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Autosomal-dominant polycystic kidney disease (ADPKD) and von Hippel-Lindau (VHL) disease lead to large
kidney cysts that share pathogenetic features. The polycystin-1 (PC1) and pVHL proteins may therefore par-
ticipate in the same key signaling pathways. Jade-1 is a pro-apoptotic and growth suppressive ubiquitin
ligase for beta-catenin and transcriptional coactivator associated with histone acetyltransferase activity
that is stabilized by pVHL in a manner that correlates with risk of VHL renal disease. Thus, a relationship be-
tween Jade-1 and PC1 was sought. Full-length PC1 bound, stabilized and colocalized with Jade-1 and inhib-
ited Jade-1 ubiquitination. In contrast, the cytoplasmic tail or the naturally occurring C-terminal fragment of
PC1 (PC1-CTF) promoted Jade-1 ubiquitination and degradation, suggesting a dominant-negative mechan-
ism. ADPKD-associated PC1 mutants failed to regulate Jade-1, indicating a potential disease link. Jade-1 ubi-
quitination was mediated by Siah-1, an E3 ligase that binds PC1. By controlling Jade-1 abundance, PC1 and
the PC1-CTF differentially regulate Jade-1-mediated transcriptional activity. A key target of PC1, the cyclin-
dependent kinase inhibitor p21, is also up-regulated by Jade-1. Through Jade-1, PC1 and PC1 cleaved
forms may exert fine control of beta-catenin and canonical Wnt signaling, a critical pathway in cystic renal
disease. Thus, Jade-1 is a transcription factor and ubiquitin ligase whose activity is regulated by PC1 in a
manner that is physiologic and may correlate with disease. Jade-1 may be an important therapeutic target
in renal cystogenesis.

INTRODUCTION

Autosomal-dominant polycystic kidney disease (ADPKD) is
one of the most common monogenic disorders (1–3), affecting
an estimated 12.5 million people worldwide. ADPKD is
marked by numerous fluid-filled cysts in ductal organs, pri-
marily the kidneys and the liver. The enlarging cysts cause
end-stage renal disease (ESRD) in 50–75% of ADPKD
patients (4,5). In addition, ADPKD is responsible for 4% of
ESRD cases in the USA and 8–10% of cases in Europe and
Australia (6). ADPKD is caused in 85% of instances by muta-
tion in the PKD1 gene, which maps to chromosome 16p13.3
(7–9). The PKD1 gene encodes polycystin-1 (PC1), an

integral membrane glycoprotein comprising 4302 amino
acids. PC1 is predicted to span the plasma membrane 11
times and contains a large, extracellular amino-terminus of
�3109 amino acids and an intracellular carboxyl-terminus
of �200 amino acids (10). PC1 undergoes cleavage at a
G-protein coupled receptor proteolytic site (GPS) between
residues 3048 and 3049 in a process that requires the receptor
for egg jelly motif (11,12). Proteolysis results in the generation
of an N-terminal and C-terminal fragment (PC1-NTF and
PC1-CTF, respectively). PC1 plays a role in cell–cell and
cell–matrix adhesion, cell signaling cascades and renal tubu-
logenesis (13). GPS cleavage of PC1 may be required for
full biological activity (11,12,14), and the PC1-NTF and
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PC1-CTF may have functions different from the full-length
PC1 protein.

von Hippel-Lindau (VHL) disease is characterized by
retinal angiomas, central nervous system hemangioblastomas,
pheochromocytomas, renal, pancreatic and epididymal cysts,
and clear-cell renal cancers (15). VHL renal disease shares a
number of features with ADPKD, which raises the possibility
of a common molecular mediator in these disorders. Cyst
formation in ADPKD and VHL disease occurs in a similar
manner. Both diseases are transmitted in an autosomal-
dominant fashion, and the initiating cystogenic event is inacti-
vation of the second allele of the respective gene (16,17). Both
PC1 and pVHL proteins slow the G1-S transition of the cell
cycle by promoting the expression of cyclin-dependent
kinase inhibitors, such as p21 and p27 (18–20), and protect
the cell against apoptosis (19,21,22). Increased proliferation
and apoptosis are general features of renal cystogenesis.
Thus, PC1 and pVHL may control common signaling path-
ways involving proliferation and apoptosis.

Jade-1 is a transcription factor (23,24) and ubiquitin ligase
(25) that was cloned based on its interaction with pVHL.
Jade-1 is the first member of a small family of Jade proteins
containing plant homeodomains and PEST protein degradation
motifs (23,26,27). As a protein stabilized by pVHL (23),
Jade-1 itself has properties of a tumor suppressor (28).
Jade-1 inhibits proliferation and promotes apoptosis. Jade-1
is also a ubiquitin ligase for beta-catenin (25), an important
molecule in renal cancer and renal cystic disease pathogenesis.
Moreover, pVHL stabilizes Jade-1 in a manner that correlates
with risk of VHL renal disease (27), which suggests that
Jade-1 may participate in the pathogenesis of renal cystic
disease more generally. Consequently, a relationship
between PC1 and Jade-1 was examined. Jade-1 may represent
a key target shared widely in renal cystic diseases.

RESULTS

PC1 binds Jade-1

Jade-1 binds and partially colocalizes with the tumor suppres-
sor protein pVHL (23). This interaction increases Jade-1
protein half-life. Given the similarities in the mechanism of
renal cyst formation in ADPKD and VHL disease and the po-
tential role for Jade-1 in VHL renal disease (27), an interaction
between Jade-1 and PC1 proteins was sought. Schematics of
the Jade-1 truncations and PC1 constructs appear in
Figure 1. In cotransfection experiments in 293T17 cells,
Jade-1 bound the cytoplasmic domain of PC1 linked to the
CD16.7 membrane-targeting domain (cPC1) (Fig. 2A)
(29–31). The cPC1 construct contains an extracellular
domain from CD16 fused to a transmembrane domain from
CD7 linked to the cytoplasmic domain of PC1 (Fig. 1B),
and the empty vector control for this construct contains the
CD16-CD7 fusion. Thus, Jade-1 and cPC1 may interact primar-
ily in the plasma membrane or in the endoplasmic reticulum.

Binding of Jade-1 to different forms of PC1 was also ana-
lyzed in 293T17 cells. In cotransfection experiments, Jade-1
bound the PC1-CTF (Fig. 2B). In its C-terminal cytoplasmic
tail, PC1 contains a coiled-coil motif that is required for inter-
action with PC2 (29,32). PC1-R4227X is a naturally occurring

PC1 mutation that truncates the protein after residue 4226
within the coiled-coil domain, thus interfering with the
PC1–PC2 protein interaction (33). Jade-1 bound full-length
PC1, but not PC1-R4227X in cotransfection experiments
(Fig. 2C). The Jade-1–PC1 interaction therefore requires the
PC1 coiled-coil domain.

Protein truncations of Jade-1 were also examined for
binding to PC1-CTF (Fig. 2D and E). Jade-1 truncations con-
taining the Jade-1 amino terminus [Jade-1, Jade-1 dd, Jade-1
dC and Jade-1 N terminus (J-N)] bound most strongly to
PC1-CTF. Persistence of binding in the absence of the
Jade-1 amino terminus (Jade-1 del1 and J-Sm) suggested
that the Jade-1 inter-PHD region also contributes, but to a
lesser degree. The Jade-1 C terminus or PHD zinc fingers
did not contribute substantially to PC1-CTF binding. The
complexity of this protein–protein interaction may reflect
the nature of Jade-1 protein tertiary structure, which includes
a central Enhancer of Polycomb-N-terminus domain that
folds together part of the J-N, the PHD-extended PHD
module and part of the C terminus (34).

Colocalization of Jade-1 and PC1 was then sought. In
293T17 cells, transfected GFP-Jade-1 colocalized with PC1
mostly at the plasma membrane in a punctate pattern
(Fig. 3A). Percent colocalization by NIH ImageJ64 was
2.61+ 0.60 (SE), whereas PC1-R4227X exhibited 1.22+
0.32 (SE) percent colocalization with GFP-Jade-1, also at
the plasma membrane (Fig. 3B), P ¼ 0.0328 by the two-tailed
t-test (35). The PC1-CTF exhibited extensive colocalization
with GFP-Jade-1 in a different pattern throughout the cyto-
plasm and perhaps in the plasma membrane (Fig. 3C).
Unlike GFP-Jade-1, GFP alone was expressed either equally
in the nucleus and the cytoplasm or predominantly in the
nucleus and was unaffected by contransfection of PC1 (data
not shown). Thus, transfected Jade-1 binds and colocalizes
with PC1 at the plasma membrane. The interaction and
co-distribution of Jade-1 with PC1 is reduced by the elimin-
ation of the PC1 coiled-coil motif.

PC1 regulates Jade-1 protein abundance

To determine whether PC1, like pVHL (23), regulates Jade-1
abundance, cotransfection experiments were performed. As
expected, pVHL increased Jade-1 abundance (Fig. 4A). Sur-
prisingly, cPC1 sharply decreased the levels of transfected
Jade-1 protein, whereas PC2 had no substantial effect. The
effect of full-length PC1 on Jade-1 was then determined. Inter-
estingly, full-length PC1 and cPC1 differentially regulate
Jade-1 abundance in a dose-dependent manner (Fig. 4B).
cPC1 decreased Jade-1 protein levels, whereas full-length
PC1 increased Jade-1 protein levels. Thus, full-length PC1
acts like pVHL on Jade-1, whereas cPC1 exerts an apparent
dominant-negative effect on Jade-1.

Effects of PC1 on endogenous Jade-1 protein abundance
were then assessed in murine inner medullary collecting
duct (IMCD) cells retrovirally transfected with either cPC1
or vector control (31) and MDCK cells stably transfected
with either full-length PC1 or vector control (21). To
confirm the identity of Jade-1, these cell lines were also
treated with MG132, a proteasome inhibitor, which increases
Jade-1 abundance (28). In concordance with the cotransfection
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data, endogenous Jade-1 levels were decreased in IMCD cells
stably expressing cPC1 (Fig. 4C). The Jade-1 immunoblot
panels in Figure 4C were from the same blot processed iden-
tically. Moreover, endogenous Jade-1 levels were increased in
MDCK cells stably expressing full-length PC1 (data not
shown). In further support of the effect of full-length PC1
on endogenous Jade-1, Jade-1 levels were reduced in dolichos
biflorus agglutinin (DBA) positive mouse embryonic kidney
(MEK) cells derived from the Pkd1del34/del34 mouse in com-
parison with wild-type littermate control DBA positive MEK
cells (Fig. 4D) (36). Furthermore, endogenous Jade-1 levels
were reduced in immortalized human ADPKD cyst lines of
proximal [lotus tetragonolobus lectin (LTL) positive] or a
distal (DBA positive) origin, in comparison with immortalized
renal cortical tubular epithelial cells (RCTEC) of proximal or
distal origin, respectively (Fig. 4D) (37). Thus, both trans-
fected and endogenous Jade-1 protein levels are decreased
by cPC1 and increased by full-length PC1. This differential
regulation suggested that the truncated form of PC1 might
be capable of interfering with the function of full-length
PC1 through a dominant-negative mechanism, which was
tested and confirmed (Fig. 4E).

As perhaps the most genetically similar cell culture model
of Pkd1 gene deletion, clonal Pkd1 null mouse proximal
tubule cell lines (PN cells) derived from parental heterozygous
Pkd1fl/2; temperature-sensitive large T antigen clones (PH
cells) by transient transfection of Cre recombinase (38–40)
were examined for levels of endogenous Jade-1 protein.
Whether proliferating at 338C or particularly when differen-
tiated, the PN lines had substantially less Jade-1 than the PH

cells (Fig. 4F). In the PN cells, the lower Jade-1 band runs
faster than in the PH cells. Intriguingly, we have observed
this same shift in mobility of the Jade-1 lower band in
Figure 4D and in Vhlh-null mouse tissues (data not shown).
Differential Jade-1 protein abundance in these lines was con-
firmed by Jade-1 immunoprecipitation (data not shown). As
a marker of the biological activity of Jade-1 (25), endogenous
nuclear beta-catenin was reciprocally increased in the PN cells
(Fig. 4G). Nuclear extracts were used in this experiment to
show the major pool of transcriptionally active beta-catenin.
Results with Jade-1 and nuclear beta-catenin in the cell lines
were confirmed in cystic liver tissues from conditional
Pkd1cond/del224; tamoxifen-Cre mice (Fig. 4H) (41,42). The
frequency of Pkd1 loop-out is highest in the liver in these
mice. Thus, endogenous Pkd1 is capable of regulating en-
dogenous Jade-1 protein.

To lend physiological relevance to the dominant-negative
pathway of cPC1, the naturally occurring PC1-CTF was
tested for regulation of Jade-1 protein abundance. The
293T17 cells were cotransfected with Jade-1 and either full-
length PC1, PC1-CTF, mutants of PC1 that do not undergo
cleavage at the GPS site, or PC1-R4227X. PC1-T3049R and
PC1-Q3016R are engineered and naturally occurring muta-
tions, respectively, that disrupt PC1 cleavage (11). While full-
length PC1 stabilized Jade-1, PC1-CTF sharply decreased
Jade-1 abundance (Fig. 5). Thus, PC1-CTF functions in the
same dominant-negative manner as cPC1 with respect to
Jade-1. In contrast, the missense mutation constructs did not
significantly affect Jade-1 protein levels. The PC1-NTF,
which does not contain the coiled-coil domain, also had no
effect on Jade-1 (data not shown). Therefore, intact, full-
length PC1 may be required to up-regulate Jade-1, whereas
cleavage of PC1 at the GPS site may be necessary to down-
regulate Jade-1. The inability of a naturally occurring,
disease-associated PC1 mutant, PC1-Q3016R, to regulate
Jade-1 supports a correlation between PC1-mediated Jade-1
regulation and ADPKD.

In contrast to full-length PC1, PC1-R4227X does not alter
Jade-1 protein levels relative to the vector control (Fig. 5).
Thus, the coiled-coil motif of PC1 is required not only for
binding to Jade-1, but also for regulating Jade-1 abundance.
A coiled-coil domain is found in both PCs and mediates the
PC1–PC2 interaction. The inability of PC1-R4227X to regu-
late Jade-1 abundance may indicate a requirement for PC2
as a cofactor for PC1 in the regulation of Jade-1 expression.
Furthermore, PC1-R4227X is another disease-associated mu-
tation of PC1, and its inability to regulate Jade-1 further
strengthens the correlation between Jade-1 and ADPKD.

PC1 and PC1-CTF differentially affect Jade-1 protein
half-life

Jade-1 is a short-lived protein with a half-life of 39 min, as
determined by pulse-chase metabolic labeling (23). Jade-1
half-life was increased by pVHL to 106 min. To assess the
mechanism by which full-length PC1 increases and
PC1-CTF decreases Jade-1 abundance, protein half-life
studies were performed in 293T17 cells using emetine, a
protein translation inhibitor. Jade-1 was cotransfected with
either vector, full-length PC1 or PC1-CTF, and cells were

Figure 1. Schematics of Jade-1 truncations (A) and PC1 constructs (B).
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Figure 2. Jade-1 and PC1 proteins interact. (A) Jade-1 and cPC1 strongly interact. FLAG (FL)-tagged Jade-1 was cotransfected with empty vector (Vec) and
cPC1 in 293T17 cells. PC1 CT antiserum immunoprecipitations were followed by immunoblotting with FLAG (M5) antibody. (B) Jade-1 and PC1-CTF (CTF)
are binding partners. Myc-tagged Jade-1 was cotransfected with either vector or FLAG-tagged PC1-CTF. Immunoprecipitations were performed with myc mono-
clonal antibody and FLAG M2 beads, and western blotting was performed with PC1 CT or Jade-1 antiserum, respectively. (C) Jade-1 binds to full-length PC1
through the PC1 coiled-coil motif. Myc-tagged Jade-1 was cotransfected with vector, FLAG-tagged PC1 or PC1-R4227X. Immunoprecipitations employed
FLAG M2 beads, and western blotting was performed using Jade-1 antiserum. PC1 input was assessed using rabbit antiserum to the PC1 N-terminal leucine-rich
region (PC1 LRR). (D and E) Identification of the major Jade-1 PC1-binding domains as the Jade-1 amino terminal region and, to a lesser extent, the inter-PHD
motif. FLAG-tagged PC1-CTF was cotransfected with the full series of myc-tagged Jade-1 truncations (Fig. 1A). Immunoprecipitations with FLAG M2 beads
were followed by immunoblot with myc polyclonal antibody (pAb). Myc monoclonal antibody (mAb) reveals Jade-1 truncation input.

Human Molecular Genetics, 2012, Vol. 21, No. 26 5459



treated with emetine over a 120 min time course. Jade-1 and
b-actin were detected by immunoblotting (Fig. 6A), and
Jade-1 half-life was determined by plotting the 50% remaining
intercepts, based on densitometry followed by normalization
of Jade-1 to b-actin values (Fig. 6B). Transfected Jade-1
protein half-life was estimated at 20.3 min. This half-life
was increased by full-length PC1 to 40.4 min and decreased
by PC1-CTF to 9.2 min. PC1 therefore regulates Jade-1
protein half-life over a 4.4-fold range. PC2, PC1-NTF and

PC1-R4227X, which did not affect Jade-1 abundance, did
not affect Jade-1 protein half-life (data not shown). In add-
ition, transfected or endogenous Jade-1 message levels were
not altered by any form of transfected PC1, including those
shown to regulate Jade-1 protein abundance by western blot
(data not shown). Effects of Pkd1 gene deletion on endogen-
ous Jade-1 protein half-life were confirmed in the PH and
PN cells (Fig. 6C and D). Proteasome inhibitor treatment of
the PH and PN cells normalized their levels of Jade-1
protein (data not shown), supporting the role of protein stabil-
ity in their differential regulation of Jade-1. Thus, Jade-1
protein undergoes differential protein processing in the pres-
ence of full-length PC1 versus PC1-CTF, perhaps related to
differences in post-translational modification.

PC1-CTF promotes degradation of Jade-1 via the
proteasome pathway

The ubiquitin-proteasome pathway was a strong candidate for
the route of Jade-1 protein degradation by PC1-CTF (28). To
test this possibility, Jade-1 was cotransfected with either
PC1-CTF or vector, and cells were treated with proteasome
inhibitors MG132 or lactacystin. The effect of PC1-CTF on
Jade-1 degradation was completely abrogated by proteasome
inhibition (Fig. 7A). Thus, PC1-CTF most likely promotes
Jade-1 degradation through the proteasome pathway.

The domain of Jade-1 required for degradation by PC1-CTF
was then determined. The Jade-1 truncations were cotransfected
with either vector or PC1-CTF. Like wild-type Jade-1, abun-
dance of both Jade-1 dd and Jade-1 dC protein was decreased
in response to PC1-CTF (Fig. 7B). In contrast, levels of Jade-1
del1 and Jade-1 del2 were not substantially reduced by
PC1-CTF. Both Jade-1 del1 and Jade-1 del2 lack the N-terminus
containing the PEST domain, which suggests the Jade-1 N-
terminus is responsible for PC1-CTF-mediated degradation.

Ubiquitination of transfected and endogenous Jade-1
protein was assessed. Cotransfection of Jade-1 with myc-
tagged-ubiquitin results in Jade-1 ubiquitination, which is
enhanced with MG132 treatment (Fig. 7C, left panel). Trans-
fected Jade-1 alone also undergoes ubiquitination, which is
increased with MG132 (Fig. 7C, middle panel). Furthermore,
endogenous Jade-1 protein sustains ubiquitination that is aug-
mented by proteasome inhibition (Fig. 7C, right panel).

The effect of PC1 and PC1-CTF on Jade-1 ubiquitination
was determined in transient transfections. As expected, trans-
fected Jade-1 undergoes ubiquitination (Fig. 7D, left panel).
Jade-1 ubiquitination was slightly decreased in the presence
of full-length PC1, despite an increase in the input Jade-1
protein. Conversely, the ubiquitination of Jade-1 was dramat-
ically increased in the presence of PC1-CTF, in spite of a sub-
stantial decrease in the input Jade-1 protein. Furthermore,
similar effects were observed on endogenous Jade-1 protein
(Fig. 7D, right panel). These data correlate well with the
observed effects of full-length PC1 and PC1-CTF on Jade-1
protein abundance and half-life.

Siah-1 decreases Jade-1 abundance and enhances Jade-1
ubiquitination

Siah-1 is a RING zinc-finger protein that functions as an E3
ubiquitin ligase (43,44). A previous report demonstrated an

Figure 3. Jade-1 colocalizes with PC1 by confocal microscopy. GFP-Jade-1
was cotransfected with (A) FLAG-PC1, (B) FLAG-PC1-R4227X and (C)
FLAG-PC1-CTF in 293T17 cells. Anti-GFP polyclonal antibody and Alexa
Fluor 647-labeled anti-rabbit secondary antibody were used to localize trans-
fected Jade-1. Anti-FLAG monoclonal antibody and rhodamine-red labeled
anti-mouse secondary antibody were used for transfected PC1, PC1-CTF
and PC1-R4227X. (A) Colocalization of Jade-1 and full-length PC1 is
observed at the plasma membrane. The merged panel shows GFP-Jade-1
(green), PC1 (red) and white areas of signal overlap as determined by NIH
ImageJ64. (B) Colocalization of Jade-1 and PC1 is reduced by truncation of
the PC1 coiled-coil domain. (C) Jade-1 colocalizes extensively with
PC1-CTF in the cytosol and perhaps at the plasma membrane.
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in vivo interaction between the cytoplasmic tail of PC1, either
as a soluble or membrane-targeted form, and Siah-1, which
induced ubiquitination and degradation of PC1 (45). Because
Jade-1 interacts with cPC1, Siah-1 was a strong candidate to

ubiquitinate Jade-1. Jade-1 was cotransfected with vector,
Siah-1 or a dominant-negative form of Siah-1 (Siah-1 dR)
that lacks the catalytic RING finger domain. As predicted,
Siah-1 decreased protein levels of transfected Jade-1 in a

Figure 4. Full-length PC1 and cPC1 differentially regulate Jade-1 abundance. (A) The cytoplasmic tail of PC1 decreases transfected Jade-1 protein levels.
HA-tagged Jade-1 was cotransfected with vector controls (Vec and CD16), cPC1, PC2, b-galactosidase (bgal) and pVHL in 293T17 cells. Jade-1 abundance
was measured by western blotting. (B) cPC1 and full-length PC1 differentially regulate transfected Jade-1 protein in a dose-dependent manner. HA-tagged
Jade-1 was cotransfected with increasing amounts of either cPC1 or full-length PC1. (C and D) cPC1 and full-length PC1 differentially regulate endogenous
Jade-1 protein levels. (C) Pooled IMCD cells stably expressing vector or cPC1 were assessed for the expression of endogenous Jade-1. Cells were examined
at comparable early confluence or after 12-h incubation with 10 mM MG132 (PI). (D) Loss of both copies of a PKD gene results in reduction in endogenous
Jade-1 protein abundance. Jade-1 immunoblotting was performed on mouse embryonic kidney (MEK) cells of distal origin [dolichos biflorus agglutinin
(DBA) positive] from a Pkd1-null mouse in comparison with littermate control cells (wild-type); and human ADPKD cell lines of proximal [lotus tetragonolobos
lectin (LTL) positive] or distal origin (DBA positive) in comparison with renal cortical tubule epithelial cells (RCTEC) of the corresponding nephron segment.
(E) Increasing doses of cPC1 interfere with the increase in Jade-1 protein abundance mediated by full-length PC1 in a dominant-negative manner. (F) Endogen-
ous Jade-1 protein is reduced in Pkd1 Null (PN) mouse proximal tubule cells transiently transfected with Cre recombinase and clonally derived from clonal,
parental Pkd1 Heterozygous (PH) mouse proximal tubule cells harboring the temperature-sensitive T antigen, particularly under differentiating conditions.
(G) Endogenous beta-catenin levels are increased in nuclear extracts from PN cells in a manner that is reciprocal to Jade-1 levels in (F). (H) Endogenous
Jade-1 protein levels are reduced and endogenous beta-catenin protein levels are increased in cystic livers from Pkd1 null mice in comparison with control lit-
termates. Each numbered lane represents one animal.
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manner similar to PC1-CTF and cPC1, whereas Siah-1 dR
increased Jade-1 abundance (Fig. 8A). Siah-1 regulated en-
dogenous Jade-1 similarly (Fig. 8B). Siah-1 dR is expressed
at a much higher level than the wild-type protein (Fig. 8A
and B), as mutations in the Siah-1 RING domain are stabiliz-
ing (46). In addition, Jade-1 degradation by Siah-1 was partial-
ly abrogated by MG132, thus implicating the proteasome
pathway as the mechanism of Siah-1-mediated Jade-1 degrad-
ation (Fig. 8C). Degradation of Jade-1 by Siah-1 was depend-
ent on the presence of the Jade-1 amino terminus (Fig. 8D), as
it was for PC1-CTF-mediated Jade-1 degradation (Fig. 7B).
The effect of Siah-1 on Jade-1 ubiquitination was then tested
by cotransfection of 293T17 cells with myc-tagged ubiquitin
and empty vector, Siah-1, or Siah-1 dR, followed by a 6-h in-
cubation with MG132. Siah-1 dramatically increased the ubi-
quitination of endogenous Jade-1 protein, whereas Siah-1 dR
did not alter Jade-1 ubiquitination, which indicates that the
RING domain of Siah-1 is necessary for regulating Jade-1 ubi-
quitination (Fig. 8E). Moreover, silencing of endogenous
Siah-1 increased endogenous Jade-1 protein abundance
(Fig. 8F). Siah-1 is therefore a likely E3 ligase for Jade-1.
Siah-1, but not Siah-1 dR, binds GST-Jade-1 (data not

shown). Furthermore, Jade-1 protein contains a sequence
(QPVARVVSEEK) that bears substantial homology to the con-
sensus Siah-binding motif (RPVAxVxPxxR) (44) (Fig. 8G).
As anticipated, this Jade-1 candidate Siah-1-binding motif
resides in the N-terminal portion of the protein (Figs 7B and
8D).

Jade-1 is a transcriptional effector of PC1

Jade-1 is a transcriptional coactivator associated with histone
acetyltransferase (HAT) activity (24). Therefore, the effect
of full-length PC1 and PC1-CTF on transcriptional activity
of GAL4-Jade-1 was examined by the CAT assay in 293T17
cells. The promoter–reporter construct contained five GAL4
DNA binding sites and the adenoviral major late (AdML) pro-
moter upstream of the CAT reporter gene (24). Jade-1 tran-
scriptional activity was quantitated by liquid scintillation
analysis of spots excised from TLC plates and normalized to
b-galactosidase activity in order to control for transfection ef-
ficiency. Jade-1 increased AdML promoter activity by 3.2-fold
(Fig. 9A and B). As expected, full-length PC1 further
increased Jade-1-mediated transcription by 1.7-fold, whereas
both PC1-CTF and cPC1 completely abrogated Jade-1-
mediated transactivation and reduced transcription to baseline
levels. PC1-mediated regulation of Jade-1 transcriptional ac-
tivity is likely a dosage effect of Jade-1 protein, rather than
altered Jade-1 transcriptional activity itself, as shown by the
expression of GAL4-Jade-1 by western blot (Fig. 9B). Thus,
PC1 and PC1-CTF differentially regulate Jade-1 transcription-
al activity over a 5.4-fold range. As expected, PC1-R4227X,
PC1-NTF and PC2 did not alter Jade-1-mediated transcription.

Jade-1 up-regulates cell cycle inhibitor p21

PC1 activates multiple signaling pathways, and an important
transcriptional target is cyclin-dependent kinase inhibitor
p21. PC1 activates the JAK2-STAT1 pathway, which results
in increased p21 protein levels and slowing of the cell cycle
at the G1/S transition (20). PC2 also binds and sequesters
Id2, a transcriptional inhibitor of p21 (47). The effect of
Jade-1 on p21 was assessed. Like PC1 and PC2, Jade-1
increased endogenous p21 protein levels (Fig. 10A). The
series of Jade-1 deletion constructs was tested for effects on
endogenous p21 protein abundance. Intact Jade-1 was required
to up-regulate p21 (data not shown). Regulation of p21 by
both PC1 and Jade-1 may place these proteins on a common
signaling pathway. In addition, up-regulation of p21 likely
plays a role in the ability of Jade-1 to inhibit cellular prolifer-
ation (28) and may have important implications for cyst for-
mation in ADPKD. A schematic summarizing the effects of
wild-type, cleaved and mutated PC1 on Jade-1 and down-
stream consequences is shown in Figure 11.

DISCUSSION

The mechanisms of renal cyst formation in VHL disease and
ADPKD share several striking similarities, suggesting that
pVHL and PC1 proteins might participate in the same key sig-
naling pathways. pVHL binds and stabilizes transcription

Figure 5. Jade-1 is regulated by PC1-CTF but not by mutated PC1. Jade-1
protein levels are decreased by PC1-CTF but unaffected by mutated PC1
that does not undergo cleavage at the GPS site. Furthermore, the PC1 coiled-
coil domain is required for regulation of Jade-1 abundance. In 293T17 cells,
FLAG-tagged Jade-1 was cotransfected with vector, full-length PC1,
PC1-CTF, PC1 containing a mutation that prevents cleavage (PC1-T3049R
or PC1-Q3016R) or PC1-R4227X. To allow for equal protein expression of
the PC1 proteins, the quantity of input plasmid was altered, and additional
empty vector plasmid was included in the transfection when necessary. Trans-
fected PC1-CTF contains alkaline phosphatase and its leader sequence, which
increase the size of the protein by roughly 63 kDa to �200 kDa total in com-
parison with naturally cleaved PC1-CTF, which is �135 kDa.
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factor and ubiquitin ligase Jade-1 and, importantly, does so in
a manner that correlates with risk of VHL renal disease (23–
25,27,28). Thus, the relationship between the PC proteins and
Jade-1 was examined to explore a wider role for Jade-1 in
renal cystogenesis. The major findings of this study are the fol-
lowing: (i) Jade-1 is a binding partner of PC1; (ii) Jade-1 abun-
dance, protein half-life and ubiquitination are differentially
regulated by PC1 and PC1-CTF; (iii) regulation of Jade-1 by
PC1 is abrogated by ADPKD disease-causing mutations; (iv)
Jade-1 is targeted for degradation by Siah-1, an E3 ligase asso-
ciated with PC1; (v) Jade-1 transcriptional activity is modu-
lated by PC1 and (vi) in addition to decreasing beta-catenin
levels, Jade-1 increases p21 protein levels, thus placing
Jade-1 and PC1 on a common signaling pathway (Fig. 11).

Full-length PC1 functions in a manner similar to pVHL, as
both PC1 and pVHL stabilize Jade-1 protein (Figs 4B, D and 5).
In contrast, the membrane-targeted cytoplasmic tail of PC1
alone reduces Jade-1 protein levels through an apparent
dominant-negative effect (Fig. 4A, C and E). The C-terminal
fragment of PC1, resulting from proteolysis at the GPS site,
also sharply decreases Jade-1 protein abundance (Fig. 5).
This effect of the PC1-CTF, a naturally occurring form of
PC1, lends physiological relevance to the dominant-negative

activity of cPC1. Full-length PC1 and the PC1-CTF also dif-
ferentially regulate Jade-1 protein half-life and ubiquitination
(Figs 6 and 7D). Stabilization of Jade-1 thus appears depend-
ent on the status of the extracellular domain of PC1, which
may affect interaction of the intracellular domain with
Siah-1. Roughly half of cellular PC1 exists as full-length
protein, while the remainder consists of the GPS-cleaved
transmembrane PC1-CTF and tethered PC1-NTF (11,12), al-
though these amounts may be subject to physiological regula-
tion. The balance between these forms of PC1 protein may be
essential for maintaining proper Jade-1 protein levels in the
cell to balance Jade-1 growth-suppressive and apoptotic
effects.

Specific ADPKD-associated PC1 mutations prevent Jade-1
regulation, which strongly suggests that a correlation exists
between ADPKD and control of Jade-1 by the PCs (Fig. 11).
The R4227X nonsense mutation in the coiled-coil domain of
PC1 is naturally occurring and ADPKD associated (48).
Unlike full-length PC1 and PC1-CTF, PC1-R4227X does not
regulate Jade-1 (Fig. 5). The PC1 coiled-coil motif is thus
required not only for binding to Jade-1, but also for regulation
of Jade-1 abundance and, most likely, protein half-life. Both
full-length PC1 and PC1-CTF likely require the coiled-coil

Figure 6. Full-length PC1 increases and PC1-CTF decreases Jade-1 protein half-life. (A and B) HA-tagged Jade-1 was cotransfected with vector, full-length PC1
or PC1-CTF in 293T17 cells. Cells were treated with 20 mM emetine for the times shown. (A) Representative western blots for transfected Jade-1 and endogenous
b-actin are shown. (B) Linear plots of the percent transfected Jade-1 protein remaining after emetine treatment. Densitometry was performed on Jade-1 and
b-actin, and Jade-1 values were normalized to b-actin. Data plotted are an average of n ¼ 6 for vector control, n ¼ 4 for PC1 and n ¼ 3 for PC1-CTF+
SE. Half-life values were determined on the linear plot by calculating the intercept at which 50% of Jade-1 protein remained. (C and D) Loss of Pkd1
reduces the half-life of endogenous Jade-1 protein in Pkd1 Null PN cells versus Pkd1 Heterozygous PH mouse proximal tubule cells. (C) Representative immu-
noblots for endogenous Jade-1 and endogenous b-actin. (D) As in (B), linear plots of the percent endogenous Jade-1 remaining after emetine treatment in PH and
PN cells +SE, n ¼ 3.
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motif to exert their distinct regulation of Jade-1. A non-
conservative amino acid substitution, Q3016R, is a naturally
occurring, disease-associated mutation of PC1 (48). This mu-
tation prevents both cleavage of PC1 at the GPS motif (11)
and regulation of Jade-1 levels (Fig. 5). In addition, an engi-
neered mutation that specifically alters the GPS cleavage
site, T3049R, also does not affect Jade-1 abundance (Fig. 5).
These mutations highlight the importance of PC1 GPS cleav-
age in the regulation of Jade-1. Furthermore, stabilization of
Jade-1 as assessed by western blotting may prove to be a
useful functional assay to distinguish PC1 mutations from
polymorphisms.

Jade-1 is the first example of a protein whose ubiquitination
is promoted by the PC1-CTF (Fig. 7D). Moreover, the full-
length PC1 protein inhibits the ubiquitination of Jade-1
(Fig. 7D), which is another novel PC1 function. In contrast,
cPC1 has also been shown to stabilize b-catenin and c-Jun
by inhibiting the activity of GSK-3b and thereby inhibiting
b-catenin and c-Jun ubiquitination (49). The Pkd1 status has
also been shown to affect the ubiquitination of the HGF recep-
tor c-Met (50). However, there was no direct link identified
between PC1 and c-Met; the c-Met ubiquitin ligase c-Cbl is
mislocalized in Pkd1-null cells. Most likely, PC1 and
PC1-CTF affect ubiquitination of Jade-1 by binding and dif-
ferentially controlling the E3 ubiquitin ligase Siah-1. The
PC1-CTF may adopt a different conformation following cleav-
age at the GPS site, which may permit interaction of the

cleaved PC1 with Siah-1 and components of the ubiquitin-
proteasome pathway, which full-length PC1 may be unable
to access due to sterical constraints.

Siah-1 was a good candidate E3 ligase for Jade-1, as Siah-1
binds and promotes the ubiquitination of the cytoplasmic
domain of PC1 (45) and also regulates beta-catenin (51–53).
The evidence supporting a role for Siah-1 in Jade-1 ubiquitina-
tion is strong, as a mutated form of Siah-1 that lacks the RING
domain increases Jade-1 abundance in a dominant-negative
manner. This notion is further supported by the candidate
Siah-1 binding motif in Jade-1 and the increase in endogenous
Jade-1 protein abundance with Siah-1 siRNA. Siah-1 has been
shown to function both in E3 ubiquitin ligase complexes (43)
or as a single subunit E3 ligase (54), even for a single substrate
such as beta-catenin (51–53). Siah-1 binds the PC1 coiled-coil
domain (45), as does Jade-1, which may permit interaction
between Jade-1 and Siah-1. Siah-1 may therefore represent
another important molecule in ADPKD pathogenesis, promot-
ing the degradation of PC1 and PC1-interacting proteins, such
as Jade-1.

Although not the major focus of the current work, PC1,
Jade-1 and Siah-1 appear to be part of a regulatory circuit
in controlling beta-catenin protein abundance. Siah-1 can
ubiquitinate PC1 (45), beta-catenin (51–53) and Jade-1,
whereas Jade-1 ubiquitinates beta-catenin as well (25).
Beta-catenin abundance may depend on the relative
amounts of full-length and cleaved PC1 and their effect on

Figure 7. The ubiquitination of Jade-1 is regulated by PC1. (A) PC1-CTF reduces Jade-1 abundance by the proteasome pathway. FLAG-tagged Jade-1 was
cotransfected with vector or PC1-CTF in 293T17 cells. Cells were treated with 10 mM MG132, 10 mM lactacystin or DMSO for 12 h. (B) The N terminus of
Jade-1 is required for degradation by PC1-CTF. FLAG-tagged Jade-1 and Jade-1 truncations were cotransfected with vector or PC1-CTF. (C) Transfected
and endogenous Jade-1 undergoes ubiquitination. The 293T17 cells were transfected with FLAG-Jade-1 and myc-tagged ubiquitin (ubiq) or FLAG-Jade-1
alone, or nothing. Cells were treated with or without 10 mM MG132 for 12 h. (D) PC1-CTF augments the ubiquitination of transfected and endogenous
Jade-1. (left panel) FLAG-Jade-1 was cotransfected with vector, PC1 or PC1-CTF, and cells were treated with 10 mM MG132 for 1 h. (right panel) The
293T17 cells were transfected with vector, PC1 or PC1-CTF, and cells were treated with 10 mM MG132 for 6 h.
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Figure 8. E3 ligase Siah-1 regulates Jade-1 ubiquitination. (A) Siah-1 decreases the abundance of transfected Jade-1, but a RING-domain-deleted version of
Siah-1 increases transfected Jade-1. FLAG-tagged Jade-1 was cotransfected with vector, FLAG-tagged Siah-1 or Siah-1 dR in 293T17 cells. (B) Full-length
Siah-1 decreases and Siah-1 dR increases endogenous Jade-1 abundance. The 293T17 cells were transfected with vector, Siah-1 and Siah-1 dR. (C) The Siah-1-
mediated decrease in Jade-1 is dependent on the proteasome pathway. Untagged-Jade-1 was cotransfected with vector, Siah-1 or Siah-1 dR. Cells were treated
with either 10 mM MG132 or DMSO (vehicle control) for 12 h. (D) The N terminus of Jade-1 is required for degradation by Siah-1, as by the PC1-CTF. Jade-1,
Jade-1 del1 or Jade del2 were cotransfected with vector, full-length Siah-1 (Siah) or Siah-1 dR (dR). (E) Siah-1 strongly increases the ubiquitination of endogen-
ous Jade-1, which is dependent on the RING domain of Siah-1. Myc-tagged ubiquitin was cotransfected with vector, Siah-1 or Siah-1 dR in 293T17 cells. Immu-
noprecipitation with Jade-1 antiserum was followed by western blotting using a myc monoclonal antibody to detect ubiquitinated endogenous Jade-1. (F)
Silencing of endogenous Siah-1 with siRNA oligonucleotides increases endogenous Jade-1 protein in 293T17 cells. (G) The Jade-1 N terminus contains a
strong candidate Siah binding motif, shown in bold font.
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Jade-1, and on the particular subcellular compartment
involved. Because Siah-1 preferentially ubiquitinates
unphosphorylated beta-catenin (51,52), whereas Jade-1 pref-
erentially ubiquitinates phospho-beta-catenin (25), increases
in Siah-1 might favor relative increases in phospho-beta-
catenin, which could have functional implications. Beta-
catenin is emerging as a key effector of the PCs
(39,49,55,56) that is important in polycystic kidney
disease pathogenesis (57–63). Control of beta-catenin by
PC1 through Jade-1 is likely to be critical to this process
(25,64). In general, wild-type PCs are associated with
decreased, whereas cystic disease is associated with
increased canonical Wnt signaling, which is consistent
with the relationship observed here between PC1 and

Jade-1. The interplay between PC1 and beta-catenin ubiqui-
tin ligases Siah-1 and Jade-1 may help explain some of the
complexities of PC1 regulation of canonical Wnt signaling
in ADPKD and, potentially, in other forms of cystic renal
disease (65,66).

Jade-1 is also a transcriptional coactivator that associates
with HAT activity (24,67). Increasing Jade-1 expression pro-
motes global histone H4 acetylation (24), suggesting Jade-1
may regulate PC transcriptional targets. As expected, full-
length PC1 increased and PC1-CTF decreased Jade-1 tran-
scriptional activity over a 5.4-fold range (Fig. 9). The
altered transcription is apparently a consequence of a protein
dosage effect of Jade-1. PC1 may therefore regulate Jade-1 ac-
tivity by controlling its ubiquitination in the cytosol or

Figure 9. Jade-1 is a transcriptional effector of PC1. (A) By controlling Jade-1 abundance, PC1 and PC1-CTF regulate Jade-1 transcriptional activity over a
5.4-fold range. GAL4-tagged Jade-1 was cotransfected with polycystin constructs in 293T17 cells, and CAT assays were performed. Values are relative to
the empty GAL4 vector alone +SE. R2F ¼ PC1-R4227X. (B) Representative autoradiograph of Jade-1 transcriptional activity by the CAT assay.
GAL4-Jade-1 input was detected by western blot with a GAL4 monoclonal antibody. GAL4-Jade-1 dd served as a negative control, and GAL4-VP16 was a
positive control (74).
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membrane. Interestingly, the C-terminal tail (CTT) of PC1 can
be cleaved and released from the membrane-bound portion of
the protein (14,39,68). The PC1-CTT enters the nucleus and
can activate the AP-1 (14) and STAT6 pathways (68) or
inhibit nuclear beta-catenin signaling (39). Since Jade-1
binds to PC1 and also possesses nuclear functions, it may par-
ticipate in PC1-CTT-mediated nuclear signaling events. The
potential importance of Jade-1, as part of a HAT complex,
in PC nuclear signaling is supported by the observation that
histone deacetylase inhibitors, which increase histone acetyl-
ation, can ameliorate renal cyst formation in animal models
of ADPKD (69,70).

Jade-1 up-regulates the cell cycle inhibitor p21, a key target
of PC signaling (Fig. 10). PC1 expression activates the
JAK2-STAT1 pathway, which in turn induces p21 (20). PC1
induction of p21 requires PC2 as an essential cofactor and
causes cell cycle arrest in G0/G1. Furthermore, PC1 and
PC2 modulate the cell cycle through regulation of transcrip-
tion factor Id2 (47). PC2 sequesters Id2 in the cytosol,
which allows the induction of p21 in the absence of nuclear
Id2. As an interactor of the PC1 coiled-coil domain, the site
of the PC1–Jade-1 interaction, PC2 may play an important
role in PC1 regulation of Jade-1. PC2 may even be a required
cofactor for the PC1–Jade-1 relationship. However, as
observed here, PC2 overexpression may not have a substantial
effect on Jade-1 protein levels. In most cells types, endogen-
ous PC2 is at abundance in comparison with endogenous
PC1, which is often difficult to detect. Thus, PC2 overexpres-
sion may not enhance occupancy of a PC1–PC2–Jade-1
complex to further augment Jade-1 protein levels. Neverthe-
less, Jade-1 may be yet another protein that mediates the
effect of the PCs on p21. Jade-1, PC1 and PC2 may therefore
participate in a common signaling cascade. The induction of
p21 may in part explain how Jade-1 inhibits cell proliferation
(28). Dysregulation of this potential PC1/Jade-1/p21 pathway
may result in loss of the G1/S cell cycle checkpoint and, con-
sequently, increased cell proliferation, and renal cystogenesis.

In summary, we have shown that the fate of transcriptional
coactivator and ubiquitin ligase Jade-1 is intricately regu-
lated by PC1. The differential ubiquitination of Jade-1 by
PC1 and PC1-CTF is a novel mechanism that may also be
applicable to other PC1 targets. In addition, our data indicate
that there may be a link between Jade-1 regulation by PC1
and the pathogenesis of ADPKD. As a growth suppressive
factor that is inducible with proteasome inhibition (28),
Jade-1 may ultimately prove to be a useful therapeutic
target for both ADPKD and VHL disease, and perhaps
other forms of renal cystic disease.

MATERIALS AND METHODS

Plasmid DNA constructs

pFLAG-CMV2 Jade-1, pCR3.1 uni-HA-Jade-1 and Jade-1 de-
letion constructs in pFLAG-CMV2 were previously described
(23,24). Jade-1 was cloned into pEGFP-N3 (Clontech) in a
C-terminal position to EGFP. Full-length Jade-1 and Jade-1
deletion constructs were cloned into pCS2+ myc tag expres-
sion vector, which was a generous gift from D. Seldin
(Boston University School of Medicine). For myc-tagged J-
N, Jade-1 PHD-extended PHD module or large fragment (J-
La) and Jade-1 inter-PHD region or small fragment (J-Sm)
constructs, Jade-1 nucleotide sequences encoding amino
acids 1–202, 203–271 and 254–311, respectively, were
PCR-cloned into pCS2+MT vector using XhoI and SnaBI
sites (Fig. 1A). cPC1 encodes the extracellular domain of
CD16 followed by the CD7 transmembrane domain fused to
the cytoplasmic tail of PC1 (29,30) (Fig. 1B). pCI-CMV-
PKD1-FLAG (PC1) encodes the full-length cDNA for PC1
fused to a C-terminal FLAG epitope, and pCI-CMV-PKD1-
R4227X-FLAG (PC1-R4227X) contains a FLAG epitope
inserted after codon 4226, yielding a truncation of PC1 in
the coiled-coil domain (33). pCI-CMV-AP-GPS-CTF-FLAG
(PC1-CTF) encodes the PC1-CTF that results from cleavage
at the GPS site (11). All domains N terminal to the GPS
cleavage site were replaced with alkaline phosphatase. pCI-
CMV-PKD1-T3049R-FLAG (PC1-T3049R) is an artificial
PC1 mutation construct (11). pCI-CMV-PKD1-Q3016R-
FLAG (PC1-Q3016R) contains a naturally occurring mutation
in PC1. Neither PC1-Q3016R nor PC1-T3049R undergo
cleavage at the GPS site (11). pCI-CMV-GFP-PKD1-
T3049X (PC1-NTF) contains an early stop codon at residue
3049 and represents the PC1-NTF (11). HA-tagged PKD2 in
pcDNA3.0 (HA-PC2) (71) and pFLAG-CMV2-pVHL were
previously described (23,72). pcDNA 3.0-FLAG-Siah-1 and
pcDNA 3.0-FLAG-Siah-1-dR were generously provided by
E.R. Fearon (University of Michigan) (46). pCMV2-myc-ubi-
quitin was a generous gift from J. Xiao (Boston University
School of Medicine). The CAT reporter construct contains
five GAL4-binding sites cloned upstream of the adenovirus
major late (AdML) promoter and was a generous gift from
T. Kouzarides (Wellcome/CRC Institute) (73). GAL4-VP16,
GAL4-Jade-1 and GAL4-Jade-1 dd fusions in pSG424 were
described previously (24,74). b-Galactosidase was expressed
under the control of a CMV-driven promoter in pCB.b-gal (75).

Compounds

Z-leu-leu-leu-CHO (MG132) and clasto-lactacystin b-lactone
(lactacystin) were from Boston Biochem, Inc. Dimethylsulfox-
ide (DMSO) was from Fisher Scientific.

Antibodies

Jade-1 rabbit antiserum has been previously described (23), as
have rabbit antisera to the C-terminus (PC1 CT) (21) and the
leucine-rich region of human PC1 (PC1 LRR) (11). FLAG
M5, FLAG M2 and a-tubulin monoclonal antibodies, and an
anti-FLAG M2 affinity gel (M2 beads) were from Sigma. b-
Actin monoclonal and myc polyclonal antibodies were from

Figure 10. Jade-1 increases p21 protein levels. (A) PC1, PC2 and Jade-1 in-
crease p21 protein levels. Vector, FLAG-PC1, HA-PC2 and FLAG-Jade-1
were transfected into 293T17 cells, and endogenous p21 levels were assessed
by western blot.
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Abcam. Myc-tag monoclonal antibody was from Cell Signal-
ing Technology. HA, GAL4 (DBD) and ubiquitin monoclonal
antibodies were from Santa Cruz Biotechnology. p21 mono-
clonal antibody was from BD Pharmingen. Antibodies for im-
munofluorescence, including GFP rabbit polyclonal, Alexa
Fluorw 647 goat anti-rabbit immunoglobulin (IgG) and
Rhodamine RedTM-X goat anti-mouse IgG antibodies were
from Molecular Probes.

Cell lines and transfection

Cell lines were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) and penicil-
lin and streptomycin (Invitrogen). Human embryonic kidney
293T17 cells were generously provided by Z. Luo (Boston
University School of Medicine). The 293T17 cells were trans-
fected using Lipofectamine 2000 (Invitrogen). Murine IMCD
cells retrovirally infected to express empty vector (containing
the CD16.7 cassette) or cPC1 were generously provided by
L.G. Cantley (Yale University) (31). For immunoprecipita-
tions, cells were harvested 24 h post-transfection (Fig. 2).
For Jade-1 abundance and ubiquitination assays, cells were
harvested 72 h post-transfection (Figs 4, 5, 7 and 8). Immorta-
lized mouse DBA positive MEK cells from the Pkd1del34/del34

mouse and littermate controls (36), as well as immortalized
human ADPKD lines 9–12 and human RCTECs of proximal
and distal origin were generously provided by J. Zhou and

W. El-Jouni (Harvard University) (37). Cells were cultured
in DMEM with 2% FBS, interferon-g (3 U/ml), ITS (15 mg/
ml), hydrocortisone (36 ng/ml) and T3 (10– 7

M) at 338C
until 90% confluent, then transferred to 378C for differenti-
ation for 3 days without interferon. Mouse proximal tubule
cell lines null (PN18 and PN24) and heterozygous (PH2 and
PH3) for Pkd1 were generously provided by Z. Yu and
S. Somlo (Yale University) (38–40). The lines null and het-
erozygous for Pkd1 were made from a single mouse carrying
one null and one floxed Pkd1 allele and the conditionally im-
mortalizing ImmortoMouse (H-2Kb-tsA58) transgene. The
null lines were clonally derived from parental Pkd1fl/2

clones following transient transfection with Cre recombinase
and were maintained in DMEM/F12 supplemented with 10%
FBS and interferon-g (5 U/ml, Sigma-Aldrich, St Louis,
MO, USA) at 338C and 5% CO2. Cells were changed to inter-
feron-g-free and 378C growth conditions 5 days before experi-
ments to suppress large T antigen. Two independent cell lines
for each genotype were used to avoid clonal artifacts.

Immunoprecipitation

Cells were lysed in lysis buffer [50 mM Tris–HCl, pH 7.6,
150 mM NaCl, 3 mM EDTA, pH 8.0, and 0.5% Triton X-100
with complete protease inhibitor (Roche)] on ice for 30 min.
For immunoprecipitation, 0.5–2 mg of lysate protein was
incubated with 1 mg primary antibody or with anti-FLAG

Figure 11. Model of the differential regulation of Jade-1 protein by full-length PC1 and the PC1-CTF, lack of regulation by mutated PC1, and downstream
effects on Jade-1 targets. Wild-type full-length PC1 binds and stabilizes Jade-1 protein (center). Jade-1 binds the coiled-coil domain of PC1. Accumulated
Jade-1 can exert its full range of biological activities, affecting downstream targets through histone acetylation (24) or by controlling levels of oncoprotein beta-
catenin (25) and cyclin-dependent kinase inhibitor p21, which have all been implicated in the pathogenesis of renal cyst formation. By regulating beta-catenin
(39,49) and p21 (20,47) Jade-1 can be placed along the same signaling pathways as PC1, suggesting it is a key PC1 effector that inhibits proliferation. PC1 also
undergoes GPS cleavage (left), generating a PC1-CTF and PC1-NTF, which remain associated (11). PC1-CTF binds and promotes the ubiquitination and deg-
radation of Jade-1, likely through the E3 ubiquitin ligase Siah-1, which also binds the PC1 coiled-coil motif (45). PC1-CTF can act in a dominant-negative
fashion to block the stabilization of Jade-1 by full-length PC1, perhaps through differential control of Siah-1. Thus, PC1 cleavage may be physiologically regu-
lated, with important downstream consequences for Jade-1 and its targets. ADPKD-associated mutations of PC1 that either truncate the coiled-coil motif or
prevent GPS cleavage (right) prevent regulation of Jade-1, further supporting a connection between Jade-1 and disease pathogenesis.
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M2 affinity gel (M2 beads). SDS–PAGE analysis and im-
munoblotting were performed as previously described (23).
For 5% input of PC1, PC1-CTF, PC1-R4227X, PC1-T3049R
or PC1-Q3016R in immunoprecipitations or Jade-1 abundance
assays, FLAG M2 beads were used to immunoprecipitate PC1
protein from 5% of the lysate, followed by immunoblotting
with PC1 CT or PC1 LRR antisera.

Mouse tissues

Livers from Pkd1cond/del2 – 4; tamoxifen-Cre mice and litter-
mate controls (41,42) were used to assess endogenous Jade-1
and beta-catenin protein abundance. Mouse liver whole
tissue lysates (for Jade-1) and nuclear fraction (for beta-
catenin) were analyzed by SDS–PAGE and western blot.
Nuclear fractions were prepared as reported (25).

Immunofluorescence

The 293T17 cells were plated on coverslips (Fisher Scientific)
and cotransfected with GFP-Jade-1 and either pCI-FLAG-
PC1, PC1-CTF or PC1-R4227X. Two days post-transfection,
coverslips were washed in PBS, fixed for 15 min at 48C in
fixative solution (20 mM HEPES, pH 7.4, 140 mM NaCl,
2 mM CaCl2, 2 mM MgCl2, 2% formaldehyde and 0.2% glutar-
aldehyde), and washed in PBS. Coverslips were blocked at
room temperature for 90 min in blocking buffer (1% BSA
and 0.2% Triton X-100 in PBS), and then incubated at room
temperature for 90 min with primary antibodies in blocking
buffer. Coverslips were washed three times in PBS, blocked
for 30 min at room temperature and incubated at room tem-
perature for 60 min with secondary antibodies in blocking
buffer. Coverslips were washed in PBS and mounted onto
slides with gelvatol. Cells were visualized by confocal micros-
copy using an UltraView Live Cell Imager (Perkin Elmer).
Images were analyzed for percent colocalization of GFP-
Jade-1 with full-length PC1 or PC1-R4227X using NIH
Image J64 colocalization finder. Statistical significance was
determined by the two-tailed t-test (35).

Jade-1 protein half-life studies

The 293T17 cells were transfected with HA-Jade-1 and either
empty vector, pCI-PC1 or PC1-CTF. Forty-eight hours
post-transfection, cells were treated with 20 mM emetine
dihydrochloride hydrate (Sigma) for 0, 15, 30, 45, 60 or
120 min. Samples were analyzed by SDS–PAGE and
western blot for both Jade-1 and b-actin. Densitometry was
performed on both Jade-1 and b-actin signals using the Quan-
tity Onew Alias and Multi-Analyst software (Bio-Rad). Jade-1
values were normalized to b-actin, and Jade-1 protein half-life
was determined by linear regression. Data plotted are an
average of n ¼ 6 for vector, n ¼ 4 for PC1 and n ¼ 3 for
PC1-CTF+SE. For endogenous Jade-1 protein half-life, PN
and PH cell lines were cultured at 378C for 5 days before
testing. The cells were treated with 20 mM emetine for 0,
15, 30, 45, 60 or 120 min. Nuclear fraction samples were ana-
lyzed by SDS–PAGE and western blot for both Jade-1 and b-
actin. Densitometry was performed on both Jade-1 and b-actin

signals using the NIH ImageJ software. Data plotted are an
average of n ¼ 3 for each sample+SE.

CAT reporter assay

The 293T17 cells were seeded in 60-mm dishes and trans-
fected with a total of 7.6 mg plasmid DNA, including 0.1 mg
pCMV-b-gal, 2.5 mg AdML CAT-reporter plasmid, 2.5 mg
either SV40-promoter-driven GAL4 DNA binding domain,
or SV40-promoter-driven GAL4-Jade-1, GAL4-Jade-1 dd or
GAL4-VP16 (as a positive control) and 2.5 mg effector
plasmid, either pCI empty vector or PC expression vector.
CAT assays were performed as described (24). Data presented
in bar graphs are means of three experiments +SE. Jade-1
transcriptional activity was analyzed using one-way non-para-
metric ANOVA (Kruskal–Wallis) followed by the Bonferroni
multiple-comparison test. P , 0.05 was considered statistical-
ly significant.
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