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An increased understanding of the genetic, molecu-

lar and cellular mechanisms responsible for the

development of polycystic kidney disease has laid

out the foundation for the development of rational

therapies. Many animal models where these therap-

ies can be tested are currently available. This

review summarizes the rationale for these treat-

ments, the results of preclinical trials and the pros-

pects for clinical trials, some already in early

phases of implementation.
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antagonists.

Introduction

Autosomal dominant polycystic kidney disease (ADP-

KD) and autosomal recessive polycystic kidney dis-

ease (ARPKD) are important causes of end-stage renal

disease (ESRD), morbidity and mortality in children

and adults. ADPKD has two disease loci, PKD1 and

PKD2 [1–5] that encode the membrane glycoproteins,

polycystin-1 and -2 (PC1 and PC2). The C-terminal

tail of PC1 interacts with the corresponding region of

PC2, G proteins and proteins tethering to the cytoske-

leton [6–12]. PC2 is a Ca2+ permeable channel [13,

14]. ARPKD has one disease locus PKHD1 [15–17].

The PKHD1-encoded protein, fibrocystin (FC), is also

a membrane glycoprotein that may interact with the

PCs and also regulate [Ca2+]i (Fig. 1).

Despite different patterns of inheritance, clinical pres-

entation and typical appearance of the kidneys, ADP-

KD and ARPKD have some similarities. Very early

presentations of ADPKD may be indistinguishable

from typical ARPKD, whilst the radiological appear-

ance of ARPKD kidneys at later stages may resemble

that of ADPKD kidneys. Both diseases are caused by

mutations in proteins located in primary cilia [18–21]

and both are characterized by increased rates of tubu-

lar epithelial proliferation and apoptosis. Whilst there

is general agreement that the cysts in ARPKD derive

from collecting ducts, the cysts in ADPKD may arise

from all segments of the nephron and collecting ducts.

Microdissection studies of ADPKD kidneys in the

1960s and 1970s, however, suggested that collecting

ducts are diffusely enlarged and that collecting duct

cysts are more numerous and larger than those

derived from other tubular segments [22–24]. Studies

of kidneys from ADPKD patients have found that

most cysts at least 1 mm in diameter stain positively

for collecting duct markers [25, 26]. Studies of viable

Pkd1 or Pkd2 models with postnatal development of

cystic disease have shown that most cysts originate

from the collecting ducts and distal nephron [27–29].

Cultured epithelial cells from human ADPKD cysts

exhibit a much larger cAMP response to 1-deamino-

8-d-arginine vasopressin (DDAVP) and vasopressin
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than to parathyroid hormone, consistent with a col-

lecting duct origin [30]. A renal concentrating defect

is a feature common to human ADPKD and ARPKD

and animal models of PKD. This concentration defect

is unique, because, contrary to other forms of nephro-

genic diabetes insipidus, it occurs despite over-expres-

sion of vasopressin V2 receptor and aquaporin 2

(AQP2) [31–34].

Autosomal dominant polycystic kidney disease and

ARPKD have both been considered to be recessive

disorders at a cellular level, with two germline muta-

tions in ARPKD or one germline and one somatic

mutation in ADPKD. Complete inactivation of both

alleles results in a severe phenotype in each case;

perinatal death in human ARPKD and embryonic

lethality in Pkd1 and Pkd2 mouse knockouts. In most

cases of ARPKD, however, less than complete inacti-

vation of both alleles may produce a phenotype [28,

35–39]. Two recently generated mouse models homo-

zygous for a Pkd1 hypomorphic allele have shown

that a somatic second hit is not always required for

cystogenesis in ADPKD [28, 29]. Both models pro-

vide evidence that diminished expression of native

PC1 below a certain threshold is sufficient to induce

renal cystic disease. This threshold may be different

for various phenotypic manifestations of the disease.

In the vascular smooth muscle, reduction of the PC2

level to 50% of normal results in significant altera-

tions in [Ca2+]i and cAMP, increased rates of cell pro-

liferation and apoptosis, increased contractility and

increased susceptibility of the vasculature to hemody-

namic stress [37, 40]. A Pkd2 haploinsufficient state

cannot mediate optimal smooth muscle contractility in

Drosophila [38]. A 50% PC1 reduction in HEK 293

or MDCK cells by anti-sense oligodeoxynucleotides

Fig. 1 Diagram of the autosomal dominant polycystic kidney disease proteins, polycystin-1 and 2 and the autosomal recessive
polycystic kidney disease protein, fibrocystin. The protein motifs and domains found in these proteins are described in the key.
The cleavage site in the GP5 domain of polycystin-1 is arrowed.

V. E. Torres & P. C. Harris | 3rd Key Symposium: Treatment prospects for PKD

18 ª 2007 Blackwell Publishing Ltd Journal of Internal Medicine 261; 17–31



induces cell proliferation and premature G1/S-phase

transition [39]. Recently, Pkd2 haploinsufficiency has

been associated with an increased rate of cell prolifer-

ation in noncystic tubules of Pkd2+/- mice [41].

Currently there is no effective therapy for ADPKD or

ARPKD. The availability of animal models genetic-

ally related to these diseases provides unique oppor-

tunities to further the understanding of cystogenesis

and develop effective treatments. This article summar-

izes these recent advances and prospects for novel

therapies.

Animal models of polycystic kidney disease

Numerous rodent genetic models of polycystic kidney

disease are currently available (Tables 1 and 2). Some

arose from spontaneous mutations, others by random

mutagenesis, transgenic technologies or gene-specific

targeting. These models have been helpful in the iden-

tification of disease-causing and modifier genes and

elucidation of pathogenic mechanisms. Several of

them, particularly the cpk, bpk, orpk, pcy, and

Pkd2WS25/) mice and the Han:SPRD and PCK rats

have been used to test potential therapies (Table 3).

The ideal model for this purpose should be genetic-

ally orthologous and reproduce the typical phenotype

of human ADPKD or ARPKD. Few, if any, fully

meet these requirements. The cpk and bpk mice, that

resemble infantile ARPKD, are caused by mutations

in Cys1 and Bicc1, genes not known to be associated

to human pathology [42]. The Han:SPRD heterozy-

gous rat, frequently used as a model of ADPKD, is

characterized by cysts from proximal tubules that do

not resemble human ADPKD [43]. The PCK rat, a

model caused by a mutation in the ARPKD gene or-

tholog Pkhd1, has a slow progressive phenotype with

features of ADPKD and ARPKD [44]. The pcy

mouse, caused by a mutation in Nphp3, orthologous

to the gene mutated in adolescent nephronophthisis,

has a slow progressive phenotype that resembles

ADPKD [45].

Mice with heterozygous Pkd1 or Pkd2 mutations are

often normal or have very few cysts (Table 2). The

double heterozygote Pkd2)/WS25 mouse with one null
and one unstable allele (WS25), unlike heterozygotes

of Pkd1 or Pkd2 knockouts, reliably develops renal

cysts within 3 months. Three new Pkd1 models with

postnatal development of polycystic kidney disease

Table 1 Rodent models of polycystic kidney disease

Model Inheritance Renal pathology Progression Extrarenal pathology Gene Protein Human homologue

Mouse

Cpk ARa PT fi CD Rapid BDb, Pb Cys1 Cystin ?

Bpk AR PT fi CD Rapid BD Bicc1 Bicaudal C ?

Jcpk AD/AR GI/all tubules Slow/rapid BD Bicc1 Bicaudal C ?

Orpk AR PT fi CD Rapid BD, PD TgN737 Polaris ?

inv AR PT fi CD Rapid BA, P, SI Invs inv NPH2

pcy AR CD, nephron Slow ICA Nphp3 Nephrocystin-3 NPH3

jck AR C, OM Slow – Nek8 Nek8 ?

kat, kat2J AR GI, PT Slow FD, MS, HC, An Nek1 Nek1 ?

Rat

cy AD/AR PT Slow Lc Pkdr1 SamCystin ?

wpk AR PT fi CD Rapid HC Mks3 Meckelin MKS3

pck AR CD, DN Slow BD Pkhd1 Fibrocystin PKHD1

See text for references or available on demand. aFocal dilatation of bile ducts in old heterozygotes. bIn DBA/2J background. cLiver cysts in
old females. AR, autosomal recessive; AD, autosomal dominant; PT, proximal tubule; CD, collecting duct; Gl, glomeruli; C, cortex; OM,
outer medulla; DN, distal nephron; BD, biliary dysgenesis; P, pancreatic cysts or fibrosis; PD, polydactyl; BA, biliary atresia; SI, situs inver-
sus; ICA, intracranial aneurysm; FD, facial dysmorphism; MS, male sterility; HC, hydrocephalus; An, anaemia.
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have been recently reported. The Pkd1nl is a hypo-

morphic allele caused by the insertion of a neomycin

cassette into intron 1 that yields only 13–20% nor-

mally spliced Pkd1 transcript [28]. Homozygous

Pkd1nl mice develop polycystic kidney disease of

variable severity, some dying at 1 month of age with

massively enlarged kidneys, whilst others with less

severe cystic disease survive to 1 year of age. The

variability of the phenotype may limit its usefulness

for therapeutic trials. The Pkd1L3 is another hypomor-

phic allele caused by the introduction of a loxP site

and a loxP-flanked mc1-neo cassette into introns 30

and 34 of the Pkd1 locus that interferes with the tran-

scription and/or splicing machinery and results in a

low expression of PC1 [29]. The kidneys of homozy-

gous Pkd1L3 mice appeared normal at birth, became

cystic and enlarged rapidly during the first 30 days,

and gradually decreased in volume afterwards, a

course that resembles ARPKD more than ADPKD. A

Pkd1 mouse line with a floxed allele develops renal

and hepatic cysts when crossed to animals expressing

Cre or FLPe recombinase [46]. The described renal

Table 3 Effectiveness of therapeutic interventions in animal models of polycystic kidney disease

Rats Mice

Han:SPRD PCK orpk bpk cpk pcy Pkd2)/WS25 Pkd1)/)

Protein restriction Yes – – – – Yes – –

Soy-based protein Yes – – – – Yes – –

Flax seed Yes – – – – – – –

Betaine No – – – – – – –

Bicarbonate/citrate Yes No – – – No No –

Amiloride Yes No – – – – – –

Acetazolamide Yes No – – – – – –

Probucol – – – – – Yes – –

Vitamin E No – – – – – – –

Paclitaxel No – No – Yes No – –

Methylprednisolone Yes – – – – Yes – –

Batimastat Yes – – – – – – –

Lovastatin Yes – – – – – – –

PRARc agonist – Yes – – – – – Yes

ARB Yes No – – – – – –

ACEI Yes No – – – – – –

c-myc antisense – – – – Yes – – –

EGF – – – Yesa Yesa – – –

EGFR TK inhibitor Yes No – Yes – – – –

ErbB2 TK inhibitor – Yes – Yes – – – –b

TACE – – – Yes – – – –

c-Src inhibitor – Yes – Yes – – – –

MEK inhibitor – – – – – Yes – –

Rapamycin Yes – Yesc Yes – – – –

V2R antagonist – Yes – – Yes Yes Yes –

See text for references or available on demand. Cysts are mostly of proximal tubular origin in the Han:SPRD rat and of distal/collecting duct
origin in the other animal models. aOnly when administered in the first week. bInhibits collecting duct dilatation in Pkd1+/) mice. cIn the orpk
rescue mouse model.
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phenotype with the promoters used so far is very mild

and not optimal to test experimental therapies.

At present, the pcy and Pkd2)/WS25 mice and the PCK

rat appear to be the animal models best suited to test

experimental therapies. Given the inherent limitations

of available models and animal studies, it seems pru-

dent to confirm observed benefits from experimental

therapies in several models before considering clinical

trials.

A common cystogenic pathway involving
[Ca2+]i homeostasis

There is general agreement that PC1 and PC2 physic-

ally interact and that PC2 is a Ca2+ channel that may

be regulated by PC1 [13, 14, 47–49]. Whilst PC1 and

possibly a small fraction of PC2 are in the plasma

membrane, the majority of PC2 appears to be located

in the endoplasmic reticulum. The interaction between

PC1 and PC2 may occur at the plasma membrane,

Fig. 2 Diagram depicting the hypothetical downstream effects of disrupting the polycystin pathway. In response to mechanical
stimulation of the primary cilium, the polycystin-1/2 complex mediates Ca2+ entry into the cell which triggers Ca2+-induced
Ca2+ release from the endoplasmic reticulum (ER). Polycystin-2 is also an intracellular Ca2+ channel that is required for the
normal pattern of [Ca2+]i responses to agonist stimulation of Gq-coupled receptors. Polycystin-2 physically interacts with
TRPC1 and contributes to store operated Ca2+ channel (SOC) activity. The cellular content of cAMP is determined by the bal-
ance between activities of synthesizing adenylyl cyclases (AC) and catabolizing cAMP phosphodiesterases (PDE) that hydro-
lyse cAMP to biologically inactive noncyclic 5¢-AMP. AC6 is the predominant AC in collecting duct principal cells. AC6 is
stimulated by the a-subunit of heteromeric G-proteins (Gas). It is inhibited by Gai and by Ca2+. PDE1 in collecting duct prin-
cipal cells is activated by Ca2+/calmodulin at Ca2+ concentrations achieved in response to agonist stimulation. Under conditions
of relative Ca2+ deprivation cAMP stimulates ERK signalling in a protein kinase A (PKA), Src, Ras, and B-Raf dependent
manner. Increased expression, mislocalization and activation of ErbB receptors may also contribute to ERK activation. Phos-
phorylation of tuberin by ERK may result in dissociation of tuberin and hamartin and activation of Rheb and mTOR.
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between adjacent plasma membrane and endoplasmic

reticulum (similar to the conformational coupling of

transient receptor potential channels and IP3 recep-

tors) or at both sites. Recent studies have focused on

the localization of the PC complex in primary cilia

and on its role in mediating Ca2+ fluxes in response

to mechanical stimulation (Fig. 2). Cells isolated from

mice that lack functional PC1 do not show the normal

Ca2+ influx in response to physiological fluid flow

[50]. It has been suggested that cells with only one

PKD germline mutation are capable to sense luminal

fluid shear similar to wild-type cells.

The contribution of the PCs to the regulation of

[Ca2+]i homeostasis likely extends beyond cilia. Over-

expression of PC2 in LLPCK cells amplifies the Ca2+

release from intracellular stores in response to agonist

stimulation [48]. A Pkd2 haploinsufficient state (i.e.

PC2 content half of normal) is sufficient to signifi-

cantly reduce capacitative Ca2+ entry, sarcoplasmic

reticulum Ca2+ stores and [Ca2+]i in vascular smooth

muscle cells [37]. Reduced PC1 and PC2 levels are

accompanied by blunted [Ca2+]i responses to platelet

activating factor in unciliated B-lymphoblastoid cells

isolated from ADPKD patients with PKD1 or PKD2

mutations [35]. Loss of PC2 localization to the mito-

tic spindles by knockdown of interacting mDia1 pro-

tein blunts agonist-evoked increases of [Ca2+]i in

dividing cells that lack cilia [36]. [Ca2+]i is reduced

in cyst-derived primary-cultured cells form PKD1

kidneys [51] and in collecting ducts isolated from

Pkd1+/) mice (O. Devuyst, personal communication).

Compared with normal renal epithelial cells, which

exhibit a well polarized mostly reabsorptive pheno-

type, very low rates of proliferation and apoptosis,

and growth inhibition by cAMP, cyst-derived epithe-

lial cells are characterized by abnormal targeting (e.g.

apical localization of EGFR) and/or expression (e.g.

overexpression of vasopressin V2 receptor) of recep-

tors, predominantly secretory phenotype, increased

rates of proliferation and apoptosis, and a proliferative

response to cAMP. As lowering [Ca2+]i in wildtype

renal epithelial cells reproduces the altered prolifera-

tive response of the cyst-derived cells, whilst addition

of Ca2+ to cyst-derived cells inhibits the mitogenic

response to cAMP, it seems likely that the dysregula-

tion of the [Ca2+]i homeostasis caused by mutations

in the PCs or FC is responsible for this phenotypic

switch [51, 52]. The underlying mechanisms have not

been fully elucidated but likely involve the crosstalk

of signalling pathways downstream from hormone

and growth factor receptors controlling proliferation

and survival.

Hormones bind to receptors on the plasma membrane

coupled to heterotrimeric G proteins (GPCRs), com-

posed of an a subunit with high affinity for guanine

nucleotides and a tightly linked b and c subunit

dimer. When agonist binds to the receptor, GDP is

released from the a subunit and replaced with GTP.

This results in dissociation of the a subunit from the

bc dimer, which are free to interact with effectors.

Intrinsic GTPase hydrolyses the bound GTP to GDP,

allowing reassociation of the a and bc subunits. G-

proteins are classified by their a-subunits into Gs, Gi,

Gq and G12/13 subfamilies. Gas proteins stimulate

and Gai proteins inhibit adenylyl cyclases (Fig. 2).

Gaq proteins stimulate phosphatidylinositol-specific

phospholipases, leading to increased levels of intracel-

lular Ca2+ and activation of protein kinase C. Ga12/
13 proteins regulate Rho and cytoskeletal architecture.

Growth factors bind to and induce dimerization and

autophosphorylation of tyrosine kinase receptors

(TKR) with generation of docking sites for signalling

molecules, such as Ras and phosphatidylinositol-3-

kinase (PI3K). Mitogen-activated protein kinase/extra-

cellularly regulated kinase (MAPK/ERK) signalling

cascades, containing three protein kinases acting in

series [MAP kinase kinase kinases (MAPKKK), MAP

kinase kinases (MAPKKs/MEKs) and MAP kinases

(MAPKs/ERKs)], link Ras to cell proliferation. In the

MAPK subfamily ERK1/2, Raf serine/threonine pro-

tein kinases (A-Raf, B-Raf, and C-Raf or Raf-1) func-

tion as MAPKKK [53]. Activated ERKs translocate

to the nucleus and phosphorylate transcription factors

that promote proliferation.

An increased renal accumulation of cAMP is a com-

mon feature to most, if not all models of this disease

[31, 32, 54]. A number of mechanisms may be

responsible (Fig. 2). PC1 may act as a Gi-protein-cou-
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pled receptor [11]. A reduction in [Ca2+]i could stimu-

late Ca2+ inhibitable AC6 [55–58] and/or inhibit Ca2+

dependent PDE1 [59–61]. AC6 is the main AC iso-

form and PDE1, along with PDE4, is the main PDE

isoform in the collecting duct principal cells. Some

PDE4 isozymes are phosphorylated and inhibited by

ERK2 [62], which is known to be activated in PKD.

Upregulation of the vasopressin V2 receptor, consis-

tently found in animal models of PKD (cpk, pcy,

Pkd2)/WS25, and HNF1b knockout mice and PCK rat)

[31–34] may play a role. A urinary concentration

defect, a feature common to animal models and to

human ADPKD and ARPKD, could increase the

secretion of vasopressin, the main hormonal modula-

tor of adenylyl cyclase activity in the collecting duct

principal cells. Increased plasma vasopressin levels

have been reported in ADPKD patients and in animal

models of polycystic kidney disease (Refs [63, 64]

and V. H. Gattone, personal communication). Vaso-

pressin binds to two GPCRs (V2 and V1a) in princi-

pal cells. Binding to the Gs-coupled V2 receptor

activates AC6, increases intracellular cAMP levels

and activates PKA. Binding to the Gq-coupled V1a

receptors stimulates phospholipase C, phosphoinosi-

tide hydrolysis and Ca2+ release from the endoplasmic

reticulum, and may limit the V2-induced effects on

water permeability [65].

There is also evidence for Ras/MAPK activation in

polycystic kidney disease [66–70]. Apical expression

and activation of the EGFR and ErbB2 receptors may

contribute to this activation [71, 72]. Altered [Ca2+]i
can also cause Ras activation (e.g. inhibition of the

Ras GTPase activating protein CAPRI by reduced

[Ca2+]i), but evidence for this at present is lacking.

Cyclic AMP, which is increased in polycystic kidneys,

can either stimulate or inhibit MAPK/ERK signalling

and cell proliferation depending on cell type and con-

text [73–76]. The expression of B-Raf may play a

key role in determining these effects. The B-Raf gene

encodes multiple protein isoforms, with two main

bands on Western blotting, a full-length 95-kDa and a

truncated 68-kDa isoform that lacks the amino acids

encoded by exons 1 and 2. Cells with high relative

expression of 95 kDa B-Raf proliferate, whereas cells

not expressing B-Raf or expressing only the short iso-

form are inhibited by cAMP [77–79]. The relative

expression of these two isoforms depends on cell type

and cellular density (predominantly 95 kDa isoform

in subconfluent cells and 68 kDa in confluent cells).

Prolonged incubation of wild-type principal cells in a

low Ca2+ medium or in the presence of Ca2+ channel

blockers increases 95 kDa B-Raf and allows cAMP

activation of a B-Raf/ERK pathway in a PKA-, Src-

and Ras-dependent manner [52]. This likely accounts

for the stimulatory effect of cAMP on MAPK/ERK

signalling, which can be reversed by Ca2+ ionophores

or channel activators [80–82].

Additional pathways by which extracellular cues

detected by the PC complex (including flow) may be

transmitted to the nucleus have been proposed

(reviewed in Ref. [83]). These include canonical and

noncanonical Wnt, JAK/STAT and NFAT pathways. A

cleavage event in the GPS domain, separating the

extracellular region from the transmembrane part of

the protein, may be important for activation of PC1

[84]. It has also been proposed that PC1 may activate

transcription directly by cleavage at different sites and

translocation of the C-terminal fragments to the nuc-

leus, a process found in other transmembrane proteins

and that may be regulated by flow [85, 86]. The role

of these pathways in the pathogenesis of PKD

remains to be better defined.

Treatment trials in animal models

Evolving insights into the molecular mechanisms of

polycystic kidney disease have provided the rationale

for preclinical trials in animal models of the disease

[87]. Those published as full manuscripts or in abstract

form are summarized in Table 3. Technical considera-

tions, such as the requirement for a highly selective,

efficient, and durable gene transfer to somatic cells,

safety issues, and the observation that overexpression

of PKD1 results in a cystic phenotype cast doubt on

the feasibility of gene therapy, at least for ADPKD in

the foreseeable future. Treatments directed at reducing

the rate of mutations (e.g. antioxidants) are based on

the assumption that somatic mutations are important

after birth. Low protein diets may help by lowering oxy-

gen consumption, generation of oxygen-free radicals
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and renal ammoniagenesis. Other dietary interventions,

such as soy-based and flax seed diets, may have a

beneficial effect by reducing arachidonic acid and

PGE2 synthesis. Lovastatin, angiotensin-converting

enzyme (ACE) inhibitors and angiotensin II receptor

blockers have a moderate protective effect in some

animal models and are frequently used for the treat-

ment of hyperlipidaemia and hypertension in ADPKD.

The prominent role of epithelial cell proliferation has

stimulated trials of antiproliferative agents, such as

taxanes and c-myc antisense with satisfactory results

only in certain animal models. PPARc agonists are

protective in two animal models, but their mech-

anism of action is not known. EGFR tyrosine kinase

inhibitors, mTOR inhibitors, vasopressin V2 receptor

antagonists and octreotide are currently the therapies

best supported by preclinical studies and more likely

to enter clinical trials.

ErbB receptor tyrosine kinase inhibitors

The Erb-B family of receptors is comprised of four

members: ErbB 1 (Epidermal Growth Factor Receptor

or EGFR), 2, 3 and 4. These receptors and their lig-

ands (EGF, TGFa, amphiregulin and heparin-binding

EGF) are important for cell proliferation and differen-

tiation during development. On binding of a ligand,

ErbB receptors dimerize and undergo autophosphory-

lation of tyrosine residues in the intracellular domain.

This creates binding sites for signalling molecules

leading to the activation of the Ras/MAP kinase sig-

nalling pathway and a proliferative response. ErbB re-

ceptors frequently form heterodimers. EGFR/ErbB2

heterodimerization has been shown to reduce EGFR

complex internalization by endocytosis and contribute

to its hyperactivity. Increased levels and activation of

EGFR and ErbB2 have been reported in several

human malignancies including renal cell carcinoma.

Evidence from a number of laboratories suggests that

EGFR, ErbB2 and their ligands promote tubular epi-

thelial cell proliferation and contribute to cyst forma-

tion. Although the renal expression of EGF is down

regulated in cpk and pcy [88–90] mice and in

Han:SPRD rats [91], the expression of TGFa, amphi-

regulin and heparin-binding EGF are increased in

proximal tubules of models of rapidly progressive

recessive disease [92, 93]. EGFR and Erb-B2 (an

EGFR-related tyrosine kinase receptor) are over-

expressed, mislocalized to the apical membrane and

capable of binding EGF and initiating a signalling

cascade that results in cell proliferation [71, 94–96]. It

has been suggested that increased shedding of growth

factors ‘upstream’ into the urine could exert prolifera-

tive effects distally on abnormal collecting tubule epi-

thelia. Renal cyst fluids from ADPKD, ARPKD, and

murine and rat models of polycystic kidney disease

contain EGF-like peptides in mitogenic concentrations

[97–99]. Combined immunoprecipitation of EGF and

TGFa abolishes most of the mitogenic activity. EGF

and TGFa are cystogenic in vitro [100–102]. Trans-

genic over-expression of TGFa [103] or Erb-B2 [104]

induce renal cyst development in mice. Expression of

TGF-a as a transgene accelerates the progression of

polycystic kidney disease in pcy mice [71]. Genetic

and/or pharmacological (EKI-785, EKB-569) inhibi-

tion of EGFR tyrosine kinase activity in vitro and/or

in vivo markedly inhibit the development of cystic

disease [105, 106] in the bpk and orpk mice, two

models of rapidly progressive recessive disease. The

protective effect is more moderate in the Han:SPRD

rat [107]. A selective Erb-B2 tyrosine kinase inhibitor

(HKI-272) inhibits cystogenesis in the PCK rat [108],

whereas EGFR tyrosine kinase inhibitors have been

ineffective [109], possibly because EGFR is not over-

expressed in the kidneys of this animal model. The

administration of an Erb-B2 tyrosine kinase inhibitor

(AG825) to Pkd1+/) mice has been reported to reduce

cystic expansion as determined by stereological meas-

urement of collecting tubule diameters [110].

Other small molecules targeting kinases activated

downstream from ErbB have also been effective.

PD184352, a MAPKK/MEK inhibitor, had a protect-

ive effect in pcy mice. WY-606, a Src inhibitor, inhib-

ited cystogenesis in bpk mice and PCK rats [111].

The therapeutic potential of ErbB and other kinase

inhibitors in the treatment of PKD deserves further

consideration. Whether these compounds can be

safely and effectively administered over decades, as it

would be required for the treatment of this disease,

remains an important question.
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mTOR inhibitors

Tuberous sclerosis is a disease caused by mutations in

one of two genes, TSC1 and TSC2 encoding for ha-

martin and tuberin. TSC2 is adjacent to PKD1.
Patients with the contiguous PKD1-TSC2 gene syn-

drome exhibit a more severe form of polycystic kid-

ney disease than those with ADPKD alone [112].

This observation suggests a convergence of signalling

pathways downstream from PC1 and tuberin. Hamar-

tin and tuberin physically interact and together func-

tion as a GTPase activating protein that maintains

Rheb (Ras homologue enriched in the brain) in an

inactive GDP bound state and inhibit downstream sig-

nalling from Rheb via mTOR (target of rapamycin).

Phosphorylation of tuberin by ERK causes dissoci-

ation from hamartin and activation of Rheb and

mTOR and may explained the activation of mTOR

observed in polycystic kidneys [113]. Tuberin has

also been shown to interact with PC1 and may be

important for its targeting to the plasma membrane

[114, 115]. Studies in three rodent models of PKD

have shown that rapamycin significantly retarded the

rate of cyst expansion and protected renal function

[115–117]. These observations have led to clinical tri-

als of rapamycin and everolimus in ADPKD, now in

early phases of implementation [118].

Vasopressin V2 antagonists

The vasopressin effect (via V2 receptors) on adenylyl

cyclase in principal cells, the collecting duct origin of

cysts in ADPKD, ARPKD and nephronophthisis, and

the cystogenic effect of cAMP provided a strong ration-

ale for preclinical trials of vasopressin V2 receptor

(VPV2R) antagonists. Encouraging results with the

VPV2R antagonist OPC31260 were initially reported

in the cpk mouse, a murine model of rapidly progres-

sive PKD [33]. Subsequent studies showed that OPC-

31260 lowered renal cAMP and markedly inhibited dis-

ease development and progression in the three animal

models orthologous to human PKD (PCK rat, ARPKD;

pcy mouse, adolescent nephronophthisis; Pkd2WS25/)

mouse, ADPKD). As OPC-31260 is a weak antagonist

of the human VPV2R, additional studies were per-

formed to determine whether tolvaptan (OPC-41061), a

potent and selective human vasopressin V2 receptor

antagonist [119], is also capable of inhibiting the devel-

opment of PKD. Tolvaptan, like OPC-31260, signifi-

cantly lowered the renal cAMP levels, kidney weights,

cyst and fibrosis volumes, and mitotic and apoptotic

indices and inhibited Ras and ERK activation. As pre-

viously observed with OPC-31260, the administration

of tolvaptan did not inhibit the development of fibro-

polycystic liver disease, consistent with the absence of

vasopressin V2 receptors in the liver. A recent study

has shown that high water intake by itself also exerts a

protective effect on the development of polycystic kid-

ney disease in PCK rats likely resulting from the sup-

pression of vasopressin.

The renal selectivity (V2 receptor expression restric-

ted to collecting duct principal cells and endothelial

cells) and apparent safety of these drugs in preclinical

and clinical studies (for disorders of water retention,

such as congestive heart failure and cirrhosis) makes

them attractive for clinical trial in ADPKD. Prelimin-

ary results of phase II clinical trials have shown that

tolvaptan can be administered safely to and is well

tolerated by patients with ADPKD and a phase III

clinical trial is scheduled to start later this year.

Octreotide

Somatostatin is a cyclic 14 amino acid peptide secreted

by pancreatic islets (D cells), gastrointestinal tract, ner-

vous system and thyroid gland. There are five known

somatostatin receptor subtypes named sst1 to sst5. The

sst2 receptor is a Gi-coupled receptor present in both

renal tubular epithelial cells and cholangiocytes. It

inhibits cAMP generation in Madin–Darby canine kid-

ney (MDCK) cells and in microdissected rat medullary

and cortical collecting ducts and to antagonize the

effects of vasopressin in the toad urinary bladder and

dog collecting dugs in a manner consistent with inhibi-

tion of basal and hormone-stimulated adenyl cyclase.

Furthermore, it inhibits chloride secretion in the shark

rectal gland in a way suggesting inhibition of adenylcy-

clase and of post-cAMP events, as well as an inhibition

of secretion stimulated by agents that do not generate

cAMP. Based on these observations and the described

effects of cAMP on cell proliferation and fluid secretion
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in polycystic kidneys, a small randomized, cross-over,

placebo controlled trial with a long-acting somatostatin

analogue (Octreotide-LAR) was performed and found

to be effective in slowing renal volume expansion

measured by CT [120].

Somatostatin sst2 receptors are also present and somat-

ostatin and its analogues have been shown to inhibit

elevated cAMP levels and to decrease fluid secretion

and cell proliferation in cholangiocytes. To confirm the

preliminary observations on renal growth in this small

ADPKD clinical trial and to test whether somatostatin

may also be effective in the treatment of polycystic

liver disease, a recent study in PCK rats has assessed

the effects of octreotide on cAMP levels and the rate of

cyst growth and expansion in isolated bile ducts in vitro

and on hepatic and renal cyst formation in vivo [121].

Octreotide markedly reduced the cAMP levels and pre-

vented the cystic expansion of bile ducts in a 3-D cul-

ture system. The administration of octreotide in vivo

significantly lowered cAMP levels in bile ducts and in

serum and significantly reduced liver and kidney

weights, cyst volumes and fibrosis. These observations

provide a strong rationale for further consideration of

somatostatin analogues in the treatment of polycystic

kidney and liver disease, particularly considering that

this class of drugs is already being used for long-term

treatment of multiple endocrine tumours with modest

side effects.

Clinical trials

In planning for clinical trials for ADPKD, the utiliza-

tion of renal function as the primary outcome measure

immediately becomes an issue. Decades of normal

renal function, despite progressive enlargement and

cystic transformation of the kidneys, characterize the

natural history of ADPKD. By the time the GFR starts

to decline, the kidneys are markedly enlarged, distorted

and unlikely to benefit from any potential treatment. On

the other hand, early interventional trials would require

unrealistic periods of follow-up if renal function were

to be used as the primary outcome measure.

To address this problem the NIH funded a Consor-

tium for Radiologic Imaging Studies of PKD (CRISP)

to validate surrogate markers of disease progression

[122]. The results of this longitudinal study of 241

patients that included magnetic resonance (MR) meas-

urements of total kidney and cyst volumes and meas-

urements of GFR have been recently published. The

results of this study indicate that the kidneys grow in

nearly all the patients, but the rate of growth varies

markedly from patient to patient. The study also

shows that the rate of renal growth is a good predictor

of functional decline and justifies the utilization of

kidney volume as a surrogate marker of disease pro-

gression. A number of clinical trials are currently

using kidney volume as the primary outcome meas-

ure.

HALT-PKD is a large clinical trial sponsored by the

NIH to ascertain the value of optimizing renin-angio-

tensin blockade is currently on going. It consists of

two studies, study A in patients with CKD stage 1 or

2 and study B in patients with CKD stage 3. Study A

has a two by two design and compares ACE inhibi-

tors alone versus ACE inhibitors and ARBs and two

levels of blood pressure control. The primary outcome

is change in kidney volume measured by MR. Study

B compares ACE inhibition and combined ACE inhi-

bition and angiotensin blockade. The primary out-

come measure is doubling of serum creatinine, ESRD

or death. Because of the importance of hypertension

and cardiovascular morbidity and mortality in ADP-

KD, secondary outcome measures of HALT include

LV mass and RBF measured by MR.

Other ADPKD clinical trials, now ongoing or in early

phases of implementation (tolvaptan, octreotide, siroli-

mus and everolimus) are also using kidney volumes

as primary outcome measures.
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23 Heggö O. A microdissection study of cystic disease of the kid-

neys in adults. J Pathol Bacteriol 1966; 91: 311–5.

24 Baert L. Hereditary polycystic kidney disease (adult form): a

microdissection study of two cases at an early stage of the dis-

ease. Kidney Int 1978; 13: 519–25.

25 Verani RR, Silva FG. Histogenesis of the renal cysts in adult

(autosomal dominant) polycystic kidney disease: a histochemi-

cal study. Mod Pathol 1988; 1: 457–63.

26 Devuyst O, Burrow CR, Schwiebert EM, Guggino WB, Wil-

son PD. Developmental regulation of CFTR expression during

human nephrogenesis. Am J Physiol 1996; 271: F723–35.

27 Wu G, D’Agati V, Cai Y et al. Somatic inactivation of PKD2

results in polycystic kidney disease. Cell 1998; 93: 177–88.

28 Lantinga-van Leeuwen IS, Dauwerse JG, Baelde HJ et al.

Lowering of Pkd1 expression is sufficient to cause polycystic

kidney disease. Hum Mol Genet 2004; 13: 3069–77.

29 Jiang ST, Chiou YY, Wang E et al. Defining a link with auto-

somal-dominant polycystic kidney disease in mice with con-

genitally low expression of Pkd1. Am J Pathol 2006; 168:

205–20.

30 Belibi FA, Reif G, Wallace DP et al. Cyclic AMP promotes

growth and secretion in human polycystic kidney epithelial

cells. Kidney Int 2004; 66: 964–73.

31 Torres VE, Wang X, Qian Q, Somlo S, Harris PC, Gattone VH.

Effective treatment of an orthologous model of autosomal dom-

inant polycystic kidney disease. Nat Med 2004; 10: 363–4.

32 Gattone VH, Wang X, Harris PC, Torres VE. Inhibition of

renal cystic disease development and progression by a vaso-

pressin V2 receptor antagonist. Nat Med 2003; 9: 1323–6.

33 Gattone VH, Maser RL, Tian C, Rosenberg JM, Branden MG.

Developmental expression of urine concentration-associated

genes and their altered expression in murine infantile-type

polycystic kidney disease. Dev Genet 1999; 24: 309–18.

34 Gresh L, Fischer E, Reimann A et al. A transcriptional net-

work in polycystic kidney disease. EMBO J 2004; 23: 1657–

68.

35 Aguiari G, Banzi M, Gessi S et al. Deficiency of polycystin-2

reduces Ca2+ channel activity and cell proliferation in ADPKD

lymphoblastoid cells. FASEB J 2004; 18: 884–6.

36 Rundle DR, Gorbsky G, Tsiokas L. PKD2 interacts and

co-localizes with mDial1 to mitotic spindles of dividing cells.

J Biol Chem 2004; 279: 29728–39.

37 Qian Q, Hunter LW, Li M et al. Pkd2 haploinsufficiency alters

intracellular calcium in vascular smooth muscle cells. Hum

Mol Genet 2003; 12: 1875–80.

V. E. Torres & P. C. Harris | 3rd Key Symposium: Treatment prospects for PKD

28 ª 2007 Blackwell Publishing Ltd Journal of Internal Medicine 261; 17–31



38 Gao Z, Joseph E, Ruden DM, Lu X. Drosophila Pkd2 is hap-

loid-insufficient for mediating optimal smooth muscle contrac-

tility. J Biol Chem 2004; 279: 14225–31.

39 Kim H, Bae Y, Jeong W, Ahn C, Kang S. Depletion of PKD1

by an antisense oligodeoxynucleotide induces premature G1/S-

phase transition. Eur J Hum Genet 2004; 12: 433–40.

40 Qian Q, Hunter L, Du H, Ren Q et al. Pkd2+/- vascular

smooth muscles develop exaggerated vasocontraction in

response to phenylephrine stimulation. JASN 2006 (in press).

41 Chang MY, Parker E, Ibrahim S et al. Haploinsufficiency of

Pkd2 is associated with increased tubular cell proliferation and

interstitial fibrosis in two murine Pkd2 models. Nephrol Dial

Transplant 2006; 21: 2078–84.

42 Hou X, Mrug M, Lefkowitz E et al. Cystin, a novel cilial-

associated protein, is disrupted in the cpk mouse model of poly-

cystic kidney disease. J Am Soc Nephrol 2002; 109: 533–40.

43 Cowley B Jr, Gudapaty S, Kraybill A et al. Autosomal domin-

ant polycystic kidney disease in the rat. Kidney Int 1993; 43:

522–34.

44 Lager DJ, Qian Q, Bengal RJ, Ishibashi M, Torres VE. The

pck rat: a new model that resembles human autosomal domin-

ant polycystic kidney and liver disease. Kidney Int 2001; 59:

126–36.

45 Olbrich H, Fliegauf M, Hoefele J et al. Mutations in a novel

gene, NPHP3, cause adolescent nephronophthisis, tapeto-ret-

inal degeneration and hepatic fibrosis. Nat Genet 2003; 34:

455–9.

46 Piontek KB, Huso DL, Grinberg A et al. A functional floxed

allele of Pkd1 that can be conditionally inactivated in vivo.

J Am Soc Nephrol 2004; 15: 3035–43.

47 Gonzalez-Perrett S, Kim K, Ibarra C et al. Polycystin-2, the

protein mutated in autosomal dominant polycystic kidney

disease (ADPKD), is a Ca2+-permeable non-selective cation

channel. Proc Natl Acad Sci USA 2001; 98: 1182–7.

48 Koulen P, Cai Y, Geng L et al. Polycystin-2 is an intracellular

calcium release channel. Nat Cell Biol 2002; 4: 191–7.

49 Vassilev PM, Guo L, Chen XZ et al. Polycystin-2 is a novel

cation channel implicated in defective intracellular Ca2+ home-

ostasis in polycystic kidney disease. Biochem Biophys Res

Commun 2001; 282: 341–50.

50 Nauli SM, Alenghat FJ, Luo Y et al. Polycystins 1 and 2

mediate mechanosensation in the primary cilium of kidney

cells. Nat Genet 2003; 33: 129–37.

51 Yamaguchi T, Hempson SJ, Reif GA, Hedge AM, Wallace DP.

Calcium restores a normal proliferation phenotype in human

polycystic kidney disease epithelial cells. J Am Soc Nephrol

2006; 17: 178–87.

52 Yamaguchi T, Wallace DP, Magenheimer BS, Hempson SJ,

Grantham JJ, Calvet JP. Calcium restriction allows cAMP acti-

vation of the B-Raf/ERK pathway, switching cells to a cAMP-

dependent growth-stimulated phenotype. J Biol Chem; 2004:

40419–30.

53 Chong H, Vikis HG, Guan KL. Mechanisms of regulating the

Raf kinase family. Cell Signal 2003; 15: 463–9.

54 Yamaguchi T, Nagao S, Kasahara M, Takahashi H, Grantham

J. Renal accumulation and excretion of cyclic adenosine mono-

phosphate in a murine model of slowly progressive polycystic

kidney disease. Am J Kidney Dis 1997; 30: 703–9.

55 Chabardes D, Imbert-Teboul M, Elalouf JM. Functional prop-

erties of Ca2+-inhibitable type 5 and type 6 adenylyl cyclases

and role of Ca2+ increase in the inhibition of intracellular

cAMP content. Cell Signal 1999; 11: 651–63.

56 Guillou JL, Nakata H, Cooper DM. Inhibition by calcium of

mammalian adenylyl cyclases. J Biol Chem 1999; 274: 35539–

45.

57 Chiono M, Mahey R, Tate G, Cooper DM. Capacitative Ca2+

entry exclusively inhibits cAMP synthesis in C6–2B glioma

cells. Evidence that physiologically evoked Ca2+ entry regu-

lates Ca2+-inhibitable adenylyl cyclase in non-excitable cells.

J Biol Chem 1995; 270: 1149–55.

58 Helies-Toussaint C, Aarab L, Gasc J-M, Verbavatz J-M, Cha-

bardes D. Cellular localization of type 5 and type 6 ACs in

collecting duct and regulation of cAMP synthesis. Am J Phys-

iol Renal Physiol 2000; 279: F185–94.

59 Kakkar R, Raju RV, Sharma RK. Calmodulin-dependent cyclic

nucleotide phosphodiesterase (PDE1). Cell Mol Life Sci 1999;

55: 1164–86.

60 Sonnenburg WK, Rybalkin SD, Bornfeldt KE, Kwak KS, Ry-

balkina IG, Beavo JA. Identification, quantitation, and cellular

localization of PDE1 calmodulin-stimulated cyclic nucleotide

phosphodiesterases. Methods 1998; 14: 3–19.

61 Ang KL, Antoni FA. Reciprocal regulation of calcium depend-

ent and calcium independent cyclic AMP hydrolysis by protein

phosphorylation. J Neurochem 2002; 81: 422–33.

62 Houslay MD, Baillie GS. The role of ERK2 docking and

phosphorylation of PDE4 cAMP phosphodiesterase isoforms

in mediating cross-talk between the cAMP and ERK signal-

ling pathways. Biochem Soc Trans 2003; 31: 1186–90.

63 Seeman T, Dusek J, Vondrak K et al. Renal concentrating

capacity is linked to blood pressure in children with autosomal

dominant polycystic kidney disease. Physiol Res 2004; 53:

629–34.

64 Danielsen H, Pedersen EB, Nielsen AH, Herlevsen P, Korn-

erup HJ, Posborg V. Expansion of extracellular volume in

early polycystic kidney disease. Acta Med Scand 1986; 219:

399–405.

65 Tashima Y, Kohda Y, Nonoguchi H et al. Intranephron local-

ization and regulation of the V1A vasopressin receptor during

chronic metabolic acidosis and dehydration in rats. Pflugers

Arch 2001; 442: 652–61.

66 Cowley BD Jr, Chadwick LJ, Grantham JJ, Calvet JP. Elevated

proto-oncogene expression in polycystic kidneys of the

C57BL/6J (cpk) mouse. J Am Soc Nephrol 1991; 1: 1048–53.

67 Nagao S, Yamaguchi T, Kusaka M et al. Renal activation of

extracellular signal-regulated kinase in rats with autosomal-

dominant polycystic kidney disease. Kidney Int 2003; 63: 427–37.

68 Sorenson CM, Sheibani N. Sustained activation of MAPK/

ERKs signaling pathway in cystic kidneys from bcl-2 -/- mice.

Am J Physiol Renal Physiol 2002; 283: F1085–90.

69 Gilbert E, Morel A, Tulliez M et al. In vivo effects of acti-

vated H-ras oncogene expressed in the liver and in urogenital

tissues. Int J Cancer 1997; 73: 749–56.

V. E. Torres & P. C. Harris | 3rd Key Symposium: Treatment prospects for PKD

ª 2007 Blackwell Publishing Ltd Journal of Internal Medicine 261; 17–31 29



70 Schaffner DL, Barrios R, Massey C et al. Targeting of the

rasT24 oncogene to the proximal convoluted tubules in trans-

genic mice results in hyperplasia and polycystic kidneys. Am J

Pathol 1993; 142: 1051–60.

71 Sweeney W Jr, Avner E. Functional activity of epidermal

growth factor receptors in autosomal recessive polycystic kid-

ney disease. Am J Physiol 1998; 275: F387–F94.

72 Richards FM, Webster AR, McMahon R, Woodward ER, Rose

S, Maher ER. Molecular genetic analysis of von Hippel-Lindau

disease. J Intern Med 1998; 243: 527–33.

73 Cass LA, Summers SA, Prendergast GV, Backer JM,

Birnbaum MJ, Meinkoth JL. Protein kinase A-dependent and

-independent signaling pathways contribute to cyclic AMP-

stimulated proliferation. Mol Cell Biol 1999; 19: 5882–91.

74 Dugan LL, Kim JS, Zhang Y et al. Differential effects of

cAMP in neurons and astrocytes. Role of B-raf. J Biol Chem

1999; 274: 25842–8.

75 Qiu W, Zhuang S, von Lintig FC, Boss GR, Pilz RB. Cell

type-specific regulation of B-Raf kinase by cAMP and 14–3-3

proteins. J Biol Chem 2000; 275: 31921–9.

76 Pearson GW, Cobb MH. Cell condition-dependent regulation

of ERK5 by cAMP. J Biol Chem 2002; 277: 48094–8.

77 Takahashi H, Honma M, Miyauchi Y, Nakamura S, Ishida-

Yamamoto A, Iizuka H. Cyclic AMP differentially regulates

cell proliferation of normal human keratinocytes through ERK

activation depending on the expression pattern of B-Raf. Arch

Dermatol Res 2004; 296: 74–82.

78 Fujita T, Meguro T, Fukuyama R, Nakamuta H, Koida M.

New signaling pathway for parathyroid hormone and cyclic

AMP action on extracellular-regulated kinase and cell prolifer-

ation in bone cells. Checkpoint of modulation by cyclic AMP.

J Biol Chem 2002; 277: 22191–200.

79 Kip SN, Hunter LW, Ren Q et al. [Ca2+]i reduction increases

cellular proliferation and apoptosis in vascular smooth muscle

cells: Relevance to the ADPKD phenotype. Circ Res 2005; 96:

873–80.

80 Yamaguchi T, Pelling J, Ramaswamy N et al. cAMP stimu-

lates the in vitro proliferation of renal cyst epithelial cells by

activating the extracellular signal-regulated kinase pathway.

Kidney Int 2000; 57: 1460–71.

81 Hanaoka K, Guggino W. cAMP regulates cell proliferation

and cyst formation in autosomal polycystic kidney disease

cells. J Am Soc Nephrol 2000; 11: 1179–87.

82 Yamaguchi T, Nagao S, Wallace DP et al. Cyclic AMP acti-

vates B-Raf and ERK in cyst epithelial cells from autosomal-

dominant polycystic kidneys. Kidney Int 2003; 63: 1983–94.

83 Torres VE, Harris PC. Mechanisms of disease: autosomal dom-

inant and recessive polycystic kidney diseases. Nat Clin Pract

Nephrol 2006; 2: 40–54.

84 Qian F, Boletta A, Bhunia AK et al. Cleavage of polycystin-1

requires the receptor for egg jelly domain and is disrupted by

human autosomal-dominant polycystic kidney disease 1-associ-

ated mutations. Proc Natl Acad Sci USA 2002; 99: 16981–6.

85 Chauvet V, Tian X, Husson H et al. Mechanical stimuli induce

cleavage and nuclear translocation of the polycystin-1 C termi-

nus. J Clin Invest 2004; 114: 1433–43.

86 Low SH, Vasanth S, Larson CH et al. Polycystin-1, STAT6,

and P100 function in a pathway that transduces ciliary

mechanosensation and is activated in polycystic kidney dis-

ease. Dev Cell 2006; 10: 57–69.

87 Qian Q, Harris PC, Torres VE. Treatment prospects for auto-

somal dominant polycystic kidney disease. Kidney Int 2001;

59: 2005–22.

88 Gattone VI. Defective epidermal growth factor gene expression in

mice with polycystic kidney disease.Dev Biol 1990; 138: 225–30.

89 Horikoshi S, Kubota S, Martin G, Yamada Y, Klotman P.

Epidermal growth factor (EGF) expression in the congenital

polycystic mouse kidney. Kidney Int 1991; 39: 57–62.

90 Nakamura T, Ebihara I, Nagaoka I et al. Growth factor gene

expression in kidney of murine polycystic kidney disease.

J Am Soc Nephrol 1993; 3: 1378–86.

91 Cowley BJ, Rupp J. Abnormal expression of epidermal growth

factor and sulfated glycoprotein SGP-2 messenger RNA in a

rat model of autosomal dominant polycystic kidney disease.

J Am Soc Nephrol 1995; 6: 1679–81.

92 Klingel R, Dippold W, Storkel S, Meyer zum Buschenfelde K,

Kohler H. Expression of differentiation antigens and growth-

related genes in normal kidney, autosomal dominant polycystic

kidney disease, and renal cell carcinoma. Am J Kidney Dis

1992; 19: 22–30.

93 Lee D, Chan K, Chan S. Expression of transforming growth

factor a and epidermal growth factor receptor in adult poly-

cystic kidney disease. J Urol 1998; 159: 291–6.

94 Du J, Wilson P. Abnormal polarization of EGF receptors and

autocrine stimulation of cyst epithelial growth in human ADP-

KD. Am J Physiol 1995; 269: C487–C95.

95 Orellana S, Sweeney W, Neff C, Avner E. Epidermal growth

factor receptor expression is abnormal in murine polycystic

kidney. Kidney Int 1995; 47: 490–9.

96 Nakanishi K, Sweeney W Jr, Avner ED. Segment-specific

c-ErbB2 expression in human autosomal recessive polycystic

kidney disease. J Am Soc Nephrol 2001; 12: 379–84.

97 Munemura C, Uemasu J, Kawasaki H. Epidermal growth

factor and endothelin in cyst fluid from autosomal dominant

polycystic kidney disease cases: possible evidence of hetero-

geneity in cystogenesis. Am J Kidney Dis 1994; 24: 561–8.

98 Moskowitz D, Bonar S, Liu W, Sirgi C, Marcus M, Clayman

R. Epidermal growth factor precursor is present in a variety of

human renal cyst fluids. J Urol 1995; 153: 578–83.

99 Lakshmanan J, Eysselein V. Hereditary error in epidermal

growth factor prohormone metabolism in a rat model of auto-

somal dominant polycystic kidney disease. Biochem Biophys

Res Commun 1993; 197: 1083–93.

100 Neufeld T, Douglass D, Grant M et al. In vitro formation and

expansion of cysts derived from human renal cortex epithelial

cells. Kidney Int 1992; 41: 1222–36.

101 Pugh J, Sweeney WJ, Avner E. Tyrosine kinase activity of the

EGF receptor in murine metanephric organ culture. Kidney Int

1995; 47: 774–81.

102 Sweeney W, Futey L, Frost P, Avner E. In vitro modulation of

cyst formation by a novel tyrosine kinase inhibitor. Kidney Int

1999; 56: 406–13.

V. E. Torres & P. C. Harris | 3rd Key Symposium: Treatment prospects for PKD

30 ª 2007 Blackwell Publishing Ltd Journal of Internal Medicine 261; 17–31



103 Lowden D, Lindermann G, Merlino G, Barash B, Calvet J,

Gattone V II. Renal cysts in transgenic mice expressing trans-

forming growth factor-a. J Lab Clin Med 1994; 124: 386–94.

104 Stocklin E, Botteri F, Groner B. An activated allele of the

c-erbB-2 oncogene impairs kidney and lung function and causes

early death of transgenic mice. J Cell Biol 1993; 122: 199–208.

105 Richards W, Sweeney W, Yoder B, Wilkinson J, Woychik R,

Avner E. Epidermal growth factor receptor activity mediates

renal cyst formation in polycystic kidney disease. J Clin Invest

1998; 101: 935–9.

106 Sweeney WE Jr, Chen Y, Nakanish K, Frost P, Avner ED.

Treatment of polycystic kidney disease with a novel tyrosine

kinase inhibitor. Kidney Int 2000; 57: 33–40.

107 Torres VE, Sweeney WE Jr, Wang X et al. EGF receptor tyro-

sine kinase inhibition attenuates the development of PKD in

Han:SPRD rats. Kidney Int 2003; 64: 1573–9.

108 Sweeney E, Donohoe DL, Avner ED. Inhibition of ErbB2

decreases c-SRC activity and ameliorates renal and biliary cys-

tic abnormalities in the PCK rat. JASN 2005; 16: 225A.

109 Torres VE, Sweeney WE Jr, Wang X et al. Epidermal growth

factor receptor tyrosine kinase inhibition is not protective in

PCK rats. Kidney Int 2004; 66: 1766–73.

110 Wilson SJ, Amsler K, Hyink DP et al. Inhibition of HER-

2(neu/ErbB2) restores normal function and structure to poly-

cystic kidney disease (PKD) epithelia. Biochim Biophys Acta

2006; 1762: 647–55.

111 Sweeney WE, Avner ED. Molecular and cellular pathophysiol-

ogy of HRPKD. Cell Tissue Res 2006; 10 June (Epub ahead

of print).

112 Sampson JR, Maheshwar MM, Aspinwall R et al. Renal cystic

disease in tuberous sclerosis: the role of the polycystic kidney

disease 1 gene. Am J Hum Genet 1997; 61: 843–51.

113 Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi PP.

Phosphorylation and functional inactivation of TSC2 by Erk

implications for tuberous sclerosis and cancer pathogenesis.

Cell 2005; 121: 179–93.

114 Kleymenova E, Ibraghimov-Beskrovnaya O, Kugoh H et al.

Tuberin-dependent membrane localization of polycystin-1: a

functional link between polycystic kidney disease and the

TSC2 tumor suppressor gene. Mol Cell 2001; 7: 823–32.

115 Shillingford JM, Murcia NS, Larson CH et al. The mTOR

pathway is regulated by polycystin-1, and its inhibition

reverses renal cystogenesis in polycystic kidney disease. Proc

Natl Acad Sci USA 2006; 103: 5466–71.

116 Tao Y, Kim J, Schrier RW, Edelstein CL. Rapamycin markedly

slows disease progression in a rat model of polycystic kidney

disease. J Am Soc Nephrol 2005; 16: 46–51.

117 Wahl PR, Serra AL, Le Hir M, Molle KD, Hall MN, Wuthrich

RP. Inhibition of mTOR with sirolimus slows disease progres-

sion in Han:SPRD rats with autosomal dominant polycystic

kidney disease (ADPKD). Nephrol Dial Transplant 2006; 21:

598–604.

118 Walz G. Therapeutic approaches in autosomal dominant poly-

cystic kidney disease (ADPKD): is there light at the end of the

tunnel? Nephrol Dial Transplant 2006; 21: 1752–7.

119 Yamamura Y, Nakamura S, Itoh S et al. OPC-41061, a

highly potent human vasopressin V2-receptor antagonist: phar-

macological profile and aquaretic effect by single and mul-

tiple oral dosing in rats. J Pharmacol Exp Ther 1998; 287:

860–7.

120 Ruggenenti P, Remuzzi A, Ondei P et al. Safety and efficacy

of long-acting somatostatin treatment in autosomal dominant

polcysytic kidney disease. Kidney Int 2005; 68: 206–16.

121 Masyuk TV, Masyuk AI, Torres VE, Harris PC, LaRusso NF.

Octreotide inhibits hepatic cystogenesis in vitro and in vivo:

a new therapeutic approach for treatment of polycystic liver

diseases. Gastroenterology (in press).

122 Grantham JJ, Torres VE, Chapman AB et al. Volume progres-

sion in polycystic kidney disease. N Engl J Med 2006; 354:

2122–30.

Correspondence: Vicente E. Torres MD, Nephrology, Mayo Clinic,

Eisenberg S33B, 200 First St SW, Rochester, MN 55905, USA.

(fax: +507 266 7891; e-mail: torres.vicente@mayo.edu).

V. E. Torres & P. C. Harris | 3rd Key Symposium: Treatment prospects for PKD

ª 2007 Blackwell Publishing Ltd Journal of Internal Medicine 261; 17–31 31


