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Polycystins: inhibiting the inhibitors
Robert Benezra

Polycystin-1 and -2 — two integral membrane proteins that are mutated in polycystic kidney disease — regulate the cell cycle by 
preventing nuclear localization of the pro-proliferative helix-loop-helix (HLH) protein Id2. This novel mechanism for restraining 
Id proteins has important implications for our understanding of the nature of polycystic kidney disease and perhaps other 
proliferative disorders.

So how does this complex affect prolif-
eration? Activation of the transcription fac-
tor AP-1 (ref. 8) and Jak–STAT signalling9 by 
the PC1–PC2 complex has been postulated, 
and the interaction of this complex with 
E-cadherin at adherens junctions suggests 
a connection with the Wnt–β-catenin cell-

cycle signalling machinery. Indeed, the C-
terminal region of PC1 has been shown to 
stabilize β-catenin10. Zhou and colleagues 
now show that when PC2 is overexpressed, 
it can physically associate with the HLH 
protein Id2 and block its translocation to 
the nucleus2. This is significant because Id 

Autosomal dominant polycystic kidney disease 
(ADPKD) affects 1 in 1,000 people worldwide 
and is a hyperproliferative disorder character-
ized by the appearance of fluid-filled cysts in 
the tubules and collecting ducts of the affected 
kidney1. Although key players in the prolifera-
tive response have been identified, a detailed 
molecular process has yet to be described. 
On page 1202 of this issue, Jing Zhou and 
colleagues uncover an important mechanis-
tic insight into the nature of the proliferative 
response in affected patients: nuclear transloca-
tion and activation of the growth stimulatory 
protein Id2 (ref. 2).

ADPKD arises when a loss-of-function 
mutation occurs in one copy of either of the 
genes (PKD1 or PKD2) encoding polycystin-1 
(PC1) and polycystin-2 (PC2), respectively, 
and the remaining normal copy is subse-
quently inactivated3. PC1 and PC2 are mem-
brane glycoproteins with complex structures. 
PC1 has 11 predicted transmembrane-span-
ning segments that follow an extracellular 
amino-terminal portion containing several 
adhesive domains implicated in cell–cell and 
cell–matrix interactions. PC1 also contains 
a short intracellular carboxyl terminus that 
has a G-protein activation site and a coiled-
coiled protein interaction domain. The latter 
domain mediates interaction with PC2 (ref. 
4), an ion-channel protein with six predicted 
membrane-spanning segments and a short 
intracellular C-terminal region containing 
a calcium-binding domain, an endoplasmic 
reticulum retention signal and a coiled-coiled 
PC1-binding domain. PC1 recruits PC2 to 
the plasma membrane5, and the PC1–PC2 
complex is thought to function as a recep-
tor–ion-channel complex5 in which PC1 reg-
ulates both the activity of PC2 and intrinsic 
G-protein signalling6,7.
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Figure 1 PC2 sequesters Id2 in the cytoplasm. Id2 is normally prevented from entering the nucleus 
through its association with the phosphorylated C-terminal domain of PC2. When PC1 or PC2 are 
inactivated, Id2 translocates to the nucleus (dashed arrow) where it blocks the ability of E proteins to 
turn on growth-suppressive genes, either alone or in combination with other basic-HLH proteins. This 
results in increased Cdk2 activity. PKD, polycystic kidney disease repeat motifs. 
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proteins have been identified as key regula-
tors of differentiation and proliferation in a 
variety of cellular contexts.

There are four members of the Id family 
(called Id1–4) and all are expressed at high 
levels in various regions throughout the early 
embryo11. Id proteins lack a DNA-binding 
domain and exert their effects by binding 
to positively acting HLH proteins and pre-
venting them from associating with DNA. 
The best-characterized binding partners for 
Id proteins are the ubiquitously expressed 
E protein family members — obligate het-
erodimerizing partners of tissue-restricted 
HLH transcription factors, such as MyoD 
and NeuroD, that regulate cell differentiation. 
By sequestering E proteins away from these 
partners, the Id proteins can alter cell fate 
and cell-cycle progression in multiple tissue 
types. Id2 is particularly interesting as it is the 
only member of the Id family that not only 
associates with E proteins and blocks their 
ability to activate transcription of growth-
suppressive genes such as p21 (ref. 12), but 
it is also restrained by the tumour suppressor 
Rb at the G1/S cell-cycle boundary13. Zhou 
and colleagues show that PC1 is required for 
the PC2–Id2 interaction by demonstrating 
PC1-dependent phosphorylation of a C-ter-
minal serine residue in PC2 that promotes its 
association with Id22. These data predict that 
when PC2 or PC1 is lost in ADPKD, Id2 can 
enter the nucleus and overwhelm the growth-
restraining effects of E proteins and Rb.

This prediction is confirmed by two lines 
of experimental evidence. First, the authors 
show that mutation of PKD1 and PKD2 in 
patients and gene targeting of Pkd1 in mice 
leads to the accumulation of Id2 in the nucleus 
of kidney epithelial cells2. This translocation, 

at least in mouse kidney tissue, is associated 
with a sharp decrease in p21 expression. 
Moreover, in mouse embryonic kidney cells 
derived from wild-type and Pkd1-mutant 
mice, the nuclear E protein–Id2 complex is 
observed only when PC1 is absent and the 
PC2–Id2 interaction is disrupted. This com-
petition between E proteins and PC2 for Id2 
was confirmed in overexpression experi-
ments in which PC2 was shown to override 
the ability of E proteins to escort Id2 into the 
nucleus. Given the nanomolar affinity of E 
proteins for Id2, these results indicate a strong 
Id2–PC2 interaction and make a compelling 
case for its physiological relevance. Second, 
the cell-cycle profile of PC1 mutant cells was 
normalized when Id2 levels were reduced 
with RNA interference, consistent with the 
model proposed.

Modulation of Id protein localization 
during differentiation is not unprecedented. 
Id1 and Id2 proteins have been reported to 
redistribute to the cytoplasm during muscle 
and oligodendrocyte differentiation before 
they degrade14,15. This may be partly caused 
by the loss of association with E proteins, 
which can chaperone Id proteins into the 
nucleus16. The Zhou study expands on these 
observations by identifying a molecular 
anchor that is required to sequester Id2 in 
the cytoplasm and by making a case for the 
involvement of this mechanism in the patho-
physiology of ADPKD.

Although overexpression of Id proteins 
has been shown to affect the growth prop-
erties of normal and transformed cells in 
culture, the timing and location of in vivo 
overexpression is a controversial subject11. 
This study opens up the possibility that re-
localization of the Id proteins may represent 

another cellular strategy to enhance or to 
restrain their activity.

As with all significant advances, a number 
of important follow-up experiments are sug-
gested. As Id2 knockout mice are viable, it will 
be of great interest to determine whether Id2 
loss ameliorates the phenotype of the Pkd-
mutant mice in a genetic cross of these strains. 
Conditional loss of Id2 in the kidney would be 
the most informative experimental approach. 
Is loss of p21 (through translocation of Id2 
to the nucleus) the major determinant of the 
proliferative response or are targets other than 
p21 contributing to the disease phenotype? Is 
Rb part of a larger molecular complex involv-
ing the PC proteins and Id2? Are other Id pro-
teins (such as Id1 or 3) regulated in similar 
ways? The answers to these questions should 
provide a more thorough understanding of 
the molecular basis of ADPKD and perhaps 
guide us towards new strategies for targeted 
therapeutic intervention. 
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Owing to a technical error, the pages of this manuscript were origi-
nally mis-numbered by a 100 pages. Th is has now been corrected on-
line. Th e corrected online manuscript is numbered 100 pages higher 
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