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Abstract
Autosomal dominant polycystic kidney disease (ADPKD) is a genetic disease characterized by the
formation of renal cysts. This disease can be caused by mutations in two genes, PKD1 and PKD2,
which encode polycystin-1 (PC-1) and -2 (PC-2), respectively.

PC-1 is a large plasma membrane receptor involved in the regulation of several biological functions
and signaling pathways, and PC-2 is a calcium channel of the TRP family. The two proteins associate
in a complex to prevent cyst formation, but the precise mechanism(s) involved remain largely
unknown.

This review will focus on recent advances in our understanding of the functions of polycystins and
their role in signal transduction.

Increased activity of the mammalian target of rapamycin (mTOR) kinase has been observed in cysts
found in ADPKD tissues. Rapamycin has been shown to have beneficial effects in rodent models of
polycystic kidney disease, prompting the initiation of pilot clinical trials with human patients.
Furthermore, a direct role for PC-1 in the regulation of cell growth (size) via mTOR has recently
been demonstrated.

Major advancements in the study of mTOR biology have highlighted that this kinase exists in
association with two different complexes, mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). The mTORC1 complex regulates cell growth (size), proliferation, translation and
autophagy, and mTORC2 regulates the actin cytoskeleton and apoptosis. Interestingly, mTORC2
has been shown to contain the kinase responsible for the phosphorylation of Akt at Serine 473.
Previous studies have shown that PC-1 controls the PI 3-kinase/Akt cascade to regulate apoptosis
and the actin cytoskeleton, suggesting that this receptor might regulate mTOR at several levels.

This review aims to discuss three different, inter-related themes emerging from the literature: (i)
studies performed in our and other laboratories collectively suggest that PC-1 might be able to
differentially regulate the two mTOR complexes; (ii) several studies point to genetic and functional
cross-talk between the PKD and TSC genes, although the molecular details remain obscure; and
(iii) studies performed in mammals and in the unicellular algae Chlamidomonas Reinhardtii might
highlight a link between cilia, regulation of cell size and regulation of the cell cycle.
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ADPKD: genetics and proposed mechanisms of 
cystogenesis
Autosomal dominant polycystic kidney disease (ADPKD)
is a frequent genetic disease, affecting between 1:500 and
1:1000 of the general population [1-3]. The hallmark of
the disease is bilateral renal cyst formation, although a
plethora of extra-renal manifestations have been reported.
These include liver and pancreatic cysts as well as cardio-
vascular complications (for review of the clinical aspects
of the disease, see [1]). Two genes have been linked to this
disease: PKD1, which is mutated in 85% of cases, and
PKD2, which is mutated in most of the remaining cases.
Numerous mutations have been reported along the length
of these two genes; most are loss-of-function mutations
predicted to inactivate the affected allele [1-3].

Genetic mechanism of cystogenesis
ADPKD is inherited in an autosomal dominant manner,
but it has been suggested that it is recessive at the molecu-
lar level [4]. Analysis of the epithelia derived from renal or
liver cysts has revealed that the normal inherited allele
undergoes a somatic mutation, resulting in homozygous
loss of either the PKD1 or PKD2 gene [4,5]. This 'second
hit' causes a single affected epithelial cell to over-grow and
generate a clonal outpouching diverticulum, which even-
tually disconnects from the renal tubule. In some of the
cysts in which homozygous inactivation of one PKD gene
(either 1 or 2) is not observed, mutations in the other PKD
gene have been found, suggesting that trans-heterozygos-
ity of the two genes is sufficient to induce cyst formation
[6]. Based on these findings, a 'threshold model' of
cystogenesis has been proposed, in which heterozygosity
is not sufficient to induce renal cystogenesis, but a mini-
mum level of activity of the PKD1 and PKD2 gene prod-
ucts, the polycystins, is required to prevent cystogenesis.
Any dysfunction causing polycystin activity to fall below
such a threshold would lead to cyst formation, even
though a complete loss of function does not appear to be
necessary. Several findings from studies in animal models
appear to support this model: (i) heterozygosity of the
Pkd1 or Pkd2 gene is not sufficient to cause renal cyst for-
mation in mice, possibly due to a low rate of second hits
in the murine kidney, whereas homozygous inactivation
causes renal cystogenesis in utero [7,8]; (ii) conditional
inactivation of the second allele in the kidney results in
renal cystogenesis with a variably severe phenotype
depending on the time of inactivation [9,10]; (iii) a
mouse model carrying an unstable Pkd2 allele that spon-
taneously undergoes somatic inactivation displays the
ADPKD phenotype when crossed with a Pkd2-null mouse
[11]; (iv) trans-heterozygous Pkd1+/-:Pkd2+/- mice display
markedly more severe cystic kidney disease than single
heterozygous mutants [12]; and (v) a mouse model carry-
ing an aberrantly spliced variant of the Pkd1 gene, lower-

ing its expression to 13-20% of normal levels, suffers renal
cystogenesis [13].

Intriguingly, a recent study has identified ADPKD families
carrying homozygous inheritance of mild mutations in
the PKD1 gene, which resulted in PKD; this finding fur-
ther suggests that gene dosage might be important [14].
Thus, loss of function (complete or partial) of the PKD1
and 2 genes appears to be the most common mechanism
of renal cystogenesis in ADPKD.

It should be taken into account, however, that overexpres-
sion of the human or murine PKD1 or 2 genes in mice is
sufficient to induce renal cyst formation [15-17]. There-
fore, we cannot exclude the possibility that a few cysts in
ADPKD might result from enhanced activity of the two
genes.

Finally, although haplo insufficiency does not seem to be
involved in the mechanism of cystogenesis, it is most
likely the cause of some of the other systemic and non-
focal manifestations of the disease, such as some of the
cardiovascular defects. Evidence from mice and cellular
models seem to support this idea [18,19].

Molecular mechanism(s) of cystogenesis
The studies mentioned above strongly point to loss of
function as the most common mechanism of cyst forma-
tion, but how does a lack of PKD gene products result in
cystogenesis? A large body of literature has been pub-
lished on the characterization of the cystic epithelia of
ADPKD kidneys. More recently, the generation of mouse
models mimicking the disease has allowed for the confir-
mation of several of the original observations made in
humans. These studies have helped to build a general con-
sensus on some key features of these epithelia: (i) matrix
deposition appears to be defective, with thickening of the
basement membrane [20]; (ii) increased death by apopto-
sis has been consistently observed in human and in
mouse specimens [10,21,22]; (iii) proliferation seems to
be enhanced in the cystic epithelia, although to a low
extent, causing a very slow expansion of the cystic epithe-
lia over time [23] and making it difficult to visualize sharp
differences in proliferation markers in slowly progressing
renal cystic models that mimic the human disease [10];
and (iv) there is enhanced fluid secretion towards the
lumen of the cyst, mostly driven by cAMP [24,25].

More recently, upregulation of the mTOR pathway has
been observed in the cystic kidneys of ADPKD specimens,
as well as in a series of rodent models of PKD [[26-29],
also see below]. Rapamycin, an inhibitor of mTOR, has
been shown to protect these animal models, as well as
ADPKD patients, from cyst expansion, possibly by reduc-
ing proliferation [26,29-31].
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Currently, drugs targeting proliferation or cAMP produc-
tion (and fluid secretion) are considered the most prom-
ising approaches to slow down cyst expansion and some
are currently being tested in clinical trials [2,3].

Although enhanced proliferation and secretion might
partly explain the mechanism involved in the expansion
of the cysts, these factors do not explain how a cyst ini-
tially arises. A very appealing recent hypothesis has been
raised that states that the planar cell polarity (PCP) of the
renal tubule might be affected in cystic kidney disease and
could be the initiating defect [32]. Several lines of evi-
dence support this hypothesis.

First, it has been shown that the distal and collecting duct
tubules undergo a PCP program of oriented cell division,
leading to their elongation in the postnatal kidney. This
programme appears to be disrupted in mice developing
cysts in the collecting duct [33,34].

Second, a different mechanism, which still relies on PCP,
has been shown to be defective during embryonic devel-
opment: convergent extension movements might contrib-
ute to tubule elongation in developing nephrons [35].
This process appears to be defective in a mouse model of
cystic kidney disease due to inactivation of Wnt9b [35].

Third, the inversin gene, which is mutated in neph-
ronophthisis, another cystic kidney disease, has been
shown to regulate the Wnt pathway and to allow for a
switch between canonical (β-catenin dependent) and
non-canonical (also called PCP) pathways in response to
the bending of cilia [36].

Finally, a recent study has shown that inactivation of one
of the mammalian orthologs (Fat4) of the tumour-sup-
pressing atypical cadherin Fat, a major regulator of PCP in
Drosophila melanogaster, in the kidney results in cystic kid-
ney disease and defective mitotic spindle orientation [37].

Taken together, these data suggest that cytoarchitectural
defects caused by dysfunctional PCP might be the basis of
cyst initiation. It should be noted, however, that no evi-
dence has been provided to date to show that the PKD1 or
2 genes are involved in the regulation of PCP. Bonnet et al.
have recently reported defective mitotic spindle orienta-
tion in Pkd1+/- kidneys. However, this defect was accompa-
nied by the presence of only a few cysts, possibly due to a
low rate of somatic inactivation of the Pkd1 gene in the
murine kidney as mentioned above [28]. Defective
mitotic spindle orientation in the absence (or in the pres-
ence of a very low rate) of renal cyst formation suggests
that this defect might not be sufficient to cause renal
cystogenesis. The same authors also showed that haplo
insufficiency of the Pkd1 gene does not cause PCP defects

in the inner ear [28]. This result is not surprising when
considering that most of the phenotypes caused by muta-
tion of the Pkd1 or Pkd2 genes cannot be observed in het-
erozygotes. In order to determine the potential role of
these two genes in PCP, studies should be performed on
homozygously mutant embryos or by tissue-specific inac-
tivation of both alleles of the Pkd1 or Pkd2 genes in the
cochlea and/or in the kidney.

The polycystins
The gene products of PKD1 and 2, polycystin-1 and -2
(PC-1 and PC-2), assemble through coiled-coil domains
present in their intracellular C-termini to form a func-
tional complex, the activity of which is believed to be
essential to prevent renal cystogenesis [38-41]. Most of
their activities have been attributed to this PC-1/2 com-
plex, which explains the identical phenotype observed in
ADPKD1 and ADPKD2 patients [41]. However, these two
proteins are also expected to have independent functions
and it has been shown that the establishment of left-right
asymmetry in the developing mouse embryo requires PC-
2, but not PC-1 [42].

The biochemistry of the polycystins
PC-1 is a large plasma membrane receptor consisting of
4302 amino acids (aa), with an extracellular N-terminal
portion of ~3,000 aa, 11 transmembrane domains and a
relatively short intracellular C-tail of 198 aa [43-45]. The
N-terminus contains a novel combination of protein-pro-
tein interacting domains, including leucine-rich repeats
(LRRs), a C-type lectin domain, 16 PKD repeats (IgG-like
domains) and an REJ domain, which is named for its
homology with the sea urchin Receptor for Egg Jelly (Fig-
ure 1A). The protein is predicted to have a molecular mass
of 462 kDa [43,44].

The study of PC-1 biochemistry and function has been
challenging due to its low abundance and large size. Stud-
ies using heterologously over-expressed, human, full-
length PC-1 have shown that the protein is heavily glyco-
sylated, reaching a final estimated mass of ~520 kDa
[46,47]. Just N-terminal to the first transmembrane
domain, the protein contains a G-protein coupled recep-
tor proteolytic site (GPS), an auto-proteolytic site that
results in the cleavage of PC-1 into two fragments: an N-
terminal fragment (NTF, ~400 kDa) corresponding to the
extracellular portion of the protein and a C-terminal frag-
ment (CTF, ~150 kDa) composed of the remainder of the
protein (Figure 1A) [48,49]. The cleaved NTF can either be
released or remain tethered to the CTF fragment. PC-1 is
not completely cleaved at the GPS and the full-length
uncleaved protein co-exists with the cleaved version in
cells (Figure 1A) [48]. Cleavage at the GPS has been
shown to be essential for PC-1 function both in vitro and
in vivo [48,50]. Mice carrying a single point mutation at
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the GPS, which prevents the cleavage of PC-1, survive to
birth, but develop polycystic kidney disease, resulting in
renal failure in the first few weeks of life [50]. Therefore, it
appears that the GPS is essential for some of the functions
of PC-1, including preventing renal cyst formation in the

distal and collecting duct tubule; the uncleaved product is
also likely to play an important role [50].

The intracellular C-tail of PC-1 contains a coiled-coil
domain that is responsible for mediating interaction with
PC-2 and other proteins [38-40] and a consensus site for

Schematic representation of the polycystinsFigure 1
Schematic representation of the polycystins. A. Polycystin-1 is a large plasma membrane receptor that undergoes a 
series of cleavage events to generate several different species co-existing within the same cell and most likely carrying out dis-
tinct functions. The protein exists as an uncleaved polypeptide of 4302 amino acids (aa) (I) and can be cleaved at its G-protein 
coupled proteolytic site, generating an N-terminal fragment (NTF) that can be released (II) or remain tethered to the C-termi-
nal fragment (CTF) (III) [48]. Two additional products generated by cleavage at yet-to-be-identified sites release either the 
entire C-terminal tail (IV) [52] or the last 112 aa (V) [54]. B and C. PC-1 and PC-2 have been shown to interact through 
coiled-coil domains located in their cytoplasmic C-terminal tail. The precise localization and topology of the complex remains 
to be determined. The two proteins might co-localize at the plasma membrane, where PC-2 would regulate calcium influx from 
the extracellular compartment (A) [39]. This might occur in some subcellular compartments such as the primary cilium. Alter-
natively, the plasma membrane pool of PC-1 might interact with the endoplasmic reticulum (ER) pool of PC-2, regulating its 
calcium release from the ER (B) [60].
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interaction with heterotrimeric G-proteins [51]. The C-tail
has also been shown to be cleaved at a minimum of two
different sites, generating two distinct products (Figure
1A): one 28 to 34-kDa product containing the entire intra-
cellular C-tail of PC-1 (CTT) [52,53] and a second ~16-
kDa product (p112) [54]. Both of these products have
been observed to interact with transcription factors (β-cat-
enin and STAT6, respectively) and to translocate into the
nucleus [53,54]. The extent of the cleavage of CTT and its
transcriptional activity depend on PC-2 and the regula-
tion of intracellular calcium stores [55]. Identification of
the cleavage sites generating these products, as well as
identification of the endogenous fragments, has not yet
been achieved.

Finally, the intracellular C-tail contains putative phospho-
rylation sites, some of which have been shown to be phos-
phorylated using in vitro kinase assays [56,57].

Polycystin-2 (PC-2, also called TRPP2) is a 968-aa mem-
brane protein containing six transmembrane domains,
with both N- and C-terminal tails facing the cytoplasm
(Figure 1A) [58,59]. PC-2 shares homology with the tran-
sient receptor potential (TRP) family of calcium channels
and, indeed, it has been shown to act as a calcium channel
in either the plasma membrane or the endoplasmic retic-
ulum [39,60]. PC-2 contains a ciliary targeting domain in
its N-terminal tail [61] and both an EF-hand and a coiled-
coil motif in its C-terminal portion [40,59]. Biochemical
analysis has revealed that PC-2 is a 110-kDa glycosylated
membrane protein that appears to be mostly localized to
the ER compartment, as documented by its complete sen-
sitivity to endoH [62]. A minimal amount of the protein
might reach the plasma membrane under physiological
conditions [61-64]. The amount of protein that reaches
the plasma membrane might be greatly enhanced by over-
expression of PC-1, which has also been suggested to be
essential for PC-2 trafficking to the plasma membrane,
where the two proteins might form a functional complex
that regulates calcium influx (Figure 1B) [39,63]. An alter-
native model that takes into account the ER localization of
the PC-2 channel and its concomitant interaction with
PC-1, which is localized at the plasma membrane, is illus-
trated in Figure 1C. In this scheme, the calcium channel
activity of PC-2 would still be regulated by PC-1, but it
would mostly cause ER calcium release rather than cal-
cium influx from the extracellular compartment. Recent
studies have proposed that both mechanisms might take
place within the same cell [65].

Post-translational modifications of PC-2 include phos-
phorylation by serine/threonine kinases (casein kinase II,
GSK3β), which influences its subcellular localization by
regulating its association with other molecules [65,66].

Localization and function of the polycystins
Given the complexity of the processing of the polycystin-
1 and -2 complex and the coexistence of different iso-
forms within cells, it is not surprising that the subcellular
localization and functional characterization of these pro-
teins has uncovered a very complicated picture. However,
it should also be considered that detection of endogenous
polycystin-1 has been problematic due to the low specifi-
city of the antibodies directed against the protein and/or
to the very low abundance of this receptor.

The plasma membrane pool of the PC-1/2 complex has
been localized to cell-cell junctions [41,46,67-69], where
PC-1 has been shown to regulate the rate of adherens
junction formation [68,69] and the mechanical force of
cell-cell adhesion [70]. PC-1 has also been localized to
cell-matrix interacting plaques [71]. Finally, both poly-
cystins have been localized to primary cilia [72,73]. These
are long, thin, microtubule-based, non-motile structures
that protrude from many different cell types. In epithelial
and endothelial cells that develop an apico-basal polarity,
cilia appear on the apical side, where they are believed to
be essential mechanosensors responding to flow [74].
Increasing evidence suggests that, in renal epithelial cells
and endothelial cells, both polycystins localize to cilia,
where PC-1 acts as a mechanosensor [75,76], possibly by
virtue of its long N-terminal domain. This domain is able
to stretch in response to mechanical forces [77,78] and, in
doing so, might activate PC-2, which opens its channel
pore and allows calcium to enter the cell [75,76].

In addition to its intracellular distribution, the PC1/2
complex has recently been identified in urinary exosomes,
small double-membrane vesicles released from the apical
side of epithelial cells that are believed to allow for com-
munication between distant cells [79]. These exosomes
have also been shown to associate and fuse to primary
cilia in bile ducts, raising the possibility that they might
enable communication between distant epithelia within a
tubule through exosome-cilia interactions [79].

PC-1 and PC-2 have also been implicated in several
potential biological functions. Both have been shown to
protect cells from apoptosis under different stress condi-
tions [80-82]. In addition, the PC-1/2 complex has been
found to inhibit cell proliferation through the activation
of the JAK2/STAT1/p21 signaling pathway [83], further
enhanced by a PC-2-Id2 interaction [84]. These two pro-
teins have also been demonstrated to be important regu-
lators of cell migration and epithelial morphogenesis
using in vitro three-dimensional models [70,80,85,86].
Recently, studies conducted on each protein separately
have suggested that they regulate the protein translation
machinery to some extent; PC-1 has been shown to regu-
late mTOR downstream effectors that are known to act on
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translation, such as S6K1 and S6 ribosomal protein and
the 4EBP1/eIF4E complex [87], and PC-2 has been shown
to regulate another translation initiation factor,
eIF2alpha, by regulating its phosphorylation by PERK in
response to ER stress [88]. Interestingly, microarray stud-
ies performed on ADPKD tissues have revealed that sev-
eral genes upregulated in cystic kidneys belong to the
translation machinery [89]. Increased translation in
ADPKD might explain the observed cellular hypertrophy
manifestations (see below) and could contribute to dereg-
ulated proliferation [23].

Finally, PC-1 has been shown to control several addi-
tional signaling cascades in line with its role as a receptor;
the Wnt cascade [53,90], AP-1 [91], PI3kinase/Akt
[70,81], GSK3β [70], STAT6 [54], the calcineurin/NFAT
[92] pathway and the ERK and mTOR cascades [87] have
all been reported to be regulated by PC-1. This review will
focus on the regulation of mTOR and its complexes by PC-
1.

The mTOR pathway, the mTOR complexes and 
the feedback loops
mTOR (mammalian target of rapamycin) is a well-con-
served serine/threonine kinase of the PIKK family (phos-
phoinositide 3-kinase-related kinase) that is involved in
several processes, including cell growth regulation, prolif-
eration, regulation of the cellular cytoskeleton and cell
survival [93-95].

mTOR assembles into two distinct complexes whose
molecular components have been partly characterized:
complex-1 (mTORC1) and complex-2 (mTORC2) [95].
Besides mTOR itself, the two complexes contain common
molecules, such as GβL/mLST8 and DEPTOR [96],
although they differ in their other components; mTORC1
contains Raptor [97] and PRAS40 [98], whereas mTORC2
contains Rictor [99], mSin1 [100,101] and Protor [102]
(Figure 2A).

mTOR can be potently inhibited by the fungal metabolite
rapamycin, which acts on mTORC1 upon binding to an

Overview of the two mammalian targets of rapamycin (mTOR) complexes and their potential regulation by the polycystinsFigure 2
Overview of the two mammalian targets of rapamycin (mTOR) complexes and their potential regulation by 
the polycystins. A. Schematic overview of the composition of mTOR complex 1 (mTORC1) and mTOR complex 2 
(mTORC2) and cross-talk between them. mTORC1 contains mTOR, raptor, GβL/mLST, PRAS40 and DEP domains interactor 
of mTOR (DEPTOR). It can be regulated by a variety of activating or inhibitory cascades, as well as by amino acids capable of 
associating with Rag-GTP, leading to its association with mTORC1 to enhance its activity. One of the effectors of mTORC1, 
S6K1/2, regulates a negative feed-back loop at several levels. It is able to regulate insulin signalling by phosphorylating and 
inducing the degradation of IRS [111-113], and PDGF signalling by regulation of PDGF receptor levels [110]. In addition, S6K1/
2 can phosphorylate rictor [114]. mTORC2 contains mTOR, Rictor, GβL/mLST, mSin and Protor. mTORC2 can phosphor-
ylate Akt at Serine 473, regulating its specificity towards different substrates. Akt, in turn, can phosphorylate Tuberin (TSC2), 
potentially placing mTORC1 downstream of mTORC2 (see text). mTORC2 can also phosphorylate SGK1. B. Schematic rep-
resentation of the effect of PC-1 on the two mTOR complexes. PC-1 has been described to inhibit the mTORC1 complex [87] 
whereas mTORC2 seems to be upregulated, since Akt phosphorylation at Serine 473 is enhanced by overexpression of PC-1 
[70,81]. The role of PC-2 in the regulation of these cascades and their precise mechanism of regulation remain to be clarified.
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endogenous protein, FKBP12 [93-95]. Long-lasting treat-
ments with rapamycin have been reported to inhibit
mTORC2 in a relatively mild and cell type-dependent
manner [103].

The existence of this potent inhibitor has facilitated the
study of the mTORC1 complex, which is far better charac-
terized than mTORC2. mTORC1 is involved in the regula-
tion of cell growth and proliferation, ribosome biogenesis
and translation of a subset of mRNAs, cellular energy
responses and autophagy [93-95]. mTORC2 was initially
described as a regulator of the cellular actin cytoskeleton
[99], and the relatively recent discovery that mTORC2 is
the kinase responsible for regulating the phosphorylation
of serine 473 of Akt/PKB has highlighted its major role in
the regulation of apoptosis [96,104].

mTORC1
mTORC1 is activated by the small GTPase Rheb when it is
in a GTP-bound state (Figure 2A) [95]. This activation
mechanism is tightly controlled by the GAP activity of
tuberin, the gene product of TSC2 (see below) [95].
Tuberin must be associated to hamartin, the TSC1 gene
product (see below), to achieve full activation; this com-
plex favors a GTP-to-GDP conversion of Rheb, which
results in the inactivation of Rheb and the inhibition of
mTORC1. A variety of signaling pathways act on the
mTORC1 cascade by regulating the assembly or the activ-
ity of the tuberin/hamartin complex (Figure 2A). Thus,
several signals converge to act on the TSC1/TSC2 complex
and phosphorylate either tuberin or hamartin to regulate
their activity [95]. Some of these phosphorylation events
enhance the activity of tuberin and hamartin, leading to
downregulation of the mTORC1 pathway, whereas other
events inhibit their activity, resulting in upregulation of
the mTORC1 cascade (Figure 2A) [95]. Several of the
kinases capable of inducing the activation of mTORC1
through the phosphorylation of tuberin are regulated by
tyrosine kinase receptors (RTK). In particular, Akt, RSK1
and the ERKs can all phosphorylate different residues of
tuberin, leading to the inactivation of the tuberin/hamar-
tin complex activity towards Rheb [95]. In addition,
GSK3β, AMPK and REDD1 are among the pathways capa-
ble of inhibiting the activation of mTORC1 by acting on
tuberin [95]. In general, the availability of rich energy
sources and growth-favouring conditions converge to acti-
vate the mTOR cascade, whereas critically minimal energy
conditions shut it off. In addition, mTORC1 functions as
a sensor for amino acids; it is activated in the presence of
amino acids, but inhibited in their absence, and this effect
is mediated by the small GTPase Rag (Figure 2A) [105].

mTORC2
A second mTOR-containing complex (mTOR Complex 2,
mTORC2) was defined upon identification of a new

mTOR interactor, Rictor [99]. Rictor binds to a pool of
mTOR protein that is distinct from that bound by Raptor:
these two adaptors define the two mTOR-containing com-
plexes (Figure 2A) [97,99]. It has been demonstrated that
mTORC2 regulates PKCα and the actin cytoskeleton [99].
The major break-through in the study of mTORC2 func-
tion came from the identification of this complex as the
kinase capable of phosphorylating the hydrophobic motif
of Akt/PKB (serine 473 in Akt1), a serine/threonine kinase
whose activation had long been known to be phosphati-
dylinositol-3-kinase-dependent under physiological con-
ditions [104]. In the accepted model of Akt activation, the
PH domains of Akt and phosphatidylinositol-dependent
kinase 1 (PDK1) would both bind PIP3 domains upon
the activation of PI-3-kinase in cells and the generation of
phosphatidylinositol-3,4,5-phosphate (PIP3) at the
plasma membrane, thus bringing Akt and PDK1 into close
proximity and favouring the phosphorylation of threo-
nine 308 in Akt by PDK1 [106]. In order to reach full acti-
vation, Akt must be phosphorylated at both serine 473
and threonine 308 [106]. Although the identity of the
kinase responsible for phosphorylating the former had
been elusive for a long time, this enzyme was known to be
PI-3-kinase-dependent and was termed 'PDK2'. The dis-
covery that mTORC2 is this kinase (or the most promi-
nent one) both in vitro [104] and in vivo [107,108] has
opened important retrospective interpretations of the lit-
erature. Although the basis for the sensitivity of mTORC2
to PI-3-kinase still remains poorly understood, the sensi-
tivity might not be dependent on the relocalization of the
molecules involved because treatment with PI-3-kinase
inhibitors is sufficient to block in vitro phosphorylation of
Akt at serine 473 by the isolated mTORC2 complex [104].

Finally, emerging evidence suggests that the serine kinase
SGK1 (serum- and glucocorticoid-induced kinase 1),
which belongs to the same family of kinases as Akt, can be
phosphorylated by mTOR, most likely when associated
with mTORC2 [96,109].

Cross-regulation of mTORC1 and mTORC2
Besides containing the same core kinase component
(mTOR), the two complexes regulate one another. Several
studies have shown that at least three distinct tuberin res-
idues can be phosphorylated by Akt [95]. These phospho-
rylation events inhibit tuberin activity and its association
with hamartin, leading to enhanced GTP-Rheb activity
and increased mTORC1 activity. This is a robust and com-
mon mechanism of mTORC1 activation by tyrosine
kinase receptors [95]. Given that Akt itself is phosphor-
ylated by mTORC2, as discussed above, one might imag-
ine that mTORC1 could be activated by mTORC2 (Figure
2A). However, studies in vivo in Rictor-mutant mice have
shown that phosphorylation of Akt at Ser473 is almost
completely abrogated in the absence of mTORC2,
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whereas phosphorylation at Thr308 remains normal
[107,108]. In these mice, phosphorylation of tuberin at
Akt-specific sites was not altered [107]. In addition, the
phosphorylation levels of S6K at Thr389 (a readout of
mTORC1) were only minimally affected [108]. These data
have revealed the possibility that Akt could be activated
simply by phosphorylation at Thr308 and that this event
is sufficient to determine its activity towards some of its
substrates, including tuberin [108]. In this case, mTORC2
cannot be positioned upstream of mTORC1 in a simple,
linear manner.

A very strong cross-talk mechanism has been identified
due to the observation that upregulation of mTORC1
activity in tumours derived from TSC patients and in cells
lacking Tsc2 is accompanied by downregulation of Akt
[110-114]. A novel negative feedback loop has been
described that is activated by mTORC1 and is believed to
be protective of TSC tumours. It was shown that S6K1
activity leads to inhibition of both PDGF and insulin sig-
naling [110-113]. In the case of PDGF it was shown that
in the absence of the Tsc2 gene, increased S6K1 activity
leads to downregulation of the PDGF receptor levels
[110]. In the case of the insulin response, it was demon-
strated that S6K1 phosphorylates the adaptor molecule
insulin receptor substrate (IRS), a key mediator of the
insulin receptor response, causing its degradation and a
downregulation in signaling towards both Akt and the
ERKs (Figure 2A) [110-113]. A recent study has suggested
that the last feedback loop might be stronger than initially
appreciated. A novel molecule, DEPTOR, has been identi-
fied and shown to associate with and to inhibit both
mTORC1 and mTORC2 when isolated and assayed by in
vitro kinase assays [96]. However, when overexpressed in
cells or in naturally occurring multiple myelomas, DEP-
TOR potently inhibits mTORC1, resulting in upregulation
of mTORC2/Akt via the S6K-mediated feedback loop
[96]. It has been proposed that this mechanism is so
strong in cells and tissues that it overrides the inhibitory
activity of DEPTOR on mTORC2 [96]. Therefore, through
a negative feedback loop, mTORC1 is able to potently
inhibit mTORC2 (Figure 2A). More recently, S6K1 was
found to directly phosphorylate rictor, possibly resulting
in downregulation of the mTORC2 activity towards Akt
Ser473 through a mechanism that does not appear to
directly influence mTORC2 kinase activity in vitro [114].
The precise molecular mechanisms of this cross-regula-
tion remain to be elucidated, but these studies provide
evidence of an additional negative feedback loop that
allows for cross-talk between mTORC1 and mTORC2
[114].

The existence of these negative feedback loops might also
have important implications for therapy. Treatment with
rapamycin causes upregulation of mTORC2 and Akt

[111]. Although prolonged exposure to rapamycin might
counteract this upregulation by inhibiting mTORC2, this
effect appears to be cell type-dependent [103]. Therefore,
the possible drawbacks of using rapamycin should be
taken into serious consideration when designing thera-
peutic interventions.

Dysregulation of mTORC1 in polycystic kidney 
disease
Several studies have suggested that the mTORC1 cascade
might be dysregulated in polycystic kidney disease. Three
independent groups have shown that rapamycin has ben-
eficial effects and diminishes the cystic index in rodent
models of polycystic kidney diseases [26,29,30]. It should
be noted that none of the animal models that were shown
to be sensitive to rapamycin develop polycystic kidney
disease due to mutations in either Pkd1 or Pkd2.

However, retrospective analysis of ADPKD patients, who
underwent renal transplantation and were receiving
rapamycin derivatives as an immuno-suppressive therapy,
revealed a significant reduction in the renal volume of the
polycystic kidneys that had not been removed [26]. In
addition, the epithelium of both ADPKD cystic kidneys
and Pkd1 mutant kidneys displayed enhanced mTORC1
activity, as evidenced by immunohistochemical analysis
of S6K and mTOR phosphorylation levels [26]. These ini-
tial studies prompted several centres to design pilot clini-
cal studies to determine the efficacy of rapamycin
treatment on ADPKD patients.

Subsequent studies have further confirmed that mTORC1
effectors, such as S6Rp, are strongly phosphorylated in the
epithelium lining the cysts of ADPKD tissues [27] and in
animal models [28]. However, mTORC1 upregulation
was not observed in all of the cysts, but only in a subset of
the cystic epithelia, in both humans [27] and mice [[28]
and M Pema and A Boletta, unpublished]. These data
highlight the fact that the interconnection between cyst
formation and dysregulation of the mTORC1 cascade is
more complicated than initially anticipated. Moreover,
based on these data, treatment with rapamycin is expected
to be effective only on a subset of cysts.

A more recent report has shown that inactivation of the
Tsc1 gene in the kidney results in massive renal cystogen-
esis [115]. In this case, as expected, all of the cells in which
the Tsc1 gene was inactivated displayed enhanced
mTORC1 activity [115]. However, wild type epithelial
cells that did not show Cre recombinase activity (and,
therefore, loss of the Tsc1 gene) and, consequently, did
not show upregulation of mTORC1 can be found in the
cysts, suggesting a chimeric formation of renal cysts. In the
same report, inactivation of the PTEN gene resulted in
only minimal upregulation of the mTORC1 cascade,
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which was insufficient to cause renal cystogenesis. Based
on their data, the authors proposed that cyst formation
requires upregulation of the mTORC1 cascade, but that
the PI3k/Akt pathway does not appear to be the major reg-
ulator of mTORC1 in the kidney [115].

However, the fact that several cysts in ADPKD tissue and
Pkd1 mutant kidneys appear to be negative to upregula-
tion of mTORC1 calls into question the essential role of
this cascade in the formation of renal cysts. This finding
suggests that mTORC1 upregulation is unlikely to be an
initiating event of cystogenesis, even though it might con-
tribute to cyst growth and expansion, which could explain
the beneficial effects of rapamycin.

Additional studies are necessary in order to further inves-
tigate the relationship between the mTORC1 cascade and
renal cyst formation and expansion.

Regulation of the mTOR complexes by the 
polycystins
In addition to showing that mTORC1 is upregulated in
the cystic epithelia of ADPKD tissues and in rodent mod-
els of PKD, a recent study has demonstrated that the C-ter-
minal tail of PC-1 interacts with tuberin [26]. Based on
these findings, it has been hypothesized that PC-1 might
regulate the mTORC1 pathway [26].

Direct experimental evidence that PC-1 is able to inhibit
the mTORC1 cascade has recently been provided by our
group [87]. Overexpression of full-length PC-1 in renal
epithelial cells (MDCK type II) and in fibroblasts was
shown to reduce cell size by inhibiting mTORC1 and its
two targets, S6K1 and 4EBP1 (Figure 2B) [87]. The oppo-
site effect was found in several sets of fibroblasts lacking
the Pkd1 gene, isolated from two different mouse models
[87]. PC-1 was also shown to inhibit the mTORC1 cas-
cade in a tuberin-dependent manner by regulating its
ERK-dependent phosphorylation [87]. Based on these
studies using gain- and loss-of-function cellular systems, it
was proposed that PC-1 regulates the mTORC1 cascade by
signaling to tuberin primarily via the ERK cascade,
although additional signaling pathways might contribute
as well [87]. These data show that PC-1 is able to inhibit
the mTORC1 cascade in renal epithelial cells and fibrob-
lasts (Figure 2B). It should be noted that different results
have been reported by a different group [27]. Using a sin-
gle set of Pkd1+/+ and Pkd1-/- MEFs immortalized by knock-
ing-down p53, Hartman et al. reported that absence of
Pkd1 gene expression under these conditions did not
result in defective mTORC1 signaling in fibroblasts [27].
However, enhanced mTORC1 signalling was observed in
the epithelia lining the cysts of ADPKD specimens [27].
Based on these findings, PC-1 was proposed to regulate
the mTOR cascade in a cell-type dependent manner [27].

Further studies are required to reconcile these discrepan-
cies.

In addition to the role of PC-1 in the regulation of the
mTORC1 complex, several lines of evidence suggest that
the regulation of mTOR by PC-1 is not limited to
mTORC1.

In previous studies, PC-1 was shown to induce phospho-
rylation of Akt at both Thr308 and Ser473; Akt, in turn,
phosphorylates its target FKHR (FOXO1) to achieve resist-
ance to apoptosis [81]. In addition, PC-1 was proven to
cause rearrangements of the actin cytoskeleton in order to
control cell migration via PI3K/Akt [70]. Furthermore, in
agreement with these results, Yamaguchi et al. have shown
reduced phosphorylation of Akt at Ser473 in M-1 cells and
normal human kidneys cells following calcium restriction
[116] as well as in the cyst-lining epithelium isolated from
ADPKD tissues [116].

Taken together, these data strongly suggest that PC-1
induces the activation of mTORC2 (which is responsible
for phosphorylation of Akt Ser473) and that the activity of
this complex might be impaired in the absence of PKD
gene expression, at least in cystic kidneys.

In contrast, the epithelia lining the cysts in ADPKD liver
tissue display enhanced phosphorylation of Akt at Ser473
[31]. One possible explanation for this finding is that Akt
and its activity towards the mTOR cascade might be regu-
lated differently in different tissues. Although this is cer-
tainly a possibility, it should also be taken into account
that the levels of Akt activation in these liver cysts have
only been evaluated by immunohistochemistry [31]; bio-
chemical means would probably be more accurate and
more sensitive.

Therefore, retrospective examination of past work in light
of recent discoveries in mTORC1 and mTORC2 complex
biology leads to the conclusion that PC-1 inhibits
mTORC1, but might activate mTORC2 (Figure 2B), per-
haps in a cell-type dependent manner. However, formal
evidence that this hypothesis is correct is still lacking.
Future studies should focus on examining the activity of
the two mTOR complexes in gain- and loss-of-function
cellular systems and in cystic tissues. In addition, the role
of the two complexes in PC-1 function should be investi-
gated by manipulating the key components of mTORC1
(Raptor) [97] and mTORC2 (Rictor) [99].

One important question that arises from all of the above
studies is how PC-1 could differentially regulate the
mTORC1 and mTORC2 complexes. Interesting insights
might be derived from the function of the TSC proteins. In
fact, although the hamartin/tuberin complex is a potent
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inhibitor of the mTORC1 complex, it can regulate the acti-
vation state of mTORC2 on at least two different levels: (i)
it directly binds to and stimulates the activity of mTORC2
[117]; and (ii) it can act on mTORC2 activity indirectly,
via the S6K-mediated feedback loop [111]. As stated
above, the latter is a rather strong signal capable of
potently regulating the expression levels of the PDGF
receptor [110] and the insulin response by controlling the
degradation rate of the adaptor IRS [113]. Therefore, cells
lacking Tsc2 display strong upregulation of mTORC1 and
downregulation of mTORC2. This effect is due to both
hyperactivation of the S6K-mediated feedback loop [111]
and absence of the tuberin/hamartin complex associated
with mTORC2 [117].

In a similar manner, PC-1 inhibits mTORC1, which might
release the S6K1 feedback loop, resulting in the activation
of mTORC2 and Akt. A second possibility is that PC-1 reg-
ulates tuberin activity towards both mTOR complexes.

Finally, the role of PC-2 in regulation of mTOR by PC-1,
if any, remains to be investigated. Because the two pro-
teins have been proposed to perform most of their func-
tions in a complex, it is highly likely that PC-2 will play a
key role in the regulation of this cascade as well. Future
studies should focus on this aspect.

Cross-talk between the PKD and TSC genes and 
proteins
The two major regulators of the mTORC1 cascade, TSC1
(on chromosome 9) and TSC2 (on chromosome 16), are
the genes mutated in a genetic disease called Tuberous
Sclerosis Complex (TSC) [118]. This disease is character-
ized by the formation of hamartomas (benign tumour
lesions) in several organs, including the brain, skin, heart,
lung and kidney. TSC is inherited in an autosomal domi-
nant manner, but a second hit affecting the normally
inherited allele or loss of heterozygosity (LOH) has been
described in some of the lesions [118].

TSC can present with a severe renal phenotype, including
angiomyolipomas and sporadic bilateral renal cyst forma-
tion [119]. In a few cases, severe polycystic kidney disease
can be observed. Of interest, the PKD1 and TSC2 genes are
located very close to each other on the human chromo-
some 16 in a tail-to-tail orientation [120]. Furthermore,
this genomic structure is conserved in mice. Molecular
analysis has revealed that, in the majority of cases of
severe polycystic kidney disease observed in TSC, large
deletions of chromosome 16 affecting both the TSC2 and
the PKD1 gene can be observed [120]. Thus, a novel syn-
drome, called TSC/PKD contiguous genes syndrome, has
been defined as a separate entity [120]. It is important to
note that the PKD phenotype in these patients appears to
be very severe [119,120], with massive enlargement of the

kidneys during childhood, suggesting that deletion of
both TSC2 and PKD1 genes has an additive effect in the
kidney. In addition, the aforementioned studies per-
formed in Pkd1 and Tsc2 double heterozygote mice [28]
further reinforce the idea of a possible cross-talk between
the PKD and TSC genes.

The first indications that the PKD and TSC genes are,
indeed, functionally linked came from studies by the
group of Dr C Walker on the Eker rat model [121]. This rat
model carries mutations in the Tsc2 gene, mimicking
many of the features of TSC, and develops a severe renal
cystic phenotype. It was found that renal epithelial cells
derived from the cysts display inactivation of both Tsc2
alleles [121]. Using an antibody directed against endog-
enous PC-1, it was found that PC-1 is retained in the Golgi
compartment in these cells. Replacing wild-type tuberin
completely rescued trafficking of PC-1 to cell-cell junc-
tions [121].

These data suggest that PC-1 and tuberin are able to func-
tionally cross-talk (Figure 3) and that PC-1 might act
downstream of tuberin. According to this model, renal
cyst formation in TSC might be due to defective PC-1
activity.

More recently, Shillingford et al. have shown that a short
C-tail of PC-1 expressed as a chimera with the CD16 sig-
nal peptide and the CD7 transmembrane domain co-
localizes with mTOR and tuberin in the Golgi compart-
ment [26]. In addition, a portion of the intracellular C-tail
of PC-1 co-immunoprecipitates with tuberin [26]. Evi-
dence that the full-length, endogenous PC-1 interacts with
tuberin has not been reported to date. Nevertheless these
data, along with the enhanced activity of mTORC1
observed in cystic epithelia, prompted the authors to sug-
gest that PC-1 and tuberin form a complex to regulate
mTORC1 [26]. In the proposed model, PC-1 is a constitu-
tive partner of the tuberin/hamartin complex that is
required for its GTPase activity towards Rheb. In the
absence of PC-1, the tuberin/hamartin complex would
not be functional, leading to enhanced mTORC1 activity
(Figure 3B).

In a more recent study, it was shown that PC-1 regulates
the mTORC1 pathway and that it requires tuberin to do so
[87]. PC-1 induces downregulation of the ERKs through a
yet-to-be-identified mechanism. This inhibition results in
the decreased phosphorylation of tuberin at ERK-depend-
ent sites, which leads to enhanced GTPase activity towards
Rheb and the inhibition of mTORC1 [87]. According to
this model, tuberin acts downstream of PC-1, at least in its
activity towards mTORC1 (Figure 3A).
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Functional cross-talk between the TSC2 gene product, Tuberin and the PKD1 gene product, polycystin-1Figure 3
Functional cross-talk between the TSC2 gene product, Tuberin and the PKD1 gene product, polycystin-1. Evi-
dence published to date suggests that PC-1 trafficking from the Golgi compartment to cell-cell junctions requires Tuberin 
[122]. The role of Tuberin in PC-1 trafficking to the primary cilium was not investigated. In addition, PC-1 can regulate the 
mTORC1 cascade by regulating the phosphorylation and activity of Tuberin (A) [87]. Furthermore, a physical interaction was 
described between the portion of the PC-1 cytoplasmic C-terminal tail most proximal to the last transmembrane domain and 
Tuberin [26]. The PC-1/Tuberin interaction might be necessary for the correct trafficking of PC-1 or for regulation of 
mTORC1 (B, see text). Future studies should focus on providing experimental evidence of the significance of this interaction. 
One final possibility is that PC-1 and Tuberin cross-talk at several levels.
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Can we place these results into a single framework in
order to better understand the reciprocal regulation of the
two genes? The idea of an interaction between PC-1 and
tuberin that is able to regulate PC-1 trafficking is very
appealing because it would easily explain the renal phe-
notype observed in TSC/PKD contiguous genes syndrome
[121]. If PC-1 requires tuberin to localize to the plasma
membrane, where it carries out its key functions, then we
can imagine that double heterozygosity might be suffi-
cient to cause cyst formation. In this scenario, the cells
express a half amount of PC-1, only part of which is cor-
rectly delivered to the plasma membrane, thus causing a
drop in PC-1 function/signaling below the critical thresh-
old of activity necessary to prevent cyst formation. If this
were the case, one would expect that cells carrying hetero-
zygous inactivation of the TSC2 gene should exhibit
defective PC-1 trafficking or function. This hypothesis
needs to be formally tested, although analysis of the dis-
tribution of endogenous PC-1 poses several challenges
due to the limited reliability of the available antibodies
directed against this protein.

One additional caveat of this model is that the expression
level of the tuberin/hamartin complex appears to be
much higher than that of PC-1, and a halved expression of
tuberin should be more than sufficient to deliver PC-1 to
the plasma membrane. If tuberin interacts with PC-1,
however, we cannot assume that the stoichiometry of the
complex is 1:1. Recent studies have revealed a 1:3 stoichi-
ometry for the PC-1:PC-2 complex [40]. Therefore,
although PC-2 appears to be expressed at higher levels
than PC-1, this difference might be biologically justified
by the composition of the complex. Similar considera-
tions might apply to the PC-1/tuberin interaction in sup-
port of the proposed model.

Finally, one possibility to be considered is that the TSC/
PKD cross-talk acts at several levels. On one hand, tuberin
might mediate an essential trafficking step of PC-1. On the
other hand, PC-1 at the plasma membrane might control
the mTORC1 cascade through regulation of tuberin,
either via physical association with this protein or
through indirect regulation of its activity (Figure 3).

Although these studies have begun to shed light on this
complicated inter-relationship, it is clear that intense
efforts will be required to gain further insight into PKD/
TSC gene cross-talk and its biological effects. In particular,
efforts should be devoted to clarify if over-expressed and/
or endogenous, full-length PC-1 and tuberin are indeed
able to associate in a complex in cells and tissues. In addi-
tion, it will be important to understand if PC-1/tuberin
cross-talk is limited to mTORC1 regulation or if it is
involved in additional biological functions. In fact, the
recent finding that spontaneous renal cystogenesis is

enhanced in double Tsc2+/-;Pkd1+/- mice, but that some of
the cysts observed are negative for mTORC1 upregulation
strongly suggests that the cross-talk extends beyond regu-
lation of the mTORC1 cascade [28].

Cilia, the cell cycle and cell size
As stated above, the PC-1/2 complex localizes to cilia in
different mammalian cell types [72,73]. Therefore, it is
expected that at least some of its functions will coincide
with those of the cilia. The structure of cilia and flagella,
as well as that of the key components of the intraflagellar
transport (IFT) machinery, is highly conserved in all
eukaryotes. For this reason, the unicellular alga Chlamid-
omonas reinhardtii has been used extensively to gain
important insights into the function of cilia in higher
eukaryotes.

Previous studies performed in this organism have demon-
strated that there is a strong correlation between the
length of flagella, the size of cells and the ability of cells to
undergo division [122]. Based on these findings, it was
proposed and subsequently demonstrated that the cilium
plays a fundamental role in the regulation of cell cycle
progression [122,123], both in Chlamidomonas [122,123]
and in mammalian cells [124]. The studies showing that
PC-1 is able to decrease cell size via the mTORC1 cascade,
in addition to its ability to slow progression through the
cell cycle [87], parallel similar studies performed by the
group of Dr Quarmby. This group has shown that the
orthologs of NIMA (never in mitosis) kinases in Chlamid-
omonas achieve a very similar effect [123]. The regulation
of cell size in lower eukaryotes is much easier to study and
understand than in higher eukaryotes; indeed, our under-
standing of how cell and tissue size are established in
higher eukaryotes and mammals is far less intuitive. Nev-
ertheless, there might be interesting parallels worth fol-
lowing, including the correlation between cell size, the
cell cycle and flagellar size. Intriguingly, hamartin has
recently been localized to the basal body of cilia in mam-
malian cells [27], and absence of the hamartin/tuberin
complex has been linked to a long ciliary phenotype [27].
This effect was rapamycin-insensitive, suggesting that
mTORC1 does not regulate cilia length [27]. These stud-
ies, however, do not exclude the possibility that cilia
might act upstream of mTORC1 and regulate its activity.

Is there a link between cilia/flagella length, cell size, cell
division and TORC1 activity? It is tempting to speculate
that perhaps cilia are sensory organelles capable of sens-
ing their environment to coordinate protein synthesis and
cell division in order to maintain proper cell size. This
effect might be achieved through the TORC1 cascade,
which is known to regulate cell size in virtually all systems
in which it has been studied [93-95]. Chlamidomonas
would be the ideal system in which to test this hypothesis
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because TORC1 is expressed, functional and sensitive to
rapamycin in this organism, although it has been only
minimally studied [125].

Conclusion
Recent studies have uncovered important roles for Poly-
cystin-1 in the regulation of the mTOR cascades and its
complexes. Not only have these studies shown the poten-
tial of using a well-characterized drug, rapamycin, to slow
disease progression in ADPKD, but they have also uncov-
ered important new functions of the polycystins.

One exciting aspect of these recent studies is that they
have revealed an important cross-talk between the genes
mutated in ADPKD and those mutated in TSC, although
further studies are required to fully understand the molec-
ular details of this relationship. It is important to note that
although dysregulated growth and proliferation (possibly
driven by mTOR in some cysts) might be important com-
ponents of renal cyst expansion in human patients and
potentially good targets to slow disease progression, they
might not be the initiating events of cystogenesis. Increas-
ing evidence suggests that defective planar cell polarity
(PCP) might cause cyst formation [33-37]. The elucida-
tion of the molecular mechanisms involved in this proc-
ess, which are defective in cystic kidney diseases, might
allow for the identification of potential pharmacological
targets that would then enable the design of a specific cure
for the disease.

Finally, one intriguing aspect discussed in this review is
the speculative link between cilia, cell size and regulation
of the cell cycle. What is the relationship between the reg-
ulation of cell size and the pathogenesis of TSC and/or
ADPKD? There is currently no answer to this question, but
it cannot be ignored that besides the TORC1 pathway, the
other known cascade involved in the regulation of cell/tis-
sue size is that of the Hippo pathway [126]. This pathway
is the main cascade lying downstream of the Fat cadher-
ins, master regulators of PCP, as stated above [127]. There
is a well-documented link between programs of cell polar-
ity and programmes of cell growth [128]. It is intuitive
that these pathways need to be coordinated in order to
achieve and maintain proper tissue morphogenesis. This
link might be regulated by the primary cilium and could
be disrupted in cystic kidney diseases or other disorders
such as cancer.

Abbreviations
ADPKD: autosomal dominant polycystic kidney disease;
AMPK: AMP-dependent protein kinase; AP-1: activator
protein 1; DEPTOR: DEP domains interactor of mTOR;
eIF4: eukaryotic translation initiation factor 4; eIF2:
eukaryotic translation initiation factor 2; ER: endoplasmic
reticulum; ERK: extracellular regulated kinase; FKBP12:

FK506-binding protein 12; FKHR: forkhead rabdomyosa-
rcoma; FOXO: Forkhead box class O; GAP: GTPase-acti-
vating protein; GEF: guanine-nucleotide exchange factor;
GPS: G-protein coupled proteolytic site; GSK3β: glyco-
gene synthase kinase β; IFT: intra-flagellar transport; IRS:
insulin receptor substrate; JAK: Janus kinase; LST8: lethal
with SEC13 protein 8; MDCK: Madin Darby kidney cells;
mTOR: mammalian target of rapamycin; NFAT: nuclear
factor of activated T-cells; NIMA: never in mitosis; PCP:
planar cell polarity; PDK1: phosphatidylinositol-depend-
ent kinase 1; PERK: PKR-like ER kinase; PH domain: plec-
strin homology domain; PI3K: phosphoinositide 3-
kinase; PKCα: protein kinase Cα; PRAS40: proline rich
Akt substrate; Protor: protein observed with rictor-1; Rag:
Ras related GTPase; Raptor: regulatory associated protein
of mTOR; REDD1: DNA damage response 1; Rheb: Ras
homologue enriched in brain; Rictor: rapamycin-insensi-
tive companion of mTOR; RSK: p90 ribosomal protein S6
kinase; SGK1: serum- and glucocorticoid-induced kinase
1; STAT: signal transducers and activators of transcription;
S6K: 70 kDa ribosomal protein S6 kinase; TRPL: transient
receptor potential; TSC: tuberous sclerosis complex; 4E-
BP1: eukaryotic-translation-initiation-factor-4E-binding
protein 1.

Competing interests
The author declares no competing interests.

Authors' contributions
AB wrote the manuscript and prepared the figures.

Acknowledgements
I am deeply grateful to all members of the Boletta Laboratory, especially to 
Gianfranco Distefano for the continuous invaluable discussions and to Dr L 
Rampoldi for critically reading the manuscript. This work was supported by 
the PKD Foundation (PKD57A2R), by the European Community 6th 
Framework Program (MCEXT-002785) and by the Italian Telethon 
(TCR0705). AB is an Associate Telethon Scientist.

References
1. Grantham JJ: Clinical practice. Autosomal dominant polycystic

kidney disease.  N Engl J Med 2008, 359:1477-1485.
2. Torres VE, Harris PC, Pirson Y: Autosomal dominant polycystic

kidney disease.  Lancet 2007, 369:1287-1301.
3. Torres VE, Harris PC: Autosomal dominant polycystic kidney

disease: the last 3 years.  Kidney Int 2009, 76:149-168.
4. Qian F, Watnick TJ, Onuchic LF, Germino GG: The molecular

basis of focal cyst formation in human autosomal dominant
polycystic kidney disease type I.  Cell 1996, 87:979-987.

5. Watnick TJ, Torres VE, Gandolph MA, Qian F, Onuchic LF, Klinger
KW, Landes G, Germino GG: Somatic mutation in individual
liver cysts supports a two-hit model of cystogenesis in auto-
somal dominant polycystic kidney disease.  Mol Cell 1998,
2:247-251.

6. Watnick T, He N, Wang K, Liang Y, Parfrey P, Hefferton D, St
George-Hyslop P, Germino G, Pei Y: Mutations of PKD1 in
ADPKD2 cysts suggest a pathogenic effect of trans-hetero-
zygous mutations.  Nat Genet 2000, 25:143-144.

7. Lu W, Peissel B, Babakhanlou H, Pavlova A, Geng L, Fan X, Larson C,
Brent G, Zhou J: Perinatal lethality with kidney and pancreas
defects in mice with a targeted Pkd1 mutation.  Nat Genet
1997, 17:179-181.
Page 13 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18832246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18832246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17434405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17434405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19455193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19455193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8978603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8978603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8978603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9734362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9734362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9734362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10835625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10835625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10835625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9326937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9326937


PathoGenetics 2009, 2:6 http://www.pathogeneticsjournal.com/content/2/1/6
8. Boulter C, Mulroy S, Webb S, Fleming S, Brindle K, Sandford R: Car-
diovascular, skeletal, and renal defects in mice with a tar-
geted disruption of the Pkd1 gene.  Proc Natl Acad Sci 2001,
98:12174-12179.

9. Shibazaki S, Yu Z, Nishio S, Tian X, Thomson RB, Mitobe M, Louvi A,
Velazquez H, Ishibe S, Cantley LG, et al.: Cyst formation and acti-
vation of the extracellular regulated kinase pathway after
kidney specific inactivation of Pkd1.  Hum Mol Genet 2008,
17:1505-1516.

10. Piontek K, Menezes LF, Garcia-Gonzalez MA, Huso DL, Germino
GG: A critical developmental switch defines the kinetics of
kidney cyst formation after loss of Pkd1.  Nat Med 2007,
13:1490-1495.

11. Wu G, D'Agati V, Cai Y, Markowitz G, Park JH, Reynolds DM, Maeda
Y, Le TC, Hou H Jr, Kucherlapati R, et al.: Somatic inactivation of
Pkd2 results in polycystic kidney disease.  Cell 1998,
93:177-188.

12. Wu G, Tian X, Nishimura S, Markowitz GS, D'Agati V, Park JH, Yao
L, Li L, Geng L, Zhao H, et al.: Trans-heterozygous Pkd1 and
Pkd2 mutations modify expression of polycystic kidney dis-
ease.  Hum Mol Genet 2002, 11:1845-1854.

13. Lantinga-van Leeuwen IS, Dauwerse JG, Baelde HJ, Leonhard WN,
van de Wal A, Ward CJ, Verbeek S, DeRuiter MC, Breuning MH, de
Heer E, Peters DJ: Lowering of Pkd1 expression is sufficient to
cause polycystic kidney disease.  Hum Mol Genet 2004,
13:3069-3077.

14. Rossetti S, Kubly VJ, Consugar MB, Hopp K, Roy S, Horsley SW,
Chauveau D, Rees L, Barratt TM, van't Hoff WG, et al.: Incom-
pletely penetrant PKD1 alleles suggest a role for gene dos-
age in cyst initiation in polycystic kidney disease.  Kidney Int
2009, 75:848-855.

15. Pritchard L, Sloane-Stanley JA, Sharpe JA, Aspinwall R, Lu W, Buckle
V, Strmecki L, Walker D, Ward CJ, Alpers CE, et al.: A human
PKD1 transgene generates functional polycystin-1 in mice
and is associated with a cystic phenotype.  Hum Mol Genet 2000,
9:2617-2627.

16. Thivierge C, Kurbegovic A, Couillard M, Guillaume R, Coté O, Trudel
M: Overexpression of PKD1 causes polycystic kidney disease.
Mol Cell Biol 2006, 26:1538-1548.

17. Park EY, Sung YH, Yang MH, Noh JY, Park SY, Lee TY, Yook YJ, Yoo
KH, Roh KJ, Kim I, et al.: Cyst formation in kidney via B-Raf sig-
naling in the PKD2 transgenic mice.  J Biol Chem 2009,
284:7214-7222.

18. Qian Q, Hunter LW, Li M, Marin-Padilla M, Prakash YS, Somlo S, Har-
ris PC, Torres VE, Sieck GC: Pkd2 haploinsufficiency alters
intracellular calcium regulation in vascular smooth muscle
cells.  Hum Mol Genet 2003, 12:1875-1880.

19. Ahrabi AK, Terryn S, Valenti G, Caron N, Serradeil-Le Gal C, Rau-
faste D, Nielsen S, Horie S, Verbavatz JM, Devuyst O: PKD1 hap-
loinsufficiency causes a syndrome of inappropriate
antidiuresis in mice.  J Am Soc Nephrol 2007, 18:1740-1753.

20. Calvet JP: Polycystic kidney disease: primary extracellular
matrix abnormality or defective cellular differentiation?  Kid-
ney Int 1993, 43:101-108.

21. Woo D: Apoptosis and loss of renal tissue in polycystic kidney
diseases.  New Engl J Med 1995, 333:18-25.

22. Starremans PG, Li X, Finnerty PE, Guo L, Takakura A, Neilson EG,
Zhou J: A mouse model for polycystic kidney disease through
a somatic in-frame deletion in the 5' end of Pkd1.  Kidney Int
2008, 73:1394-1405.

23. Grantham JJ, Geiger JL, Evan AP: Cyst formation and growth in
autosomal dominant polycystic kidney disease.  Kidney Int
1987, 31:1145-1152.

24. Mangoo-Karim R, Uchic ME, Grant M, Shumate WA, Calvet JP, Park
CH, Grantham JJ: Renal epithelial fluid secretion and cyst
growth: the role of cyclic AMP.  FASEB J 1989, 3:2629-2632.

25. Yamaguchi T, Pelling JC, Ramaswamy NT, Eppler JW, Wallace DP,
Nagao S, Rome LA, Sullivan LP, Grantham JJ: cAMP stimulates the
in vitro proliferation of renal cyst epithelial cells by activat-
ing the extracellular signal-regulated kinase pathway.  Kidney
Int 2000, 57:1460-1471.

26. Shillingford JM, Murcia NS, Larson CH, Low SH, Hedgepeth R, Brown
N, Flask CA, Novick AC, Goldfarb DA, Kramer-Zucker A, et al.: The
mTOR pathway is regulated by polycystin-1, and its inhibi-
tion reverses renal cystogenesis in polycystic kidney disease.
Proc Natl Acad Sci USA 2006, 103:5466-5471.

27. Hartman TR, Liu D, Zilfou JT, Robb V, Morrison T, Watnick T, Hen-
ske EP: The tuberous sclerosis proteins regulate formation of
the primary cilium via a rapamycin-insensitive and polycys-
tin 1-independent pathway.  Hum Mol Genet 2009, 18:151-163.

28. Bonnet CS, Aldred M, von Ruhland C, Harris R, Sandford R, Cheadle
JP: Defects in cell polarity underlie TSC and ADPKD-associ-
ated cystogenesis.  Hum Mol Genet 2009, 18:2166-2176.

29. Wahl PR, Serra AL, Le Hir M, Molle KD, Hall MN, Wuthrich RP: Inhi-
bition of mTOR with sirolimus slows disease progression in
Han:SPRD rats with autosomal dominant polycystic kidney
disease (ADPKD).  Nephrol Dial Transplant 2006, 21:598-604.

30. 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.

31. Qian Q, Du H, King BF, Kumar S, Dean PG, Cosio FG, Torres VE:
Sirolimus reduces polycystic liver volume in ADPKD
patients.  J Am Soc Nephrol 2008, 19:631-638.

32. Germino GG: Linking cilia to Wnts.  Nat Genet 2005, 37:455-457.
33. Fischer E, Legue E, Doyen A, Nato F, Nicolas JF, Torres V, Yaniv M,

Pontoglio M: Defective planar cell polarity in polycystic kidney
disease.  Nat Genet 2006, 38:21-23.

34. Patel V, Li L, Cobo-Stark P, Shao X, Somlo S, Lin F, Igarashi P: Acute
kidney injury and aberrant planar cell polarity induce cyst
formation in mice lacking renal cilia.  Hum Mol Genet 2008,
17:1578-1590.

35. Karner CM, Chirumamilla R, Aoki S, Igarashi P, Wallingford JB, Car-
roll TJ: Wnt9b signaling regulates planar cell polarity and kid-
ney tubule morphogenesis.  Nat Genet 2009, 41:793-799.

36. Simons M, Gloy J, Ganner A, Bullerkotte A, Bashkurov M, Krönig C,
Schermer B, Benzing T, Cabello OA, Jenny A, et al.: Inversin, the
gene product mutated in nephronophthisis type II, functions
as a molecular switch between Wnt signaling pathways.  Nat
Genet 2005, 37:537-543.

37. Saburi S, Hester I, Fischer E, Pontoglio M, Eremina V, Gessler M,
Quaggin SE, Harrison R, Mount R, McNeill H: Loss of Fat4 disrupts
PCP signaling and oriented cell division and leads to cystic
kidney disease.  Nat Genet 2008, 40:1010-1015.

38. Qian F, Germino FJ, Cai Y, Zhang X, Somlo S, Germino GG: PKD1
interacts with PKD2 through a probable coiled-coil domain.
Nat Genet 1997, 16:179-183.

39. Hanaoka K, Qian F, Boletta A, Bhunia AK, Piontek K, Tsiokas L,
Sukhatme VP, Guggino WB, Germino GG: Co-assembly of poly-
cystin-1 and -2 produces unique cation-permeable currents.
Nature 2000, 408:990-994.

40. Yu Y, Ulbrich MH, Li MH, Buraei Z, Chen XZ, Ong AC, Tong L, Isa-
coff EY, Yang J: Structural and molecular basis of the assembly
of the TRPP2/PKD1 complex.  Proc Natl Acad Sci USA 2009,
106:11558-11563.

41. Boletta A, Germino GG: Role of polycystins in renal tubulogen-
esis.  Trends Cell Biol 2003, 13:484-492.

42. Karcher C, Fischer A, Schweickert A, Bitzer E, Horie S, Witzgall R,
Blum M: Lack of a laterality phenotype in Pkd1 knock-out
embryos correlates with absence of polycystin-1 in nodal
cilia.  Differentiation 2005, 73:425-432.

43. Hughes J, Ward CJ, Peral B, Aspinwall R, Clark K, San Millán JL, Gam-
ble V, Harris PC: The polycystic kidney disease 1 (PKD1) gene
encodes a novel protein with multiple cell recognition
domains.  Nat Genet 1995, 10:151-160.

44. Sandford R, Mulroy S, Foggensteiner L: The polycystins: a novel
class of membrane-associated proteins involved in renal
cystic disease.  Cell Mol Life Sci 1999, 56:567-579.

45. Nims N, Vassmer D, Maser RL: Transmembrane domain analy-
sis of polycystin-1, the product of the polycystic kidney dis-
ease-1 (PKD1) gene: evidence for 11 membrane-spanning
domains.  Biochemistry 2003, 42:13035-13048.

46. Boletta A, Qian F, Onuchic LF, Bragonzi A, Cortese M, Deen PM,
Courtoy PJ, Soria MR, Devuyst O, Monaco L, Germino GG: Bio-
chemical characterization of bona fide polycystin-1 in vitro
and in vivo.  Am J Kidney Dis 2001, 38:1421-1449.

47. Newby LJ, Streets AJ, Zhao Y, Harris PC, Ward CJ, Ong AC: Identi-
fication, characterization, and localization of a novel kidney
polycystin-1-polycystin-2 complex.  J Biol Chem 2002,
277:20763-20773.

48. Qian F, Boletta A, Bhunia AK, Xu H, Liu L, Ahrabi AK, Watnick TJ,
Zhou F, Germino GG: Cleavage of polycystin-1 requires the
receptor for egg jelly domain and is disrupted by human
Page 14 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11593033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11593033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11593033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17965720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17965720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9568711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9568711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12140187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12140187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12140187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19165178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19165178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19165178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16449663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19098310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19098310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12874107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12874107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12874107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17475819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8433548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8433548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7776989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7776989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18385665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18385665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3599654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3599654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2480260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2480260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10760082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10760082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10760082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16567633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16567633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18845692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18845692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18845692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19321600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19321600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16221708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16221708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16221708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15563559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15563559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15563559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18199797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18199797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18199797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15858588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16341222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16341222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18263895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19543268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19543268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18604206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18604206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18604206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9171830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9171830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11140688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11140688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19556541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19556541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12946628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12946628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16316413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16316413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16316413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7663510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7663510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7663510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14596619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14596619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14596619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11728985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11728985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11728985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12482949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12482949


PathoGenetics 2009, 2:6 http://www.pathogeneticsjournal.com/content/2/1/6
autosomal-dominant polycystic kidney disease 1-associated
mutations.  Proc Natl Acad Sci USA 2002, 99:16981-16986.

49. Wei W, Hackmann K, Xu H, Germino G, Qian F: Characterization
of cis-autoproteolysis of polycystin-1, the product of human
polycystic kidney disease 1 gene.  J Biol Chem 2007,
282:21729-21737.

50. Yu S, Hackmann K, Gao J, He X, Piontek K, García-González MA,
Menezes LF, Xu H, Germino GG, Zuo J, Qian F: Essential role of
cleavage of Polycystin-1 at G protein-coupled receptor pro-
teolytic site for kidney tubular structure.  Proc Natl Acad Sci USA
2007, 104:18688-18693.

51. Parnell SC, Magenheimer BS, Maser RL, Rankin CA, Smine A,
Okamoto T, Calvet JP: The polycystic kidney disease-1 protein,
polycystin-1, binds and activates heterotrimeric G-proteins
in vitro.  Biochem Biophys Res Commun 1998, 251:625-631.

52. Chauvet V, Tian X, Husson H, Grimm DH, Wang T, Hiesberger T,
Igarashi P, Bennett AM, Ibraghimov-Beskrovnaya O, Somlo S, Caplan
MJ: Mechanical stimuli induce cleavage and nuclear translo-
cation of the polycystin-1 C terminus.  J Clin Invest 2004,
114:1433-1443.

53. Lal M, Song X, Pluznick JL, Di Giovanni V, Merrick DM, Rosenblum
ND, Chauvet V, Gottardi CJ, Pei Y, Caplan MJ: Polycystin-1 C-ter-
minal tail associates with beta-catenin and inhibits canonical
Wnt signaling.  Hum Mol Genet 2008, 17:3105-3117.

54. Low SH, Vasanth S, Larson CH, Mukherjee S, Sharma N, Kinter MT,
Kane ME, Obara T, Weimbs T: Polycystin-1, STAT6, and P100
function in a pathway that transduces ciliary mechanosensa-
tion and is activated in polycystic kidney disease.  Dev Cell
2006, 10:57-69.

55. Bertuccio CA, Chapin HC, Cai Y, Mistry K, Chauvet V, Somlo S, Cap-
lan MJ: Polycystin-1 C-terminal Cleavage Is Modulated by
Polycystin-2 Expression.  J Biol Chem 2009, 284:21011-21026.

56. Parnell SC, Magenheimer BS, Maser RL, Calvet JP: Identification of
the major site of in vitro PKA phosphorylation in the poly-
cystin-1 C-terminal cytosolic domain.  Biochem Biophys Res Com-
mun 1999, 259:539-543.

57. Li HP, Geng L, Burrow CR, Wilson PD: Identification of phospho-
rylation sites in the PKD1-encoded protein C-terminal
domain.  Biochem Biophys Res Commun 1999, 259:356-363.

58. Mochizuki T, Wu G, Hayashi T, Xenophontos SL, Veldhuisen B, Saris
JJ, Reynolds DM, Cai Y, Gabow PA, Pie Rides A, et al.: PKD2, a gene
for polycystic kidney disease that encodes an integral mem-
brane protein.  Science 1996, 272:1339-1342.

59. Celic A, Petri ET, Demeler B, Ehrlich BE, Boggon TJ: Domain map-
ping of the polycystin-2 C-terminal tail using de novo molec-
ular modeling and biophysical analysis.  J Biol Chem 2008,
283:28305-28312.

60. Koulen P, Cai Y, Geng L, Maeda Y, Nishimura S, Witzgall R, Ehrlich
BE, Somlo S: Polycystin-2 is an intracellular calcium release
channel.  Nat Cell Biol 2002, 4:191-197.

61. Geng L, Okuhara D, Yu Z, Tian X, Cai Y, Shibazaki S, Somlo S: Poly-
cystin-2 traffics to cilia independently of polycystin-1 by using
an N-terminal RVxP motif.  J Cell Sci 2006, 119:1383-1395.

62. Cai Y, Maeda Y, Cedzich A, Torres VE, Wu G, Hayashi T, Mochizuki
T, Park JH, Witzgall R, Somlo S: Identification and characteriza-
tion of polycystin-2, the PKD2 gene product.  J Biol Chem 1999,
274:28557-28565.

63. Xu GM, González-Perrett S, Essafi M, Timpanaro GA, Montalbetti N,
Arnaout MA, Cantiello HF: Polycystin-1 activates and stabilizes
the polycystin-2 channel.  J Biol Chem 2003, 278:1457-1462.

64. Giamarchi A, Padilla F, Coste B, Raoux M, Crest M, Honoré E, Delmas
P: The versatile nature of the calcium-permeable cation
channel TRPP2.  EMBO Rep 2006, 7:787-793.

65. Köttgen M, Benzing T, Simmen T, Tauber R, Buchholz B, Feliciangeli
S, Huber TB, Schermer B, Kramer-Zucker A, Höpker K, et al.: Traf-
ficking of TRPP2 by PACS proteins represents a novel mech-
anism of ion channel regulation.  EMBO J 2005, 24:705-716.

66. Streets AJ, Moon DJ, Kane ME, Obara T, Ong AC: Identification of
an N-terminal glycogen synthase kinase 3 phosphorylation
site which regulates the functional localization of polycystin-
2 in vivo and in vitro.  Hum Mol Genet 2006, 15:1465-1473.

67. Scheffers MS, Bent P van der, Prins F, Spruit L, Breuning MH, Litvinov
SV, de Heer E, Peters DJ: Polycystin-1, the product of the poly-
cystic kidney disease 1 gene, co-localizes with desmosomes
in MDCK cells.  Hum Mol Genet 2000, 9:2743-2750.

68. Streets AJ, Wagner BE, Harris PC, Ward CJ, Ong AC: Homophilic
and heterophilic polycystin 1 interactions regulate E-cad-
herin recruitment and junction assembly in MDCK cells.  J
Cell Sci 2009, 122:1410-1417.

69. Roitbak T, Ward CJ, Harris PC, Bacallao R, Ness SA, Wandinger-
Ness A: A polycystin-1 multiprotein complex is disrupted in
polycystic kidney disease cells.  Mol Biol Cell 2004, 15:1334-1346.

70. Boca M, D'Amato L, Distefano G, Polishchuk RS, Germino GG,
Boletta A: Polycystin-1 Induces Cell Migration by regulating
PI3kinase-dependent cytoskeletal rearrangements and
GSK3-β dependent cell cell mechanical adhesion.  Mol Biol Cell
2007, 18:4050-4061.

71. Joly D, Ishibe S, Nickel C, Yu Z, Somlo S, Cantley LG: The polycys-
tin 1-C-terminal fragment stimulates ERK-dependent
spreading of renal epithelial cells.  J Biol Chem 2006,
281:26329-26339.

72. Pazour GJ, San Agustin JT, Follit JA, Rosenbaum JL, Witman GB: Poly-
cystin-2 localizes to kidney cilia and the ciliary level is ele-
vated in orpk mice with polycystic kidney disease.  Curr Biol
2002, 12:R378-380.

73. Yoder BK, Hou X, Guay-Woodford LM: The polycystic kidney
disease proteins, polycystin-1, polycystin-2, polaris, and cys-
tin, are co-localized in renal cilia.  J Am Soc Nephrol 2002,
13:2508-2516.

74. Praetorius HA, Spring KR: Bending the MDCK cell primary cil-
ium increases intracellular calcium.  J Membr Biol 2001,
184:71-79.

75. Nauli SM, Alenghat FJ, Luo Y, Williams E, Vassilev P, Li X, Elia AE, Lu
W, Brown EM, Quinn SJ, et al.: Polycystins 1 and 2 mediate
mechanosensation in the primary cilium of kidney cells.  Nat
Genet 2003, 33:129-137.

76. Nauli SM, Kawanabe Y, Kaminski JJ, Pearce WJ, Ingber DE, Zhou J:
Endothelial cilia are fluid shear sensors that regulate calcium
signaling and nitric oxide production through polycystin-1.
Circulation 2008, 117:1161-1171.

77. Qian F, Wei W, Germino G, Oberhauser A: The nanomechanics
of polycystin-1 extracellular region.  J Biol Chem 2005,
280:40723-40730.

78. Forman JR, Qamar S, Paci E, Sandford RN, Clarke J: The remarka-
ble mechanical strength of polycystin-1 supports a direct
role in mechanotransduction.  J Mol Biol 2005, 349:861-871.

79. Hogan MC, Manganelli L, Woollard JR, Masyuk AI, Masyuk TV, Tam-
machote R, Huang BQ, Leontovich AA, Beito TG, Madden BJ, et al.:
Characterization of PKD protein-positive exosome-like ves-
icles.  J Am Soc Nephrol 2009, 20:278-288.

80. Boletta A, Qian F, Onuchic LF, Bhunia AK, Phakdeekitcharoen B,
Hanaoka K, Guggino W, Monaco L, Germino GG: Polycystin-1, the
gene product of PKD1, induces resistance to apoptosis and
spontaneous tubulogenesis in MDCK cells.  Mol Cell 2000,
6:1267-1273.

81. Boca M, Distefano G, Qian F, Bhunia AK, Germino GG, Boletta A:
Polycystin-1 induces resistance to apoptosis through the
phosphatidylinositol 3-kinase/Akt signaling pathway.  J Am Soc
Nephrol 2006, 17:637-647.

82. Wegierski T, Steffl D, Kopp C, Tauber R, Buchholz B, Nitschke R,
Kuehn EW, Walz G, Köttgen M: TRPP2 channels regulate apop-
tosis through the Ca2+ concentration in the endoplasmic
reticulum.  EMBO J 2009, 28:490-499.

83. Bhunia AK, Piontek K, Boletta A, Liu L, Qian F, Xu PN, Germino FJ,
Germino GG: PKD1 induces p21(waf1) and regulation of the
cell cycle via direct activation of the JAK-STAT signaling
pathway in a process requiring PKD2.  Cell 2002, 109:157-168.

84. Li X, Luo Y, Starremans PG, McNamara CA, Pei Y, Zhou J: Polycys-
tin-1 and polycystin-2 regulate the cell cycle through the
helix-loop-helix inhibitor Id2.  Nat Cell Biol 2005, 7:1102-1112.

85. Nickel C, Benzing T, Sellin L, Gerke P, Karihaloo A, Liu ZX, Cantley
LG, Walz G: The polycystin-1 C-terminal fragment triggers
branching morphogenesis and migration of tubular kidney
epithelial cells.  J Clin Invest 2002, 109:481-489.

86. Grimm DH, Karihaloo A, Cai Y, Somlo S, Cantley LG, Caplan MJ:
Polycystin-2 regulates proliferation and branching morpho-
genesis in kidney epithelial cells.  J Biol Chem 2006, 281:137-144.

87. Distefano G, Boca M, Rowe I, Wodarczyk C, Ma L, Piontek KB, Ger-
mino GG, Pandolfi PP, Boletta A: Polycystin-1 regulates extracel-
lular signal-regulated kinase-dependent phosphorylation of
tuberin to control cell size through mTOR and its down-
Page 15 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12482949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12482949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17525154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17525154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17525154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18003909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18003909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18003909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9792824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9792824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9792824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15545994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15545994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18632682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18632682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18632682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19491093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19491093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10364454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10364454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10364454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10362514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10362514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10362514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18694932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18694932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18694932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11854751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11854751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10497221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10497221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12407099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12407099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16880824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16880824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15692563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15692563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15692563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16551655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11063733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19351715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19351715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19351715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17671167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12239239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12239239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12239239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11687880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11687880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12514735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12514735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18285569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18285569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16219758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16219758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19158352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19158352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19158352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11106764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11106764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16452497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16452497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16452497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19153608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19153608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19153608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12007403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12007403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12007403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11854320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11854320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11854320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16278216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16278216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16278216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19255143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19255143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19255143


PathoGenetics 2009, 2:6 http://www.pathogeneticsjournal.com/content/2/1/6
stream effectors S6K and 4EBP1.  Mol Cell Biol 2009,
29:2359-2371.

88. Liang G, Yang J, Wang Z, Li Q, Tang Y, Chen XZ: Polycystin-2
down-regulates cell proliferation via promoting PERK-
dependent phosphorylation of eIF2alpha.  Hum Mol Genet 2008,
17:3254-3262.

89. Song X, Di Giovanni V, He N, Wang K, Ingram A, Rosenblum ND, Pei
Y: Systems biology of autosomal dominant polycystic kidney
disease (ADPKD): computational identification of gene
expression pathways and integrated regulatory networks.
Hum Mol Genet 2009, 18:2328-2343.

90. Kim E, Arnould T, Sellin LK, Benzing T, Fan MJ, Grüning W, Sokol SY,
Drummond I, Walz G: The polycystic kidney disease 1 gene
product modulates Wnt signaling.  J Biol Chem 1999,
274:4947-4953.

91. Parnell SC, Magenheimer BS, Maser RL, Zien CA, Frischauf AM, Cal-
vet JP: Polycystin-1 activation of c-Jun N-terminal kinase and
AP-1 is mediated by heterotrimeric G proteins.  J Biol Chem
2002, 277:19566-19572.

92. Puri S, Magenheimer BS, Maser RL, Ryan EM, Zien CA, Walker DD,
Wallace DP, Hempson SJ, Calvet JP: Polycystin-1 activates the
calcineurin/NFAT (nuclear factor of activated T-cells) signal-
ing pathway.  J Biol Chem 2004, 279:55455-64.

93. Wullschleger S, Loewith R, Hall MN: TOR signaling in growth and
metabolism.  Cell 2006, 124:471-484.

94. Tee AR, Blenis J: mTOR, translational control and human dis-
ease.  Semin Cell Dev Biol 2005, 16:29-37.

95. Huang J, Manning BD: The TSC1-TSC2 complex: a molecular
switchboard controlling cell growth.  Biochem J 2008,
412:179-190.

96. Peterson TR, Laplante M, Thoreen CC, Sancak Y, Kang SA, Kuehl
WM, Gray NS, Sabatini DM: DEPTOR is an mTOR inhibitor fre-
quently overexpressed in multiple myeloma cells and
required for their survival.  Cell 2009, 137:873-886.

97. Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, Erdjument-Brom-
age H, Tempst P, Sabatini DM: mTOR interacts with raptor to
form a nutrient-sensitive complex that signals to the cell
growth machinery.  Cell 2002, 110:163-175.

98. Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang SA, Spooner
E, Carr SA, Sabatini DM: PRAS40 is an insulin-regulated inhibi-
tor of the mTORC1 protein kinase.  Mol Cell 2007, 25:903-915.

99. Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-
Bromage H, Tempst P, Sabatini DM: Rictor, a novel binding part-
ner of mTOR, defines a rapamycin-insensitive and raptor-
independent pathway that regulates the cytoskeleton.  Curr
Biol 2004, 14:1296-1302.

100. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, Huang Q, Qin
J, Su B: SIN1/MIP1 maintains rictor-mTOR complex integrity
and regulates Akt phosphorylation and substrate specificity.
Cell 2006, 127:125-137.

101. Frias MA, Thoreen CC, Jaffe JD, Schroder W, Sculley T, Carr SA,
Sabatini DM: mSin1 is necessary for Akt/PKB phosphorylation,
and its isoforms define three distinct mTORC2s.  Curr Biol
2006, 16:1865-1870.

102. Pearce LR, Huang X, Boudeau J, Pawcowski R, Wullschleger S, Deak
M, Ibrahim AF, Gourlay R, Magnuson MA, Alessi DR: Identification
of Protor as a novel Rictor-binding component of mTOR
complex-2.  Biochem J 2007, 405:513-522.

103. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF,
Markhard AL, Sabatini DM: Prolonged rapamycin treatment
inhibits mTORC2 assembly and Akt/PKB.  Mol Cell 2006,
22:159-168.

104. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM: Phosphorylation
and regulation of Akt/PKB by the rictor-mTOR complex.  Sci-
ence 2005, 307:1098-1101.

105. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-
Peled L, Sabatini DM: The Rag GTPases bind raptor and medi-
ate amino acid signaling to mTORC1.  Science 2008,
320:1496-1501.

106. Vanhaesebroeck B, Alessi DR: The PI3K-PDK1 connection:
more than just a road to PKB.  Biochem J 2000, 346:561-576.

107. Shiota C, Woo JT, Lindner J, Shelton KD, Magnuson MA: Multiallelic
disruption of the rictor gene in mice reveals that mTOR
complex 2 is essential for fetal growth and viability.  Dev Cell
2006, 11:583-589.

108. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Mof-
fat J, Brown M, Fitzgerald KJ, Sabatini DM: Ablation in mice of the
mTORC components raptor, rictor, or mLST8 reveals that
mTORC2 is required for signaling to Akt-FOXO and PKCal-
pha, but not S6K1.  Dev Cell 2006, 11:859-871.

109. García-Martínez JM, Alessi DR: mTOR complex 2 (mTORC2)
controls hydrophobic motif phosphorylation and activation
of serum- and glucocorticoid-induced protein kinase 1
(SGK1).  Biochem J 2008, 416:375-385.

110. Zhang H, Cicchetti G, Onda H, Koon HB, Asrican K, Bajraszewski N,
Vazquez F, Carpenter CL, Kwiatkowski DJ: Loss of Tsc1/Tsc2 acti-
vates mTOR and disrupts PI3K-Akt signaling through down-
regulation of PDGFR.  J Clin Invest 2003, 112:1223-1233.

111. Manning BD, Logsdon MN, Lipovsky AI, Abbott D, Kwiatkowski DJ,
Cantley LC: Feedback inhibition of Akt signaling limits the
growth of tumors lacking Tsc2.  Genes Dev 2005, 19:1773-1778.

112. Carracedo A, Ma L, Teruya-Feldstein J, Rojo F, Salmena L, Alimonti A,
Egia A, Sasaki AT, Thomas G, Kozma SC, et al.: Inhibition of
mTORC1 leads to MAPK pathway activation through a
PI3K-dependent feedback loop in human cancer.  J Clin Invest
2008, 118:3065-74.

113. Shah OJ, Hunter T: Turnover of the active fraction of IRS1
involves raptor-mTOR- and S6K1-dependent serine phos-
phorylation in cell culture models of tuberous sclerosis.  Mol
Cell Biol 2006, 26:6425-6434.

114. Dibble CC, Asara JM, Manning BD: Characterization of Rictor
phosphorylation sites reveals direct regulation of mTOR
complex 2 by S6K1.  Mol Cell Biol 2009, 29:5657-70.

115. Zhou J, Brugarolas J, Parada LF: Loss of Tsc1, but not Pten, in
renal tubular cells causes polycystic kidney disease by acti-
vating mTORC1.  Hum Mol Genet 2009, 18:4428-41.

116. Yamaguchi T, Wallace DP, Magenheimer BS, Hempson SJ, Grantham
JJ, Calvet JP: Calcium restriction allows cAMP activation of the
B-Raf/ERK pathway, switching cells to a cAMP-dependent
growth-stimulated phenotype.  J Biol Chem 2004,
279:40419-40430.

117. Huang J, Dibble CC, Matsuzaki M, Manning BD: The TSC1-TSC2
complex is required for proper activation of mTOR complex
2.  Mol Cell Biol 2008, 28:4104-4115.

118. Crino PB, Nathanson KL, Henske EP: The tuberous sclerosis
complex.  N Engl J Med 2006, 355:1345-1356.

119. Henske EP: Tuberous sclerosis and the kidney: from mesen-
chyme to epithelium and beyond.  Pedriatioc Nephrol 2005,
20:854-857.

120. Brook-Carter PT, Peral B, Ward CJ, Thompson P, Hughes J,
Maheshwar MM, Nellist M, Gamble V, Harris PC, Sampson JR: Dele-
tion of the TSC2 and PKD1 genes associated with severe
infantile polycystic kidney disease -- a contiguous gene syn-
drome.  Nat Genet 1994, 8:328-332.

121. Kleymenova E, Ibraghimov-Beskrovnaya O, Kugoh H, Everitt J, Xu H,
Kiguchi K, Landes G, Harris P, Walker C: Tuberin-dependent
membrane localization of polycystin-1: a functional link
between polycystic kidney disease and the TSC2 tumor sup-
pressor gene.  Mol Cell 2001, 7:823-832.

122. Bradley BA, Quarmby LM: A NIMA-related kinase, Cnk2p, reg-
ulates both flagellar length and cell size in Chlamydomonas.
J Cell Sci 2005, 118:3317-3326.

123. Quarmby LM, Parker JD: Cilia and the cell cycle?  J Cell Biol 2005,
169:707-710.

124. Pugacheva EN, Jablonski SA, Hartman TR, Henske EP, Golemis EA:
HEF1-dependent Aurora A activation induces disassembly
of the primary cilium.  Cell 2007, 129:1351-1363.

125. Crespo JL, Díaz-Troya S, Florencio FJ: Inhibition of target of
rapamycin signaling by rapamycin in the unicellular green
alga Chlamydomonas reinhardtii.  Plant Physiol 2005,
139:1736-1749.

126. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA, Gayyed
MF, Anders RA, Maitra A, Pan D: Elucidation of a universal size-
control mechanism in Drosophila and mammals.  Cell 2007,
130:1120-1133.

127. Cho E, Feng Y, Rauskolb C, Maitra S, Fehon R, Irvine KD: Delinea-
tion of a Fat tumor suppressor pathway.  Nat Genet 2006,
38:1142-1150.

128. Lawrence PA, Struhl G, Casal J: Do the protocadherins Fat and
Dachsous link up to determine both planar cell polarity and
the dimensions of organs?  Nat Cell Biol 2008, 10:1379-1382.
Page 16 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19255143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18664456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18664456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18664456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19346236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19346236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9988738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9988738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11912216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11912216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15466861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15466861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15466861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16469695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16469695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15659337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15659337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18466115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18466115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19446321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19446321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19446321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12150925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12150925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12150925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17386266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17386266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15268862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15268862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15268862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16919458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16919458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17461779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17461779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17461779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16603397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16603397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15718470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15718470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18497260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18497260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10698680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10698680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17141160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17141160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17141160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18925875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18925875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18925875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14561707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14561707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14561707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16027169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16027169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18725988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18725988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18725988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16914728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16914728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16914728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19720745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19720745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19720745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19692352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19692352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19692352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15263001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15263001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15263001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18411301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18411301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18411301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17005952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17005952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7894481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7894481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7894481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11336705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11336705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11336705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16030138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16030138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15928206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17604723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17604723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17604723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16299168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17889654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17889654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16980976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16980976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19043429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19043429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19043429

	Abstract
	ADPKD: genetics and proposed mechanisms of cystogenesis
	Genetic mechanism of cystogenesis
	Molecular mechanism(s) of cystogenesis

	The polycystins
	The biochemistry of the polycystins
	Localization and function of the polycystins

	The mTOR pathway, the mTOR complexes and the feedback loops
	mTORC1
	mTORC2
	Cross-regulation of mTORC1 and mTORC2

	Dysregulation of mTORC1 in polycystic kidney disease
	Regulation of the mTOR complexes by the polycystins
	Cross-talk between the PKD and TSC genes and proteins
	Cilia, the cell cycle and cell size
	Conclusion
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

