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Case Presentation

A 48 year-old man with autosomal dominant polycystic kidney disease
(ADPKD), hypertension, and bipolar disorder presented to the Yale-New Haven Hospital
emergency department in October 1994 with an exacerbation of chronic abdominal pain.
Polycystic kidneys were discovered incidentally 16 years earlier during an evaluation
after an automobile accident. He reported a history of episodic gross hematuria (none in
the past year), no history of renal calculi, and a cyst infection that resolved with oral
antibiotics 15 months ago. He has had progressive renal insufficiency, and a 24 hour
urine collection one year ago showed a creatinine clearance of 17 ml/min. Over the past
4-5 months, there has been an increase in right-sided abdominal pain. He denied fever,
dysuria, and gross hematuria. There were no uremic symptoms.

Past medical history was remarkable for ADPKD, bipolar disorder with frequent
hospitalizations, hypertension for 5 years, multiple fractures from automobile accidents,
and umbilical herniorrhaphy in 1992. There was no known family history of kidney
disease. His father had a history of psychiatric illness and died 5 months after the
patient’s birth. Medications included carbamazepine 300 mg bid, nifedipine XL 30 mg
qd, furosemide 40 mg qd, and calcium carbonate 500 mg tid with meals.

Physical examination revealed an alert, thin male in moderate distress. The blood
pressure was 140/90, pulse was 84, and he was afebrile. A tender mass was palpated in
the right mid-abdominal region. There was no peripheral edema.

Laboratory examination revealed a white cell count of 5,800 (71% PMNs, no
bands) and hematocrit of 32. The serum electrolytes were sodium 139, potassium 4.1,
chloride 111, bicarbonate 20, BUN 73, and Cr 6.5. Urinalysis showed pH 5, 1+ protein,
2-3 white cells, and 3-5 red cells. Urine culture showed no growth. A renal ultrasound
revealed that the right kidney was 21.7 cm in length with a large (4.2 x 4.7 x 4.1 cm) cyst
containing echogenic material. The left kidney was 20 cm.

A surgical procedure was performed.
Classification

This man presents with typical features of polycystic kidney disease, a common
genetic cause of renal failure (1). Polycystic kidney disease (PKD) is characterized by the
replacement of renal parenchyma with large, fluid-filled cysts. Although polycystic
kidney disease was previously classified by age of onset into adult and infantile forms,
more recent genetic studies have shown that this classification is not meaningful, since
mutations of the same gene can cause disease arising at different ages. Accordingly, a
classification based on the pattern of inheritance is now preferred. There are two patterns
of inheritance that are recognized: autosomal dominant (ADPKD) and autosomal
recessive (ARPKD). ADPKD is common and occurs in both children and adults, whereas
ARPKD is rare and occurs primarily in children. Two disease genes that cause ADPKD
have been identified. The disease gene responsible for ARPKD has been mapped to



chromosome 6 but has not yet been cloned. PKD also occurs in association with other
genetic diseases, including von Hippel-Lindau disease and tuberous sclerosis (2).
Tuberous sclerosis is associated with very early-onset PKD and will be discussed in
greater detail below.

ADPKD is transmitted as an autosomal dominant trait with complete penetrance.
The disease is genetically heterogeneous and can arise from mutations in at least two
genes, PKD1 and PKD2 (3). Mutations of PKD1 located on chromosome 16pl13 are
responsible for 85% of cases, whereas mutations of PKD2 on chromosome 4q22 are
responsible for 15% of cases. Some PKD families have been identified in which disease
is not linked to either chromosome 16 or
chromosome 4. This has raised the possibility ADPKD .
that there is a third gene locus, PKD3, which | *Autosomal dominant inheritance
has not yet been cloned. York Pei at the | “Genetically heterogeneous
University of Toronto has recently shown that *PKDI (16p13.3)
some individuals that were thought to have *PKD?2 (4q21-23) )
disease linked to PKD3 actually had inherited | *Affects 1in 400 to 1 in 1000 live
mutations of both the PKD1 and PKD2 genes. | Pirths (>500,000 in US population; 4-
Such individuals appeared to have more | 67 ESRD) ) )
severe disease than individuals with mutations | *Affects all ethnic groups worldwide
of either PKD1 or PKD2 alone (4). *No family history in 40% of cases

Incidence

Autosomal dominant polycystic kidney disease (ADPKD) is a common disease
that affects all ethnic groups worldwide (1). Studies in Western countries have shown a
frequency of ADPKD ranging from 1/261 to 1/1,019 (mean 1/503). A study in Hong
Kong Chinese showed a disease frequency of 1/339 (5). Thus, ADPKD is more common
than many well-known genetic diseases such as cystic fibrosis (1/2,000 Caucasians), Tay-
Sachs disease (1/6,000 Ashkenazi Jews), phenylketonuria (1/25,000 Northern
Europeans), and Huntington’s disease (1/20,000). The incidence of ADPKD is
comparable to the incidence of sickle-cell disease in American Blacks. Since one-half of
individuals who inherit the disease gene will progress to end-stage renal disease, ADPKD
is the most common, life-threatening genetic disease in man. ADPKD may not be as well
known as some other genetic diseases because it usually does not become manifest until
middle age. The patient presented earlier had no family history of renal disease.
Approximately 40% of affected individuals do not have a positive family history and
presumably reflect new mutations. In the U.S. there are more than 500,000 individuals
with ADPKD (5 million worldwide). ADPKD is the most common genetic cause of end-
stage renal disease and is responsible for 4-6% of patients requiring chronic renal
replacement therapy in the U.S.

History

Polycystic kidney disease has probably existed since antiquity (6). The disease
gene may be more easily transmitted, since affected individuals generally do not become



ill until after their peak reproductive years. In Europe in the Middle Ages, there were
frequent references to cystic disease affecting the abdominal cavity. However, it is
impossible to determine how many of these cases represented polycystic kidney disease
rather than hydatid cysts, which were also prevalent at the time. The first known case of
PKD, at least in the West, was probably King Stefan Bathory of Poland. Bathory was
born in 1533 in Transylvania and was anointed King in 1576. Although he was one of the
most successful monarchs in Polish history, he is perhaps best known as the uncle of
Elizabeth Bathory, upon whose life the legend of Dracula is thought to be based. King
Bathory became chronically ill in the early 1580’s, around the age of 50. In 1585, he
experienced an episode of acute chest pain, fatigue, weakness, and loss of consciousness.
It was also noted that his facial muscles twitched uncontrollably and that he had a very
pale facial color. His heartbeat was weak and uneven, and he died in 1588 at the age of
53. An autopsy performed by Jan Zigulitz revealed that the kidneys were “large like those
of a bull, with an uneven and bumpy surface, nothing like [we] had ever seen.” Bathory’s
symptoms resemble those of uremia, and a review conducted in 1933 concluded that he
probably died from polycystic kidney disease. By the 18" Century, PKD was recognized
as an anatomic entity distinct from hydatid cysts. The cover page shows a plate created
by Domenico Gusmano Galeazzi in 1757. Galeazzi was an anatomist and physician who
encountered three patients with abdominal symptoms that were thought to be due to renal
colic or tumors. Post-mortem examination revealed instead that all patients had enlarged
kidneys, “the structure of which was entirely subverted by numerous vesicles of different
sizes” (7). By the 19t Century, the clinical features of PKD had been recognized.

Clinical

Clinical manifestations of ADPKD
include abdominal mass, chronic flank Clinical features and complications
and/or back pain, gross hematuria, and | eAcute and chronic pain

symptoms attributable to urinary tract —cyst expansion/rupture
infection or renal colic. Approximately —cyst hemorrhage with or without
45% of individuals with ADPKD will hematuria

develop end-stage renal disease by the age —cyst/urinary tract infection

of 60. Patients typically present in the —nephrolithiasis (~20%)

third and fourth decade, and ESRD | eHypertension (~80%)

commences within 10 years. By | eProgressive renal insufficiency (ESRD
ultrasound, renal cysts can be detected in in 45%)

virtually all patients who are heterozygous
for PKD1 mutations by the age of 30. Thus, the disease is fully penetrant. However,
ADPKD has variable expressivity. Only 45% of heterozygous individuals will progress to
ESRD. Within a given family, the age of onset of the disease is also variable. Mutations
of PKD1 and PKD2 cause identical clinical manifestations. However, the disease due to
PKD?2 is less severe and later in onset (mean age at ESRD of 69 versus 53) (8). In
addition to causing renal failure, renal cysts can be complicated by hemorrhage,
infection, urinary tract obstruction, nephrolithiasis, and intractable pain. Several of these
complications were observed in the patient presented above. Hypertension is also very
common in ADPKD, occurring in more than 75% of patients (9). Increased blood




pressure has been attributed to activation of the renin-angiotensin system by renal
ischemia due to cyst enlargement. More recently, it has been found that the PKD1 and
PKD2 gene products are expressed in vascular smooth muscle, raising the possibility that
hypertension arises from a primary defect in the blood vessels (10).

Although ADPKD is characterized by
kidney cysts and renal failure, it should be | Systemic manifestations of ADPKD
regarded as a systemic disease. The PKD1 and | °Cysts in kidney (100%), liver (75%),
PKD2 gene products are widely expressed in | pancreas, ovary, choroid plexus
the body, and mutations of the genes can | °Cardiac valvular abnormalities

affect a number of extrarenal tissues (11). In *Mitral valve prolapse

addition to the kidney, cysts can arise in °TR, Al etc.

several other epithelial organs, including the | °Intracranial aneurysmse5% overall
liver (common), pancreas (rare), ovaries, and *20% with family history

choroid plexus. Liver cysts are common (75% | °Large vessel aneurysms
of patients) and originate from the biliary tree. | °Colonic diverticuli
Although liver cysts can become infected or
bleed, liver failure does not occur in ADPKD
(in contrast to ARPKD). Other extrarenal manifestations include large vessel aneurysms,
cerebral dolichoectasis (a fusiform dilatation of the cerebral arteries), and colonic
diverticuli. Cardiac findings include valvular abnormalities such as mitral valve prolapse,
mitral regurgitation, aortic insufficiency, and tricuspid regurgitation (12). Interestingly,
Pkd2 knockout mice also exhibit cardiac abnormalities, suggesting that the Pkd2 gene is
required for normal heart development. Left ventricular hypertrophy is common and has
been observed in normotensive individuals (13).

Ruptured aneurysms represent the most feared complication of ADPKD (14, 15).
The aneurysms primarily involve the cerebral arteries and aorta, and tend to occur in
families. The mortality of ruptured aneurysms is 50%. The incidence of aneurysms is 5%
in the ADPKD population overall, but 25% if there is a positive family history. Recently,
both PKD1 and PKD2 gene products have been identified in the smooth muscle of elastic
arteries, consistent with disease in this site. The utility of screening for asymptomatic
cerebral aneurysms in ADPKD is controversial, as it is for the population at large (16).
The rate of progression appears to be low

(17), and the incidence of new aneurysms Fig. 1

is about 2% annually. In contrast, patients I —

with symptoms or prior history of

subarachnoid hemorrhage should receive ‘_O

regular screening and/or intervention. The Age 41

risk of surgery is around 10%. é L_D (5 *
A striking feature of ADPKD is e HETe

the variability of the phenotype. ADPKD {1

is fully penetrant, meaning that virtually :

100% of individuals who inherit a mutated o e

PKD gene will develop renal cysts.




However, the severity of the disease, age of onset, and the spectrum of extrarenal
manifestations vary widely between affected individuals, even within the same family.
As previously mentioned, only about one-half of affected individuals will progress to
ESRD. Therefore, the expressivity of the disease is highly variable. Fig. 1 shows a
pedigree from a study by Patricia Gabow at the University of Colorado (18). The closed
symbols indicate affected individuals. As can be seen, there is vertical transmission of
disease and both sexes are affected, consistent with autosomal dominant inheritance.
However, the age of onset of disease, indicated below each symbol, varies widely, even
within the same kindred. That is, individuals who inherit the same gene mutation can
have widely varying disease severity. Possible explanations for variable expressivity are
discussed below.

Pathology

ADPKD is characterized by massive replacement of renal parenchyma with fluid-
filled cysts. The cysts originate from the epithelium of the tubular nephron and occur in
both the cortex and medulla. Cysts can
arise from all segments of the nephron
as well as the renal collecting system.
Fig. 2 shows the gross pathology of
the kidney from patients with
ADPKD. The parenchyma is entirely
replaced with fluid-filled cysts, some
of which contain blood. Although
cysts arise in only 1% of nephrons,
they can grow to considerable size and
compromise overall renal function by
compressing  neighboring  normal
nephrons. Histologically, the cysts are
lined by a single layer of columnar or
squamous epithelial cells.

Fig. 2 Gross pathology

Diagnosis

Since ADPKD is an autosomal dominant trait, the probability that an individual
will inherit the disease from an affected parent is 50%. The diagnosis of ADPKD in
individuals at risk for disease is usually established by renal ultrasonography. The
sensitivity of renal ultrasound for diagnosing renal cysts varies with age. Cyst formation
in ADPKD is age-related. Cysts are less common in children but are invariably present
by the age of 60. Fig. 3 shows serial renal ultrasounds of a patient with ADPKD obtained
over a nine-year period. Note that multiple echolucent cysts are present in both kidneys
and that the number of cysts increases over time. It is also important to remember that
simple renal cysts, which are not due to ADPKD, are common in the general population,
and their incidence also increases with age. Simple renal cysts are rare in children (0.2%
prevalence) but are present in more than half of the population over the age of 50. Based
on these considerations, Ravine et al have proposed the following ultrasound criteria for



diagnosis of ADPKD in at-risk
individuals: presence of at least
two renal cysts (unilateral or
bilateral) in individuals younger

Fig.3  Diagnosis of ADPKD by renal
ultrasonography

than 30 years; presence of at least Age (yrs) | Renal cysts
two cysts in each kidney in those jpa)
aged 30-59; and four cysts in each  |0-29 2
kidney in those aged 60 years and

above (19). The sensitivity and e iii;:;‘:h
sp'ec1f101ty of these diagnostic e T
criteria have recently been kidney

evaluated in patients with ADPKD
types 1 and 2 and compared with
genetic linkage analysis (20). The
sensitivity of ultrasonography in
individuals younger than 30 years was 95% for PKD1 but only 67% for PKD2 (93%
overall). The sensitivity in individuals aged 30 years or older was 100% for both PKDI1
and PKD2. The specificity of the test was 100% in all age groups. Although the use of
Ravine’s criteria will lead to false-negative results in some children, these are more
acceptable than false-positive results because of the anxiety produced by the diagnosis of
the disease.

The diagnosis of ADPKD can also be established by computed tomography or
magnetic resonance imaging. Prenatal genetic testing for PKD1 was first performed by
Stephen Reeders from a chorionic biopsy. Linkage analysis can be performed using
closely linked, polymorphic markers. Direct gene-based mutation testing of both the
PKD1 and PKD2 genes is available commercially.

Treatment

There is no specific treatment for ADPKD, although many approaches have been
considered including dietary modification, taxol, etc.(21). Patients who develop renal
failure are managed conservatively, as exemplified by the patient presented above. The
Modification of Diet in Renal Disease Study (MDRD) was a large, multicenter,
prospective study to investigate the effects of low-protein diet and blood pressure control
on progression of chronic renal failure. About 500 subjects with ADPKD were included
in the MDRD study. A separate analysis of these patients showed that dietary protein
restriction did not affect the course of disease (22). Aggressive control of BP was also not
shown to be beneficial compared with standard BP control. It is important to note,
however, that this study was an intention-to-treat analysis and that the actual differences
in mean arterial blood pressure achieved between the groups were only 6.3 to 3.9 torr.
Because hypertension is common in ADPKD, and because elevated blood pressure
accelerates the progression of other forms of chronic renal disease, most clinicians
believe that tight control of blood pressure is beneficial in ADPKD patients. However,
there is no consensus on the optimal antihypertensive regimen. Since activation of the
renin-angiotensin system has been observed in PKD, the group at the University of



Colorado has advocated the use of angiotensin converting enzyme (ACE) inhibitors. ACE
inhibitors are widely used to retard the progression of chronic renal diseases such as
diabetic nephropathy but were not shown to retard the progression of established ADPKD
in the Angiotensin converting enzyme Inhibition in Progressive Renal Insufficiency
(AIPRI) trial (23). In contrast, a recent prospective, nonrandomized study from the
University of Colorado compared ACE inhibition to diuretics and found that the
decrement in creatinine clearance after a 5-year follow-up was significantly larger in the
diuretic group (5.6 vs. 2.5 ml/min/1.73 m?/year), despite similar blood pressure control
(24). The National Institutes of Diabetes, Digestive and Renal Diseases (NIDDK) is
currently sponsoring a prospective, randomized, multicenter study to examine whether
inhibition of the renin-angiotensin system affects the progression of ADPKD.

The patient presented
above developed a common Fig. 4 Cyst fenestration
complication of ADPKD, which
was intractable pain from renal
cysts. Although the cause of
painful cysts is not known, pain
correlates with size and is
frequently observed in cysts
greater than 3 cm in diameter. The
treatment of painful renal cysts has
been problematic because of the
high recurrence rate. Open
decortication of renal cysts was
first performed by Rovsing in
1911. However, the procedure was
abandoned in the 1950’s after reports that it contributed to worsening renal function.
Alternative approaches such as percutaneous cyst aspiration and instillation of ethanol,
tetracycline, or other sclerosing agents have been performed. In the 1970’s there was
renewed interest in the use of surgical decompression. Fig. 4 shows results of a study
from Mayo Clinic showing that open decortication often resulted in immediate reduction
in pain (25). After 2 years follow-up, 62% of patients remained pain-free. Importantly, a
plot of 1/creatinine revealed that the procedure did not affect the progression of renal
failure either positively or negatively. The patient presented above underwent a Rovsing
procedure, which relieved his pain.

62% of patients remained pain-free after 2 years
(left panel). There was no change in the
progression of renal failure (right panel).

More recently, laparoscopic decortication has been performed in patients with
ADPKD (26). Although no direct comparisons of open and laparoscopic decortication
have been reported, the results appear to be similar. Moreover, the laparoscopic
procedure offers the advantages of shorter hospital stay, lower requirement for post-
operative analgesia, and more rapid convalescence. The first published reports of
laparoscopic decortication appeared in 1996, and several series have now been reported
(27). At UT Southwestern, laparoscopic decortication is performed by Dr. Jeff Caddedu
in the Dept. of Urology Center for Minimally Invasive Surgery. His approach has
recently been published (28). Five cases have been performed in the past two years. In all



cases, the operation was performed on the kidney with the most pain. Decortication of
more than 100 cysts was performed in each operation. Every cyst that could be visualized
was decorticated, and intraoperative ultrasonography was performed to visualize cysts
that were located below the surface. The patients have been followed for 6 months to 2
years, and all remain off narcotics (personal communication, Jeff Caddedu).

Pathogenesis

The pathogenesis of polycystic kidney disease remains unknown but has been the
subject of intense investigation. As early as 1869, Virchow proposed that PKD was due
to obstruction of the nephrons by uric acid crystals. By 1900, PKD was thought to be a
congenital abnormality due to failure of the nephrons to connect with the collecting
system. Continued glomerular filtration would then result in distension of the tubular
nephron. This notion was disproved in the early 1900’s when microdissection studies
revealed that cysts communicate with the nephron and originate from all segments of the
nephron as well as the renal collecting system.

Renal cysts are lined by a

single layer of epithelium that g5 Abnormalities in renal cyst epithelium
differs from normal tubular Normal Cyst lifiiivatiirs
epithelium. The cyst epithelium TS Epithelium nepjron
has a higher rate of cellular -
proliferation and is less

differentiated than normal tubular

epithelium (29). In many respects, pe— == = ==
the cyst epithelium resembles the = = - ==
immature  epithelium that is —— = - e
normally present in the developing il = = -
fetal kidney. Thus, there is Eemiei o e e
considerable interest in our = e — - et
laboratory and others in studying i = il L.

the molecular mechanisms of
kidney development since they
may provide insights into the mechanisms of cystogenesis. For example, cyst epithelium
is characterized by high expression of genes such as c-myc, clusterin (SGP-2), Pax-2, and
Cux-1/CDP, which are normally expressed during fetal kidney development but are not
normally expressed in mature tubules (Fig. 5) (30). Conversely, expression of
differentiation markers such as HNF-1 and E-cadherin is inhibited in cyst epithelium.
These results led Jared Grantham to propose the so-called “maturation arrest hypothesis”
of renal cystogenesis (31). According to Grantham, renal cysts can arise from arrested
differentiation of tubular epithelial cells, producing congenital forms of PKD. ADPKD in
adults may arise from “dedifferentiation” of previously terminally differentiated tubular
epithelial cells.

Another prominent feature of the cyst epithelium is an abnormality in cell polarity
(32). Recall that the plasma membrane of epithelial cells in the kidney and other organs
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can be divided into a basolateral membrane (facing the blood) and an apical membrane
(facing the urinary space). The border between the apical and basolateral membranes is
produced by the tight junctions. The apical and basolateral membranes contain distinct
sets of proteins. For example, the Na,K-ATPase (sodium pump) is located only in the
basolateral membrane and not in the apical membrane, whereas sodium channels are
present only in the apical membrane. The maintenance of separate apical and basolateral
plasma membrane domains is absolutely vital for proper functioning of epithelial cells.
For example, vectorial transport of sodium in the collecting duct requires sodium
channels in the apical membrane operating in series with the Na,K-ATPase in the
basolateral membrane. If the proteins were instead randomly distributed in the plasma
membrane, no net transepithelial sodium transport would occur.

Studies first performed by .
Pat Wilson at Mt. Sinai School of [F1& ® Abnormalities of cell polarity in PKD
Medicine have shown that ADPKD
is characterized by an abnormality in

Normal PKD

Tight

cell polarity (Fig. 6) (33). Rather Apical o J""I'“"' Na*

than being located in the basolateral W:VV\N\*NVV‘EW W E\IE{{VV@VAN‘
plasma membrane, as it is in all renal K
tubules, the Na,K-ATPase is instead b
mislocalized in the apical plasma
membrane (of at least some renal

Na*

cysts). Another basolateral ), \__ |/ \ m J\_
membrane protein, the receptor for Basolera 2 3N Na, "
epidermal growth factor (EGF), is receptor

also mislocalized in the apical
membrane. There is not a
generalized defect in cell polarity, since almost all apical membrane proteins are present
where they should be. Rather, there seems to be a specific defect in which certain
basolateral membrane proteins, but not others, are mislocalized in the apical membrane.
The apical mislocalization of the Na,K-ATPase pump may be involved in transforming
renal tubules from a normally absorptive epithelium to a secretory epithelium in which
active secretion of salt and water contributes to cyst expansion. Recent studies provide a
plausible mechanism for how abnormalities in cell polarity may be generated in ADPKD
(see below).

Genetics

The familial nature of PKD was recognized around the turn of the century. Cairns
described vertical transmission of PKD in 1925 and proposed that the disease was
inherited as an autosomal dominant trait (34). Although PKD had been recognized as an
inherited disease for almost a century, it was not until the late 20" century that tools
became available to identify the disease gene. The discovery of the PKD1 gene in 1993 is
a classic example of positional cloning. The steps in positional cloning include linkage
analysis, physical mapping, and identification of the disease gene. Linkage analysis refers
to the analysis of the inheritance of genetic markers in affected families. The goal of
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linkage analysis is to identify genetic markers that segregate with the disease in families
and are therefore closely linked to the disease. Ideally, one would like to identify flanking
genetic markers, one located centromeric to the disease gene and one located telomeric to
the disease gene, so that the disease gene must be located in the intervening DNA
between the two markers. Next, physical mapping is performed in which large pieces of
DNA that contain the genetic markers are assembled. The notion here is that if the
genetic marker and disease are closely linked, then a large piece of DNA containing the
known genetic marker may also contain the unidentified disease gene. Nowadays, this
step has been greatly facilitated by the availability of the complete sequence of the human
genome. The last step is to analyze the sequence of the DNA to identify potential genes
and gene mutations.

The first breakthrough in the genetics of ADPKD occurred in 1985 when Steve
Reeders, then at Oxford, showed that ADPKD was linked to the alpha-globin locus on
human chromosome 16p (35). After Reeders moved to Yale, he and two of his renal
fellows, Greg Germino and Steve Somlo, identified additional genetic markers that were
more closely linked to the disease. Physical mapping of the ADPKD gene region began
in 1988, and by 1992 a long-range physical map of the region had been assembled.
Unfortunately, the region was 600 kb long and rich in genes. Thus, it was difficult to
identify the disease gene by inspection. As frequently happens in positional cloning, the
identification of the disease gene depended on serendipity. The next breakthrough
occurred in 1993 and was reported in Cell in 1994 by Peter Harris and his colleagues at
Oxford (36). They identified a unique family in which a woman with PKD had a son who
developed PKD and a daughter who developed a distinct disorder, tuberous sclerosis.
Cytogenetic analysis of the family revealed that the mother had a balanced translocation
affecting chromosomes 16p and 22. Her son with PKD inherited the same balanced
translocation, whereas her daughter with tuberous sclerosis had an unbalanced
translocation in which the tip of chromosome 16p had been lost. Since the mother and
son had balanced translocations, they carried a normal complement of genes, and it was
hypothesized that their disease was due to the gene that was disrupted by the
translocation. Subsequent cloning revealed that the translocation breakpoint interrupted a
novel gene, which has now been named PKDI. The daughter developed tuberous
sclerosis because the tip of chromosome 16p that was lost contained the TSC2 gene. (The
relationship between the PKD1 and TSC2 genes is discussed in greater detail below.)

The PKD1 gene

The PKDI1 gene is very large, consisting of 46 exons distributed over 50 kb. The
gene encodes a 14.1 kb mRNA that is translated into a protein composed of 4302 amino
acids. The initial analysis of the structure of the PKDI1 gene revealed two striking
features of the gene. The first was that the majority of the PKD1 gene is duplicated
elsewhere on chromosome 16p. The duplicated region involves most of the 5’ end of the
gene extending to exon 26, which is located in the membrane domain. This region is
duplicated at least 2-3 times at more centromeric sites on chromosome 16p. Moreover,
the duplicated genes (termed HG) appear to be expressed as mRNA transcripts and may
also encode proteins. The presence of the gene duplication has hindered mutational
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analysis and may also be involved in the mechanism of mutagenesis via the process of
gene conversion. The gene duplication may be unique to humans, since only a single
copy of the PKD1 gene has been identified in mice. The second unique feature of the
PKD1 gene was the presence of a 2.5 kb microsatellite repeat in intron 21. This
microsatellite, which consists of repeats of the sequence (CCT)n is the longest known
microsatellite repeat in the human genome. Since repeat sequences can predispose to
mutations, the presence of the intron 21 sequence may also contribute to mutagenesis of
the PKD1 gene.

As a consequence of the gene duplication, it has been very difficult to perform
mutational analysis of the PKD1 gene in affected individuals. Since the PKD1 and HG
genes are highly homologous, it was difficult to be certain that one was detecting
mutations of the authentic PKD1 gene rather than a mutation of one of the HG genes. The
conventional approach to identify gene mutations would involve PCR amplification of
the exons followed by SSCP analysis or direct DNA sequencing. Since the duplicated
region includes the exons and introns, it was initially not possible to design PCR primers
that would specifically amplify PKD1 exons rather than HG exons. Thus, most mutations
of the PKD1 gene that have been described are in the 3’ unique region of the gene. More
recently, with the use of long-range PCR and the protein truncation test (PTT), both
Germino’s group at Hopkins and Peter Harris’ group, now at Mayo Clinic, have been
able to identify mutations in the duplicated region of the PKD1 gene (37, 38). The first
noteworthy observation is that many different mutations have been described in different
families. Thus, unlike cystic fibrosis in which a single mutation of CFTR occurs in 70%
of affected individuals, there are many different PKD1 mutations that can cause disease.
Second, the mutations are located throughout the gene. Thus, there is not a hot spot for
mutations. Third, different types of mutations have been observed including splice site,
in-frame and out of frame deletions and insertions, nonsense mutations, and Missense
mutations. The out of frame deletion/insertions and nonsense mutations are very likely to
be inactivating mutations of the gene. Distinguishing missense mutations from
nonpathogenic polymorphisms is more difficult. Since the biological function of
polycystin-1 is not known, there is not a bioassay that could be performed to test the
effects of mutations on polycystin-1 function. Nevertheless, missense mutations that
affect highly conserved amino acids, e.g., cysteine residues in the PKD repeats, are also
very likely to be relevant disease mutations. Mutations have now been found in the
amino-terminal extracellular domain of polycystin-1, highlighting the possible
importance of this region possibly as a receptor (see below).

The PKD2 gene

The second PKD gene, PKD2, was cloned by Steve Somlo, then at Albert
Einstein (39). While he was a nephrology fellow in Steve Reeder’s laboratory, Somlo
mapped the PKD2 locus to human chromosome 4. He then pursued conventional physical
mapping and narrowed down the disease interval. After the PKD1 gene was identified, he
searched the critical interval for a homologous gene, reasoning that the genes might be
similar since the disease phenotypes were nearly identical. He identified a gene that was
roughly 25% homologous to a region of PKD1. The gene, named PKD2, encodes a 5.3
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kb mRNA that is translated into a protein consisting of 968 amino acids. Mutational
analysis revealed that affected patients were heterozygous for inactivating mutations of
the gene. Like PKD1, mutations of PKD2 are located throughout the gene. The PKD2
gene is not duplicated, which has simplified the mutational analysis.

Polycystins

The proteins encoded by the PKD1 and PKD2 genes define a new family of
proteins, named the polycystins, which play important roles in biological processes
ranging from fertilization to ion translocation to vesicle transport (40-43). Polycystin-1,
the product of the PKD1 gene, is a huge protein containing 4302 amino acids with a
molecular weight of about 500,000 daltons (44, 45). Fig. 7 shows a schematic diagram of
the predicted structure of polycystin-1. The protein is an integral plasma membrane
protein containing 11 transmembrane segments. The carboxyl-terminus is cytoplasmic
and has been shown to interact with a number of cellular proteins, including cadherins,
etc. The most distinctive aspect of the protein is the large, extracellular amino-terminal
domain, which contains many distinct protein motifs including leucine-rich repeats, C-
type lectin domain, a WSC domain, and 16 immunoglobin-like domains, called PKD
repeats. Many of these motifs are involved in protein-protein or protein-carbohydrate
interactions, raising the possibility that polycystin-1 may function as a receptor for an as
yet unidentified ligand. Nearer
the membrane, there is a region |Fig.7  Siructure of polycystin-1 and -2
of homology to a sea urchin egg
receptor protein and a potential
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Polycystin-1 is widely expressed in many tissues, including the kidney, brain,
heart, bone, muscle, etc. (46). Within the kidney, polycystin-1 is found on the basolateral
plasma membrane of tubular epithelial cells, especially collecting ducts. In immature
tubules, expression is primarily on the basal membrane in focal adhesions that represent
sites of cell-matrix interaction, whereas in mature tubules expression is primarily in the
lateral membrane at sites of cell-cell contact. The function of polycystin-1 was not
immediately apparent from its structure, but its sites of expression suggested that it might
be a receptor involved in cell-cell or cell-matrix interactions. In addition to the kidney,
polycystin-1 is expressed in many tissues, consistent with the sites of involvement in
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ADPKD. Polycystin-1 is expressed in smooth muscle cells in blood vessels, biliary tract
epithelium, pancreas, and colonic smooth muscle cells.

Polycystin-2 is a much smaller protein of 968 amino acids that is also predicted to
be an integral membrane protein (39). Polycystin-2 contains six transmembrane segments
and amino- and carboxyl-termini that are both predicted to be intracellular (Fig. 7). The
six transmembrane segments of polycystin-2 are similar to six of the 11 transmembrane
segments of polycystin-1. Importantly, polycystin-2 is similar in structure to known
channel proteins that are involved in transport of calcium and sodium. This observation
suggested that polycystin-2 might function as an ion channel. Polycystin-2 is also widely
expressed in many tissues, particularly the kidney, heart, ovary, testis, vascular smooth
muscle, and small intestine (47). In the kidney, polycystin-2 is coexpressed with
polycystin-1 in tubular epithelial cells. However, the subcellular localization of
polycystin-2 may be somewhat different from polycystin-1 (48). Whereas polycystin-1 is
primarily expressed in the basolateral cell membrane, polycystin-2 appears to be most
highly expressed in the endoplasmic reticulum (49). Like polycystin-1, polycystin-2 is
expressed in a number of extrarenal tissues that are involved in ADPKD including the
heart, vascular smooth muscle, etc.

Since the original cloning of polycystin-1 and polycystin-2, homologous proteins
that belong to the polycystin family have been identified in species ranging from sea
urchin to roundworm to mice and humans. Although the biological functions of
polycystin-1 and polycystin-2 are still not fully understood, three major hints to their
functions have been provided by studies of these homologous proteins. These studies also
illustrate how basic research in seemingly unrelated areas can have a major impact on the
understanding of human disease.

Hint #1. Fertilization

Polycystin-1 is similar in structure to the egg jelly receptor, a protein that is
important in the fertilization of the egg by sperm. Prior to fertilization, sperm must
penetrate a layer of extracellular matrix that surrounds the plasma membrane of the egg.
To facilitate this penetration,
sperm that contact the matrix
undergo a process known as

Fig. 8 Polycystin-1 is homologous

to the sea urchin egg jelly

the acrosome reaction. The receptor (REJ)
acrosome reaction represents a

f ex is in which L
form of exocytosis in which a o 7 jgand —

large vesicle contained in the
sperm head fuses with the
plasma membrane of the sperm
and releases its contents into
the surrounding extracellular
medium. The vesicle contains
enzymes that hydrolyze the
matrix surrounding the egg and

Polycystin-1
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permit the sperm to penetrate the matrix. Once the sperm reaches the egg plasma
membrane it fuses and releases its DNA. The acrosome reaction is a critical step in
fertilization and has been extensively investigated. These studies have revealed that the
reaction is triggered by the interaction of a glycoprotein ligand in the egg jelly with a
receptor in the plasma membrane of the sperm head. Ligand binding results in activation
of an ion channel that permits the influx of calcium from the extracellular medium into
the interior of the sperm. The spike in intracellular calcium concentration triggers
exocytosis. It is not yet known whether the calcium channel activity and the receptor
activity are mediated by the same protein or by different proteins. Recently, the egg jelly
receptor from sea urchin sperm was cloned and found to be homologous to polycystin-1
(Fig. 8) (50). The extracellular domain of polycystin-1 contains C-type lectin domains,
which bind carbohydrates, as well as a domain near the membrane that is homologous to
the sea urchin egg jelly receptor. These studies suggest that polycystin-1 may also
function as a receptor for an extracellular ligand, and that receptor activation might result
in activation of calcium influx.

Hint #2. Calcium channels

The structure of polycystin-2 suggested that it might function as a cation channel.
Two homologues of polycystin-2 have been identified in mammals, polycystin-L. and
polycystin-L2 (51-53) (Fig. 9). Neither protein is linked to ADPKD. However, when
polycystin-L. was expressed in Xenopus oocytes, it was found to conduct cations,
including calcium (54). Polycystin-2 and polycystin-L share structural features with other
voltage-activated calcium and sodium channels, as well as the transient receptor potential
(TRP) channels. TRP channels are store-operated calcium channels that are activated in
response to intracellular store depletion. Despite these similarities, it was initially not
possible to identify channel activity on the plasma membrane of cells expressing
polycystin-2. A major clue was provided by the realization that most of the polycystin-2
protein is present in the endoplasmic reticulum and therefore was not accessible to study
from the plasma membrane. More recently, using a technique known as planar lipid
bilayers, it has been possible to shown that polycystin-2 also functions as a calcium
channel (55). Another major finding was that polycystin-2 directly interacts with
polycystin-1. As  discussed
previously, both proteins are Calcium channels
frequently found in the same Ca?* (Na, K¥)
cells, including kidney tubule
cells. Studies have shown that
the carboxyl-terminal domains
of polycystin-1 and polycystin- Polycystin-L
2 interact through a structure Chr4 Chr 10624
known as a coiled-coil (in
polycystin-1) (56, 57).
Moreover, co-expression of
polycystin-1 with polycystin-2 %
results in the appearance of A e TRP (SOC)
calcium channels on the

Fig. 9
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plasma membrane of the cell (58). Taken together, these results suggest that polycystin-1
and polycystin-2 can assemble together to form a functional ion channel on the plasma
membrane. The observation that the proteins interact functionally in the same pathway
explains why mutations of either gene produce diseases with identical phenotypes.

Hint #3. Mucolipidosis, type IV

A third hint to the function of polycystins was provided from an unexpected
source, a lysosomal storage disease known as mucolipidosis, type IV. Mucolipidosis IV
is an autosomal recessive disorder that is characterized by corneal clouding and
psychomotor retardation. It is particularly prevalent among Ashkenazi Jews. Most
lysosomal storage diseases are due to the deficiency of the enzymes that are required for
digestion of lysosomal contents. However, in mucolipidosis IV the defect is in vesicle
trafficking affecting late stages of endocytosis (59). As a result, lipids and proteins
accumulate in lysosomes. Recently, the mucolipidosis IV gene was cloned and was found
to encode a protein homologous to polycystin-2 named mucolipin-1 [Bargal, 2000 #3099;
Bassi, 2000 #3100; (60)]. The counterpart of mucolipidin-1 in the roundworm (Cup-5)
has been shown to be required for vesicle transport (61). Taken together, these studies
suggest that polycystins are calcium channels that are involved in vesicle transport.

The exocyst

How do abnormalities
in vesicle transport produce the
abnormalities that are observed
in cystic epithelium, such as
the abnormalities in cell
polarity? It turns out that the
trafficking of proteins to the
basolateral membrane depends
on vesicle transport. In the
apical border of the lateral
membrane, near the cadherin-
based adherens junctions, there
is a structure known as the
exocyst. First discovered in
yeast by Peter Novick’s group
at Yale, the exocyst is a multiprotein complex that is involved in exocytosis. Studies from
James Nelson’s laboratory at Stanford have shown that in polarized epithelia, such as
renal tubular epithelium, the exocyst is critical for formation of the basolateral membrane
(62). The exocyst is thought to represent a “targeting patch” for fusion of vesicles
containing proteins and lipids that are destined for the basolateral membrane. It does not
appear to be involved in apical membrane trafficking. In PKD, the exocyst is severely
inhibited (63). Taken together, these studies suggest a model for polycystin-1/2 function
that is shown in Fig. 10 (64). In mature tubular epithelial cells, polycystin-1 is localized
to the apical border of the lateral membrane, in a complex with E-cadherin and adjacent

Fig. 10

The Exocyst
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to the exocyst (65). Polycystin-2 is colocalized with polycystin-1 in the plasma
membrane or resides in the subjacent endoplasmic reticulum. Activation of polycystin-1,
perhaps via cell-cell contact or binding of an unidentified extracellular ligand, results in
activation of polycystin-2 through protein-protein interaction. Together (and perhaps
individually as well), polycystin-1/2 form an ion channel that when activated permits the
entry of calcium (from the cell exterior or the interior of the endoplasmic reticulum). The
local rise in calcium concentration permits vesicles containing basolateral membrane
proteins to fuse with the exocyst and enter the basolateral membrane. In ADPKD,
mutations of polycystin-1 or polycystin-2 block exocytosis to the basolateral membrane.
Proteins such as the Na,K-ATPase pump and the EGF receptor that are normally targeted
to the basolateral membrane end up instead in the apical membrane (there is always some
transport to the apical membrane, but normally it is overwhelmed by the basolateral
transport). The aberrant protein targeting lead to abnormalities in transepithelial transport
(secretion instead of absorption) and abnormal cell growth (via activation of the EGF
receptor).

ADPKD is a focal disease

A seminal study was performed by Luc Baert who obtained kidneys from young
adults with ADPKD at an early stage of disease (66). He microdissected complete
nephrons from the kidneys to identify the source and extent of the cysts. Cysts arose from
the tubular portion of the nephron as well as the renal collecting system. Moreover,
although all cells of the nephron presumably carried the same germline mutation, only a
few cysts arose per nephron. Many nephrons were dissected that appeared completely
normal. Therefore, ADPKD is a focal disease that affects only a small minority of cells in
the kidney, even though all cells carry the mutated gene.

I would now like to discuss the mechanism by which mutations of PKD1 and
PKD2 cause disease. ADPKD is an autosomal dominant trait. Thus, affected individuals
carry both a mutant and wild-type allele. Why is the wild-type allele unable to
compensate for the mutant allele? As for any autosomal dominant disease, three
mechanisms have been proposed. The first is haploinsufficiency. Most genes (except
those that are imprinted or on the X chromosome) are expressed from both alleles. Thus,
to a first approximation, inactivating mutations of one allele might result in a 50%
reduction of the gene product, which could result in disease, particularly if the gene
encodes a structural protein. The second mechanism is dominant-negative mutants. The
mutant allele may encode a protein that interferes with the function of the normal protein
encoded by the wild-type allele. The third possibility is that the mutations are actually
recessive at the cellular level. In this mechanism, a mutant allele of, say PKDI, is
inherited from an affected parent and a wild-type allele is inherited from the unaffected
parent. During somatic life, i.e., after the zygote stage, the wild-type allele undergoes a
somatic mutation. Consequently, the cells in which this second hit have occurred (and all
progeny cells) will be homozygous for PKD1 mutations. Complete loss of PKDI1 then
leads to cyst formation. This situation is very analogous to Knudson’s two-hit hypothesis
of tumorigenesis. Fig. 11 (middle panel) shows the cells of an affected individual who
has inherited one mutant allele from one parent and a normal allele from the unaffected
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Recent studies have provided evidence favoring a two-hit model of cystogenesis
in ADPKD (67). However, it is important to stress that the two other possibilities have
not been excluded, and in fact, multiple mechanisms may be involved. Evidence for a
cellular recessive model includes the following: 1) Renal cysts are clonal, consistent with
their origin from a single cell undergoing a somatic mutation (68). 2) Two studies have
shown that renal cysts exhibit loss of heterozygosity. Reduction to homozygosity is due
to loss of the wild-type allele (68, 69). 3) Somatic mutations have been detected in cyst
epithelium in both kidney and liver (68, 70-72). 4) A prediction of the model is that
homozygous mutations of PKD1 and PKD2 would be more deleterious than
heterozygous mutations. Indeed, no humans with homozygous mutations of either PKD1
or PKD2 have been observed, presumably because homozygosity is embryonic lethal.

Lessons from animal models

The PKD1 and PKD2 genes exist in the mouse genome. Knockout mice that lack
one or both copies of the Pkd1 and Pkd2 genes have been created (73-77). Heterozygous
mice do not develop cysts in the kidney or liver until late in life, whereas homozygous
null mutant mice are embryonic lethal and develop severely cystic kidneys in utero.
Kidney development in mice begins at 11.5 d.p.c. and proceeds normally until 14.5 d.p.c.
Glomerular cysts first appear at 15.5 d.p.c., and by birth, the kidneys are massively
replaced with cysts. Marker studies reveal that the cysts arise from all segments of the
nephron and the renal collecting system. These results demonstrate that loss of Pkd2 or
Pkd1 causes renal cysts.
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Further evidence for the two-hit model comes from a unique strain of mice
carrying a recombinigenic Pkd2 allele (called WS25) (73). The WS25 allele normally
produces wild-type polycystin-2 protein. However, during somatic life and at a certain
low frequency, a rearrangement occurs at the locus producing a null allele. Fig. 12 shows
that mice that carry the
‘?IYeS 2k5i dﬂi‘;leaizviligsrcﬁit:iéz i 1Iidult Plalawazs- mi.ce develop renal and
adult life. This phenotype is hepatic cysts
identical to humans with i,

ADPKD.  Immunostaining
with an  antibody to
polycystin-2  demonstrated
staining in tubules but no
expression of polycystin-2 in
the cyst epithelium. This
result indicates polycystin-2
expression is lost in cyst
epithelium and  strongly
supports the two-hit
hypothesis.  WS25  mice
represent the most authentic
animal model of human ADPKD established to date.

Studies of human ADPKD have also revealed loss of polycystin expression in
cyst epithelium. However, only a fraction of cysts have absent expression (78). In many
cysts, expression of polycystin is detected. Although it is possible that the second hits
represent missense mutations that may not affect protein production, there may be other
explanations for continued polycystin expression. Recently, it has been shown that cysts
can exhibit trans-heterozygosity. That is, individuals that carry a germline mutation of
PKD1 can acquire a second hit that involves the other PKD gene, PKD2 (79).
Conversely, individuals carrying germline mutations of PKD2 can have cysts in which
there are somatic mutations of PKD1 (80). These results suggest that haploinsufficiency
of both PKD1 and PKD2 produces cysts. Trans-heterozygosity would explain why
polycystin protein is still detectable in some cysts, since one allele of each gene is still
expressed.

Tuberous sclerosis

Another situation in which polycystin expression is maintained in renal cysts is
tuberous sclerosis (78, 81). Tuberous sclerosis is an autosomal dominant disorder
characterized by benign hamartomas in multiple tissues, including the kidney, heart,
brain, retina, liver, lung, bones, and skin. Clinical findings include hypopigmented
macules, facial angiofibromas, cardiac rhabdomyomas, and cortical tubers and
subependymal glial nodules in the brain (82). Seizures and mental retardation are
common. The characteristic renal lesion is the angiomyolipoma, which is a benign tumor
containing disorganized vascular, muscle, and adipose elements. Two genes that cause
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tuberous sclerosis have been
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shown that patients with TSC and early-onset PKD carried a chromosomal deletion that
disrupted both the TSC2 gene and the adjacent PKD1 gene (Fig. 13) (86). This is a
classic example of a contiguous gene deletion syndrome. Why should deletion of the
adjacent TSC2 gene produce more severe disease than deletion of the PKD1 gene by
itself? The answer may be found in a recent study suggesting that tuberin is required for
the membrane localization of polycystin-1 (87). Cheryl Walker at Texas A&M has
investigated the Eker rat, a rodent model of tuberous sclerosis carrying mutations of
Tsc2. These studies have shown that Tsc2 heterozygous mutants develop PKD in
adulthood due to second hits at the Tsc2 locus. Examination of cell lines that are deficient
in the Tsc2 gene product, tuberin, revealed unexpectedly that polycystin-1 was
mislocalized in the cells. In wild-type cells, polycystin-1 was localized appropriately in
the basolateral membrane. However, in Tsc2 mutant cells, polycystin-1 was absent from
the plasma membrane and instead accumulated in the golgi. These results demonstrate
that tuberin is required for the transport of polycystin-1 to the plasma membrane.
Therefore, humans or animals
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a mutation of the other PKD gene, resulting in trans-heterozygosity. Alternatively,
germline or acquired mutations of both PKD1 and TSC2 can also cause cyst formation.
The fact that compound mutations of PKD1 and PKD2 can cause disease suggests that
the mechanism in these cells may be haploinsufficiency, in which decreased expression
of two proteins in a common signaling pathway reaches a threshold that blocks signal
transduction.

The EGF receptor is a novel target for therapy of PKD

Do the studies on the pathogenesis of PKD provide any opportunities for new
treatments for the disease? One possible therapeutic target is the EGF receptor. As
discussed above, one feature of polycystic kidney disease in both humans and mice is
apical mislocalization of the EGF receptor. Activation of the mislocalized receptor by the
high concentrations of TGF-a and EGF that are present in cyst fluid may contribute to
cellular proliferation, which is a hallmark of the disease (see above). Recent studies in
animal models provide compelling evidence for the role of EGF receptor activation in
PKD. Transgenic mice that overexpress the EGF receptor ligand TGF-a develop renal
cysts (88). In an elegant experiment performed by Ellis Avner and colleagues, mice with
autosomal recessive PKD were mated with mice that carried a mutation of the EGF
receptor (89). Mice that inherited both the PKD gene and the mutant EGF receptor
exhibited less cyst formation than mutant mice that expressed the wild-type receptor.
Based on the very promising results of targeted inhibition of the bcr/abl tyrosine kinase in
the treatment of chronic myelogenous leukemia, there has been considerable interest in
tyrosine kinase inhibitors that specifically inhibit the EGF receptor as possible therapies
for PKD and carcinomas. EKI-785 is a small compound that irreversibly inactivates the
EGF receptor by covalently binding to the ATP binding domain of the tyrosine kinase
domain (90). Since receptor autophosphorylation is essential for activation, this
compound blocks EGF receptor signaling. Fig. 15 shows that administration of EKI-785
to mice with PKD markedly inhibited cyst formation (91). Importantly, azotemia was
prevented, and the lifespan of the animals was prolonged. These studies and others
suggest that inhibition of
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Summary

In this review, we have seen the enormous progress since 1994 in understanding
the pathogenesis of ADPKD, a common genetic disease of man since antiquity. The
studies have identified a new protein family, the polycystins, which are involved in
numerous biological processes including fertilization, ion translocation, and vesicle
transport. Diseases that involve polycystins include lysosomal storage diseases and
tuberous sclerosis as well as ADPKD. No effective therapy for ADPKD exists currently,
but promising strategies are on the horizon, including EGF receptor blockade. The studies
of ADPKD also illustrate how basic research in seemingly unrelated areas can converge
to help us understand an important human disease.
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