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Purpose and Overview: 

The goal of this presentation is to review the state of the field of ADPKD, including diagnosis, 

prognosis, pathogenesis, and emerging therapeutic options. 

Objectives: 

(i) To review clinical features, new approach to diagnosis, and new indicators of clinical course 

in ADPKD. 

(ii) To highlight new concepts in pathogenesis of ADPKD. 

(iii) To review new therapeutic approaches in ADPKD. 
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Introduction 

Polycystic kidney disease (PKD) is among the most common monogenetic human disease 
overall. PKD is characterized by the presence of numerous fluid-filled cysts in the renal 
parenchyma. The cysts increase in size overtime, compress the surrounding normal nephrons 
and causing renal failure. PKD can be inherited in a dominant or recessive manner (1, 2). The 
incidence of autosomal dominant form of PKD (ADPKD) is 1 :400 - 1:1000 live births. The 
autosomal recessive form of PKD (ARPKD) is a rare condition with an incidence of 1:20,000 live 
births. I will not discuss ARPKD in this review. It is estimated that - 600,000 Americans and 
-12.5 million people world-wide are affected by ADPKD. This makes ADPKD more common 
than cystic fibrosis, sickle-cell disease and Huntington's disease combined. ADPKD primarily 
manifests in adults. However, in a small portion of cases, renal enlargement due to ADPKD can 
occur during infancy or in-utero. ADPKD affects all races and both sexes equally. Nearly 50% of 
individuals with ADPKD will eventually develop end-stage renal failure (ESRD). ADPKD is the 
41

h largest and the most common genetic cause of ESRD in the USA, and accounts for - 5% of 
people on dialysis or requiring kidney transplantation. It is estimated that medical costs of PKD 
is more than $2 billion annually. 

Despite recent progress, no effective therapy is currently available for patients with ADPKD. 
Over the last decade, studies performed primarily on animal models of PKD have improved our 
understanding of mechanisms that lead to the formation and growth of kidney cysts. Several 
new promising drug targets have been discovered in animal models, some of which are in 
clinical trials. In this review, I will discuss the clinical features of ADPKD, genetics of ADPKD, 
new mechanisms for kidney cyst growth and emerging therapeutic strategies in ADPKD. 

Clinical features and Pathology 

The clinical presentation of ADPKD patients can range from asymptomatic individuals who are 
diagnosed on accidental screening to patients who present with ESRD and large abdominal 
masses. The variability in 
clinical presentation is 
highlighted in the following 
two published cases of 

Figure 2: Massively-
enlarged polycystic 
kidney and normal 
kidney is shown. 
Bisected polycystic 
kidney shows large 
cysts that compress the 
surrounding renal 
parenchyma. Images 
taken from the PKD 
foundation. 
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ADPKD. The first case was published by Dr. George M. Piersol in 1927, then the chair of 
department of Medicine at University of Pennsylvania. Dr Piersol later became dean of the 
medical school and was a founder and president of the American College of Physicians (ACP). 

'A 42 year old Irish laborer was admitted in the winter of 1927 at the Philadelphia General 
Hospital with complains of swelling of the abdomen, pain in the left upper abdominal 
quadrant, swelling of the legs, cough and dyspnea. Patient looked malnourished. There was 
distinct widening of the coastal angle due to marked outward flare of the lower ribs as from 
pressure. Percussion showed left-sided cardiac enlargement. The liver was enlarged, hard, 
non-tender and was palpable two inches below the coastal border. The left side of the abdomen 
was filled with a large, irregular, tender mass. This mass extended down to the left iliac crest 
and toward the midline to within two inches from the umbilicus. The mass moved with 
respiration and was palpable bimanually. During the course of hospitalization, patient developed 
seizures and became semi-conscious. An exploratory laparotomy was performed to rule out the 
diagnosis of Gl-malignancy. Instead, bilateral polycystic kidneys were observed. Two days later 
the patient died and autopsy showed left kidney was 33 x 18 x 13 em in size and weighed 
1450gms. The right kidney weighed 2970gms. The kidneys were made up of innumerable cysts 
of varying size. The largest cyst was 5 x 6 em. Upon section, little normal renal structure 
remained, the normal parenchyma being largely replaced or compressed by the multiple cysts.' 
(George M. Piersol M.D.)(3) 

The second case is a clinical vignette published in the New England Journal of Medicine. 
'Shortly after being elbowed in the flank 
during a pickup basketball game, a 35-year
old healthy man has severe, colicky 
abdominal pain followed by gross 
hematuria. He is hospitalized, and the 
blood pressure is 160/100 mm Hg. The 
serum creatinine concentration is 0.9 mg 
per deciliter (80 !Jmol per liter). The pain 
subsides in 2 days with analgesics, rest, 
and fluids; the gross hematuria resolves in 4 
days, although microscopic hematuria 
persists. A renal ultrasound scan reveals 
bilateral polycystic kidneys and liver 
cysts, previously unknown to the patient' 
(2). 

The clinical features of ADPKD, including 
the extra-renal manifestations, are listed in 
table 1. Histologically, the kidney cysts are 

Figure 2: Renal ultrasound of a patient with 
ADPKD is shown. Greg Rutecki and 
colleagues, Consultant 2011. 

lined by cells called the cyst epithelium. Interstitial fibrosis and infiltration of inflammatory cells is 
also observed. 
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Genetics of ADPKD 

Nearly 75% of ADPKD patients report a 
positive family history. ADPKD, as the 

5000 

name implies, exhibits dominant pattern of 
inheritance. This means that if one parent 4000 

has ADPKD, there is a chance that 50% 
of the children will also be affected by 
ADPKD. Autosomal dominant pattern of 3000 
inheritance also implies that the affected 
individuals carry one mutated and one 
normal allele of the PKD gene in all cells 2000 
of the body. ADPKD is caused by 
mutations of two genes: 85% of patients 
carry mutations of PKD1 gene whereas 

1000 
mutations of PKD2 gene account for 
the rest 15% of the patients (1, 4, 5). 
PKD1 is located on chromosome 16p13.3, 
and encodes a protein called Polycystin-1. 
PKD1 is a large gene - 50 kb in length 
containing 46 exons. The first 33 exons of 

- PKD1 mutation 
- PKD2 mutation 

10 15 20 25 30 35 

Age (yr) 

40 45 50 

PKD1 have been duplicated six times in 
humans producing 6 PKD1 pseudogenes. 
The PKD1 pseudogenes produce mRNA 
transcripts that are not translated into 
proteins. The presence of 6 pseudogenes 
has made genetic testing for PKD1 

Figure 3: Longitudinal follow-up of ADPKD 
patients in the CRISP study showed that kidneys 
with PKD1 mutations were larger and grew at a 
faster rate compared to PKD2 mutant kidneys. 
Grantham Jet a/, NEJM 2006. 

mutations problematic because it is difficult to discern if the mutation present on exons 1-33 is 
present on one of the pseudogenes or the functional PKD1 gene (4). Newer techniques have 
improved genetic testing of the authentic PKD1 gene. The mouse Pkd1 is a single-copy gene, 
making studies in mice much easier. PKD2 is located on 4q21 and encodes a protein called 
Polycystin-2. PKD2 spans 68 kb of genomic sequence and contains 15 exons. PKD2 is a single
copy gene in both humans and mice. 

There are no 'hot-spots' for mutations on either PKD1 or PKD2. Mutations are found all along 
PKD1 and PKD2 genes. A database for PKD1 and PKD2 mutations is available at the Mayo 
clinic. The Mayo clinic registry reports 1 ,923 unique PKD1 mutations and 241 unique PKD2 
mutations. Majority of the mutations are predicted to be pathogenic. There are some mutations 
that are predicted to be neutral, therefore, the clinical significance of these mutations is not 
known. Both PKD1 and PKD2 are evolutionarily conserved in other species, including model 
organism mouse, rat, Xenopus and zebrafish. In addition to renal tubule epithelial cells, 
Polycystin-1 and Polycystin-2 can be found in diverse cell-types such as bile duct cells, 
endothelial cells, neurons etc. Therefore, mutations of PKD1 or PKD2 typically have extra-renal 
manifestations, and ADPKD should be considered a systemic disorder. 
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Organ 

Renal 

Liver 

Renal/cardio
vascular 

Bile duct cysts 

Hypertension 

-80% 

-80% 

Heart Mitral valve prolapse, Mitral and aortic regurgitation -25% 
& LVH (even without hypertension or kidney failure) 

Blood vessels Intracranial aneurysms -10% 

Other Cysts of pancreas, seminal vesicles, choroid plexus -10% 
and thyroid. Inguinal hernia. Colonic diverticulosis. 
Kidney stones (mostly uric acid). 

Table 1: Clinical features of ADPKD are listed in this table . Due to multi-organ 

involvement ADPKD should be considered a systemic disease. 

Diagnosis 

ADPKD is not much of a diagnostic dilemma in symptomatic patients . Renal ultrasound is a 

Screening of asymptomatic individual 

Positive family history 

Mutation known 

I 

No family history 

No mutation known 

1 0 or more cysts 
in each kidney 

1 Type of mutation in family 
Genetic 
testing I 

PKD1 
+ 

Age : FHx of PKD1 mutation 

15-30 2 unilateral or bilateral 
cysts 

30-59 2 cysts in each kidney 

>60 4 cysts in each kidney 

PKD 

Age : FHx but mutation not known 

15-39 3 unilateral or bilateral cysts 

40-59 2 cysts in each kidney 

>60 4 cysts in each kidney 

Figure 4: Approach to diagnosis of ADPKD. Based on revised criteria 
published by Pei Yet a/, JASN, 2009. 

cheap and 
effective 

method to 
diagnose 
ADPKD. 

Diagnosis of 
ADPKD may 
be more 

challenging 
in 

asymptomati 
c individuals 
who present 
for screening 
due to a 

positive 
family 

history, or in 
patients who 

have cysts 
but no family 

history of ADPKD. Ultrasound (USG)-based criteria to diagnose ADPKD were developed in 
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1994 (6). These criteria were revised in 2009 to increase the sensitivity of diagnosis (7}. The 

accompanying flowchart incorporates the revised criteria, and can be used as a guide in such 
cases. Genetic testing can also be used for diagnosis of ADPKD. Linkage analysis is an 
effective way to identify the causative mutation. A limitation of linkage analysis is that the 
affected and non-affected family members must agree to participate. Alternatively, direct 
mutation analysis of PKD1 and PKD2 can be performed. However, these tests are expensive 
(insurance may not pay) and it is not guaranteed that a causative mutation will be found. 

A question that often comes up during the process of diagnosis is whether ADPKD can be 
safely excluded in a person or not? This becomes important, for example, when an adult child is 
considering kidney donation to a parent who has ESRD due to ADPKD. A definitive way of 
excluding ADPKD is genetic testing. If the individual does not carry the disease-causing 
mutation that is present in the affected family members, ADPKD can be excluded. However, this 
information is rarely available in majority of the patients. In such cases, it has been proposed 
that if a person > or = 40 years-old has normal renal USG or one kidney cyst, ADPKD can be 
ruled out with a negative predictive value of 100%. In 30-39 year-old patients, absence of any 
cysts rules out ADPKD with a false negative rate of 0.7%. In patients younger than 30 years, a 
negative USG does not definitively rule of ADPKD (7). 

Prognosis 

Once the diagnosis of ADPKD is established, the obvious question is: what will be the clinical 
course for the patient? Most conditions that cause ESRD such as glomerulonephritis, diabetes 
and hypertension affect the glomerular structure. Therefore, estimating glomerular filtration rate 
(GFR) -with tests such as serum creatinine measurements - is a reasonable way to monitor the 
progression of these diseases. In contrast, ADPKD affects the renal tubules whereas the 
glomerulus is structurally intact (at least initially). Therefore, using GFR to monitor the 

Late 

Figure 5: MRI scans of three ADPKD patients at different stages of disease progression are 
shown. Despite these differences, GFR was normal in all three patients. Grantham J, 
NEJM, 2008. 
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progression of ADPKD is problematic (8). This is illustrated in the following example: MRI scans 
of three patients with ADPKD with variable disease severity are shown. Despite these 
differences, GFR all of these patients was normal (Figure 5). It is well known that the kidney has 
the capacity to increase GFR to compensate for the loss of functional nephrons. This happens, 
for example, in people who donate one kidney for transplantation. In ADPKD, cysts develop 
sporadically in the kidney causing local anatomic distortion, inflammation and interstitial fibrosis 
thereby contributing to loss of GFR. Areas of kidney parenchyma that are unaffected by the 
cysts compensate for the reduction in GFR. Such mechanisms maintain GFR -to relatively 
normal levels for decades, until a tipping point is reached when the G FR begins to decline 
precipitously (2, 8, 9). 

FDA uses criteria such as the doubling of serum creatinine or decline in GFR by 50% to assess 
the efficacy of an investigational drug. A 20 or 30-year-old ADPKD patient may not experience a 
decline in GFR for 20 more years, whereas a 40 or 50-year-old ADPKD patient is likely to 
experience a substantial decline in GFR in next few years. Since clinical trials cannot run for 
decades, the younger patients are excluded whereas older patients are included. Kidneys of the 
older patients may be anatomically distorted to a 'point of no return' and thus, the drug may not 
show efficacy (2, 8, 9). This has been a major problem when designing clinical trial in ADPKD. 

To document the natural course of ADPKD and to identify reliable markers of disease 
progression, the NIH funded a multi-center prospective study called 'Consortium for Radiologic 
Imaging Studies of Polycystic Kidney Disease (CRISP)' in 2000. The study enrolled 241 patients 

Study 
1 

Finding [ Reference 

CRISP I Baseline kidney volume and rate of kidney enlargement are 
better predictors of disease progression. 

CRISP I Patients with PKD1 mutations have more cysts and higher 
rates of kidney enlargement compared to patients with 
PKD2 mutations. 

CRISP I Renal blood flow is an independent predictor of GFR 
decline. Reduction of renal blood now precedes decline in 
GFR. 

CRISP II Higher 24-hour urine osmolality and Urine Na+ excretion 
and low HDL predict decline in GFR. These can be 
considered modifiable risk factors. 

CRISP II Urinary NGAL and IL-18 excretion does not correlate with 
changes in total kidney volume or kidney function. 

CRISP II Height-adjusted total kidney volume of >600 cc/m is a risk 
factor for developing Stage-Ill CKD within 8 years. 

Table 2: Major findings of the CRISP studies are summarized in this table. 
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with ADPKD between 2001 and 2005. The patients underwent genotyping to identify the 
causative mutation, annual MRI scans to determine the kidney size (initially with gadolinium, but 
no cases of nephrogenic systemic fibrosis have been reported so far), annual estimation of GFR 
using iothalamate clearance, and collection of blood and 24-hour urine samples (1 0). 

This study formally, but not surprisingly, showed that baseline kidney volume and rate of 
increase in kidney volume are better indicators of disease progression than baseline GFR in 
ADPKD (11, 12). In recent years, the scope of the CRISP study has been expanded. A second 
phase called CRISP II was begun in 2007 and a third phase called CRISP Ill, which started in 
2011 is on-going. The investigators are now performing genotype-phenotype correlations, 
attempting to identify novel biomarkers of disease progression in urine and blood samples of 
patients, and using advanced radiological techniques to quantify the influence of renal blood 
flow, number of cysts, kidney volume and topography on the clinical course of ADPKD. Overall, 
the CRISP study has provided valuable insights into factors that may predict structural and 
functional disease progression. I have summarized the major findings of CRISP I & II in table 2 
(11,13-17). 

Pathogenesis of PKD 
(B) PKD is a ciliopathy: ADPKD belongs to a new class of diseases called the 'ciliopathies' (1, 
18-21 )- The Trachea Neuron Renal tubule cell 
cilium is a 
hair-like 
structure 
that is 
present on 
the surface 
of cells. Cilia 
can be 

classified 
into two 
major types. 
Motile cilia, 
such as 

Figure 8: Examples of cilia in the body. Motile cilia are present in the 
respiratory tract. Primary cilia present on surface of most cells in the body. 
Primary cilia on neurons (green, arrow) and renal tubule cells (arrow heads) 
are shown. 

those present in the respiratory tract, and non-motile cilia also called primary cilia that are 
present on most cells of the body (22). Primary cilia function as sensors of external 
environment. Examples of some unique, highly-specialized cell-types that possess primary cilia 
include rods and cones (photoreceptors in retina) and neurons (19, 20, 23). The rods and cones 
possess a modified version of the primary cilium which senses light and thus, is important for 
vision. Mutations of ciliary genes in humans cause retinitis pigmentosa (24, 25). Primary cilia on 
POMC neurons in the hypothalamus have been implicated in appetite control. Loss of primary 
cilia from POMC neurons causes hyperphagia, obesity and diabetes in mice (26). 
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In the kidney, primary cilium is present on the apical surface of most renal tubule cells. Renal 
cilia project into the tubular lumen, and are believed to sense urine flow. Fluid flows over the 
apical surface of the cells, bends the primary cilium, and produces an increase in intracellular 
calcium concentration (27), which regulates cell signaling pathways. Three lines of evidence 
suggest that PKD is a ciliopathy. First, Polycystin-1 and Polycystin-2 are located in the primary 
cilium in addition to other places in the cell (28-30). Second, Pkd1 and Pkd2 mutant cells 

Figure 9: Loss of primary cilia produces PKD in mice. 
These studies were performed at UT Southwestern in 
the laboratory of Dr. Peter Igarashi. Lin F et a/, 
PNAS, 2003. 

contain dysfunctional primary cilia 
as evidenced by a failure to 
increase calcium concentration in 
response to fluid flow (31, 32). 
Third, kidney tubule-specific loss of 
primary cilia produces PKD in mice. 
Using cre/loxP recombination 
strategy, Kif3a, a gene that is 
essential for cilia maintenance, was 
inactivated specifically in the renal 
tubules cells of mice (33, 34). 
Inactivation of Kif3a causes the loss 
of primary cilia from renal tubule 
cells. As a result, the Kif3a mutant 
mice develop PKD (34 ). The cysts 
in these mice are derived from renal 
tubules, exhibit high rates of 
proliferation and progressively 
enlarge with age. The mice 
eventually die due to renal failure. 

The kidney-specific Kif3a mutant mice not only provide a direct link between primary cilia and 
PKD but also represent a mouse model for PKD, which can be used for preclinical studies. 

(B) Revisiting the 'two-hit' hypothesis: Every cell in an individual affected with ADPKD 
carries an inherited (germline) mutation of PKD gene. Despite this, cysts form only in very few 
numbers of nephrons. The Knudson 'two-hit hypothesis of cancer' has been proposed in 
ADPKD as an explanation for this observation. It has been shown that in addition to the 
germ line mutation of one allele, the ADPKD patients develop a somatic mutation of the second 
normal allele later in life. This is referred to as the 'second hit'. The 'second hit' results in the 
loss of both alleles, which then initiates cyst formation (35, 36). In 1998, Dr. Steve Somlo's 
group at Yale University generated a mouse model to test this hypothesis. The mouse harbors a 
null and normal Pkd2 allele in the germline, similar to the ADPKD patients. The normal Pkd2 
allele in these mice is prone to somatic rearrangements producing the 'second-hit' thereby 
generating the second null allele (37). These mice develop PKD supporting the 'two-hit' 
hypothesis. 
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Figure 10: MRI scan of adult mice in which a 
second hit mutation of PKD1 was induced. This 
was not sufficient to produce kidney cysts in the 
short term (arrowheads). However, when these 
mice were subjected to unilateral kidney injury 
(arrows), the injured kidney formed numerous 
cysts suggesting that a 'third hit' may be needed. 
Takakura A et a/, Human Molecular Genetics, 
2009. 

In recent years, we and others have revisited this 
issue. We asked two questions: First, does the timing 
of the 'second-hit' have any bearing on the severity of 
cystic disease? In other words, what happens if the 
'second-hit' occurs in the developing kidney vs. 
mature kidney? Second, are there non-genetic 
factors that modulate the cystic phenotype? We used 
inducible kidney-specific gene targeting to answer these questions. We generated mice lacking 
primary cilia, specifically in the kidney tubules. The unique aspect of these mice is that the loss 
of primary cilia can be induced at any desired age. We found that the loss of primary cilia in 
developing kidneys of neonatal mice results in rapid formation of numerous cysts. In contrast, 
loss of cilia in mature kidneys of adult mice does not produce cysts in the short term (38). 
However, when we induced the loss of cilia in mature kidneys and subjected the mice to 
unilateral acute kidney injury, the mice developed numerous cysts in the injured kidney (38). 
Similar results were obtained when 'second hit' and acute kidney injury were induced in other 
PKD mice (39-42). Taken together, these studies suggest that not only is the second-hit 
important but the timing of the second-hit is also important. Moreover, in addition to the second
hit, environmental factors such as kidney injury may also regulate cyst growth. The second-hit 
mutations and environmental factors may provide an explanation for intra-familial variability in 
disease severity observed among ADPKD patients. 

(C) Genetics of ADPKD: Still unresolved? Two types 
of mutations can be found in ADPKD patients. The first 
type is truncating mutations, which disrupt transcription 
of the gene and produce truncated forms of the protein. 
The second type is non-truncating mutations, which are 
usually missense mutations that do not disrupt 

Figure 6: A multi-generational family with ADPKD is 
shown. The disease severity varied among the 
affected family members ranging from ESRD at 43 to 
ADPKD diagnosis in-utero. Genetic analyses provided 
explanation for the differences in disease severity. 
Rossetti Set a/, Kidney International, 2009. 
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transcription rather cause substitution of amino acids in critical regions of the protein. Molecular 
diagnostics surveys of two cohorts of ADPKD. patients performed recently identified truncating 
mutations only in 47-63% of patients, with 26-37% of patients having mutations that were not 
predicted to disrupt transcription or produce a truncated protein (43). 

Recent genetic studies have provided insights into two aspects of ADPKD pathogenesis (44, 
45). A long-standing question in the field has been why does ~he severity of the disease and age 
of onset vary widely, even between affected individuals of the same family? It is well known that 
ADPKD is a dominant and a fully penetrant disease. In other words, 100% of individuals who 
inherit one mutation of the PKD gene develop renal cysts. Recent studies have reported that 
ADPKD families with non-truncating mutations can present with atypical clinical features, 
recessive mode of inheritance and incomplete penetrance. 

Two ADPKD families published recently are shown, which provide new understandings in the 
genetics of ADPKD (45). The first is a multi-generational family with extreme variability in 
disease severity (Figure 6). The patient was diagnosed with PKD in-utero, when an USG 
examination showed bilaterally-enlarged kidneys. The patient is now 17 years-old and already 
has stage-Ill CKD. The father was diagnosed with ADPKD at 15 years of age and developed 
Stage-Ill CKD at age 42. The grandmother developed ESRD at age 43. Mutation analysis 
identified a truncating mutation (shown as X) on one PKD1 allele (the normal allele is Q) in the 
grandmother, father and patient. However, in addition to the truncating mutation, the patient also 
inherited a non-truncating mutation on the second allele of PKD1 from his mother. This mutation 
replaced arginine (R) with a cysteine (C) in Polycystin-1. The mother does not have renal cysts 
and the father who has less severe ADPKD does not have the non-truncating mutation. This 
suggests that in patients with severe ADPKD, both the alleles of PKD genes may be mutated. 
Without molecular analysis it is obvious that the disease causing mutation came from the 

1 

P192 

IU IU 

ss 

ss 

MC 
(9 years) 

ss 

NS 

2 

4 

NS NS 

Figure 7: A consanguineous Pakistani family with ADPKD is 
shown. The family shows dominant pattern of inheritance. 
However, mutation analysis showed that the affected 
members were homozygous for non-truncating mutation of 
PKD1, whereas the non-affected members were 
heterozygous for the same mutation. Thus, indicating a 
recessive mode of inheritance. Rossetti S et al, Kidney 
International. 2009. 
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paternal lineage, however, 
with molecular analysis it 
became clear that the 
mutation that made the 
disease more severe came 
from the maternal lineage. 

The second pedigree is of a 
consanguineous Pakistani 
family which shows dominant 
pattern of inheritance (Figure 
7). The father and two of his 
children are affected (filled 
circles or squares), with one 
intra-uterine death due to 
PKD. The mother and the 
two other children are 
unaffected (open circles). 



Based on dominant pattern of inheritance, it would be reasonable to predict that the father and 
the two affected children have mutation of PKD gene, whereas the mother and the two 
unaffected children have normal alleles. Instead, sequence analysis revealed that all family 
members, including the unaffected individuals, carried a non-truncating mutation of PKD1 gene. 
That mutation was predicted to replace asparagine (N) with serine (S) in a critical region of 
Polycystin-1. The affected family. members had both the alleles of PKD1 mutated, thus they 
were homozygous for the mutation (SS), whereas the unaffected family members had one 
mutated and one normal allele (NS). This indicates that the mutated allele in this family is not 
completely penetrant; meaning every individual that inherits the mutation does not develop renal 
cysts. This family also illustrates that while one non-truncating mutation may not be sufficient to 
cause renal cysts, two truncating mutations can produce severe disease. Finally, this analysis 
suggests that PKD due to PKD1 can have recessive pattern of inheritance. Thus, genetic 
mechanism of ADPKD may be far more A Control Kif3a mutant 
complex than was initially anticipated. 

So, what does all this mean? Based on 
these and other similar observations, the 
'gene dosage' hypothesis in ADPKD has 
been proposed. The hypothesis states that 
a critical threshold of functional Polycystin-1 
is needed to prevent cyst formation . 
Lowering Polycystin-1 below this threshold 
produces kidney cysts, irrespective of the 
type of mutation. If two mutations are co
inherited, there may be an additive effect in 
lowering Polycystin-1 expression causing a 
more severe cystic phenotype. 

(C) PKD: cells dividing without a clue: A 
unique feature of the developing postnatal 
kidney is that tubular diameter remains 
relatively constant even as it elongates 
several-fold. After acute kidney injury, 
tubular epithelial cells also divide and 
restore tubule morphology without affecting 
luminal diameter. Strict control of luminal 
diameter is critical for maintaining normal 
renal function. An increase in luminal 

diameter causes tubular dilation and 
subsequent formation of cysts, a hall mark 
of ADPKD. In the postnatal kidney, a 
constant luminal diameter is maintained by 
oriented cell division. Dividing tubular 
epithelial cells in the developing or 

B 

Normal ... 

PKD 

l 
Figure 11: Randomization of angle of cell 
division in PKD, a new model for cyst 
formation. (A) Patel V et a/, Human 
Molecular Genetics, 2008 (B) Walz G, 
Nature Medicine, 2007. 
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regenerating postnatal kidney are almost always oriented parallel to the longitudinal axis of the 
renal tubule; hence, oriented cell division ensures that renal tubules grow only along the 
longitudinal axis, causing an increase in length of the tubule without affecting diameter (46, 47). 
In figure 11, the nuclei of dividing cells are labeled green and the white line shows the axis of 
cell division. The dividing cells in control kidneys are dividing along the white line, which is 
parallel to the long axis of the renal tubule (orange). Cell division in such an orientation will 
result in lengthening of the tubule. In contrast, in pre-cystic tubules of PKD mice, the orientation 
of angle of cell division has been shown to be randomized (38, 48-52). In Figure 11, pre-cystic 
tubules of Kif3a mutant mouse, an animal model of PKD, display randomization of angle of cell 
division. This results in increase of tubule diameter, which underlies cyst initiation (Figure 11 ). 
Recent studies have shown that randomization of angle of cell division is neither necessary nor 
sufficient to initiate cyst formation (53). Therefore, the more clarification and future studies are 
needed to resolve the issue. 

Emerging therapeutic targets in ADPKD 

(A) Mouse studies guide therapeutic strategy in ADPKD patients: Mouse models have 
helped to discern the various cell signaling pathways that are deregulated in PKD. Targeting 
these pathways may _ 
provide therapeutic Ci lia 
benefit in ADPKD 
patients. A simplified 
model of the pathways 
and current drug 
targets is shown in 
figure 11 (54). 

Among the first 
pathway that was 
targeted is the cAMP
dependent signaling 
pathway. cAMP levels 
are increased in 
humans and mice with 
PKD(55). cAMP 
stimulates proliferation 
of cyst epithelial cells 
(56, 57). Majority of 
cysts in ADPKD are 
derived from collecting 
ducts which express 
vasopressin receptor 
(V2R). Binding of 
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Figure 12: Mechanism of action of therapeutic agents currently in 
clinical trial for ADPKD. Patel V et a/, Current Opinions of 
Nephrology & Hypertension, 2009. 

vasopressin to its receptor leads to activation of adenylyl cyclase and production of cAMP (58-
60). These observations provided the rationale for use of V2R antagonists as therapeutic 

14 



targets in PKD. Administration of V2R antagonist to mouse models of PKD attenuates cyst 
growth. Tolvaptan, a V2R antagonist, approved for use in patients with hyponatremia due 
edematous conditions is currently in phase Ill clinical trials for ADPKD (61, 62). An obvious 
concern is the chronic use of Tolvaptan may cause side effects such as increased thirst, 
frequent urination and hypernatremia. Another drug that has shown therapeutic efficacy in PKD 
is 

Octreotide is a long-acting analogue of the hormone somatostatin (63). Octreotide has been 
shown to decrease cAMP levels and inhibit cyst formation in the livers of rats with ARPKD. 
Clinical trials assessing the efficacy of Octreotide in PKD are underway. The cystic fibrosis 
transmembrane conductance regulator protein (CFTR), a cAMP-regulated chloride channel, is 
thought to be the primary route for chloride entry into cysts resulting in their expansion. 

CFTR inhibitors have been shown to slow cyst growth in some orthologous mouse models of 
PKD (64, 65). 

Triptolide, a natural product isolated from the medicinal herb, Thunder God Vine, has been 
shown to retard cyst 
growth in kidney-specific 
Pkd1 mutant mice. 
Triptolide binds to 
Polycystin-2 and induces 
calcium release in a 
Polycystin-2-dependent 
manner. Intracellular 
calcium is thought to 
stimulate 
phosphodiesterase and 
inhibit adenylyl cyclase 
resulting in decreased 
levels of cAMP, thereby 
retarding cyst growth 
(66). A clinical trial 
assessing the efficacy of 
Triptolide in ADPKD 
patients is underway in 
China. 

(B) mTOR: off-target or 
lost in translation? 
Activation of the mTOR 
(mammalian target of 
rapamycin) pathway has 
been detected in the cyst 
epithelium of mice and 
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Figure 13: The above graph shows that in patients treated with 
everolimus, the rate of increase of kidney volume slowed. 
However, the patients receiving everolimus showed a steeper 
decline in GFR compared to patients receiving placebo (not 
shown). Walz, Get a/, NEJM, 2010. 
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humans with PKD. Polycystin-1 interacts with tuberin (TSC2), which inhibits Rheb, an activator 
of mTOR (Figure 8) (67). In the absence of Polycystin-1, disinhibition of Rheb results in 
activation of mTOR and increased cell growth. Rapamycin is an immunosuppressive drug that 
inhibits mTOR and is used to prevent transplant rejection. Administration of Rapamycin to 
animal models of PKD retards cyst growth (68, 69). Based on these promising results, clinical 
trials assessing the efficacy of everolimus and sirolimus in humans with ADPKD have been 
performed (70-72). In the first study by Dr. Walz and colleagues from Germany (72), everolimus 
significantly reduced the rate of increase of kidney volume in ADPKD patients but failed to show 
improvement in GFR. In fact the patients receiving everolimus showed a decline in GFR. A 
criticism of this study is that at the time of enrollment, the patients were late in course of their 
disease therefore, the kidney volumes were very large and GFR had declined substantially 
(stage-Ill CKD) (73, 74). Therefore, the kidneys may have already reached a 'point of no return'. 
The second study by Dr. Serra and colleagues (70) showed that 18-month treatment of ADPKD 
patients with sirolimus had no effect on kidney volumes or GFR. A criticism is that the sirolimus 
dose used in this study was too low, the time of treatment was too short, and the enrolled 
patients had large kidney volumes and low GFR (although not as severe as the first study) (73, 
7 4 ). A study in PKD mice specifically designed to test whether the criticisms of the clinical trials 
have any merit showed that administration of rapamycin early in the course of PKD reduced 
cyst growth but had no effect when administered to mice with advanced disease. The study also 
showed that a low dose of rapamycin had no effect on cyst growth whereas a high dose was 
effective in retarding cyst growth (75). Thus, the two mTOR clinical trials may be a case of 'too 
little, too late'. 

Summary 

ADPKD is a common genetic disorder for which no treatment currently exists. Recent studies 
have identified new indicators of disease progression in ADPKD, which will be helpful in 
prognosis and monitoring efficacy of investigational drugs in clinical trials. Human genetic 
studies and basic research in mouse models have shown that dosage of PKD genes, 'second
hit' mutations especially at times of kidney development or regeneration, and acute kidney injury 
influence the severity of the cystic phenotype. New and promising therapeutic targets have been 
identified and validated in mouse models of PKD. Well-designed clinical trials are needed to 
translate the preclinical findings to humans. 
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