum creatinine level of 1.6 mg/dl or less
in men and 1.4 mg/dl or less in women). Two
thirds of the study population had risk factors for
progression to renal failure including the pres-
ence of hypertension before age of 35 or the pres-
ence of dipstick detectable proteinuria. Two
hundred forty-one ADPKD individuals were
enrolled and underwent non-radiolabeled iothal-
amate clearance, comprehensive clinical evalua-
tion, blood pressure measurements, 24-h urinary
albumin and electrolyte excretion, and MR renal
imaging for TKV and renal blood flow annually.
All measures were obtained annually for the first
3 years and alternate years thereafter [37].

The distribution of TKV in the CRISP popula-
tion was widely skewed consistent with the
known high variability of disease severity in
ADPKD. TCV measurements were more vari-
able than TKV measurements but remained
highly correlated with TKV (r = 0.99), indicating
that renal cyst expansion accounts for the increase
in TKV seen in ADPKD (Fig. 8.1). Change in left
and right TKVs was highly correlated with the
left consistently larger than the right, similar to
healthy individuals [40].

The first 3-year follow-up of the CRISP cohort
demonstrated an exponential increase in TKV
and TCV. The baseline mean (xSD) TKV was
1060 (£642) ml and increased by 204 +246 ml
over a 3-year period (68 ml/year) or an annual
growth rate of 5.27+3.92%. TCV increased
218+263 ml during the same period. The vast
majority of CRISP participants demonstrated
detectable increases in TKV over a relatively
short (12-month) period. Baseline TKV predicted
the subsequent rate of increase in TKV, indepen-
dent of age. Importantly, although GFR did not
decrease significantly in the overall CRISP
cohort during the first 3 years of observation,
those with TKV greater than 1500 ml (n = 51)
had an associated decline in GFR of
4.33+8.07 ml/min/year, P < 0.001. Baseline
TKYV was greater in the 135 patients with a PKD1
mutation than in the 28 patients with a PKD2
mutation (994 vs. 678 mL, p = 0.0003). However
the rate of increase in TKV were similar for
patients in both groups (5.51 vs. 4.99%/year, p =
NS). There was a gradual nonsignificant decline
in renal function by non-radiolabeled iothalamate
clearance (mean slope —1.5%/year; SD = 9.3%),
by MDRD equation (mean —3.0%/year;
SD = 7.0%), and by Cockcroft-Gault equation
(mean —1.8%/year; SD 6.7%) [31].

MR measures with and without gadolinium
were performed in CRISP participants until 2007.
After a warning regarding the risk of nephrogenic
systemic fibrosis related to gadolinium exposure
was issued by the US Food and Drug
Administration, gadolinium-enhanced imaging
was discontinued. Comparison of MR measures
of TKV with and without gadolinium showed
that measurements were highly correlated
(r = 0.99) and that gadolinium-enhanced MRI
measured a higher TKV for small-, medium-, and
larger-sized kidneys (average variation of 43.55,
48.31, and 26.15 mL (or 9.59%, 5.9%, and
1.98%), respectively [39].

The relationship of TKV with other known
risk factors for progression to ESRD in ADPKD
is also highlighted in the CRISP cohort.
Genotype, gender, age, proteinuria, and hyper-
tension, all risk factors for progression to renal
failure, were associated with a larger TKV [31].
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The observed gender difference in TKV in CRISP
was evaluated with regard to body size.
Referencing baseline TKV to height, weight,
body surface area, or BMI diminished the gender
differences in TKV with height providing a male/
female ratio of 1.037 similar to the differences
seen in TKV. These data suggest that height-
corrected TKV is a more suitable measure of cyst
burden in ADPKD. GFR was referenced to body
surface area following the conventional notation
in nephrology and the values for height and body
surface area followed a similar degree of adjust-
ment (1.036 and 0.965, respectively).

With further longitudinal follow-up of 8 years
in CRISP participants in CRISP II, additional
insight was obtained regarding TKV progression
and its relationship with the decline in kidney
function. The mean rate of increase in TKV con-
tinued unchanged (5.2%/year), resulting in an
8-year increase of 55% from baseline [41].
Thirty-one percent of the CRISP participants
reached CKD Stage 3 during this time. The nega-
tive correlation between htTKV and GFR at
baseline increased at years 3 and 8 of follow-up
(r=—0.22 baseline, —0.44 year 3 and —0.65 year
8) (Fig. 8.2). Prediction models established that a
baseline htTKV of >600 cc/m (equivalent to a

year to baseline for htTKV (*) and GFR (#) (Republished
with permission of the American Society of Nephrology
from Chapman et al. [41]; permission conveyed through
Copyright Clearance Center, Inc.)

TKV of 1047 mls) strongly predicted the devel-
opment of CKD Stage 3 within 8 years with a
receiver-operating characteristic (ROC) value of
0.84. Each increase in baseline htTKV of
100 cc/m significantly predicted the development
of CKD 3 with an odds ratio of 1.48. HITKV was
a stronger predictor than age, genotype, serum
creatinine, blood urea nitrogen, urinary albumin,
or urinary monocyte chemotactic protein-1
(MCP-1) for future CKD Stage 3.

The relationship between htTKV and compli-
cations in ADPKD (hypertension, renal pain,
gross hematuria, nephrolithiasis, and urinary tract
infections) was evaluated in the CRISP popula-
tion. More than 50% had experienced at least one
complication by the time of enrollment (mean
age 33 years). TKV associated significantly with
gross hematuria, pain, and hypertension but not
nephrolithiasis or urinary tract infection. Each
100 ml increase in htTKV was associated with an
increased likelihood of HTN (53%), gross hema-
turia (14%), and kidney pain (19%) [42].

These findings confirmed previous assess-
ments in multiple ADPKD populations and pro-
vided direct evidence for the strong association
between kidney size, symptoms, and complica-
tions in ADPKD. In a French pediatric study of
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29 children screened prenatally and followed for
25 years, those with in utero or neonatal cysts
had a higher frequency of symptoms (pain, uri-
nary tract infection, hematuria) vs. those without
any cysts at birth [43]. In adults with ADPKD,
those with repeated episodes of gross hematuria,
proteinuria, albuminuria, hypertension, renal
pain, progressive renal insufficiency, and
abdominal distention had significantly larger
TKV than patients without those features [31,
33, 34, 44-49].

Other contemporary ADPKD populations
have been studied utilizing MR imaging and
report rates of TKV growth similar to the CRISP
study (Table 8.1). The Suisse cohort of 100
European ADPKD individuals with relatively
intact kidney function similar to CRISP followed
for 2 years and imaged every 6 months demon-
strated a TKV growth rate of 5.8%/year mea-
sured by MRI [50]. A Japanese cohort of 65
patients followed for 39 months demonstrated a
significant inverse correlation between Log
htTKV and eGFR with a correlation coefficient
of r=-0.6688 (p < 0.001) [51]. Larger baseline
TKYV was associated with a steeper eGFR slope,
supporting the observation that eGFR declines
faster in patients with larger TKV [51]. Data
from the participants in the placebo arms of the
everolimus, sirolimus, and tolvaptan clinical tri-
als also showed rates of TKV growth similar to
the CRISP cohort [52-54].

The CRISP consortium continues to look for
more efficient and automated ways of measuring
TKV. CRISP TKV measurements were done by
stereology (manually traced renal contours) and
TCV by a thresholding method. A semiauto-
mated method for the segmentation of individual
renal cysts from MRI images has been compared
to manual segmentation. The total number of
cysts in each kidney measured with the two meth-
ods correlated well (intraclass correlation coeffi-
cient, ICC, of 0.99), with a very small relative
bias (0.3% increase) with the semiautomated
method. TCV measured using both methods also
correlated well (ICC, 1.00), with a small relative
bias of 9.0% decrease in the semiautomated
method. These findings suggest that a reliable
semiautomated quantitative measurements of

TCV can be performed as an indicator of disease
severity in early and moderate ADPKD [55].
Another Italian group has also developed and
validated a similar automatic method with the
same level of reliability [56].

Members of the CRISP consortium developed
mathematical models that reliably estimate TKV
at age 18 for each CRISP participant based on
their baseline age and TKV assuming that TKV
increases at a constant rate in an exponential
fashion. When imputing cyst dosage or number at
a given age, and employing different rates of
TKV growth, reliable age-based TKV could be
established. Importantly, although cyst dose, rate
of cyst growth, and age of cyst development were
all contributors to TKV in ADPKD, development
of cysts at a later age contributed very little to the
ultimate TKV attained. Computational modeling
that integrated cyst surface area, cyst volume, and
a rate of cyst growth similar to the rate measured
in the CRISP study indicates that cysts that devel-
oped early in life are the main contributors to the
TKYV observed [57].

To translate the observations of CRISP back to
the clinical management of ADPKD patients, the
role of ultrasound (US)-measured TKV is worthy
of discussion. CRISP participants underwent US
measurement during the first year of participation
in CRISP. US calculations of TKV were deter-
mined by using a modified ellipsoid formulae
[TKV =4/3 n x Y2(anterior—posterior diameter) x
Ya(width) x Y2(length)] by trained ultrasonogra-
phers and were compared to TKV measured by
MR. The correlation coefficient of US vs. MRI
TKV was 0.88 and US TKV underestimated
MR-based TKV by up to as much as 25% [58].
Reproducibility or coefficient of variation was
greater with US (21-35%) vs. MRI (2.1-2.5%).
All patients with an US TKV less than 700 mls
had an MRI TKYV less than 1000 mls, and all
patients with an US TKV greater than 1700 mls
had an MRI TKV greater than 1000 mls. TKV
increased 12+36% by US and 4.2+7.2% by MR
in the first year of CRISP. These data indicate that
US-based TKV is significantly less precise than
MR and that over short periods of time of follow-
up, US is unreliable regarding the change in
TKV. However the correlation between renal
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length (commonly obtained in clinical practice)
measured by US and MR and TKV measured by
MR is particularly strong (r = 0.97). The agree-
ment between US and MR renal length and US
and MR TKV was strong until kidney length
exceeded 16 cm (the maximal length of kidney
typically obtained in a single US image).
Additionally, US renal length predicted future
CKD Stage 3 strongly (ROC = 0.91) equal to
TKYV [59].

Cyst Growth and Total Kidney
Volume in Children with ADPKD

Data on cyst growth and disease progression is
sparse in pediatric ADPKD patients. The assess-
ment of TKV in children with ADPKD is hin-
dered by normal renal growth in the healthy
population. To date, there are only three studies
on TKV in ADPKD children. One study from the
University of Colorado examined longitudinal
TKYV and TCV measured by MR in ADPKD chil-
dren [60]. Three hundred two MRIs from 77 chil-
dren aged 4-21 were performed. ADPKD
children demonstrated a 14% and 9%/year
increase in hypertensive and normotensive chil-
dren [60]. In this study, hypertension was defined
as having blood pressures >75th percentile for
age and gender.

In a small study from the Czech Republic, US
and ambulatory blood pressure monitoring were
performed in 62 ADPKD children (22 hyperten-
sive and 40 normotensive) with normal renal
function (mean age 12.3+4.3 years). Mean TKV
was significantly greater in hypertensive vs. nor-
motensive children (2.7 +2.3 SDS versus 1.2+2.5
SDS, P < 0.01) with similar anthropometric data
and renal function. In addition, the mean number
of cysts was significantly higher in hypertensive
vs. normotensive individuals (35+15 cysts ver-
sus 23+ 14 cysts, P < 0.01). TKV correlated with
daytime as well as with night-time systolic and

diastolic BP (r = 0.41-047, P < 0.01).
Correlations with renal length and the number of
renal cysts were also significant (r = 0.29-0.43,
P < 0.05 and 0.01, respectively). This study
indicates that ADPKD children should have their
BP checked regularly, especially those who show
increased TKV or a high number of renal cysts
on US [61].

The third study from Emory University identi-
fied accelerated cyst growth during adolescence.
Twenty-nine adolescents and young adults with
ADPKD and age and gender matched healthy
controls less than 18 years of age underwent
MR-based TKV and routine laboratory analyses.
Data indicated an accelerated TKV and TCV
growth curve with an inflection point at 12.5 and
12.7 years for TKV and TCYV, respectively [62].
This study also demonstrated an association
between TKV and increased systolic and dia-
stolic blood pressures. These data taken together,
suggest that it is important to monitor children at
risk for ADPKD with regard to blood pressure.
For those diagnosed with ADPKD, it is now pos-
sible to identify individuals at increased risk for
faster disease progression to allow for more
intensive monitoring and treatment options.

Conclusions

There is a significant body of evidence that now
supports htTKV as a prognostic marker of dis-
ease severity in ADPKD. Many associated com-
plications of ADPKD including hypertension,
gross hematuria, pain, and renal insufficiency
are inextricably linked to TKV. The establish-
ment of TKV as an acceptable biomarker for
clinical trial enrichment is currently under
review by the US Food and Drug Administration.
Future evaluations, including further follow-up
in CRISP III, will help to evaluate TKV as a suit-
able primary endpoint for interventional trials in
ADPKD.
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Renal Complications: Pain,
Infection, and Nephrolithiasis

Cristian Riella, Peter G. Czarnecki,
and Theodore I. Steinman

Introduction

While the predominant academic interest in
polycystic kidney disease is related to the genet-
ics, pathophysiology, clinical pathology, and
therapeutic trials, clinicians and patients predom-
inantly struggle with the management of symp-
toms and comorbid conditions [1]. Cyst-related
pain and infection, as well as nephrolithiasis, rep-
resent a significant cause of morbidity inherent to
the nature of PKD and require specific attention
by the treating physician. Notably, more than
60% of patients with ADPKD are affected by
abdominal and flank pain, acute or chronic, in
their lifetime [2], arising from kidney, liver, or,
less often, pancreatic cysts, independent of the
actual cystic burden or clinical stage of chronic

C. Riella, MD

Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA
e-mail: criella@bidmc.harvard.edu

P. G. Czarnecki, MD

Brigham & Women’s Hospital, Harvard Medical
School, Boston, MA, USA

e-mail: pczarnecki @partners.org

T. I. Steinman, MD (D<)

Beth Israel Deaconess Medical Center and Brigham
& Women’s Hospital, Harvard Medical School,
Boston, MA, USA

e-mail: tsteinma@bidmc.harvard.edu

© Springer Science+Business Media, LLC, part of Springer Nature 2018

renal insufficiency. Moreover, in almost half of
the patients with ADPKD, pain is a chronic
complaint before the diagnosis of ADPKD is
even made and represents the most common
symptom that leads to the diagnosis. Along with
pain, the high lifetime prevalence of cyst infec-
tion (30-50%) or nephrolithiasis (20-30%)
requires clinicians treating PKD patients to be
familiar with the fundamental clinico-patho-
logic aspects of these important complications.
This chapter will outline the etiology and patho-
genesis of pain in PKD; review pain in the con-
text of specific clinical scenarios including cyst
rupture, infection, and nephrolithiasis; and pres-
ent differential diagnostic and therapeutic
approaches. Further, the authors will provide an
outlook on invasive and surgical therapeutic
modalities, including videothoracoscopic kid-
ney denervation.

Innervation of Kidneys and Ureters
(Fig. 9.1)

The genitourinary tract is densely innervated by
efferent nerves from the sympathetic and para-
sympathetic division of the autonomic nervous
system. Afferent sensory nerve fibers mediate
visceral sensory perception and travel along the
sympathetic fibers.

The general principles of the autonomic ner-
vous system organization apply to the kidney as
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Fig. 9.1 Nerve supply
to the kidney, ureter, and
bladder (From Ansell

et al. [86]. Reproduced
with permission from
Wolters Kluwer)
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through the white rami communicantes to the
paravertebral ganglia. Fibers coming from T10 to
T11 travel with the lesser splanchnic nerves to the
celiac and aorticorenal plexus; fibers from T12
and L1 run with the least splanchnic nerve to syn-
apse with the postganglionic neurons at the level
of the renal plexus. Their axons travel along the
arteries to provide adrenergic innervation to the
vascular smooth muscle cells of interlobar and
arcuate arteries, juxtaglomerular afferent arteri-
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oles, as well as collecting system smooth muscle
cells in the renal calyces and the pelvis.

Vagal and sacral nerves are responsible for the
parasympathetic innervation. Long preganglionic
fibers of the vagus nerve travel through the renal
plexus along the vessels to reach the cell bodies
of the short postganglionic fibers within the
smooth musculature of the renal pelvis and supe-
rior ureter. While the role of parasympathetic
innervation in the kidney is unclear, it does have
a pacemaker function in the collecting system
and mediates peristaltic activity along the ureter.
The inferior part of the ureter receives additional
parasympathetic innervation through the sacral
outflow from S2 to S4 via the pelvic splanchnic
nerves and the inferior hypogastric plexus.
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Sensory input from the kidneys comes from
afferent fibers originating from the parenchyma,
the capsule, and the collecting system. Afferents
from the kidney parenchyma are mainly unmy-
elinated C fibers, while afferents originating from
the pelvis and calyces are thinly myelinated
A-delta fibers. These travel together with the
sympathetic efferent axons via the prevertebral
plexus, the sympathetic trunk, the white rami
communicantes, and anterior rami to the dorsal
root ganglia T10-L1, where the cell bodies of
these pseudo-unipolar neurons are situated. From
here, the central processes reach the dorsal horn
of the spinal cord. Similarly, afferents from the
ureter travel along the pelvic splanchnic nerve to
the dorsal root ganglia of S2-S4. Notably, the
dorsal root ganglia neurons also receive sensory
input from their respective dermatomes and syn-
apse at the same second-order neurons in the dor-
sal horn of the spinal cord as the visceral sensory
fibers from the genitourinary tract. In the context
of inflammation along the genitourinary tract or
distention of the renal capsule, the central ner-
vous system cannot clearly discern whether the
pain is coming from the body wall or from the
viscera, and the perceived pain sensation is
referred to areas such as the costovertebral angle,
flank, inguinal region, scrotum, labia majora, or
anterior thigh.

Acute Pain Syndromes

Parenchymal or cyst infection, cyst rupture or
hemorrhage, and nephrolithiasis are the most
common causes of acute abdominal pain in
patients with PKD. Detailed evaluation outlined
below will help in differentiating between the
causes of the acute pain and defining the treat-
ment approach accordingly.

Renal Parenchymal and Cyst
Infections

Urinary tract infections are frequently noted in
the ADPKD population, affecting women more
commonly than men [4, 5]. Similar to the pat-

tern noted in the general population, the pre-
dominance of gram-negative enteric pathogens
suggests that the route of infection is ascending
from the urethra and bladder [6-8].
Clinico-pathologically, upper urinary tract
infections in ADPKD patients can be separated
into two distinct categories — parenchymal
(pyelonephritis) and isolated cyst infection [7].
The clinical course and response to therapy in
patients with parenchymal infection is compara-
ble to acute pyelonephritis in the general popula-
tion. The typical presentation includes diffuse
pain on the affected side and fever. Urinary
examination may reveal sediment findings of
pyelonephritis, with pyuria and white cells casts,
as well as positive urine culture results.
Bacteremia may or may not be present. Response
to highly ionized water-soluble antibiotics is
often favorable, as long as the isolated organism
is sensitive to the drug. On the other hand,
patients with cyst infection, also called pyocystis,
usually have a discrete new area of tenderness
over the involved kidney. These are usually more
difficult to diagnose and manage. Cysts can origi-
nate from any part of the nephron, they often wall
off from the tubule of origin, and ultimately no
communication is left between the cyst and the
collecting system. As urinalysis and urine culture
do not reliably represent the composition of the
cyst fluid, the absence of bacteriuria or negative
urine culture results does not exclude cyst infec-
tion. Similarly, usual radiologic techniques are of
limited value in diagnosing these conditions. In a
retrospective study of 389 patients by Sallée
et al., 33 patients had 41 episodes of cyst infec-
tion [8]. Microbiologic documentation was avail-
able for 3/4 of these episodes, and Escherichia
coli accounted for 75% of the infections.
Ultrasonography, CT, and MRI failed to detect
infected cysts in 94%, 82%, and 60% of the
cases. PET scan proved highly efficient in identi-
fication of infected cysts and is the best tool cur-
rently available to isolate infected cysts. Although
characterized by superior sensitivity, PET has its
own set of limitations. Often, it is not a readily
available resource and may be associated with
high diagnostic cost. The specificity of PET
remains to be determined, in particular the ability
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to detect cyst hemorrhage, the major differential
diagnosis of cyst infection.

While renoparenchymal and cyst infections
are predominantly acquired through an ascending
mechanism, a number of studies have also docu-
mented a high incidence of liver and kidney cyst
infections in ADPKD patients undergoing hemo-
dialysis, suggesting infectious spread through a
hematogenous route in this specific subgroup [8,
9]. It is therefore emphasized that even in anuric
ADPKD patients on hemodialysis presenting
with abdominal pain and fever, the differential
diagnosis of cyst infection has to be considered.

Management

Successful therapy depends on antibiotic pene-
tration into the cyst fluid in order to achieve suf-
ficient local concentrations to eradicate the
infecting organisms. Delivery of antimicrobial
agents has to occur through the cyst wall into the
cyst lumen. Given the fact that cysts are often dis-
connected from the tubular system, antimicrobi-
als that typically achieve high tubular
concentrations by filtration and tubular secretion
may not necessarily achieve high concentrations
in cyst fluid [10]. In keeping with this hypothesis,
commonly used polar water-soluble antibiotics
(such as penicillins, cephalosporins, and amino-
glycosides) have limited ability to penetrate into
the cyst lumen. Lipid-soluble and nonpolar anti-
biotics are preferable as they can more easily
equilibrate across cyst walls [11-14]. Due to
these pharmacokinetic properties and their broad
microbiologic coverage, fluoroquinolones are
recommended as the first-line treatment for cyst
infections [14]. Clindamycin, metronidazole, and
trimethoprim-sulfamethoxazole are alternatives,
if there is no response to initial quinolone therapy
or if there is a prior history of infection with
resistant organisms. It is important to note that
the duration of treatment should be a minimum of
2 weeks and extended to 4 weeks if there is con-
tinued localized discomfort at the site of the orig-
inal pain. Resistance to therapy cannot be
presumed unless there are ongoing symptoms on
prolonged therapy for 1 month or greater. As sug-
gested above, beta-lactam antibiotics and amino-
glycosides are unlikely to achieve therapeutic
intra-cystic concentrations and are not recom-

mended for localized cyst infections. However,
additional broad-spectrum antibiotic coverage
involving beta-lactams and aminoglycosides is
highly appropriate, should a previously localized
cyst infection evolve into bacteremia and a gener-
alized sepsis syndrome.

While enteric organisms account for the vast
majority of cyst infections, other organisms have
been reported as well, including Streptococcus
[15], Staphylococcus [16], Clostridium perfrin-
gens [17, 18], and Candida albicans [19].
Repeated antibiotic exposures can lead to devel-
opment of multidrug-resistant organisms. In
these cases, where the cyst infection may not
respond to initial antibiotic therapy, exact bacte-
riologic documentation by cyst aspiration may be
required to guide appropriate therapy. Aspiration
of kidney cysts is the very last thing to be done
and rarely needed (and should never be done rou-
tinely). However, larger infected cysts (>5 cm in
diameter), in particular hepatic cysts, may benefit
from early drainage as antibiotics alone cannot
reliably cure these infections [8, 20]. Lastly, it is
imperative that lower urinary tract infections be
treated promptly to reduce complications related
to infection spread to the upper urinary tract.

Cyst Rupture and Hemorrhage

Hemorrhage into a cyst and rupture of a cyst are
common causes of acute flank pain. While gross
hematuria is helpful in making the diagnosis of
cyst rupture, its absence should not sway away
from this diagnosis. Cysts are the result of aber-
rant tubulogenesis, becoming separate from the
tubule of origin at an early stage (and invariably
separated by the time they become detectable by
imaging studies) [21]. Hemorrhage into a non-
communicating cyst often presents with pain
without hematuria. Hematuria, following back
pain, was the second most common reason
(16.4%) that led to the diagnosis of ADPKD in a
study cohort of 171 ADPKD patients [22].
Interestingly, only one third of these patients
reported an association with back or abdominal
pain, while hematuria was a painless event for the
remaining two thirds. It is often recurrent; a pre-
cipitating event such as a urinary tract infection or
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strenuous activity is often reported [23, 24]. In a
study of 191 adult ADPKD subjects, both kidney
size and blood pressure were found to directly cor-
relate with the frequency of hematuria [25]. These
episodes also have prognostic significance, since
increasing episodes of hematuria, as well as epi-
sodes early in life (before age 30), have been asso-
ciated with worse renal outcomes [25, 26]. Similar
to cyst infections, cyst rupture can occur after
renal replacement therapy has been initiated [27].

Management

Bleeding episodes are usually self-limited, last-
ing 2-7 days. Similar to infected cysts, pain is
often localized. Referred pain to another loca-
tion can occur; for instance, hemorrhage into a
large cyst at the upper pole of the right kidney
can lead to diaphragmatic irritation and shoulder
pain. Conservative management with bed rest and
hydration is often effective for managing these
episodes; occasionally bleeding can persist for
weeks. Patients should be advised to avoid aspi-
rin, nonsteroidal anti-inflammatory drugs, and
physical activities. Judicious use of other pain
medications, acetaminophen, and opioid analge-
sics (discussed in detail below) may be needed.
Bleeding into a cyst on the surface of the kidneys
can lead to formation of a subcapsular hematoma;
these patients can have ongoing steady flank
pain for weeks to months until the hematoma is
resolved. If bleeding into the renal pelvis is sig-
nificant, clots can form, which in turn can lead to
obstruction and renal colic. Hospitalization may
be necessary for pain control and close observation
in these cases. Occasionally, blood transfusions
are needed and rarely, renal arterial embolization
and/or nephrectomy may be required for hemo-
stasis. Although selective arterial embolization is
less invasive than nephrectomy, subsequent renal
parenchymal ischemia can lead to worsening
pain. Nephrectomy should be the last resort after
all other measures have been exhausted but may
be considered earlier in an advanced chronic kid-
ney disease or ESRD patient with recurrent epi-
sodes. Lastly, it is emphasized that the differential
diagnosis of painless hematuria, particularly in
the elderly patient, includes renal cell carcinoma
and urothelial malignancies.

Nephrolithiasis

Symptomatic nephrolithiasis is reported in
20-30% of ADPKD patients [28, 29]. It is diffi-
cult to differentiate between cyst calcifications
and renal calculi on unenhanced CT scans.
Enhanced CT scan with and without contrast,
when possible, is preferable but has its limita-
tions in the patient with higher-stage chronic kid-
ney disease. In a cross-sectional study of patients
who had had both enhanced and unenhanced
scans, 36% had evidence of nephrolithiasis; this
is approximately ten times more common when
compared to the general population [30].

Both anatomic and metabolic factors are
implicated in the pathogenesis of stone forma-
tion. Patients who form stones are likely to have
a higher cyst count and/or larger dominant cysts,
suggesting that distortion of the collecting sys-
tem and consequent fluid stasis within the intra-
renal calyceal system contributes to the process.
Multiple metabolic risk factors have been iden-
tified on 24 h urine collection specimens. Both
magnesium and citrate are powerful inhibitors
of crystal formation and aggregation. When
compared to a normal daily citrate excretion of
520 mg/day, ADPKD patients have lower urinary
citrate excretion. Hypocitraturia is more pro-
nounced in ADPKD stone formers as compared
to non-stone formers (247 mg/day vs. 337 mg/
day) [28, 31]. Lower urinary magnesium excre-
tion and lower urine volumes have also been doc-
umented in the stone-forming group [31]. Uric
acid stones account for more than half of the cal-
culi seen in this group [28, 32]. Since serum uric
acid and renal urate handling are normal in the
ADPKD population, the propensity for uric acid
crystallization appears to be related to low urine
pH. The average urine pH in 91 stone-forming
ADPKD patients was 5.66+0.05, significantly
lower than 5.92+0.03 in the control group [28].
There is evidence documenting overactivity of the
renin angiotensin aldosterone system (RAAS) in
PKD [33-35] that is related to the degree of local
parenchymal ischemia as a consequence of cyst
expansion. H+ ATPase activity in the type A acid
secreting intercalated cells is stimulated by aldo-
sterone and angiotensin [36]. This upregulation
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may be one of the mechanisms responsible for
urinary acidification and consecutive propensity
for uric acid precipitation.

Beyond obtaining a thorough history, including
details about prior episodes of stone disease, and
careful physical examination, imaging is often
needed to confirm the diagnosis. As in the general
population, CT imaging has been shown to be supe-
rior to ultrasonography in the ADPKD population
as well [37]. As noted earlier, renal calcifications
can represent both calculi as well as cyst calcifica-
tions, and differentiation between the two based on
unenhanced CT imaging can be challenging.

Management of Acute Renal Colic
The increase in intraluminal pressure from ure-
teric obstruction stretches the nerve endings in
the mucosa, and the smooth muscle in the wall of
the ureter contracts as it tries to move the stone,
producing colicky pain [38]. If the stone is unable
to move, muscle spasm leads to increased produc-
tion of lactic acid, which irritates the sensory
nerve fibers causing further pain. Prostaglandin-
mediated preglomerular vasodilatation increases
renal blood flow, leading to increased urine out-
put, which causes further stretching of the caly-
ceal system and pain exacerbation [39]. While
time-honored management of renal colic includes
opioid analgesia and antispasmodic therapy, ran-
domized prospective studies comparing NSAIDs
with morphine suggest that both agents provided
comparable pain relief [40, 41]. The analgesic
effect of NSAIDs is probably not only explained
by local anti-inflammatory action but also medi-
ated by their antidiuretic activity (through preven-
tion of afferent arteriolar vasodilation and loss of
inhibitory effects of prostaglandins on ADH
effects). In PKD patients with advanced renal
insufficiency, NSAIDs can induce renal failure
through impairment of autoregulatory responses
in the kidney and should be used with caution.
Early involvement of an experienced urologist
may be essential during an acute episode of renal
colic, particularly if there is evidence of hydrone-
phrosis or acute kidney injury. Most patients with
ADPKD who require urologic intervention for
nephrolithiasis can be safely treated with careful
use of extracorporeal shock wave lithotripsy, ure-

teroscopic procedures, or open nephrolithotomy,
depending on the size and location of the stone.
However, large cyst volume and kidney mass can
cause traction and compression on the collecting
system, making these procedures difficult. Also,
the incidence of residual stones is higher than in
patients without ADPKD [32, 37, 42-44].

Strategies for Prevention of Stone
Formation

In patients with a high propensity for stone for-
mation, the first step in the management of these
patients is identifying their major risk factors
through evaluation of a 24-h urine metabolic pro-
file. Increased free water intake remains the basic
tenet of treatment, no matter the cause for the
recurrent stone formation. Prospective observa-
tional data shows that intake of 2.5 1/day is asso-
ciated with a 29% risk reduction in first stone
occurrence [45, 46]. In addition to a reduction in
stone formation, increased free water intake may
have a beneficial role with regard to reduction of
cyst growth and preservation of renal function:
Vasopressin enhances cyst expansion by increas-
ing cyclic 3’-5'-adenosine monophosphate
(cAMP) levels in the cystic epithelia. In the ran-
domized double-blinded, placebo-controlled
TEMPO 3:4 clinical trial of 1445 ADPKD
patients with preserved eGFR followed for
3 years, the vasopressin receptor 2 (V2) antago-
nist, tolvaptan, was shown to alter the natural
course of the disorder, with a statistically signifi-
cant reduction in the annual kidney volume incre-
ment (2.8% growth in tolvaptan group vs. 5.5%
in placebo group) over 3 years. Also, there was a
significant slower rate of kidney function decline
(reciprocal of the serum creatinine level,
—2.61 ml/mg per year vs. —3.81 ml/mg per year)
[47]. If a reduction in vasopressin levels can be
achieved by increased water intake, without phar-
macologic blockade, will there be the same effect
on cyst growth and disease progression? While a
large water intake has been shown to have some
effect in rats [48], this hypothesis is yet to be
tested in humans. In conclusion, while water
therapy is sine qua non in treatment of stone dis-
ease, there may be additional distinct advantages
in the ADPKD population [49].
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Potassium citrate supplementation can be
particularly helpful with management of uric
acid nephrolithiasis, through both urinary alkali-
zation and increasing urinary citrate concentra-
tion. While potassium citrate pills are available,
as many as 8—12 tablets a day may be needed to
achieve adequate urine citrate levels. This treat-
ment regimen can be relatively expensive and
cumbersome, and patients may find it difficult to
comply. In our experience, use of lemon concen-
trate (which is potassium citrate) diluted in water
has been effective; we recommend addition of
three to four tablespoons of lemon concentrate to
a liter of water and drinking it over the course of
the day. Compliance with and response to pre-
scribed measures should be assessed with a fol-
low-up 24-h urine metabolic evaluation.

Prospective trials are needed to establish
whether pharmacologic blockade of the RAAS
(angiotensin-converting ~ enzyme inhibitors,
angiotensin receptor blockers, and aldosterone
antagonists), with a consequent increase in urine
pH, is sufficient to lower the incidence of uric
acid nephrolithiasis.

Clinical Spectrum of Chronic Pain

Pain is a common symptom even before the diag-
nosis of PKD is established. In a pioneer study of
171 ADPKD patients by one of the authors (TIS),
40.9% reported pain before they received the
diagnosis [22]. In fact, patient symptoms were
the most common factor leading to diagnosis
(37.4% cases); and back pain was the most com-
mon symptom (17.5%) during evaluation that
established the diagnosis of ADPKD. Pain was
often reported as occurring with increasing fre-
quency after the definitive diagnosis was made;
nearly three quarters (71.3%) experienced
chronic back pain, and almost two thirds (61.4%)
reported abdominal pain during the course of the
disease. When patients were asked if they thought
their pains were related to ADPKD, only a small
minority (9.4%) answered in the affirmative. The
vast majority was either not sure (53.8%) or did
not believe their symptoms were related to their
diagnosis (36.8%). The finding of pain commonly

leading to the diagnosis of ADPKD was
documented in another study that included over
400 patients [50]. In conclusion, pain occurs
more frequently in this patient population than
generally appreciated. Furthermore, there is no
apparent relation between severity of kidney
function and frequency and severity of pain. Pain
often begins relatively early in the course of the
disease, when renal function is preserved and
does not directly correlate with total kidney vol-
ume (TKV) [51]. As will be highlighted in the
following sections, a thorough history and physi-
cal examination, accompanied by judicious use
of radiologic imaging, is needed to identify the
etiology of pain that leads to targeted treatments.

Mechanical Back Pain

Low back pain is the most common complaint
reported by ADPKD patients, 71.3% in the above
mentioned study [22]. Pain intensity, as assessed
by the visual analog scale (VAS), showed a bell-
shaped distribution, with 37.7% having pain lev-
els of 4 and 5 on a scale of 1-10. Almost two
thirds of the patients with pain characterized it as
constant or daily pain.

Although back pain related to degenerative
spinal disease frequently affects the common
population, the ADPKD population is particu-
larly susceptible. Enlarging cysts cause an
increase in abdominal girth. This leads to slowly
progressive maladaptive postural changes,
including increase of the pelvic tilt and lumbar
lordosis. This places increasing mechanical strain
on the lumbodorsal muscle groups. Over time,
hypertrophy of these muscle groups ensues,
along with progression of degenerative spine dis-
ease. These processes worsen as cysts grow and
TKV increases, causing further worsening of
lower back pain. In a personal observation by one
of the authors (TIS), average lumbodorsal muscle
thickness at L4-S1 level on abdominal MRI done
to assess cyst volume was 38.7 mm, in contrast to
31.3 mm in ten matched individuals without
ADPKD undergoing MRI for other reasons [52].

Since cyst enlargement can be asymmetric,
the above mentioned changes can be more
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pronounced on one side compared to the other.
When the liver is involved with enlarging cysts,
the postural changes can be pronounced, leading
to debilitating back pain. In contrast to those with
degenerative spine disease not related to PKD,
compression of lower lumbar or sacral nerves pre-
sented as lumbosacral radiculopathy or sciatica in
27% of the patients in the above-noted PKD
cohort [22]. The burden of suffering is highlighted
by the fact that 22.7%, 20.5%, and 27.3% of the
ADPKD patients reported constant, daily, or
once-a-week pain, respectively. 71.7% rated their
pain between 3 and 6 on a VAS, with 4.3% need-
ing some form of surgery for pain relief.

Pain Related to Enlarged Renal
and Hepatic Cysts

As cysts grow in size, they can directly cause
pain. Pain patterns can be due to stretching of the
renal capsule, traction of the pedicle of the kid-
ney, or compression of surrounding structures.
Although pain severity usually correlates with
cyst size, some patients with relatively small
cysts can have marked pain, and others with very
large cysts may have no discomfort. Clinically,
pain directly related to cysts is distinct from
mechanical back pain (a constant discomfort that
is made worse by standing or walking). Pain from
cysts is most often localized to the anterior abdo-
men, less frequently to the back. Patients are able
to pinpoint the epicenter of pain with one finger.
Localizing the culprit cyst is a critical part of
management (as discussed below). We suggest
using a skin marker over the point of maximum
discomfort during an ultrasound procedure. If a
cyst of 5 cm or greater in diameter is identified
directly beneath the skin marker area, that is the
likely source of pain. Laparoscopic decortication
or unroofing of the culprit cyst(s) is a potential
therapeutic option for these patients, and dra-
matic reduction or even total relief of pain has
occurred in over 95% of our patient population
who undergo this specific approach to diagnosis
and treatment (personal observation, TIS). At our
institution, we limit the unroofing procedure to
no more than three cysts.

Pain related to enlarging cysts does not correlate
with the degree of renal dysfunction. Severe dis-
comfort is seen at all levels of chronic kidney dis-
ease, even after initiation of renal replacement
therapy. When pain is the predominant complaint,
it often begins early in the course of the disease.
Cysts of any size can cause compression of sur-
rounding structures, and pain symptoms do not
necessarily correspond to the anatomic location of
the largest cysts measured using various imaging
techniques. Therefore, the cyst unroofing approach
should be limited to the above mentioned criteria.
External pressure on the greater curvature of the
stomach or the duodenal loop by both kidney and
liver cysts can lead to early satiety or nausea.

Cystic involvement of the liver is seen in about
30% of the ADKD patients at diagnosis. Liver
cysts increase in frequency with advancing age
and may eventually be noted in up to 80% of
these patients. These cysts can grow freely into
the abdominal cavity, producing severe (some-
times intractable) pain as well as symptoms of
early satiety and nausea related to compression
of the stomach and duodenum. The gastrointesti-
nal symptoms tend to be more severe and occur
more frequently with liver cysts as compared to
kidney cysts. Females, more than males, are gen-
erally affected by large liver cysts, and a multipa-
rous state (especially three or more pregnancies)
is often associated with the greatest degree of
total liver volume.

Other Patterns of Chronic Pain

Headaches

Given the association between PKD and cere-
bral aneurysms, headache in this population
often generates anxiety and fear. Chronic head-
aches were reported by nearly half (48.5%) of
the previously mentioned cohort [22]. In a study
conducted by one of the authors (TIS), 40 con-
secutive PKD patients who reported chronic
headaches on a questionnaire underwent evalu-
ation by head CT scan or magnetic resonance
imaging or magnetic resonance angiography
(MRI/MRA). None of these patients had evi-
dence of an intracranial aneurysm. There does
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not appear to be an association between chronic
headache symptoms and presence of intracranial
aneurysms. While 4-6% of ADPKD patients are
estimated to have cerebral aneurysms, the pretest
probability is much higher (16%) in the presence
of a positive family history of aneurysms [53].
Multiple studies have shown an overall favorable
prognosis of asymptomatic intracranial aneu-
rysms [54-57]. Patients with a history of a previ-
ous rupture of an aneurysm are at increased risk
for a recurrent hemorrhage, warranting lifelong
screening. For asymptomatic individuals, the
presence of a family history of a cerebral aneu-
rysm remains the best predictor for increased
individual risk. Hence, screening this particu-
lar subgroup is indicated [58]. Also, screening
is warranted in the setting of a renal transplant
evaluation or in patients working in a high-risk
profession (i.e., airplane pilot, bus driver, heavy
equipment operator).

Chest Pain

Varying quality and severity of chest pain was
described by a significant proportion of the PKD
patients (30.4%). While it is difficult to explain
the association with PKD, thoracic aortic aneu-
rysms are an infrequent occurrence in this popu-
lation, and aortic dissection can present with
these symptoms [59, 60].

Pancreas-Related Pain

Pancreatic cysts can be detected in 5-9% of the
patients by ultrasound and in almost 19% by MRI
[61]. These cysts can cause obstruction of pan-
creatic ducts leading to pancreatitis [62]. There
are rare reports of intraductal papillary mucinous
neoplasms in ADPKD patients [63, 64].

Sequential Approach to Chronic
Pain Management

Chronic pain is a common health-care problem
worldwide, and many general principles and
approaches for pain control apply to pain manage-
ment in ADPKD. For patients who suffer from
chronic pain, it is critical to outline goals and
expectations at initial visits. The goal is to decrease

the severity of pain so that it least interferes with
the patient’s lifestyle. It is essential to realistically
set expectations from treatment approaches and
repeatedly emphasize that complete cure of pain is
usually not possible. Patient disappointment and
frustration can ensue if the point is not adequately
delivered that complete relief from pain is unlikely.
Self-medication is common in this population
[22]. As noted earlier, patients may not associate
their symptoms with ADPKD, and this may lead
to underreporting of symptoms. These patients
should be queried about symptoms and use of pre-
scription and over-the-counter analgesics at their
physician clinic visits. A stepwise approach for
pain management is recommended, starting with
non-pharmacologic measures, moving to progres-
sively stronger systemic analgesics as needed, and
reserving invasive and surgical measures for
severe or refractory pain only.

Non-pharmacologic, Non- or
Minimally Invasive Measures

There are no trials evaluating use of these tech-
niques specifically in the ADPKD population.
Extrapolating from other chronic pain syn-
dromes, conservative measures are recommended
for management for mild-to-moderate pain as the
initial therapy before use of medications. Back
strengthening exercises to counteract lumbar lor-
dosis, along with proper posture when standing
and walking, can provide long-term relief from
the low back pain.

Alexander technique This is an educational pro-
cess, rather than an exercise, that aims to change
movement habits in everyday life. These lessons,
when taught by an experienced instructor, help
subjects identify, understand, and ultimately
avoid their improper postural and movement hab-
its. In particular, they focus on release of unnec-
essary tension from the axial muscles and have
been shown to be very effective in the manage-
ment of chronic back pain [65-67]. Patients
should be warned that this is a slow and pro-
longed process, and months are often necessary
before any benefit in symptoms is observed.
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Heat and cold packs and massages This can
facilitate exercises and assist with pain control.

Transcutaneous  electric  nerve  stimulation
(TENS) This is a noninvasive method of pain
relief where low-voltage electrical impulses are
transmitted through electrodes to the area that is
in pain. Melzack and Wall described the gate
control theory in 1965 [68]. Impulses from
unmyelinated C fibers carrying pain signals and
myelinated AB-fibers carrying light touch and
pressure signals enter the dorsal horn of the spi-
nal cord. When the electrical impulses from the C
fibers outnumber those from the Af-fibers, the
“gate opens” allowing transmission of nocicep-
tive signals leading to sensation of pain. On the
contrary, if Ap-fibers are stimulated using TENS,
the gate is closed, and pain sensation is sup-
pressed. Benefit from TENS may not be seen in
all individuals [69, 70]. We recommend a trial of
at least 2 weeks. There are essentially no side
effects associated with its use; if a patient reports
symptom relief with its use, it can be used for
long-term management.

Acupuncture This technique may be beneficial
in some patients with mechanical back pain
related to large kidney size and can be a useful
adjunctive therapy.

Systemic Analgesics

Medications are often needed for pain control;
and a slow and stepwise approach is recom-
mended. Drug half-life and metabolism are
affected by renal function; and drug-dosing
guidelines should be carefully followed if renal
function is impaired.

Acetaminophen is recommended as the first
analgesic of choice in patients with preexisting
kidney disease [71] but limits the use of this med-
ication to no more than a few days of continued
dosing. The initial dose is 500 mg or 650 mg
every 4-6 h and may be escalated to 1000 mg
every 6 h. In absence of concomitant liver disease
or alcohol consumption (more than two to three
drinks per day), a dose of 4000 mg per day is usu-

ally considered safe. It does not have any gastro-
intestinal side effects and can be used safely in
patients on angiotensin-converting enzyme inhib-
itors and angiotensin receptor blockers, as well as
in patients with advanced renal insufficiency.
Tramadol, although not a chemically clean opi-
ate, exerts its analgesic activity as a p-receptor
agonist in the central nervous system, as well as a
serotonin- and norepinephrine-reuptake inhibitor.
These neurotransmitters are involved in the
descending inhibitory pain pathway responsible
for pain relief. It is slightly more potent than
codeine but less effective than other commonly
used opioids such as hydrocodone and morphine.
Side effects include central nervous system
depression and constipation, but the abuse poten-
tial is low, making this an overall safe drug.
Starting dose is 50 mg once to twice daily; and it
can be escalated to a maximum of 400 mg/day.
Metabolites are excreted predominantly through
the renal route making dose reduction necessary if
the creatinine clearance is less than 30 ml/min.
Moreover, extended release formulation should be
avoided in those with advanced renal insuffi-
ciency. Acetaminophen and tramadol combination
is well tolerated and can be an effective regimen
for acute and chronic pain in these patients.
NSAIDs act through inhibition of constitu-
tively expressed cyclooxygenase (COX-1) and
inducible COX-2. In patients with chronic renal
insufficiency, while occasional use of NSAIDs is
reasonable, daily use for long-term management
is not recommended. Given their antiplatelet
properties, NSAIDs should be avoided when cyst
rupture or intra-cystic hemorrhage is suspected.
NSAIDs should not be used in patients with acute
kidney injury, hemodynamic instability, those
undergoing radiocontrast studies, or in combina-
tion with other potentially nephrotoxic medica-
tions. As mentioned earlier, paracrine effects of
prostaglandins are in part responsible for the pain
observed in renal colic. Hence, this class of drugs
can be particularly effective in this scenario. We
recommend that NSAID use should be limited to
no more than 3 days in the PKD population, mon-
itoring renal function closely at the same time.
Clonidine acts as an agonist at the oa,-
adrenergic receptors in the central nervous
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system, resulting in reduced sympathetic out-
flow. While most analgesic data reflect effec-
tiveness of intrathecal and epidural clonidine,
oral and transdermal formulations have also
been shown to have a modest effect. It is usu-
ally started at 0.1 mg once to twice daily; the
dose can be uptitrated slowly over several
weeks. Orthostatic dysregulation, hypoten-
sion, bradycardia, and sedation are the major
dose-limiting side effects. The use of gaba-
pentin, pregabalin, and amitriptyline has not
been evaluated for pain control in the ADPKD
population; they can be used as adjuvant thera-
pies on a trial basis and continued if found to
be effective [72]. Their clearance is predomi-
nantly renal, and dose reduction is necessary
with renal insufficiency.

Opioids remain the last resort for patients with
severe pain. Transdermal fentanyl and sustained
release morphine can be used for chronic pain
management, and short-acting or intravenous
preparations should be reserved for breakthrough
pain control [73]. Given the potential for abuse,
severe side effects, and need for close monitor-
ing, a narcotic agreement/contract should be
established with the patient.

Invasive Measures

Spinal cord stimulation, autonomic plexus block-
ade, and neuraxial opioid administration are inva-
sive procedures that should be reserved for
patients with intractable pain not responding to
conventional measures.

Spinal cord stimulation works on the same
principle as TENS and is increasingly employed
for chronic pain management. While long-term
implantation of electrodes in the epidural space is
needed, a stronger pain relief can be achieved. If
satisfactory relief is obtained after an initial trial
period of 57 days, the electrodes can be anchored
to the interspinal ligaments to assist with long-
term management. Likewise, an epidural or intra-
thecal catheter can be placed for continuous
delivery of local anesthetic and/or opioids.

Celiac plexus block is another technique that
is used for chronic nonmalignant pain. Local

anesthetic agents, with or without steroids or
adjuvant medications like clonidine, are injected
into the celiac plexus. If initial treatment with
these agents is effective, neurolytic blocks with
alcohol, phenol, or glycerol can be used for
longer-term relief.

Surgical Management of Pain

Surgery has a role in the management of severe
pain related to cyst enlargement. As stated, the
largest cysts are not always the source of pain,
making identification of culprit cysts difficult.
Pinpointing the source of pain from cysts and the
diagnostic approach that eventually leads to lapa-
roscopic unroofing of cysts was described earlier.

Percutaneous aspiration of cysts should not be
done in an attempt to relieve cyst-derived pain,
since cysts typically reaccumulate fluid with
recurrence of symptoms and the patient is unnec-
essarily exposed to the procedural risks of injury,
bleeding, and infection [74]. De-roofing and
drainage of cysts were first described in non-
ADPKD patients almost a century ago. However
this procedure fell out of favor following reports
of acceleration of renal damage after this
procedure [75]. Subsequent more systematic case
series demonstrated effective pain relief, with no
adverse effect on renal function [76, 77]. Multiple
recent studies have shown the effectiveness of
laparoscopic surgery for cyst decortication and
marsupialization [78-83]. As a very last resort,
nephrectomy may be the only option left for a
patient approaching ESRD. The presence of
chronically infected cysts or massive kidney vol-
umes that may represent a contraindication to
renal transplantation are additional factors that
may lead to the decision for nephrectomy in
patients approaching ESRD. Since sensory nerves
travel with autonomic nerve fibers, renal denerva-
tion through various techniques such as video-
assisted thoracoscopic splanchnicectomy has
been shown to provide immediate pain relief in
case reports and small case series [84, 85]. Long-
term results of this technique need validation [83].

To conclude, acute and chronic pain are
common, yet underappreciated, problems in the
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patient with PKD. Careful history taking, physi-
cal examination, and goal-directed use of imag-
ing techniques can help with identification of the
etiology. A multidisciplinary approach involving
nephrologists, urologists, primary care physi-
cians, and pain specialists may be needed for
effective pain control.
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Introduction

The liver is the commonest extrarenal site of
disease involvement in autosomal dominant
polycystic kidney disease (ADPKD). Both liver
cysts and parenchymal enlargement are respon-
sible for most complications associated with
polycystic liver disease (PLD), but other mani-
festations may occasionally be encountered,
including congenital hepatic fibrosis and seg-
mental dilation of the biliary tract [1-3]. Most
individuals remain asymptomatic, but some
experience chronic manifestations related to pro-
gressive liver enlargement leading to disability
and severely impacting their quality of life.

Epidemiology

Hepatic cysts are seen in a heterogeneous group
of disorders that differ in etiology, prevalence,
and clinical manifestations. The prevalence of
simple cysts increases with age and ranges
between 2.5% and 24% [4]. Simple cysts tend to
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be more prevalent in women and occur mostly in
the right lobe; they also tend to be solitary, but
two to three simple cysts may be present in up to
25% of these patients. In contrast to common
simple hepatic cysts, polycystic liver disease
(PLD) is arbitrarily defined where >20 cysts are
present, is a rare condition, and is seen as part or
all of the phenotype of two inherited disorders,
ADPKD (Fig. 10.la, b, e) and ADPLD
(Fig. 10.1c, d, f) (autosomal dominant polycystic
liver disease) (Table 10.1). ADPKD, the most
prevalent inherited genetic renal disorder in
adults leading to end-stage renal disease, has a
prevalence of 0.1% [1]. In addition to ADPKD,
and ADPLD, conditions associated with hepatic
cysts include other genetic disorders, tuberous-
sclerosis complex, von Hippel-Lindau disease,
and oral-facial-digital syndrome type I, and
acquired disorders associated with the develop-
ment of cysts of the hepatic hilus, such as portal
hypertension and biliary obstruction as well as
parasitic and neoplastic cysts.

In ADPKD, hepatic cysts tend to develop later
than renal cysts. They are rare in children, and
their frequency increases with age and might have
been underestimated by ultrasound and CT stud-
ies [1]. Using MRI (3 mm slice thickness), preva-
lence in a large cohort study (Consortium for
Radiologic Imaging Studies of Polycystic Kidney
Disease; CRISP) was 58% in 15-24-year-old,
85% in 25-34-year-old, and 94% in 35—46-year-
old participants [5]. There are several known risk
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Fig. 10.1 Representative cases of APDKD with PLD and
ADPLD. (a) Sagittal CT and (b) sagittal MRI polycystic
liver disease cases with ADPKD; (c¢) sagittal CT and (d)
sagittal MRI showing autosomal dominant polycystic

factors that influence PLD severity (Table 10.2)
including female gender, parity, and exogenous
estrogen exposure. Cysts are more prevalent, and
cyst volume is generally higher in women than in
men [5-7]. Women who have multiple pregnan-
cies or who have used oral contraceptive drugs

liver disease. (e) Coronal magnetic resonance imaging
sections of polycystic liver disease in an individual with
ADPKD and (f) autosomal dominant polycystic liver
disease

or estrogen replacement therapy have worse dis-
ease, suggesting an estrogen effect on hepatic cyst
growth [6, 8]. In fact, 1 year of estrogen use in
postmenopausal females with ADPKD selectively
increased total liver volume by 7%, whereas
total kidney volume remained unaffected in a
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case-control study [8, 9]. Data from two major
cohort studies (in the HALT and CRISP studies)
in ADPKD show that there was only a weak cor-
relation of liver cyst and kidney cyst volumes,
indicating there are separate genetic and envi-
ronmental factors that influence the PLD severity
compared with kidney disease severity reflected
by total kidney volume [5, 7]. Massive PLD
develops in a minority of ADPKD/ ADPLD cases
(mostly females). Familial aggregation of massive
PLD is thought to be uncommon.

ADPLD a genetically distinct disease with
few or absent renal cysts (Fig. 10.1c, d, f). The
prevalence of ADPLD is not known but appears

Table 10.1 Risk factors for liver cyst growth

Risk factors for liver cyst growth

Older age

Female gender

Higher number of pregnancies

Previous use of exogenous estrogens as oral
contraceptives or estrogen replacement therapy
Larger renal cysts

to be underreported with median age at diagnosis
of 47 years and the majority being female [10].
The presence of renal cysts can often confuse the
diagnosis of ADPLD with ADPKD, but the
absence of a family history of end-stage renal
disease in these families and the relatively few
numbers of renal cysts can reassure the patient
and the physician of the ADPLD diagnosis as can
genetic testing (although this is not routinely per-
formed). Similar to ADPKD, ADPLD is a geneti-
cally heterogeneous disease, with one-third to
one-half of isolated ADPLD cases being
accounted by four genes identified to date
(PRKCSH, SEC63, LRP5, and GANAB) [11-15].
Thus, other genetic loci not yet identified are
likely also implicated. The protein products of
these genes (hepatocystin, sec63p, low-density
lipoprotein receptor-related protein 5, and gluco-
sidase II, alpha subunit, respectively) act in con-
cert to achieve proper topology, folding and
quality control of integral membrane or secreted
glycoproteins in the endoplasmic reticulum (ER)
[16]. Selective loss of PRKCSH and SEC63 leads

Table 10.2 Mutated genes and proteins of polycystic liver diseases

Mutated

genes Protein Localization Function

ADPLD (-1:100,000)

PRKCSH | Glucosidase 2 subunit B, protein | Endoplasmic reticulum N-linked glycan-processing enzyme

19p13.2 kinase C substrate 80K-H, or in the endoplasmic reticulum
hepatocystin

SEC63 Translocation protein SEC 63 Endoplasmic reticulum Translocation of proteins in the

6q21 homolog endoplasmic reticulum

LRP5 Low-density lipoprotein Plasma membrane Canonical Wnt signaling

11q13.2 receptor-related protein 5

GANAB Catalytic o subunit of Endoplasmic reticulum Quality control and maturation of

11q12.3 glucosidase I1 N-linked glycoproteins including

PC1 and PC2

ADPKD (~1: 400-1000)

PKDI1 Polycystin-1 Primary cilium, plasma Mechanoreceptor involved in
16 p13.3 membrane, and cell calcium signaling

junctions
PKD?2 Polycystin-2 Primary cilium and Nonselective calcium channel
4q21 endoplasmic reticulum
GANAB Catalytic o subunit of Endoplasmic reticulum Quality control and maturation of
11q12.3 glucosidase 11 N-linked glycoproteins including

PCI and PC2

ARPKD (-1/20,000)

PKHDI Fibrocystin

Primary cilium

Tubulogenesis and/or maintenance
of bile duct architecture
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to both hepatic and renal cyst formation [17]. The
products of both of these genes are required for
adequate expression of polycystin-1 and polycys-
tin-2. LRPS is involved in canonical Wnt signal
transduction. The rate-limiting component
appears to be polycystin-1 with an inverse dose-
response relationship with cystic dilation [17].

Pathogenesis

Malformation of the ductal plate of medium-size
ducts during embryonic development appears to
give rise to liver cysts. Ductal plate malforma-
tions are a group of pathological abnormalities
ranging from biliary hamartoma to PLD, Caroli’s
disease, and congenital hepatic fibrosis [18].
These diseases can exist as individual conditions
or in combinations. Phenotypes depend on the
level affected in the biliary tree (intrahepatic and/
or extrahepatic biliary ducts; large, medium, or
smaller intrahepatic biliary ducts) during embryo-
genesis. Remodeling of the ductal plate begins
in utero extending from the hilum to the periph-
ery of the liver, and the normal remodeling pro-
cess leads to the formation of bile ducts and
ductules via epithelial proliferation and apopto-
sis, with subsequent resorption of the remaining
ductal plate elements. Premature arrest or inter-
ruption in this process leads to the persistence of
excessive embryonic bile duct structures in the
ductal plate complex leading to ductal plate mal-
formations. Normal bile ducts arise from the duc-

Fig. 10.2 Mechanisms

tal plate through growth and apoptosis. The bile
ducts normally comprise 2-4% of the liver cell
mass and serve to dilute and alkalinize bile in the
liver. Biliary microhamartomas are small clusters
of bile ductules surrounded by fibrous tissue.
Intrahepatic cysts containing bile duct epithelial
cells (peribiliary glands) are thought to be derived
by progressive dilatation of biliary microhamar-
tomas leading to cysts in PLD. Abnormalities in
biliary cell proliferation, apoptosis, enhanced
fluid secretion, cholangiocyte cilia length, cen-
trosomal dysfunction, disturbed signaling path-
ways, and aberrant protein and miRNA expression
are thought to be major factors in the pathogene-
sis of PLD (Figs. 10.2 and 10.3) [13, 19, 20].
Cyst fluid resembles the bile salt-independent
fraction of bile. Cyst walls are usually thin and
are composed of a single layer of cuboidal or flat
epithelial cells and variable amounts of connec-
tive tissue. Multiple intracellular signaling routes
are involved in hepatic cystogenesis. Secretin
stimulates cAMP-dependent ClI- and HCO3-~
secretion by biliary epithelia. Liver cysts con-
tinue to have a secretory function (Fig. 10.2).
Altered cell-matrix interaction and remodel-
ing also contribute to cyst formation. Alterations
in intracellular homeostasis and 3’5’ cAMP
stimulate mitogen-activated protein kinase-
mediated cell proliferation and cystic fibrosis
transmembrane conductance regulator-driven
chloride and fluid secretion [21]. Cyst growth is
enhanced by growth factors and cytokines
secreted into the cyst fluid [22]. Downstream
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Fig. 10.3 Hepatic
cystogenesis is
associated with ciliary
abnormalities,
centrosomal
dysfunction, disturbed
signaling pathways, and
aberrant protein and
miRNA expression.
Image shows hepatic
cysts in liver
parenchyma of PCK
rats. Scale bar, 100 mm
(Reprinted from Ref.
[109] with permission
from Elsevier)

miR-15a down-
regulation

Global miRMA down-
regulations

Increased cAMP

Mislocalized proteins
fibrocystin, polycystin 1 and
2, TRPV4, TGRS

activation of mTOR likely contributes to cysto-
genesis [23]. Cholangiocytes bordering the cyst
can secrete vascular endothelial growth factor
(VEGF), which stimulates the growth of liver
cysts through autocrine and paracrine mecha-
nisms [24]. Another important factor that affects
cholangiocyte proliferation is the intracellular
calcium concentration. Cystic cholangiocytes
have decreased intracellular calcium concentra-
tions, which is associated with hyperprolifera-
tion of cholangiocytes [19]. The expression of
mammalian target of rapamycin (mTOR) is
reported to be increased in the epithelium lining
of cysts in PLD patients, suggesting that the
mTOR pathway might have a role in liver cysts
growth modulation. mTOR has significant roles
in protein translation, cell growth, and cell pro-
liferation [23].

In ADPLD patients, the primary cilia are
structurally intact, suggesting that the pathology
of cilia function and cilia structure is not solely
responsible for PLD, but rather other mecha-
nisms are disrupted, such as protein trafficking
and the protein quality control processes within
the cell [25]. Polycystin-1, the product of the
PKDI gene, seems to be involved in both renal
and hepatobiliary embryogenesis. This is strongly
supported by the finding that polycystin-1 is
more highly expressed in fetal than in adult
kidney and is also overexpressed in the liver and
the biliary fetal system, but it is speculative to

Atypical centrosome
positioning, supernumerary
centrosomes, multipolar
spindles, and extra cilia

Malformed, shortened,
unusually long or entirely
absent cilia

Decreased [Ca2+]i

Impaired ciliary
sensation

Inactivation of PLD-
related proteins

Aberrantly expressed

TRPV4, mTOR, IGF-1,

VEGF, Cdc25A, Cdks,
TGR5

postulate that an abnormal polycystin-1 may
fully account for abnormal biliary organogenesis
and early-onset renal disease [6, 26—29].

Symptoms

Although ADPLD and ADPKD are genetically
distinct, the clinical course of liver disease in these
diseases is similar. The course of PLD is progres-
sive, with continuous growth in the number and
size of liver cysts [13]. On the basis of data from
the placebo arms of three randomized clinical tri-
als, the polycystic liver growth rate is estimated
at 0.9-1.6% in 6-12 months [30-32]. One study
found that patients with ADPLD have greater
numbers of liver cysts and cysts with larger vol-
umes than individuals with ADPKD with poly-
cystic livers, and ADPLD cases with confirmed
mutations in either PRKCSH or SEC63 showed a
more severe disease course than those without a
known mutation [10, 13, 33, 34]. Initially, PLD is
asymptomatic, but symptoms have become more
common as the lifespan of patients with polycys-
tic kidney and liver disease has lengthened with
interventions such as improved blood pressure
control (that positively influences cardiovascu-
lar complications), dialysis, and transplantation.
Complications might be either acute or chronic
and might be related or unrelated to liver cysts
(Table 10.3). The minority with symptomatic
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Table 10.3 Liver complications in ADPKD

Related to hepatic cysts

Acute complications of single cysts
1. Cyst infection

2. Cyst hemorrhage (intracystic or
hemoperitoneum)

3. Cyst rupture
4. Cyst torsion

5. Obstructive jaundice

6. Ascending cholangitis
Massive PLD

1. Uncomplicated massive PLD (abdominal
mass/distention)
Abdominal (usually right upper quadrant)
pain/fullness
Anorexia/nausea (due to stomach compression)
GERD/regurgitation
Dyspnea

Early satiety
Back pain
Abdominal hernia

Mild abnormalities in liver function

Complications superimposed upon massive
PLD

(a). Ascites
(b). Hepatic venous outflow obstruction

(c). Portal hypertension with variceal
bleeding

(d). IVC compression
(e). Bile duct compression: jaundice

(f). Pleural effusion

(g). Organ displacement:
Kidneys
Uterine prolapse

Constipation
(h). Loss of mobility
(i). Loss of muscle mass
(j). Failure to thrive and malnutrition
2. Budd-Chiari syndrome
3. Progressive hepatic failure (rare)

Unvrelated to hepatic cysts
Isolated common bile duct dilatation

Congenital hepatic fibrosis or biliary
fibroadenomatosis, focal or diffuse

Others
Idiopathic dilation of the intra- or extrahepatic
biliary tract (Caroli syndrome)

Cholangiocarcinoma

PLD complains of heartburn due to gastro-
esophageal reflux, early satiety, abdominal pain,
abdominal distention, etc. (Table 10.3). These
symptoms may not be queried or recognized as

being related to PLD in individuals with ADPKD
who are concerned about renal function and kid-
ney-related symptoms.

Imaging

Liver imaging to determine the extent of PLD
should be included in the initial assessment of all
ADPKD patients (Figs. 10.4, 10.5, and 10.6)
[35]. There is currently no consensus as to the
frequency or necessity of repeat imaging for PLD
unless patients develop symptoms and in situa-
tions of acute pain and/or fever where there is
suspicion of hemorrhage into a cyst or torsion or
cyst infection [35]. Two qualitative and one quan-
titative 1imaging classification systems are
described in Table 10.4; Gigot’s classification
categorizes PLD according to the number and
size of liver cysts and the amount of remaining
liver parenchyma [36] and is useful in describing
the severity of PLD. Individuals with Gigot type
I (<10 large cysts) have the mildest disease. Gigot
IT includes cases with diffuse involvement of
liver parenchyma by multiple medium-sized
cysts with large areas of noncystic liver paren-
chyma remaining, and Gigot type III includes
individuals with large numbers of small- and
medium-sized liver cysts spread diffusely through
the liver parenchyma with few remaining areas of
normal parenchyma. Highly symptomatic
patients are usually Gigot stage II or III. The
Mayo Clinic PLD classification is useful in that it
stratifies patients for operative procedure selec-
tion [37]. (Table 10.4) CT or MRI volumetry cur-
rently only available as a research tool is the most
accurate method to quantitate PLD using organ
volume and/or cyst volumes. Both MR- and
CT-based volumetric imaging have been used as
a research tool to quantitate disease severity
using total liver volume. The third classification
uses data from liver volumes (assessed by MRI in
a cohort with early-stage ADPKD in the HALT
study in >500 individuals with ADPKD) noting
that the average liver weight (or volume in a nor-
mal adult) is 1500 g (or 1500 ml) and is useful in
providing cross-sectional analysis of liver vol-
umes in a population with mostly mild PLD and
provides a reference point for liver volume as a
quantitative measure of disease severity [38]
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Fig. 10.4 Complications
associated with PLD: (a)
This man with ADPKD
also has symptomatic
PLD. (b) Abdominal CT
in the same individual at
the time of hospitalization
showed evidence of
new-onset abdominal
ascites (arrows). He had
probably ruptured a liver
cyst presenting with
abdominal pain. Note he
also has a kidney
transplant in the right
lower quadrant. (¢) A
woman with known
polycystic liver disease
who developed acute
right upper quadrant pain.
A CT abdomen was
performed in the
emergency room. (d) An
acute hemorrhage into a
liver cyst is seen
(arrowed) on contrast CT.
(e) MRCP showing
asymptomatic 7-mm
common bile duct
dilatation (arrowed) in
another PLD patient who
previously had a left
hepatectomy and
cholecystectomy). Mild
dilatation of the right
intrahepatic biliary ducts
secondary to compression
by a large cyst is also
seen (arrowheads)
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Fig. 10.5 (a) Massive symptomatic polycystic liver dis-
ease in a woman with ADPKD (contrast CT coronal view)
(note the right kidney is malrotated). This individual

Fig. 10.6 Liver cyst infections. (a) Magnetic resonance
imaging of the abdomen without and with intravenous
gadolinium in a woman with polycystic liver and kid-
ney disease who was experiencing right upper quadrant
abdominal pain and fevers. (b) There is an abnormal-
appearing cyst in the left lobe of the liver which dem-
onstrates increased internal T1 signal and enhancement
of the cyst wall on post-gadolinium images. To the left,

required total parenteral nutrition for several months
before liver reductive surgery. She underwent left hepa-
tectomy, shown in (b).

adjacent to this enhancing cyst are few smaller cysts
with similar characteristics. (c¢) Post-scan 4-h planar
and SPECT/CT In-111 WBC images of the abdomen
were obtained centered on the liver. There is intense-
labeled WBC activity correlating with the multiple
abnormal cysts within the left hepatic lobe demonstrated
on the MRI. This would include the largest abnormal
cyst within the anterior left hepatic lobe (arrowed in b).
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Fig. 10.6 (continued) Continuous with this infected
cyst or directly adjacent is another more superior cyst
demonstrating intense WBC localization (not shown).
There is intense abnormal white blood cell localization
in the abnormal-appearing cysts on MRI to the left of
the dominant infected cyst along the anterior margin of
the left hepatic lobe. Findings correlate with at least four
if not five infected left hepatic lobe cysts. The remain-
ing WBC localization to the liver appears physiologic
and correlated with residual normal liver parenchyma
predominantly in the right hepatic lobe. The degree of
WBC localization in these areas is far less than within
the infected cysts. Normal physiologic WBC localization
was seen in the spleen also shown. (d) Left hepatectomy
tissue containing the resected infected cysts. (e) PET-CT
of a woman who had right upper quadrant pain and recur-
rent gram negative bacteremia with mild polycystic liver
(and kidney) disease. Her presentation was preceded by
a surgical procedure for evaluation of a possible episode
of cholangitis where she underwent ERCP and sphinc-
terotomy. She later presented with infected cysts in

hepatic segment IV and an infected fluid collection in the
dome of the liver (f) demonstrated on PET-CT scan. She
required liver resection of the affected liver tissue and
recurrent intravenous antibiotics followed by suppres-
sive oral antibiotics. (g-m) A 39-year-old female with
known PLD and ADPKD presented with fever and severe
right upper quadrant pain radiating to her shoulder and
was found to have K. pneumonia bacteremia. C-reactive
protein was 325 mg/L (normal <8 mg/L). Focal areas of
severe infection within the inferior celiac lymph node
and adjacent superior portion of the caudate lobe of
the liver were identified on PET-CT. She completed a
2-week intravenous antibiotic course and was reassessed
with PET-CT several weeks later. Because of persistent
malaise abdominal pain and elevated C-reactive protein
infection (j, k), she underwent CT-guided aspiration (I,
m) of the cysts corresponding to the areas of persistent
infection on repeat PET-CT followed by a second course
of intravenous antibiotics and subsequent suppressive
long-term oral antibiotic therapy without further recur-
rence of cyst infections



Fig. 10.6 (continued)



10 Extrarenal Manifestations of Autosomal Dominant Polycystic Kidney Disease: Polycystic Liver Disease 181

(Table 10.4). It is hoped that routine liver and
kidney volume measurements using automated
segmentation will soon become more routinely
available for clinical monitoring [39].

Special Complications of PLD

Acute Complications

New-onset right upper quadrant pain usually
denotes an acute complication such as cyst hem-
orrhage, rupture, or torsion (Fig. 10.4a-d). A
detailed history and clinical examination can
usually narrow the etiology of the complication
and help determine the most optimal form of
imaging that will help confirm the etiology of the
symptoms.

Hepatic Cyst Infection

Hepatic cyst infections are relatively less common
than infected kidney cysts, and diagnosis and
management can be challenging (Fig. 10.6a—m).
Three retrospective case series (and many case
reports) describe their evaluation and manage-
ment with the largest (a retrospective analysis)
reporting 14 cases [40—42]. Right upper quadrant
abdominal pain associated with fever with or
without focal hepatic tenderness should raise sus-
picion of cyst infection (a potentially life-threat-
ening complication), especially if concurrent
liver function abnormalities coexist [40, 41].
Patients may have only vague symptoms of mal-
aise without localizing symptoms, and therefore,
there should be a high index of suspicion of
infected cyst(s). It has been proposed that liver
cyst infections result from either hematogenous
seeding or by retrograde traffic of enteric patho-
gens via the biliary tract [40, 43, 44]. While cyst
infection can complicate percutaneous liver cyst
fluid aspiration, this should rarely occur if per-
formed by experienced personnel [2]. Other risk
factors include recent abdominal surgery, kidney
transplantation (on immunosuppression), and
chronic dialysis patients. Leukocytosis and ele-
vated alkaline phosphatase can be seen [40, 42].
Elevated AST or bilirubin is uncommon.

When all four of the following criteria are
concomitantly met (temperature >38 °C for
>3 days, liver/loin tenderness, C-reactive protein
(CRP) >5 mg/dL, and no evidence of intracystic
bleeding on CT (suggested by spontaneous intra-
cystic density >25 Hounsfield units)), then either
liver or kidney infection is probable (Figs. 10.7¢c—f
and 10.8) [42]. Episodes with two or three ele-
ments of these criteria might be labeled as “fever
of unknown origin” [45]. Localization of the
infected liver cysts(s) can be difficult as conven-
tional imaging modalities such as MRI may be
inconclusive [45, 46]. Debris within a cyst with a
thick wall (Fig. 10.6b) and/or distal acoustic
enhancement detected in at least one cyst are spe-
cific to infected cysts [42]. Positron emission
tomography-CT appears to be superior to
conventional imaging techniques for the detection
and localization of infected cysts (Fig. 10.6e—j)
[42, 43, 46-48]. In a recent series, ultrasound,
computed tomography scan, and MRI failed to
detect the infected cyst in 94%, 82%, and 60% of
cases, respectively [41]. Indium white blood-
labeled scans (Fig. 10.6¢c) are also helpful
in localizing the site of an infection or abscess,
especially if PET-CT is not available and is not
limited in sensitivity by the presence of renal fail-
ure [49-52].

Liver cyst infections are usually monomicro-
bial with Enterobacteriaceae. Escherichia coli
or Klebsiella pneumoninga accounting for the
majority of reports [35, 40] (Figs. 10.6, 10.7, and
10.8). Urine and blood cultures should also be
promptly obtained. Early drainage and cyst fluid
analysis (which will reveal bacteria and neutro-
phils), in combination with intravenous antibiot-
ics that concentrate in the biliary tree and
penetrate the cysts, such as sulfamethoxazole-
trimethoprim or ciprofloxacin [40], are recom-
mended, especially if the suspected cyst is large
(>5 cm) [42]. Cyst fluid cultures often remain
positive despite several days of antibiotics and
should permit directed antibiotic therapy. Gas
can also be seen on imaging if the cyst has been
previously punctured or if there is a communica-
tion with the bile ducts [40]. In some cases, sur-
gical resection of the affected lobe(s) is required
(Fig. 10.6a—d). Episodes with two or three elements
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Table 10.4 Clinical and volumetric classifications for PLD severity [36-38]

Mayo classification
[37] Type A Type B Type C Type D
Symptoms Absent/mild Moderate/severe Moderate/severe Moderate/
severe
Cyst characteristics | Any Limited no. large cysts Any Any
Areas of relative Any >2 sectors >1 sectors <1 sector
normal liver
parenchyma
Isosectoral portal Any Absent Absent Present
vein or hepatic vein
occlusion of
preserved sector
Treatment Observation/ Cyst fenestration Partial hepatectomy with Liver
medical remnant cyst fenestration transplantation
treatment
Gigot classification
[36] Type I Type 11 Type III
<10 large Diffuse involvement of | Large numbers of small- and
cysts (>10 cm) | liver parenchyma by medium-sized liver cysts are
Does not multiple medium-sized present and spread diffusely
classify as cysts with large areas of | through the liver
PLD noncystic liver parenchyma. Few areas of
parenchyma remaining normal liver parenchyma are
present
Volumetric Mild Moderate Severe
classification
(height adjusted
LV) of PLD
severity [38]
Liver volume | Liver volume Liver volume >1800/m
<1000 ml/m 1000-1800/m

of these criteria might be labeled as “fever of
unknown origin” [43, 45]. Carbohydrate antigen
19-9 (CA19-9) has been proposed as a biomarker
for hepatic cyst infection, but in our experience,
this biomarker has very limited or no role in
diagnosis or management [45, 53, 54]. Currently
there are limited evidence-based guidelines for
choice and duration of antibiotic therapy in treat-
ment of hepatic cyst infection in PLD.
Ciprofloxacin concentration in the hepatic cysts
is severalfold relative to the concentration in the
serum. Sallee et al. concluded from their experi-

ence in treating renal and hepatic cyst infections,
that fluoroquinolones may be superior to beta-
lactams, and initial use of dual antibiotics supe-
rior to monotherapy, until the organism is
identified [42]. By extrapolation from treating
pyogenic liver abscess, empiric antibiotic ther-
apy may consist of monotherapy with a beta-
lactam/beta-lactamase inhibitor or a combination
of third-generation cephalosporin and metroni-
dazole. Alternatively, a combination of fluoro-
quinolone and metronidazole or monotherapy
with a carbapenem may be used.

»

Fig. 10.7 (continued) 200 cc of feculent-appearing and
feculent-smelling fluid was aspirated, some of which was
sent for cultures. The limited postprocedural scan demon-
strated no immediate complications. The catheter was
positioned centrally within the larger posterior infected
hepatic segment VIII cyst passing through the infected cyst

>

just anterior to it. K. pneumonia, sensitive to third-genera-
tion cephalosporins, was identified and symptoms resolved
with treatment. In this case, her blood cultures were inde-
terminate. (g) Pre- and (h) postoperative coronal CT scan
of a patient who underwent a combined liver/kidney trans-
plant (the renal allograft is in the right pelvis)



Fig. 10.7 MRI images in a PLD case who presented with
increasing abdominal girth and shortness of breath. Pre-(a)
and (b) post-left hepatectomy, cholecystectomy, and fenes-
tration of multiple right lobe liver cysts; note there is also
splenomegaly. Note also her right kidney was displaced cau-

dally in the preoperative MRI. (c—f) Infected liver cyst in a
47-year-old woman who had a hepatic resection 4 months
prior; a 10 French percutaneous pigtail drainage catheter
was placed into the adjacent cysts within hepatic segment
VIII that appeared complicated/infected on a prior MRIL



184

F.T. Chebib and M. C. Hogan

Risk Factors
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Fig. 10.8 Algorithm for evaluation and management of hepatic cyst infection in PLD

Optimal treatment duration of parenteral and
subsequent oral therapy remains unknown. This
may be directed by the extent of the infection,
response to initial therapy, trend of clinical indi-
cators such as fever, white cell count and CRP,
and imaging. Antibiotics should be directed at
gram-positive and gram-negative aerobes and
anaerobes initially. Parenteral antibiotics should
be administered for up to 2 weeks, followed by
appropriate oral therapy for another 4-6 weeks
as directed by culture findings and antibiotic sen-
sitivities. A repeat blood culture in 2-4 weeks
is strongly recommended. When treatment
with antibiotics fails, percutaneous drainage or
hepatic resection should be considered (Figs.
10.6, 10.7, and 10.8) [3, 40]. Repeated antibi-
otic courses, drainage, and surgical procedures
may lead to emergence of nosocomial bacterial
strains; therefore, long-term oral antibiotic sup-
pression or prophylaxis should be reserved for

those patients with confirmed relapse or recur-
rences (Fig. 10.6g—-m) [42].

Obstructive Jaundice

Obstructive jaundice caused by cysts is a rare
complication of PLD and should be diagnosed
only after other causes have been excluded [55].
When cysts are implicated in the etiology, they
are usually located at the porta hepatis and may
be of biliary or peribiliary gland origin, and there
may be intrahepatic biliary dilatation on imaging
which can be confused with a group of small
cysts [56, 57]. Endoscopic retrograde pancrea-
tography (with stenting) and magnetic resonance
pancreatography or Tc-99m hepatobiliary imag-
ing may be useful in confirming there is obstruc-
tion and the level at which it is present [58]. If the
obstruction is confirmed to be caused by a cyst or
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cysts, these can be aspirated, sclerosed with
alcohol, or surgically (preferentially laparoscopi-
cally) removed [59, 60]. Budd-Chiari syndrome
(hepatic venous outflow tract obstruction) and
acute hepatic vein thrombosis are reported in
ADPKD patients post uni- or bilateral nephrec-
tomy [61]. Progressive hepatic failure is rare but
has been reported [62].

Cyst Hemorrhage or Torsion

Severe hemorrhage of liver cysts may present
with symptoms that mimic those of infected liver,
but this complication occurs less frequently [63].
Cyst torsion is also reported [3]. Symptoms at
onset (usually right upper quadrant pain) may be
debilitating, and affected individuals will seek
urgent medical evaluation as the pain can require
management with opiate pain medications and
support with intravenous fluids and hospitaliza-
tion. These evaluations will often take place in an
emergency room where providers may have lim-
ited experience with the condition or its manage-
ment, and thus, guidance should be offered to the
emergency room physician evaluating individu-
als presenting in these circumstances by the poly-
cystic kidney disease physician. MRI is the most
sensitive diagnostic modality to differentiate the
hemorrhagic liver cyst from other liver complica-
tions. Hemorrhage is associated with hyperin-
tense signal in T-1 and T-2 images. On rare
occasions, acute pain is associated with torsion or
rupture of a massive liver cyst with hemoperito-
neum [64]. Pain following cyst hemorrhage or
rupture can take several weeks to resolve, and
there may sometimes be a case for short-term
nonsteroidal anti-inflammatory analgesia, trama-
dol, or opiates (for a few weeks) for pain control.
If possible, opiate medications are to be avoided
due to side effects and risk of dependence.

Chronic Complications

Massive liver enlargement may be associated
with a variety of symptoms including a sensation
of abdominal heaviness or distention, bloating,

and dull, sharp, intermittent, or continuous pain
(Table 10.3). Mechanical compression by the
liver can restrict mobility of the hemidiaphragm
leading to dyspnea, orthopnea, early satiety, gas-
troesophageal reflux, umbilical and ventral her-
nias, and uterine prolapse. The mass effect can
lead also to mechanical low back pain [3].

Complications Superimposed
on Massive PLD

Ascites

In polycystic patients, ascites and variceal bleed-
ing are relatively uncommon. Evaluation of
ascitic fluid should be initiated to exclude infec-
tive processes and should be followed by endos-
copy of the upper gastrointestinal tract. In cases
where there is intrahepatic or inferior vena caval
compression leading to ascites and or lower
extremity edema, stenting of the vessel may be
indicated [65].

Hepatic Venous Outflow Obstruction

In patients with severe cystic disease, hepatic
venous outflow obstruction (HVOO or Budd-
Chiari syndrome) should be suspected and is
probably underrecognized as a cause of portal
hypertension, ascites, and liver dysfunction in
PLD. Portal hypertension is likely caused by
compression of the hepatic vein or inferior vena
cava [66, 67]. Exudative ascites with high protein
content due to high protein permeability of the
dilated sinusoidal walls occurs. Hepatic venous
or [VC thrombosis may be occasionally superim-
posed and is associated with rapid onset of acute
ascites and tender hepatomegaly. The mechanism
involves mechanical compression of hepatic
veins by the cysts and possibly thrombi forma-
tion in small hepatic vein tributaries [66—68].
These patients will improve with stenting of the
occluded vessels.

Malnutrition

In a minority of severe cases, further worsening
of the disease may lead to debility and malnu-
trition. Low albumin and total cholesterol cor-
relate with poor nutritional status (Fig. 10.5).
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In general, hepatic parenchyma and function
remain preserved irrespective of the liver size.
Liver failure symptoms should trigger an evalu-
ation of a diagnosis other than PLD. However,
massive PLD might be associated with a mod-
erate increase in gamma-glutamyl transferase
or alkaline phosphatase with a range of two to
five times the upper normal limit. These derange-
ments might be noticed in two-thirds and half of
patients, respectively. Elevation of serum ami-
notransferase and bilirubin is noted in <20% of
cases [2].

Portal Hypertension

If portal hypertension is suspected, the differen-
tial diagnosis would depend on the size of hepatic
cysts and the patient’s age. In young patients
(<30 years of age) with few or no liver cysts, con-
genital hepatic fibrosis or liver cirrhosis should
be excluded. In patients with large liver cysts,
portal hypertension can be secondary to mechan-
ical compression of portal venous flow which
affects the main portal vein or intrahepatic portal
vessel radicles.

Congenital Hepatic Fibrosis

While congenital hepatic fibrosis (CHF) is a clas-
sic feature of ARPKD, several families have been
described in which siblings had ADPKD with
CHF; however, there are no reports of families
in which both a parent and child have been seen
with both ADPKD and CHF [69-74]. Currently,
it is believed that ADPKD-CHF is caused by
PKDI mutations, with a probable contribution
from modifier gene(s) which as of yet have to
be identified. CHF can also be associated with
Caroli’s syndrome (best visualized on MR chol-
angiography). Portal hypertension should be
considered and monitored for in these cases,
and beta-blockers should be strongly consid-
ered. Splenomegaly and variceal bleeding, both
sequelae of portal hypertension and cholangitis,
a life-threatening complication, may occur more
often in advanced CHF cases.

Cholangiocarcinoma

Cases of cholangiocarcinoma in PLD have been
rarely reported and may be resectable [75-77].
It is believed these tumors develop following the
occurrence of dysplasia and carcinomatous trans-
formation in peribiliary cysts.

Treatment of Massive PLD

Most patients with PLD are asymptomatic and do
not require treatment [1, 6]. The principal aim of
treatment of PLD is to reduce symptoms by
decreasing liver volume. Options for manage-
ment include conservative management and med-
ical, radiological, or invasive surgical measures.

Aspiration of Cysts
and Sclerotherapy

Cyst aspiration is indicated for large symptom-
atic liver cysts (Figs. 10.6 and 10.7) [13].
Percutaneous aspiration should always be fol-
lowed by injection of a sclerosing agent that
causes destruction of the epithelial lining inhibit-
ing fluid production [78, 79]. The most com-
monly used sclerosing agent is ethanol, but
minocycline and tetracycline are also used [13].
It is recommended to select a dominant cyst that
is likely to be responsible for the symptoms.
Typically, cysts larger than 5 cm and that are
superficial are good candidates [13]. The tech-
nique involves puncture of the cyst with an aspi-
ration needle, aspiration of the total content of
the cyst, and then injection of the sclerosing
agent (volume varies from 10% to 25% of aspi-
rated cyst fluid) for a predetermined time [13,
80]. Drenth et al. reviewed a total of 34 articles
with a total of 292 patients and showed that aspi-
ration sclerotherapy caused total regression of
cysts in 22% and partial regression in 19% [13].
The effect of this therapy seems to extend beyond
the first few weeks, and a continuous decrease in
the volume of the liver cyst might be noted over
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the course of 4-6 months but may not fully
resolve following this procedure. Without scle-
rosant, the cyst fluid immediately reaccumulates,
but aspiration alone can help determine if the
cause of pain is the cyst [81]. In patients with cyst
recurrence, multiple sessions might be needed,
but it is suggested to avoid repeating procedures
within 6 months as the effect is enduring and due
to the increased risk of infection [82].

Fenestration

Fenestration is a technique that combines surgi-
cal deroofing of multiple cysts in a single proce-
dure. Its aim is to reduce the liver volume [83].
The major advantage is that multiple cysts can be
treated simultaneously [25]. A laparoscopic
approach is preferred over laparotomy because of
the lower complication rates (29% versus 40%).
Patients with cranially located cysts are not ideal
candidates for this approach [84]. Reported com-
plications are ascites, pleural effusion, arterial or
venous bleeding, and biliary leakage. Morbidity
and mortality was 23% and 2%, respectively.
Causes of death might be irreversible shock,
hepatic abscesses, and acute kidney injury [13].

Segmental Hepatic Resection

Segmental hepatic resection (with or without cyst
fenestration) should be considered in individuals
with symptomatic disease and/or massive hepa-
tomegaly, who harbor cyst-rich segments and
have at least one segment with unaffected liver
parenchyma (Fig. 10.5) [13, 82, 85]. Careful pre-
operative selection and imaging is needed to
select appropriate patients. Preoperative imaging
(usually with MRI with gadolinium enhancement
or contrast CT) is usually required to evaluate the
presence or absence of intrahepatic vein, inferior
vena cava, and portal vein compression and to
evaluate the amount of residual noncystic paren-
chyma in the liver. The choice of right or left
hepatectomy and/or cyst fenestration depends on
the distribution of the disease, venous and arterial
anatomy, and residual hepatic function. The

reduction in liver volume following this proce-
dure can be both significant and durable for
selected patients and relief of symptoms is usu-
ally achieved. This procedure can be associated
with significant morbidity and mortality, and
complications relate to the experience of the sur-
gical team with surgery in PLD cases, which is
limited to only a few medical centers [37, 85].
Morbidity is higher in patients who underwent
prior surgery or those on immunosuppressive
drugs and included ascites, pleural effusion, bili-
ary leakage, and hemorrhage. Hepatic resection
is associated with significant perioperative risk,
but with successful procedures, quality of life
improves or normalizes.

Liver Transplantation

Liver transplantation is the only curative thera-
peutic option and is warranted in patients with
extremely debilitating symptoms, seriously com-
promised functional status and reduced quality of
life, untreatable complications such as portal
hypertension, and severe malnutrition with
bilobar extensive cystic liver disease lacking ade-
quate areas of parenchymal sparing (Fig. 10.7g, h).
Concomitant renal evaluation is mandatory in
PKD [86]. The surgery is technically difficult
because of the distortion and compression of vas-
cular and biliary structures. In addition, high
morbidity rates have been reported with massive
postoperative ascites or hemorrhage. In light of
the shortage of liver donors, offering liver trans-
plantation has to be considered carefully, espe-
cially since PLD is not associated with excess
liver-related mortality and since hepatocellular
function remains preserved even in advanced dis-
ease. Since PLD patients have essentially normal
liver function, calculated MELD scores are low
or normal which makes organ allocation more
difficult [87]. Appeals through regional review
boards are possible. Due to their disadvantage in
graft allocation, caval sparing hepatectomy and
subsequent living donor liver transplantation
might provide a potential alternative for highly
selected patients [87]. Survival has improved
(5-year survival is ~90%) (Table 10.5) after
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Table 10.5 Summary of reported outcomes in liver transplantation for PLD

Author (year) Patients | Mortality (%) | Morbidity (%) | Follow-up (Mo.) | Symptom-free (%)
Kwok and Lewin (1988) [110] |1 100% - - -
Starzl (1990) [111] 4 25% N.S. 29 75%
Washbun (1996) [112] 5 20% 20% 38 80%
Lang (1997) [113] 17 30% N.S. 12 91%
Swenson (1998) [114] 9 11% 33% 29 89%
Pirenne (2001) [62] 16 13% - 18-120
Gustafson (2003) [115] 7 0 ? 4 N.S.
Demirci (2003) [116] 17 18% ? 49
Ueno (2006) [117] 14 7% 86% ? 92%
Kirchner (2006) [88] 36 16% 626 91%
Krohn (2008) [118] 14 7% 23% 55 86%
Schnelldorfer (2009) [37] 7 29% 57% 60 N.S.
Taner (2009) [119] 13 23% 82% 25 82%
Aussilhou (2010) [120] 27 15% 85% 36 100%
Coquillard, (liver-kidney) [89] | 107 1.9% N.S. 60 N.S.
(liver-kidney
transplant)
9.2% liver
alone
Legend: N.S Not shown
deceased donor liver or combined liver-kidney ~Medical Therapies
transplantation to a level comparable with that of
an age-matched group of people from the general ~ Sirolimus

population [10, 37, 88, 89]. In individuals with
eGFR <30 ml/min or end-stage renal disease,
simultaneous deceased donor liver or combined
liver-kidney transplant is the most optimal
approach (Fig. 10.8) [62, 90].

Transcatheter Arterial Embolization
Hepatic Arterial Embolization

Because liver cysts are mostly supplied from
hepatic arteries but not from portal veins, trans-
catheter arterial embolization (TAE) of the
hepatic artery branches that supply major hepatic
cysts can lead to shrinkage of the cyst and liver
size. This technique aims to selectively embolize
the hepatic artery branches that supply the major
liver cysts and is an option for individuals who
are not good surgical candidates for partial hepa-
tectomy [91-95].

The immunosuppressive agent sirolimus may
decrease PLD volume, possibly via an antipro-
liferative effect [96]. In a retrospective analysis
of kidney transplant recipients, liver volume was
assessed in seven individuals with PLD given
sirolimus-mycophenolate-prednisone and nine
recipients given tacrolimus-mycophenolate-
prednisone [96]. At 19 months, the sirolimus-
based regimen resulted in a decrease in mean
TLV of ~12%, while it increased by 14% in those
taking the tacrolimus regimen. Further studies
are required to understand the role of sirolimus
in this setting.

Somatostatin Analogs

Based on positive results of octreotide LAR in
experimental animal studies of PLD, several
clinical trials have examined the effects of soma-
tostatin analogs in symptomatic PLD (Table 10.6)
[97]. Van Kiempema et al. reported that 27
patients treated with lanreotide for 6 months
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experienced a reduction of 2.9% in total liver
volume (TLV), while those on placebo (n = 27)
experienced a 1.6% increase [30]. In the subse-
quent 12-month open-label extension, an overall
4% decrease in TLVs was further observed in 41
participants [98]. Caroli et al. described a 4.5%
reduction in TLV in response to octreotide LAR
in 12 ADPKD patients after 6 months of treat-
ment [31]. We randomized 42 patients to octreo-
tide LAR (n = 28) or placebo (n = 14) treatment
for 12 months [32]. As a result, liver growth
decreased 4.95% in the octreotide LAR group
compared to a 0.9% increase in the placebo
group. A total of 41 patients participated in an
open-label extension study for an additional
12 months [99]. In subjects initially randomized
to placebo, TLV decreased by 7.66% but was
sustained in patients initially treated with octreo-
tide. In pooled analysis, after 12 months of
octreotide treatment, TLV declined by ~6%. This
study was extended again for an additional
24 months after an average of 8.3-month period
off therapy (where again there was increase in
liver growth) [100]. Twenty-four individuals
who underwent 2 further years of treatment
experienced a mean + SD reduction of 4.7% =+
6.1% per year in TLV. Therefore, after 4 years of
octreotide LAR therapy, liver growth declined
by 11.8% [100]. Similarly in a population with
mild PLD, there was halting in LV growth in the
octreotide LAR arm over 5 years (3 years on
treatment and 2 years off therapy) [101]. In addi-
tion, two other non-placebo-controlled studies
showed beneficial effects of somatostatin ana-
logs in PLD [98, 102]. Therefore, the conclu-
sions from these studies are (i) treatment with
somatostatin analogs for 6-12 months decreases
TLV; (ii) reduction in liver volume is sustained
beyond 12 months of therapy; (iii) response to
treatment varies among patients with some
(~15%) nonresponders; (iv) once therapy is
stopped, liver volume starts to increase toward
baseline suggesting that long-term treatment
may be required; (vi) somatostatin analogs are
well tolerated and improve quality of life; and
(vii) similar changes in liver volume in response
to treatment occur in patients with ADPKD-
associated PLD or isolated ADPLD. Thus, soma-

tostatin analogues have become the standard of
care for symptomatic patients with PLD or those
who want to avoid surgical interventions. The
addition of everolimus to octreotide LAR pro-
vided no additional benefit [103].

Other promising therapeutic targets include
histone deacetylase inhibitors, vitamin K, and the
bile salt ursodeoxycholic acid [104-107]. The
future holds the promise of drug screening in ani-
mal models that appropriately represent the dis-
ease such as mouse, rat, and zebrafish models
[108].
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Other Extrarenal Manifestations
of Autosomal Dominant Polycystic
Kidney Disease

Charles L. Edelstein

ADPKD is a systemic disease with extrarenal as
well as renal manifestations. Extrarenal manifes-
tations (Table 11.1) that will be discussehd in this
chapter are (1) intracranial aneurysms, (2) car-
diac valve abnormalities, (3) vascular abnormali-
ties, (4) diverticular disease and diverticulitis, (5)
abdominal hernias, and (6) bronchiectasis.

Intracranial Aneurysms (ICA)
in ADPKD

Demographics

The prevalence of asymptomatic ICA in ADPKD
is about 8%, which is 3—4x higher than the gen-
eral population [1, 2]. The prevalence is higher
(16%) in patients with a family history of an ICA
[1, 2]. Ninety percent of the ICA are in the ante-
rior circulation, just like the general population.
The majority of ICA are small, <6 mm in diam-
eter. Besides the family history of an ICA, the
clinical features of ADPKD (e.g., HTN, CKD)
are no different in patients with or without unrup-
tured ICA or ICA rupture. The average age of
rupture is 41 years old, which is similar to that
observed in other familial forms of ICA but
10 years earlier than reported in sporadic ICA.
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In the general population, cigarette smoking
and hypertension are risk factors for the develop-
ment and rupture of sporadic or familial ICA. It is
unknown if these risk factors apply to ADPKD.
Size, location in posterior circulation, and a pre-
vious history of SAH from another ICA are risk
factors for rupture in the general population [3].

Genetics

The familial clustering of ICA suggests that
genetic factors are important in the etiology. A
genotype-phenotype study was performed in
which mutations were characterized in 58
ADPKD families with vascular complications;
51 were PKD1 (88%) and 7 PKD2 (12%). The
median position of the PKD1 mutation was sig-
nificantly more in the five prime (aminoterminal)
regions in patients with ICA, whether ruptured or
not, compared to controls. This study demon-
strated that the position, but not the type, of a
germline mutation in Pkdl is an important factor
in who develops aneurysms [4].

Clinical Features of ICA [1, 2, 5]

A ruptured ICA results in subarachnoid hemor-
rhage (SAH). The symptoms of SAH are head-
ache variably described as “the worst headache
of my life,” diffuse, radiating over the whole
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Table 11.1 Extrarenal manifestations of ADPKD

% of

Abnormality patients
Intracranial aneurysms 8%
Cardiac valve abnormalities:

MVP/MVR 18-31%

AVR 8-19%
Vascular abnormalities: Unknown

Endothelial dysfunction, increased

carotid intimal, and medial thickness

Biventricular diastolic dysfunction

Activation of the RAAS

Arterial dissections
Diverticulosis — pre-ESRD 14%
Diverticulitis:

ESRD on HD 20-85%

Posttransplant 3.5-12%
Abdominal hernias:

Pre-ESRD 13%

ESRD not on PD 33-46%

ESRD on PD 45%
Bronchiectasis 37%

RAAS renin-angiotensin-aldosterone system, MVP mitral
valve prolapse, MVR mitral valve regurgitation, AVR aor-
tic valve regurgitation, ESRD end-stage renal disease, PD
peritoneal dialysis

head. However, headache may be less severe, and
there may be “warning headaches” for weeks due
to a small leak of blood from the ICA. A change
in the pattern of pre-existing chronic headaches
may be a warning of SAH. Other symptoms of
SAH may include nausea, vomiting, photopho-
bia, and neck stiffness. Clinical signs of SAH
include neck stiffness and focal neurological def-
icits, especially a third cranial nerve palsy pre-
senting with a unilateral fixed eye position, a
drooped eyelid, and a dilated pupil. CT of the
head without contrast is the initial diagnostic test
of choice for suspected SAH. Lumbar puncture is
reserved for approximately 5% of patients with a
strong suspicion of SAH in which CT scan shows
no SAH. The presence of a yellowish discolor-
ation of CSF (xanthochromia) is more definitive
of SAH than red blood cells in the CSF. Cerebral
angiography is the test of choice to identify or
rule out an ICA, although CT angiography or MR
angiography has also been used.

Medical Therapy of ICA

Cerebral artery vasospasm is a major cause of
morbidity and mortality. Nimodipine, a calcium
channel blocker, has been shown to improve out-
come after SAH. In patients who develop vaso-
spasm or new neurological defects, triple-H
therapy is used (hypertension, hypervolemia,
hemodilution) [5].

Invasive Therapy of ICA

There are three options for treating an ICA:
observation, craniotomy with clipping of the
aneurysm, and endovascular occlusion using
coiling. The time of intervention and type of
intervention depends on the severity grading
scale of the ICA and is discussed in detail else-
where [5].

In the International Subarachnoid Aneurysm
Trial (ISAT), 2143 patients with ruptured anterior
ICA, good clinical status, and aneurysm <10 mm
were randomly assigned to endovascular coiling
vs. neurosurgical clipping [6-8]. Endovascular
coiling had significantly less death or dependent
complications (reduction in lifestyle) at 1 year
(23% vs. 30%), less seizures/cognitive impair-
ment, but more rebleeding. The major criticism
of the ISAT trial is that the trial included only
2143 patients out of a total of 9559 with aneurys-
mal SAH. Part 2 of the study will include all
patients with SAH. The ISAT concluded that
endovascular coiling should be considered if
expertise is available on an emergency basis and
that endovascular coiling is becoming more
widely used in unruptured aneurysms.

Screening of ADPKD Patients for ICA
(Table 11.2)

Indications for screening include (1) family history
of aneurysm or SAH; (2) family history of stroke
before age 50; (3) previous aneurysm rupture; (4)
preparation for major elective surgery; (5) high-
risk occupations, e.g., airline pilots; (6) patient
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Table 11.2 Indications for screening ADPKD patients
for ICA

Family history of aneurysm or SAH
Family history of stroke before age 50

Previous aneurysm rupture

Preparation for major elective surgery
High-risk occupations, e.g., airline pilots
Patient anxiety

New onset or change in headaches

anxiety; and (7) new onset or change in headaches.
The strongest indications for screening are a family
history of ICA or SAH, or a family history suspi-
cious of ICA or SAH, especially in family mem-
bers before the age of 50, or a new onset or change
in the pattern of headaches [1, 2, 9].

MR angiography is the best screening tech-
nique [2, 10]. A skilled neuroradiologist can
detect 100% of ICA >5 mm, 88% of ICA >4 mm,
68% of ICA >3 mm, and 56% of ICA >2 mm
without false-positive results [10]. The MRA is
low risk and can be done without gadolinium.
Because of advances in MR technology, it is
likely that most aneurysms >2 mm can be
detected [2, 10].

Repeat Imaging for ICA

There has been one study of repeat imaging for
ICA in ADPKD patients with an initially nega-
tive study [11]. Seventy-six patients with an ini-
tial negative study were studied. Fifty-seven
percent of patients had a negative family history.
More than 50% were smokers and had hyperten-
sion. Only 2/76 had an ICA after 10 year follow-
up of which 1/76 who had a clinically significant
ICA had a FH. It was concluded that those with a
FH of ruptured ICA could be rescreened at
10 years, but if they were not rescreened, only
1/76 who had an ICA would be missed.

Management of ICA in ADPKD
Patients

The risk of enlargement is very low in small
(<7 mm) aneurysms. Conservative management

is suggested in aneurysms <7 mm. However,
repeat imaging after 1 year to document stability
of the ICA is suggested [1, 2]. In addition, stop-
ping smoking and aggressive treatment of hyper-
tension and hyperlipidemia are suggested. The
natural history of unruptured ICA in ADPKD is
largely unknown. However, the risk of rupture of
ICA in ADPKD patients is similar to that from
the International Study of Unruptured Intracranial
Aneurysm (ISUIA) [3]. In the ISUIA, 1692
patients were followed for 4 years. Optimum size
cut point for defining low risk of rupture was
7 mm. With increasing ICA size over 7 mm, the
risk of aneurismal SAH increases proportionally.
For anterior circulation aneurysms, the 5-year
rates of rupture were 2.6% for 7-12 mm, 14.5%
for 13-24 mm, and 40% for >25 mm. In patients
without a history of previous SAH, risk of rup-
ture of ICA <10 mm was as low as 0.05% per
year. In patients with a history of previous SAH,
risk of rupture of ICA<10 mm was 0.5% per year
(ten times higher). The likelihood of rupture of
ICA >10 mm in diameter was <1% per year. The
ISUIA also assessed the risk of clipping aneu-
rysms. The 1-year outcomes of elective surgery
were a 1-4% mortality, and the morbidity was
approximately 15%. However, the optimal man-
agement of both ruptured and unruptured ICA
has not been fully determined [5].

It is unknown whether the low risk of rupture
of small ICA seen in the ISUIA applies to
ADPKD patients. In a study of ICA in ADPKD
patients diagnosed by MRA, 15 asymptomatic
ICA measuring from 1.5 to 6.5 mm in diameter
were followed for a mean of 30 months. No
change in aneurysm size or development of new
aneurysms was detected [12]. In an extended
follow-up study of presymptomatic ICA in
ADPKD patients, 45 aneurysms of which 38
aneurysms were from 31 families were followed
for a cumulative follow-up period of 243 years.
The mean size of the ICA was 3.5 mm, 84% were
in the anterior circulation, and the median age
was 49 years. None of the ICA ruptured, and two
increased slightly in size. The conclusion of the
study was that growth and rupture of ICA in
ADPKD patients is not higher than general popu-
lation [13].
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ICA Dolichoectasia

ICA dolichoectasia refers to elongation and dila-
tation of an arterial segment. ICA dolichoectasia
was found in 2% of ADPKD patients vs. 0.06%
in general population [14]. ICA dolichoectasia
may be the sequela of dissection and may cause
stroke [14].

Other Vascular Abnormalities

Other rare arterial abnormalities that have been
reported in PKD patients include dissections of
cervico-encephalic arteries and the thoracic
aorta, coronary artery aneurysms, and central
retinal vein/artery occlusions [14].

Summary of ICA (Table 11.3)

Asymptomatic patients with a family history sug-
gestive of an ICA or SAH or ADPKD patients
with a previous ruptured ICA should be screened.

Table 11.3 ICA in ADPKD patients

Asymptomatic patients with a FH suggestive of an
ICA or SAH or a previous ruptured ICA should be
screened

Best screening technique is MR angiography

Conservative management is recommended with ICA
less than 7 mm

After an initial negative study, rescreening after
10 years

The best screening technique is MR angiography.
Conservative management is recommended with
ICA less than 7 mm. After an initial negative
study, rescreening is not recommended for at
least 10 years.

Cardiac Valve Abnormalities
(Table 11.4)

Echocardiography, including Doppler analysis,
was performed to assess the prevalence of cardiac
abnormalities in 163 patients with ADPKD, 130
unaffected family members, and 100 control sub-
jects. In these three groups, the prevalence of
mitral valve prolapse was 26%, 14%, and 2%,
respectively. There was also a higher prevalence
of mitral incompetence (31%, 14%, and 9%,
respectively), aortic incompetence (8%, 3%, and
1%, respectively), tricuspid incompetence (15%,
7%, and 4%, respectively), and tricuspid valve
prolapse (6%, 2%, and 0%, respectively) in
patients with ADPKD [15].

In a combined retrospective and prospective
study, 11 patients with autosomal dominant poly-
cystic kidney disease were studied. Seven patients
had aortic regurgitation and two patients required
aortic valve replacement. Mitral regurgitation
was present in three patients, of whom one had
mitral valve prolapse. Histologic analysis of
available aortic and mitral valve tissue demon-
strated myxomatous degeneration with loss and
disruption of collagen [16].

Table 11.4 Cardiac valvular abnormalities in ADPKD

No of patients Yo Abnormality Reference

228 25 MVP [19]
30/19 MVR/AVR
35 LVH after 10 years

109 Pkd 1 mutation 26 MVP [18]
13 MVR grade 2 or 3

154 children 12 MVP [17]

62 18 MV histological abnormality [16]
27 AV histological abnormality

163 26 MVP [15]
31 MVR
8 AVR
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Echocardiography was performed in 154 chil-
dren of 66 families in which one parent had
ADPKD. Eighty-six children with ADPKD and
68 children without ADPKD were evaluated by
echocardiography in a prospective, single-
blinded manner. There was a 12% incidence of
mitral valve prolapse in the affected children
compared with only 3% of the unaffected chil-
dren (P < 0.05) [17].

To determine cardiac abnormalities in patients
with the Pkdl mutation, M-mode and color
Doppler echocardiography was performed on
109 patients from 16 families with Pkd 1 gene
mutations. The echocardiographic findings were
compared with 73 unaffected family members
and 73 healthy controls. Mitral valve prolapse
was found in 26% of patients with PKD1, 14% of
unaffected relatives, and 10% of control subjects.
The prevalence of hemodynamically significant
mitral regurgitation (grade 2 or 3) was 13%, 4%,
and 3%, respectively. Prevalences of grade 2 or 3
aortic regurgitation and tricuspid regurgitation
were not significantly different among the three
groups [18].

Clinical, electrocardiographic and echocar-
diographic data were compared in 228 patients
with ADPKD versus 146 unaffected family mem-
bers and 181 controls. Mitral valve prolapse was
more frequent in ADPKD patients and unaffected
family members (25% and 20%, respectively)
compared to control subjects (2%). Aortic valve
regurgitation was more frequent in ADPKD
patients and unaffected family members (19%
and 17%, respectively) compared to control sub-
jects (5%) [19].

In summary, mitral valve prolapse and mitral
valve regurgitation are the most common cardiac
valve abnormalities in ADPKD occurring in
18-31% of adults and 12% of children
(Table 11.4). In one study 19% of patients had
aortic valve regurgitation, and in an autopsy
study, 27% of ADPKD patients had abnormali-
ties of the aortic root, annulus, or valve. The car-
diac valve abnormalities, especially myxomatous
degeneration with loss and disruption of colla-
gen, seen in one autopsy study reflect the sys-
temic nature of ADPKD and may support the
hypothesis that the cardiac abnormalities in
ADPKD involve a defect in the extracellular
matrix and a defect in collagen.

Vascular Abnormalities (Table 11.5)

There is evidence that the vascular abnormalities
in ADPKD are caused by blood vessel alterations
linked to Pkdl or 2 gene mutations. The gene
products of the Pkd 1 and 2 genes, polycystin 1
and polycystin 2, are detected in vascular smooth
muscle cells and endothelial cells of all major
vessels including intracranial arteries. Animal
models of ADPKD duplicate the vascular abnor-
malities in humans with a gene dosage effect
[20]. Pkd 1 or 2 —/— mice die in utero from mas-
sive hemorrhage caused by vascular leaks and
vessel rupture. Histological analysis of tissues
from Pkdl —/— mouse embryos showed red
blood cells outside of blood vessels, gross hem-
orrhage around blood vessels, red blood cells tra-
versing the endothelial cell lining of blood

Table 11.5 Vascular abnormalities in ADPKD patients

Endothelial dysfunction

Impaired acetylcholine (ACh)-induced endothelium-dependent relaxation

Improvement of endothelial dysfunction with simvastatin

Increased carotid intima-media thickness

Decreased coronary flow velocity reserve

Biventricular diastolic dysfunction

Activation of the renin-angiotensin-aldosterone system (RAAS) that precedes hypertension

Decrease in vascular endothelial nitric oxide synthase (eNOS) early in the course of ADPKD

Arterial dissections

Aortic abdominal aneurysms
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vessels, and a leak of intravascularly injected
fluorescent dextran into the extravascular intersti-
tium [20]. Mice with reduced PC-1 expression
have arterial dissections. Pkd 2 +/— mice develop
ICA when induced to develop HTN. These stud-
ies suggest that the vascular abnormalities in
PKD are linked to the Pkd gene mutations.

Vascular abnormalities have been demon-
strated in ADPKD patients [21-26]. There is
endothelial dysfunction and increased carotid
intimal and medial thickness in normotensive
ADPKD patients with preserved kidney function
[23] and improvement of endothelial dysfunction
with simvastatin [23]. Normotensive patients
with ADPKD with well-preserved renal function
have significantly increased carotid intimal and
medial thickness and significantly decreased cor-
onary flow velocity reserve compared with
healthy subjects. These findings suggest that ath-
erosclerosis starts at an early stage in the course
of ADPKD [22].

There is impaired endothelium-dependent
relaxation and eNOS activity in isolated blood
vessels from PKD rats and patients [27].
Acetylcholine  (ACh)-induced  endothelium-
dependent relaxation (EDR) and constitutive nitric
oxide synthase (cNOS) activity was determined in
subcutaneous resistance vessels in normal control
patients, patients with ADPKD, or patients with
essential hypertension. EDR was decreased sig-
nificantly in normotensive ADPKD patients but
was more decreased in hypertensive ADPKD
patients or those with CKD. Vascular cNOS activ-
ity and renal NOS excretion were reduced in
patients with all categories of ADPKD and espe-
cially in ADPKD patients with hypertension. The
study concluded that EDR in resistance vessels
from patients with ADPKD is impaired even in the
absence of hypertension or CKD but becomes
more marked as hypertension develops. The
patients with ADPKD had defective nitric oxide
generation from diminished cNOS activity.

Arterial dissections in the thoracic and abdom-
inal aorta, coronary arteries, and cervical and ver-
tebral arteries have been reported in ADPKD
patients [28]. The association between abdomi-
nal aortic aneurysms (AAA) and ADPKD is

controversial. Aortic diameters measured in 139
ADPKD patients and 149 healthy patients were
the same [29]. Aortic diameter was increased
(2.7 cm) in 14 ADPKD patients compared to 200
other non-PKD ESRD patients [30]. In 100
patients with AAA and 100 age and sex-matched
controls without an AAA, 54% of the AAA
patients had renal cysts compared to only 30% in
the control group [31]. Thus the data is mixed as
to whether there is an increased incidence of
AAA in ADPKD patients.

It has been suggested that the vascular abnor-
malities, cardiac valve abnormalities, ICA, and
diverticular disease seen in ADPKD represent a
systemic defect in basement membrane collagen
and other basement membrane proteins. Several
studies support the idea of a basement membrane
collagen defect in ADPKD. Abnormal basement
membrane in kidney biopsies was seen in both
early- and late-stage human PKD kidneys [32].
Hybrid dilated blood vessels with red blood cell
extravasation surrounded by excessive matrix
accumulation were seen in human PKD kidney
[33]. Matrix abnormalities in ADPKD kidneys
during development and regression of tubular
cysts have also been seen [34]. Thickened, lami-
nated basement membrane, increased expression
of alpha 1 type IV collagen and laminins B1 and
B2, and changes in heparin sulfate proteoglycan
and fibronectin have been seen in mouse models
of PKD [35]. To prove mechanistically that
defects of laminin cause PKD, it was demon-
strated that laminin —/— mice develop PKD [36].

Does the Presence of ICA or MVP
Affect the Progression of Kidney
Disease in ADPKD?

Gabow et al. showed that factors associated with
worse renal function were the PKDI1 gene,
younger age at diagnosis, male gender, hyperten-
sion, left ventricular hypertrophy (LVH),
increased number of pregnancies, hematuria,
hepatic cysts, and renal size. Factors not associ-
ated with the course of renal function were MVP,
ICA, and any pregnancy [37].
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Does the Presence of ICA or MVP
Affect Survival After ESRD in ADPKD
Patients?

Perrone et al. studied 9435 ADPKD patients and
9435 patients with other causes of ESRD. ADPKD
patients had a better survival than nondiabetic
controls. The survival after transplant was similar
to controls. ADPKD-specific causes of death,
such as valvular disease, ICA, or bowel perfora-
tion, but not polycystic liver disease, were lower
in ADPKD patients. The major causes of death in
ADPKD were myocardial infarction and conges-
tive heart failure (36%) or infection (24%). This
study does not support the assumption that car-
diac valvular disease, ICA, or bowel perforation
in ADPKD contribute to excess mortality [38].

Diverticular Disease
and Diverticulitis (Table 11.6)

Diverticular disease in ADPKD patients can
occur pre-ESRD, in ESRD patients on dialysis,
and after kidney transplant.

Pre-ESRD

There has been only one study of diverticular dis-
ease in pre-ESRD patients. Sharp et al. studied 55
patients with ADPKD who were not receiving
renal replacement therapy compared with 12
unaffected family members and 59 random
control patients who had undergone barium ene-
mas [39]. All patients underwent a double-con-
trast barium enema after administration of
glucagon. There was no significant difference
among the groups in regard to sex or age. There
was no significant difference in the percentage of
patients with diverticula (47% in ADPKD
patients, 58% in unaffected family members, and
59% in controls). There was no significant differ-
ence in the mean number of diverticula in patients
with diverticulosis or the size of the largest diver-
ticula. There was no significant difference in
these variables between the patients with ADPKD

Table 11.6 Diverticulosis or diverticulitis in ADPKD
patients

Stage Number Complication Reference
Pre-ESRD | 55 PKD 14% [39]
diverticulosis
59 Random | 10%
controls diverticulosis
ESRD on 12 PKD 85% [40]
HD diverticulosis
31 NoPKD |32%
diverticulosis
ESRD on 14 PKD 50% [41]
HD diverticulosis
86 No PKD | 15%
diverticulosis
ESRDon |59 PKD 20% [42]
HD diverticulosis
125 No 3%
PKD diverticulosis
Transplant | 114 PKD 3.5% [45]
diverticulitis
760 No 0%
PKD diverticulitis
Transplant |91 PKD 6.6% [44]
diverticulitis
1046 No 0.6%
PKD diverticulitis
Transplant | 145 PKD 12% GI [43]
complication
1322 No 6% GI
PKD complication
Transplant |46 PKD 53% [46]
diverticulosis
1082 No 53%
PKD diverticulosis

with a creatinine clearance greater than or less
than 70 mL/min/. Thus, this study did not show a
greater prevalence of diverticular disease in CKD
patients with ADPKD not yet on dialysis com-
pared with the general population.

ESRD Patients on Hemodialysis

There have been three studies of diverticular dis-
ease in ESRD patients on hemodialysis that dem-
onstrate a higher incidence of diverticular disease
or diverticulitis. Scheff studied 12 of 151 hemo-
dialysis patients with ADPKD [40]. Ten (83%) of
these patients had diverticulosis, and four of
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these patients developed gross colonic perfora-
tion secondary to diverticulitis. Barium enemas
on 31 CKD patients without polycystic kidney
disease from the same dialysis unit showed diver-
ticulosis in 10 (32%), and none had diverticulitis.
Barium enemas in 120 age-matched nonrenal
failure control patients showed diverticulosis in
45 (38%). McCune screened 1019 ESRD patients
older than age 50 for diverticular disease prior to
transplant [41]. There were significantly more
PKD patients with diverticular disease than non-
PKD patients. Lederman retrospectively reviewed
ESRD patients from a single nephrology group
practice [42]. The incidence and severity of
diverticulitis in these patients was compared to a
similar cohort of patients with ESRD due to other
etiologies. Twelve (20%) of 59 patients with
PKD had a history of active diverticulitis, whereas
only 4 of 125 (3%) of the non-PKD controls had
diverticulitis (P = 0.0003). Six of the 12 PKD
patients required surgical intervention. This study
demonstrated that ESRD patients with ADPKD
have a significantly higher rate of diverticulitis
than do non-ADPKD ESRD patients.

Post-Kidney Transplant

There have been four studies of diverticulitis
after kidney transplant, of which three have
shown an increased risk of diverticulitis. In 1467
renal transplant recipients, 145 patients had
ADPKD. There was no significant difference in
mortality between PKD and non-PKD patients.
PKD patients had had a better long-term graft
survival [43]. However, the PKD group had a
higher incidence of gastrointestinal complica-
tions requiring surgery (e.g., appendicitis, small
bowel ischemia, cholecystitis, diverticulitis)
within 90 days of transplant (12.4% vs. 6.2%). In
a retrospective study of 91 PKD patients and
1046 non-PKD patients after kidney transplant,
6.6% of PKD patients and 0.6% of non-PKD
patients had diverticulitis [44]. Hadimeri studied
114 ADPKD patients after kidney transplant and
control patients matched for sex, age, and donor
type. 3.5% of the PKD patients versus 0% of the
non-PKD patients had diverticulitis [45]. In a

study of 46 PKD patients and 1082 non-PKD
patients after transplant, the number of patients
with diverticulosis or sigmoid perforation was
not different [46]. In summary, three studies
demonstrate a higher incidence of diverticulitis in
PKD patients versus non-PKD patients after kid-
ney transplant. However, the higher incidence of
diverticulitis did not result in increased mortality.
Nonetheless, diverticulitis is an important part of
the differential diagnosis of abdominal pain in
ADPKD patients on dialysis of posttransplant.

Abdominal Hernias

Compared to non-PKD family members, ADPKD
patients have an increased incidence of inguinal
hernias (13% vs. 4%) or umbilical hernias (7% vs.
2%) [47]. In a retrospective study of 85 ADPKD
patients, the prevalence of inguinal, incisional, or
paraumbilical hernias was 45% in ADPKD
patients compared to 8% for other causes of ESRD
and 4% for general surgical controls [48]. In
patients on peritoneal dialysis (PD), abdominal
wall hernias were more common in ADPKD
patients than controls (33% vs. 7%) [49]. In
another study of 142 PD patients, advanced age,
PKD, and high body mass index were independent
risk factors for abdominal hernias [50]. In this
study, 61% of ADPKD patients on continuous
ambulatory peritoneal dialysis (CAPD) had an
abdominal wall complication. In another study,
6/13 (46.2%) CAPD patients with ADPKD devel-
oped bilateral indirect inguinal hernia compared to
1/30 (3.3%) CAPD patients without ADPKD [51].
Possible reasons for increased abdominal wall her-
nias in ADPKD patients include the pressure of
large polycystic kidneys on abdominal organs and
the abdominal wall or the “collagen defect” as pre-
viously discussed. The correlation between kidney
size and abdominal hernias has not been studied.

Bronchiectasis
CT scans from 95 ADPKD and 95 non-PKD

CKD controls were retrospectively reviewed for the
presence of bronchiectasis using defined criteria.
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There was a threefold increased prevalence of
bronchiectasis (37%) compared to the control
group (13%) [52]. Immunostaining demonstrated
polycystin-1 expression in the motile cilia of
non-ADPKD airway epithelial cells. The associa-
tion between ADPKD and bronchiectasis sug-
gests that patients with primary cilia-associated
diseases may be at risk for bronchiectasis.
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Introduction

Activation of the renin-angiotensin-aldosterone
system (RAAS) is believed to play a role in the
development of hypertension and in the struc-
tural and functional progression of kidney dis-
ease in ADPKD. Studies in animal models and
humans have evaluated the utility of blocking the
RAAS pathway on blood pressure control, kid-
ney growth, and kidney function. In this chapter
we review the evidence from experimental and
clinical studies implicating activation of RAAS
in the pathogenesis of ADPKD, as well as results
of observational and randomized control trials
(RCTs) testing RAAS inhibition.

Experimental Evidence
for Heightened RAAS Activity
in ADPKD

Early studies of nephrectomy specimens from
patients with ADPKD showed stretching, com-
pression, and obliteration of the renal vasculature
from surrounding cysts [1]. Compression on the
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vasculature is postulated to lead to focal ischemia,
with subsequent RAAS activation, which in turn
leads to generation of angiotensin II and release of
pro-inflammatory cytokines [2—6]. Some of these
cytokines are mitogens, which stimulate cyst
growth and perpetuate the cycle of focal ischemia,
RAAS activation, and more cytokine release
(Fig. 12.1) [7]. Several lines of evidence implicate
the RAAS in ADPKD progression. Histochemical
staining of human nephrectomy specimens
revealed increased numbers of renin granules in
the juxtamedullary apparatus, along arterioles, and
within cyst walls [4]. Cystic epithelium has been
demonstrated to produce ectopic renin [8], as well
as all other major RAAS components including
angiotensinogen, angiotensin-converting enzyme
(ACE), and angiotensin II [9]. Angiotensin II and
aldosterone have been shown to induce signaling
cascades leading to proliferation of tubular epithe-
lial cells [10, 11].

In addition, some [12, 13], but not all [14-16],
clinical studies have found elevated plasma renin
activity in ADPKD patients. In one study that
matched ADPKD patients to essential hyperten-
sives based on age, BP level, and 24 h urine
sodium excretion, baseline plasma renin levels
were higher, and there was a greater increase
after ACE inhibition and with upright position in
the ADPKD patients [12]. This same study found
increased renovascular resistance, and greater
renal vasodilation and reduction in filtration frac-
tion in response to ACE inhibitors (ACE-I) as
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Fig. 12.1 Theoretical model: the effect of the RAAS in the development of hypertension and progression of ADPKD
(Reproduced from Ecder and Schrier [7] with permission from the Journal of the American Society of Nephrology)

compared with healthy controls [17], suggesting
heightened local RAAS activity. Failure to
suppress plasma renin with salt loading has also
been demonstrated in ADPKD [13].

In the PCK rat model, treatment with lisinopril
as compared with vehicle resulted in a lower kid-
ney weight/body weight and lower cyst volume
index score [18]. In support of a role of the RAAS
activity in cystogenesis, there was a reduction in
proliferative signaling pathways (ERK1, ERK2,
and PCNA levels) and apoptotic pathways
(MAPK, SAPK/INK) in the lisinopril as com-
pared with vehicle-treated animals. Additional
support for a link between RAAS activation and
cystogenesis includes observations in several
studies showing larger kidneys in hypertensive
children and young adults with ADPKD and nor-
mal or near-normal kidney function, as compared
with those with normotension [5, 19].

Randomized Controlled Trials
Comparing ACE-l or ARB
Versus Other Antihypertensive
Classes in ADPKD

Randomized controlled trials (RCTs) that have
compared RAAS blocker monotherapy versus
other antihypertensive drug classes or placebo

and that have a sample size >40 patients are
shown in Table 12.1. The largest trial had fewer
than 100 patients, and 2 of the 4 studies are sec-
ondary analyses of a subgroup of the full popula-
tion of patients with ADPKD. Smaller studies are
included in the Reference Section for complete-
ness [3, 20, 21]. As can be seen, the evidence is
very limited. In secondary analyses of the REIN
trial (n = 64), which involved patients with GFR
30-60 mL/min [22], benazepril reduced the end-
point of doubling serum creatinine (sCr), ESRD,
or death in patients with glomerulonephritis and
diabetic kidney disease, but not in ADPKD. In an
individual patient meta-analysis of the ADPKD
subgroups (n = 142 patients) from eight RCTs
assessing ACE-I versus placebo [23] (including
the abovementioned REIN trial [22]), ACE inhib-
itors reduced urinary protein excretion but did
not decrease doubling of sCr, reaching ESRD or
death [RR = 0.73, 95% CI (0.41-1.29)]
(Fig. 12.2). In addition to the major issue of lim-
ited statistical power for the composite kidney
outcome, another limitation was that baseline
protein excretion was >1 g/d in the ADPKD sub-
group, which is unusual for ADPKD.

In a double-blind RCT comparing enalapril to
atenolol in 61 hypertensive ADPKD patients with
GFR >85 ml/min and enalapril to placebo in 28
normotensive ADPKD patients, there was no
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Fig. 12.2 Effects of 50
ACE-I versus other

antihypertensive classes

on doubling sCr, ESRD,

or death in the ADPKD o, 40
subgroup of the AIPRD %0
meta-analysis. ESRD
end-stage renal disease,
sCr serum creatinine,
ACE-I angiotensin-
converting enzyme
inhibitor, RR relative
risk (Created using data
from Ref. [23])
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20
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ESRD

difference in the rate of decline in eGFR across
treatment arms for either subset [24]. In another
RCT of 46 patients with hypertension, ramipril
did not significantly alter the rate of decline in
kidney function decline or reduce albuminuria as
compared with metoprolol [25]. In a post hoc
analysis, treatment to a mean arterial pressure
(MAP) <97 mm Hg, as compared with a MAP
>97 mm Hg, was associated with a greater reduc-
tion in ventricular mass index (LVMI) group
(p = 0.017) independent of the antihypertensive
agent used. In a 7-year RCT assessing the effects
of rigorous (<120/80 mmHg) versus standard
(135-140/85-90 mmHg) blood pressure control
and of enalapril versus amlodipine, LVMI
returned to normal range in 67% of the enalapril-
treated patients versus 36% of the amlodipine-
treated (p < 0.05), despite similar level of blood
pressure control [26]. Due to the study design,
the effects of enalapril versus amlodipine could
only be studied in a nonrandomized manner.
Rigorous blood pressure control also reduced
LVMI significantly more than standard blood
pressure control. Creatinine clearance, however,
did not differ across comparison by BP level or
lisinopril versus amlodipine treatment arms. One
small RCT, comparing telmisartan with enalapril,
found a similar reduction in blood pressure in
both groups without appreciable changes in
kidney function at 1-year follow-up [27]. Recent

p=0.17

0O ACE-I

p=060 0 Control

Doubling of
sCr

Doubling of
sCr or ESRD

studies evaluating the effect of RAAS blocking
agents alone or in combination with other drugs
have not shown significant differences in renal
function decline [21, 28-30].

To summarize, evidence, showing a benefit of
RAAS blockers over other antihypertensive
classes or placebo, exists only for reducing left
ventricular mass and proteinuria (the latter atypi-
cal of ADPKD). The data are insufficient for con-
clusions to be drawn about effects of RAAS
versus other antihypertensive classes or placebo
on kidney function, due to the extremely small
sample sizes represented in these trials.
Nonetheless, RAAS blockers are the most fre-
quently prescribed drugs in ADPKD in current
practice, as reflected in the Consortium for
Radiologic Imaging Studies of Polycystic Kidney
Disease (CRISP) cohort where 72% of all hyper-
tensive patients were treated with ACE-I or ARB
prior to enrollment [6].

Theoretical Basis for Dual RAAS
Inhibition in ADPKD

More recently, the concept of intrarenal RAAS
activation has come to the forefront in under-
standing the pathophysiology of many forms of
hypertension [31, 32]. The renoprotective effect
of ACE-I or ARB monotherapy may be limited by
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compensatory feedback increases in renin release
with continued generation of angiotensin. Dual
RAAS blockade through combination of an
ACE-I with an ARB, a direct renin inhibitor, or an
aldosterone antagonist has been proposed as a
strategy to counteract this compensatory feed-
back [33] Meta-analysis of trials examining BP
effects of dual blockade of the RAAS in the gen-
eral population suggests more BP-lowering effect,
but when restricted to trials that used maximal
doses of ACE-I or ARB monotherapy for com-
parison, there was no benefit of combination ther-
apy [34]. DualRAAS blockade inthe ONTARGET
trial, which involved patients with coronary artery
or peripheral artery or cerebrovascular disease or
diabetes with end-organ damage who were treated
with a fixed dose combination of ramipril and
telmisartan versus telmisartan alone, showed
higher rates of syncope, doubling of serum creati-
nine, and no benefit on the composite outcome of
fatal and nonfatal CV events [35].

The effects of single versus dual RAAS block-
ade in patients with CKD have also been studied
in several trials. Irrespective of the underlying
kidney disease and degree of initial proteinuria,
dual RAAS blockade was associated with a
greater reduction in urinary protein and better BP
control but also with a greater incidence of
adverse events including hyperkalemia, hypoten-
sion, and decline in eGFR [33, 36-38]. The larg-
est study of dual versus single RAAS blockade,
NEPHRON-D, which involved 1442 patients
with diabetic nephropathy, >300 mg/d of albu-
minuria, and an eGFR of 30-89 ml/min/1.73 m?,
was terminated after 2.2 years due to safety con-
cerns of significant increases in hyperkalemia
and AKI in the losartan- and lisinopril-treated
arm [39]. There was no signal of a benefit on CV
events or mortality of lisinopril and losartan over
losartan plus placebo at 2.2 years.

There may be a stronger rationale for the use
of dual RAAS blockade in patients with ADPKD
than with other forms of CKD. A study of human
ADPKD nephrectomy specimens revealed
intense interstitial inflammation, with high tissue
concentrations of angiotensin I and an abun-
dance of mast cells that exhibited chymase-like
activity [40]. Confirming the presence of chy-
mases, the addition of ADPKD kidney tissue

extracts to angiotensin I led to generation of
angiotensin II, which could be blocked by chy-
mostatin. Chymase is an alternative enzyme for
the conversion of angiotensin I to angiotensin
II. Angiotensin II stimulates renal fibroblast
activity [41], and studies in rats have shown that
angiotensin II infusions resulted in TGF-beta 1
generation, which is the prototype fibrosis cytokine
in the kidney [42]. Since both ACE-Is and ARBs
reduce TGF-beta 1 and limit fibrosis in animal
models, it is hypothesized that the combination
may have a similar effect in humans [43, 44].

Clinical Trials Assessing Dual
Blockade of the RAAS

Versus Monotherapy and Level
of BP Control on ADPKD
Progression

The recently published HALT-PKD Studies are
large, multicenter RCTs that assessed the impact
of dual- versus single-level blockade of the RAAS
and the effects of two different levels of BP con-
trol on ADPKD progression [45, 46]. HALT
Study A was conducted in ADPKD individuals
with hypertension (use of antihypertensive agents
or BP >130/80 mm Hg) and early disease (defined
as eGFR >60 mL/min/1.73 m?) [45]. There was no
minimum TKYV requirement. The study had a2 x2
factorial design, under which, participants were
randomized to each of the two interventions,
which were (1) telmisartan plus lisinopril as com-
pared with placebo plus lisinopril and (2) treat-
ment to a standard BP goal of 120-130/70-80 mm
Hg versus a low goal of <110/<70 mm Hg. The
7-day average of twice daily BPs taken at home
guided antihypertensive therapy. The primary out-
come was growth of total kidney volume (TKV),
measured via MRI at baseline, 2, 4, and 5 years.
The comparison of ARB/ACE-I versus pla-
cebo/ACE-I revealed no difference in the percent
change in TKV per year (Fig. 12.3), change in
eGFR, albuminuria, left ventricular mass index
(LVMI), renal vascular resistance, or renal blood
flow across treatment arms. The secondary inter-
vention, treatment to two levels of BP control,
was successfully achieved, with the average dif-
ference in systolic and diastolic BP across arms
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Fig. 12.3 Effects of
ACE-I/ARB

Changes in Total Kidney Volume over Time
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over the course of the study being 13.4 and
9.3 mm Hg, respectively. The annual rate of TKV
growth in the low BP arm was 5.6% per year as
compared with 6.6% per year in the standard
arm, which represents a 14% slower TKV growth
rate with intensive BP lowering (p < 0.01)
(Fig. 12.4). In subgroup analyses, the benefit of
the low BP goal on TKV was even greater in
males, in individuals with larger TKVs, and in
patients under age 30 with baseline TKV > 75th
percentile. In spite of the reduction in growth of
TKV with intensive BP control, the decline in
eGFR was similar between the two groups
(Fig. 12.4b). Changes in urinary albumin excre-
tion (—3.77% per year versus 2.43% per year;
p < 0.001) and LVMI (—-1.17 vs —0.057 g per
square meter per year; p < 0.001) were better
with intensive BP control. RBF declined simi-
larly across BP arms, and there was a greater
increase in RVR in the standard BP arm.

Putting this into context, a 14% lower rate of
TKYV growth equates to 12.6 mL/year, (based on

a median baseline KTV of 1264 mL) which is
modest, and compares to a 40% reduction in
TKYV growth and a 1 mL/min/year slower decline
in eGFR seen with tolvaptan treatment [47].
However, treatment to the low BP was easy to
achieve, was well tolerated, does slow TKV
growth, and also confers cardiovascular benefit
via reducing LVMI, and for all of these reasons,
patients with GFR >60 mL/min/1.73 m? should
be treated to a BP <110/70 mm Hg. The trial was
well designed and executed, but one potential
limitation in design was that BP was achieved
using a stepped algorithm with ACE-Is and ARBs
as the first steps, and thus patients in the low BP
arm were also treated with higher doses of RAAS
blockers. This means that one cannot exclude the
possibility that the benefit of low BP was due to
more intensive RAAS blockade though the dif-
ference in the amount of RAAS blocking therapy
across BP arms was much less than was present
across ACE-I/ARB vs ACE-I/placebo arms,
where no difference was found.
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Fig. 12.4 (a, b) Effects of intensive BP control to
<110/70 mmHg versus 120-130/80 mm Hg on changes in
total kidney volume and eGFR in ADPKD patients with
baseline eGFR >60 mL/min/1.73 m? (From Schrier et al.

HALT Study B enrolled 486 patients with
moderately advanced disease (eGFR 25-60 mL/
min) and assessed the single intervention of
combination RAAS blockade with telmisartan/
lisinopril versus placebo/lisinopril on the time to
50% decline in baseline eGFR, ESRD, or death
[46]. All patients were treated to a BP of
<130/80 mm Hg. MRI of the kidneys and heart
was not performed. Results showed no differ-
ence in the primary composite outcome
(Fig. 12.5) or in the rate of eGFR decline
(=3.91 ml/min/1.73 m? per year [95% CI, —3.65
to —4.17] versus —3.87 ml per minute per 1.73 m>
per year [95% CI, —3.61 to —4.14]) between the
telmisartan/lisinopril  and  placebo/lisinopril
treatment arms. The incidence of hyperkalemia
(K > 5.6 mEg/L) was low overall and was not
different between the with ARB/ACE-I and
ACE-I treatment arms, at nine versus five events,
respectively, over the course of the study. AKI
(sCr increase >0.3 mg/dL) occurred in 9% and
12.3% of the ARB/ACE-I versus ACE-I treat-
ment arms, respectively. Combination RAAS
blockade also had no effect on hospitalization
for cardiovascular disorders as compared with
ACE-I monotherapy (2.30 events per 100 per-
son-years and 1.28 events per 100 person-years,

[45], Page 2261. Copyright © (2014) Massachusetts
Medical Society. Reprinted with permission. http://www.
nejm.org/doi/full/10.1056/NEJMoa1402685)

respectively) nor on other secondary outcomes
of pain or health-related quality of life.

An interesting observation from both trials
was the small number of antihypertensive agents
that was needed to control BP. An ACE-I alone
or ACE-I/ARB combination controlled BP in
67% and 83% percent of Study A patients in the
low or standard BP goals, respectively, while in
Study B, 62 and 53% of patients in the ACE-I
alone and ARB/ACE-I arms were controlled
with RAAS blockers only. This compares to the
CRIC study where only 15 and 25% of patients
with similar GFR as Study B were treated with 1
or 2 classes of antihypertensive drugs, respec-
tively, and only 46% of them had BP < 130/80 mm
Hg [48]. One potential explanation for why BP
was so much easier to control in the ADPKD
patients as compared with other CKD patients is
because therapy was based on home measure-
ments which run lower than office readings, the
latter used in most studies. Interestingly, the
office and home readings were not far apart in
the HALT Study, as can be seen in the baseline
data [49]. Alternatively, the ease at which BP
was controlled in the HALT Study supports the
postulate that RAAS is etiologic in the hyperten-
sion of ADPKD.
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Fig. 12.5 Effects of dual RAAS blockade with ARB/
ACE versus ACE-I monotherapy on time to 50% decline
in eGFR, ESRD, or death in ADPKD patients with base-
line eGFR 25-60 mL/min/1.73 m? (From The New
England Journal of Medicine, Torres VE, Abebe KZ,
Chapman AB, Schrier RW, Braun WE, Steinman TI,
Winklhofer FT, Brosnahan G, Czarnecki PG, Hogan MC,

Conclusions

There are no well-designed trials that have
compared RAAS blockers with other antihyper-
tensive classes on kidney outcomes in
ADPKD. However, extrapolating from other trials
in CKD showing benefits in reducing progression,
including relatively non-proteinuric forms of CKD
[50] and the theoretical benefit of reducing the
hyperfiltration injury that would be expected with
declining functional nephron mass in a progressive
form of CKD, plus the fact that these drugs are
well tolerated and are very effective at controlling
BP (as seen in the HALT Studies), it seems reason-
able to use RAAS blockers as first-line agents for
hypertensive treatment in ADPKD. Strong evi-
dence from the HALT-PKD Studies shows no ben-
efit of dual blockade of the RAAS with ACE-I/
ARB in early (eGFR >60 mL/min) or late (¢eGFR
20-60 mL/min) disease as compared with ACE-I
monotherapy on eGFR decline and no effect on
TKYV growth or LVMI in early disease. Because of

Miskulin DC, Rahbari-Oskoui FF, Grantham JJ, Harris
PC, Flessner MF, Bae KT, Moore CG, Perrone RD, Blood
Pressure in Early Autosomal Dominant Polycystic Kidney
Disease. Volume 371, Page 2271. Copyright © (2014)
Massachusetts Medical Society. Reprinted with permis-
sion. http://www.nejm.org/doi/full/10.1056/
NEJMoal402686)

the lack of benefit of combination ACEi/ARB
therapy, and because the risks of hyperkalemia and
AKI in a closely monitored clinical trial may not
be representative of routine clinical practice, dual
blockade of the RAAS is not recommended.
Intensive BP lowering to <110/70 mm Hg as com-
pared with 120-130/80 mm Hg in early ADPKD
(eGFR >60 mL/min) was associated with a reduc-
tion in TKV growth and LVMI. Based on this evi-
dence, ADPKD patients with GFR >60 mL/min
should be treated to BP <110/70 mm Hg. Treating
to the low BP goal in patients with more advanced
disease is not recommended because of the poten-
tial for AKI or accelerated GFR decline as a result
of severe reductions in blood flow in tortuous
blood vessels that are compressed by surrounding
cysts, that are characteristic in advanced
ADPKD. Low BP could also cause syncope in
older patients who may suffer imbalance because
of abdominal distension from the massive organo-
megaly as well as the physical disability that
accompanies late stages of CKD.
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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is a systemic disorder where progres-
sive development and enlargement of kidney
cysts lead to renal complications including pro-
gression to end-stage renal disease (ESRD). Cyst
development starts in utero and continues through
the patients’ lifetime. Most of the patients pres-
ent with bilateral and diffuse involvement of the
kidneys which usually maintain a reniform shape
even though they can reach more than 20 times
the normal kidney volume.

The PKD1 and PKD?2 genes encode the glyco-
proteins polycystin-1 (PC1) and polycystin-2
(PC2), respectively. Together, both proteins form
a complex that is believed to function as a tran-
sient receptor potential (TRP) channel involved
in the regulation of intracellular calcium homeo-
stasis [1, 2].

The main phenotypic changes observed in
ADPKD result from the reduction in one of the
polycystins (PC1 or PC2) beyond a critical level
and are characterized by the inability to maintain
planar cell polarity (PCP), an increase in prolifer-
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ation and apoptosis, the expression of a secretory
phenotype, and remodeling of the extracellular
matrix. The principal signaling pathways impli-
cated in these phenotypic changes include the
intracellular deregulation of calcium homeosta-
sis, cyclic adenosine monophosphate (cAMP)
accumulation and activation of protein kinase
A (PKA), activation of mitogen-activated pro-
tein kinase (MAPK) and mammalian target of
rapamycin (mTOR) kinases, and canonical Wnt
signaling and other intracellular signaling mech-
anisms [3-5].

Role of Calcium and cAMP
in ADPKD

Cyclic AMP signaling has been shown to play a
central role in the pathogenesis of ADPKD, and
intracellular levels of cAMP have been found to
be increased in many animal models, not only in
the kidney but also in other tissues affected by
the disease, including cholangiocytes [6], vascu-
lar smooth muscle [7], and choroid plexus [8].
The levels of cAMP are tightly regulated by the
activity of soluble and G-protein-coupled recep-
tor (GPCR)-associated adenylyl cyclases (ACs),
and phosphodiesterases (PDEs). Many hypoth-
eses have been proposed to explain the increased
levels of cAMP, most of which are related to
altered calcium signaling. A reduction in intra-
cellular calcium concentration, due to the dis-
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ruption of the polycystins, inhibits directly the
activity of calcium-/calmodulin-dependent PDE1
and indirectly PDE3, in addition to activating
membrane-bound  calcium-inhibitable  AC6,
hence, producing a net increase in cAMP concen-
tration. Depletion of calcium in the endoplasmic
reticulum (ER) may also induce the assembly
of stromal interaction molecule 1 (STIM1) and
concomitant activation of AC6 [9]. Additionally,
a dysfunctional ciliary protein complex (encom-
passing A-kinase anchoring protein 150, AC5/
AC6, PC2, PDE4C, and PKA) may result in acti-
vation of AC5/AC6 (due to decreased calcium
influx through PC2) and inhibition of PDE4C
(due to mutations in HNF-1p), thus increasing
cAMP (Fig. 13.1) [10].

The main effects of increased cAMP levels are
through activation of PKA and downstream effec-
tors. The Wnt signaling pathways are required for
normal epithelial tubulogenesis. At early stages,
the canonical Wnt/B-catenin pathway is required
for metanephric mesenchymal to epithelial tran-
sition; however, noncanonical Wnt/PCP signal-
ing is required later to establish and maintain the
normal tubules [11]. PKA is known to enhance
Whnt/B-catenin signaling, and this sustained acti-
vation interferes with nephrogenesis and results
in disorganized epithelial clusters and dilated
renal tubules. Under normal conditions, PKA
signaling inhibits cellular proliferation through
inhibition of MAPK signaling. However, when
intracellular calcium levels are reduced such as
in PKD, PKA activates MAPK kinase (MEK)
in a Src, Ras, and B-raf-dependent manner.
Successively, MEK phosphorylates and activates
MAPK, also known as extracellular signal-regu-
lated kinase (ERK) [12, 13]. Furthermore, PKA
has been shown to activate mTOR [14, 15] (via
ERK-mediated phosphorylation of tuberin),
which regulates a variety of cellular processes
involved with growth, proliferation, and autoph-
agy [16]. In addition, PKA mediates upregula-
tion of cAMP response element-binding protein
(CREB) [17], paired box gene 2 (Pax2) [18], and
signal transducer and activator of transcription
3 (STAT3) [3, 19], all likely contributors to the
proliferative phenotype of the cystic epithelium.

Once renal cysts reach a diameter of approxi-
mately 2 mm, they detach from the original

tubular segment, and additional growth is
dependent on transepithelial fluid secretion.
Studies have shown that cAMP signaling con-
tributes to the hypersecretory phenotype observed
in PKD. Fluid secretion was induced by treat-
ment with forskolin, in intact cysts excised from
patients with ADPKD [20]. The bulk of this fluid
secretion is driven by the active transport of chlo-
ride into the lumen of the cyst [21, 22], which is
drawn across the basolateral membrane epithe-
lium by the combined activity of the Na*K*ATPase
and the Na*K*Cl~ cotransporter. PKA phosphor-
ylates the cystic fibrosis transmembrane conduc-
tance regulator (CFTR), inducing the opening of
its channel which allows chloride ions to flow
down the electrochemical gradient and into the
cyst [23]. The role of CFTR channels in PKD has
been supported by the observation that patho-
genic mutations of the CFTR in the context of
PKD attenuate cyst growth by preventing fluid
accumulation within the cyst lumen [24] and
patients concomitantly affected with cystic
fibrosis and ADPKD present a milder cystic phe-
notype [25, 26].

Vasopressin and Vasopressin
Receptors in ADPKD

The antidiuretic hormone, arginine vasopressin
(AVP), is a small 9 amino acid peptide secreted
by the posterior pituitary gland in response to
increased plasma osmolality but also a decrease
in plasma volume. The precursor of AVP is a 164
amino acid peptide synthesized in the hypothala-
mus and cleaved into three peptides, mature AVP,
neurophysin, and copeptin, during its descent
along the axons of the pituitary stalk.

The effects of AVP occur through the stimula-
tion of G-protein-coupled receptors (GPCRs)
present on different cell types. The Vla and V1b
receptors are coupled to Gaq proteins and acti-
vate a calcium signaling pathway, while the AVP
V2 receptors (V2R) are coupled to Gas proteins
and activate a cAMP pathway.

The Vla receptors are present in several
organs (Fig. 13.2) including the kidney (vasa
recta, medullary interstitial cells). The bind-
ing of AVP to Vla results in a decrease in blood
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Fig. 13.1 Diagram depicting the central role of reduced
intracellular calcium and increased cAMP signaling in
PKD. Increased levels of cAMP may be explained as fol-
lows: (1) a reduction in intracellular calcium inhibits
directly the activity of calcium-/calmodulin-dependent
PDE] and indirectly cGMP-inhibitable PDE3, in addition
to activating membrane-bound calcium-inhibitable AC6,
producing a net increase in cAMP concentration. (2) A
dysfunctional ciliary protein complex (encompassing
A-kinase anchoring protein 150, AC5/AC6, PC2, PDE4C,
and PKA) may result in activation of AC5/AC6 (due to
decreased calcium influx through PC2) and inhibition of
PDE4C (due to mutations in HNF-1f). (3) Depletion of

flow to the inner medulla and stimulation of
prostaglandin synthesis. The V1b receptor stimu-
lates the release of adrenocorticotropin from the
anterior pituitary. The V2R is expressed in the
kidney tubule, predominantly in the thick ascend-
ing limb of Henle (TALH) and collecting ducts
(CD), where its primary function in response to
AVP is to concentrate the urine. The binding of

calcium in the endoplasmic reticulum may also induce the
assembly of stromal interaction molecule 1 (STIM1) and
concomitant activation of AC6. Increased cAMP levels
results in hyperactivation of cAMP/PKA signaling lead-
ing to disruption in tubulogenesis (enhanced Wnt/b-catenin
signaling); stimulation of chloride and fluid secretion
(CFTR phosphorylation); activation of proliferative sig-
naling pathways, including mitogen-activated protein
kinase/extracellularly regulated kinase (MAPK/ERK),
mTOR, and b-catenin signaling; and activation of many
transcription factors, such as cAMP response element-
binding protein (CREB), paired box gene 2 (Pax2), and
signal transducer and activator of transcription 3 (STAT3)

AVP to the V2R stimulates membrane-bound
AC6, increasing the levels of cAMP which in turn
activates PKA leading to the phosphorylation of
several proteins including aquaporin-2 (AQP2).
Subsequently, AQP2 accumulates in the apical
plasma membrane of CD principal cells, increas-
ing transepithelial water permeability and facili-
tating osmotically driven water reabsorption.
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Subtypes Signaling pathway

Vascular smooth muscle

Location

Function

Vasoconstriction, myocardial hypertrophy

Platelets Platelet aggregation
Hepatocytes Glycogenolysis, ureagenesis
vie Myometrium Uterine contraction
Cardiac myocytes Contractility and hypertrophy
Vasa recta Decreased blood flow to inner medulla
Medullary interstitial cells Stimulation of prostaglandin synthesis
g:un:?ﬁ::‘sglg:)m principal cells Natriuretic effect
Vib Anterior pituitary gland Releases ACTH, prolactin, endorphins
= Cotecing ductprincivalcalls 1o (e on ENAC)
Increased urea permeability (effect on UT-A1)
V2

Thick ascending limb of Henle

Vascular endothelium

Increased sodium reabsorption

Releases von Willebrand Factor and Factor VIII
Vasodilatation

Fig. 13.2 Vasopressin receptor subtypes, location, and
functions. The vasopressin receptors are G-protein-
coupled receptors (GPCRs) with unique tissue distribu-
tions and functions. The binding of AVP to Vla and V1b
stimulates  phospholipase C  (PLC), hydrolyzing

The presence of impaired urinary concentrating
capacity is common among patients with ADPKD
even at a young age, and the severity has been
shown to correlate with kidney volume [27]. A dis-
tortion in the renal architecture due to cysts, caus-
ing a defective medullary osmotic gradient, thus
reducing the ability to reabsorb water, has been the
most common mechanism proposed for this [27].
However, previous studies in rodents [28] and chil-
dren with ADPKD [29] have shown that the urinary
concentrating defect may precede renal cyst devel-
opment, suggesting other possible mechanisms.

The urinary concentrating defect and elevated
vasopressin levels contribute to cystogenesis.
Recently, plasma copeptin levels, co-secreted in
equimolar amounts with AVP, have been associ-
ated with disease severity in a cross-sectional
analysis of 102 ADPKD (CKD 1-4) subjects [30]
and with renal enlargement and GFR decline in a
3-year longitudinal study of 241 ADPKD (CKD
1-2) subjects [31].

phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol
1,4,5-trisphosphate  (IP3) and diacylglycerol (DAG),
while activation of V2 stimulates membrane-bound AC6,
increasing the levels of cAMP

Vasopressin Receptor Antagonism
in the Treatment of ADPKD

Cysts in ARPKD and ADPKD derive
predominantly from CD and distal nephron,
which express V2R and are sensitive to AVP. AVP
acting on V2R is the main AC agonist in CD. The
important role of AVP through its secondary mes-
senger cAMP and further activation of PKA in
the pathogenesis of PKD provide an opportunity
as therapeutic targets.

Two different approaches can be consid-
ered in order to reduce the detrimental effects
of circulating AVP. One is to centrally modu-
late its secretion, which could be achieved
by increasing water intake and continuously
maintaining the osmolality of the urine <250-
300 mOsm/kg H,O. A study in the PCK rat
(ARPKD model) showed that suppression
of AVP secretion by increasing water intake
(3.5-fold increase in urine output) attenuated PKD
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progression [32, 33]. Moreover, almost complete
inhibition of cystogenesis was observed in PCK
rats lacking circulating AVP (generated by cross-
ing PCK and Brattleboro rats), and a fully res-
cued cystic phenotype was achieved with the
administration of V2R agonist 1-desamino-8-d-
arginine-vasopressin (DDAVP) [34]. However,
patients with ADPKD may find increasing water
intake a difficult prescription with which to com-
ply in the long term and may increase the risk for
hyponatremia.

Another option is to pharmacologically block
the V2R. The almost exclusive localization of
V2R to the distal nephron and CD provides
opportunities for treatment with relative safety
and may be more effective than suppressing
AVP secretion by increasing water ingestion.
Preclinical studies supported further investiga-
tion of V2R antagonism as a potential therapy
for PKD.

V2R antagonists mozavaptan and tolvaptan
attenuated PKD progression in rodent models of
nephronophthisis (pcy mouse), ARPKD (PCK
rat), PKD2 (Pkd2V$>'~-mouse), and PKD1 (when
treatment started shortly after induction of Pkd!
knockout) [35-39]. Satavaptan blocked tubular
expression of sFRP4, a secreted frizzled-related
protein that affects Wnt signaling, is overex-
pressed in polycystic kidneys, and promotes cys-
togenesis of zebrafish pronephros [40]. Further,
tolvaptan inhibited AVP-induced chloride secre-
tion and cyst growth of human ADPKD cells in
collagen matrices [41].

Clinical Trials Evaluating V2R
Antagonists in ADPKD

Tolvaptan is an orally effective, highly potent,
and selective AVP V2R antagonist, inducing free
water clearance. It is currently approved by the
US Food and Drug Administration (FDA) for the
treatment of hypervolemic or euvolemic hypona-
tremia (<125 mEq/L or symptomatic and resis-
tant) in the syndrome of inappropriate secretion
of antidiuretic hormone (SIADH) and heart fail-
ure, by the European Medicines Agency (EMA)
for hyponatremia associated with SIADH and by

the Pharmaceuticals and Medical Devices
Agency (PMDA) in Japan for the treatment of
volume overload resistant to diuretics in heart
failure and of fluid retention resistant to diuretics
in hepatic cirrhosis.

Preliminary dosing studies in patients with
ADPKD showed that split-dose administration of
tolvaptan was more effective, compared to a sin-
gle dose, in achieving sustained suppression of
vasopressin action, evidenced by 24-h urine
osmolality decrease to <300 mOsm/L.

Two phase 2, open-label, multicenter clinical
trials, in North America and Japan, were con-
ducted to determine the long-term safety, tolera-
bility, and efficacy of split-dose tolvaptan over
3 years. Forty-six patients in the United States
were randomized to either 45/15 (n = 22) or
60/30 (n = 24) mg daily, split doses of tolvaptan,
after an initial 2-month titration phase to deter-
mine efficacy (Uosm persistently <300 mOsm/kg
in 70% and 77% of patients, respectively) and
self-reported tolerability (for the rest of life in
96% and 61% of patients, respectively).
Seventeen patients in Japan received a 15/15-mg
split dose. Patient safety was assessed by regular
monitoring of adverse events (AEs), directed
physical examinations, vital signs, laboratory
tests, and electrocardiogram measurements. AEs
were mainly related to the aquaretic effect of
tolvaptan and natural history of ADPKD. Twelve
patients (19%) withdrew from the study, and AE
was the reason in half of those cases. Efficacy
was assessed by changes in total kidney volume
(TKV) and eGFR and compared to historical
control patients from the CRISP and MDRD
studies that were matched by gender, hyperten-
sion, age, and baseline TKV or eGFR. Baseline
TKV (controls 1422, tolvaptan 1635 mL) and
eGFR (both 62 mL/min/1.73 m?) were similar.
The long-term treatment of patients with tolvap-
tan was associated with a slower increase in TKV
(1.7% vs. 5.8% per year, p < 0.001) and slower
decrease in eGFR (—0.71 vs. —2.1 ml/min/1.73 m?
per year, p = 0.01) when compared with histori-
cal control ADPKD patients [42].

Transient increases in serum creatinine and
uric acid observed during the phase 2 clinical tri-
als prompted further investigation of the possible
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mechanisms of these changes by studying renal
hemodynamics and function. A study involving
20 patients with ADPKD and estimated creati-
nine clearances by the Cockcroft—Gault equation
>30 ml/min was conducted to determine the
short-term effects of tolvaptan on renal function,
when administered at a daily split dose of 45/15-
mg for 1 week. Tolvaptan-induced aquaresis was
accompanied by an 8.6% reduction in iothala-
mate clearance and by a 13% increase in serum
uric acid without a significant change in renal
blood flow as measured by para-aminohippurate
clearance or MRI. A blinded post hoc analysis of
renal MRIs showed that tolvaptan significantly
reduced TKV by 3.1% (p < 0.001) and individual
cyst volume by 1.6% (p < 0.001), likely due to its
antisecretory action and more noticeably in
patients with GFR >60 ml/min per 1.73 m? [43].
More recently, a study including 27 patients with
ADPKD and CKD stages 1 through 4 studied the
effects of tolvaptan at 90/30 mg split dose daily
for 3 weeks on renal function. The study showed
a significant decrease in GFR (7.8 and 4.3 ml/
min per 1.73 m?, p < 0.05) in patients with base-
line GFR >60 and 30-60 ml/min per 1.73 m?
respectively, without a significant change in
those subjects with baseline eGFR <30 ml/min
per 1.73 m? (0.7 ml/min per 1.73 m?). These
changes were reversible after withdrawal of
tolvaptan. Changes in effective renal plasma flow
and filtration fraction were not different between
patients with lower compared to higher baseline
GFR [44]. Further analysis on efficacy parame-
ters showed a significant (p < 0.001) decrease in
TKV by 3.7% after 3 weeks treatment. Only
TKV remained slightly but significantly lower
than the baseline value (1.7%, p = 0.006) 3 weeks
after withdrawal of tolvaptan. The changes in
urine volume, free water clearance, urine osmo-
lality, and TKV were less pronounced in partici-
pants with lower baseline GFRs [45].

The largest clinical study conducted in patients
with ADPKD to date is the Tolvaptan Efficacy
and Safety in Management of ADPKD and its
Outcomes (TEMPO) 3:4. This study was a phase
3, multicenter, randomized, double-blinded,
placebo-controlled, parallel-group clinical study,

designed to assess the impact of tolvaptan therapy
on the progression of ADPKD [46]. One thou-
sand four hundred and forty five patients with
ADPKD, between 18 and 50 years old, with a
baseline TKV >750 mL and CrCL>60 mL/min,
were enrolled in the study between January 2007
and January 2009, across 129 sites worldwide.
Patients were randomized 2:1 to tolvaptan or pla-
cebo (n =961 and n = 483; one withdrawal pre-
treatment) with a daily split dose of 45/15 mg
titrated at weekly intervals to 60/30 and 90/30 mg,
and the maximally tolerated dose was maintained
for 3 years. MRIs were acquired yearly, whereas
serum creatinine and other laboratory parameters
were measured every 4 months. One thousand
one hundred and fifty seven patients completed
all 3 years of the trial, corresponding to 77% and
86.2% of the tolvaptan and placebo group,
respectively. Fifteen percent of the subjects with-
drawing in the tolvaptan group was due to adverse
events (including aquaresis-related symptoms in
8%), compared to 5% of the subjects treated with
placebo (including aquaresis-related symptoms
in 0.4%). In the tolvaptan group, therapy con-
sisted of either a high dose (90/30 mg/day,
n =404), medium dose (60/30 mg/day, n = 157),
or low dose (45/15 mg/day, n = 179), with high
rates of self-reported adherence in the majority of
patients. For the primary efficacy analysis, 1307
patients having at least one follow-up MRI were
included, while all 1445 patients were included
for the secondary safety analysis.

Results showed a reduction in the rate of kid-
ney growth by 49% with tolvaptan during the
3-year trial; TKV increased an average of 2.8%
per year in patients treated with tolvaptan versus
5.5% per year growth rate in the placebo group
(p < 0.001). Treatment effect was greatest from
baseline to year 1 but continued to be significant
from year 1 to year 2 and from year 2 to year 3.
Prespecified subgroup analysis, including strati-
fication by sex, age, diagnosis of hypertension,
baseline TKV, and baseline creatinine clearance,
showed that tolvaptan had a beneficial effect
on TKV in all subgroups. However, this effect
was nominally greater in patients 35 years of
age or older and those with hypertension and/
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or a TKV of greater or equal to 1500 mL. The
administration of tolvaptan was also associated
with a reduction in the rate of renal function
decline measured by the slope of the reciprocal
of serum creatinine from —3.81 (mg per millili-
ter)~! per year on placebo to —2.61 (mg per mil-
liliter)~! per year on tolvaptan (p < 0.001) and by
the change in the average serum creatinine from
pretreatment to posttreatment after discontinua-
tion of the study drug (1.04-1.27 mg/dL in the
placebo compared to 1.05-1.21 mg/dL in the
tolvaptan-treated patients, p < 0.001). The analy-
sis of a secondary composite endpoint showed
fewer ADPKD-related events per 100 person-
years of follow-up with tolvaptan than placebo
(hazard ratio 0.87, 95% CI. 0.78-0.97, p = 0.01).
This result was driven by fewer events of renal
function decline and kidney pain, but no effect of
treatment was detected on hypertension or albu-
minuria events.

Aquaresis-related adverse events (thirst, poly-
uria, nocturia, and polydipsia) were more fre-
quent in the tolvaptan group, whereas
ADPKD-related adverse events (kidney pain,
hematuria, urinary tract infection, and back pain)
were more frequent in the placebo group.
Elevations of serum sodium and uric acid were
observed more frequently in the patients treated
with tolvaptan, but these were not considered to
be severe. Elevations of alanine aminotransferase
of potential clinical significance were also
observed more frequently in the patients treated
with tolvaptan than in those receiving placebo
(4.9% vs. 1.2%). Two patients in the tolvaptan
group had concurrent elevations in the alanine
aminotransferase or aspartate aminotransferase
level (>3 times the upper limit of the normal
range) and of the bilirubin level (>2 times the
upper limit of the normal range) which resolved
after discontinuation of the drug.

Based on these results, tolvaptan has been
approved in Japan, Canada, and Europe as a ther-
apy for ADPKD with CKD stages 1-3 and rap-
idly progressive disease. In the United States,
tolvaptan is not currently approved as a therapy
for ADPKD and should not be administered
outside of an approved research study.
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Incidence and Prevalence of End-
Stage Renal Disease

The incident number of individuals with cystic
kidney disease reaching end-stage renal disease
(ESRD) in the USA has more than doubled from
under 1000 in the early 1980s to over 2000 by the
early 2000s [1]. Despite this rising number over
the past three decades, the proportion of ESRD
attributable to ADPKD has been outpaced by the
rise in diabetic kidney disease. Thus the overall
proportion of ESRD attributable to PKD has
steadily declined from 8% in 1980 to slightly
under 3% in 2011.

Data from the Danish National Registry
reported on 693 patients that reached ESRD
with ADPKD between 1990 and 2007. In this
population there was an increase in the inci-
dence of ESRD, with 6.45 per million people
(pmp) between 1990 and 1995, 7.39 pmp
between 1996 and 2001, and 7.59 pmp between
2002 and 2007. In addition, the prevalence of
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patients with ESRD due to ADPKD also
increased across the same time periods, with
55.9, 58.5, and 60.6 pmp, respectively. The age
of ESRD onset also increased from 55.9 years in
the 1990-1995 cohort to 60.6 years in the 2002—
2007 cohort. This suggests that over time, older
people with ADPKD were more often being
classified with ESRD or initiated renal replace-
ment therapy. It may also suggest that chronic
kidney disease care for those with ADPKD has
improved over the time, leading to a delay in the
onset of ESRD [2]. The male-to-female ratio for
the onset of ESRD fell from 1.6 to 1.1, suggest-
ing that male gender was playing less of a role
as a prognostic risk factor for progression to
ESRD [2].

Survival on dialysis has improved in patients
with ADPKD, as compared to non-ADPKD
patients [2, 3]. Whether this relates to improved
hypertension control, a greater use of angioten-
sin blocking agents, or other advances in medi-
cal management in those with ADPKD remains
unclear. Patients with ADPKD have favorable
survival on renal replacement therapy com-
pared to similarly matched nondiabetic patients
with ESRD [4] (Fig. 14.1). This may be in part
due to comorbidities found in patients with
ESRD due to hypertension that may not exist in
patients that develop ESRD due to a genetic
mutation causing ADPKD or because of earlier
treatment of hypertension in the ADPKD
patient population.
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Fig. 14.1 The survival
of 9435patients with
ADPKD following
ESRD, compared with
206,989 age, gender, and
year of ESRD-matched
nondiabetic controls
from USRDS (log rank
test p = 0.0001) (From
Perrone et al. [4].
Reprinted with
permission from
Elsevier via STM
Permissions Guidelines)
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Choice of Renal Replacement
Therapy

The best choice for renal replacement modality
for those with ADPKD is extrapolated from
patient outcomes in the general ESRD population.
Currently the optimal therapy remains kidney
transplantation, and ideally from a living kidney
donor, if available [5]. Although kidney transplan-
tation should be recommended as first-line ther-
apy, the patient’s preferences, risk profile for
infection and malignancy, comorbidities, urgency
to initiate renal replacement therapy, social sup-
port, and the patient’s comprehension of their
disease and risks must be kept in perspective.

Despite current efforts to slow cyst growth
and GFR decline, almost half of patients with
ADPKD reach ESRD by age 60 [6]. Some
patients with ADPKD may need to initiate dialy-
sis before kidney transplantation is possible,
while some may be ineligible for a transplant.
Options for these patients include both hemodi-
alysis (HD, in-center or home-based) and perito-
neal dialysis (PD).

Peritoneal Dialysis

Peritoneal dialysis offers a potentially more
lifestyle-friendly mode of renal replacement
therapy; however, several concerns regarding
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peritoneal dialysis in ADPKD patients have
been raised. The extrarenal manifestations of
abdominal wall hernias and leaks are prevalent
in those with ADPKD, which would complicate
the administration of PD fluid. Another theo-
retical concern is the higher prevalence of
colonic diverticulosis or diverticulitis in
patients with ADPKD, which could lead to
increased rates of peritonitis. Finally, enlarged
polycystic kidneys could restrict the available
space to instill PD fluid or restrict the area for
peritoneal exchange. Restrictions on the vol-
ume of PD fluid infused can result in subopti-
mal dialysis clearance or patient discomfort
with larger volumes. Additionally, there may be
an increased concern for hydrothorax with
PD. While nephrectomy can offer a possible
solution to the lack of intra-abdominal space,
the loss of residual kidney function may be a
greater concern, as it is known that preserving
residual kidney function confers a survival
advantage in ESRD patients on PD [7].
Outcomes on PD for patients with ADPKD
have been evaluated by several observational and
registry studies [8—10]. The US National CAPD
Registry reported a median time to peritonitis of
8.2 months in patients with ADPKD, compared
to 6.3-7.4 months in other subgroups of kidney
failure [11]. Several observational studies com-
paring patients with ADPKD with matched
patients with other causes of ESRD have shown
little difference in technique survival or peritonitis
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rates [8—10, 12, 13]. In many of these studies, the
reported rate of hernias was higher in the ADPKD
group.

Registry and cohort studies inherently are at
risk of bias, particularly selection bias as
patients with ADPKD are directed to PD or HD
based on several factors that may be judged to
be associated with better success using a partic-
ular modality. This is highlighted by examining
the competing risks of patients on PD with and
without ADPKD. In the French RDPLF perito-
neal dialysis registry, 344 patients with ADPKD
were compared to 3818 nondiabetic and non-
ADPKD patients [12]. The most common out-
come for non-ADPKD patients was death,
followed by transfer to hemodialysis, and then
kidney transplantation. However, in those with
ADPKD, the most common outcome was trans-
plantation followed by transfer to hemodialysis
and death.

Clinical trials randomizing ADPKD patients
to hemodialysis or peritoneal dialysis are
unlikely to be conducted. To overcome some of
the selection bias of observational studies, a
study reported out of Hong Kong is helpful to
describe the natural outcomes of ADPKD
patients initiated with PD [14]. In Hong Kong,
all ESRD patients were assigned to PD first and
only switched to HD if there was ultrafiltration
or technique failure. Using this mostly unselected
population of 42 patients with ADPKD and 84
matched nondiabetic controls, they found no dif-
ferences in technique or patient survival between
the two groups. There was also no significant
difference in the transition of patients to hemodi-
alysis. Two urgent surgical hernia repairs did
occur in the ADPKD cohort, but all patients
resumed PD after recovery with no recurrent
hernias.

To date, there is no evidence that specifically
correlates total kidney or liver volume with PD
success or clinical outcomes in patients with
ADPKD. Given the preponderance of clinical
studies and reports, it appears that patients with
ADPKD can safely and effectively be treated
with PD when they reach end-stage renal disease,
keeping in mind the potential limitations of this
modality.

Hemodialysis

Initiating hemodialysis for ADPKD is generally
similar to non-ADPKD patients. Nonetheless,
there are some unique issues to be considered in
the surveillance and management of patients with
ADPKD on hemodialysis.

Renal and Extrarenal Complications

There are limited studies that examine renal and
extrarenal complications of ADPKD after initia-
tion of hemodialysis, and most of these come
from single-center reports rather than large pro-
spective registries. Renal complications such as
pain, hematuria, and renal cyst infections can still
occur after ESRD. In cohort studies, symptoms
related to these complications vary considerably.
After 5 years on hemodialysis, over 50% of
patients with ADPKD will experience at least one
episode of kidney pain or gross hematuria, while
cyst infections will occur in 12% [15]. Although
the risk of renal cell carcinoma has not been
shown to be increased once on hemodialysis, it is
prudent to evaluate cases of gross hematuria, as
acquired cystic disease is still a clinical issue in
any patient on hemodialysis. Recurrent episodes
of hematuria may prompt cessation of heparin
anticoagulation on dialysis, addressing coagu-
lopathies, including uremic platelet dysfunction,
and finally, when refractory bleeding persists,
embolization or nephrectomy of the involved
kidney may be a last resort.

Most extrarenal complications have not been
reported to be increased after starting dialysis.
Cardiac valvular disease, congestive heart fail-
ure, valve replacement, and endocarditis are not
known to be increased in ADPKD compared to
other dialysis patients [15]. An analysis of
Medicare patients in the United States Renal
Data System (USRDS) showed that the incidence
of intracranial hemorrhage was almost threefold
higher in those with ADPKD as compared to
non-ADPKD, after accounting for competing
risks. The absolute risk remained low at 10.9 per
1000 patient-years in those with ADPKD,
compared to 7.5 per 1000 patient-years in those
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with ESRD due to other causes. Nonetheless, in
those with an aneurysm rupture, the death rate
was significantly higher. This study could not
examine the potential influence of family history
or PKD genetics [16].

Anemia Management

It has been hypothesized that expanding cysts
within the renal parenchyma leads to pericystic
hypoxia, the stimulation of hypoxia-inducible
factor-alpha, and eventually resulting in higher
endogenous erythropoietin production [17]. Data
from nephrectomized ADPKD kidneys have also
shown erythropoietin levels to be elevated inde-
pendent of oxygen tension. Moreover, patients
with ADPKD may also start dialysis with more
residual kidney function, and thus endogenous
erythropoietin production may be higher than for
other causes of kidney failure.

Relatively higher hemoglobin values have been
frequently observed in ADPKD patients, and this
finding may persist even after reaching end-stage
renal disease [18]. Moreover, the absence of eryth-
ropoiesis-stimulating agent (ESA) therapy is more
than five times higher in patients with ADPKD
than non-ADPKD patients [19]. In general,
ADPKD patients that maintain a higher hemoglo-
bin level do not appear to be at any increased mor-
tality risk, and phlebotomy is not indicated when
hemoglobin levels are above the conventional tar-
get range for patients treated with ESAs [19].

Hypertension

Hypertension is a common early finding in
ADPKD, occurring in 50-70% of cases before any
significant reduction in glomerular filtration rate
[20]. The stimulation of the renin-angiotensin-
aldosterone system, a result of renal parenchymal
ischemia caused by cyst expansion, likely plays
an integral role in the development of hyperten-
sion. As a result, angiotensin-converting enzyme
inhibitors and angiotensin receptor blockers are
the mainstay of treatment in these patients [21,
22]. For ADPKD patients specifically on dialysis,
there is no further recommendation regarding the

preferred antihypertensive agent(s) which should
be used.

Among hemodialysis patients, those with
ADPKD display a similar U-shaped blood pres-
sure and mortality relationship as those without
ADPKD. Despite this hypertension “paradox,’
which showed that lower blood pressure was
associated with higher mortality as compared
with normal and higher blood pressure, what is
still evident is that the survival in any blood pres-
sure category remained higher for those with
ADPKD, as compared to those with other causes
of ESRD [23]. Randomized clinical trials are
needed to define optimal blood pressure targets in
the hemodialysis population.

Mineral Bone Disease

The presence of ADPKD does not appear to mod-
ify the association between mineral bone disease
markers and mortality in hemodialysis patients.
Nonetheless, ADPKD patients with higher levels
of mineral bone disease biomarkers still have
superior survival to non-ADPKD patients with
similar markers [24].

Anticoagulation

Patients with ADPKD on dialysis continue to be
at risk for macroscopic hematuria, cyst bleeding,
and intracranial aneurysms. However, there are
no specific recommendations for modifying the
use of systemic anticoagulants for hemodialysis.
Should severe or persistent cyst bleeding or mac-
rohematuria occur, it would be prudent to stop
systemic anticoagulants and investigate for the
underlying cause to guide management.

Kidney Transplantation

Similar to other ESRD patients, the optimal renal
replacement therapy option for patients with
ADPKD is kidney transplantation. A preemptive
kidney transplant, when available, should be the
preferred approach. Nonetheless, issues related
to the selection of a living donor from the same
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family, the indications for native nephrectomy,
the choice of immunosuppression, and the ele-
vated risk of certain posttransplant complications
should be recognized.

Rates and Prevalence of Kidney
Transplantation

Patients with ADPKD represent less than 5% of
the total US ESRD population. Similarly, the
absolute number of deceased and living donor
kidney transplants is also small. However, the

rate of kidney transplantation in the USA for
those with cystic kidney disease is much higher
than any other renal disease (Fig. 14.2). The rate
of deceased donor kidney transplantation is
approximately 6.4 transplants per 100 dialysis
patient-years, compared with 3.7, 2.0, and 2.0 for
glomerulonephritis, diabetes, and hypertension,
respectively. For living kidney donation, the rate
is 4.1 transplants per 100 dialysis patient-years,
compared to 2.1, 0.7, and 0.9 for glomerulone-
phritis, diabetes, and hypertension, respectively.
There has been little change in these rates over
the past decade in the USA [1].

a Adjusted rates of deceased donor transplants,
by primary diagnosis (USRDS)
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Fig. 14.2 The adjusted rate of kidney transplantation for
those with cystic versus other primary diagnoses (a)
deceased and (b) living donors. Adapted from USRDS
(Data from United States Renal Data System, 2013

Annual Data Report: Epidemiology of Kidney Disease in
the United States. National Institutes of Health, National
Institute of Diabetes and Digestive and Kidney Diseases,
Bethesda, MD, 2014)



234

A. Al Khunaizi and A. Alam

The incidence of kidney transplantation in the
first year after initiating dialysis is 5% for the
total US ESRD population. In those with
ADPKD, their incidence of kidney transplanta-
tion is as high as 25% in the first year after start-
ing dialysis [25].

Pretransplant Considerations
Alloimmunization

Sensitization to human leukocyte antigen (HLA)
can be induced by blood transfusion, prior organ
transplantation, and pregnancy. The presence of
such HLA antibodies can delay or prevent kidney
transplantation [26].

Individuals with ADPKD may manifest gross
hematuria from cyst bleeding or rupture, but their
need for blood transfusions in this context is
extremely uncommon. On the other hand, native
nephrectomy of massively enlarged or recur-
rently bleeding and infected ADPKD kidneys
may significantly raise the risk of requiring a
blood transfusion. In addition, declining GFR is
associated with anemia, yet this appears to be
less of an issue in those with ADPKD, and man-
agement is driven mainly by erythropoiesis-
stimulating agents and iron supplementation.

To minimize alloimmunization, the avoidance
of blood transfusions should be encouraged, sim-
ilar to non-ADPKD patients. Specifically, the
benefits of native nephrectomy should be bal-
anced with risks, including that of sensitization
from transfusion. The use of blood transfusions
should be limited to urgent and lifesaving
indications.

Aneurysm Screening

The rupture of an intracranial aneurysm portends
a severe prognosis. As kidney transplantation
involves the use of a scarce and precious resource,
namely, a kidney from a deceased or living donor,
some transplant centers advocate for screening
of ADPKD patients for occult intracranial

aneurysms. The rationale is that this approach
would allow for preemptive management of
unruptured aneurysms, which would avoid rup-
ture and thus improve morbidity and premature
mortality of the transplant recipient and maximize
the use of the allograft. There are, however, no
studies that specifically examine the utility of
screening asymptomatic patients with ADPKD
for intracranial aneurysms prior to kidney trans-
plantation. Screening for intracranial aneurysms
is traditionally indicated for those with symptoms
compatible with an aneurysm or in the context of
a family history of ruptured aneurysm, subarach-
noid hemorrhage, unexplained stroke, or prema-
ture death. Widespread screening of asymptomatic
patients with ADPKD is not supported [27].

Living Kidney Donation

Kidney transplantation from a living donor
allows for several potential advantages: eliminat-
ing the need for dialysis (preemptive transplanta-
tion), providing the recipient the opportunity to
plan for the transplant as an elective procedure,
offering improved short-term and long-term graft
survival, and shortening the wait time for patients
on the deceased donor wait-list.

A clear challenge for patients with ADPKD is
finding a kidney donor among family members,
given the genetic nature of the disease. An auto-
somal dominant disease implies that statistically
there is a 50% chance that each sibling or child of
that potential recipient also carries the genetic
mutation, thus excluding any affected family
members and reducing the available donor pool.
With multiple potential recipients in a family, this
further raises the demands on any healthy donors.

In potential donors from ADPKD families
where there may be no apparent evidence of cys-
tic disease by ultrasonography, the exclusion of
the disease may be reliably concluded in those
above age 40 [28]. In younger potential donors,
the diagnosis is more difficult to exclude with
sufficient certainty. In this setting, further evalua-
tion with higher resolution imaging of cysts (i.e.,
MRI) or genetic testing is appropriate [29] (see
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also Chaps. 1 and 7). If a mutation in the recipient
has been characterized, a familial mutation anal-
ysis may be performed. When no mutation in the
family has been identified, the alternative is to
perform full gene sequencing of both PKD/ and
PKD2 genes in the potential donor to help
exclude the disease.

Eligible candidates that are blood type or cross-
match incompatible with their intended recipient
may still have the opportunity to enter into a living
donor paired-exchange program, if available in
their country or region. These programs increase
the chance of recipients finding a compatible kid-
ney donor and can match two pairs, or they may
create a chain of many donor-recipient pairs.
Patients with ADPKD can be informed of this
potential approach, as it still offers all the advan-
tages of living kidney donation.

Native Nephrectomy

As total kidney volume increases with disease
progression, patients may develop more and
increasingly severe symptoms. The indications
for native kidney nephrectomy are driven by
symptoms: chronic pain, early satiety symptoms,
chronic or refractory cyst infections, recurrent
hematuria or suspicion of malignancy, recurrent
nephrolithiasis, and, rarely, refractory hyperten-
sion. As previously mentioned, the decision to
intervene with nephrectomy should be balanced
by the risks for transfusion requirements in a
potential kidney transplant candidate.

Prior to kidney transplantation, the presence
of massively enlarged polycystic kidneys may
provide another indication for ipsilateral native
nephrectomy. This would be to provide adequate
space for the surgical implantation of the renal
allograft.

Several approaches are available for the
removal of native kidneys peri-transplant and
each with its own potential advantages and disad-
vantages. Nephrectomy can be performed using
laparoscopic techniques. Bilateral nephrectomy
pretransplant may be indicated in extreme cir-
cumstances and would preclude avoiding dialy-
sis. This approach would also lead to the complete

loss of urine output (residual kidney function),
which is valuable for those on dialysis. Finally,
the more extensive and complicated the surgery,
the more risk of requiring a blood transfusion.
However, the removal of the native kidneys
allows for adequate space for the allograft and no
concern for future kidney surgery in an immuno-
suppressed patient.

For asymptomatic patients, a simultaneous
ipsilateral nephrectomy is sometimes performed
to allow for space for the transplant allograft.
This technique allows for a single surgery, which
is associated with shorter cumulative hospital
stays and better patient satisfaction. The com-
bined nephrectomy and transplant surgery does
lead to a longer and more complicated procedure,
with the potential for a longer cold ischemia time
in deceased donor transplants. There have also
been reports of greater transfusion requirements.
Published reports have not shown any significant
differences in allograft function when comparing
staged or simultaneous nephrectomy and those
without.

Finally, a staged nephrectomy (also known as
deferred or sandwich nephrectomy) begins with a
simultaneous nephrectomy, and once the trans-
plant is successful, a contralateral nephrectomy is
performed. This does require an additional sur-
gery but allows for the kidney function and
immunosuppression to stabilize posttransplant.

Several studies have reported on their success
of pretransplant and simultaneous nephrectomy
compared to transplant without nephrectomy
and unilateral versus bilateral nephrectomy. The
majority of these reports are retrospective
reviews involving single centers and often with
individual surgeons [30, 31]. A comparison of
transplant compared to transplant with ipsilat-
eral nephrectomy showed no difference in intra-
operative or postoperative complications,
including no increased length of stay or blood
loss. The largest report involved the routine
approach of simultaneous nephrectomy in all
ADPKD transplant patients [32]. In 100 consec-
utive kidney transplant recipients, 22 surgical
complications were documented, with 12 com-
plications attributed to the additional nephrec-
tomy: 4 lymphocele, 4 wound dehiscence or
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hernia, and 4 postoperative hematomas or bleed-
ing. Of these 100 patients, 22 had previously
undergone a contralateral nephrectomy. Of the
remaining 78 patients, 20 underwent contralat-
eral nephrectomy subsequent to their transplant.
The overall 1- and 5-year patient survival was
97% and 93%, and 1- and 5-year graft survival
was 96% and 80% [32]. As there were no con-
comitant controls available at this center, it is
unclear how these result compare to alternative
strategies, and the indication for nephrectomy
was not based on clinical indications as demon-
strated by the fact that some kidneys were as
small as 500 g in weight.

Separate studies comparing simultaneous with
staged nephrectomy showed a longer cumulative
operative time, greater blood loss and transfusion
requirements, and longer hospital stay in those
with the staged bilateral nephrectomy; however
postoperative short-term graft function and
5-year graft and patient survival were similar in
both groups [31, 33, 34].

Overall, it is difficult to conclude the true
impact of native nephrectomy in asymptomatic
ADPKD patients, as the data is based on case
series, and there are no randomized trials. In the
hands of experienced transplant centers and sur-
geons with the appropriate expertise, the out-
comes of native nephrectomy, whether unilateral
or bilateral, may not impact intermediate-term
graft and patient outcomes. However, keeping
the native kidneys in situ, if possible, would
avoid the inherent complexity of performing any
additional surgery, and thus minimize the risk
for blood transfusion and sensitization, and
maintaining residual renal function, which could
simplify fluid management and preserve erythro-
poietin production [35]. There is insufficient evi-
dence to support routine nephrectomy, and it
should probably be restricted to centers with
experience in performing the procedure safely.

Posttransplant Considerations

What happens to symptom evolution and total
kidney volume after transplantation is not clearly
understood. Data examining 33 patients that

were followed by CT imaging at the time of
transplant and then 1, 3, and 5 years posttrans-
plant reported on the rate of kidney volume
change [36]. In this cohort, the mean bilateral
kidney volume at the time of transplant was
3100 mL, all but one had basiliximab induction,
all patients received calcineurin inhibitors and
prednisone, and over 85% received mycopheno-
late mofetil. All but one patient experienced a
decrease in kidney volume after transplantation,
with an average decrease of 37.7% at 1 year and
40.6% at 3 years. Interestingly, the majority of
the decline was observed in the first year after
transplant. Also, in 16 of 18 patients with a poly-
cystic liver, there was an increase in liver vol-
ume. These results provide an argument against
pretransplant nephrectomy in the absence of
infection, bleeding, malignancy, or inadequate
room for the allograft. It does highlight the pos-
sibility of increasing liver-related symptoms
after transplant.

Choice of Immunosuppression

In animal models of ADPKD, the inhibition of
the mammalian target of rapamycin (mTOR) was
shown to slow disease progression [37, 38]. This
observation was further supported in retrospec-
tive studies of transplanted patients with
ADPKD. A retrospective review of kidney trans-
plants for ADPKD at the Cleveland Clinic identi-
fied seven patients with CT scans in the pre- and
posttransplant period and classified these into
sirolimus and non-sirolimus treatment [39]. It
was determined that the total kidney volume
change was —24.8 + 9.7% (—1.4% per month) in
those on sirolimus and —8.6 + 11.2% (—0.3% per
month) in the non-sirolimus treatment group. A
similar phenomenon was described with polycys-
tic liver volume [40]. In 16 patients with abdomi-
nal imaging studies within 11 months before and
7 months after transplantation, sirolimus was
associated with a 11.9% decrease in liver volume,
while there was a 14.1% increase for those treated
with tacrolimus.

Since these observations, randomized clinical
trials in non-transplant patients with ADPKD



14 End-Stage Renal Disease in Patients with Autosomal Dominant Polycystic Kidney Disease

237

have not demonstrated slowing of kidney volume
progression or slowing of renal impairment in
those treated with mTOR inhibitors [41, 42]. In
addition, there is also the possibility that native
cyst growth may slow simply from the fibrosis
associated with calcineurin inhibitors.

Currently, no specific recommendations can
be made that relate to the choice of immunosup-
pression in patients with ADPKD. As with any
transplant recipient, the primary objectives
should be to prevent graft rejection and avoid
complications of over-immunosuppression to
ensure optimal long-term graft and patient
survival.

Liver and Kidney Transplantation

Liver involvement is one of the most common
extrarenal manifestations in ADPKD. The major-
ity of ADPKD patients do not develop symptoms
related to liver cystic disease. Occasionally, con-
genital hepatic fibrosis and biliary tract dilatation
can manifest, but most commonly symptoms
relate to progressive enlargement of a polycystic
liver. Hepatocellular function, however, most
often remains preserved. Women are more likely
to develop cystic liver involvement, and the num-
ber of cysts has been correlated to estrogen use
and number of pregnancies [43]. A massively
enlarged polycystic liver can result in chronic
symptoms of abdominal fullness and pain. Early
satiety and dyspnea can result from mechanical
compression and displacement of the adjacent
organs. Eventually the chronic liver enlargement
can become physically disabling and even lead to
malnutrition and severely impaired quality of
life.

Orthotopic liver transplantation has been per-
formed in patients with ADPKD in the absence of
renal dysfunction. When surgical liver resection
is unsuccessful or not feasible, liver transplanta-
tion can be considered in the context of disabling
symptoms, portal hypertension, or liver dysfunc-
tion and optimally before physical function sig-
nificantly deteriorates. One-year mortality
following liver or liver-kidney transplantation in

patients with ADPKD has been estimated to be
18% [44].

Similar to patients without ADPKD, isolated
liver transplantation has been associated with an
early decline in GFR. Summarizing data from
various case series, it is reported that the mean
GFR decline is 15 ml/min per year. This rate of
GFR decline is faster than that expected from
ADPKD alone and is likely a result of the use of
calcineurin inhibitors. Regardless, a strategy of
combined liver-kidney transplantation prior to
kidney failure is not supported, and the monitor-
ing of kidney allograft GFR and rejection are
generally confounded when residual native kid-
ney function is still present [44].

Posttransplant Complications

Certain complications are increased in those with
ADPKD compared to non-ADPKD controls
posttransplant, and there is significant heteroge-
neity in the reports from different case series and
longitudinal studies. Urinary tract infections have
been reported to be increased as much as twofold
in ADPKD patients, although some longitudinal
studies find little evidence of any increased infec-
tion risk [45, 46]. Similarly, colonic diverticulitis
has also been reported to be more prevalent and
rarely associated with life-threatening bowel
perforation.

In all kidney transplant recipients, cardio-
vascular disease remains the major complica-
tion affecting patient outcomes. Preventing or
treating factors that elevate cardiovascular risk
should be an important objective in transplant
patient care. The largest multicenter longitudi-
nal cohort study (DIVAT) followed 534 ADPKD
patients for 15 years after kidney transplant.
Hypertension (49.7% vs. 42.3%) and hyperlip-
idemia (49.7% vs. 39.3%) were significantly
more prevalent in patients with ADPKD. New-
onset diabetes after transplant was also more
likely (12.4% vs 9.6%, p = 0.06). Nevertheless,
patient survival and the incidence of stroke
were no different in those with and without
ADPKD [46].
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Another potential concern has been the inci-
dence of cerebrovascular and thromboembolic
disease. Several longitudinal cohort studies,
examining cerebrovascular events among
ADPKD patients following kidney transplant,
have not shown any increased risk of stroke.
Although there was an increase in hemorrhagic
bleeds in univariate analysis, this was subse-
quently accounted for by underlying risk factors
in multivariate analyses [45—47]. The Assessment
of Lescol in Renal Transplantation (ALERT)
study was a randomized, double blind clinical
trial examining fluvastatin in kidney transplant
recipients [48]. Of the 2102 patients included in
the analysis of cerebrovascular disease and mor-
tality, 321 had ADPKD as their primary cause of
kidney failure. This study showed that 8.8% of
the population experienced a cerebrovascular
event over the 6.7-year median follow-up (i.e.,
incidence rate of 1.3% events per year), and
ADPKD was an independent risk factor for hem-
orrhagic stroke, but not ischemic stroke, with
over a fourfold increase in hazard ratio [48]. With
respect to venous thromboembolic disease, the
DIVAT study was a multicenter cohort study in
France, which demonstrated an incidence of
thromboembolic disease of 8.6% in those
ADPKD compared to 5.8% in the control popula-
tion (p = 0.009) [46].

Posttransplant malignancy has not been found
to be increased in patients with ADPKD [49].
Specifically, renal cell cancers and other solid
organ tumors do not appear to be more prevalent
compared to other transplant recipients [46, 50].
Since malignancy risk may be increased in gen-
eral for kidney transplant recipients and kidney
cancer is increased for those with prolonged dial-
ysis duration, attention to periodic cancer screen-
ing and general preventative measures should be
no different in those with ADPKD. The largest
registry study using data from the Scientific
Registry of Transplant Recipients (SRTR) found
that the adjusted cancer risk was 16% lower in
ADPKD patients when compared to the general
population. Specifically, renal cell carcinomas
showed no increased incidence rate (89.2 vs.
106.0 per 100,000 person-years) [51].

ADPKD in a Transplanted Kidney

Recurrence of cystic disease in a transplanted
kidney is never observed. However, kidneys
have been transplanted from ADPKD donors.
Progression of cyst and total kidney volume
expansion has been demonstrated in these kid-
neys; however, these allografts can still last for
many years with adequate GFR [52]. The ques-
tion of whether kidneys from deceased ADPKD
donors with acceptable kidney function and
normal size may be appropriate for transplan-
tation requires the full consent of the potential
recipient, but may be considered by some
programs.

Patient and Graft Survival

Kidney transplantation in patients with ADPKD
yields favorable patient outcomes that are com-
parable to similar (nondiabetic) ESRD patient
populations and are likely better than those
with diabetic kidney disease [4, 50]. The DIVAT
study also found that death-censored graft sur-
vival was higher in ADPKD patients. This was
in spite of the ADPKD patients in their registry
receiving kidneys from older donors with a
higher prevalence of cardiovascular disease,
having a lower proportion of living kidney
donors, and having longer cold ischemia time
[46]. The largest study of ADPKD patients
posttransplant (N = 3170) compared to nondia-
betic controls (N = 1554) found a difference in
the overall survival between the groups [4]
(Fig. 14.3).

Conclusion

Autosomal dominant PKD leads to kidney failure
in many affected individuals. Their management
after reaching ESRD remains challenging, par-
ticularly given the lack of disease-specific man-
agement options. Nonetheless, the outcomes of
these individuals are favorable both on dialysis
and with kidney transplantation.
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Fig. 14.3 The survival 100%
of 3170 patients with
ADPKD following ADPKD
kidney transplantation, 80% - .
compared with 1554 Control
nondiabetic controls
from USRDS (log rank 60% -
test p = 0.23) (From
Perrone et al. [4].
Reprinted with 40%
permission from
Elsevier via STM
Permissions Guidelines) 20% 4
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Until recently, no disease-modifying treatment has
been widely approved for the treatment of
ADPKD. The vasopressin V2 receptor blocker
tolvaptan has been demonstrated to slow the rate
of kidney volume growth and decline in eGFR
when GFR is well preserved [1] and to slow the
decline in eGFR in more advanced disease [2]. See
Chap. 13 for full details [1, 2]. Additional novel
therapeutic strategies are currently being explored
with promising results [3]. It is anticipated that the
management of ADPKD will undergo a revolution
in the future with the translation of new treatments
into routine clinical practice.

In addition to specific treatments, the manage-
ment of patients with ADPKD relies on general
measures, such as blood pressure control, dietary
modification, and treatment of dyslipidemia,
which may reduce cardiovascular complications
of the disease. In addition, supportive therapy,
including pain control, treatment of infection,
and renal replacement therapy when needed are
cornerstones of therapy. Should additional
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specific treatments for ADPKD become available
in the future, the treatment should be combined
with these therapeutic approaches to maximize
the benefit, further slow or halt the disease pro-
gression, and address disease complications. A
framework for classifying ADPKD into stages of
progression is shown in Fig. 15.1.

Subclinical, early, late, and advanced stages
are descriptively characterized. There is no hard
and fast cutoff between the stages, and much
overlap would be expected to exist. Nonetheless,
we find this framework to be useful to understand
the onset of different complications during the
course of the disease. It is important to recognize
that ADPKD progression is highly variable
among families and among individuals within
families and that the kidney manifestations and
progression are primarily the result of changes in
kidney size resulting from the growth of multiple
cysts within the kidneys. Early in the disease,
when cysts are small or undetectable, most
patients are asymptomatic. As cysts expand,
complications ensue. Early complications include
impaired concentrating ability, resulting poten-
tially in polyuria or nocturia. Cyst rupture, and
hematuria, nephrolithiasis, and the development
of hypertension follow as kidneys expand. GFR
declines rapidly (4.3 ml/min/1.73 m? per year)
when kidneys exceed 1500 ml in size or some-
what more slowly with a htTKV of 600 cc/m [4].
The development of complications appears to be
related to kidney enlargement, although there is a
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Fig. 15.1 Clinical
stages of ADPKD
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poor correlation of pain with TKV [5]. We present
management strategies that are associated with
these early and late clinical stages of ADPKD
(Fig. 15.1).

Subclinical and Early Stage
Management

The management of patients in these early clini-
cal stages relies on counseling and risk factor
modification.

Risk Factor Modifications

Management of Hypertension
in ADPKD

Hypertension is an early and frequent finding of
ADPKD, occurring in approximately 60% of the
patients prior to deterioration in kidney function
[6]. Hypertension is associated with increased
kidney size and loss of kidney function and is an
important risk factor for cardiovascular death, the
most frequent cause of mortality in ADPKD
patients [7-9].

cyst hemorrhage,

nephrolithiasis may
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including cyst
hemorrhage,infection,or
nephrolithiasis and
abdominal distension
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Abdominal distension
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and liver may be
prominent

infection, or

occur

Hypertension in patients with ADPKD is
believed to be mediated by increased activity of
the renin-angiotensin system (RAS) [10] and to a
lesser degree by extracellular volume expansion
[11]. Tt has been suggested that cyst expansion,
leading to focal areas of renal ischemia and
enhanced renin release, is responsible for RAS
activation [12].

Blood Pressure Goal
The optimal blood pressure goal for patients with
ADPKD is not known; however, new research
suggests that rigorous blood pressure control is
beneficial in early ADPKD. The HALT PKD
study, a 7-year randomized placebo-controlled
interventional trial, showed benefits of rigorous
blood pressure control (blood pressure target of
<110/70 mm Hg) on kidney volume progression
rate, left ventricular mass index, and urinary
albumin excretion in patients with early ADPKD
[13]. This low blood pressure goal was well toler-
ated and easy to achieve. This study may change
our current treatment strategies for younger
patients with early ADPKD (eGFR>60 ml/min)
to target a blood pressure of <110/70 mm Hg.
For patients with more advanced ADPKD
(eGFR<60 ml/min) or older individuals, it is
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reasonable to target a blood pressure of 130/80 or
below especially in the presence of proteinuria.

Choice of Antihypertensive Agent

The early and effective treatment of hypertension
regardless of antihypertensive medication use
should delay the onset of ESRD [14]. However, a
careful selection of antihypertensive medication
might provide extra advantage.

Lifestyle modification with salt restriction,
weight management, and encouragement of reg-
ular exercise should be the mainstay of treatment
in all patients with hypertension. If lifestyle
modification is not successful in achieving blood
pressure goal, pharmacotherapy should be
initiated.

Given what we know about the mechanism of
hypertension in patients with ADPKD, an
angiotensin-converting enzyme (ACE) inhibitor
or angiotensin II receptor blocker (ARB) should
be the drug of choice. This is particularly impor-
tant for patients with proteinuria, as studies sug-
gest a benefit of ACE inhibitors in patients with
ADPKD and proteinuria in slowing disease pro-
gression [15]. An extra potential advantage of
this class of medications is the possible protec-
tion they provide against secondary glomerular
injury by reducing intraglomerular pressure.

Dyslipidemia

Although no studies have specifically looked at
control of dyslipidemia in patients with ADPKD,
evidence from the general population and in
CKD appears to support the use of lipid-lowering
agents, in particular statins.

Compelling evidence has shown favorable
outcomes and significant reduction in the inci-
dence of major atherosclerotic events in patients
with advanced chronic kidney disease treated
with statins [16]. As this study included patients
with ADPKD, it may be reasonable to expect
these results to apply also to ADPKD patients.
Dyslipidemia may also accelerate and perpetuate
the rate of GFR decline. However, the supportive
data for this notion are largely derived from post
hoc analyses of several large trials, which may be
limited by unmeasured confounders [17, 18].

Screening for Dyslipidemia

Due to the prevalence of cardiovascular risk fac-
tors in the ADPKD population [19], a lipid pro-
file (total cholesterol, LDL cholesterol (LDL-C),
HDL cholesterol, and triglycerides) should be
obtained for newly identified ADPKD patients.
Initial evaluation of the lipid profile mainly
serves to establish the diagnosis of severe hyper-
cholesterolemia and/or hypertriglyceridemia.

Dyslipidemia Management

Therapeutic lifestyle measures to reduce serum
cholesterol should be encouraged in all patients
with ADPKD. Many of these measures, includ-
ing adoption of a reduced fat diet and regular
exercise, may improve general health indepen-
dent of any effect on the lipid profile.

Previous guidelines have emphasized the
potential value of LDL-C as an indication for
pharmacological treatment with lipid-lowering
agents [20]. This approach is no longer recom-
mended given the lack of data to support target-
ing LDL-C in populations with and without CKD
[21], the substantial within-person variability in
LDL-C measurements [22], and the potential for
medication-related toxicity. The current evidence
suggests that patients with chronic kidney dis-
ease and significant risk factors for coronary
artery disease should be prescribed a lipid-
lowering agent (2013 KDIGO). Given the pau-
city of data that can guide dyslipidemia treatment
in patients with ADPKD, it is reasonable to
extrapolate our management approach based on
the data for chronic kidney disease in general.

Since higher cardiovascular risk and not ele-
vated LDL-C are now the primary indications to
initiate lipid-lowering treatment in CKD patients,
we favor starting lipid-lowering agents in all
patients with ADPKD with any risk factor for
coronary artery disease as this population is
clearly at high risk to develop cardiovascular dis-
ease. Statins are the drug of choice as they may
have other potential favorable outcomes in
patients with ADPKD. In one study, simvastatin
was shown to have a beneficial effect on inflam-
matory markers, renal blood flow, and endothelial
function in a group of patients with ADPKD [23].

Furthermore, in a randomized controlled trial
[24], pravastatin was shown to be effective in
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slowing the progression of kidney volume in
children with ADPKD. The mechanisms under-
lying the effect of pravastatin on ADPKD are
believed to be independent of lipid-lowering
effects of the medication. It is proposed that the
inhibition of the conversion of hepatic
hydroxymethylglutaryl-CoA to mevalonate can
alter posttranslational modification of proteins,
including Ras and Rho, which may alter signal
transduction, cell proliferation, and possibly kid-
ney cyst enlargement in ADPKD. Despite the
promising results of pravastatin use in children
with ADPKD, further validation and careful con-
sideration of risks versus potential benefits are
needed prior to routine use of statin in children
with ADPKD who have no dyslipidemia or clear
risk factors for coronary artery disease.

Monitoring Response to Treatment

As detailed earlier, clinical practice guidelines
are used to emphasize the use of targets for
LDL-C (e.g., 70 or 100 mg/dl) in managing dys-
lipidemia [20, 25]. This requires repeated mea-
surements of LDL-C and treatment escalation
with higher doses of statin or initiation of combi-
nation with lipid-lowering therapy (“treat-to-
target” strategy); this approach is no longer
recommended (2013 KDIGO). The rationale
behind this change in recommendations was
based on the fact that treat-to-target strategy has
never been proven beneficial in any clinical trial
and higher doses of statins have not been proven
to be safe in the setting of CKD. An alternative
“fire-and-forget” strategy for patients with CKD
is being proposed. This implies that repeat cho-
lesterol testing is not necessary in most patients.

Diet and Fluid Intake in ADPKD

The optimal diet for ADPKD is yet to be identi-
fied. Prior studies have shown only marginal
benefit of a low-protein diet (0.28 g of protein
for every kilogram of body weight per day) in
ADPKD patients with low eGFR [26]. We gen-
erally recommend moderate protein restriction
(0.8 g of protein for every kilogram of body
weight per day); this protein intake is consis-

tent with the Recommended Dietary Allowance
(RDA) for healthy men and women that is
based on analyses of available nitrogen balance
studies [27].

A high-protein diet is believed to contribute to
protein-induced hyperfiltration. An increase in
the filtered load of amino acids may enhance
proximal sodium reabsorption via sodium-amino
acid cotransporters in the proximal tubule. The
decrease in sodium chloride delivery to the mac-
ula densa may then activate tubuloglomerular
feedback, leading to an elevation in glomerular
filtration rate in an attempt to restore macula
densa delivery back to normal [28, 29].

Another potential harmful effect of high-
protein intake on ADPKD is the stimulation of
vasopressin secretion associated with high-
osmolar daily load in the context of fixed water
ingestion. Moderate protein restriction of 0.8 g
protein per kilogram of patient weight for patients
not on dialysis is usually well tolerated by
patients and is not known to be associated with
malnourishment or other harmful -effects.
Caffeine intake may contribute to ADPKD dis-
ease progression; this is primary based on in vitro
studies examining the relationship between caf-
feine and cyst epithelial cells. Phosphodiesterase
inhibition by caffeine increases the accumulation
of adenosine 3’,5'-cyclic monophosphate
(cAMP), and through this mechanism, it activates
the extracellular signal-regulated kinase (ERK)
pathway to stimulate cellular proliferation and
increases transepithelial fluid secretion by
ADPKD cystic epithelium [30]. Ingestion of one
to three cups of coffee could lead to plasma caf-
feine levels in a range that increases cAMP levels
and potentiates the effect of vasopressin to
increase cAMP [30]. One observational study,
however, demonstrated no impact of coffee intake
on TKV growth or GFR progression in 151
patients with ADPKD followed by the SUISSE
PKD cohort [31]. Despite the lack of human clin-
ical trial data to support this effect, we still
believe that consuming less caffeine might be
beneficial in patients with ADPKD. We generally
advise patients to limit their caffeine intake.
Patients should be educated about the common
sources of caffeine in food and drinks as many
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patients might be consuming far more caffeine
than they believe they do. Food or drinks other
than brewed coffee, such as carbonated bever-
ages, tea, chocolates, and energy drinks, contain
significant levels of caffeine.

Herb and natural supplement use is wide-
spread in the US adult population based on data
from the National Center for Health Statistics
[32]. Herbal manufacturing processes frequently
lack standardization and are not regulated as
drugs by the US Food and Drug Administration
(FDA). Toxic contaminants have been repeatedly
found in herbal supplements available for con-
sumers. We generally discourage the use of
herbal supplements in patients with ADPKD; one
particular compound that might carry exceptional
risk for patients with ADPKD is forskolin.
Forskolin is synthesized by the plant Coleus for-
skohlii and is sold for weight management and as
a cardiovascular tonic agent. Forskolin, a widely
known, potent adenylyl cyclase agonist, has been
isolated and identified within the cyst fluid of
patients with polycystic kidney disease [33].
Forskolin may have a role in promoting the
enlargement of cysts in ADPKD patients. Patients
should avoid preparations that contain this
compound.

Fluid Intake

It has been long established that patients with
ADPKD have impaired urine-concentrating abil-
ity and higher levels of arginine vasopressin
(AVP) than healthy controls [34]. AVP is a potent
activator of adenylyl cyclase in collecting duct
cells; most of the cysts in ADPKD are of collect-
ing duct origin. It has been shown that AVP is a
key player in the progression of polycystic kid-
ney disease [35, 36].

High water intake has been proposed as a
physiological approach to decrease vasopressin
secretion in patients with ADPKD. In an animal
model of polycystic kidney disease where cysts
originated from the distal nephron, high water
intake suppressed plasma levels of AVP and
slowed cyst progression [37]. A pilot study evalu-
ated the effects of acute and chronic water

ingestion on urine osmolality and cAMP concen-
trations in 13 subjects with ADPKD and 10
healthy controls [38]. Chronic water loading of
around 3 1 per day increased urine volume and
decreased urine osmolality in ADPKD subjects.
The 24-h cAMP excretion did not change with
chronic water loading, although it did with acute
water loading.

Given all of the above, patients with ADPKD
are advised to consume 2-3 1 of fluid daily [39].
However, adherence to high fluid intake is diffi-
cult in clinical practice [40, 41]. Part of the diffi-
culty in sustaining high daily water ingestion
enough to suppress AVP is the consumption of a
diet that generates abundant osmoles; a high-
osmolar load stimulates vasopressin secretion to
maintain water homeostasis. Studies are needed
to determine the optimum water and daily osmo-
lar intake for patients with ADPKD. A fluid
intake that is tailored to individual patients based
on their AVP level has been identified. Amro and
colleagues demonstrated that reduction of osmo-
lar intake (largely salt and protein) allowed a
significant reduction in water requirements (0.6
L) yet still resulted in suppression of vasopressin,
as reflected in plasma copeptin levels [42].

In addition to reduced protein diet and high
water intake, patients with ADPKD with hyper-
tension should restrict salt intake. It is not known
if a low-salt diet in normotensive ADPKD patients
is clinically beneficial. However, higher sodium
intake in subjects participating both in the CRISP
and HALT cohorts was associated with more
rapid progression of the disease [43, 44]. These
observations suggests that control of dietary
sodium may be important for the control not only
of blood pressure but also of cystic disease pro-
gression. A high salt intake stimulates vasopressin
secretion to maintain water homeostasis. Clinical
studies are needed to determine the optimum salt
intake for patients with ADPKD. It is reasonable
to advise all patients with ADPKD to limit sodium
intake to 1500-2000 mg (65-88 mEq) per day,
but this level of sodium restriction is difficult to
achieve, even in highly motivated individuals. For
example, subjects followed in the Consortium for
Radiologic Imaging Studies of Polycystic Kidney
Disease (CRISP) observational cohort had mean
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sodium intake of 190-200 mEq/day despite being
followed in academic clinics with substantial
expertise in the treatment of ADPKD [43].

Management of Late Clinical Stage
Patients at this stage experience complications
related to enlarged cystic kidneys and potentially
enlarged cystic livers. In addition to continued
risk factor modification, early identification and
treatment of kidney volume-related complica-
tions are important to preserve kidney function
and improve patient’s quality of life.

Complications Related to Enlarged
Cystic Kidneys

The kidneys can reach an enormous size in
patients with ADPKD. This can create a range of
symptoms and complications that contribute to
the patients’ morbidity and even mortality.

Data from the Consortium for Radiologic
Imaging Studies of Polycystic Kidney Disease
(CRISP) suggest that the decline in GFR corre-
lates with increasing kidney size and cyst volume
[45]. A height-adjusted kidney size of 600 cc/m
is highly predictive of the development of stage 3
CKD within 8 years [4].

Acute and chronic pain, cyst infection, hema-
turia, nephrolithiasis, and progressive decline in
kidney function are all consequences of progres-
sive enlargement of cystic kidneys.

Pain in ADPKD

Over 60% of patients with ADPKD experience
abdominal and flank pain [46]. Abdominal pain is
frequently related to the kidney cysts but may
also be related to liver cysts. Pain may be acute or
chronic.

Acute Pain in ADPKD

It is important to investigate any episode of new
flank pain or any significant change in chronic
pain in patients with ADPKD. Patients might
develop cyst infection or rupture that requires
treatment in a timely manner. It is also important

to remember that patients with ADPKD are at
risk for developing abdominal pain not related to
their kidney disease. Careful history and physical
examination are usually revealing. Cyst hemor-
rhage, urinary tract infection, and nephrolithiasis
are common causes of acute pain in ADPKD. The
frequency of cyst hemorrhage, gross hematuria,
and nephrolithiasis is associated with increased
kidney volume [47].

Chronic Pain in ADPKD

Chronic flank and back pain are fairly common
in patients with advanced ADPKD. In a cross-
sectional study that examined quality of life in
patients with ADPKD [5], back pain was present
in 51% of patients, of whom 30% experienced it
sometimes and 21% experienced it often or
always. The pain is usually related to a combina-
tion of enlarged cysts causing stretching of the
kidney capsule and an exaggerated lumbar lor-
dosis causing mechanical pain. Symptoms
related to abdominal fullness and pain are greater
in patients with large kidney volume and
decreased kidney function (eGFR <45 ml/min)
[5]. Management of chronic pain is very impor-
tant as pain might become severe impacting the
patient’s quality of life and overall well-being. A
non-pharmacological approach should be started
first. Wearing supporting garments or a corset,
avoiding high heels, and having physical ther-
apy, acupuncture, and heat pads can all be bene-
ficial in pain management. Management of
posture using the Alexander Technique has also
been proposed [48].

If non-pharmacological methods fail, a non-
narcotic analgesic should be tried. This includes
acetaminophen, tramadol, or gabapentin.
Nonsteroidal anti-inflammatory drugs, although
effective, should be avoided in patients with
reduced GFR. If pain persists in spite of the
above, narcotics should be used sparingly.

When used appropriately, opioids can lead to
significant pain reduction and improvement in
patient function [49]. Referral to a pain clinic for
chronic pain management can be helpful. In
severe cases, surgical interventions such as
decortication, cyst marsupialization, or even
nephrectomy are required to control intractable
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Noninvasive, non-pharmacologic therapies
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Fig. 15.2 Pain management in ADPKD. Pain manage-
ment in polycystic kidney disease patients should follow a
sequential approach, starting with measures that are non-
invasive and simple and have relatively few side effects,

chronic pain. Laparoscopic renal denervation
may yield favorable results for pain control in
patients with refractory chronic pain [50]. The
various options for an effective combined and
sequential chronic pain management in ADPKD
are noted in Fig. 15.2 [51].

Urinary Tract and Cyst Infection

Cyst infection and acute pyelonephritis are the
most common kidney infections in ADPKD
patients. Approximately 30-50% of patients will
have a urinary tract infection during their lifetime.
Cyst infections that require hospitalization occur
in approximately 9% of ADPKD patients [52].

Renal denervation

l

Nephrectomy

and then slowly progress toward more complex and inva-
sive measures (Reprinted from Ref. [48] with permission
from Elsevier via STM Permissions Guidelines)

Clinical Presentation

ADPKD patients with kidney infection usually
present with fever, flank pain, nausea, and vomit-
ing [53]. Distinguishing between acute pyelone-
phritis and an infected cyst is often difficult
bearing in mind that both types of infection can
occur simultaneously. Certain characteristics
may help differentiate between pyelonephritis
and cyst infection [54].

With pyelonephritis, the manifestations are
acute with features similar to any patient with-
out ADPKD. In contrast, patients with a cyst
infection frequently have a more insidious pre-
sentation, and cyst infection may present with
pyuria and absence of bacteriuria [55]; blood
cultures may also be positive [56]. Patients
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with an infected cyst may have a new area of
discrete tenderness on exam, whereas pyelone-
phritis tends to be associated with diffuse flank
pain and costovertebral angle tenderness. The
presence of white cell casts is suggestive of
acute pyelonephritis, and the urine culture is
usually positive. In contrast, the sediment may
be bland, and the urine culture may be negative
in case of an infected cyst, since cysts may not
be in contact with the renal collecting system
[55]. However, pyuria is found in up to 45% of
uninfected patients with ADPKD [57].
Therefore, interpretation of laboratory results
should be done with consideration of the clini-
cal context.

Diagnosis

Establishing the diagnosis of kidney infection in
a patient with ADPKD requires a similar
approach for a patient without the disease.
Thorough history, physical examination, urinal-
ysis, urine culture, and blood culture are impor-
tant steps in establishing the diagnosis as
detailed above. However, imaging studies might

provide additional information in certain
patients.
Imaging Studies

In general, imaging studies are reserved for atyp-
ical or severe presentations or with bacteremia, if
renal abscess is suspected, and to localize an
infected cyst for drainage in case of refractory
infection. Conventional radiological imaging
with computed tomography or ultrasonography
has low sensitivity and specificity in diagnosing
cyst infection due to anatomic distortion.
However, gallium or indium scanning is positive
in about one-half of cases [58]. Sufficient resolu-
tion for identification of an infected cyst for
drainage is rarely obtained with the above imag-
ing modalities, unless the infected cyst is large,
thick-walled, with surrounding inflammation. In
limited case series, 18F-fluorodeoxyglucose pos-
itron emission tomography-computed tomogra-
phy (FDG)-PET/CT scan identified renal and
hepatic cyst infections with high sensitivity and
specificity [59].

Choice of Antibiotics
Kidney infections in ADPKD are most commonly
caused by gram-negative enteric organisms. In a
retrospective study of patients with ADPKD pre-
senting with cyst infection [52], Escherichia coli
accounted for 74% of all retrieved bacterial
strains. Clinical efficacy of initial antibiotic treat-
ment was noted in 71% of episodes. Antibiotic
treatment modification was more frequently
required for patients who were receiving initial
monotherapy compared with those who were
receiving combination therapy. Infected cysts
larger than 5 cm frequently require drainage.
Fluoroquinolones remain the preferred antibi-
otic of choice for cyst infections in patients with
ADPKD. Drugs that can be detected in cysts are
lipid soluble and secreted through tubules or
have high pKa values. These include erythromy-
cin, vancomycin, cefotaxime, ampicillin, and
trimethoprim-sulfamethoxazole [60]. Drugs
active against anaerobes such as metronidazole
and clindamycin also achieve therapeutic con-
centrations in cysts [61].

Hematuria

Gross hematuria occurs in approximately 35-50%
of patients with ADPKD and is more likely to
occur among individuals with large kidneys [62].
Hematuria could be related to cyst infection, hem-
orrhage into cysts, or nephrolithiasis.

The first episode of hematuria usually causes
significant anxiety and fear to patients and their
families. Many times hematuria is preceded by
trauma or cyst infection, but spontaneous hema-
turia is not uncommon.

Hematuria usually resolves spontaneously
within a few days. Patients become, with time,
familiar with those episodes and the pattern of its
resolution. If an infection is the preceding event,
antibiotic treatment along with hydration is the
mainstay of management. If hematuria is related
to cyst rupture, bed rest is advisable in addition
to hydration. Discontinuation of antiplatelet or
other anticoagulant medications may be necessary.
In very rare occasions, hematuria can lead to
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hemodynamic instability and might require arte-
rial embolization or even nephrectomy.

Recurrent hematuria is associated with more
rapid decline in kidney function [63]. Hence,
avoidance of trauma is important. Patients should
avoid contact sports such as martial arts and foot-
ball, particularly those with large kidneys.

Patients with ADPKD may require chronic
anticoagulation for conditions not related to
ADKPD such as deep vein thrombosis or atrial
fibrillation. Cautious monitoring of hematuria
frequency and severity is needed. Data to guide
anticoagulation in patients with ADPKD are lim-
ited; therefore, careful evaluation of risks and
benefits prior to initiation of anticoagulation
medication is advisable [64].

Nephrolithiasis

Increased kidney size may be a risk factor for
nephrolithiasis in patients with ADPKD. In one
study, kidney volume was greater in 35 patients
with ADPKD and nephrolithiasis compared with
those patients who had ADPKD but no nephroli-
thiasis [65]. This finding is different from what
was seen in the CRISP study [45], as there was
no association observed between nephrolithiasis
and kidney volume. Other factors that might pre-
dispose patients with ADPKD to nephrolithiasis
include low urine volume, low urinary citrate,
hyperuricosuria, and hypercalciuria [66, 67].

When nephrolithiasis is suspected based on
clinical presentation, non-contrast spiral CT is
effective in establishing the diagnosis. CT is also
useful to exclude hydronephrosis. The treatment
for nephrolithiasis in ADPKD patients is the
same as in other patients. Distortion of the uri-
nary tract by large cysts may make treatment less
effective due to difficulties in instrumentation or
passage of stones or stone fragments. Preventive
measures should be introduced based on stone
analysis, including urine alkalization and dilu-
tion, along with correction of metabolic abnor-
malities, if present, such as hypocitraturia or
hypercalciuria. Extracorporeal shock wave litho-
tripsy (ESWL) and percutaneous nephrostoli-
thotomy may be required.

A retrospective study was conducted to evalu-
ate available options for the management of neph-
rolithiasis in patients with ADPKD. Among 452
cases of ADPKD, 19 patients were managed for
nephrolithiasis [68]. The mean stone size was
115 mm? (range 36-980 mm?). The majority of
the stones were calyceal, and nine patients
required intervention, while the rest were treated
conservatively. Treatment offered included open
nephrectomy for nonfunctioning infected kidney,
extracorporeal shock wave lithotripsy (ESWL),
ureterorenoscopy (URS), and percutaneous neph-
rolithotomy (PCNL). All patients who underwent
URS and PCNL had complete clearance, while
those who underwent ESWL had a residual stone.
This suggests a greater degree of retained stone
fragments after ESWL in ADPKD patients.

Renal Cancer

The prevalence of renal cancer is not different
than the general population. In spite of that, when
renal cell carcinoma occurs in patients with
ADPKD it is more often concurrently bilateral
(12 versus 1-5%), multicentric (28 versus 6%),
and sarcomatoid in type (33 versus 1-5%) than in
the general population [69]. This information
suggests either a malignant potential restricted to
a small subset of patients with ADPKD or an
alteration in the biologic behavior of renal cell
carcinoma when it develops in the setting of
ADPKD.

Diagnosis

No routine surveillance is needed for asymptom-
atic patients; however, due to overlap between
symptoms of ADPKD such as pain and hematu-
ria with renal cell cancer symptoms, low thresh-
old for imaging studies should be used especially
if hematuria or pain doesn’t follow the usual pat-
tern that the patient had in the past.

Imaging techniques including unenhanced CT
and MRI can be of limited value in diagnosis of
malignancy or cyst infection. This is so because
the kidneys are replaced by multiple cysts of vari-
ous sizes and appearances; complex cysts result-
ing from cyst hemorrhage or inflammation are
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frequently observed. Single and multidetector
CT have helped refine the diagnostic work-up by
allowing image acquisition in various phases of
renal enhancement after intravenous administra-
tion of contrast [70]. Contrast-enhanced MRI is
also useful for specific diagnosis of complex
cysts or malignancy. Treatment of renal cell car-
cinoma if identified in ADPKD patients doesn’t
differ from other populations.

Advanced Stage

The advanced stage of ADPKD is defined by the
presence of multiple cysts, substantially enlarged
and distorted kidneys with little preserved paren-
chyma, and the presence of hypertension.
Complications related to large kidney volume
including cyst hemorrhage, infection, or nephro-
lithiasis and abdominal distension and discom-
fort occur more commonly. Abdominal distension
from enlarged kidneys and liver may be
prominent.

Nephrectomy

Native nephrectomy in ADPKD is a major under-
taking associated with significant morbidity [71].
Nephrectomy should be avoided whenever pos-
sible. Rarely, patients will require nephrectomy
of one or both kidneys in order to better accom-
modate kidney transplant. Other indications for
nephrectomy include recurrent urinary tract
infection, intractable chronic pain, renal cell car-
cinoma, or chronic severe hematuria requiring
ongoing transfusions. The development of the
hand-assisted laparoscopic approach for nephrec-
tomy made both unilateral and bilateral nephrec-
tomy feasible with acceptable morbidity provided
there is careful selection of patients [72].

Timing of Nephrectomy in Relation

to Kidney Transplant

In the absence of a compelling indication,
nephrectomy done in preparation for renal trans-
plant should be avoided; the procedure should
only be performed when very large kidneys truly
interfere with graft implantation [73] or if other
indications for nephrectomy exist as discussed
earlier, including recurrent kidney/cyst infection.

It is also important to know that the volume of
native kidneys can significantly decrease after
renal transplantation. In a retrospective study, the
volume of native kidneys was analyzed in 33
patients with ADPKD, who underwent renal
transplantation. Kidney volumes significantly
decreased in all but one patient after renal trans-
plantation; the kidney(s) volume decreased by
38% and 40% at 1 and 3 years, respectively [74].
In selected cases, nephrectomy can be safely
performed either as pretransplant, simultaneous,
or deferred (staged) native nephrectomy [75].
The procedure is relatively safe in terms of post-
operative patient morbidity and graft function. In
a retrospective study [76], 32 ADPKD patients
who received a kidney transplant at the University
of California, San Francisco, and underwent
either pretransplant, concomitant, or posttrans-
plant native nephrectomy were evaluated. The
three groups had comparable outcome. There
was no difference in intraoperative time, blood
loss, postoperative complications, and mean
serum creatinine 3 months following surgery.

End-Stage Renal Disease

Patients with ADPKD who progress to end-stage
renal disease require renal replacement therapy.
People with ADPKD on hemodialysis appear to
survive longer than people with end-stage renal
disease from other etiologies [77].

Peritoneal dialysis is a feasible treatment
option for most patients with ADPKD [78].
However, it is less commonly performed due to
the presence of the enlarged kidneys and a higher
risk of abdominal wall hernia. Peritoneal dialysis
should be considered on an individual basis. The
prognosis after kidney transplantation is usually
excellent.

Management of Extrarenal
Manifestations of ADPKD

Extrarenal manifestations of the disease can
occur in any clinical stage although liver cyst
burden correlates roughly with the kidney disease
progression.
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Cerebral Aneurysm

The prevalence of cerebral aneurysms in adult
patients with ADPKD is approximately 10%
[79]; however, familial clustering does occur
with higher prevalence in patients with family
history of intracranial aneurysm. Fortunately, the
great majority of such aneurysms is small and
rarely present in patients younger than 30 years
of age.

Screening

Asymptomatic patients older than 30 years of age
with family history of cerebral aneurysm, hemor-
rhagic stroke, or unexplained death should be
screened for the presence of cerebral aneurysm
[80]. Screening should also be offered to other
high-risk groups such as patients with high-risk
occupations in which loss of consciousness
would place them or place others at extreme dan-
ger (pilots, heavy machinery operators, etc.).
ADPKD patients who are being evaluated for
kidney transplant are screened for aneurysms in
some but not all transplant programs although
there is no evidence to suggest better outcome.

Non-contrast MRA is the preferred screening
method given the lack of radiation exposure and
high sensitivity. Patients with contraindication to
MRA can be screened by CTA with comparable
results [81].

Immediate diagnostic studies are needed for
patients with symptoms suggestive of subarach-
noid hemorrhage. Symptoms related to growth
or changes in intracranial aneurysms are impor-
tant to recognize. Sentinel bleed that often pre-
cedes aneurysmal rupture is usually accompanied
by a severe headache. However, it is important
to note that headache frequency is not increased
in patients with ADPKD. In a survey of 184
patients with ADPKD, the frequency of head-
aches was found to be the same as in the general
population [48].

Repeat Imaging

In the absence of a family history of intracranial
aneurysm (ICA) or subarachnoid hemorrhage
(SAH), repeat imaging is not needed for patients
with negative initial screening after the age of 30.

In a prospective 10-year follow-up study, a group
of patients with ADPKD that had a negative
intracranial aneurysm screening study had repeat
imaging approximately 10 years after the initial
study [82]. Of the 76 subjects who had negative
initial imaging studies, only 2 demonstrated
intracranial aneurysm. The initial imaging study
of one of these subjects was retrospectively
thought to be positive. Given the extremely low
likelihood of developing a clinically significant
intracranial aneurysm following negative study,
repeat surveillance in those without a family his-
tory is not thought to be warranted.

Repeat imaging every 5-10 years in those
with a positive family history of ICA or SAH is
generally recommended, although there is lim-
ited study of this population.

Management

The indications for surgical or endovascular
intervention for asymptomatic cerebral aneu-
rysm are the same for patients with ADPKD as
for the non-ADPKD population. Traditionally,
aneurysms more than 7 mm in diameter warrant
consideration for treatment [83]. More recent
studies suggest utilizing a combination of size,
shape and location to predict risk of rupture and
need for intervention [84].

Valvular Heart Disease

With a higher prevalence of asymptomatic mitral
valve prolapse, mitral and aortic valve incompe-
tence is found in patients with ADPKD [85]. The
clinical significance of those abnormalities is not
clear. Screening echocardiogram is not indicated
for asymptomatic patients given the lack of evi-
dence for improved outcome with screening.

Hepatic Cysts

Almost all patients with ADPKD develop liver
cysts during their lifetime [86]. However, most
patients are asymptomatic and require no inter-
vention. Liver cystic disease appears to be wors-
ened by age, female gender, pregnancy, exposure
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to female hormones, severity of the renal lesion,
and kidney function [87].

Complications Related to Enlarged

Cystic Liver

In a minority of patients, polycystic liver disease
creates significant symptoms from the compressive
effects of enlarged cysts. Symptoms include pain,
gastric fullness, and shortness of breath. In patients
with symptomatic disease, a variety of percutane-
ous and surgical options exist. These include aspi-
ration with sclerotherapy of a dominant cyst,
fenestration, segmental hepatic resection, and in
extreme cases even liver transplantation. Careful
evaluation and appropriate referral to interven-
tional radiology or surgery should be considered if
the symptoms are disabling.

Somatostatin analogues (octreotide, lanreo-
tide) have been shown to decrease liver volume
growth and reduce symptoms related to hepato-
megaly in patients with severe PLD. Nonetheless,
study of these agents is limited and potential
complications including diarrhea, hyperglyce-
mia, and hepatic cyst infection would dictate
their use only by experienced clinicians with
expertise in PLD [88, 89].

Surgical therapy for symptomatic polycystic
liver disease is more effective than minimally
invasive options but has substantial mortality and
morbidity [90]. Therefore, the use of the least
invasive method possible for symptomatic liver
cystic disease treatment is preferred [91].

In contrast to progressive deterioration of kid-
ney function, liver function remains generally
unaffected regardless of the liver size. This is
attributed to the preservation of liver paren-
chyma. Rarely, very advanced cystic liver disease
can lead to liver failure [92, 93], possibly due to
compression of the portal vein by enlarging cysts.
This in turn would lead to portal hypertension
and its complications [94]. If liver failure occurs,
isolated or combined liver and kidney transplan-
tation can be done [95]. Liver transplant may be
required on rare occasions for very severe liver
cystic disease that results in massive abdominal
bulk, disabling pain, and malnutrition due to
compression of the gastrointestinal tract.

Cystic Liver and Hormonal

Replacement Therapy

Liver cysts are usually larger in women than in
men, and accelerated cyst growth in women may
be due to an underlying sensitivity of the cysts to
estrogen. Consistent with this observation is the
fact that postmenopausal estrogen treatment is
associated with selective enlargement of hepatic
cysts [96]. Thus, hormonal replacement therapy
should be avoided in women with ADPKD who
have extensive liver cysts. In patients with mild
cystic liver disease in whom hormonal replace-
ment therapy is planned, the lowest effective dose
should be used. Transdermal route is preferred as
it may exert a different biological effect on liver
cysts by avoidance of the first-pass effect [97].
Cysts should be monitored periodically when
estrogen is being used.

Cyst Infection

Liver cysts can rarely become infected, and
establishing the diagnosis is particularly chal-
lenging given the complexity of cyst appear-
ance commonly seen in patients with advanced
liver involvement. Combination of enhanced
CT abdomen and 18F-fluorodeoxyglucose-
positron emission tomography scanning may be
helpful to establish the diagnosis [98]. MRI is a
reasonable alternative for enhanced CT if IV
contrast cannot be used due to poor kidney
function or iodine allergy. Carbohydrate anti-
gen 19-9 (CA 19-9), secreted by the biliary epi-
thelium lining the cysts, might be overproduced
in the case of cyst infection [99]; however, the
clinical utility of CA 19-9 in diagnosing or
monitoring liver cyst infection has not been
established.

Treating suspected liver cyst infection should
include broad-spectrum antibiotics; preference
should be given to antibiotics with proven cyst
penetration, such as ciprofloxacin, amikacin,
and possibly ceftriaxone, which are concen-
trated in the bile. Drainage is often not indicated
for small cysts (generally less than 5 cm), but if
conservative treatment fails, percutaneous
drainage or hepatic resection should be consid-
ered [100].
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Quality of Life

ADPKD takes a heavy psychological toll on the
patient it affects. Anxiety and depression have a
high prevalence in people with chronic kidney
disease in general and in ADPKD patients in par-
ticular [101]. One source of anxiety that is unique
to patients with ADPKD is the issue of uncer-
tainty. Uncertainty rises from the inability to
accurately predict the disease trajectory early in
the disease course. It is common for parents with
ADPKD to feel guilty about passing on the dis-
ease to their children. Children in the other hand
may feel frightened and resentful about the pos-
sibility of inheriting ADPKD [102]. At this time,
ADPKD is not a curable disease; therefore,
chronic anxiety and depression are to be expected.
This makes it extremely important for nephrolo-
gists taking care of patients with ADPKD to be
aware and mindful of the burden that the disease
places on patients and families alike. The over-
arching approach to care for patients with
ADPKD involves continuous education and
counseling along with establishing rapport with
the patient. Education should include facts as
well as areas of uncertainty. Extensive counsel-
ing for patients and families should be initiated
prior to and after obtaining any screening studies
for family members.

Given that quality of life is a subjective feel-
ing, the physician should explore patient’s per-
ceptions of their quality of life during routine
clinic visits. Clinicians should focus on deter-
mining the specific sources of stress for patients
with ADPKD. Many studies find that dietary
restrictions, changes in social and family rela-
tionships, loss of image, and economic factors
account for most of the concerns raised by
patients [103]. Unfortunately, studies have shown
that standard questionnaires used for quality of
life assessment (such as the Short Form-36 (SF-
36)) do not provide the sensitivity necessary to
detect clinically relevant dissatisfaction with the
quality of life in ADPKD patients [104]. This
means that the clinician has to be proactive in
detecting and addressing sources of stress in
patients with ADPKD.

Antidepressant medications or anxiolytics
may be needed along with non-pharmacological
measures to manage anxiety and depression. In
theory, the use of selective serotonin reuptake
inhibitors (SSRIs) carries the risk of increasing
vasopressin secretion which might lead to kidney
cyst progression. This has not been studied in
humans, and hence we don’t recommend against
the use of SSRI, but it is reasonable to use the
medications sparingly. If SSRIs are to be used,
frequent monitoring of serum sodium level is
needed as patients with ADPKD are at risk of
hyponatremia due to urine-concentrating defect
[34] especially with advanced kidney disease.

Fertility and Pregnancy in ADPKD

Fertility seems not to differ from the general pop-
ulation in women with early ADPKD; however, as
the disease progresses and kidney function
declines, patients will likely have decreased fertil-
ity and a reduced conception rate similar to what
is observed in patients with advanced kidney dis-
ease from other etiologies. On the other hand, sev-
eral abnormalities related to male infertility were
found in men with ADPKD. Those abnormalities
include necrospermia (low sperm motility with a
high proportion of dead sperm), seminal vesicle
cysts, and ejaculatory duct cysts [105].

Seminal vesicle cysts are relatively common
in patients with ADPKD; studies show a preva-
lence of 39-60% by ultrasound examination.
However, given apparently normal fertility in
males with ADPKD, the significance of this find-
ing is not clear. The mechanism of cyst develop-
ment is thought to be related to pathological
dilatation of the normally tortuous vesicles. This
was suggested by radiographic studies performed
after injection of radiopaque dye in six patients
with seminal vesicle cysts and ADPKD [106].

The infertility rate in males with ADPKD is
not known, but it’s presumed to be rare but
higher than the general population. A database of
4108 men who were infertile was reviewed for
necrospermia. Twenty-nine men were found
with necrospermia unrelated to spinal cord
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Table 15.1 Reproductive issues seen in patients with
ADPKD

Reproductive issues in autosomal dominant polycystic
kidney disease

Male fertility

Necrospermia, ultrastructural
flagellar defect, immotile sperm,
seminal vesicle cysts,
ejaculatory duct cysts

Female fertility Increased risk of hypertension
and preeclampsia, poor renal

function predating

Pregnancy
complications

Pregnancy associated with
worse maternal and fetal
outcomes

Fetal findings on
prenatal sonogram

Enlarged hyperechogenic
kidneys (if affected)

Preimplantation Requires molecular testing of
and prenatal affected parent but clinically
diagnosis available. Managed care

insurance generally covers the
cost of testing

Adapted with permission from Vora et al. [105]

injury. Six of the 29 men (20.7%) had ADPKD
[107]. We suggest that ADPKD males with com-
plaints of infertility be referred to a fertility
clinic and follow the standard approach for fer-
tility evaluation. Screening for asymptomatic
patients should be discouraged as it might lead
to unnecessary anxiety and has low yield.
Table 15.1 summarizes reproductive issues seen
in patients with ADPKD [105].

Due to the heritable nature of ADPKD and the
long-term risk of end-stage renal disease, the
evaluation and counseling of couples with the
disease who are pregnant or considering preg-
nancy should include a discussion of the modes
of inheritance, natural history, available prenatal
diagnostic options, and pregnancy risks.

Pregnancy carries particular risks in women
with ADPKD. Careful planning and close follow-
up are needed to achieve a favorable outcome.

Risks associated with pregnancy could be
divided into two categories:

1. Risks related to kidney size

Kidneys can reach a large size in patients
with ADPKD; this can impose a particular
challenge to women who become or plan to be
become pregnant, as the product of concep-
tion normally reaches an average weight of

12-15 Kg. It is expected that patients will
have exaggeration of pregnancy-related back
lordosis. This might lead to worsening of back
pain and significant physical stress. Orthopnea
and striae gravidarum might also be encoun-
tered. However, as mentioned earlier, patients
who have a large kidney size are likely to have
poor kidney function and low fertility rate.

. Risks related to kidney function and extrare-

nal manifestations of the disease

New-onset hypertension and preeclampsia
are fairly common in women with ADPKD.
Milutinovic et al. [108] examined short-term
and long-term pregnancy outcomes in women
with ADPKD. 16% developed new-onset

hypertension, hypertensive complications
occurred in 25%, and 11% developed
preeclampsia.

In general, older age and the preexistence
of hypertension are associated with increased
fetal prematurity rate and maternal complica-
tions. Ectopic pregnancy seems to be slightly
higher in women with ADPKD with around a
threefold increase in risk compared to the gen-
eral population. This increase is believed to be
secondary to cilia dysfunction in the fallopian
tubes. Marked oligohydramnios from severe
fetal polycystic kidney disease has been
reported; in many cases, this will eventually
lead to termination of pregnancy [109].

The relationship between pregnancy and
disease progression in terms of kidney function
and kidney size is poorly understood; however,
it seems that most of the acute kidney injury
reported in pregnant women with ADPKD is
attributed to preeclampsia and worsening of
hypertension. Worse long-term kidney function
outcomes have been reported in women who
have had 4 or more prgnancies [109].

We generally don’t advise against preg-
nancy in women with ADPKD, but we encour-
age planning at an early age (before 30 years)
when kidney function is preserved and kidney
size not substantially increased. Close moni-
toring of proteinuria, blood pressure, and fetal
well-being is necessary. Pregnancy in patients
with large kidney size, poor kidney function
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(eGFR below 60 ml/min), and advanced
maternal age should be considered high-risk
pregnancy and should be treated as such.
Continuous counseling and family support are
usually needed during pregnancy.

Prenatal Genetic Diagnosis

Since ADPKD is a multisystem disorder that can
lead to significant morbidity, some couples may
wish to have the option of prenatal diagnosis.
Chorionic villus sampling, amniocentesis, and
preimplantation genetic diagnosis are available
to diagnose ADPKD. By first finding the specific
DNA mutation that the affected parent carries, it
is possible to identify whether the fetus is
affected; genetic testing has become more reli-
able and less expensive in recent years.

Prior to offering prenatal diagnosis, an under-
standing of the patient’s attitude toward prenatal
diagnosis is important. In a survey done in
patients with ADPKD between the ages of 18 and
40, only 50% of individuals would consider the
use of prenatal testing, and only 4% would termi-
nate a pregnancy for positive results [110].

Given all of the above, we do not routinely
recommend prenatal genetic testing; this
approach might change in the future if a definite
specific treatment could be safely offered to
patients with ADPKD. If prenatal testing is to be
performed, clinicians should ensure adequate
family education and counseling before and after
the test is performed. Preimplantation genetic
diagnosis is possible only if a definitive disease
mutation has been identified in the affected
parent.

Monitoring Disease Progression
and Patient Follow-Up

Kidney volume progression in ADPKD is the
major factor determining clinical outcomes [47].
MRI is utilized for accurate estimation of total
kidney volume (TKYV) [43]; ultrasound and CAT
scan are also useful but less accurate than MRI in
estimating total kidney volume. Measurements of

total kidney volume have been utilized primarily
in research and are not routinely available for
clinical imaging. However, assessment of total
kidney volume in clinical practice may provide
insights into the rate of progression [47]. Irazabal
and colleagues from the CRISP consortium have
developed a useful methodology for assessing
prognosis in patients with typical ADPKD (cysts
scattered throughout the kidney parenchyma).
Using the ellipsoid formula and an online calcu-
lator, clinicians can estimate the total kidney vol-
ume from measurements of length, width and
depth from standard DICOM MRI (and CT)
images. The rationale of this tool is that large kid-
neys presenting at younger ages have grown at a
more rapid rapid rate. This rapid rate of growth is
associated with a worse long-term prognosis as
regarding GFR decline. While this tool was
developed as a research tool, clinicians with
interest in ADPKD could use it to help with dis-
cussions about prognosis.

Patients with ADPKD should be followed on a
regular basis. The frequency of clinic visits varies
based on the disease stage, risk factors, and kid-
ney function. Early-stage, stable patients could
be followed up regularly by general practitioners
or internists; referral to a nephrologist for an ini-
tial visit for ADPKD education should be done
for all patients. Regular nephrology follow-up
should be arranged if the patient has significant
proteinuria, poorly controlled blood pressure,
and frequent episodes of hematuria or if glomer-
ular filtration rate is below 60 ml/min.

Patient Education and Support
Groups

Patients should be made aware of the support
foundations and groups available in their local
communities. The support groups not only pro-
vide valuable education and teaching material;
they help patients identify other members of the
community with similar illness. Studies show that
belonging to a peer support group enhances the
quality of life and adherence rate in patients with
advanced untreatable conditions [111]. By mea-
sures of peer support and motivated contributors,
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patients feel that they are actively participating in
the management of their disease. The PKD foun-
dation (http://www.pkdcure.org/) is the leading
organization in the USA for supporting and edu-
cating patients with ADPKD.
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Magnetic resonance imaging (MRI), 144, 146, 147
TKV
assessment, 146
kidney-shaped mold of agarose, 146
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(mTORC1), 62
BHD-associated lung cysts, 61, 62
TSC disease, 52, 54
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MDRD equation, 147
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Microbiologic documentation, 157
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Orthologous proteins, 6
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Pain management
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Pain management (cont.)
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cyst rupture, 159
hemorrhage, 159
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Paired box gene 2 (Pax2), 220
Pancreas-related pain, 163
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Pathogenesis, 118
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SRTR, 238
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Renal complications, 157-163
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chronic pain (see Chronic pain)
etiology and pathogenesis, 155
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Renal fibrosis, 145
ECM production, regulation of, 120
ECM turnover, regulation of, 120, 121
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PKD-associated changes, 120
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Renal parenchymal, 157-158
Renal plexus, 156
Renal replacement therapy, 230
Renin-angiotensin-aldosterone system (RAAS),
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angiotensin II and aldosterone, 209
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RCTs (see Randomized controlled trials (RCTs))
theoretical model, 209, 210
Renin-angiotensin system (RAS), 244
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Retrograde intracellular transport, 40—41
Rodent models, ADPKD, 10-11
RT-PCR approach, 16
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Self-medication, 163
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Signaling (cont.) Tolvaptan, 223-225
mTOR (see Mammalian target of rapamycin (mnTOR)  Tolvaptan Efficacy and Safety in Management of

signaling)
purinergic, 95
vasopressin, 102, 103
Wnht signaling, 101
Signaling pathways, BBS
calcium channel, 42
mechanosensation, 42
morphogenetic signaling pathways, 42
non-motile cilia, 42
Notch signaling, 44
PDGEF, 44
Shh signaling, 42-43
Wnat, 4344
Signal transducer and activator of transcription 3
(STAT3), 220
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analysis, 5
Sirolimus, 188
Situs inversus, 89
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Somatostatin analogs, 188-190
Sonic Hedgehog (Shh) signaling, 42, 43
Sphincterotomy, 178-179
Stone formation, 159-161
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T
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Therapy management
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acute pyelonephritis, 249 (see also Antibiotics;
Antihypertensive agent)
blood pressure goal, 244-245
clinical stages, ADPKD, 243, 244
cyst infection, 249
diagnosis, 250-252
diet and fluid intake, 246247 (see also Dyslipidemia)
early complications, 243
fluid intake, 247-248
hepatic cysts, 253-254
hypertension, 244
imaging studies, 250
kidney manifestations and progression, 243
late clinical stage, 248
native nephrectomy, 252
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repeat imaging, 253
screening, 253
subclinical and early stage management, 244
supportive therapy, 243
valvular heart disease, 253
Thick ascending limb of Henle (TALH), 221

ADPKD and its Outcomes (TEMPO), 224
Tolvaptan-induced aquaresis, 224
The Toronto Radiological Imaging Study of Polycystic
kidney disease (TRISP), 135

Total cyst volume (TCV), 145, 146
Total kidney volume (TKV), 223-225

in ADPKD, 144

characteristics, 143

CRISP, 146

cyst growth and expansion, 144, 151

cystic involvement, 143

GFR, 145, 149, 150

imaging modalities, 145-146

MRI, 146-151

and renal fibrosis, 145

standardization, 146
Tramadol, 164
Transcatheter arterial embolization (TAE), 188-190

hepatic arterial embolization, 188
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sirolimus, 188
somatostatin analogs, 188—190

Transcutaneous electric nerve stimulation (TENS), 164
Transient receptor potential (TRP), 14, 219
Transient receptor potential channel 1 (TRPC1), 144
“Treat-to-target” strategy, 246
Trimethoprim-sulfamethoxazole, 158
Tuberous sclerosis complex (TSC), 9, 138, 171

AMPK activation, 54

angiomyolipomata, 55

cause, 52

commonalities, VHL and BHD, 62

cortical cystic kidney disease, 57

cortical microcystic kidney disease, 57, 58

cystogenic pathways, 54

diagnosis, 51

drugs, 53

focal cystic kidney disease, 58, 59

genetics, 52

hypertension, 55

mTORC] signaling pathway, 52

multicystic kidney disease, 57, 58

nephrolithiasis, 55

nocturnal enuresis, 55

perturbations, 55

polycystic variant, 56

primary cilia and mTORCI pathway, 52, 54

and renal function, 52
Tuberous sclerosis complex 2 (TSC2), 96
Tumor necrosis alpha (TNFx), 117
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Ultrasound
conventional, 134, 135
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Unified diagnostic criteria, 133

5" and 3’ Untranslated regions (UTR), 4
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Ureterorenoscopy (URS), 251 Vasopressin 2 receptor (V2R), 102, 103, 220, 221
Uric acid stones account, 159 V1b receptors, 221
Urinary examination, 157 Visual analog scale (VAS), 161
Urinary tract and cyst infection, 143, 249-250 Von Hippel-Lindau (VHL) disease
US Food and Drug Administration (FDA), angiogenic factors, 60
147,223 birth incidence, 59

f-catenin, dysregulation of, 61
commonalities, TSC and BHD, 62

A\ genetics, 59, 60

Vagal and sacral nerves, 156 growth factors, 60

Valvular heart disease, 143, 253 HIF-a accumulation, 60

Vla receptors, 220, 222 murine experimental data, 60

Vascular abnormalities oxygen-sensing capacity, 61
in ADPKD patients, 201 phenotypic expression, 59
animal models, 201 Von Hippel-Lindau (VHL) syndrome, 138, 171
aortic diameters, 202 V2R antagonists, 222-225

arterial dissections, 202
EDR and cNOS activity, 202

gene products, 201 W

kidney disease progression, 202 Warburg effect, 60, 78
matrix abnormalities, 202 ‘Wnt/B-catenin signaling, 220
normotensive patients, 202 Wht signaling, 11, 43, 220

survival after ESRD, 203
Vascular endothelial growth factor (VEGF), 175
Vascular smooth muscle, 156, 219 X
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